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In aging rats, lipoic acid exerts a ‘‘rejuvenative” impact on mitochondria in various tissues, boosting mito-
chondrial membrane potential and oxygen consumption, while decreasing mitochondrial production of
oxidants. A likely explanation for this phenomenon is that the mitochondria in aging rodents are struc-
turally and functionally impaired by excessive oxidant stress – and that lipoic acid reverses this damage
by amplifying key antioxidant mechanisms that protect mitochondria. A likely mediator of this effect is
PPARc coactivator-1a (PGC-1a), which recently has been shown to promote transcription of the manga-
nese-dependent superoxide dismutase, uncoupling protein-2, and an array of other proteins which pro-
vide antioxidant protection to mitochondria. Lipoic acid has been reported to activate both p38 MAP
kinase and AMP-activated kinase (AMPK); p38 MAP kinase can boost the transcription, half-life, and coac-
tivational activity of PGC-1a, and AMPK is known to promote its transcription in skeletal muscle and
endothelial cells. Thus, it is intriguing to speculate that the remarkable antioxidant effects of lipoic acid
therapy reflect not only induction of phase 2 antioxidants (e.g. glutathione and heme oxygenase-1), but
also induction of various proteins that function expressly to protect mitochondria from self-generated
oxidant stress. Further research is required to evaluate this model.

� 2008 Elsevier Ltd. All rights reserved.
Lipoic acid rejuvenates mitochondrial function of aging rats

Ames and colleagues have demonstrated that ample dietary in-
takes of lipoic acid, with or without concurrent acetyl-L-carnitine
supplementation, have a remarkable rejuvenatory impact on the
function of hepatic mitochondria in of aging rats [1,2]. As com-
pared to hepatocytes obtained from young rats, those obtained
from aging rats showed a marked reduction in ex vivo oxygen con-
sumption and in mitochondrial membrane potential – whereas
oxidant production was severalfold higher. Pre-administration of
a diet enriched in (R)-lipoic acid (0.5% w/w), while it had little im-
pact on these parameters in young rats, virtually restored these
parameters to ‘‘youthful” levels in the aged rats. This effect was
associated with a substantial increase in the diminished ambula-
tory activity of aging rats. The authors suggested that the impair-
ment of mitochondrial function observed in the aging rats may
have reflected structural damage secondary to increased mito-
chondrial oxidant stress; the rejuvenatory effects of lipoic acid
may thus have been attributable to suppression of this elevated
oxidant stress. The minimal impact of lipoic acid on the young rats
could then be attributed to the fact that baseline oxidant stress was
low in these animals.
ll rights reserved.
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In subsequent studies, these researchers examined the age-
dependent impact of lipoic acid feeding on mitochondrial ultra-
structure and oxidant stress in the brain of rats [3,4]. They con-
firmed that this nutrient exerted an antioxidant effect in aging
rat brain that was associated with a reversal of age-related ultra-
structural mitochondrial decay and a normalization of carnitine
acetyltransferase binding affinity. Moreover, supplemental lipoic
acid was found to improve the performance of aging rats in tests
assessing spatial and temporal memory.

Indian researchers have provided confirmatory evidence, exam-
ining the impact of DL-lipoic acid supplementation on oxidant
stress and the activities of various mitochondrial enzymes (from
the citric acid cycle and respiratory chain) in the liver and kidney
of aging rats. They found that lipoic acid corrected the age-related
increase in oxidative stress as well as the age-related decline in
mitochondrial enzyme activities [5,6]. Subsequent studies,
employing co-administration of DL-lipoic acid and L-carnitine, dem-
onstrated comparable effects in the hearts of aging rats, and also
showed a normalization of mitochondrial membrane potential
and in mitochondrial membrane cardiolipin content [7–9] (other
researchers have likewise shown that supplemental lipoic acid re-
verses an age-related increase of oxidative stress in cardiac myo-
cytes of aging rats [10]). Their most recent study examined the
function of mitochondria isolated from the skeletal muscle of
young and aging rats [11]. Aging was associated with a decline in
y” impact of lipoic acid on mitochondrial function in aging rats ...,
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state 3 respiration and the respiratory control ratio, whereas state
4 respiration (reflecting proton leak) increased. Pre-feeding lipoic
acid and carnitine for 30 days restored muscle mitochondria to
more youthful function in these regards.

Of related interest is a report that glucose feeding, leading to
insulin resistance, was associated with increased superoxide pro-
duction by mitochondria isolated from rat hearts; co-administra-
tion of lipoic acid prevented this glucose-induced increase in
mitochondrial superoxide production [12].

A parsimonious explanation for all of these observations – as
suggested by Ames and colleagues – is that mitochondrial genera-
tion of oxidants increases during the aging process, leading to
impairments of mitochondrial structure that compromise the effi-
ciency of coupled mitochondrial respiration. Lipoic acid, by some-
how suppressing mitochondrial generation of oxidants – or by
amplifying mitochondrial mechanisms which scavenge these oxi-
dants – helps to restore the ‘‘youthful” structure and function of
mitochondria.

Does PPARc coactivator-1a mediate these effects?

PPARc coactivator-1a (PGC-1a) can serve as a coactivator for a
wide range of transcription factors [13]. It has drawn particular
attention because it has been shown to play a prominent role in
mitochondrial biogenesis [14,15]. Increased expression of PGC-1a
has been found to promote transcription and synthesis of the nu-
clear respiratory factors NRF-1 and NRF-2, transcription factors
which promote the transcription of numerous mitochondrial pro-
teins and enzymes [14,16,17]. PGC-1a is a crucial coactivator for
NRF-1/2 function in this regard, and in particular these factors
work together to promote transcription of mitochondrial transcrip-
tion factor A (mtTFA) as well as the more recently characterized
mitochondrial transcription specificity factors (TFB1M/TFB2M), re-
quired for the efficient transcription and replication of mitochon-
drial DNA [14,18]. When the PGC-1a gene is transfected into
cultured myotubes, a marked increase in cellular respiration is
noted, in conjunction with an increase in mitochondrial DNA con-
tent and the levels of many mitochondrial proteins [14]. Increased
expression of PGC-1a, mediated by activation of p38 MAP kinase,
as well as an increase in free intracellular calcium that induces in-
creased activity of the ATF2 and MEF2 transcription factors via cal-
cium/calmodulin-dependent protein kinase IV and calcineurin,
appears to be largely responsible for the increase in muscle mito-
chondrial mass and aerobic power that is induced by exercise
training [13,16,19,20].

There is very recent evidence that PGC-1a likewise enhances
the expression of a wide range of proteins that contribute impor-
tantly to the antioxidant protection of mitochondria. Valle and col-
leagues have shown that overexpression of PGC-1a in various
types of endothelial cells induces markedly increases expression
of the manganese-dependent superoxide dismutase (SOD2), UCP-
2, peroxiredoxins 3 and 5, mitochondrial thioredoxin, mitochon-
drial thioredoxin reductase, and catalase – all of which contribute
importantly to mitochondrial antioxidant defense [21]. Such trans-
fection also increases mitochondrial membrane potential in these
cells, suggestive of improved mitochondrial function. In particular,
these transfected cells experienced considerably less oxidant
stress, and the increase in oxidant stress associated with exposure
to elevated glucose was substantially mitigated.

The ability of PGC-1a to decrease mitochondrial oxidant stress
– despite an increase in mitochondrial membrane potential – is
reminiscent of the effects of lipoic acid supplementation in various
tissues. Could lipoic acid be increasing the expression and/or activ-
ity of PGC-1a?

There are several reasons to believe that lipoic acid might in-
deed have such an effect. For one thing, there are two reports that
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lipoic acid can promote activation of p38 MAP kinase (in myotubes
and monocytes) [22,23]. Activation of this kinase is known to in-
crease both the expression and activity of PGC-1a [20,24,25]. Phos-
phorylation of PGC-1a by p38 MAP kinase has at least two key
effects – this inhibits the binding of p160 myb binding protein, a
ubiquitously expresses protein which functions to inhibit the coac-
tivational activity of PGC-1a; furthermore, this phosphorylation
prolongs the half-life of PGC-1a by suppressing its proteosomal
degradation [24,25]. Thus, p38 MAP kinase activity enhances both
the level and the coactivational activity of PGC-1a. Furthermore,
this increase in PGC-1a’s activity can be expected to increase the
transcription of the PGC-1a gene in skeletal muscle, as PGC-1a
functions as a coactivator for myocyte enhancer factor 2, which
binds to the PGC-1a promoter to activate transcription [26]. Since
PGC-1a appears to promote transcription of SOD2, it is of interest
to note a report that arachidonate’s ability to trigger SOD2 induc-
tion in hepatocytes is mediated by activation of p38 MAP kinase
[27].

Lipoic acid is also reported to activate AMP-activated kinase
(AMPK) in skeletal muscle, vascular endothelium, and hepatocytes
[28–30]. For unclear reasons, it appears to inhibit activity of this ki-
nase in the hypothalamus – an effect associated with increased
satiety [31]. These discordant effects of lipoic acid on AMPK activ-
ity are precisely parallel to those of leptin – for which reason it has
been suggested that lipoic acid may somehow activate the signal-
ing pathway downstream from leptin [31]. One of the well docu-
mented effects of AMPK is to activate p38 MAP kinase – an effect
which mediates its impact on glucose transport [32–36]. Whether
this might be the sole basis of lipoic acid’s ability to activate p38 is
unclear.

Other activators of AMPK (such as metformin, AICAR, and the
creatine antagonist b-guanidinopropionic acid – GPA) have been
shown to increase the expression of PGC-1a mRNA in endothelial
cells and in rat skeletal muscle; transfection with dominant nega-
tive forms of AMPK abolished these effects [37–41] (AMPK does
not appear to mediate the impact of exercise on PGC-1a expres-
sion, however [42]). In cultured endothelial cells, the increased
expression of PGC-1a associated with metformin or AICAR expo-
sure was accompanied by increased expression of the manga-
nese-dependent mitochondrial superoxide dismutase and a
substantial abrogation of hyperglycemia-induced mitochondrial
oxidant production [38]. Other researchers have confirmed that
metformin can inhibit mitochondrial oxidant generation in endo-
thelial cells [43]. In skeletal muscle in vivo, GPA-mediated activa-
tion of AMPK was associated with a twofold increase in
mitochondrial DNA, suggestive of mitochondrial biogenesis [41].

How AMPK might increase PGC-1a expression has not been
studied. The impact of AMPK on p38 MAP kinase may play a role
in this regard in skeletal muscle – while also boosting the coactiva-
tional activity of PGC-1a. It has also been suggested that an in-
duced increase in expression of calcium/calmodulin-dependent
protein kinase IV, as observed in GPA-treated muscle, might medi-
ate an increase in the transcription of the PGC-1a gene, as this ki-
nase mediates the stimulatory impact of intracellular calcium on
PGC-1a transcription [19,41]. It should be noted that AMPK has
the potential to inhibit transcription of PGC-1a in hepatocytes,
since AMPK phosphorylates and thereby excludes from the nucleus
TORC2, a transcriptional coactivator for CREB that promotes hepa-
tic expression of PGC-1a; this mechanism may contribute to the
inhibitory impact of metformin on hepatic gluconeogenesis [44].

Recently, Unger and colleagues have reported that 4 days of
high-dose lipoic acid feeding markedly enhanced activation of
AMPK and increased the expression of PGC-1a in the liver of rats;
these effects lost statistical significance after 42 days [30]. Another
recent report describes a reduction of the expression and activity of
SOD2 in the retina of diabetic rats; long-term lipoic acid treatment
y” impact of lipoic acid on mitochondrial function in aging rats ...,
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reversed this decrease [45] (it will be recalled that this form of
superoxide dismutase is a target of PGC-1a activity). This study
did not clarify whether lipoic acid promoted SOD2 induction di-
rectly, or instead alleviated an inhibitory impact of hyperglycemia
on this induction.

Intriguingly, partial deficiency of either SOD2 or peroxiredoxin
3 – mitochondrial antioxidant enzymes induced by PGC-1a in
endothelial cells – leads to a reduction in mitochondrial membrane
potential, associated with a reduction in state 3, but an increase in
state 4, respiration [46,47]. Note that administration of lipoic acid
to aging rats is reported to have precisely the opposite impact on
mitochondrial function [1,11].
Possible inconsistencies

At least a couple of observations appear inconsistent with the
hypothesis that lipoic acid boosts the expression and/or activity
of PGC-1a. For one, Ames et al. did not observe an impact of lipoic
acid feeding on the oxygen uptake of hepatocytes from young rats
[1]. Since PGC-1a would be expected to increase mitochondrial
mass in these cells, a failure to increase oxygen uptake may seem
paradoxical. However, it might be argued that oxygen consump-
tion in these cells is determined primarily by ATP demand, and that
youthful mitochondria are quite proficient at meeting that de-
mand; thus, an increase in mitochondrial mass, if it does not nota-
bly influence ATP demand, might not be expected to increase
oxygen uptake – or only to the extent that there is an increase in
uncoupled oxygen uptake (there was indeed a modest but statisti-
cally insignificant increase in oxygen uptake in the hepatocytes
from lipote-supplemented young rats). On the other hand, the
functionally impaired hepatic mitochondria of aged rats might be
incapable of maintaining an ATP level that could maximize hepato-
cyte ATP utilization; the functional ‘‘rejuvenation” associated with
lipoic acid supplementation might then boost ATP utilization by
increasing the ATP level – an effect that would be associated with
increased oxygen consumption, as was observed.

Another seemingly inconsistent observation is that Kumaran et
al. observed a reduction in state 4 (uncoupled) respiration in mito-
chondria derived from the skeletal muscle of lipoate-fed aged rats
[11] – whereas transfection of PGC-1a into myotubes was found to
enhance the oxygen consumption observed after oligomycin treat-
ment [14] (oligomycin inhibits the mitochondrial ATPase, so that
only uncoupled respiration is observed in its presence). Conceiv-
ably, this disparity could reflect differences in the function of myo-
tubes and mature skeletal muscle.

Of course, it is conceivable that lipoic acid influences the
expression or activity of mitochondrial antioxidant enzymes for
reasons unrelated to PGC-1a modulation. At this point, little is
known about the transcription factors primarily responsible for
expression of these enzymes, or about the mechanisms that regu-
late the half-lives of these enzymes. However, with respect to
SOD2, forkhead transcription factors have been shown to promote
its transcription [48], and PGC-1a can act as a coactivator for
FOXO1 [49] – so perhaps an interaction of PGC-1a and forkhead
factors plays a role in the induction of this enzyme. In any case,
no relationship between lipoic acid and forkhead activity has been
established. If indeed forkheads and PGC-1a collaborate in the
induction of SOD2, then measures which blunt Akt activation
(caloric restriction or other strategies that down-regulate insulin/
IGF-1, for example [50]) or diminish p66Shc expression or activa-
tion, used in conjunction with AMPK activators (metformin and li-
poic acid), might be expected to have a particularly strong impact
on expression of this key antioxidant enzyme. Whether forkheads
participate in the induction of other mitochondrial-specific antiox-
idant enzymes is not yet known, but the key role of forkhead activ-
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ity in longevity promotion suggests that this may be a likely
possibility.
Lipoic acid – an innocuous oxidant that evokes hormesis

It is clear that high-dose supplemental lipoic acid has great po-
tential for alleviating the complications of diabetes [51–56]. This
benefit is presumed to reflect antioxidant activity, and mitochon-
dria are a prominent source of the excess superoxide generated
when glucose-permeable cells are exposed to elevated glucose lev-
els [57,58]. Lipoic acid is now known to have a phase 2 inductive
effect [23,59,60], presumably because lipoic acid can act as a reac-
tive electrophile for one or more key cysteine residues of Keap1,
the protein that in its native form sequesters the Nrf2 transcription
factor in the cytoplasm, preventing it from promoting expression
of phase 2 proteins [61] (note: Nrf2 and NRF-2 are completely dif-
ferent!). Phase 2 inducers support antioxidant defenses, most nota-
bly by boosting glutathione synthesis and inducing heme
oxygenase-1 [23,60,62]. It seems unlikely, however, that these ef-
fects would be sufficient to explain the ability of lipoic acid to in-
hibit oxidant production by aging mitochondria. Nor is the direct
antioxidant activity of dihydrolipoic acid likely to explain this ef-
fect, in light of the fact that only a tiny percentage of the lipoic acid
pool occurs in reduced form in cells [63]. Thus, it would be of great
interest to examine the impact of lipoic acid treatment on the
expression of a range of mitochondrial antioxidant enzymes, and
to determine whether increased expression or activity of PGC-1a
mediates any effects observed in this regard.

Although lipoic acid is generally presumed to function as an
antioxidant when administered in therapeutic doses, lipoic acid
per se (as opposed to its derivative dihydrolipoic acid) is an oxi-
dant, capable of reacting covalently with free cysteine groups. Con-
ceivably, the main therapeutic effects of lipoic acid reflect its
ability to serve as an innocuous oxidant that, most fortunately,
has a high affinity for certain signaling proteins that function to de-
tect oxidative stress or reactive electrophiles [63]; activation of
these signaling proteins then triggers various adaptive responses
which protect cells from stressors. This model is concordant with
lipoic acid’s phase 2 inductive activity; not unlikely, lipoic acid’s
impact on p38 MAP kinase, AMPK – and possibly PGC-1a – will
ultimately be shown to fit this model as well. The ability of mild
stressors to evoke long lasting protection against subsequent as-
sault by greater stressors is often referred to as ‘‘hormesis”; argu-
ably, lipoic acid is an outstanding clinical tool for evoking
hormesis. Its remarkable antioxidant activity will be adequately
explained if future research establishes that it can induce not only
phase 2 antioxidants, but also the diverse array of antioxidant en-
zymes that provide protection to mitochondria.
A role in promoting longevity?

Recent evidence suggests that induction of PGC-1a may be a key
mechanism whereby caloric restriction enhances lifespan in ro-
dents [13,64]. This induction likely reflects a prominent role for
forkhead transcription factors in transcription of the PGC-1a gene
[13,65]; growth factors such as insulin or IGF-I inhibit forkhead
function via Akt [66,67]. The increased mitochondrial biogenesis
consequent to PGC-1a expression implies that electron flux per
mitochondrion decreases, leading to a reduction in mitochondrial
membrane potential and a consequent decrease in mitochondrial
superoxide production [64]. This can be expected to decrease the
rate at which mitochondrial DNA accumulates mutations. There
is growing evidence that mutagenesis of mitochondrial DNA plays
a pacesetter role in the aging process – a view known as ‘‘the
mitochondrial theory of aging” [68–73]. If indeed lipoic acid can
y” impact of lipoic acid on mitochondrial function in aging rats ...,



4 M.F. McCarty et al. / Medical Hypotheses xxx (2008) xxx–xxx

ARTICLE IN PRESS
promote PGC-1a expression/activity via p38 MAP kinase, it will be
of interest to determine whether high-dose lipoic acid can prolong
longevity in rodents, and possibly potentiate the utility of caloric
restriction in this regard. Although a recent study failed to observe
an impact of lipoic acid feeding, commencing in middle age, on
longevity in mice, the dose used in this study, 0.06% of diet, was
barely a tenth as high as the dose (0.5%) shown to modulate mito-
chondrial function in rats [74].
References

[1] Hagen TM, Ingersoll RT, Lykkesfeldt J, Liu J, Wehr CM, Vinarsky V, et al. (R)-
alpha-lipoic acid-supplemented old rats have improved mitochondrial
function, decreased oxidative damage, and increased metabolic rate. FASEB J
1999;13:411–8.

[2] Hagen TM, Liu J, Lykkesfeldt J, Wehr CM, Ingersoll RT, Vinarsky V, et al. Feeding
acetyl-L-carnitine and lipoic acid to old rats significantly improves metabolic
function while decreasing oxidative stress. Proc Natl Acad Sci USA
2002;99:1870–5.

[3] Liu J, Killilea DW, Ames BN. Age-associated mitochondrial oxidative decay:
improvement of carnitine acetyltransferase substrate-binding affinity and
activity in brain by feeding old rats acetyl-L-carnitine and/or R-alpha-lipoic
acid. Proc Natl Acad Sci USA 2002;99:1876–81.

[4] Liu J, Head E, Gharib AM, Yuan W, Ingersoll RT, Hagen TM, 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-alpha-lipoic acid. Proc
Natl Acad Sci USA 2002;99:2356–61.

[5] Arivazhagan P, Ramanathan K, Panneerselvam C. Effect of DL-alpha-lipoic acid
on the status of lipid peroxidation and antioxidants in mitochondria of aged
rats. J Nutr Biochem 2001;12:2–6.

[6] Arivazhagan P, Ramanathan K, Panneerselvam C. Effect of DL-alpha-lipoic acid
on mitochondrial enzymes in aged rats. Chem Biol Interact 2001;138:189–98.

[7] Savitha S, Tamilselvan J, Anusuyadevi M, Panneerselvam C. Oxidative stress on
mitochondrial antioxidant defense system in the aging process: role of DL-
alpha-lipoic acid and L-carnitine. Clin Chim Acta 2005;355:173–80.

[8] Savitha S, Sivarajan K, Haripriya D, Kokilavani V, Panneerselvam C. Efficacy of
levo carnitine and alpha lipoic acid in ameliorating the decline in
mitochondrial enzymes during aging. Clin Nutr 2005;24:794–800.

[9] Savitha S, Panneerselvam C. Mitochondrial membrane damage during aging
process in rat heart: potential efficacy of L-carnitine and DL alpha lipoic acid.
Mech Ageing Dev 2006;127:349–55.

[10] Suh JH, Shigeno ET, Morrow JD, Cox B, Rocha AE, Frei B, et al. Oxidative stress in
the aging rat heart is reversed by dietary supplementation with (R)-(alpha)-
lipoic acid. FASEB J 2001;15:700–6.

[11] Kumaran S, Panneerselvam KS, Shila S, Sivarajan K, Panneerselvam C. Age-
associated deficit of mitochondrial oxidative phosphorylation in skeletal
muscle: role of carnitine and lipoic acid. Mol Cell Biochem 2005;280:83–9.

[12] Midaoui AE, Elimadi A, Wu L, Haddad PS, de Champlain J. Lipoic acid prevents
hypertension, hyperglycemia, and the increase in heart mitochondrial
superoxide production. Am J Hypertens 2003;16:173–9.

[13] Corton JC, Brown-Borg HM. Peroxisome proliferator-activated receptor gamma
coactivator 1 in caloric restriction and other models of longevity. J Gerontol A
Biol Sci Med Sci 2005;60:1494–509.

[14] Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, et al.
Mechanisms controlling mitochondrial biogenesis and respiration through the
thermogenic coactivator PGC-1. Cell 1999;98:115–24.

[15] Houten SM, Auwerx J. PGC-1alpha: turbocharging mitochondria. Cell
2004;119:5–7.

[16] Scarpulla RC. Nuclear activators and coactivators in mammalian mitochondrial
biogenesis. Biochim Biophys Acta 2002;1576:1–14.

[17] Scarpulla RC. Nuclear control of respiratory gene expression in mammalian
cells. J Cell Biochem 2006;97:673–83.

[18] Gleyzer N, Vercauteren K, Scarpulla RC. Control of mitochondrial transcription
specificity factors (TFB1M and TFB2M) by nuclear respiratory factors (NRF-1
and NRF-2) and PGC-1 family coactivators. Mol Cell Biol 2005;25:1354–66.

[19] Wu H, Kanatous SB, Thurmond FA, Gallardo T, Isotani E, Bassel-Duby R, et al.
Regulation of mitochondrial biogenesis in skeletal muscle by CaMK. Science
2002;296:349–52.

[20] Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, Rosenberg PB, et al. Exercise
stimulates Pgc-1alpha transcription in skeletal muscle through activation of
the p38 MAPK pathway. J Biol Chem 2005;280:19587–93.

[21] Valle I, Alvarez-Barrientos A, Arza E, Lamas S, Monsalve M. PGC-1alpha
regulates the mitochondrial antioxidant defense system in vascular
endothelial cells. Cardiovasc Res 2005;66:562–73.

[22] Konrad D, Somwar R, Sweeney G, Yaworsky K, Hayashi M, Ramlal T, et al. The
antihyperglycemic drug alpha-lipoic acid stimulates glucose uptake via both
GLUT4 translocation and GLUT4 activation: potential role of p38 mitogen-
activated protein kinase in GLUT4 activation. Diabetes 2001;50:1464–71.

[23] Ogborne RM, Rushworth SA, O’Connell MA. Alpha-lipoic acid-induced heme
oxygenase-1 expression is mediated by nuclear factor erythroid 2-related
factor 2 and p38 mitogen-activated protein kinase in human monocytic cells.
Arterioscler Thromb Vasc Biol 2005;25:2100–5.
Please cite this article in press as: McCarty MF et al., The ‘‘rejuvenator
Med Hypotheses (2008), doi:10.1016/j.mehy.2008.07.043
[24] Fan M, Rhee J, St Pierre J, Handschin C, Puigserver P, Lin J, et al. Suppression
of mitochondrial respiration through recruitment of p160 myb binding
protein to PGC-1alpha: modulation by p38 MAPK. Genes Dev 2004;18:
278–89.

[25] Puigserver P, Rhee J, Lin J, Wu Z, Yoon JC, Zhang CY, et al. Cytokine stimulation
of energy expenditure through p38 MAP kinase activation of PPARgamma
coactivator-1. Mol Cell 2001;8:971–82.

[26] Handschin C, Rhee J, Lin J, Tarr PT, Spiegelman BM. An autoregulatory loop
controls peroxisome proliferator-activated receptor gamma coactivator 1alpha
expression in muscle. Proc Natl Acad Sci USA 2003;100:7111–6.

[27] Bianchi A, Becuwe P, Franck P, Dauca M. Induction of MnSOD gene by
arachidonic acid is mediated by reactive oxygen species and p38 MAPK
signaling pathway in human HepG2 hepatoma cells. Free Radic Biol Med
2002;32:1132–42.

[28] Lee WJ, Song KH, Koh EH, Won JC, Kim HS, Park HS, et al. Alpha-lipoic acid
increases insulin sensitivity by activating AMPK in skeletal muscle. Biochem
Biophys Res Commun 2005;332:885–91.

[29] Lee WJ, Lee IK, Kim HS, Kim YM, Koh EH, Won JC, et al. Alpha-lipoic acid
prevents endothelial dysfunction in obese rats via activation of AMP-activated
protein kinase. Arterioscler Thromb Vasc Biol 2005;25:2488–94.

[30] Lee Y, Naseem RH, Park BH, Garry DJ, Richardson JA, Schaffer JE, et al. alpha-
Lipoic acid prevents lipotoxic cardiomyopathy in acyl CoA-synthase transgenic
mice. Biochem Biophys Res Commun 2006;344:446–52.

[31] Kim MS, Park JY, Namkoong C, Jang PG, Ryu JW, Song HS, et al. Anti-obesity
effects of alpha-lipoic acid mediated by suppression of hypothalamic AMP-
activated protein kinase. Nat Med 2004;10:727–33.

[32] Xi X, Han J, Zhang JZ. Stimulation of glucose transport by AMP-activated
protein kinase via activation of p38 mitogen-activated protein kinase. J Biol
Chem 2001;276:41029–34.

[33] Lemieux K, Konrad D, Klip A, Marette A. The AMP-activated protein kinase
activator AICAR does not induce GLUT4 translocation to transverse tubules but
stimulates glucose uptake and p38 mitogen-activated protein kinases alpha
and beta in skeletal muscle. FASEB J 2003;17:1658–65.

[34] Walker J, Jijon HB, Diaz H, Salehi P, Churchill T, Madsen KL. 5-Aminoimidazole-
4-carboxamide riboside (AICAR) enhances GLUT2-dependent jejunal glucose
transport: a possible role for AMPK. Biochem J 2005;385:485–91.

[35] Ouchi N, Shibata R, Walsh K. AMP-activated protein kinase signaling
stimulates VEGF expression and angiogenesis in skeletal muscle. Circ Res
2005;96:838–46.

[36] Li J, Miller EJ, Ninomiya-Tsuji J, Russell III RR, Young LH. AMP-activated protein
kinase activates p38 mitogen-activated protein kinase by increasing
recruitment of p38 MAPK to TAB1 in the ischemic heart. Circ Res
2005;97:872–9.

[37] Terada S, Tabata I. Effects of acute bouts of running and swimming exercise on
PGC-1alpha protein expression in rat epitrochlearis and soleus muscle. Am J
Physiol Endocrinol Metab 2004;286:E208–16.

[38] Kukidome D, Nishikawa T, Sonoda K, Imoto K, Fujisawa K, Yano M, et al.
Activation of AMP-activated protein kinase reduces hyperglycemia-induced
mitochondrial reactive oxygen species production and promotes
mitochondrial biogenesis in human umbilical vein endothelial cells. Diabetes
2006;55:120–7.

[39] Irrcher I, Adhihetty PJ, Sheehan T, Joseph AM, Hood DA. PPARgamma
coactivator-1alpha expression during thyroid hormone- and contractile
activity-induced mitochondrial adaptations. Am J Physiol Cell Physiol
2003;284:C1669–77.

[40] Bergeron R, Ren JM, Cadman KS, Moore IK, Perret P, Pypaert M, et al. Chronic
activation of AMP kinase results in NRF-1 activation and mitochondrial
biogenesis. Am J Physiol Endocrinol Metab 2001;281:E1340–6.

[41] Zong H, Ren JM, Young LH, Pypaert M, Mu J, Birnbaum MJ, et al. AMP kinase is
required for mitochondrial biogenesis in skeletal muscle in response to
chronic energy deprivation. Proc Natl Acad Sci USA 2002;99:15983–7.

[42] Jorgensen SB, Wojtaszewski JF, Viollet B, Andreelli F, Birk JB, Hellsten Y, et al.
Effects of alpha-AMPK knockout on exercise-induced gene activation in mouse
skeletal muscle. FASEB J 2005;19:1146–8.

[43] Ouslimani N, Peynet J, Bonnefont-Rousselot D, Therond P, Legrand A, Beaudeux
JL. Metformin decreases intracellular production of reactive oxygen species in
aortic endothelial cells. Metabolism 2005;54:829–34.

[44] Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, DePinho RA, et al. The
kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects of
metformin. Science 2005;310:1642–6.

[45] Kowluru RA, Atasi L, Ho YS. Role of mitochondrial superoxide dismutase in the
development of diabetic retinopathy. Invest Ophthalmol Vis Sci
2006;47:1594–9.

[46] Kokoszka JE, Coskun P, Esposito LA, Wallace DC. Increased mitochondrial
oxidative stress in the Sod2 (+/�) mouse results in the age-related decline of
mitochondrial function culminating in increased apoptosis. Proc Natl Acad Sci
USA 2001;98:2278–83.

[47] Wonsey DR, Zeller KI, Dang CV. The c-Myc target gene PRDX3 is required for
mitochondrial homeostasis and neoplastic transformation. Proc Natl Acad Sci
USA 2002;99:6649–54.

[48] Kops GJ, Dansen TB, Polderman PE, Saarloos I, Wirtz KW, Coffer PJ, et al.
Forkhead transcription factor FOXO3a protects quiescent cells from oxidative
stress. Nature 2002;419:316–21.

[49] Puigserver P, Rhee J, Donovan J, Walkey CJ, Yoon JC, Oriente F, et al. Insulin-
regulated hepatic gluconeogenesis through FOXO1-PGC-1alpha interaction.
Nature 2003;423:550–5.
y” impact of lipoic acid on mitochondrial function in aging rats ...,



M.F. McCarty et al. / Medical Hypotheses xxx (2008) xxx–xxx 5

ARTICLE IN PRESS
[50] McCarty MF. A low-fat, whole-food vegan diet, as well as other strategies that
down-regulate IGF-I activity, may slow the human aging process. Med
Hypotheses 2003;60:784–92.

[51] Ziegler D, Nowak H, Kempler P, Vargha P, Low PA. Treatment of symptomatic
diabetic polyneuropathy with the antioxidant alpha-lipoic acid: a meta-
analysis. Diabet Med 2004;21:114–21.

[52] Ziegler D. Thioctic acid for patients with symptomatic diabetic
polyneuropathy: a critical review. Treat Endocrinol 2004;3:
173–89.

[53] Hahm JR, Kim BJ, Kim KW. Clinical experience with thioctacid (thioctic acid) in
the treatment of distal symmetric polyneuropathy in Korean diabetic patients.
J Diabet Complications 2004;18:79–85.

[54] Morcos M, Borcea V, Isermann B, Gehrke S, Ehret T, Henkels M, et al. Effect of
alpha-lipoic acid on the progression of endothelial cell damage and
albuminuria in patients with diabetes mellitus: an exploratory study. Diabet
Res Clin Pract 2001;52:175–83.

[55] Siu B, Saha J, Smoyer WE, Sullivan KA, Brosius III FC. Reduction in podocyte
density as a pathologic feature in early diabetic nephropathy in rodents:
prevention by lipoic acid treatment. BMC Nephrol 2006;7:6.

[56] Kowluru RA, Odenbach S. Effect of long-term administration of alpha-lipoic
acid on retinal capillary cell death and the development of retinopathy in
diabetic rats. Diabetes 2004;53:3233–8.

[57] Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, et al.
Normalizing mitochondrial superoxide production blocks three pathways of
hyperglycaemic damage. Nature 2000;404:787–90.

[58] Du X, Matsumura T, Edelstein D, Rossetti L, Zsengeller Z, Szabo C, et al.
Inhibition of GAPDH activity by poly(ADP-ribose) polymerase activates three
major pathways of hyperglycemic damage in endothelial cells. J Clin Invest
2003;112:1049–57.

[59] Flier J, Van Muiswinkel FL, Jongenelen CA, Drukarch B. The neuroprotective
antioxidant alpha-lipoic acid induces detoxication enzymes in cultured
astroglial cells. Free Radic Res 2002;36:695–9.

[60] Suh JH, Shenvi SV, Dixon BM, Liu H, Jaiswal AK, Liu RM, et al. Decline in
transcriptional activity of Nrf2 causes age-related loss of glutathione
synthesis, which is reversible with lipoic acid. Proc Natl Acad Sci USA
2004;101:3381–6.

[61] Dinkova-Kostova AT, Holtzclaw WD, Cole RN, Itoh K, Wakabayashi N, Katoh Y,
et al. Direct evidence that sulfhydryl groups of Keap1 are the sensors
Please cite this article in press as: McCarty MF et al., The ‘‘rejuvenator
Med Hypotheses (2008), doi:10.1016/j.mehy.2008.07.043
regulating induction of phase 2 enzymes that protect against carcinogens
and oxidants. Proc Natl Acad Sci USA 2002;99:11908–13.

[62] Talalay P. Chemoprotection against cancer by induction of phase 2 enzymes.
Biofactors 2000;12:5–11.

[63] McCarty MF. Versatile cytoprotective activity of lipoic acid may reflect its
ability to activate signalling intermediates that trigger the heat-shock and
phase II responses. Med Hypotheses 2001;57:313–7.

[64] Lopez-Lluch G, Hunt N, Jones B, Zhu M, Jamieson H, Hilmer S, et al. Calorie
restriction induces mitochondrial biogenesis and bioenergetic efficiency. Proc
Natl Acad Sci USA 2006;103:1768–73.

[65] Southgate RJ, Bruce CR, Carey AL, Steinberg GR, Walder K, Monks R, et al. PGC-
1alpha gene expression is down-regulated by Akt-mediated phosphorylation
and nuclear exclusion of FoxO1 in insulin-stimulated skeletal muscle. FASEB J
2005;19:2072–4.

[66] Nakae J, Barr V, Accili D. Differential regulation of gene expression by insulin
and IGF-1 receptors correlates with phosphorylation of a single amino acid
residue in the forkhead transcription factor FKHR. EMBO J 2000;19:989–96.

[67] Plas DR, Thompson CB. Akt activation promotes degradation of tuberin and
FOXO3a via the proteasome. J Biol Chem 2003;278:12361–6.

[68] Sanz A, Pamplona R, Barja G. Is the mitochondrial free radical theory of aging
intact? Antioxid Redox Signal 2006;8:582–99.

[69] Lenaz G, Baracca A, Fato R, Genova ML, Solaini G. New insights into structure
and function of mitochondria and their role in aging and disease. Antioxid
Redox Signal 2006;8:417–37.

[70] Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder CE,
et al. Premature ageing in mice expressing defective mitochondrial DNA
polymerase. Nature 2004;429:417–23.

[71] Speakman JR, Talbot DA, Selman C, Snart S, McLaren JS, Redman P, et al.
Uncoupled and surviving: individual mice with high metabolism have greater
mitochondrial uncoupling and live longer. Aging Cell 2004;3:87–95.

[72] Schriner SE, Linford NJ, Martin GM, Treuting P, Ogburn CE, Emond M, et al.
Extension of murine life span by overexpression of catalase targeted to
mitochondria. Science 2005;308:1909–11.

[73] Linford NJ, Schriner SE, Rabinovitch PS. Oxidative damage and aging: spotlight
on mitochondria. Cancer Res 2006;66:2497–9.

[74] Lee CK, Pugh TD, Klopp RG, Edwards J, Allison DB, Weindruch R, et al. The
impact of alpha-lipoic acid, coenzyme Q10 and caloric restriction on life span
and gene expression patterns in mice. Free Radic Biol Med 2004;36:1043–57.
y” impact of lipoic acid on mitochondrial function in aging rats ...,


	The  "rejuvenatory"  impact of lipoic acid on mitochondrial function in aging rats may reflect induction and activation of PPAR- gamma  coactivator-1 alpha 
	Lipoic acid rejuvenates mitochondrial function of aging rats
	Does PPAR gamma  coactivator-1 alpha  mediate these effects?
	Possible inconsistencies
	Lipoic acid - An an innocuous oxidant that evokes hormesis
	A role in promoting longevity?
	References


