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Isoprostanes (IsoP) are produced exclusively from
free radical damage to arachidonic acid, a fatty acid
that is evenly distributed throughout white matter
and gray matter, whereas neuroprostanes (NPs) are
generated analogously from docosahexaenoic acid
(DHA), a fatty acid enriched in gray matter where it is
concentrated in neurons. IsoP and NPs derive from
endoperoxide intermediates that isomerize to D/E-
ring forms or that are reduced to F-ring compounds.
We quantified F-ring and D/E-ring IsoP and NPs in
temporal and parietal cortex, hippocampus, and cer-
ebellum of nine definite Alzheimer’s disease (AD) pa-
tients and 11 age-matched controls. Total NP levels
(F-ring plus D/E-ring), but not total IsoP, were signif-
icantly greater in AD than controls (P < 0.0001); only
cerebral regions in AD patients had NPs greater than
controls (P < 0.05). The F-ring to D/E-ring ratio for
NPs, but not IsoP, was 40 to 70% lower in all brain
regions of AD patients compared to controls (P <
0.005). These data extend results from in situ tech-
niques, that have localized reactive products of lipid
peroxidation primarily to neurons, by quantifying
significantly greater free radical damage to the DHA-
containing compartments in cerebrum in AD patients
than controls, and suggest that one mechanism of
increased oxidative stress may be diminished reduc-
ing capacity in DHA-containing compartments. (Am
J Pathol 2001, 158:293–297)

Numerous in vitro, cell culture, and animal studies have
implicated lipid peroxidation in the pathogenesis of Alz-
heimer’s disease (AD).1,2 Cellular localization and quan-
tification of lipid peroxidation to brain in AD are important
goals because this information will help refine hypothe-
ses about disease pathogenesis, and will aid in the de-

velopment and evaluation of therapeutics. Tissue homog-
enates from post mortem human brain have been used to
measure levels of some products of lipid peroxidation;
however, most of the techniques used are not quantita-
tive in vivo and this experimental approach does not
provide information on cellular localization.3,4 Immuno-
histochemical and histochemical techniques that localize
proteins modified by lipid peroxidation products have
been used by others and us to complement tissue ho-
mogenate studies of AD brain.5–10 However, these earlier
in situ results also are not quantitative for free radical
damage because levels of protein adducts detected in
tissue are influenced by many factors including rate of
production, metabolism, and turnover of the modified
proteins.

Isoprostanes (IsoPs) are exclusive products of free
radical damage to arachidonic acid (AA) (C20:4v6) that
are formed esterified to lipid (bound) and then are hydro-
lyzed (free).11 Measurement of the major class of IsoPs,
F2-IsoPs, has been used widely to quantify free radical
damage in vivo.12 Compared to controls, F2-IsoP levels
are elevated in cerebrospinal fluid from probable AD
patients early in the course of dementia, and from definite
AD patients where F2-IsoP levels correlate with patholog-
ical measures of AD severity.13–15 Bound F2-IsoP levels in
the frontal cortex obtained with short post mortem inter-
vals from definite AD patients also are significantly
greater than age-matched controls.16 However, in an-
other study, bound F2-IsoP concentrations in occipital,
temporal, and parietal cortex were not different between
definite AD patients and controls,17 raising the intriguing
possibility that F2-IsoP generation is limited to the frontal
lobe in AD.

Unlike AA that is evenly distributed in gray and white
matter, docosahexaenoic acid (DHA) (C22:6v3) is en-
riched in gray matter of the central nervous system,
where it is synthesized in astrocytes and then transported
and concentrated in neurons.18,19 Previously, we de-
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scribed the formation of neuroprostanes (NPs) from free
radical catalyzed peroxidation of DHA via reactions anal-
ogous to IsoP generation.20 We proposed that NPs may
provide more specific information on free radical damage
in DHA-containing compartments, ie, neurons, and that
NP’s may be more sensitive markers of free radical dam-
age because DHA is more labile to peroxidation than is
AA. Free F4-NPs are increased in cerebrospinal fluid of
definite AD patients compared to controls, and the levels
of cerebrospinal fluid F4-NPs are greater than F2-IsoPs.20

Interestingly, others demonstrated that bound F4-NPs
(called F4-IsoP by these authors) are increased in occip-
ital and temporal cortex, but not parietal cortex, of AD
patients compared to controls.17 This regional pattern
does not correspond to the distribution of pathological
changes in AD, and suggests that lipid peroxidation may
be more widespread in AD brain than are histopatholog-
ical changes.

IsoP and NP formation proceeds through bicyclic en-
doperoxide intermediates that are reduced to F-ring com-
pounds or undergo rearrangement to D/E-ring com-
pounds (Figure 1). Ex vivo oxidation of rat hepatic
microsomes produces higher levels of D/E-ring than F-
ring IsoPs, the reverse of what is observed after oxidation
of liver in vivo.21 Ex vivo oxidation of rat brain synapto-
somes similarly yields increasing levels of D/E-ring and
F-ring NPs at a ratio of 8:1, respectively.22 In vitro, in-
creasing the concentration of cellular reductants, such as
glutathione, favors reduction of the endoperoxide inter-
mediates resulting in greater amounts of F-ring com-
pounds and lower amounts of D/E ring compounds.21

Therefore, calculation of the F-ring to D/E-ring ratio sup-

plies information on the reducing environment in which
lipid peroxidation occurred.

Levels of D/E-ring IsoP or NPs have not been reported
in human brain. Moreover, the two studies published on
F-ring IsoPs and the one study on F-ring NPs raise the
intriguing possibility that the distribution of these prod-
ucts in brain does not correspond to the distribution of
damage in AD. Therefore, we have undertaken the first
comprehensive quantification of F2-IsoP, D2/E2-IsoP, F4-
NPs, and D4/E4-NPs in four different brain regions from
clinically and pathologically characterized definite AD
patients and age-matched controls. Finally, we determined
F-ring to D/E-ring ratios of IsoPs and NPs, the first time this
has been done in tissue, as a reflection of reducing capacity
in specific lipid microenvironments in brain.

Materials and Methods

After appropriate consent was obtained, all individuals
included in this study underwent post mortem examina-
tion as part of a rapid autopsy program at the Alzheimer’s
Disease Research Center at the Sanders-Brown Center
on Aging, University of Kentucky. No patient had a post
mortem interval longer 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 without neuropathological evidence of Lewy
bodies or complications of cerebrovascular disease.23–25

Controls were age- and gender-matched individuals
without clinical evidence of dementia or other neurologi-
cal disease. Each control individual had annual mental
status testing with all scores in the normal range. Neuro-
pathological examination of controls showed only age-
associated changes. Braak staging was performed on all
cases.26 Neuritic plaques and neurofibrillary tangles
(NFT) were counted in histological sections according to
previously published methods27 from inferior parietal lob-
ule (IPL), superior and middle temporal gyri, and hip-
pocampus. APOE was determined post mortem in all
cases.28

All tissue sections were dissected at the time of au-
topsy and kept frozen at 280°C until used. Lipids from
specimens of hippocampus at the level of the lateral
geniculate nucleus, superior and middle temporal gyri,
IPL, and cerebellar cortex were extracted by the method
of Folch.15 D2/E2-IsoPs and D4/E4-NPs esterified in tissue
were converted to O-methyloxime derivatives in Folch
solution. IsoPs and NPs were hydrolyzed by chemical
saponification, extracted using C-18 and silica Sep-Pak
cartridges, purified by thin layer chromatography, con-
verted to pentaflurobenzyl ester trimethylsilyl ether deriv-
atives, and quantified by stable isotope dilution tech-
niques using gas chromatography/negative ion chemical
ionization/mass spectrometry using [2H4]-8-iso-PGF2a

and [2H4]-PGE2 as internal standards as previously de-
scribed.22 The derivatized D/E-ring IsoPs or NPs co-
migrate on silica thin layer chromatography plates and
GC and had identical masses, therefore the levels of
these isomers are reported as combined values. AA and
DHA concentrations were determined as previously de-

Figure 1. Diagram of reaction pathways and chemical structures for F-ring
and D/E-ring IsoPs and NPs.
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scribed.29 Briefly, a 1-ml aliquot of Folch extract from
each tissue sample was transmethylated and the total
fatty acid composition quantified using gas chromatog-
raphy with flame ionization detection.

Statistical analyses were preformed using GraphPad
Prism software (San Diego, CA). Student’s t-tests was
used for paired comparisons. All two-way analyses of
variance (ANOVA) were used for data stratified by AD
versus control and by four brain regions (1 3 3 degrees
of freedom). One-way ANOVA with Bonferroni’s repeated
comparison correction was used for post hoc analysis.
Spearman’s ranked correlation was used for discontinu-
ous data such as Braak stage and APOE genotype.

Results

Table 1 presents information on the 20 individuals in-
cluded in this study. Age, gender, and post mortem
intervals were not significantly different between the two
groups. Control individuals had an APOE e4 allele fre-
quency that is similar to the general population. AD pa-
tients had an APOE e4 allele frequency that was in-
creased compared to controls, but within the expected
range for AD patients.30 AD patients had characteristic
average disease duration, as well as significantly lower
brain weights than controls (P , 0.05).

AA and DHA levels were quantified in Folch extracts of
frozen superior and middle temporal gyri, hippocampus,
IPL, and cerebellar cortex from the AD patients and con-
trols described in Table 1. Overall, AA and DHA were
7.7 6 0.4% and 14.3 6 0.4%, respectively, of total fatty
acids. Two-way ANOVA showed no effect of disease or
brain region on AA concentrations. Two-way ANOVA for
DHA tissue levels also showed no significant variance
with disease, but there was significant variance with brain
region (P , 0.01). The hippocampus had the lowest
concentrations of DHA (12.0 6 0.2% of total fatty acids)
whereas the IPL had the highest (15.5 6 0.4% of total
fatty acids).

F4-NPs were by far the most abundant of the com-
pounds measured, having an overall average (all individ-
uals, all regions) level of 13.7 6 0.8 ng/g. The corre-
sponding overall average level of F2-IsoPs was 4.9 6 0.3
ng/g, 2.8-fold less than F4-NPs. Levels of D/E-ring IsoPs
and NPs were the lowest, averaging 1.5 6 0.1 ng/g and
1.4 6 0.2 ng/g, respectively. Tissue levels of F2-IsoPs did
not correlate with F4-NPs concentrations. In addition, tis-
sue levels of F-ring compounds did not correlate with the
concentration of the corresponding D/E-ring compounds.

Levels of F-ring plus D/E-ring compounds were deter-
mined to assess the magnitude of free radical damage to
AA and DHA. Two-way ANOVA for tissue levels of NPs

was performed after stratifying data by the presence of
AD and by brain region (Figure 2A). Tissue levels of F-
plus D/E-NPs were significantly higher in AD patients
versus controls (P , 0.0001), and were significantly as-
sociated with brain region (P , 0.05), a consequence of
NPs being higher in cerebral cortical regions than in
cerebellum of AD patients. An analogous two-way
ANOVA for tissue levels of F-ring plus D/E-ring IsoPs was
not significant for presence of AD or brain region (P .
0.05). Two-way ANOVA’s for only F-ring compounds were
significant for AD versus control for both F4-NPs (P ,
0001) and F2-IsoPs (P , 0.05); however, only the F4-NPs
were significantly associated with brain region (Figure
2B). Although D4/E4-NP tended to be greater in AD pa-
tients than in controls, two-way ANOVA for D4/E4-NP was

Table 1. Characterization of AD Patients and Controls

n Age (yr) M:F
Disease duration

(yr)
Postmortem
interval (hr) Brain weight (g)

% of APOE
alleles as e4

AD 9 78.1 6 2.7 4:5 8.1 6 1.1 2.6 6 0.2 1091 6 41* 61%
Control 11 80.7 6 2.5 5:6 NA 2.7 6 0.2 1220 6 40 18%

*P , 0.05 compared with controls.

Figure 2. Tissue levels of total NPs (F-ring plus D/E-ring compounds) (A) or
F4-NPs and F2-IsoPs (B) were stratified by brain region for AD patients and
controls. Values are means 6 SEM. A: Two-way ANOVA for total NP’s was
significant for AD patients versus controls (P , 0.0001) and for brain region
(P , 0.05). Repeated pairs analysis with Bonferroni’s correction showed that
total NP’s were significantly greater in cerebral cortical regions in AD patients
compared to controls (*, P , 0.05). B: Two-way ANOVA of tissue levels of
F-ring compounds were significantly different between AD patients and
controls for both F4-NPs (P , 0001) and F2-IsoPs (P , 0.05); however, only
the F4-NPs were significantly associated with brain region (P , 0.05).

Isoprostanes and Neuroprostanes in AD 295
AJP January 2001, Vol. 158, No. 1



not significant for AD or brain region. Similarly, D2/E2-
IsoPs were not statistically significant different with re-
spect to AD or brain region.

The ratios of F-ring to D/E-ring compounds were com-
puted for IsoPs and NPs to assess the reducing environ-
ments in which free radical damage to AA and DHA
occurred. Overall, the average F2- to D2/E2-IsoP ratio was
4.1 6 0.3, a value significantly lower than the correspond-
ing F4- to D4/E4-NP ratio of 17.5 6 1.7 (P , 0.0001).
Two-way ANOVA for the F4- to D4/E4-NP ratio was highly
significant for AD (P , 0.005, Figure 3), but not brain
region. Indeed, all four brain regions in AD patients had a
lower F4- to D4/E4-NP ratio than controls; these differ-
ences were statistically significant for superior and mid-
dle temporal gyri, IPL, and cerebellar cortex, (P , 0.05)
but not hippocampus. Neither AD nor brain region signif-
icantly contributed to the variance in IsoP ratios.

The levels and ratios of IsoP and NPs in different brain
regions did not correlate with neuritic plaque or neurofi-
brillary tangle density in the same brain region, Braak
stage, or APOE genotype (n 5 20, r , 0.4, and P . 0.1 for
all comparisons).

Discussion

We tested the hypothesis that free radical damage to lipid
in gray matter from AD brain is concentrated in DHA-
containing rather than AA-containing compartments. In
addition, we quantified F-ring to D/E-ring ratios of IsoP
and NPs, a reflection of the reducing environment in
which IsoPs and NPs are formed, in different regions of
AD brain. Our results showed that the DHA-containing,
but not AA-containing, compartments in AD cerebrum
undergo significantly increased free radical damage
compared to controls, and suggest that the DHA-contain-
ing compartments in AD brain may be more susceptible
to free radical damage because of diminished reducing
capacity. This is the first study to quantify isomers of
IsoPs and NPs in tissue. This initial study concentrated on
AD because it is a brain disease that derives important
contributions from lipid peroxidation, and that has had

lipid peroxidation localized to neurons. The methods
used here also can be used to investigate other diseases
of brain that are thought to derive significant contributions
from lipid peroxidation.

The lack of difference in total IsoP levels between AD
patients and age-matched controls indicated that gray
matter did not experience significantly more lipid peroxi-
dation in AD patients compared to age-matched controls.
However, neurons are only one component of gray mat-
ter. Our results with total NP levels indicated that the
subset of gray matter that contains DHA did experience
increased levels of free radical damage in AD patients
compared to controls. In combination, these results sug-
gest that free radical damage in AD is focused in DHA-
containing compartments, mostly neurons, and is not
evenly distributed within gray matter.31 Moreover, our
results showed that increased free radical damage to
DHA occurred in cerebral cortex and hippocampus but not
cerebellar cortex. It should be noted that this regional dis-
tribution of elevated NPs, although expected if one pro-
poses that free radical damage is an element in AD patho-
genesis, is different from what was observed by others.17

Corroborating the report of others, we observed signif-
icantly elevated F2-IsoPs in AD brain regions compared
to controls.16 Furthermore, this result is consistent with
our earlier observations of significantly elevated F2-IsoPs
in the cerebrospinal fluid of definite and probable AD
patients compared to controls.13–15 However, if the ele-
vation in F2-IsoPs in AD derived exclusively from the
same compartment as the more dramatically elevated
NPs, one would predict a similar shift in the F-ring to
D/E-ring ratio in IsoPs as was observed with NPs. Be-
cause there was no significant change in the F2-ring to
D2/E2-ring ratio, it seems likely that a smaller amount of
lipid peroxidation may occur in tissue elements other than
neurons, eg, reactive astrocytes or activated microglia, in AD.

Reports on the concentrations of glutathione and other
cellular reductants in AD have been conflicting.1 This is
an important issue to resolve because cellular reductants
play an important role in anti-oxidant defenses, and
would offer an accessible therapeutic target in AD. The
40 to 70% decreases in F-ring to D/E-ring NP ratio in AD
patients with unchanged IsoP ratio indicated that DHA-
containing compartments had significantly diminished re-
ducing capacity in AD. In contrast, recent in situ data has
demonstrated increased reductants in neuronal cyto-
plasm in regions of brain involved by AD.32 One interpre-
tation of these apparently conflicting results is that reducing
capacity may vary among different microenvironments
within tissue and even within neurons. Our data indicates
that reducing capacity is diminished within DHA-contain-
ing microenvironments in AD brain, but cannot be extrap-
olated to include other subcellullar compartments, eg,
neuronal cytoplasm.

It is important to note that the F-ring to D/E-ring NP ratio
was lower in all AD brain regions including cerebellar
cortex. However, the levels of NPs were elevated only in
cerebral regions and not in cerebellar cortex. This com-
parison suggests that the lowered reducing capacity in
DHA-containing compartments in AD brain is not neces-
sarily a consequence of increased free radical damage.

Figure 3. The ratio of tissue levels of F4-NPs to D4/E4-NP’s was stratified by
brain region for AD patients and controls. Values are means 6 SEM. Two-
way ANOVA was significantly different for AD versus control (P , 0.005), but
not for brain region. Repeated pairs analysis with Bonferroni’s correction
showed that the F4-NP to D4/E4-NP ratio was significantly reduced in cerebral
cortical regions and cerebellum of AD patients compared to controls (*, P ,
0.05).
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Moreover, because cerebellar cortex is not considered a
site for AD pathological changes, our results raise the
possibility that diminished reducing capacity in DHA-
containing compartments may be a feature of patients
who are vulnerable to developing AD and not an outcome
of AD pathological changes.

Although our data showed that there was no significant
difference in the concentration of DHA or AA in the brain
regions studied between AD patients and controls, it is
possible that the cellular or subcellular distribution of
DHA or AA is somehow altered by AD or by reactions to
injury, such as gliosis or microgliosis. If this were the
case, then interpretation of our data would be compli-
cated by differential distribution of substrate in controls
and AD patients. Nevertheless, our data would still indi-
cate that DHA, a fatty acid essential to proper neuronal
function, is significantly oxidized in AD cerebrum and that
this may derive, in part, from decreased reducing capac-
ity in certain lipid microenvironments in AD. However, the
possibility of significant DHA redistribution in AD seems
unlikely to be a major confounding variable because our
results are entirely consistent with numerous histochem-
ical and immunohistochemical reports localizing in-
creased accumulation of lipid peroxidation products in
neurons. The advantage of our complimentary approach
is that it allows an unbiased, robust quantification of these
events. Such quantification will be critical to future stud-
ies that attempt to determine the efficacy of therapeutic
interventions that limit lipid peroxidation to brain in AD.
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