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Numerous post mortem studies have demonstrated
increased accumulation of lipid peroxidation prod-
ucts in diseased regions of Alzheimer’s disease (AD)
brain; however, few have used techniques that quan-
tify the magnitude of lipid peroxidation in vivo. F2-
isoprostanes (F2-IsoP’s) are exclusive products of free
radical-mediated peroxidation of arachidonic acid,
and their quantification has been widely used as an in
vivo biomarker of the magnitude of lipid peroxida-
tion. We have determined F2-IsoP concentrations in
lateral ventricular fluid (VF) from 23 AD and 12 age-
matched controls and correlated these with neuro-
pathological and genetic markers of AD. VF F2-IsoP
levels were significantly elevated in AD patients com-
pared with controls (p < 0.01) and were significantly
correlated with three different measures of brain de-
generation: reduction in brain weight (p < 0.01), de-
gree of cortical atrophy (p < 0.01), and Braak stage
(p 5 0.02). When analysis was restricted to AD pa-
tients only, VF F2-IsoP levels still were significantly
correlated to reduction in brain weight and degree of
cortical atrophy (p < 0.05). VF F2-IsoP concentrations
were not related to density of neuritic plaques or
neurofibrillary tangles in seven brain regions, or to
the number of e4 alleles of the apolipoprotein E gene
(APOE). These data suggest that the magnitude of
brain lipid peroxidation is closely related to the ex-
tent of brain degeneration in AD but is not signifi-
cantly influenced by the density of neuritic plaques or
neurofibrillary tangles, or the number of e4 alleles of
APOE. (Am J Pathol 1999, 155:863–868)

Numerous post mortem studies have demonstrated re-
gionally increased brain oxidative damage in Alzheimer’s
disease (AD) patients compared to age-matched con-
trols.1–3 These studies have taken a number of experi-
mental approaches, including measuring oxidative dam-
age to nucleic acids, oxidative modification of protein,
and consequences of lipid peroxidation. This last pro-
cess has been proposed to be especially damaging,
because it is self-propagating and because brain is rel-
atively enriched in polyunsaturated fatty acids, the sub-
strates for lipid peroxidation.

Several laboratories have reported studies showing
increased accumulation of lipid peroxidation products in
diseased regions of AD brain.2,4–15 The techniques used
have included measuring protein carbonyls, thiobarbitu-
rate reactive substances, and immunohistochemical and
histochemical reactivity for protein adducts formed by
chemically reactive lipid peroxidation products. Although
in situ studies have the clear advantage of demonstrating
where lipid peroxidation products have accumulated,
none of these techniques quantitatively reflects lipid per-
oxidation in vivo. This limitation arises from 1) the chem-
ical reactivity of the products being measured, so that
levels reflect not only production but also clearance of
modified proteins; 2) the extensive metabolism of the lipid
peroxidation products being measured, so that in-
creased levels may reflect increased production or de-
creased metabolism; and 3) the lack of specificity of
many of the assays used.16,17

Considerable progress has been made over the last
decade in developing methods to quantify lipid peroxi-
dation in vivo. One result of this research has been the
discovery of isoprostanes. Isoprostanes are products of
free radical-catalyzed peroxidation of arachidonic acid
and are isomeric to prostaglandins.18 Importantly, iso-
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prostanes are exclusive products of free radical damage
and are not produced by enzymatic catalysis. Beyond
specificity for lipid peroxidation, other advantages of iso-
prostanes are that the F-ring isoprostanes (F2-isopros-
tanes or F2-IsoPs) are chemically stable and are not
metabolized in situ like other peroxidation products.19 For
these reasons, F2-IsoPs have been widely used as quan-
titative biomarkers of lipid peroxidation in vivo in many
experimental settings and in humans.19,20

Recently we have shown that F2-IsoP concentrations
are increased in ventricular cerebrospinal fluid (VF) ob-
tained post mortem from definite AD patients compared
to age-matched controls.21 We also have shown that
F2-IsoPs are elevated in cerebrospinal fluid (CSF) re-
moved from the lumbar cistern (LF) of probable AD pa-
tients early in the course of their disease.22 The latter is
an important finding because it indicates that elevation of
CSF F2-IsoPs is not simply an end-stage consequence of
AD. Others have extended these findings by showing that
tissue levels of F-ring IsoPs are increased in diseased
regions of brain from AD patients compared to controls.23

Determining the sources of oxidative damage in AD
brain is central to understanding the pathogenesis of AD
and will provide the basis for a rational development of
experimental therapeutics. Proposed contributors to in-
creased oxidative damage in AD brain include Ab pep-
tides, activated glia in neuritic plaques (NPs), neurofibrillary
tangles (NFTs), and inheritance of different alleles of the
apolipoprotein E gene (APOE), among others.1–3,24–26 Al-
though each of these potential sources of oxidative damage
has been supported by in vitro, cell culture, or animal
experiments, there is little information on the relative im-
portance of these factors to oxidative damage in the
brains of AD patients. Equipped with a quantitative mea-
sure of lipid peroxidation, we have tested the hypothesis
that the magnitude of brain lipid peroxidation in AD may
be related to the density of NPs or NFTs, or APOE.

Materials and Methods

After appropriate consent was obtained, all 35 individuals
included in this study underwent post mortem examina-
tions as part of rapid autopsy programs at the University
of Kentucky Alzheimer’s Disease Research Center. No
patient had a post mortem interval greater than 4 hours.
All AD patients were diagnosed with probable AD during
life and were shown by neuropathological examination to
meet the criteria for definite AD.27 Controls were age- and
gender-matched individuals without clinical evidence of
dementia or other neurological disease. Indeed, each

control individual had annual neuropsychological testing
with all test scores in the normal range. Cerebral cortical
atrophy was ranked by one of us (WRM) at the time of
autopsy as either absent (normal apposition of gyri, n 5
15), mild (slight thinning of gyri with associated enlarge-
ment of sulci, n 5 8), moderate (intermediate between
mild and severe, n 5 8), or severe (marked thinning of
gyri and widening of sulci, n 5 4) in all AD patients and
controls.

Neuropathological examination of controls showed
only age-associated changes. Braak staging was per-
formed on all cases.28 NFTs and NPs, to the exclusion of
diffuse plaques, were counted in Bielschowsky-stained
histological sections from formalin-fixed paraffin-embed-
ded tissue according to previously published methods.29

NP counts were determined in five 2.35 mm2 fields (103
objective) selected for maximum involvement. NFT
counts were determined in the same way with 0.59 mm2

fields (203 objective). Seven different brain regions were
analyzed: middle frontal gyrus, inferior parietal lobule,
superior and middle temporal gyri, occipital cortex areas
18 and 19, amygdala, hippocampus area CA1, and sub-
iculum. APOE was determined post mortem in all cases.30

Cerebrospinal fluid from the lateral ventricles (VF) was
obtained and stored exactly as described previously.21

Briefly, immediately after aspiration from the lateral ven-
tricles, VF was sedimented at 1000 3 g for 10 minutes
and 1–2-ml aliquots were frozen at 280°C. No VF sample
was visually contaminated by blood, nor was apolipopro-
tein B detected by immunoblots. Free F2-IsoP concentra-
tions were determined exactly as described previously,
using stable isotope dilution methods and gas chroma-
tography with negative ion chemical ionization mass
spectrometry.21,31

Statistical analyses were performed using GraphPad
Prism software (San Diego, CA).

Results

The study group consisted of 23 patients with definite AD
and 12 control individuals shown by pathological exam-
ination to have only age-related changes in brain. Clinical
and pathological data as well as average F2-IsoP con-
centrations in cerebrospinal fluid from the lateral ventri-
cles (VF) of AD patients and controls are presented in
Table 1. Only brain weight and F2-IsoP concentrations
were significantly different between AD patients and con-
trols. Scatter plots of VF F2-IsoP concentrations and brain
weights in AD patients and controls are presented in
Figure 1. Although statistically significantly different,

Table 1. Clinical and Pathological Data and Average F2-IsoP Concentrations in Cerebrospinal Fluid from the Lateral Ventricals of
AD Patients and Controls

N Age (years) F:M
PMI

(hours)
Brain weight

(g)
Alleles as

«4 of APOE
F2-IsoP
(pg/ml)

AD 23 78.2 6 1.5 1.3:1 2.6 6 0.1 1110 6 28 57% 64.1 6 5.5
Control 12 80.2 6 2.2 1.4:1 2.8 6 0.2 1212 6 34* 17% 37.8 6 5.2†

*p , 0.05 (t-test).
†p , 0.01 (Mann-Whitney test).
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there was overlap between AD patients’ and controls’
brain weight and VF F2-IsoP levels; only one-third of AD
patients had values outside of the control range. This
distribution of VF F2-IsoP concentrations is identical to the
distribution of F2-IsoPs in cerebrospinal fluid from the
lumbar cistern of probable AD patients that we observed
previously.22

Previously, in a smaller series of patients, we observed
that VF F2-IsoP levels have a negative linear relationship
with brain weight.21 Here we confirm that finding with
more than twice as many AD patients than in the previous
study (p , 0.01, Figure 2). Moreover, when analysis was
restricted to AD patients alone (n 5 23), VF F2-IsoP levels
also were significantly correlated with brain weight (p ,
0.05). Although reduction in brain weight is a feature of
AD, there are limitations to extrapolating from brain
weight to the extent of neurodegeneration. Therefore, we
compared directly F2-IsoP concentrations with the de-
gree of cortical atrophy as assessed by gross examina-
tion of the brain (Figure 3). Spearman’s ranked correla-
tion demonstrated a highly significant positive
relationship between the degree of cerebral cortical at-
rophy and F2-IsoP concentration (p , 0.01) for all 35
individuals. Analysis restricted to AD patients only also
was statistically significant (n 5 23, p , 0.05).

Next, we sought to correlate VF F2-IsoP concentrations
with histopathological markers of AD, NFTs, and NPs that
have been proposed to contribute to oxidative stress in
AD brain. The density of NFTs or NPs in any of the brain

regions examined did not correlate with F2-IsoP levels,
either for the whole group or when divided into AD pa-
tients and controls. The correlation coefficients for VF
F2-IsoP levels and NFT density in the different brain re-
gions ranged from 0.02 to 0.13. The correlation coeffi-
cients for VF F2-IsoP levels and NP density in the different
brain regions ranged from 0.00 to 0.05. None of these
correlations approached statistical significance.

In addition to testing for a correlation to tissue NFT
density, we also tested for a relationship between F2-IsoP
concentration and the brain distribution of NFTs, using
the staging system of Braak and Braak. AD patients had
Braak scores of 4–6, and controls had Braak scores of
0–4. Spearman’s ranked test of VF F2-IsoP concentra-
tions with Braak score showed a positive correlation be-
tween these two variables (p 5 0.02) for all 35 individuals
(Figure 4). Braak score tended to increase with increas-
ing F2-IsoP concentrations when the analysis was limited
to AD patients alone; however, this was not statistically
significant.

Finally, APOE genotype was correlated with VF F2-IsoP
levels. Individuals were grouped by the number of e4

Figure 1. Scatterplot of VF F2-IsoP concentrations (A) and brain weight (B)
for the 23 AD patients and 13 controls. Horizontal lines are means. VF F2-IsoP
levels were significantly higher in AD patients than controls (p , 0.01,
Mann-Whitney test). Brain weights were significantly lower in AD patients
than controls (p , 0.05, t-test).

Figure 2. x-y plot and linear regression of VF F2-IsoP concentrations and
brain weight for the 23 AD patients and 13 controls. Drawn are the best-fit
linear regression line (——) and 95% confidence intervals (– – –) (p , 0.01
for linear regression). Regression analysis limited to AD patients alone also
was statistically significant (p , 0.05).

Figure 3. Average VF F2-IsoP concentrations (6 SEM) were plotted against
cortical atrophy graded as absent (degree 0, n 5 15), mild (degree 1, n 5 8),
moderate (degree 2, n 5 8), or severe (degree 3, n 5 4) in all AD patients
and controls. Spearman’s ranked correlation gave p , 0.01. Analysis re-
stricted to AD patients only also was statistically significant (n 5 23, p ,
0.05).
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alleles of APOE (no e4 allele, n 5 11; 1 e4 allele, n 5 16;
or 2 e4 alleles, n 5 8). There was no relationship between
VF F2-IsoP levels and the number of APOE4 alleles for all
35 individuals (Figure 5) or when analysis was restricted
to AD patients (n 5 23) or controls (n 5 12).

Discussion

Regional oxidative damage to brain, especially lipid per-
oxidation and its products, has been proposed to con-
tribute to the pathogenesis of AD.1 The sources of oxida-
tive stress in AD are not fully resolved, but tissue culture
and animal experiments have suggested Ab peptide ag-
gregation and deposition or glial activation in NPs, post-
translational modifications of NFTs, APOE genotype, and
others.1,2,24,26 However, there are few data available to
discern which among these potential sources of oxidative
stress contributes significantly to regional brain oxidative
damage in AD patients. This is an important issue be-
cause it may guide the development of therapeutic strat-
egies designed to limit brain oxidative damage in AD
patients. Recently we have demonstrated the utility of a
quantitative biomarker, F2-IsoP, of lipid peroxidation in

CSF from AD patients.21,22 Here we have performed a
correlative study between F2-IsoP concentrations in ce-
rebrospinal fluid from the lateral ventricles (VF) and
pathological and genetic features of AD to begin to un-
derstand what aspects of AD may be most closely related
to brain oxidative damage in this disease.

One important outcome of our experiments is that the
relative distribution of F2-IsoPs in AD patients and age-
matched controls is very similar in three different tissue
sources: diseased brain studied post mortem,23 VF stud-
ied post mortem, and LF studied intra vitam early in the
course of disease.22 Moreover, the absolute concentra-
tions of F-ring isoprostanes from each of these tissue
sources follow the expected gradient for molecules de-
rived from cerebrum: brain tissue . VF . LF. Using a
slightly different technique, others have demonstrated
F-ring IsoPs in the frontal pole of AD patients ranging up
to 2 ng/g tissue,23 a result we have corroborated by
measuring 2.1 and 2.8 ng F2-IsoP/g hippocampus from
two AD patients (unpublished data). In our model, F2-
IsoPs are liberated from cells and their processes into the
extracellular space, where they are diluted into VF; VF
F2-IsoP concentrations in AD patients range from 30 to
150 pg/ml, or are about 20-fold less concentrated than in
brain tissue. LF F2-IsoP levels are about one-half of VF
levels.22 This may be related to two variables. First, CSF
metabolites derived from brain demonstrate a concentra-
tion gradient along the neuraxis, with the highest levels in
the lateral ventricles and significantly lower levels in the
lumbar cistern.32 The magnitude of the concentration
gradient between CSF from the lateral ventricles and the
lumbar cistern varies with different molecules but com-
monly attains a factor of 2, as observed with the F2-IsoPs.
Another possible variable that must be considered is that
the LF F2-IsoPs were measured early in the course of
disease,22 whereas VF F2-IsoPs were measured in pa-
tients with more advanced AD.

The major advantage of comparing the entire group of
35 individuals is the opportunity to observe the apparent
continuum of normal aging, pathological aging, and overt
AD.33 To guard against possible covariance, compari-
sons of the entire group of individuals were always fol-
lowed by separate comparisons to AD patients and con-
trols. There was remarkable consistency among the
features of AD that correlated with F2-IsoP levels: de-
creasing brain weight, increasing cortical atrophy, and
increasing histopathological stage of disease. In addi-
tion, two of these, brain weight and degree of cortical
atrophy, but not Braak stage, were significantly corre-
lated with VF F2-IsoP levels in AD patients alone. In
aggregate, these findings suggest that VF F2-IsoP levels
are closely related to the extent of degeneration in AD
brain. It is interesting that F2-isoprostane levels corre-
lated with advancing Braak stage but not with increasing
tissue density of NPs or NFTs, even though NP and NFT
densities increase with increasing Braak stage in AD
patients and in nondemented aged individuals.34 These
results may suggest that it is the distribution, rather than
the total burden, of disease that is more closely related to
the magnitude of lipid peroxidation.

Figure 4. VF F2-IsoP concentrations were plotted against the Braak stage of
AD patients (n 5 23) and controls (n 5 12). Spearman’s ranked correlation
gave p 5 0.02.

Figure 5. Average VF F2-IsoP concentrations (6 SEM) were plotted against
the number of e4 alleles of APOE for the 23 AD patients and 12 controls (no
e4 allele, n 5 11; 1 e4 allele, n 5 16; or 2 e4 alleles, n 5 8). Spearman’s
ranked correlation was not statistically significant for the group of 35 indi-
viduals or when analysis was restricted to AD patients alone.

866 Montine et al.
AJP September 1999, Vol. 155, No. 3



Oxidative damage to brain in AD patients likely repre-
sents a disturbed balance between oxidative stress and
antioxidant defenses. Results from several experimental
studies have suggested that NFTs, NPs, or APOE geno-
type may significantly contribute to oxidative damage,
either by increasing oxidative stress or reducing antioxi-
dant capacity.1–3 Our data did not support the hypothe-
ses that the magnitude of brain lipid peroxidation was
significantly influenced by the density of NPs or NFTs, or
by the number of e4 alleles of APOE. This result is con-
sistent with our earlier immunohistochemical studies that
suggested the overall amount of protein adducts from the
lipid peroxidation product 4-hydroxy-2-nonenal in AD
brain does not vary with APOE.6,8 In contrast, these ear-
lier immunohistochemical studies suggested that the cel-
lular distribution of 4-hydroxy-2-nonenal protein adducts
in AD brain may vary with APOE;6,8 however, this result
has not been observed by others.10 It must be stressed
that these results do not dismiss NPs, NFTs, and APOE as
unimportant in brain oxidative damage. For example,
others have shown that the different human apolipopro-
tein E isoforms may significantly influence the response
to injury in the brain.35,36 Thus it may be possible to
modify the functional outcome of brain lipid peroxidation
without altering the magnitude of brain lipid peroxidation.

In summary, we have shown that VF F2-IsoP concen-
trations significantly correlated with three different mea-
sures of brain degeneration in AD. In combination with
our previous study measuring LF F2-IsoP levels early in
the course of AD,22 these data strongly support the hy-
pothesis that brain lipid peroxidation is closely linked with
the progression of AD. The sources of increased brain
lipid peroxidation in AD were not determined, but did not
appear to include NPs, NFTs, or the number of e4 alleles
of APOE.
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