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Bovine lactoferrin potently inhibits liver mitochondrial 8-OHdG
levels and retrieves hepatic OGG1 activities in Long-Evans

Cinnamon rats q,qq
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Background/Aims: To assess the effect of lactoferrin on oxidative liver damage and its mechanism, we used Long-Evans

Cinnamon (LEC) rats that spontaneously develop fulminant-like hepatitis and lethal hepatic failure.

Methods: Four-week-old female LEC rats were divided into the untreated and treated groups. The latter was fed bovine

lactoferrin at 2% mixed with conventional diet.

Results: The cumulative survival rates were 75.0% vs. 100% at 14 weeks, 37.5% vs. 91.7% at 15 weeks, and 12.5% vs. 91.7%

at 16 weeks, respectively, for untreated and treated rats (P = 0.0008). The 8-OHdG levels in liver mitochondrial DNA and
malondialdehyde in plasma and liver tissues were significantly lower in treated than untreated rats (P < 0.001, =0.017 and

0.034, respectively). Mitochondrial DNA mutations were more common in untreated rats. OGG1 mRNA and protein expres-

sion levels were significantly lower in untreated than treated rats (P = 0.003 and 0.007, respectively). Hypermethylation of the

second CpG island located upstream of OGG1 gene was observed in untreated rats.

Conclusions: Our findings indicated that lactoferrin inhibits oxidative liver damage in LEC rats. Lactoferrin could be

potentially useful for the treatment of oxidative stress-induced liver diseases.
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1. Introduction

Chronic inflammation caused by microbes or viruses,
exposure to chemicals or radiation, or excess intracellu-
lar transition metals is characterized by excess produc-
tion of reactive oxygen species (ROS) [1,2]. Abundant
amounts of transition metals, particularly the non-pro-
tein-bound form, interact with physiologically produced
ROS, catalyze the formation of highly cytotoxic hydro-
xyl radicals via the Fenton/Harber–Weiss reaction
[3,4], and induce certain diseases, such as Wilson’s dis-
ease (WD). Oxidative stress initiates lipid peroxidation
(LPO) chain reactions, thereby disrupting membranes
and organelles, and causes protein degradation, DNA
breakage, and mutagenic lesions, such as 8-hydroxy-20-
deoxyguanosine (8-OHdG) [5–9], which is a reliable mar-
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ker of ROS-induced DNA modifications. The resulting
oxidative modifications could contribute to the patho-
logic processes in various diseases including cancer.

Long-Evans Cinnamon (LEC) rats, an animal model
of WD, are a mutant strain of wild-type Long-Evans
Agouti (LEA) rats that have a genetic deletion in the
copper-transporting ATPase gene, homologous to the
human WD gene. The genetic deficit results in func-
tional failure in the efflux of copper from cells, with
resultant accumulation of copper in the liver [10–12].
Based on the copper toxicity, LEC rats are spontane-
ously predisposed to fulminant-like hepatitis around 4
months of age, which is fatal in 40–50% of them. Surviv-
ing rats develop chronic hepatitis and eventually hepatic
tumors, one year later. The levels of ROS, LPO and oxi-
dative DNA damage/adducts increase in the liver of
LEC but not of LEA rats, in an age- and copper-depen-
dent manner, induce apoptosis, and reach peak levels
during the fulminant-like hepatitis period [8,9]. LEC rats
represent a suitable animal model for investigating oxi-
dative stress-induced liver injury and subsequent events.

Lactoferrin, a member of the transferrin family, is an
iron-binding glycoprotein present in serum and exocrine
secretions [13–15]. Lactoferrin is considered to play ver-
satile roles in immune responses and protection against
various infections [13–15]. Moreover, various physiolog-
ical properties and bioactivities have been attributed to
lactoferrin, such as anti-oxidative and anti-carcinogenic
effects [13–16]. However, the mechanisms behind the
functions are not fully understood. In this study, we
investigated the mechanism underlying the effect of lac-
toferrin on oxidative liver injury and subsequent events
using LEC rats.
2. Materials and methods

2.1. Animals and treatments

Four-week-old female LEC rats (Charles River Japan, Yokohama,
Japan) were maintained in controlled rooms. Animals in the
‘‘untreated” group were fed commercial chow, containing 11.0-ppm
copper. Animals in the ‘‘treated” group received iron-unsaturated
bovine lactoferrin (bLF; 94.2% purity, 3% iron saturation; NRL
Pharma, Kawasaki, Japan) at 2% mixed with the diet. First, to deter-
mine the effect of bLF on hepatic function and survival, 20 LEC rats
were subdivided into the untreated (n = 8) and treated (n = 12) groups.
Serum concentrations of aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and total bilirubin (T-Bil) were regularly mea-
sured. Next, to investigate the mechanism of action, another group of
LEC rats (n = 24) were divided equally into two groups, and later sac-
rificed by exsanguination under pentobarbital anesthesia at 13–16
weeks of age. Blood and liver samples were subjected to the following
investigations. All experimental protocols were approved by the Com-
mittee for the Care and Use of Laboratory Animals of the Jikei Uni-
versity School of Medicine.

2.2. Measurement of copper concentrations

HNO3/H2O2 (4:1) solution was added to acid-cleaned vessels con-
taining the liver samples for microwave digestion. Serum samples were
added to 4.5 volumes of 0.1 N HCl. Copper concentrations were mea-
sured by the Z-6100 polarized Zeeman atomic absorption spectropho-
tometer (Hitachi, Tokyo, Japan).
2.3. Histology

Liver specimens were fixed in 10% formalin and embedded in par-
affin. The cut sections were stained with hematoxylin and eosin, and
for copper with 5(p-dimethylaminobenzylidene)rhodamine. Copper-
positive cells were counted in four random microscopic fields at
200� magnification.
2.4. Electron microscopy

After perfusion of 2% glutaraldehyde via the portal vein, liver sam-
ples were cut into 1 mm cubes and fixed according to conventional pro-
cedures. Fine sections of Epon-embedded samples were stained with
uranyl acetate and lead citrate, and examined with the H-7500 trans-
mission electron microscope (Hitachi).
2.5. Measurement of malondialdehyde

As a marker of LPO, we measured malondialdehyde (MDA) levels
in plasma and liver samples using the Bioxytech MDA-586 kit (OXIS
Inc., Portland, OR).
2.6. Measurement of 8-OHdG in nDNA and mtDNA of

liver

Nuclear DNA (nDNA) was isolated from liver tissue using the
DNA Extractor WB Kit (Wako, Osaka, Japan). Mitochondrial
DNA (mtDNA) was isolated using the mtDNA Extractor CT Kit
(Wako). To prevent artificial oxidation through air exposure, all solu-
tions and instruments were purged with argon gas. Each extracted
DNA was treated with CH3COONa and nuclease P1 for digestion,
and Tris–HCl and alkaline phosphatase for hydrolysis. Aliquots of
solutions were used for determination of 8-OHdG using a competitive
enzyme-linked immunosorbent assay (Japan Institute for the Control
of Aging, Fukuroi, Japan).
2.7. Sequence analysis of mtDNA

Isolated mtDNA was subjected to PCR amplification using over-
lapping primer sets to span the entire mitochondrial genome (16,319
bases). Conventional PCR was performed in a PCR amplification sys-
tem. PCR products were sequenced with a DNA analyzer and a dye
sequencing kit. The entire sequence of mtDNA was examined for each
untreated rat, treated rat and LEA rat. LEA rats (n = 5) served as
wild-type control and were a gift from Dr. Kozo Matsumoto (Tokushi-
ma University, Japan).
2.8. Quantification of OGG1 mRNA by two-step RT-

PCR

Total RNA was extracted from fresh liver specimens using the
RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA was synthesized
using RNase inhibitor, oligo-(dT)20 primer and reverse transcriptase.
The sequences of the primers and probe for OGG1 quantification were
50-CACCCAAGTCAGAAAGGCTTAAC-30,50-CCCTGTTGTAAA
ACCTGACTTTGA-30, and TaqMan probe, 50-FAM-TTCCTACCT
CCAAGGCAAACATCCCAA-TAMRA-30. Real-time PCR was per-
formed using the QuantiTect Probe PCR Kit (Qiagen) and ABI
PRISM 7700 Sequence Detection System (Applied Biosystems, Foster
City, CA). The resulting data were presented as the normalized quo-
tient, which was derived by dividing the copy numbers of the OGG1
gene by those of the 18S rRNA gene.
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2.9. Western blot analysis

Liver tissue was lysed in lysis buffer and sonicated. After centrifu-
gation, proteins were subjected to SDS–polyacrylamide gel electropho-
resis, and electrotransferred onto a nitrocellulose membrane.
Membranes were blocked with 5% nonfat milk, and probed with pri-
mary antibodies. Horseradish peroxidase-labeled secondary antibodies
were used for signal detection and blots were visualized with Enhanced
Chemiluminescence Western blotting detectionreagents (Amersham
Pharmacia Biotech, Piscataway, NJ) and recorded on X-ray film.
The primary antibodies used were OGG1/2 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and b-actin (Abcam, San Diego, CA). The inten-
sity of the scanned image was analyzed using the NIH Image J
program. The resulting data were presented as the normalized quo-
tient, which was derived by dividing the intensity of OGG1 by that
of b-actin.

2.10. Methylation of CpG island located upstream of

OGG1 gene

The NaHSO3 treatment-sequencing procedure [17] was performed
to identify the methylation status of all CpG sites in the second CpG
island [18] located upstream of OGG1 gene (bases �501 to �178, rel-
ative to the start of transcription), which was predicted using MethPri-
mer (http://www.urogene.org/methprimer/). Denatured DNA was
amplified by nested PCR with two primer sets. The sequences of outer
primers were 50-ACACCAAAAGCCCTGAAATG-30 and 50-ACCCA
GAACGTAGCACCTTG-30. The sequences of inner primers were 50-
AAAAGTTTTGAAATGGCAGAGCAGGG-30 and 50-CTTTCCTT
TAAAAAAGCCTCCAGCT-30. PCR conditions consisted of 35
cycles of 95 �C for 30 s, 54, 56, 58, 60 �C each for 30 s, and 72 �C
for 2 min. PCR products were sequenced with the inner primers and
dye sequencing kit on the DNA sequencer. This procedure results in
the conversion of unmethylated cytosine to thymine, but does not
affect the methylated cytosine.

2.11. Measurement of caspase-3 activity

Activity of caspase-3 was measured by the Caspase Fluorometric
Assay kit (R&D systems, MN). Fresh liver tissue was homogenized
in lysis solution. The plates containing the lysates and reaction buffer
were incubated with caspase-3-specific fluorescent substrate, and were
read in a fluorescence microplate reader. The resulting data were pre-
sented as the normalized quotient, which was derived by dividing val-
ues of LEC rats by those of control.

2.12. Statistical analysis

Differences in biochemical indices between two groups were exam-
ined by two-way ANOVA of repeated measurements followed by t
test. Cumulative survival rates were calculated using the Kaplan–Meier
method, and differences were analyzed using the log-rank test. Each
numerical data set was evaluated for normality of distribution by the
Kolmogorov–Smirnov test. The Mann–Whitney test or t test was used
for comparisons between two groups, and the Bonferroni test or Steel–
Dwass test between three groups. All P values were two tailed, and
values less than 0.05 were considered significant. All analyses were per-
formed using the SPSS 15.0 statistical package (SPSS, Chicago, IL).
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Fig. 1. Cumulative survival rates of untreated and treated rats. The

cumulative survival rates were 75.0% vs. 100% at 14 weeks, 37.5% vs.

91.7% at 15 weeks, and 12.5% vs. 91.7% at 16 weeks, of untreated and

treated rats, respectively (P = 0.0008).
3. Results

3.1. Liver function, lethal hepatic failure and morphology

Seven of 8 untreated rats died of hepatic failure
between 13.3 and 15.3 weeks of age. In contrast, only
2 of 12 treated rats died of hepatic failure at 15.0 and
19.6 weeks of age. The difference in survival rate
between the treated and untreated rats was significant
(P = 0.0008, Fig. 1). T-Bil concentrations continued to
increase in the untreated group, whereas those of the
treated group reached a plateau and subsequently
decreased (P = 0.030 at week 15, Fig. 2A). The mean
values of AST and ALT in the treated group were lower
at most time points compared with those of the
untreated group, albeit statistically insignificant
(Fig. 2B).

The median copper concentrations of liver samples
were 212.7 lg/g wet weight (range, 183.8–322.5) in the
untreated group, and 235.4 lg/g wet weight (168.6–
337.9) in the treated group (P = 0.81). Serum copper
concentrations were 46–320 lg/dL (median, 90) in the
untreated group, and 20–388 lg/dL (133) in the treated
group (P = 0.78).

Hepatocellular pleomorphism and microvesicular ste-
atosis were prominent on specimens from the untreated
group (Fig. 3A). Pronounced cellular disarray, including
enlarged hepatocytes and variable-size nuclei, was
observed in most cases. Lipid droplets of variable size
occupied the cytoplasm of many hepatocytes. Spotty
necrosis and sinusoidal mononuclear cell and neutrophil
infiltrates were scattered in certain lobules. In contrast,
specimens of the treated group showed a comparatively
lower degree of hepatocellular irregularity and steatosis
(Fig. 3B). However, there were no significant differences
in the number of copper-stained lesions and the degree
of copper staining between the two groups (data not
shown).

Mitochondria in the untreated group (Fig. 4A) were
enlarged or swollen, and their density was higher com-
pared with those of the treated group (Fig. 4B). Cristae
in mitochondria of the untreated group were scanty in
number, and radially and peripherally arranged, or
became obscure or absent. The membranes of certain
mitochondria were obscure. However, the treated group

http://www.urogene.org/methprimer/
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Fig. 2. Time course of changes in biochemical indices. (A) Serum T-Bil

concentrations in untreated (closed circles) and treated rats (open

circles). *P = 0.030. (B) Serum AST and ALT concentrations in

untreated rats (closed circles and squares, respectively) and treated rats

(open circles and squares, respectively). Data are means ± SEM.

Fig. 3. Histological examination of liver specimens. (A) A representative

rat of the untreated group. Note the hepatocellular pleomorphism and

marked microvesicular steatosis. (B) A representative rat of the treated

group. Note the mild hepatocellular irregularity and steatosis. Hema-

toxylin and eosin stain, magnification 100�.
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showed no or lower degree of these morphological
variations.

3.2. Oxidative marker and DNA damage

Plasma MDA levels were significantly higher in the
untreated group than treated and control groups
(P = 0.017 and 0.002; Fig. 5), but there was no signifi-
cant difference between the treated group and control
(P = 0.380). Similarly, the MDA levels in liver samples
were significantly higher in the untreated group than
treated and control groups (P = 0.034 and <0.001;
Fig. 5), and there was a significant difference between
the treated group and control (P = 0.011).

The levels of 8-OHdG in nDNA were significantly
higher in untreated and treated rats compared with the
control (both for P = 0.004; Fig. 6), and there was a sig-
nificant difference in their levels between the untreated
and treated groups (P = 0.021). Of note, the levels of
8-OHdG in mtDNA were significantly higher in the
untreated group than treated and control rats
(P = 0.004 and <0.001; Fig. 6). The 8-OHdG levels of
the treated group were not significantly different from
control.
The entire mitochondrial genomes were sequenced
from each one sample of the two groups and control.
Compared with the prototypical mtDNA sequence of
Rattus norvegicus (Accession No. NC_001665), several
common variations were found among all or most of
the samples analyzed (data not shown). Since the com-
mon variations possibly arose from different strains,
the control sequence was also considered as the consen-
sus sequence. In one treated rat, no mutation was
detected throughout the genome sequence (Fig. 7). In
contrast, 9 nucleotide substitutions (4 in 12S rRNA, 2
in COX1, 1 in ND3, and 2 in D-loop) were detected in
one untreated rat. Next, we sequenced the 12S rRNA
and D-loop genome regions from each of 6 liver tissues
of both treated and untreated groups (Fig. 7). In all trea-
ted rats, no mutation was observed in the 12S rRNA
region. Each of two rats showed a single mutation in
the D-loop region. In contrast, 5 of the 6 untreated rats
had 1–4 mutations in the 12S rRNA region (P = 0.007)
and 1–8 mutations in the D-loop region (P = 0.029).



Fig. 4. Transmission electron micrograph of mitochondria in liver

specimens. (A) Untreated rat. Note the enlarged/swollen mitochondria,

with radially and peripherally arranged cristae, or with obscure or absent

cristae. (B) Treated rat. Note the lack of such morphological changes in

the mitochondria. Scale bars = 500 nm.
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3.3. Expression of OGG1 and methylation of CpG island

The OGG1 mRNA levels in the liver of the treated
group were significantly higher than the untreated group
(P = 0.003) and control (P = 0.015; Fig. 8). There was
no significant difference between the untreated and con-
trol rats. Western blot analysis showed that the expres-
sion levels of OGG1 protein were significantly higher
in intensity in the treated group than the untreated
group (P = 0.007) and control (P = 0.029; Fig. 9A and
B).

The second CpG island contains 25 CpG sites. After
NaHSO3-treatment procedures, the CpG sites with or
without methylation were successfully determined by
direct sequencing in 10 untreated and 8 treated rats.
These sequences revealed varying degrees of methylation
and methylation patterns among the samples (Fig. 10).
In all untreated rats analyzed, all of the 25 CpG sites
showed 60–90% of methylation. In contrast, 11 of the
25 sites showed 87–100% of unmethylation, whereas
the remaining 14 sites were methylated (63–87%;
P < 0.001).

The levels of caspase-3 were significantly higher in the
untreated group (range, 1.66–6.47; median, 3.17) than
the treated group (1.04–2.71; 1.87; P = 0.039).
4. Discussion

Our results demonstrated a prominent increase of 8-
OHdG in mtDNA in untreated rats, indicating that
bLF can potently inhibit oxidative DNA damage espe-
cially in the mitochondria. One possible mechanism
for this action might be the ability of LF to bind transi-
tion metal ions, and thus allowing the transport and
delivery of copper to cells similar to iron [19]. Since
bLF is 22% saturated with iron in milk, bLF used in this
study was nearly equivalent to apo-bLF, which has
stronger bioactivities than holo-LF [15,20].

A considerable part of orally administered LF sur-
vives gastric digestion in vivo [21]. Intact LF diffuses
through intestinal mucosal epithelial cells and is trans-
ported into blood circulation via the thoracic lymph
duct in adult rats [22]. The transporting system within
cells is either non-selective or specific receptor-mediated
transcytosis. Intact LF in the circulation is rapidly
cleared by hepatic parenchymal cells and possibly enters
the entero-hepatic circulation. Indeed, the immunoreac-
tive LF content in the liver was 14.4–58.8 ng/g wet
weight which is considerably higher than in other organs
in treated rats, but was <5 ng/g wet weight in untreated
rats (unpublished data), a level similar to that reported
in other studies [23,24]. Intact LF bound to the cell sur-
face or internalized into cells could trigger certain signal-
ing pathways or directly activates nuclear DNA as a
transcription factor [15,24]. Our study did not examine
whether intact LF altered Cu+/Cu2+ status in hepato-
cytes, and certain functions other than just simple metal
chelation could not be excluded in the inhibition of oxi-
dative DNA damage.

Oxidized base (purine) lesions are eliminated from the
DNA by the base excision repair (BER) pathway, which
is initiated by DNA-glycosylase/AP-lyase (OGG1;
8-oxoguanine DNA-glycosylase), a potentially protec-
tive cellular mechanism [25,26]. Lack or reduction of
the repair capacity would facilitate accumulation of oxi-
dative DNA damage. In LEC rats, both the activity and
expression of OGG1 were markedly reduced during ful-
minant-like hepatitis, suggesting that the liver is poorly
protected against oxidative stress. Indeed, the mutagenic
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oxidized DNA adducts reached peak levels during the
period [27]. The low capacity of repair of excess oxida-
tive mtDNA damage might correlate with the low sur-
vival rate of untreated rats. Both the mRNA and
protein expression levels of OGG1 were higher in trea-
ted rats, indicating that LF could recover the impaired
BER capacity caused by downregulation of OGG1
expression.

It is not fully known how the epigenetic nature affects
the regulatory mechanisms of OGG1 expression. Our
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OHdG levels were significantly higher in both untreated and treated rats (range,

compared with the control (4.4–5.6 ng/mg DNA; 5.0; P = 0.004, each). Ther

(P = 0.021). Mitochondrial DNA: 8-OHdG levels were significantly higher in

(9.3–14.4 ng/mg DNA; 11.3; P = 0.004) and treated rats (10.7–18.5 ng/mg DN

significantly different from that in the control.
study demonstrated that the methylation status of
CpG sites in the upstream region of the OGG1 gene
could be associated with the OGG1 expression level.
The CpG island analyzed was located relatively
upstream from 50-site of the promoter gene but probably
overlapped it, which is not yet precisely identified in the
rat species. The correlation between oxidative stress and
CpG island methylation remains unclear, and it is
unknown how methylation is initiated, maintained, or
re-converted to the original de-methylation condition.
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untreated (range, 14.7–38.5 ng/mg DNA; median, 30.6) than in control

A; 12.9; P < 0.001). However, the 8-OHdG level in treated rats was not
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Further studies are warranted to map the methylation
status of CpG sites in an extended region, and to deter-
mine which methylation of CpG sites critically sup-
presses the gene expression.

The rise and persistence of oxidative mtDNA damage
correlate well with apoptosis [28]. Epigenetic inactiva-
tion of OGG1 and increased mutagenic lesions such as
8-OHdG would contribute to increased mtDNA muta-
tions and subsequent apoptosis, resulting in lower sur-
vival rates of untreated rats, because mtDNA
mutations generate abnormal proteins and impair respi-
ratory chain function, leading to increased ROS produc-
tion, deterioration of ATP synthesis, and cell death [29].
Few mutations were observed in mtDNA from treated
rats, supporting that LF could inhibit oxidative DNA
modifications, mtDNA mutations and caspase-3 levels.
It is of great interest that mutations concentrated in
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the 12S rRNA gene, which is important for the regula-
tion of mitochondrial translation and transcription
and is the most conserved region in all vertebrates
[30]. Furthermore, components of the mitochondrial
ribosome include pro-apoptotic proteins [31,32]. The
D-loop region contains the leading-strand origin of rep-
lication and the promoters of transcription [33]. Conse-
quently, even small mutations in these regions might
influence the prognosis of LEC rats with lethal hepatic
failure.

Hepatocellular pleomorphism with microvesicular
steatosis was less pronounced in treated rats compared
with untreated rats. Conspicuous ultrastructural altera-
tions of the mitochondria that are a major target of cop-
per toxicity, together with rearrangement and
disappearance of cristae, were displayed in untreated
rats, as reported elsewhere [34]. These findings and
Untreated

-178-501-577-691

Treated

OGG1 geneCpG island CpG island

Fig. 10. Methylation of CpG island located upstream of OGG1 gene.

The second CpG island contains 25 CpG sites. Methylated and

unmethylated CpG sites are denoted by closed and open circles,

respectively.
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results of MDA support the action of LF as an anti-oxi-
dant lipid protector [14], and accord with a previous
report that the severity of ultrastructural changes corre-
lated with the degree of icterus in LEC rats [34].
Although the mechanism that explains the correlation
is not clear at this stage, there is no doubt that mito-
chondria play a critical role in cell and/or individual
survival.

In conclusion, LF could recover the impaired BER
capacity caused by downregulation of OGG1 expres-
sion, and reduce the accumulation levels of 8-OHdG
and mutations in hepatic mtDNA, possibly thereby res-
cuing LEC rats from lethal hepatic failure. LF could be
potentially useful for the treatment of oxidative stress-
induced liver diseases.
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