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Prolyl endopeptidase (PEP, EC 3.4.21.26) is widely distributed in various organs, particularly in the
brains of amnestic patients. Evaluation of PEP levels in postmortem brains of Alzheimer’s disease
patients revealed significant increases in PEP activity, suggesting that a specific PEP inhibitor can
be a good candidate for an antiamnestic drug. In this study, mono- and polyunsaturated fatty acids
were investigated to determine their role as PEP inhibitors. Oleic, linoleic, and arachidonic acids,
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) showed PEP inhibitory activities
(IC50 values of 23.6 ( 0.4, 43.8 ( 1.8, 53.4 ( 1.2, 99.4 ( 1.2, and 46.2 ( 1.0 µM, respectively),
indicating that they were effective PEP inhibitors, with inhibition constant (Ki) values of 26.7 ( 0.3,
51.0 ( 0.7, 91.3 ( 3.1, 247.5 ( 2.6, and 89.0 ( 2.3 µM, respectively. Oleic acid showed the highest
PEP inhibitory activity. Dixon plots of PEP inhibition showed oleic, linoleic, and arachidonic acids,
EPA, and DHA are noncompetitive inhibitors; despite higher IC50 values of these unsaturated fatty
acids than strong natural inhibitors, they may have potential use in preventing memory loss.
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INTRODUCTION

Mental illness in elderly people has been found to be
associated with poor diet. In particular, deficiency of micro-
nutrients such as vitamins B1, B2, B6, B12, and folate, frequently
described in elderly people, is associated with cognitive impair-
ment (1). Studies showed that a diet rich in antioxidants such
as vitamins C and E and polyphenols can help reduce the risk
of dementia by eliminating harmful free radicals and decreasing
the level of oxidative stress (2, 3). Although few data are
available on the role of macronutrient intake in age-related
cognitive decline, several findings suggest that saturated and
unsaturated fatty acids also affect age-related memory loss in
elderly people; diets rich in meat and dairy products, e.g., diets
high in saturated fatty acid and cholesterol, increased the risk
of dementia (4), whereas the reverse was observed with mono-
and polyunsaturated fatty acid intakes (5, 6). Similarly, Morris
et al. (7) reported that a high intake of monounsaturated fat
and a high ratio of polyunsaturated to saturated fat intake were
inversely related to the risk of cognitive decline among elderly
people.

The Mediterranean diet pattern practiced by an elderly
population in southern Italy, which is based on complex
carbohydrates, fiber, and nonanimal fat, appears to protect
against age-related cognitive decline (5). The mean consumption

of olive oil (46 g/day) in the diet was particularly high, with a
clear reduction of the age-related cognitive decline risk found
only in population samples with a high intake of olive oil (>100
g/day) (8). This protective effect is attributed to the high oleic
acid content of olive oil.ω-3 Polyunsaturated fatty acids in fatty
fish such as salmon, tuna, and mackerel were also found to
protect the brain against mild deterioration in memory or
intellectual functioning associated with the aging process (7,
9); intake of marineω-3 polyunsaturated fatty acids such as
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)
reduced the risk of the impairment of cognitive function and
speed (6), suggesting that mono- and polyunsaturated fatty acids
such as oleic acid, DHA, and EPA play important roles in the
protection of age-related cognitive decline.

Prolyl endopeptidase (PEP, EC 3.4.21.26, also referred to as
prolyl oligopeptidase), widely distributed in various organs,
particularly in the human brain, is classified as a serine protease
based on its inhibition by diisofluorophosphate and to a lesser
extent by phenylmethylsulfonylfluoride (10). PEP cleaves
peptide bonds on the carboxylic sides of prolyl residue within
the polypeptides of less than 30 amino acids such as vasopressin,
substance P, and thyrotropin-releasing hormone (10-13).
Evaluation of the PEP levels in postmortem brains obtained from
Alzheimer’s disease patients revealed significant increases in
the enzyme activity, suggesting that PEP plays a functional role
in amyloidgenesis in the brain (10, 14). Some natural and
synthetic PEP inhibitors showed dose-dependent cognition-
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enhancing activities in rats with scopolamine-induced amnesia
(10). Thus, a specific PEP inhibitor can be a good candidate
for antiamnestic drugs for curing memory loss and neuropatho-
logical disorders.

Several synthetic PEP inhibitors (Ono-1603, JTP-4819, and
S-17092-1) have entered clinical trials as cognitive enhancers
(15). S-17092 as revealed by pharmacodynamic and pharma-
cokinetic studies showed a potent dose-dependent inhibitory
effect on plasmatic PEP and improved performance in two
verbal memory tests in elderly healthy persons, indicating that
S-17092 is suitable for once-daily dosing without causing any
serious adverse side effects (15).

At present, drug treatments for Alzheimer’s disease are
primarily focused on treating the symptoms rather than prevent-
ing mental deterioration. Therefore, the objective of our work
was to search dietary sources for their potential health benefits
associated with age-related memory loss. Because their deficien-
cies have been linked with decreased memory loss and mental
abilities (16, 17), mono- and polyunsaturated fatty acids,
abundantly found in vegetable seeds and fatty fish, were studied
for the effects on PEP activity.

MATERIALS AND METHODS

Materials. PEP (fromFlaVobacterium meningosepticum) and its
substrate, benzyloxycarbonyl-glycyl-L-prolyl-p-nitroanilide (Z-Gly-Pro-
pNA), were purchased from Seikagaku Co. (Tokyo, Japan). Benzyl-
oxycarbonyl-L-prolyl-prolinal (Z-Pro-prolinal) as a positive control was
purchased from Biomol Research Laboratories Inc. (Philadelphia, PA).
All chemicals including sodium salts of oleic, linoleic, and arachidonic
acids, EPA, DHA, and solvents, either reagent or high-performance
liquid chromatography grade, were obtained from Sigma-Aldrich Co.
(St. Louis, MO).

Synthesis of N-Oleoylethanolamine.Oleic acid (50 mg, 0.18 mmol),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (41 mg, 0.21
mmol), and 1-hydroxybenzotriazole hydrate (29 mg, 0.21 mmol) were
dissolved in 4 mL of CH2Cl2 and stirred for 10 min, followed by the
addition of ethanolamine (13 mg, 0.21 mmol) and triethylamine (54
mg, 0.53 mmol). The reaction mixture was stirred for 15 min at room
temperature and added to a solution of 10 mL of CH2Cl2 and 10 mL
of H2O. The organic layer was successively washed with saturated
aqueous citric acid, H2O, saturated NaHCO3, and finally saturated brine.

The solution was treated with Na2SO4 anhydrous, and the solvent was
evaporated. Preparative thin-layer chromatography (CHCl3:MeOH )
10:1) gave 29 mg of N-oleylethanolamine (Rf 0.56 CHCl3:MeOH )
5:1). 1H NMR (400 MHz, CDCl3): δ 6.02 (1H, br s, NH), 5.31 (2H,
m, H-9, 10), 3.69 (2H, t,J ) 4.8 Hz, H-2′), 3.40 (2H, m, H-1′), 2.17
(2H, t, J ) 7.2 Hz, H-2), 1.97 (4H, m, H-8, 11), 1.60 (2H, m, H-3),
1.2-1.3 (20H, H-4-7,12-17), 0.85 (3H, t,J ) 6.8, H-18).13C NMR
(100 MHz, CDCl3): δ 174.37 (C-1), 129.91, 129.62 (C-9, 10), 62.53
(C-2′), 42.48 (C-1′), 36.71 (C-2), 31.94, 29.81, 29.76, 29.57, 29.37,
29.37, 29.31, 29.31, 29.18 (C-4-7, 12-16), 27.27, 27.23 (C-8, 11),
25.77 (C-3), 22.74 (C-17), 14.18 (C-18). The assignments were based
on HSQC, HMBC, and1H-1H COSY experiments.

PEP Inhibition Assay. UV-vis spectra were recorded on Varian
Cary 300 and Jasco V-530 spectrophotometers. The PEP activity was
assayed using the method of Yoshimoto et al. with minor modifications
(18-20). A mixture of 800µL of 0.1 M phosphate buffer (pH 7.0), 80
µL of 2 mM Z-Gly-Pro-pNA in 40% 1,4-dioxane, and 40µL of sample
solution (sodium salts of fatty acids; 1 mg/mL MeOH stock solution
diluted with 0.1 M phosphate buffer, pH 7.0) was preincubated at 37
°C for 10 min. The reaction was started by adding 80µL of 0.1 unit/
mL PEP in 0.1 M phosphate buffer (pH 7.0) at 37°C. After incubation
for 30 min, the amount of releasedp-nitroaniline of the solution (A)
was determined colorimetrically based on the absorbance at 380 nm.
The A380 value of the mixture containing 960µL of 0.1 M phosphate
buffer (pH 7.0) and 40µL of sample solution was separately measured
as mentioned above (B). A control was made by adding 40µL of 0.1
M phosphate buffer instead of 40µL of the sample solution used in A.
The percentage of inhibition was calculated using the following
equation: percentage of inhibition) [{A380 of control - (A - B)}/
A380 of control] × 100. Triplicate samples were analyzed, and IC50

values were determined graphically based on the curves of the enzyme
activity vs inhibitor concentration.

Figure 1. (A) UV−vis spectra for the production of p-nitroaniline. p-Nitroaniline was produced by reacting Z-Gly-Pro-pNA with PEP in 0.1 M phosphate
buffer (pH 7.0, 37 °C, and 10 min scanning interval). (B) Typical inhibition pattern of p-nitroaniline produced from the reaction of Z-Gly-Pro-pNA with PEP
in 0.1 M phosphate buffer (pH 7.0, 37 °C, and 2 min scanning interval) at 380 nm in the absence and presence of saturated fatty acid, sodium salts
of unsaturated fatty acid, and other compounds (8 µg/mL). (C) Plots of % activity remaining from the reaction of Z-Gly-Pro-pNA with PEP vs −log (oleic
acid). Each data point represents the average of triplicate measurements.

Table 1. IC50 and Ki Values of Mono- and Polyunsaturated Fatty Acids

compound IC50 (µM)a Ki (µM)a

oleic acid 23.6 ± 0.4 26.7 ± 0.3
linoleic acid 43.8 ± 1.8 51.0 ± 0.7
arachidonic acid 53.4 ± 1.2 91.3 ± 3.1
EPA 99.4 ± 1.2 247.5 ± 2.6
DHA 46.2 ± 1.0 89.0 ± 2.3

a Data are means ± SE of three separate experiments.
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Statistics.Intergroup comparisons of data were made using Enzyme
Kinetics Module (Add-on software for SigmaPlot 2000) from SPSS
Science (San Francisco, CA).

RESULTS AND DISCUSSION

The role of dietary fat in dementia is arousing much interest
(9). Studies have found that DHA deficiency can have marked
consequences, including retarded visual acuity, cognitive im-
pairment, cerebellar dysfunction, and various other neurological
disorders (16). Symptoms of Alzheimer’s disease, such as short-
term memory loss, depressed mood, and inability to sleep
(symptoms often found in the elderly), are markedly ameliorated
by treatment with an essential fatty acid preparation (SR-3)
containingω-3 (21). Among all human organs (excluding the
adipose tissue), the nervous system has the highest lipid content.
An adult brain is composed of 50-60% lipid on a dry weight
basis, 35% of which is accounted for by polyunsaturated fatty

acids (16,22). The fatty acid composition of the neuronal cell
membrane phospholipids reflects their intake in the diet; the
more kinked the unsaturated fatty acid is, the more space it will
take up when used as a building block of the cell membrane
phospholipids, thereby increasing the fluidity and, probably, the
functionality of the cell membrane (16).

Using oleic, linoleic,R-linolenic,γ-linolenic, and arachidonic
acids, EPA, and DHA, the relationships between mono- and
polyunsaturated fatty acids and the inhibitory activity of PEP,
which has been suggested to participate in the learning and
memory processes, as well as the effects of saturated fatty acids
(palmitic and stearic acids) and cholesterol on the activity, were
evaluated. Synthesized N-oleoylethanolamine (oleic acid residue
joined to ethanolamine through an amide link; see Materials
and Methods section) and commercial anandamide (arachidonic
acid residue joined to ethanolamine through an amide link) were
used to examine the possibility of carboxyl functional group in

Figure 2. (A) Lineweaver−Burk plots of PEP inhibition by oleic acid [in the absence (b) and presence of 13.1 (O), 19.7 (1), and 26.3 (3) µM oleic
acid]. (B) Secondary plot of intercepts (i) taken from Lineweaver−Burk plots vs oleic acid concentration. (C) Secondary plot of slopes (s) taken from
Lineweaver−Burk plots vs oleic acid concentration. (D) Dixon plots of PEP inhibition by oleic acid. [S] ) 0.1 (b), 0.12 (O), 0.14 (1), and 0.16 mM (3).
(E) Secondary plot of intercepts (i) taken from Dixon plots vs reciprocal of the Z-Gly-Pro-pNA concentration. (F) Secondary plots of slopes (s) taken from
Dixon plots vs reciprocal of the Z-Gly-Pro-pNA concentration.
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oleic and arachidonic acids playing a crucial role in the PEP
inhibitory activity.

Using Z-Gly-Pro-pNA as a substrate for the measurement of
PEP inhibitory activity, the amount of releasedp-nitroaniline
was determined colorimetrically at 380 nm.Figure 1A shows
the UV-vis spectra for the formation ofp-nitroaniline from
the reaction of Z-Gly-Pro-pNA with PEP at 10 min scanning
intervals. Theλmax of Z-Gly-Pro-pNA at 317 nm decreased,
whereas that ofp-nitroaniline at 380 nm increased. Z-Pro-
prolinal, a synthetic PEP inhibitor, was used as a reference
compound of the positive control (IC50 ) 2.19 nM) (19).

Upon preliminary examination of saturated and unsaturated
fatty acids at 8µg/mL for the inhibition of PEP, palmitic and
stearic acids showed little activities, whereas oleic acid showed
52.2( 1.3% inhibition (Figure 1B). Because high concentration
and high molecular weight of fatty acids resulted in solubility
problems, the sodium salt of oleic acid, which also showed PEP
inhibitory activity (57.1( 1.6%) at a similar level to that of
oleic acid, was examined. Sodium salts of linoleic acid,
arachidonic acid, EPA, and DHA (8µg/mL each) showed 15.9
( 0.3, 19.5( 2.0, 15.8( 0.3, and 15.5( 0.7% PEP inhibitory
activities, respectively (Figure 1B), whereas cholesterol,R- and
γ-linolenic acids (both forms of free acids and sodium salts),
N-oleoylethanolamine, and anandamide showed no inhibitory
activity (Figure 1B). Five unsaturated fatty acids (oleic, linoleic,
arachidonic acids, EPA, and DHA) showing more than 10%
PEP inhibition at 8µg/mL (Figure 1B) were further investigated
at various concentrations to determine their IC50 values. All acids
showed dose-dependent PEP inhibitory activities, with oleic acid
showing the most effective activity with an IC50 value of 23.6
( 0.4 µM; IC50 values of linoleic acid, arachidonic acid, EPA,
and DHA were 43.8( 1.8, 53.4( 1.2, 99.4( 1.2, and 46.2(
1.0 µM, respectively (Figure 1C and Table 1). Although
statistically significant, changes in the levels of PEP inhibitory

activity of oleic acid and other unsaturated fatty acids were
relatively low.

Lineweaver-Burk plots of the PEP inhibition by oleic acid
indicate that oleic acid is a noncompetitive inhibitor (Figure
2A). The secondary Lineweaver-Burk plots show a linear
relationship for both intercepts (i) vs oleic acid concentration
(Figure 2B) and slope (s) vs oleic acid concentration (Figure
2C). Dixon plots of the PEP inhibition by oleic acid also indicate
that oleic acid is a noncompetitive inhibitor with an inhibition
constant (Ki) value of 26.7µM (Figure 2D andTable 1). The
secondary Dixon plots show linear relationships between
intercepts (i) vs reciprocal of the Z-Gly-Pro-pNA concentration
and slope (s) vs reciprocal of the Z-Gly-Pro-pNA concentration
(Figure 2E,F, respectively).Figure 3A-D, which shows Dixon
plots of the PEP inhibition by linoleic acid, arachidonic acid,
EPA, and DHA, respectively, indicate that all examined
unsaturated fatty acids are noncompetitive inhibitors. The
inhibition constant (Ki) values of linoleic acid, arachidonic acid,
EPA, and DHA were 51.0( 0.7, 91.3( 3.1, 247.5( 2.6, and
89.0 ( 2.3 µM, respectively (Table 1).

Oleic acid showed the most effective PEP inhibition (Figure
1B), whereas saturated fatty acids (palmitic and stearic acids)
showed little inhibitory activity, which suggests that the double
bond in oleic acid (18:1,∆9) could play an important role in
PEP inhibition. Linoleic acid (18:2,∆9,12), arachidonic acid (20:
4, ∆5,8,11,14), EPA (20:5,∆5,8,11,14,17), and DHA (22:6,∆4,7,10,13,16,19)
showed lower PEP inhibition than oleic acid, andR-linolenic
acid (18:3,∆9,12,15) and γ-linolenic acid (18:3,∆6,9,12), both
forms of free acids and sodium salts, showed little PEP
inhibition. These results suggest that the position and number
of double bonds in the unsaturated fatty acids are responsible
for the inhibitory activity, although the exact mechanism
involved remains to be elucidated. N-oleoylethanolamine,
synthesized from oleic acid and ethanolamine to prepare the

Figure 3. (A) Dixon plots of PEP inhibition by linoleic acid, (B) arachidonic acid, (C) EPA, and (D) DHA. [S] ) 0.1 (b), 0.12 (O), 0.14 (1), and 0.16
mM (3).
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amide bond, showed little PEP inhibitory activity (Figure 1B),
suggesting that the carboxyl functional group in oleic acid also
could play a crucial role in the PEP inhibition. Anandamide
also showed no PEP inhibitory activity (Figure 1B), further
indication that carboxyl functional group in arachidonic acid
could be critical in the PEP inhibition. Our previous report on
two ginkgolic acids fromGinkgo bilobaalso suggested that
carboxyl functional group is important in the PEP inhibition
(19). These results suggest that not only the position of the
double bond but also the presence of carboxyl group in the
unsaturated fatty acids is responsible for PEP inhibition.

Although IC50 values of oleic, linoleic, and arachidonic acids,
EPA, and DHA (23.6-99.4µM) were higher than those reported
for strong natural inhibitors such as isotamaraxin (IC50, 0.25
µM) (23), ginkgolic acid (IC50, 0.62 µM) (19), staurosporine
(IC50, 0.77 µM) (24), and kinapsin-24 (IC50, 1.14 µM) (25),
they may have potential use in the prevention of memory loss.
Diets high in saturated fatty acids and cholesterol increased the
risk of dementia (4). On the other hand, an inverse relationship
was found between mono- and polyunsaturated fatty acid energy
intakes and age-related cognitive decline (5,6).

In summary, oleic acid showed the most effective PEP
inhibition with an IC50 value of 23.6( 0.4 µM and aKi value
of 26.7 ( 0.3 µM. Linoleic acid, DHA, and arachidonic acid
with respective IC50 values of 43.8, 46.2, and 53.4µM also
showed significant PEP inhibition. Increasing evidence shows
that a correct balance betweenω-3 andω-6 fatty acids in the
brain cell membranes is important for the maintenance of mental
health, and higher dosages ofω-3 fatty acid (2-4 g daily) may
ameliorate the symptoms of several psychiatric conditions (16).
The current western diet does not supplyω-3 andω-6 fatty
acids in the desired proportion of 1:4. Thus, a lack of the proper
balance of essential fatty acids, linoleic (ω-6) and linolenic (ω-
3) acids, may be playing a role in the dementia.

A high intake of monounsaturated fat and a high ratio of
polyunsaturated to saturated fat intake are inversely related to
the risk of cognitive decline (7). Therefore, consumption of oleic
acid rich in a typical Mediterranean diet, linoleic and linolenic
acids rich in vegetable seeds, and DHA and EPA rich in a fatty
fish diet is highly recommended to protect against mild
deterioration in memory and intellectual functioning.
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