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Summary

Oxidative stress is thought to play a major role
in the pathogenesis of Alzheimer’s disease (AD).
Although there is strong post-mortem and experi-
mental evidence of oxidative damage occurring
in AD brains, the use of markers in the peripheral
circulation to show oxidative stress is less convin-
cing. We examined plasma from AD patients for
markers of increased oxidative stress. We report
elevated levels of 4-hydroxy-nonenal (4-HNE) in
AD patients compared to controls (median 20.6,
IQR 6.0–25.2 vs. 7.8, 3.3–14.5 mmol/l, respect-
ively; p ¼ 0.001) but not malondialdehyde (MDA),
and lower levels of ascorbate in AD plasma when

compared to age-matched controls (9.9, 6.0–33.7
vs. 24.2, 13.9–48.6 mmol/l; p-0.05). Levels of
4-HNE in AD patients were inversely related to
ascorbate (r ¼�0.337; p ¼ 0.07) and Folstein Mini-
Mental State Examination (MMSE) (r ¼�0.474;
p ¼ 0.015). The concentration of protein sulphy-
dryls, free-radical scavengers, was directly related
to the MMSE result (r ¼ 0.427; p ¼ 0.03). Increased
production of 4-HNE indicates increased oxidative
stress (lipid peroxidation), which is not evident
using the more common marker MDA. This eleva-
tion of 4-HNE was related to the degree of
cognitive impairment (MMSE).

Introduction

The clinical features of Alzheimer’s disease (AD)
are coupled with a progressive loss of neurones
in several different regions of the brain. One theory
on the pathogenesis of AD postulates that neuro-
degeneration is the result of oxidative stress and
damage to vulnerable cerebral tissues. The brain has
a high lipid content and poor antioxidant defences.
In addition, a high metabolic rate and an abund-
ant supply of the necessary transition metals, make
the brain an ideal target for free radical attack.

Free radicals are compounds possessing an
unpaired electron, which renders them highly
reactive and capable of causing oxidative damage
to all the major macro-molecules in cells, including
lipids, proteins and nucleic acids. A major family of
free radicals is the reactive oxygen species, derived
metabolically from molecular oxygen via the super-
oxide anion. Oxidative attack on proteins results in

the formation of protein carbonyls, often with loss
of functionality of the parent protein. Free radicals
can attack polyunsaturated fatty acids in cell-
membrane phospholipids, resulting in the formation
of lipid peroxides which can then fragment to
numerous small compounds which may be meas-
ured to assess lipid peroxidation. Two of these
compounds, MDA and 4-HNE, are accepted routine
methods of assessing lipid peroxidation.

Under normal circumstances, the brain is pro-
tected from such damage by a careful balance
between pro-oxidant and antioxidant mechanisms
which include antioxidant enzymes and free-
radical-scavenging chemicals such as ascorbate,
vitamin E and protein sulphydryls. In AD, this
balance appears to be disturbed, with patho-
logical studies of biopsy and post-mortem cerebral
tissue reporting excess DNA oxidation,1 protein
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oxidation2,3 and lipid peroxidation,4,5 and increased
activity of the antioxidant enzyme superoxide
dismutase (SOD).1

Oxidative stress tends to be highly compart-
mentalized, and it is usually impossible to access
affected tissue directly in living subjects. Evidence
of oxidative stress from examining effects in the
systemic circulation of AD patients has been less
conclusive. There are reports of increased DNA
oxidation in the leucocytes of AD patients,6 along-
side reports of altered activity of free radicals and
SOD activity in plasma,7,8 and lowered antioxidant
activity.9,10

A major limitation of assessing oxidative stress
by examining markers in the peripheral circulation
is that it gives a global assessment, with no indica-
tion as to the actual site of the oxidative stress.
There is strong evidence to support the hypothesis
that, within the CNS, beta amyloid protein (Ab) is
the source of this oxidative stress, with evidence of
cytotoxic activity in neural and endothelial cell
cultures.11 These findings have given weight to the
proposal that oxidative stress plays a key role in
disease development, and may involve Ab protein
and the brain microvasculature. We postulated
that if oxidative stress were a core mechanism of
AD, with involvement of the microvasculature, then
effects of this excess oxidation would be measur-
able in the circulation. We examined the serum
from AD patients for evidence of increased oxida-
tive damage to lipids and proteins, and assessed
antioxidant status.

Methods

Patients

We recruited 29 patients (18 female) from the
memory clinic at the Belfast City Hospital. Patients
were diagnosed using the NINCDS-ADRDA cri-
teria12 and were diagnosed as probable Alzheimer’s
disease, with Folstein Mini-Mental State Examina-
tion (MMSE)13 scores ranging from 7 to 24. A full
medical history was taken, and physical exam-
ination performed, and patients with evidence of
other significant medical problems were excluded.
All patients and controls had a nutritional assess-
ment, consisting of both anthropometric measure-
ments and a dietary history.14 Subjects were
excluded if they were considered to be malnour-
ished on the dietary assessment (-19), or if the
subject was taking antioxidant supplements.

The control population was recruited from
local retirement clubs and from the Department
of Podiatric Medicine, Queens University of
Belfast. Healthy subjects (n ¼ 46, 28 female) were

age-matched, underwent a medical history and
examination, scored )29/30 on the Folstein MMSE
and were on no regular medication. Both patients
and controls had laboratory analysis of urea and
creatinine, liver function tests, fasting lipids and
thyroid function tests. The nature and purpose of the
study was explained to all participants, and to the
relatives/carers of AD patients, prior to consent
being given. The study was approved by the ethical
committee of Queens University Belfast.

Assays

Protein assay used a Sigma Diagnostics kit. Assay of
malondialdehyde and 4-hydroxy nonenal used an
LPO-586 kit from Calbiochem. Total cholesterol
was analysed using enzymic kits from Boehringer
Mannheim. Biuret kits for the assay of total protein
were from Randox Laboratories.

Sample collection and treatment

The sampling protocol was designed to minimize
oxidation after collection. Venous blood (20 ml)
was collected from subjects and divided between
a heparinized tube and a tube containing EDTA.
Samples were gently mixed, packed in ice and pre-
pared immediately. All samples were maintained
at 4 8C throughout preparation. The heparinized
and EDTA-containing bloods were centrifuged at
3000 g for 10 min at 4 8C. Heparinized plasma
was aliquoted and set aside for analysis of protein
sulphydryls and protein carbonyls. For analysis of
carbonyls, 500 ml plasma was mixed with 50 ml
0.2% (w/v) ethanolic butylated hydroxy toluene
(BHT) as antioxidant. Plasma containing EDTA was
aliquoted and set aside for analysis of ascorbate,
MDA, 4-HNE and vitamin E. For analysis of
ascorbate, 500 ml plasma was mixed with 500 ml
10% (w/v) aqueous metaposphoric acid and cen-
trifuged at 3000 g for 5 min at 4 8C. The super-
natant was removed and set aside for analysis.
For analysis of MDA and 4-HNE, 500 ml plasma
was mixed with 50 ml 0.2% (w/v) ethanolic BHT.
All samples were stored at �80 8C and analysed
within 4 weeks.

Biochemical analyses in plasma

Total protein was determined using a commercially-
available biuret method. MDA and 4-HNE were
determined by a commercially-available assay
based upon the method of Esterbauer and
Cheeseman,15 and the results were expressed
as mmol/l. In brief, preformed malondialdehyde
and 4-HNE were reacted with N-methyl-2-phenyl-
indole and methanesulfonic acid. Substitution of
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methanesulfonic acid with 12 M HCl allows
measurement of MDA alone. Total cholesterol
was measured enzymically using a commercially-
available kit. Total plasma protein sulphydryls
and protein carbonyls were assayed spectrophoto-
metrically.16,17 Protein carbonyl and sulphydryl
results were expressed as mmol/g per g of protein.
Ascorbate was measured by HPLC as described by
Inyama et al.18 Vitamin E was measured by HPLC
according to the method of Hatam and Kayden,19

standardized for the concentration of cholesterol
and expressed as mmol per mmol cholesterol.

Statistical analysis

Data were analysed using the SPSS package.
Normality of distribution of the data was assessed
using the Normal plot method. Values for ascorbate
and HNE were not normally distributed. Compar-
isons for these two compounds were done using
a Mann-Whitney test, and results were expressed
as median (IQR) values. The remaining variables
were normally distributed and comparisons were
made using a non-paired t test with results expres-
sed as mean"SD. Pearson’s correlation was app-
lied to determine the correlation between plasma
4-HNE and other markers of oxidative stress
and scavengers. Significance was determined by
linear regression. A p value of -0.05 or less was
considered significant.

Results

Patients

The clinical characteristics of the study group are
shown in Table 1. A dietary assessment of both
groups revealed a significantly lower score for AD
patients compared to controls, 24.26"2.86 vs.
27.72"1.71, respectively (p-0.05), indicating a

higher risk of malnutrition. This was present despite
similar BMI scores: 25.2"4.4 and 26.6"3.9 for AD
patients and controls, respectively. There was no
significant difference between the groups for any of
the other parameters assessed, including sex.

Serum analysis

Measures of oxidation in serum showed signific-
antly elevated levels of 4-HNE in AD patients com-
pared to controls: median 20.6 (6.0–25.2) vs. 7.8
(3.3–14.5) mmol/l, respectively, p ¼ 0.001 (Figure 1,
Table 2). The other measure of lipid peroxidation
used in this study, MDA, showed no elevation in
AD patients. There was no significant difference
observed in carbonyls, the measure of protein
oxidation (Table 2). Measurement of serum anti-
oxidants demonstrated a significantly lower level
of ascorbate in AD patients compared to controls,
9.9 (6.0–33.7) vs. 24.2 (13.9–48.6) mmol/l, respect-
ively (p-0.05) (Figure 2, Table 3). No difference
was observed in levels of vitamin E or protein
sulphydryls (Table 3). Plasma levels of 4-HNE in

Figure 1. Plasma 4-hydroxynonenal (4-HNE) concen-
trations in Alzheimer’s disease patients and controls.
Scatter plot showing median value (horizontal bar).
p ¼ 0.001.

Table 1 Patient and control characteristics

Alzheimer’s disease Controls p

n 29 46
Sex (M/F) 11/18 18/28
Age (years) 74 (56–87) 73 (63–86) 0.94
Body mass index (kg/m2) 25.2"4.4 26.6"3.9 0.27
Systolic blood pressure (mmHg) 148"18 153"12 0.22
Diastolic blood pressure (mmHg) 82"8 85"8 0.22
Fasting cholesterol (mmol/l) 5.94"1.03 6.00"1.13 0.82
Mini-Nutritional Assessment 24.26"2.86 27.71"1.71 -0.05*
Folstein Mini-Mental Score 7–24 )29 -0.001*

Figures for age are means with range; remaining parameters are means"SD. *Significant at p-0.05.
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AD patients demonstrated a degree of inverse cor-
relation with plasma ascorbate levels (r ¼�0.337;
p ¼ 0.07) and with MMSE (r ¼�0.474; p ¼ 0.015).
Also in AD patients, total plasma sulphydryls
demonstrated a positive correlation with MMSE
(r ¼ 0.427; p ¼ 0.03). These correlations were not
seen in healthy controls.

Discussion

There are numerous reports of excess oxidation
within the brain of AD patients, but outside the
CNS, the evidence is less definite. Blood compon-
ents have been widely examined for evidence
of a systemic oxidative effect, with changes in

membrane fluidity,20 platelet activation21 and more
specifically, reports of leukocyte oxidation.6

We have now found evidence of lipid peroxida-
tion in the serum of patients with AD, with
significantly higher levels of 4-HNE, an aldehydic
product of lipid peroxidation. An important obser-
vation was that the concentration of 4-HNE in
patients was related to the degree of cognitive
impairment. Although 4-HNE levels were higher,
other measures of lipid peroxidation (MDA) and
protein oxidation (carbonyls) were not elevated in
AD patients. Other studies have failed to show any
difference in serum MDA in AD.10,22,23 The type
of assay commonly used may account for this
discrepancy, as often no specific breakdown prod-
uct is measured, and results are given as total
thiobarbituric-acid-reacting substances (TBARS).
We have found a specific elevation of 4-HNE,
which might not have been detected if this general
method was used. Elevated levels of 4-HNE have
been reported in the brain tissue24 and ventricular
fluid of AD patients.25 In addition, HNE has been
identified in the amyloid component of senile
plaques.26 The effects of this compound have
been the focus of much recent research. 4-HNE
has been shown to accumulate in areas of oxidative
stress, with evidence that it inhibits DNA and RNA,
and inactivates and modifies enzyme systems.27

We know from functional studies that the blood-
brain barrier (BBB) is grossly intact in patients with
AD,28,29 but there are several reports of abnormal
small-vessel structure, particularly affecting the
endothelium, which could affect BBB function.30,31

This might contribute to the presence of oxidative

Table 2 Plasma markers of oxidative stress in Alzheimer’s disease patients and controls

Alzheimer’s disease Controls p

n 29 46
Carbonyls (mmol/g protein) 0.58"0.25 0.55"0.2 0.52
MDA (mmol/l) 5.97"2.37 5.32"1.50 0.16
4-HNE (mmol/l) 20.65 (6.02–25.20) 7.80 (3.35–14.50) 0.001*

MDA, malondialdehyde; 4-HNE, 4-hydroxynonenal. Figures for carbonyls and MDA are means"SD; figures for 4-HNE are
medians (IQR). *Significant at p-0.05.

Table 3 Plasma levels of antioxidants in Alzheimer’s disease patients and controls

Alzheimer’s disease Controls p

n 29 46
Ascorbate (mmol/l) 9.9 (6.0–33.7) 24.2 (13.9–48.6) 0.04*
Vitamin E (mmol/mmol cholesterol) 4.08"0.90 4.47"1.39 0.21
Sulphydryls (mmol/g protein) 3.74"0.96 3.87"1.05 0.60

Figures for ascorbate are medians (IQR); figures for vitamin E and sulphydryls are means"SD. *Significant at p-0.05.

Figure 2. Plasma ascorbate concentrations in Alzhei-
mer’s disease patients and controls. Scatter plot showing
median value (horizontal bar). p ¼ 0.04.
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products in the systemic circulation, and changes in
blood components that are in contact with the
altered microvasculature.

In tissue culture, 4-HNE has shown evidence of
cytotoxicity and induction of chromosomal abnor-
malities at concentrations previously found in
biological specimens.32 Specifically in AD, 4-HNE
has been implicated in mediating the neurotoxic
effects of Ab peptide.33 This theory has been
supported by the finding of 4-HNE in association
with amyloid deposits in AD.26 All of this points to
4-HNE having a significant role in mediating
oxidative stress reactions. The elevated levels of
4-HNE in our study emphasize the importance of
lipid peroxidation as an important reaction in
Alzheimer’s disease.

Serum levels of ascorbate were significantly
lower in AD patients than in controls, but vitamin E
was not different. A larger study of 79 AD patients
showed both vitamin E and ascorbate (as well
as other antioxidant measures) to be significantly
lower in AD patients, although the vitamin E levels
were not corrected for cholesterol.9 In addition,
this study failed to make any assessment of dietary
intake in their subjects. Most studies exclude
patients considered to be malnourished, and this
is often decided on the basis of body mass index
scores or plasma proteins and haemoglobin levels.
We have used a Mini-Nutritional Score (MNA) on
all subjects, which details both anthropometric
measures, and a dietary history, to exclude patients
who were considered to be malnourished.14 The
scale is simple to use in this population, although
input from a carer is essential in cognitively
impaired patients. Despite similar BMI scores, AD
patients had significantly lower scores in their
MNA, indicating that AD patients had specifically
lower scores in the ‘general assessment’ part, which
includes dependency levels, a medical history,
and the dietary history. The majority of AD patients
in this study were living at home with a carer who
was responsible for the preparation of food. Thus
no significant change in their dietary habits was
evident as a result of the disease process. Like other
similar studies into dietary antioxidants in AD,
it remains difficult to ascertain whether any
change is a consequence of the disease process
with ascorbate being consumed during scavenging
of free radicals, a change in dietary intake, or a
predisposing factor in the development of AD. The
finding of lower MNA scores in this group of AD
patients suggests dietary deficiency, but we believe
this only partly explains the deficiency. Another
scavenger measured in this study was protein
sulphydryls. While these were not elevated, their
levels in AD patients were positively correlated with
the degree of cognitive impairment, which would

support the role of increased radical activity and
scavenging/consumption.

The exact role of 4-HNE in the AD brain has yet
to be established, but it is acknowledged that
4-HNE is a highly toxic compound capable of caus-
ing extensive lipid membrane damage. Kruman et al.
have shown that 4-HNE mediates oxidative stress
induced neuronal apoptosis.34 This effect was not
seen with other aldehydic products of lipid per-
oxidation. Antioxidants prevent apoptosis induced
by oxidative stress, but they have no effect when
preformed 4-HNE is added.34 Glutathione, by
binding 4-HNE, inhibits this apoptosis. Mark et al.
have shown that 4-HNE is involved in the disrup-
tion of ion homeostasis and neuronal cell death
induced by amyloid b peptide.35 Page et al. have
shown that 4-HNE specifically inhibits the NF-kB/
Rel system. This may contribute to inflammatory/
degenerative diseases.36 There is evidence to sug-
gest that ascorbate plays a role in maintaining
levels of glutathione.37 It is possible that lower
levels of ascorbate in AD could contribute to lower
glutathione levels and a resultant failure to detoxify
accumulating 4-HNE. This would lead to a further
cascade of oxidative damage. Thus the combination
of low levels of ascorbate related to high levels of
4-HNE are important findings in light of the mount-
ing evidence that oxidative stress plays a key role
in the development of Alzheimer’s disease. This is
reinforced by the positive relationship between high
levels of 4-HNE and impaired cognitive function.
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