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Abstract
The senescence-accelerated mouse (SAM) is an accelerated aging model that was established
through phenotypic selection from a common genetic pool of AKR/J mouse strain. Among the
SAM mice, SAMP8 mice are considered as a good model for gerontological research as they exhibit
learning and memory deﬁcits with age. SAMP8 mice also show age-related increased oxidative
stress, which correlated with increased expression of APP and consequently beta-amyloid (Ab)
protein, one of the components of senile plaques, a hallmark of Alzheimer’s disease brain (AD).
SAMP8 mice can, consequently, potentially serve as a good model to study the fundamental
mechanisms of age-related learning and memory deﬁcits including Alzheimer’s disease. In this
review, we discuss the SAMP8 mouse with respect to its role as a model to understand age-related
disorders with special emphasis on oxidative stress.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction
The senescence-accelerated mouse (SAM) is an accelerated aging model that was
established from the AKR/J strain [1]. There are nine major senescence-accelerated
mouse prone (SAMP) substrains and three major senescence-accelerated mouse resistant
(SAMR) substrains, each of which exhibits characteristic disorders [2]. Among these
SAM mice SAMP8 mice is considered as a good model for gerontological research as they
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exhibit learning and memory deﬁcits with increasing age. SAMP8 mice show age-related
impairment in learning and memory [3] that occurs as early as at 2 months compared to
SAMR1 mice of the same age. In addition SAMP8 mice also showed neuropathological
changes such as reduction in spine density, astrogliosis, spheroidal axonal dystrophy
etc. Further, SAMP8 mice also demonstrated increased deposition of beta-amyloid (Ab)
protein, one of the components of senile plaques, a hallmark of Alzheimer’s disease (AD)
brain, in various brain regions [2]. SAMP8 mice showed an age dependent increase in
the levels of Ab in the hippocampi of SAMP8 mice from 4 to 12 months of age [4] and
studies from the same group also showed the presence of Ab plaques in the hippocampus
of a 21-month-old SAMP8 mouse [5,6]. Based on the above, SAMP8 may potentially
serve as a good model to study the fundamental mechanisms of age-related learning and
memory deﬁcits including those related to AD. For details on the genotypes of SAMP
please refer to Butterﬁeld and Poon (2006) and Takeda et al. (2009) reviews [2,7]. In
this current review, we discuss the SAMP8 mouse with respect to its role as a model of
oxidative stress, especially with relevance to Alzheimer’s disease.
2. Evidence of oxidative stress in SAMP8 mice
The free radical theory of aging hypothesizes that oxidative modiﬁcations by reactive
oxygen species (ROS) on proteins, DNA, lipid membranes and other molecules cause
cellular dysfunction and aging in humans and animals [8]. It is well known that free
radical damage affects composition integrity of cell membranes, including neurons, and
free radical damage has been implicated in the etiology of neurodegenerative diseases
such as AD [9]. Numerous experimental evidences suggest that amyloid b-peptide (Ab)
has a central role in the pathogenesis of AD [10], and Ab-associated oxidative stress
induces damage to neurons in vitro [11,12] and in vivo [13−15]. The SAMP8 strain,
which develops learning and memory deﬁcits by 12 months of age [16,17] and has
a shorter median lifespan than controls [18], presents a hippocampus which contains
higher levels of both APP and soluble Ab-peptide at 8 and 12 months of age than at
4 months [19]. Furthermore, Ab-peptide has an amnestic effect when it is injected either
into the hippocampus or the amygdala of SAMP8 mice [20]. This effect could be related
to alteration of the fatty acid composition of neuronal membrane lipids leading to cell
membrane destruction [16].
A higher oxidative state has been detected in various organs of SAMP strains compared
with normal aging SAMR1 strains used as a control. The ﬁrst data about oxidative stress
markers in SAMP8 mice were obtained from brain. After a regional study, only the
cerebral cortex but not other regions of the cerebrum showed a signiﬁcant increased lipid
peroxidation, protein carbonyl formation, and generation of reactive oxygen species in
SAMP8 compared to the control SAMR1 strain [21]. Subsequently other research groups
reported that the levels of lipid hydroperoxide and protein carbonyls increased in the
brain, liver, lung, and heart of SAMP8 compared with SAMR1 [22−25]. Further studies
conducted in brain and liver demonstrated that SAMP8 mice are exposed to elevated
levels of oxidative stress since an early stage in their life (2 months of age) [22], and the
increased oxidative stress in brain is a function of age [23,26,27]. In fact 12-month-old
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SAMP8 mice had more oxidative stress than 4-month-old SAMP8 mice [26]. In contrast,
Matsugo et al. [25] found that the lipid hydroperoxide level in brain did not show an
age-dependent variation in SAMP8 and SAMR1 measured at different ages (3, 6, and
9 months of age) even if the brain level was higher in SAMP8 mice at all three ages
compared to SAMR1. On the contrary, the lipid hydroperoxide level in peripheral organs
increased with age [25].
Taken in total, these results support the hypothesis that oxidative stress in the brain and
peripheral tissues such as liver, heart, and lung could lead to cognitive dysfunction and
the senescence-related impairments and degeneration typical of SAMP8 mice.
3. SAMP8 and antioxidant enzymes
The severity of oxidative damage on brain membrane lipids depends both on the
enzymatic and the non-enzymatic defense systems. The levels of antioxidants enzymes
were found to be altered in AD brain compared to age-matched controls since the early
stages of the disease [28,29]. This may contribute to increased production of free radicals
and oxidative damage in AD brain.
Manganese superoxide dismutase (Mn-SOD) activity, an important antioxidant enzyme
involved in detoxiﬁcation of anion superoxide (O2 − ), is decreased in cerebral cortex of
aged SAMP8 compared to SAMR1 control, suggesting that Mn-SOD inhibition may be
involved in the increased oxidative stress in the SAMP8 mice brain [30]. Furthermore,
the activity of glutamine synthase (GS), an oxidatively sensitive enzyme [31,32] involved
in the conversion of glutamate to glutamine, is also decreased in aged SAMP8 mice
when compared to young SAMP8 mice or age-matched SAMR1 mice [21,23]. Loss of
GS activity may also contribute to excitotoxic neuronal death. Glutathione peroxidase
(GPx) is another antioxidant enzyme involved in GSH-mediated cellular protection. Its
enzymatic activity is signiﬁcantly decreased in aged SAMP8 mice brain [33].
The activity of nitric oxide synthase (NOS), an important enzyme involved in NO
production [34], is increased in aged SAMP8 [35]. In contrast, catalase activity in
the cerebral cortex of SAMP8 is decreased, while the activity of acyl-CoA oxidase,
a microperoxisomal H2 O2 -producing enzyme, is increased when compared to young
SAMP8 mice and to age-matched SAMPR1 [21]. These results suggest that the
abnormality of activities of these microperoxisomal enzymes may contribute to the
early increase in oxidative stress observed in the cerebral cortex of SAMP8 mice [22].
An important consequence could be the imbalance between reactive oxygen species
(ROS) production and induction of oxidative damage to proteins seen in the brain of
SAMP8 [24,27,36]. This consideration is consistent with the notion that oxidative stress
plays a signiﬁcant role in the learning and memory deﬁcits in SAMP8 mice [23].
4. SAMP8 and proteomics
One of the major effects of increased oxidative stress in brains is protein oxidation.
Oxidized proteins may cause aggregation and/or inactivation [37,38]. Proteomic strategies based on 2-dimensional electrophoresis (2-DE) are powerful for quantitative and
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qualitative analyses on speciﬁc tissues and cells. By proteomics analysis it is possible
to investigate the expression of proteins and their oxidative modiﬁcation in the brains
from aged SAMP8 mice.
The expression of different proteins like neuroﬁlament triplet L protein (NF-L), lactate
dehydrogenase 2 (LDH-2), heat shock protein 86 (HSP86), and a-spectrin was found
signiﬁcantly decreased, whereas the expression of triosephosphate isomerase (TPI) was
found signiﬁcantly increased in the brain of aged SAMP8 mice [27] by proteomic
analysis. Further, a-enolase, lactate dehydrogenase 2 (LDH-2), dihydropyrimidinase-like
protein 2 (DRP-2), creatine kinase (CK), a-spectrin were signiﬁcantly oxidized in old
SAMP8 brains compared with the 4-month-old SAMP8. Oxidized proteins generally
have lower activity [37,38]. Consequently, these oxidized proteins in aged SAMP8
mouse brain that are involved in energy metabolism, neuroprotection, and synaptic
maintenance may impair these cellular functions. In fact, decreased energy metabolism,
impaired neuroprotection, and synaptic dysfunction are all observed in aged SAMP8 mice
brain [16,21,39−42].
Hippocampus, a critical brain region associated with cognitive decline during normal
aging and various neurodegenerative diseases, showed a series of abnormalities in
SAMP8. By proteomics analysis two proteins among the soluble hippocampal proteins
were found markedly changed in SAMP8 mice as compared to SAMR1: Uchl3 and
mitoﬁlin [36]. Uchl3 (ubiquitin carboxyl-terminal hydrolase L3), involved in cytosolic
proteolysis of oxidatively damaged proteins, was down-regulated. The decreased Uchl3
may implicate in the aggregation of oxidized proteins in the brain of SAMP8 mice.
UCH is critical to the CREB phosphorylation-mediated long-term potential. The decrease
of Uchl3 in SAMP8 may be involved in the CREB-mediated long-term potential and
contribute to the cognitive deﬁcits at an early age in SAMP8 compared to SAMR1.
Mitoﬁlin, one of the most abundant mitochondrial proteins, exhibited a basic shift of
isoelectric point that may contribute to the mitochondrial dysfunction and age-associated
neurodegeneration seen in SAMP8.
Another recent proteomic study demonstrated [43] that neurons and astrocytes isolated
from SAMP8 mice compared to SAMR1 showed an altered proteome. Proteins that
belong to cellular pathways of energy metabolism, biosynthesis, cell transduction and
signaling, stress response, and the maintenance of cytoskeletal functions were identiﬁed.
Most of the changes were cell-type speciﬁc. However, there was a general increase in cell
transduction, signaling, and stress-related proteins and a decrease in cytoskeletal proteins
in SAMP8 compared to SAMR1 mice brains. In addition, neurons showed an increased
expression of proteins involved in biosynthetic pathways. Differences in neuronal and
astrocytic proteomes indicated that both cell types are implicated in the brain protein
pathway alterations of the SAMP8 mouse model of age-related neurodegeneration.

5. SAMP8 and antioxidant treatments
As noted above SAMP8 mice showed increased markers of oxidative stress and decreased
antioxidant enzymes thereby favoring increased generation of ROS. Moreover, alterations
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in mitochondrial energetics have been reported for these mice, which suggests that certain
anti-oxidant and energy-protective strategies may prove therapeutic.
Lipoic acid (LA) has been shown to act as a powerful micronutrient with diverse
pharmacologic and antioxidant properties [44]. In biological systems LA exists in
proteins linked covalently to lysyl residues as a lipoamide. Lipoic acid exists in reduced
and non-reduced forms, and the mitochondrial E3 enzyme, dihydrolipoyl dehydrogenase,
reduces lipoate to dihydrolipoate at the expense of NADH. The antioxidant property
of LA is associated with the reduced form of LA, dihydrolipoic acid that reacts with
oxidants such as superoxide radicals, hydroxyl radicals, hypochlorous acid, peroxyl
radicals, singlet oxygen, and HNE. Further, the antioxidant property of the LA could
be associated with the recycling of cellular antioxidants, including coenzyme Q (CoQ),
vitamins C and E, and glutathione (GSH). Recent studies suggested that the LA
antioxidant function occurs via its ability to function as a pro-oxidant and by activation
of transcription factor Nrf2, which can lead to transcriptional activation of phase II
detoxiﬁcation enzymes as well as antioxidant proteins such as glutathione-S-transferases,
gamma-glutamylcysteine synthetase, ferritin, NAD (P) H: quinone oxidoreductase-1, and
heme oxygenase-1, etc. Hence, LA potentially could be useful as a treatment for a
number of diseases that are associated with oxidative stress. Moreover, LA has been
reported to readily cross the blood–brain barrier, and this would be helpful in diseases
involving brain.
As mentioned above, SAMP8 mice overexpress APP and have elevated levels of Ab
in the brain and consequently have increased levels of beta-amyloid and free-radical
associated damage to proteins and lipids [5,19]. Mitochondrial dysfunction has been
reported in SAMP8 mice, which could be associated with the increased production of free
radicals in these mice [45,46]. Further, SAMP8 mice also exhibit age-related impairment
in memory and learning at age of 12-months [47]. LA treatment improves learning and
memory in old-SAMP8 mice treated with LA as assessed by the T-maze footshock
avoidance paradigm and lever press appetitive task. Further, LA treatment reduced
age-associated increase in the markers of oxidative stress such as protein oxidation,
lipid peroxidation, Electron Paramagnetic Resonance (EPR)-determined W/S ratio of a
cysteine-selective spin label in brain membranes from old SAMP8 mice compared to
young SAMP8 mice [26,48].
Proteomics studies from our laboratory showed that LA treatment signiﬁcantly
increased the expressions of three brain proteins, i.e., neuroﬁlament triplet L protein,
alpha-enolase, and ubiquitous mitochondrial creatine kinase, augmenting the expression
of these proteins in LA treatment, suggesting that the administration of LA may improve
cellular energetics and also improve the structure of neurons. Such changes could
thereby play an important role in neuronal plasticity and consequently in improving
the learning and memory process in old SAMP8 mice. LA treatment has also been
shown to signiﬁcantly decrease speciﬁc carbonyl levels of lactate dehydrogenase B,
dihydropyrimidinase-like protein 2 (CRMP2), and alpha-enolase in the aged SAMP8
mice, and these proteins are important for cellular energetics and axonal growth [49].
The antioxidant effect of LA can also be related to its presence as a cofactor for a number
of mitochondrial associated proteins such as alpha-ketoglutate dehydrogenase etc. [50].
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Glutathione (GSH) is present in millimolar concentrations and is the most abundant
antioxidant in the brain. In a reaction involving oxidative stressors, GSH is converted
to oxidized glutathione (GSSG), and the ratio of GSH/GSSG is used as a measure to
check the redox and oxidative stress status of the cell. The levels of GSH are maintained
by GSH peroxidase and glutathione reductase activity. The reduced form of the GSH
scavenges reactive oxygen species (ROS) and other toxic and highly reactive products of
lipid peroxidation such as HNE and acrolein, in addition to its ability to protect the thiols
groups in proteins. The nucleophilic adducts of HNE and acrolein by GSH are normally
formed by the reaction of the enzyme glutathione-S-transferase (GST) and are efﬂuxed out
from the cell by the multidrug resistance protein-1 (MRP-1) [51,52]. Glutathionylation of
proteins is a reversible process where the GSH is removed by the action of glutaredoxin,
a thiol transferase [53], and this process might help to protect the proteins that are
redox sensitive proteins. Previous studies from our laboratory have identiﬁed a number
of proteins that showed glutathionylation in AD brain and this modiﬁcation is further
associated with decreased activity of the glutathionylated proteins [54,55]. Hence, one
approach for potential therapy of age-related neurodegenerative disorders is to increase
the levels of GSH in the cell to reduce the levels of oxidative stress and thereby prevent
or delay the diseases associated with oxidative stress. The rate limiting amino acid for the
synthesis of glutathione is cysteine. Since free cysteine is highly reactive, this amino acid
is mostly present as a component in the non-protein form as GSH. Hence, to increase the
levels of GSH a number of previous studies have used N-acetylcysteine, which has been
shown to lead to increased levels of GSH in the brain and also peripheral cells [26,56].
Further, in vitro and ex vivo studies showed that intraperitoneal (i.p.) injection of
NAC protected brain against peroxynitrite, hydroxyl radicals, and acrolein induced toxic
effects [57−59]. Moreover, mice treated with NAC prior to intracerebroventricular (i.c.v.)
injections of Ab showed decreased oxidative stress markers and also had improved
learning and memory [60]. The protective effect mediated by NAC has been reported
to involve not just the elevation of GSH levels; rather, the NAC mediated protection
also is via its effect on other signaling pathways including activation of the Ras/ERK
pathway, stimulating p35/Cdk5 activity, and reduced phosphorylation/deactivation of
MLK3-MKK7-JNK3 signaling cascade [61−63]. In SAMP8 mice NAC has been shown
to partially restore memory deﬁcits in SAMP8 aged mice as well as reducing levels
of lipid peroxidation and protein carbonyls [26]. This reduced level of oxidative stress
markers and improvement observed in learning and memory could be related to the
antioxidant property associated with NAC via up-regulation of reduced glutathione levels
or could be associated with the down-regulation of APP gene transcription [64].
As mentioned above, SAMP8 mice showed increased production of Ab, and
consequently the decrease in learning and memory in SAMP8 mice could be associated
with Ab-induced oxidative stress. To explore the role of Ab in the SAMP8 induced
learning and memory problem we have injected antisense in 12-month-old SAMP8 mice
(antisense oligonucleotide targeted at the Ab region of the APP gene), and showed that AO
treatment improved learning and memory and also reduced oxidative stress [65]. Further
using redox proteomics we found that the levels of the speciﬁc protein carbonyl levels of
aldoase 3 (Aldo3), coronin 1a (Coro 1a) and peroxiredoxin 2 (Prdx2) were signiﬁcantly
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decreased in the brains of 12-month-old SAMP8 mice treated with AO compared to agematched SAMP8 mice treated with random AO [66]. Oxidations of these proteins explain
the increased observation of the markers of oxidative stress in these mice at 12-month
of age and also loss of cellular energetics, all of which are important for learning and
memory. Further, using expression proteomics we also showed that the protein level of
a-ATP synthase was signiﬁcantly decreased, whereas the expression of proﬁlin (Pro-2)
was signiﬁcantly increased in the brains of SAMP8 mice treated with AO.
6. Future studies
This review summarizes the current ﬁndings of increased oxidative stress in SAMP8 mice
and therapeutics approaches that were employed to protect against age-dependent increase
in oxidative stress. Further studies are required to unravel the mechanisms of aging using
this model. SAMP8 mice also show an abnormal APP and Ab metabolism; hence, these
mice could serve as a potential model for studying the role of APP in Alzheimer’s disease
pathogenesis. From this review, it is clear that oxidative stress is critically important for
impairment of learning and memory and Ab may play a signiﬁcant role in age-related
cognitive decline in SAMP8. SAMP8 mice could serve as a model to test the therapeutic
efﬁcacy of drugs used to treat age-associated diseases in which cognitive effects are
clinically present.
Acknowledgements
This work was supported in part by grants from the National Institutes of Health to
D.A. Butterﬁeld (AG-10836; AG-05119).
References
[1] Takeda T, Hosokawa M, Takeshita S, et al. A new murine model of accelerated senescence. Mech Ageing
Dev 1981;17(2):183−94.
[2] Takeda T. Senescence-accelerated mouse (SAM) with special references to neurodegeneration models,
SAMP8 and SAMP10 mice. Neurochem Res 2009;34(4):639−59.
[3] Miyamoto M, Kiyota Y, Yamazaki N, et al. Age-related changes in learning and memory in the senescenceaccelerated mouse (SAM). Physiol Behav 1986;38(3):399–406.
[4] Kumar VB, Franko M, Banks WA, et al. Increase in presenilin 1 (PS1) levels in senescence-accelerated
mice (SAMP8) may indirectly impair memory by affecting amyloid precursor protein (APP) processing.
J Exp Biol 2009;212(Pt 4):494−8.
[5] Morley JE, Kumar VB, Bernardo AE, et al. Beta-amyloid precursor polypeptide in SAMP8 mice affects
learning and memory. Peptides 2000;21(12):1761−7.
[6] Noda-Saita K, Yoneyama A, Shitaka Y, et al. Quantitative analysis of amyloid plaques in a mouse model of
Alzheimer’s disease by phase-contrast X-ray computed tomography. Neuroscience 2006;138(4):1205−13.
[7] Butterﬁeld DA, Poon HF. The senescence-accelerated prone mouse (SAMP8): a model of age-related
cognitive decline with relevance to alterations of the gene expression and protein abnormalities in
Alzheimer’s disease. Exp Gerontol 2005;40(10):774−83.
[8] Harman D. Aging: a theory based on free radical and radiation chemistry. J Gerontol 1956;11(3):298–
300.

368

The Senescence-Accelerated Mouse (SAM): Achievements and Future Directions

[9] Butterﬁeld DA, Bader Lange ML, Sultana R. Involvements of the lipid peroxidation product, HNE, in the
pathogenesis and progression of Alzheimer’s disease. Biochim Biophys Acta 2010;1801:924−9.
[10] Selkoe DJ. Amyloid beta-protein and the genetics of Alzheimer’s disease. J Biol Chem 1996;271(31):
18295−8.
[11] Butterﬁeld DA, Kanski J. Methionine residue 35 is critical for the oxidative stress and neurotoxic properties
of Alzheimer’s amyloid beta-peptide 1−42. Peptides 2002;23(7):1299–309.
[12] Butterﬁeld DA, Hensley K, Harris M, et al. beta-Amyloid peptide free radical fragments initiate
synaptosomal lipoperoxidation in a sequence-speciﬁc fashion: implications to Alzheimer’s disease. Biochem
Biophys Res Commun 1994;200(2):710−5.
[13] Butterﬁeld DA, Galvan V, Lange MB, et al. In vivo oxidative stress in brain of Alzheimer disease
transgenic mice: Requirement for methionine 35 in amyloid beta-peptide of APP. Free Radic Biol Med
2010;48(1):136−44.
[14] Yatin SM, Varadarajan S, Link CD, et al. In vitro and in vivo oxidative stress associated with Alzheimer’s
amyloid beta-peptide (1−42). Neurobiol Aging 1999;20(3):325−30; discussion: 39−42.
[15] Drake J, Link CD, Butterﬁeld DA. Oxidative stress precedes ﬁbrillar deposition of Alzheimer’s disease
amyloid beta-peptide (1−42) in a transgenic Caenorhabditis elegans model. Neurobiol Aging 2003;24(3):
415−20.
[16] Morley JE, Farr SA, Kumar VB, et al. Alzheimer’s disease through the eye of a mouse. Acceptance lecture
for the 2001 Gayle A. Olson and Richard D. Olson prize. Peptides 2002;23(3):589−99.
[17] Yagi H, Katoh S, Akiguchi I, et al. Age-related deterioration of ability of acquisition in memory and
learning in senescence accelerated mouse: SAM-P/8 as an animal model of disturbances in recent memory.
Brain Res 1988;474(1):86−93.
[18] Flood JF, Morley JE. Early onset of age-related impairment of aversive and appetitive learning in the
SAM-P/8 mouse. J Gerontol 1992;47(2):B52−9.
[19] Kumar VB, Farr SA, Flood JF, et al. Site-directed antisense oligonucleotide decreases the expression of
amyloid precursor protein and reverses deﬁcits in learning and memory in aged SAMP8 mice. Peptides
2000;21(12):1769−75.
[20] Flood JF, Morley JE, Roberts E. An amyloid beta-protein fragment, A beta[12−28], equipotently impairs
post-training memory processing when injected into different limbic system structures. Brain Res 1994;
663(2):271−6.
[21] Sato E, Oda N, Ozaki N, et al. Early and transient increase in oxidative stress in the cerebral cortex of
senescence-accelerated mouse. Mech Ageing Dev 1996;86(2):105−14.
[22] Yasui F, Ishibashi M, Matsugo S, et al. Brain lipid hydroperoxide level increases in senescence-accelerated
mice at an early age. Neurosci Lett 2003;350(1):66−8.
[23] Butterﬁeld DA, Howard BJ, Yatin S, et al. Free radical oxidation of brain proteins in accelerated senescence
and its modulation by N-tert-butyl-alpha-phenylnitrone. Proc Natl Acad Sci U S A 1997;94(2):674−8.
[24] Nabeshi H, Oikawa S, Inoue S, et al. Proteomic analysis for protein carbonyl as an indicator of oxidative
damage in senescence-accelerated mice. Free Radic Res 2006;40(11):1173−81.
[25] Matsugo S, Kitagawa T, Minami S, et al. Age-dependent changes in lipid peroxide levels in peripheral
organs, but not in brain, in senescence-accelerated mice. Neurosci Lett 2000;278(1−2):105−8.
[26] Farr SA, Poon HF, Dogrukol-Ak D, et al. The antioxidants alpha-lipoic acid and N-acetylcysteine reverse
memory impairment and brain oxidative stress in aged SAMP8 mice. J Neurochem 2003;84(5):1173−83.
[27] Poon HF, Castegna A, Farr SA, et al. Quantitative proteomics analysis of speciﬁc protein expression and
oxidative modiﬁcation in aged senescence-accelerated-prone 8 mice brain. Neuroscience 2004;126(4):
915−26.
[28] Ansari MA, Scheff SW. Oxidative stress in the progression of Alzheimer disease in the frontal cortex.
J Neuropathol Exp Neurol 2010;69(2):155−67.
[29] Sultana R, Piroddi M, Galli F, et al. Protein levels and activity of some antioxidant enzymes in hippocampus
of subjects with amnestic mild cognitive impairment. Neurochem Res 2008;33(12):2540−6.
[30] Kurokawa T, Asada S, Nishitani S, et al. Age-related changes in manganese superoxide dismutase activity
in the cerebral cortex of senescence-accelerated prone and resistant mouse. Neurosci Lett 2001;298(2):
135−8.

R. Sultana et al. /SAMP8 and the role of oxidative stress in age-related diseases including AD

369

[31] Butterﬁeld DA, Hensley K, Cole P, et al. Oxidatively induced structural alteration of glutamine synthetase
assessed by analysis of spin label incorporation kinetics: relevance to Alzheimer’s disease. J Neurochem
1997;68(6):2451−7.
[32] Perluigi M, Sultana R, Cenini G, et al. Redox proteomics identiﬁcation of HNE-modiﬁed brain proteins in
Alzheimer’s disease: role of lipid peroxidation in Alzheimer’s disease pathogenesis. Proteomics-Clinical
Applications 2009;3:682−93.
[33] Okatani Y, Wakatsuki A, Reiter RJ, et al. Melatonin reduces oxidative damage of neural lipids and proteins
in senescence-accelerated mouse. Neurobiol Aging 2002;23(4):639−44.
[34] Calabrese V, Cornelius C, Rizzarelli E, et al. Nitric oxide in cell survival: a janus molecule. Antioxid
Redox Signal 2009;11(11):2717−39.
[35] Inada K, Yokoi I, Kabuto H, et al. Age-related increase in nitric oxide synthase activity in senescence
accelerated mouse brain and the effect of long-term administration of superoxide radical scavenger. Mech
Ageing Dev 1996;89(2):95–102.
[36] Wang Q, Liu Y, Zou X, et al. The hippocampal proteomic analysis of senescence-accelerated mouse:
implications of Uchl3 and mitoﬁlin in cognitive disorder and mitochondria dysfunction in SAMP8.
Neurochem Res 2008;33(9):1776−82.
[37] Butterﬁeld DA, Lauderback CM. Lipid peroxidation and protein oxidation in Alzheimer’s disease brain:
potential causes and consequences involving amyloid beta-peptide-associated free radical oxidative stress.
Free Radic Biol Med 2002;32(11):1050−60.
[38] Butterﬁeld DA, Stadtman ER. Protein oxidation processes in aging brain. Adv Cell Aging Gerontol
1997;2:161−91
[39] Kurokawa T, Sato E, Inoue A, et al. Evidence that glucose metabolism is decreased in the cerebrum of
aged female senescence-accelerated mouse; possible involvement of a low hexokinase activity. Neurosci
Lett 1996;214(1):45−8.
[40] Miyamoto M. Characteristics of age-related behavioral changes in senescence-accelerated mouse SAMP8
and SAMP10. Exp Gerontol 1997;32(1−2):139−48.
[41] Miyazaki H, Okuma Y, Nomura J, et al. Age-related alterations in the expression of glial cell line-derived
neurotrophic factor in the senescence-accelerated mouse brain. J Pharmacol Sci 2003;92(1):28−34.
[42] Nomura Y, Yamanaka Y, Kitamura Y, et al. Senescence-accelerated mouse. Neurochemical studies on
aging. Ann N Y Acad Sci 1996;786:410−8.
[43] Diez-Vives C, Gay M, Garcia-Matas S, et al. Proteomic study of neuron and astrocyte cultures from
senescence-accelerated mouse SAMP8 reveals degenerative changes. J Neurochem 2009;111(4):945−55.
[44] Packer L, Witt EH, Tritschler HJ. alpha-Lipoic acid as a biological antioxidant. Free Radic Biol Med
1995;19(2):227−50.
[45] Nishikawa T, Takahashi JA, Fujibayashi Y, et al. An early stage mechanism of the age-associated
mitochondrial dysfunction in the brain of SAMP8 mice; an age-associated neurodegeneration animal
model. Neurosci Lett 1998;254(2):69−72.
[46] Fujibayashi Y, Yamamoto S, Waki A, et al. Increased mitochondrial DNA deletion in the brain of SAMP8,
a mouse model for spontaneous oxidative stress brain. Neurosci Lett 1998;254(2):109−12.
[47] Flood JF, Morley JE. Learning and memory in the SAMP8 mouse. Neurosci Biobehav Rev 1998;22(1):
1−20.
[48] Hensley K, Carney J, Hall N, et al. Electron paramagnetic resonance investigations of free radicalinduced alterations in neocortical synaptosomal membrane protein infrastructure. Free Radic Biol Med
1994;17(4):321−31.
[49] Poon HF, Farr SA, Thongboonkerd V, et al. Proteomic analysis of speciﬁc brain proteins in aged SAMP8
mice treated with alpha-lipoic acid: implications for aging and age-related neurodegenerative disorders.
Neurochem Int 2005;46(2):159−68.
[50] Liu J, Head E, Gharib AM, et al. Memory loss in old rats is associated with brain mitochondrial decay
and RNA/DNA oxidation: Partial reversal by feeding acetyl-L-carnitine and/or R-a-lipoic acid. Proc Natl
Acad Sci USA 2002;99(4):2356−61.
[51] Sultana R, Butterﬁeld DA. Oxidatively modiﬁed GST and MRP1 in Alzheimer’s disease brain: Implications
for accumulation of reactive lipid peroxidation products. Neurochem Res 2004;29(12):2215−20.

370

The Senescence-Accelerated Mouse (SAM): Achievements and Future Directions

[52] Renes J, de Vries EG, Nienhuis EF, et al. ATP- and glutathione-dependent transport of chemotherapeutic
drugs by the multidrug resistance protein MRP1. Br J Pharmacol 1999;126(3):681−8.
[53] Chrestensen CA, Starke DW, Mieyal JJ. Acute cadmium exposure inactivates thioltransferase
(Glutaredoxin), inhibits intracellular reduction of protein-glutathionyl-mixed disulﬁdes, and initiates
apoptosis. J Biol Chem 2000;275(34):26556−65.
[54] Newman SF, Sultana R, Perluigi M, et al. An increase in S-glutathionylated proteins in the Alzheimer’s
disease inferior parietal lobule, a proteomics approach. J Neurosci Res 2007;85(7):1506−14.
[55] Di Domenico F, Cenini G, Sultana R, et al. Glutathionylation of the pro-apoptotic protein p53 in Alzheimer’s
disease brain: Implications for AD pathogenesis. Neurochem Res 2009;34(4):727−33.
[56] Anderson ME, Luo JL. Glutathione therapy: From prodrugs to genes. Semin Liver Dis 1998;18(4):415−24.
[57] Koppal T, Drake J, Butterﬁeld DA. In vivo modulation of rodent glutathione and its role in
peroxynitrite-induced neocortical synaptosomal membrane protein damage. Biochim Biophys Acta
1999;1453(3):407−11.
[58] Pocernich CB, Cardin AL, Racine CL, et al. Glutathione elevation and its protective role in acrolein-induced
protein damage in synaptosomal membranes: Relevance to brain lipid peroxidation in neurodegenerative
disease. Neurochem Int 2001;39(2):141−9.
[59] Pocernich CB, La Fontaine M, Butterﬁeld DA. In vivo glutathione elevation protects against hydroxyl free
radical-induced protein oxidation in rat brain. Neurochem Int 2000;36(3):185−91.
[60] Fu AL, Dong ZH, Sun MJ. Protective effect of N-acetyl-L-cysteine on amyloid b-peptide-induced learning
and memory deﬁcits in mice. Brain Res 2006;1109(1):201−6.
[61] Xu Y, Hou XY, Liu Y, et al. Different protection of K252a and N-acetyl-L-cysteine against amyloid-b
peptide-induced cortical neuron apoptosis involving inhibition of MLK3-MKK7-JNK3 signal cascades.
J Neurosci Res 2009;87(4):918−27.
[62] Hsiao YH, Chen PS, Yeh SH, et al. N-acetylcysteine prevents b-amyloid toxicity by a stimulatory effect on
p35/cyclin-dependent kinase 5 activity in cultured cortical neurons. J Neurosci Res 2008;86(12):2685−95.
[63] Yan CY, Greene LA. Prevention of PC12 cell death by N-acetylcysteine requires activation of the Ras
pathway. J Neurosci 1998;18(11):4042−9.
[64] Studer R, Baysang G, Brack C. N-Acetyl-L-cysteine downregulates b-amyloid precursor protein gene
transcription in human neuroblastoma cells. Biogerontology 2001;2(1):55−60.
[65] Poon HF, Joshi G, Sultana R, et al. Antisense directed at the Abeta region of APP decreases brain oxidative
markers in aged senescence accelerated mice. Brain Res 2004;1018(1):86−96.
[66] Poon HF, Farr SA, Banks WA, et al. Proteomic identiﬁcation of less oxidized brain proteins in aged
senescence-accelerated mice following administration of antisense oligonucleotide directed at the Abeta
region of amyloid precursor protein. Brain Res Mol Brain Res 2005;138(1):8−16.

