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biomolecules in mitochondria increases during aging
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Free radicals have been theorized to play a caus-
tive role in the normal aging process. To date, meth-
ds used to detect oxidative stress in aged experimen-
al animals have only detected 2- to 3-fold differences
r less between young and aged animals. Measure-
ent of F2-isoprostanes has emerged as probably the
ost reliable approach to assess oxidative stress sta-

us in vivo. Therefore, we measured levels of F2-
soprostanes free in plasma and levels esterified in
lasma lipids in young rats (3–4 months of age) and
ged rats (22–24 months of age). Plasma concentra-
ions of free F2-isoprostanes were increased dramati-
ally by a mean of 20.3-fold (range 4.3 to 42.9-fold) and
evels esterified in plasma lipids were also strikingly
ncreased by a mean of 29.9-fold (range 15.8 to 50.0-
old). These findings unveil profound oxidative stress
n aged rats which adds considerable support for the
ree radical theory of aging. © 2001 Academic Press

Key Words: free radicals; oxidative stress; isopros-
anes; aging; lipid peroxidation.

The tenet of the free radical theory of aging is that
here is an imbalance between oxidative stress and the
bility of antioxidant defenses to keep oxidative stress
n check such that there is an accrual of irreparable
xidative damage to proteins, lipids, and DNA over
ime (1–8). The single intervention that has consis-
ently been found to increase life-span in experimental
nimals is caloric restriction (9–13). Decreased mito-
hondrial respiration is thought to be the underlying
echanism by which caloric restriction prolongs life

pan. This links to the free radical theory of aging
ecause superoxide generation is a byproduct of mito-
hondrial respiration; as much as 1–2% of oxygen uti-
ized by mitochondria may be converted to superoxide
14). It is thought that free radical damage to critical
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esulting in enhanced superoxide generation. This no-
ion is supported by the findings in nematodes that
utations in mitochondrial succinate dehydrogenase

ytochrome b is associated with shortened life span and
hat administration of superoxide dismutase/catalase
imetics prolongs life span (15, 16).
Support for the free radical theory of aging has been

ought by measuring a variety of markers of oxidant
njury in experimental animals, including products of
ipid peroxidation, protein oxidation, and DNA oxida-
ion. However, levels using these measurements in
ged animals have only been approximately 2- to 3-fold
r less higher compared to levels found in young ani-
als (3, 8, 13, 17–24). While these increases are not

nconsistent with the free radical theory of aging, the
mall differences found do not provide compelling sup-
ort for the theory. Nonetheless, the findings that ca-
oric restriction can attenuate the small increases in

arkers of oxidative stress detected during aging sup-
orts a role for mitochondrial generation of free radi-
als underpinning the aging process. (11, 13, 20,23).
One possible reason why only small differences in
arkers of oxidative injury have been detected in aged

ompared to young animals may be due to shortcom-
ngs of the methods used to assess oxidative stress
tatus in vivo (8). In this regard, measurement of F2-
soprostanes (F2-IsoP) has emerged over the last 10
ears as probably the most reliable approach to assess
xidative stress status in vivo (25, 26). F2-IsoPs are
rostaglandin F2-like compounds that are formed non-
nzymatically by free radical induced peroxidation of
rachidonic acid (27). IsoPs are initially formed ester-
fied to phospholipids and subsequently released by
hospholipase action (28). Thus, free F2-IsoPs can be
easured in plasma to assess total endogenous IsoP

roduction. Levels esterified in tissues or plasma lipids
an be measured to localize lipid peroxidation in key
issues or sites of interest. Therefore, we explored
hether measurement of F2-IsoPs free in the circula-



tion and esterified to plasma lipids in young and aged
r
r
o

M

I
R
I
c
a
p
A
C

a
q
m
a

R

F
(
p
4
a
fi
F
c
1
a
c
e
s
l
o
s

b
w
v
u
o
c
c
t
m
t
c
m
d
F
u
m
o
a
1
a
c
s
i
F
m
o
p
a
t

A

D
t
A
o

R

r

a

Vol. 287, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ats may provide more compelling support for the free
adical theory of aging than has been obtained previ-
usly using other markers of oxidant injury.

ATERIALS AND METHODS

Rats. Male Sprague–Dawley rats were purchased from Harlan
ndustries (Indianapolis, IN) and allowed to age to 22–24 months.
ats were maintained on standard rat chow (Teklad, Harlan SD,

ndianapolis, IN) and tap water and exposed to 12-h light/12-h dark
ycles. Animals were anesthetized with pentobarbital (50 mg/kg), the
bdomen opened, and blood was drawn from the aorta. The animal
rotocols complied with the Guideline for Care and Use of Laboratory
nimals by the NIH and were approved by the Institutional Animal
are and Use Committee of the University of Mississippi Center.

Measurement of F2-IsoPs. Plasma was stored at 270°C until an-
lyzed. F2-IsoPs free in plasma and esterified in plasma lipids were
uantified by negative ion chemical ionization gas chromatography
ass spectrometry as described previously (29). The precision of the

ssay is 66% and the accuracy is 96%.

ESULTS AND DISCUSSION

Shown in Fig. 1 are the levels of free circulating
2-IsoPs measured in young (n 5 12) and aged rats

n 5 11). F2-IsoP levels in the aged animals were
rofoundly increased by a mean of 20.3-fold (range
.3–42.9-fold) compared to levels measured in young
nimals. Shown in Fig. 2 are levels of F2-IsoPs esteri-
ed in plasma lipids in young and aged animals. Again,
2-IsoP levels in the aged animals (n 5 5) were in-
reased dramatically by a mean of 29.9-fold (range
5.8–50.0-fold) compared to levels measured in young
nimals (n 5 5). Importantly, we found similar in-
reases in both free levels in the circulation and levels
sterified in plasma lipids, which derive from different
ources. Measurements of F2-IsoPs esterified in plasma
ipids reflect only plasma lipid oxidation whereas levels
f free F2-IsoPs in the circulation derive from hydroly-
is of F2-IsoPs from all sites in the body. The fact that

FIG. 1. Levels of free F2-IsoPs in plasma of young and aged
ats.
255
oth free and esterified levels of F2-IsoPs in plasma
ere increased to a similar extent adds a dimension of
alidity to the conclusion that the aged animals are
nder a marked general oxidant stress. The magnitude
f the increases in levels of F2-IsoPs both free in the
irculation and esterified in plasma lipids in aged rats
ompared to young rats is distinctively much higher
han has been previously been detected with other
arkers of oxidative injury/stress. Data has been ob-

ained suggesting that, at least in regard to protein
arbonyls and DNA oxidation, levels of oxidative injury
arkers increase in a nonlinear or exponential fashion

uring aging (3, 22). However, the very high levels of
2-IsoPs found in this study cannot simply be attrib-
ted to the age of the animals studied; other studies
easuring other markers of protein, DNA, and lipid

xidation have only found ;2- to 3- fold increases in
nimals of similar age (22–24 months) or older (3, 8, 17,
9–24). With this data in hand, it will be of consider-
ble interest in future studies to explore the time-
ourse of increase in F2-IsoP levels in animals that
pan ages from young to very old. It will also be of
nterest to correlate the time-course of the increases of

2-IsoPs, which detect lipid peroxidation, with other
arkers of protein and DNA oxidation and with levels

f antioxidant enzymes. In conclusion, the finding that
lasma F2-IsoPs levels are profoundly increased in
ged rats adds considerable support to the free radical
heory of aging.
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