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Abstract: Clinical manifestation of Alzheimer’s disease may depend upon interaction among its risk factors.
Apolipoprotein E-deficient mice undergo oxidative damage and cognitive impairment when deprived of folate.
We demonstrate herein that these mice were depleted in the methyl donor S-adenosyl methionine (SAM), which
inhibited glutathione S-transferase, since this enzyme requires methylation of oxidative species prior to
glutathione-dependent reduction. Dietary supplementation with SAM alleviated neuropathology. Since SAM
deficiency promotes presenilin-1 overexpression, which increases gamma-secretase expression and Abeta
generation, these findings directly link nutritional deficiency and genetic risk factors, and support
supplementation with SAM for Alzheimer’s therapy.
Key words: S-adenosyl methionine, folate, oxidative damage, glutathione, methylation, apoliprotein E,
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Introduction

converted to SAM. Folate deficiency therefore not only
increases levels of the neurotoxin homocysteine, which
increases oxidative stress and related to the severity and
progression of AD, but also reduces levels of SAM (2).
Deficiencies in apolipoprotein E (ApoE) function increase
oxidative stress and are associated with AD (7,8). The
deleterious effects of folate deprivation are potentiated by
deficiency in apolipoprotein E. Deficiencies in apolipoprotein
E (ApoE) function increase oxidative stress and are associated
with AD in a gene-dose manner (7,9-11). Transgenic mice
homozygously-lacking apolipoprotein E (ApoE-/-; 12-14)
undergo markedly more severe oxidative damage and cognitive
impairment when maintained on a folate-deficient diet than do
normal mice (15-17). These mice upregulate transcription and
activity of glutathione synthase (GS) and display increased
glutathione (GSH) in brain tissue in an apparently unsuccessful
attempt to compensate for the increased oxidative damage
resulting from deficiency in folate and ApoE (18). Damage to
brain tissue despite upregulation in GSH production and levels
prompted the consideration that ApoE-/- mice maintained on
the deficient diet may be impaired in usage of GSH. We
therefore examined herein the activity of the GSH-dependent
enzymes glutathione peroxidase (GPX), glutathione reductase
(GR) and glutathione S-transferase (GST) (19) in brain tissue of
mice maintained under these conditions. Previous studies have
demonstrated that SAM decreased oxidatie damage and
stimulated the GSH system (20-23). Moreover, prior studies
have indicated that certain potential GST substrates such as
arsenic must undergo one or more SAM-dependent
methylations (24-30) that are stimulated by GSH (31). We
therefore considered that SAM may be an essential cofactor for
more GST-GSH-dependent reductions than has been previously
appreciated. Since GST requires prior methylation of its

Alzheimer's disease (AD) has an apparent multifactoral
etiology that encompasses nutritional, genetic, and
environmental risk factors, none of which is sufficient to
account for all cases of AD (1). The convergence of one or
more risk factors may therefore represent a key determinant
leading to clinical manifestation of AD. One possibility is that
genetic predispositions may remain latent pending age-related
decline in nutrition and/or homeostasis (2).
A gradual hypomethylation of DNA accompanies aging (3).
This is due at least in part to a deficiency of S-adenosyl
methionine (SAM), the major methyl donor, in normal aging
and in AD (4). A recent study indicates that insufficient levels
of SAM may lead to overexpression of presenilin-1 (PS1), a
gene linked to AD (1). SAM mediates numerous
transmethylation reactions, including methylation of proteins,
phospholipids, neurotransmitters and nucleic acids. In addition,
S-adenosyl homocysteine (SAH), the downstream metabolic
product resulting from SAM-mediated transmethylation
reactions, is present at relatively elevated levels in AD brains
(5). SAH is a competitive inhibitor of methyl transferases that
utilize SAM and therefore further inhibits the alreadydiminished levels of methylation in AD brain (5). In addition,
the activity of the enzyme responsible for SAM generation
(methionine-S-adenosyltransferase), is decreased in
neurodegeneration (6).
One common age-related compromise in nutrition that
adversely impacts SAM levels is folate deficiency, which
contributes to many neurological and psychological disorders
including dementia, impaired cognition, depression, psychosis,
AD and Parkinson’s disease (2). Folate- and B12-dependent
reactions convert homocysteine to methionine, which in turn is
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Table 1
Dietary supplementation with SAM alleviates oxidative damage and restores GSH homeostasis following folate and vitamin E
deficiency Normal and ApoE -/- mice were maintained on complete or deficient diets, or deficient diets supplemented with SAM
for 1 month. Total brain tissue was harvested and analyzed as described in the text. Note that supplementation with SAM
prevented the increase in TBARs and GSH, restored performance in the T maze, resorted normal activity of GPX, GR and GST,
and restored normal levels of GS transcription. SAM did not reduce GS activity. Values represent the mean (± SEM) increase
versus normal mice on the complete diet compiled from 2-4 independent experiments, n = 2-3 mice/diet/experiment (total n=8-12.
Values with an asterisk differed significantly (p<0.05; Student’s t test) from those of normal mice maintained on the complete diet
Mouse strain
Normal
ApoE-/ApoE-/-

Diet

TBARs

Complete
15.2 ± 0.6
Deficient
20.6 ± 0.2*
Deficient + SAM 16.0 ± 0.2

T Maze
% pass

GSH

GS
trans.

GS
activity

GPX
activity

GR
activity

GST
activity

67 ± 16
42 ± 18
67 ± 15

55 ± 6.7
93 ± 18*
52 ± 3.1

77.2 ± 3.3
109.2 ± 5.7
67.5 ± 7.8

0.99 ± 0.1
1.2 ± 0.2*
1.2 ± 0.1*

0.32 ± 0.02
0.51 ± 0.06*
0.38 ± 0.03

0.38 ± 0.01
0.66 ± 0.03*
0.42 ± 0.06

0.22 ± .01
0.07 ± 0.1*
0.31 ± 0.0

substrates, we also examined whether or not a critical decrease
in SAM accompanied folate deprivation, and whether any such
decrease could be compensated for by dietary supplementation
with SAM.

by commercial activity kits (Cayman, Ann Arbor, MI) using 1chloro-2,4-dinitrodenzene as a substrate. SAM and SAH were
assayed by HPLC (4); purified SAM and SAH (ICN, Costa
Mesa, CA) were utilized as standards.

Materiels and Methods

Results

Normal and ApoE-/- (“knockout”) mice (9-12 months of
age; 2-4 independent experiments, n = 2-3
mice/diet/experiment; total n=8-12) received basal, vitaminfree diets (“AIN-76”; Purina/Mother Hubbard, Inc.) either
supplemented with folic acid (40 mg/kg), and vitamin E (1g/kg
total diet wet weight) (defined as the "complete diet"), or
lacking folate and vitamin E and containing iron (50g/500g
total diet;) as a pro-oxidant (defined as the "deficient diet") with
and without SAM (80mg/kg diet) for 1 month commencing at
approx. 9 months of age (15,16). Overall oxidative damage
was monitored in total brain homogenates by quantifying
thiobarbituric acid-reactive substances (TBARs; 15).
Cognitive impairment was monitored using a standard
reward-based T maze test (17). Briefly, mice were placed at
the bottom of a T-shaped maze, with one arm of the maze
blocked, and therefore could explore only one arm. Each arm
of the maze contained a depression containing a small amount
of sweetened milk. Mice were allowed to locate and consume
the milk in the available arm, then were returned to the bottom
of the maze and the block was removed from the other arm. If
the mouse entered the opposite (newly-unblocked arm), it was
scored as passing; if it instead re-explored the previouslyvisited arm, it was scored as failing. The rationale for these
criteria are that mice under normal conditions will demonstrate
a greater tendency to explore a novel area rather than re-explore
previously-visited territory. Mice were tested 3 times, and the
percentage of passing trials calculated for each mouse. Mazes
were cleaned and dried between tests to avoid influence of the
prior mouse on subsequent exploration (17, and refs. therein).
GSH levels, GS activity and GS transcription were assayed
as described (18). GST GPX and GR activity was monitored

ApoE-/- mice maintained on the deficient diet demonstrated
a significant (p<0.05) increase in activity of GPX and GR
(approx 60% and 70% higher than that of normal mice on the
complete diet). yet unexpectedly display a significant decrease
(67%; p<0.05) in GST activity despite the presence of
increased oxidative damage and increased GSH (Table 1).
This situation is similar to that observed in AD, in which GPX
and GR display increased activity yet GST undergoes a
paradoxical decrease in activity despite increased oxidative
damage (19-33).
Supplementation of the deficient diet with SAM restored
GST activity to that of normal mice maintained on the normal
diet. SAM also prevented oxidative damage and cognitive
impairment, reduced GS transcription, and reduced GSH levels
to those of mice maintained on the complete diet, but did not
reduce GS activity (Table 1). We therefore considered that
ApoE-/- mice maintained on the deficient diet may have a
critical deficiency in SAM. HPLC analyses of brain
homogenates demonstrated that ApoE-/- mice exhibited
significantly reduced SAM on either diet, and that the deficient
diet depleted SAM in normal mice, and also increased SAH in
ApoE-/- mice (Fig. 1).
Finally, we added 3mM SAM to the homogenate derived
from ApoE-/- mice maintained on the deficient diet, which also
restored GST activity to that of control mice receiving the
complete diet (0.20 ± 0.08 versus 0.22 ± 0.1). This latter
finding demonstrates that GST within these mice remained
capable of activity during the 1-month dietary deficiency, and
that the GSH present within brain tissue of these mice was
sufficient to mediate reduction of oxidative species.
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Figure 1
SAM levels in brain tissue are subject to dietary and genetic
influences. Homogenates from normal and ApoE-/- mice
maintained on the indicated diets were subjected to HPLC
according to Morrison et al. (1996). Values represent the mean
area (± standard error of the mean) of SAM and SAH peaks,
identified by purified SAM and SAH chromatographed under
identical conditions, from 4 brains from 2 independent
experiments.

The findings of the present study, which demonstrate a
significant decline in SAM levels in ApoE-/- brain tissue
following nutritional compromise, provide one mechanism by
which deficiencies in ApoE activity could foster increased
expression of PS-1. Since critical gene expression can be
repressed by remethylation (36), our findings suggest that
dietary supplementation with SAM, shown to be effective
against depression (37) also holds promise as a therapeutic
approach to prevent or delay AD. A preliminary study (38)
indicates that SAM can provide some cognitive improvement in
AD patients. Notably, polymorphisms in the enzyme that
utilizes folate to generate methionine, methylene
tetrahydrofolate reductase, which diminish folate usage even in
the presence of otherwise adequate dietary folate, also result in
diminished SAM levels (39). Such polymorphisms are present
in as high as 20% of some populations (40) and are and
represent synergistic risk factors for AD along with the
presence of ApoE4 (8); SAM deficiency may be one critical
aspect of this synergistic risk.
In summary, these findings have (1) demonstrated a novel
mechanism by which SAM can provide neuroprotection, (2)
directly connected nutritional deficiency and the known genetic
predispositions for AD, and (3) demonstrated that an individual
may generate sufficient antioxidants to prevent
neurodegeneration even under adverse conditions, yet not be
able to use them due to insufficient methylation.

Discussion
Decreased GSH represents an early event in
neurodegeneration (19). The findings of the present study
demonstrate that perturbation in the ability to utilize GSH can
also lead to neurodegeneration, and that this can derive from
critical alteration in relative levels of SAM and SAH. The
reduced level of SAM resulting from the deficient diet was
apparently not problematic in and of itself, since a similar
decrease in SAM was observed for normal and ApoE-/- mice,
yet normal mice did not exhibit neuropathology (15-18).
However, unlike normal mice, ApoE-/- mice maintained on the
deficient diet exhibited a significant increase in SAH. Since
SAH is a competitive inhibitor of methyltransferases, a critical
reduction in the ratio of SAM/SAH ratio is apparently what
inhibits transmethylation reactions including those in AD (5);
perturbation of this ratio is apparently what inhibited GST
activity in ApoE-/- mice on the deficient diet, leading to
increased oxidative damage despite the presence of excess
GSH. This latter conclusion is supported by the beneficial
effects of dietary supplementation with SAM and following its
addition to the GST assay itself.
Our findings underscore how nutritional deficiency in folate
may initiate a cascade of alterations in genetic expression that
may promote the development of AD. Since SAM deficiency,
perhaps coupled with SAH accumulation, increases PS-1
expression via hypomethylation of the PS-1 promoter (34 folate
deficiency, by decreasing SAM (2) can lead to increased PS-1
expression. Increased PS-1 expression promotes increased
expression of gamma-secretase, which, by increasing cleavage
of the amyloid precursor protein, generates increased Abeta (1).
Additional studies provide a potential link between ApoE and
PS-1 in AD; the occurrence of some (35) kindreds of PS-linked
familial AD is enhanced by the presence of the E4 allele of
APoE in a gene-dosage manner (i.e., individuals homozygous
for E4 being more susceptible than those heterozygous for E4).

Acknowledgements: This research was supported by the Alzheimer's Association, 225
N. Michigan Ave., Fl. 17, Chicago, IL 60601 (http://www.alz.org)

References
1.
2.
3.

4.
5.

6.

7.
8.

9.

10.
11.

12.

3

Parihar MS, Hemnani T. Alzheimer's disease pathogenesis and therapeutic
interventions. J Clin Neurosci. 2004; 11:456-67.
Mattson MM, Shea TB Folate and Homocysteine in Neural Plasticity and
Neurodegenerative Disorders. Trends in Neurosciences: 2003; 26:137-146.
Seshadri S, Beiser A, Selhub J, Jacques PF, Rosenberg IH, D'Agostino BR, Wilson
PW, Wolf PA. Plasma homocysteine as a risk factor for dementia and Alzheimer's
disease. New Eng J Med 2002; 346: 476-483.
Morrison, L.D. Brain S-adenosylmethionine levels are severely decreased in
Alzheimer's disease. J Neurochem. 1996; 67: 1328-1331.
Kennedy BP, Bottiglieri T, Arning E, Ziegler MG, Hansen LA, Masliah E. Elevated
S-adenosylhomocysteine in Alzheimer brain: influence on methyltransferases and
cognitive function. J Neural Transm. 2004; 111:547-567
Trolin CG, Lofberg C, Trolin G, Oreland L. Brain ATP:L-methioinine Sadenosyltransferase, S-adenosylmethioine and S-adenosylhomocysteine: regional
distribution and age-related changes. Eur Neuropsychopharm 1994; 4: 469-477.
Kamboh MI. Apolipoprotein E polymorphism and susceptibility to Alzheimer’s
disease. Hum Biol 2004; 67:195-215.
Regland B, Blennow K Germgard T, Koch-Schmidt AC, Gottfries CG. The role of
the polymorphic genes apolipoprotein E and methylene- tetrahydrofolate reductase in
the development of dementia of the Alzheimer type. Dement Geriatr Cogn Disord
1999; 10:245-251.
Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW,
Roses AD, Haines JL, Pericak-Vance MA. Gene dose of apolipoprotein E type e4
allele and the risk of Alzheimer’s disease in late onset families. Science 1993;
261:921-923.
Hardy J. Apolipoprotein E and Alzheimer’s disease. Lancet 1993; 342:737-738
St George-Hyslop P, Crapper McLachlan D, Tuda T, Rogaev E, Karlinsky H, Lippa
C, Pollen D. Alzheimer’s disease and possible gene interaction. Science 1994;
263:537.
Ramassamy C., Averill D, Beffert L., Throux L., Lussier-Cacan S., Cohn J.S.,
Christen Y., Schoofs J., Davignon J. Oxidative damage and protection by
antioxidants in the frontal cortex of Alzheimer’s disease is related to the
apolipoprotein E genotype. Free Rad Biol Med 1999; 27: 544-553.

The Journal of Nutrition, Health & Aging©
Volume , Number , 2005

S-ADENOSYL METHIONINE LINKS NUTRITION AND GENETICS IN AD
13.

14.

15.
16.

17.

18.

19.
20.
21.

22.

23.

24.

25.

Ramassamy C., Kryzwkowski P., Averill D., Lussier-Cacan S., Throux L., Christen
Y., Davignon J., J. Poirier J. Impact of apoE deficiency on oxidative insults and
antioxidant levels in the brain. Mol. Brain Res. 2001; 86:76–83
Veinbergs I, Mallory M, Sagara Y, Masliah E. Vitamin E supplementation prevents
spatial learning deficits and dendritic alterations in aged apolipoprotein E-deficient
mice. Eur J Neurosci 2000; 12:4541-4546
Shea TB, Rogers E. Folate quenches oxidative damage in brains of apolipoprotein Edeficient mice: augmentation by vitamin E. Mol Brain Res: 2002; 108:1-6
Shea TB, Rogers E, Ortiz D, Sheu M-S. Apolipoprotein E deficiency promotes
increased oxidative stress and compensatory increases in antioxidants in brain tissue.
Free Rad Biol Med 2002; 33:1115-1120.
Mihalick SM, Ortiz D, Kumar R, Rogers E, Shea TB. Folate and vitamin E
deficiency impair cognitive performance in mice subjected to oxidative stress:
differential impact on normal mice and mice lacking apolipoprotein E. Neuromol
Med 2004; 4:197-202.
Tchantchou F, Graves M, Ashline D, Morin A, Pimenta A, Ortiz D, Rogers E, Shea
TB. Increased transcription and activity of glutathionesynthase in response to
deficiencies in folate, vitamin E and apolipoprotein E. J Neurosci Res: 2004; 75:508155.
Schultz JB, Linddenau J, Seyfried J, Dichgans J. Glutathione, oxidative stress and
neurodegeneration. Eur J Biochem 2000; 267: 4904-4911.
Caro AA, Cederbaum AI (2004) Antioxidant properties of S-adenosyl-L-methionine
in Fe(2+)-initiated oxidations. Free Radic Biol Med. 36:1303-1316.
De La Cruz JP, Pavia J, Gonzalez-Correa JA, Ortiz P, Sanchez de la Cuesta F.(2000)
Effects of chronic administration of S-adenosyl-L-methionine on brain oxidative
stress in rats. Naunyn Schmiedebergs Arch Pharmacol. 361:47-52.
Evans PJ, Whiteman M, Tredger JM, Halliwell B.(1997)Antioxidant properties of Sadenosyl-L-methionine: a proposed addition to organ storage fluids. Free Radic Biol
Med. 23:1002-1008.
Villalobos MA, De La Cruz JP, Cuerda MA, Ortiz P, Smith-Agreda JM, Sanchez De
La Cuesta F (2000) Effect of S-adenosyl-L-methionine on rat brain oxidative stress
damage in a combined model of permanent focal ischemia and global ischemiareperfusion. Brain Res. 883:31-40
Flora SJ, Bhadauria S, Pant SC, Dhaked RK. (2005) Arsenic induced blood and brain
oxidative stress and its response to some thiol chelators in rats. Life Sci. 77:23242337
Georis B, Cardenas A, Buchet JP, Lauwerys R.(1990) Inorganic arsenic methylation
by rat tissue slices. Toxicology. 63:73-84

26.

27.
28.

29.
30.
31.
32.

33.
34.
35.

36.
37.
38.

39.

40.

4

Lin S, Shi Q, Nix FB, Styblo M, Beck MA, Herbin-Davis KM, Hall LL, Simeonsson
JB, Thomas DJ. (2002) A novel S-adenosyl-L-methionine:arsenic(III)
methyltransferase from rat liver cytosol. J Biol Chem. 277:10795-10803.
Patrick L.(2003) Toxic metals and antioxidants: Part II. The role of antioxidants in
arsenic and cadmium toxicity. Altern Med Rev. 8:106-128.
Sakurai T, Kojima C, Ochiai M, Ohta T, Sakurai MH, Waalkes MP, Fujiwara K
(2004) Cellular glutathione prevents cytolethality of monomethylarsonic acid.
Toxicol Appl Pharmacol. 195:129-141.
Styblo M, Delnomdedieu M, Thomas DJ. (1996) Mono- and dimethylation of arsenic
in rat liver cytosol in vitro. Chem Biol Interact. 99:147-64
Thompson DJ. (1993) A chemical hypothesis for arsenic methylation in mammals.
Chem Biol Interact. 88:89-114
Buchet JP, Lauwerys R. (1998) Role of thiols in the in-vitro methylation of inorganic
arsenic by rat liver cytosol. Biochem Pharmacol. 37:3149-3153
Lovell MA, Ehmann WD, Butler SM, Markesbery WR. Elevated thiobarbituric acidreactive substances and antioxidant enzyme activity in the brain in Alzheimer's
disease. Neurol 1995; 45: 1594-1601.
Lovell MA, Xie C, Markesbery WR. Decreased glutathione transferase activity in
brain and ventricular fluid in Alzheimer's disease. Neurol 1998; 51: 1562-1566.
Scarpa S, Fuso A, D'Anselmi F, Cavallaro RA. Presenilin 1 gene silencing by Sadenosylmethionine. FEBS Lett 2003; 541: 145-148
Pastor P, Roe CM, Villegas A, Bedoya G, Chakraverty S, Garcia G, Tirado V,
Norton J, Rios S, Martinez M, Kosik KS, Lopera F, Goate AM Apolipoprotein
epsilon-4 modifies Alzheimer’s disease onset in an E280A PS1 kindred. Ann
Neurol. 2003; 54:163-9.
Fuso A, Cavallaro RA, Orru L, Buttarelli FR and Scarpa S. Gene silencing by Sadenosylmethionine in muscle differentiation. FEBS Lett 2001; 508: 337-340
Mischoulon D, Fava M. Role of S-adenosyl-L-methionine in the treatment of
depression: a review of the evidence. Am J Clin Nutr 2002; 76:1158-1161
Bottiglieri T, Godfrey P, Flynn T, Carney MW, Toone BK, Reynolds EH.
Cerebrospinal fluid S-adenosylmethionine in depression and dementia: effects of
treatment with parenteral and oral S-adenosylmethionine. J Neurol Neurosurg
Psychiatry. 1990; 53:1096-1098.
Hyland K, Smith I, Bottiglieri T, Perry J, Wendel U, Clayton PT, Leonard JV.
Demyelination
and
decreased
S-adenosylmethionine
in
5,10methylenetetrahydrofolate reductase deficiency. Neurology. 1998; 38:459-462.
Botto LD, Yang Q. 5,10-Methylenetetrahydrofolate reductase gene variants and
congenital anomalies: a HuGE review. Am J Epidemiol 2000; 151:862-867.

