
IT has been an arduous task delineating the basic underly-
ing mechanisms involved in aging. This is because of the

complex, multifactorial nature of the process, as well as the
difficulty in dissociating the effects of age-dependent chronic
pathologies versus “normal” aging per se. However, several
general factors of both the cell biology and biochemistry of
aging have emerged that inexorably point to oxidants and at-
tendant oxidative stress as a fundamental controller of longevity.

Genetic studies using C. elegans, Drosophila, and now mice
show that certain mutations can markedly influence life span
(25, 28, 31, 33). It is interesting to note that most of these mu-
tations confer increased longevity by substantially improving
resistance to oxidative stress. Alternatively, mutations in antiox-
idant enzymes, such as ctl-1 (catalase) in C. elegans, markedly
lower life span (47). The hunt is now on to determine if spe-
cific gene polymorphisms influence human aging as well.

These genetic studies are but one of many experimental ob-
servations indicating that oxidants influence the rate of aging.
In fact, this has been a major rationale of aging research ever
since Harman first proposed that reactive oxygen and nitro-
gen species (ROS/RNS) and the damage that they cause gov-
ern species life span (18). This so-called “Free Radical Theory
of Aging” (a better modern terminology may be the “Oxida-
tive Stress Theory of Aging”), f irst described by Harman
nearly 50 years ago, is still being rigorously investigated (18,
19, 20). We are fortunate that Professor Harman has written a
perspective of the free radical theory for this forum (21). In
his perspective, he now issues a clarion call not only to assess
the ramifications of oxidative damage to cell function, but
also to begin adopting a more applied therapeutic approach to
mitigate the ravages of oxidants.

Although it is safe to say that oxidants and oxidative dam-
age remain the central hypothesis being investigated to under-
stand the biology of aging, a broader picture has emerged as
to how oxidants may lead to senescence. This view will now
be discussed in relation to the articles presented in this forum.

OXIDATIVE STRESS AND MECHANISMS
OF CELLULAR SENESCENCE

Increased appearance of oxidants

A broad picture of the components involved in oxidative
stress and the consequences to cell dysfunction in aging are
beginning to emerge. It appears that both increased oxidant
production and a decline in antioxidant defenses contribute to
an elevated pro-oxidant state in aged cells. A major factor that
heightens cellular oxidant production is mitochondrial decay.
Mitochondria are thought to be major sources of ROS, which
are produced as by-products of incomplete reduction of mole-
cular oxygen to water in the electron transport chain (3, 5, 8,
24, 42). It has been estimated that nearly 1% of oxygen con-
sumed by mitochondria is converted to superoxide (O2

.-), rep-
resenting a massive and constant source of oxidants (7). More
importantly, mitochondria are also considered primary targets
for oxidant injury and decay. Damaged mitochondria would
be expected to increase the appearance of ROS by decreasing
efficiency of electron transport. Decline in mitochondria func-
tion would subtly affect a plethora of metabolic pathways via
loss of bioenergetics and calcium ion homeostasis. Thus, the
role that mitochondria play in aging has come under consider-
able attention. In this issue, Viña et al. review the role of age-
related changes in mitochondrial function and offer unique
and important insights as to how mitochondria may influence
gender differences in aging (49). Overall, they show that es-
trogens contribute to lower mitochondrial free radical produc-
tion in females versus males, partly through heightened mito-
chondrial glutathione (GSH) levels and increased expression
of antioxidant genes important for mitochondria.

Along with mitochondrial decay, there is an age-related ac-
cumulation of redox-active transition metals, e.g., iron and
copper, in a number of tissues examined, which might be re-
sponsible for converting less deleterious ROS to more potent
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free radicals (4, 13, 40). Iron- and copper-induced free radical
damage may play a particularly important role in normal brain
aging (9) and is also considered part of the etiology of neuro-
logical disorders, such as Alzheimer’s (AD) and Parkinson’s
diseases (6, 22, 39). The consequences of both mitochondrial
dysfunction and transition metal accumulation are reviewed
by Zhu et al. in this issue (53). They conclude that during AD
progression, neurons are exposed to “low, but chronic, levels
of oxidative stress whereby neurons elicit adaptive responses
to the chronic oxidative challenge.” They go on to link the
roles of mitochondria, transition metals, and altered signaling
pathways to AD progression. This review is augmented by the
original research paper by Killilea et al., who demonstrate
that iron accumulates exponentially during cell senescence (23).
Interestingly, these authors also show that low-dose hydrogen
peroxide treatment accelerates iron accumulation; however,
N-tert-butylhydroxylamine treatment attenuated this increase.
These results indicate that hydroxylamines could be a poten-
tially useful therapy to modulate iron-mediated oxidative stress
associated with aging or neurological disorders (e.g., AD)
where iron accumulation is believed to be part of disease pro-
gression.

It therefore appears that the propensity to produce ROS/ RNS
increases significantly with age, especially due to mitochondr-
ial decay and accumulation of redox-active transition metals.

Decline in antioxidant defenses

Concomitant with heightened ROS/RNS generation, there is
an age-associated decline in some, but not all, antioxidant de-
fenses. In particular, numerous studies show that low-molecular-
weight antioxidants, such as vitamin C and GSH, are markedly
lower in many aged tissues (17, 27, 41, 45). For vitamin C, this
may be due to lower gastrointestinal absorption from the diet
and/or uptake into tissues from the blood plasma (32). For GSH,
Liu previously showed that an age-related decline in GSH syn-
thetic capacity occurs in some tissues, notably the liver and kid-
ney (29). Decreased GSH levels were mainly attributable to a
significant loss of g-glutamylcysteine ligase, the rate-controlling
enzyme for GSH synthesis. Liu and Dickinson currently extend
these observations and show herein that age-related changes also
occur in GSH synthetase, the second enzyme in GSH biosynthe-
sis, which would also modulate overall GSH synthetic capacity
in the aging animal (30).

Antioxidant enzymes, particularly GSSG and thioredoxin
reductases, and cytosolic thioredoxin levels also decrease in
old rats (34, 37, 46). Coupled with changes in cellular repair
enzymes, these results suggest that cellular antioxidant defenses
and the means to repair oxidative damage generally decline
with age. Thus, both increased oxidant appearance and a dis-
cernible decline in antioxidant defenses inexorably lead to a
heightened pro-oxidant milieu in aging tissue.

CONSEQUENCES OF REDOX IMBALANCE
TO CELL FUNCTION

Increased oxidative damage

The aforementioned changes in cellular oxidant appear-
ance and lower antioxidant capacity point toward a more pro-

oxidant state in the aging cell (12). A significant result of this
shift is readily evident by the increase in steady-state oxida-
tive damage to lipids, proteins, and DNA (5). For example,
protein oxidation is heightened markedly with age. It is im-
portant to note, however, that protein oxidation does not ap-
pear to be entirely random or indiscriminate. Certain proteins
and even specific amino acid residues are more prone to oxi-
dation. Critical thiol groups appear to be particular targets for
damage. Oxidation of cysteine residues can markedly affect
enzyme kinetics and has also been shown to alter the ability
of SP-1, a transcription factor necessary for the expression of
a number of housekeeping genes, to bind DNA and induce
gene expression (51). Oxidation of critical cysteines is normally
reversed via thioredoxin/thioredoxin reductase-dependent mech-
anisms; however, as discussed by Yoshida et al. in this special
forum, the level of cytosolic thioredoxin declines with age (52).
This would likely impair the cellular capacity to respond to
oxidation of critical cysteine residues. The review by Yoshida
et al., along with that of Stadtman et al. (44) on methionine
oxidation and its reversal by methionine sulfoxide reductase,
provides compelling evidence of the impact that protein thiol
oxidation may play in age-related alterations to cell function
(48). These changes include protein conformational differ-
ences, increased Km for substrates, and loss of enzyme activ-
ity (2). Protein oxidation also affects cell regulatory mecha-
nisms, changes the rate of proteolytic degradation, and alters
cell signaling and transcription (15, 43). Finally, the research
article by Moreau et al. completes this issue’s exploration of
protein oxidation by showing, for the f irst time, that oxida-
tion of a-ketoglutarate dehydrogenase becomes increasingly
adducted with 4-hydroxynonenal in mitochondria from aging
rat heart (35). Interestingly these investigators show that pro-
tein adduction does not detrimentally alter enzyme function,
again indicating that the type of oxidant and probably the spe-
cific nature of the amino acid residue damaged determine
whether protein oxidation is deleterious to cell function.

Consequences of a shift in cellular redox balance

A more pro-oxidant cellular environment would be expected
to activate stress-signaling pathways that are important for
bringing the redox state back into balance (1, 12). Indeed, it
appears that potentially redox-sensitive transcription factors,
such as nuclear factor-kB, exhibit increased binding to DNA
in tissues from aged versus young animals. However, it is also
notable that several pathways normally activated by oxidative
stress fail to become induced or actually decline with age. Loss
of SP-1-dependent gene transcription through thiol modifica-
tion, as mentioned above, is a prime example of such a loss.
Holbrook and co-workers have also shown that extracellular
signal-regulated kinase signaling, as well as induction of heat
shock protein 70, fails to become induced in aged cells fol-
lowing an oxidative insult (12). Overall, these studies are very
instructive as to how important cell survival pathways become
truncated with age.

Finally, the age-related redox changes may be directly re-
sponsible for loss of resistance to oxidative, toxicological, and
pathobiological insults during aging (11, 14, 16, 50). In par-
ticular, immunosenescence is a common and hazardous result
of the aging process. Evidence is mounting that loss of im-
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mune competence is at least partly due to changes in transcrip-
tional regulation, which may be due to altered cellular redox
state. In this regard, Daynes et al. review how expression of
peroxisomal proliferator-activated receptor-a (PPARa) is in-
volved in immunosenescence (10). PPARa, a so-called “adopted
orphan nuclear receptor” involved in adaptive immune response
in lymphoid cells, appears to decline in CD4 T cells with age;
consequently, loss of this transcription factor adversely af-
fects interferon-dependent responses. It is also notable that
these investigators find that normal PPARa-dependent sig-
naling can be restored by providing aged cells with vitamin E,
again illustrating that if normal redox balance can be main-
tained, cell function can be regained.

Thus, an important current emphasis of aging research is
defining not only the role that cellular redox imbalance plays
in acute oxidative damage, but also how mechanisms involved
in stress resistance become attenuated with age and the im-
pact that such modulation has on longevity. In this regard, it is
important to note that caloric restriction, the only regimen
known to increase mean life span, acts, in part, by preventing
changes in gene expression and maintaining resistance to ox-
idative stress (26, 36, 38).

To conclude, this an exciting time for aging research; much
has been learned, more needs to be learned. This is especially
true regarding the precise role that oxidants play in initiating
the vicious downward spiral of oxidative stress and the ability
to cope with endogenous and environmental insults. A more
thorough understanding of the precise nature of the biology
of aging, coupled to further knowledge regarding the molecu-
lar mechanisms leading to cellular redox imbalance, should
provide important insights on how to age successfully. It is
hoped that such insights will be instrumental in increasing
human health span. As Dr. Harman rightly states in his per-
spective, “. . . it is now apparent that the Free Radical Theory
of Aging can serve as a guide in the increasingly important
search for practical methods of further enhancing the human
functional life span and decreasing the period of senescence.”

ABBREVIATIONS

AD, Alzheimer’s disease; GSH, glutathione; PPARa, per-
oxisomal proliferator-activated receptor-a; RNS, reactive ni-
trogen species; ROS, reactive oxygen species.

REFERENCES

1. Allen RG and Tresini M. Oxidative stress and gene regula-
tion. Free Radic Biol Med 28: 463–499, 2000.

2. Ames BN. The metabolic tune-up: metabolic harmony and
disease prevention. J Nutr 133: 1544S–1548S, 2003.

3. Ames BN, Shigenaga MK, and Hagen TM. Mitochondrial
decay in aging. Biochim Biophys Acta 1271: 165–170, 1995.

4. Beard J. Dietary iron intakes and elevated iron stores in the el-
derly: is it time to abandon the set-point hypothesis of regula-
tion of iron absorption? Am J Clin Nutr 76: 1189–1190, 2002.

5. Beckman KB and Ames BN. The free radical theory of
aging matures. Physiol Rev 78: 547–581, 1998.

6. Bishop GM, Robinson SR, Liu Q, Perry G, Atwood CS,
and Smith MA. Iron: a pathological mediator of Alzheimer
disease? Dev Neurosci 24: 184–187, 2002.

7. Boveris A and Chance B. The mitochondrial generation of
hydrogen peroxide. General properties and effect of hyper-
baric oxygen. Biochem J 134: 707–716, 1973.

8. Cadenas E and Davies KJ. Mitochondrial free radical gen-
eration, oxidative stress, and aging. Free Radic Biol Med
29: 222–230, 2000.

9. Choi JH, Kim DW, and Yu B. Modulation of age-related
alterations of iron, ferritin, and lipid peroxidation in rat
brain synaptosomes. J Nutr Health Aging 2: 133–137,
1998.

10. Daynes DA, Enioutina EY, and Jones DC. Role of redox
imbalance in the molecular mechanisms responsible for im-
munosenescence. Antioxid Redox Signal 5: 537–548, 2003.

11. Ding A, Hwang S, and Schwab R. Effect of aging on
murine macrophages. Diminished response to IFN-gamma
for enhanced oxidative metabolism. J Immunol 153: 2146–
2152, 1994.

12. Finkel T and Holbrook NJ. Oxidants, oxidative stress and
the biology of ageing. Nature 408: 239–247, 2000.

13. Fleming DJ, Tucker KL, Jacques PF, Dallal GE, Wilson
PW, and Wood RJ. Dietary factors associated with the risk
of high iron stores in the elderly Framingham Heart Study
cohort. Am J Clin Nutr 76: 1375–1384, 2002.

14. Ginn-Pease ME and Whisler RL. Redox signals and NF-
kappaB activation in T cells. Free Radic Biol Med 25: 346–
361, 1998.

15. Grune T, Shringarpure R, Sitte N, and Davies K. Age-re-
lated changes in protein oxidation and proteolysis in mam-
malian cells. J Gerontol A Biol Sci Med Sci 56: B459–
B467, 2001.

16. Hagen TM, Vinarsky V, Wehr CM, and Ames BN. (R)-a-
Lipoic acid reverses the age-associated increase in suscep-
tibility of hepatocytes to tert-butylhydroperoxide both in
vitro and in vivo. Antioxid Redox Signal 2: 473–483, 2000.

17. Hagen TM, Moreau R, Suh JH, and Visioli F. Mitochondr-
ial decay in the aging rat heart: evidence for improvement
by dietary supplementation with acetyl-L-carnitine and/or
lipoic acid. Ann N Y Acad Sci 959: 491–507, 2002.

18. Harman D. Aging: a theory based on free radical and radi-
ation chemistry. J Gerontol 2: 298–300, 1957.

19. Harman D. Free radical theory of aging. Mutat Res 275:
257–266, 1992.

20. Harman D. Extending functional life span. Exp Gerontol
33: 95–112, 1998.

21. Harman D. The free radical theory of aging. Antioxid
Redox Signal 5: 557–561, 2003.

22. Jellinger K, Paulus W, Grundke-Iqbal I, Riederer P, and
Youdim MB. Brain iron and ferritin in Parkinson’s and
Alzheimer’s diseases. J Neural Transm Park Dis Dement
Sect 2: 327–340, 1990.

23. Killilea DW, Atamna H, Liao C, and Ames BN. Iron accu-
mulation during cellular senescence in human fibroblasts
in vitro. Antioxid Redox Signal 5: 507–516, 2003.

24. Ku HH, Brunk UT, and Sohal RS. Relationship between
mitochondrial superoxide and hydrogen peroxide produc-
tion and longevity of mammalian species. Free Radic Biol
Med 15: 621–627, 1993.

OXIDATIVE STRESS, REDOX IMBALANCE, AND AGING 505



25. Larsen PL. Aging and resistance to oxidative damage in
Caenorhabditis elegans. Proc Natl Acad Sci U S A 90:
8905–8909, 1993.

26. Lee CK, Klopp RG, Weindruch R, and Prolla TA. Gene ex-
pression profile of aging and its retardation by caloric re-
striction. Science 285: 1390–1393, 1999.

27. Leveque N, Muret P, Mary S, Makki S, Kantelip JP, Rougier
A, and Humbert P. Decrease in skin ascorbic acid concentra-
tion with age. Eur J Dermatol 12: XXI–XXII, 2002.

28. Lin YJ, Seroude L, and Benzer S. Extended life-span and
stress resistance in the Drosophila mutant methuselah. Sci-
ence 282: 943–946, 1998.

29. Liu RM. Down-regulation of gamma-glutamylcysteine
synthetase regulatory subunit gene expression in rat brain
tissue during aging. J Neurosci Res 68: 344–351, 2002.

30. Liu RM and Dickinson DA. Decreased synthetic capacity
underlies the age-associated decline in glutathione content
in Fisher 344 rats. Antioxid Redox Signal 5: 529–536, 2003.

31. Martin GM, Austad SN, and Johnson TE. Genetic analysis
of ageing: role of oxidative damage and environmental
stresses. Nat Genet 13: 25–34, 1996.

32. Michels AJ, Joisher N, and Hagen TM. Age-related decline
of sodium-dependent ascorbic acid transport in isolated rat
hepatocytes. Arch Biochem Biophys 410: 112–120, 2003.

33. Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P,
Pandolfi PP, Lanfrancone L, and Pelicci PG. The p66shc
adaptor protein controls oxidative stress response and life
span in mammals. Nature 402: 309–313, 1999.

34. Mitsui A, Hamuro J, Nakamura H, Kondo N, Hirabayashi
Y, Ishizaki-Koizumi S, Hirakawa T, Inoue T, and Yodoi J.
Overexpression of human thioredoxin in transgenic mice
controls oxidative stress and life span. Antioxid Redox Sig-
nal 4: 693–696, 2002.

35. Moreau R, Heath SHD, Doneanu CE, Lindsay JG, and
Hagen TM. Age-related increase in 4-hydroxynonenal ad-
duction to rat heart a-ketoglutarate dehydrogenase does
not cause loss of its catalytic activity. Antioxid Redox Sig-
nal 5: 517–527, 2003.

36. Mote PL, Grizzle JM, Walford RL, and Spindler SR. Influ-
ence of age and caloric restriction on expression of hepatic
genes for xenobiotic and oxygen metabolizing enzymes in
the mouse. J Gerontol 46: B95–B100, 1991.

37. Murata Y, Amao M, Yoneda J, and Hamuro J. Intracellular
thiol redox status of macrophages directs the Th1 skewing
in thioredoxin transgenic mice during aging. Mol Immunol
38: 747–757, 2002.

38. Pahlavani MA. Caloric restriction and immunosenescence:
a current perspective. Front Biosci 5: D580–D587, 2000.

39. Perry G, Sayre LM, Atwood CS, Castellani RJ, Cash AD,
Rottkamp CA, and Smith MA. The role of iron and copper
in the aetiology of neurodegenerative disorders: therapeu-
tic implications. CNS Drugs 16: 339–352, 2002.

40. Polla AS, Polla LL, and Polla BS. Iron as the malignant
spirit in successful ageing. Ageing Res Rev 2: 25–37, 2003.

41. Sasaki T, Senda M, Kim S, Kojima S, and Kubodera A.
Age-related changes of glutathione content, glucose trans-
port and metabolism, and mitochondrial electron transfer
function in mouse brain. Nucl Med Biol 28: 25–31, 2001.

42. Sastre J, Pallardo FV, and Vina J. Mitochondrial oxidative
stress plays a key role in aging and apoptosis. IUBMB Life
49: 427–435, 2000.

43. Squier TC and Bigelow DJ. Protein oxidation and age-
dependent alterations in calcium homeostasis. Front Biosci
5: D504–D526, 2000.

44. Stadtman ER, Moskovitz J, and Levine RL. Oxidation of
methionine residues of proteins: biological consequences.
Antioxid Redox Signal 5: 577–582, 2003.

45. Suh JH, Shigeno ET, Morrow JD, Cox B, Rocha AE, Frei
B, and Hagen TM. Oxidative stress in the aging rat heart is
reversed by dietary supplementation with (R)-(alpha)-lipoic
acid. FASEB J 15: 700–706, 2001.

46. Tanaka T, Nakamura H, Nishiyama A, Hosoi F, Masutani
H, Wada H, and Yodoi J. Redox regulation by thioredoxin
superfamily; protection against oxidative stress and aging.
Free Radic Res 33: 851–855, 2000.

47. Taub J, Lau JF, Ma C, Hahn JH, Hoque R, Rothblatt J, and
Chalfie M. A cytosolic catalase is needed to extend adult
lifespan in C. elegans daf-C and clk-1 mutants. Nature 399:
162–166, 1999.

48. Thomas JA and Mallis RJ. Aging and oxidation of reactive
protein sulfhydryls. Exp Gerontol 36: 1519–1526, 2001.

49. Viña J, Sastre J, Pallardó F, and Borrás C. Mitochondrial
theory of aging: importance to explain why females live
longer than males. Antioxid Redox Signal 5: 549–556, 2003.

50. Walrand S, Moreau K, Caldefie F, Tridon A, Chassagne J,
Portefaix G, Cynober L, Beaufrere B, Vasson MP, and
Boirie Y. Specific and nonspecific immune responses to
fasting and refeeding differ in healthy young adult and el-
derly persons. Am J Clin Nutr 74: 670–678, 2001.

51. Webster KA, Prentice H, and Bishopric NH. Oxidation
of zinc finger transcription factors: physiological conse-
quences. Antioxid Redox Signal 3: 535–548, 2001.

52. Yoshida T, Oka S, Masutani H, Nakamura H, and Yodoi J.
The role of thioredoxin in the aging process: involvement of
oxidative stress. Antioxid Redox Signal 5: 563–570, 2003.

53. Zhu X, Raina AK, Lee H, Chao M, Nunomura A, Tabaton
M, Petersen RB, Perry G, and Smith MA. Oxidative stress
and neuronal adaptation in Alzheimer disease: the role of
SAPK pathways. Antioxid Redox Signal 5: 571–576, 2003.

Address reprint requests to:
Tory M. Hagen

The Linus Pauling Institute
Oregon State University

571 Weniger Hall
Corvallis, OR 97331-6512

E-mail: tory.hagen@orst.edu

506 HAGEN



This article has been cited by:

1. Preeticia Dkhar, Ramesh Sharma. 2011. Amelioration of age-dependent increase in protein carbonyls
of cerebral hemispheres of mice by melatonin and ascorbic acid. Neurochemistry International .
[CrossRef]

2. C. Selman, D. J. Withers. 2011. Mammalian models of extended healthy lifespan. Philosophical
Transactions of the Royal Society B: Biological Sciences 366:1561, 99-107. [CrossRef]

3. F. Di Domenico, M. Perluigi, D. A. Butterfield, C. Cornelius, V. Calabrese. 2010. Oxidative Damage in
Rat Brain During Aging: Interplay Between Energy and Metabolic Key Target Proteins. Neurochemical
Research 35:12, 2184-2192. [CrossRef]

4. Godefroy Devevey, Nadia Bruyndonckx, Friederike Houwald, Adelheid Studer-Thiersch, Philippe
Christe. 2010. Age-specific variation of resistance to oxidative stress in the greater flamingo
(Phoenicopterus ruber roseus). Journal of Ornithology 151:1, 251-254. [CrossRef]

5. Nicolle Breusing, Jana Arndt, Peter Voss, Nicolaus Bresgen, Ingrid Wiswedel, Andreas Gardemann,
Werner Siems, Tilman Grune. 2009. Inverse correlation of protein oxidation and proteasome activity
in liver and lung. Mechanisms of Ageing and Development 130:11-12, 748-753. [CrossRef]

6. R. Westbrook, M. S. Bonkowski, A. D. Strader, A. Bartke. 2009. Alterations in Oxygen Consumption,
Respiratory Quotient, and Heat Production in Long-Lived GHRKO and Ames Dwarf Mice, and Short-
Lived bGH Transgenic Mice. The Journals of Gerontology Series A: Biological Sciences and Medical
Sciences 64A:4, 443-451. [CrossRef]

7. Mordhwaj S. Parihar, Elizabeth A. Kunz, Gregory J. Brewer. 2008. Age###related decreases in
NAD(P)H and glutathione cause redox declines before ATP loss during glutamate treatment of
hippocampal neurons. Journal of Neuroscience Research 86:10, 2339-2352. [CrossRef]

8. Adnan Erol. 2007. The Functions of PPARs in Aging and Longevity. PPAR Research 2007, 1-10.
[CrossRef]

9. Pamela Maher . 2006. Redox Control of Neural Function: Background, Mechanisms, and Significance.
Antioxidants & Redox Signaling 8:11-12, 1941-1970. [Abstract] [Full Text PDF] [Full Text PDF with
Links]

10. I REBRIN, R SOHAL. 2006. Comparison between the effects of aging and hyperoxia on glutathione
redox state and protein mixed disulfides in Drosophila melanogaster. Mechanisms of Ageing and
Development 127:11, 869-874. [CrossRef]

11. Rose Njemini, Margareta Lambert, Christian Demanet, Tony Mets. 2005. Heat Shock Protein 32 in
Human Peripheral Blood Mononuclear Cells: Effect of Aging and Inflammation. Journal of Clinical
Immunology 25:5, 405-417. [CrossRef]

12. Ismael Reyes, Niradiz Reyes, Michael Iatropoulos, Abraham Mittelman, Jan Geliebter. 2005. Aging-
associated changes in gene expression in the ACI rat prostate: Implications for carcinogenesis. The
Prostate 63:2, 169-186. [CrossRef]

http://dx.doi.org/10.1016/j.neuint.2011.08.019
http://dx.doi.org/10.1098/rstb.2010.0243
http://dx.doi.org/10.1007/s11064-010-0295-z
http://dx.doi.org/10.1007/s10336-009-0456-5
http://dx.doi.org/10.1016/j.mad.2009.09.004
http://dx.doi.org/10.1093/gerona/gln075
http://dx.doi.org/10.1002/jnr.21679
http://dx.doi.org/10.1155/2007/39654
http://dx.doi.org/10.1089/ars.2006.8.1941
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1941
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1941
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1941
http://dx.doi.org/10.1016/j.mad.2006.09.001
http://dx.doi.org/10.1007/s10875-005-5361-y
http://dx.doi.org/10.1002/pros.20164

