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The inhibitory effects of saturated fatty acids with 4 to 18 carbon atoms on ADP-induced aggregation of
bovine platelets were investigated. The inhibitory effects of the acids increased with increase of their alkyl
chain length up to C,,. On the other hand, from C ¢ the inhibitory effects tended to decrease with increase of
chain length, and stearic acid (C,g) was not inhibitory. There was a linear relationship between the inhibitory
effects and alkyl chain lengths up to C,,. This linear relation and the slope of the linear regression line
suggested that the inhibitory effects of the acids depended on their partition into the membrane. The fatty
acids decreased the fluorescence of the surface charge probe 2-p-toluidinylnaphthalene-6-sulfonate, indicat-
ing that they increased the negative charge on the membrane surface. The relative effects of the acids on the
fluorescence were consistent with their relative inhibitory effects on aggregation. These results suggest that
the inhibition of platelet aggregation by saturated fatty acids is due to a change in the membrane surface

charge of the platelet plasma membrane.

Introduction

A variety of agents have been found to inhibit
platelet functions. Among these agents, non-
steroidal anti-inflammatory drugs such as aspirin
have been shown to act by inhibiting platelet
cyclo-oxygenase [1], and drugs such as pros-
taglandin I, by activating adenylate cyclase and
increasing the intracellular concentration of cAMP
[2]. There are many reports that besides these
reagents several amphiphilic substances, such as
long-chain unsaturated fatty acids and alcohols,
inhibit platelet functions [3-6]. Long-chain un-
saturated fatty acids, such as linoleic acid, at con-
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centrations much below their critical micelle con-
centrations inhibit platelet aggregation induced by
ADP or thrombin [3-5]. Their inhibitory effects,
like those of alcohols [6], seem to be related with
their effects in causing membrane perturbation
[4,5].

On the other hand, there are few works on the
effects of saturated fatty acids. Only stearic acid
and palmitic acid have been reported to have no
effects on aggregation of human platelets [4].
However, the effects of fatty acids with carbon
numbers of less than 16 are little known.

In this work we examined the inhibitory effects
of fatty acids with various alkyl chain lengths and
investigated the relationship between their inhibi-
tory effects and their chain lengths. We also tried
to clarify the mechanism of the effects of these
fatty acids especially in relation to the membrane
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surface charge or membrane fluidity. This work is
important not only with respect to the modifica-
tion of platelet functions by amphiphilic subs-
tances but also with respect to the interaction of
alkyl chains with the phospholipid layer of biologi-
cal membranes in general.

Materials and Methods

Materials. Diphenylhexatriene and the potas-
sium salt of 2-p-toluidinylnaphthalene-6-sulfonate
(TNS) were purchased from Sigma Chemical Co.
(St. Louis, MO). ADP was from Oriental Yeast
Co. (Tokyo, Japan). Fatty acids and all other
chemicals were purchased from Wako Pure Chem-
ical Industries (Osaka, Japan) or Nakarai Chemi-
cals Co. (Kyoto, Japan). Fatty acids were prepared
as aqueous solutions adjusted to pH 7.4 by adding
NaOH (up to C,) or as methanolic solutions (from
C,p) just before use.

Measurement of aggregation. Aggregation of
bovine (Holstein) blood platelets was measured as
described previously [5]. That is, a suspension of
platelets separated from plasma protein by centri-
fugation was mixed with 9 vol. of NaK-Tris
medium (137 mM NaCl, 54 mM KCl, 11 mM
dextrose, 25 mM Tris-HCI, adjusted to pH 7.4)
containing 1 mg/ml fibrinogen and various con-
centrations of fatty acids; the final platelet con-
centration was about 9- 10 /ul. After addition of
CaCl, at a final concentration of 0.5 mM, the
platelet suspension was preincubated with fatty
acids for 2 min. Then ADP was added and aggre-
gation was measured at 37°C in an aggregometer
RAM-11 (Rikadenki Kogyo, Co., Tokyo, Japan).
The effects of reagents on aggregation were ex-
pressed as maximum aggregations with the rea-
gents relative to that without reagents.

Measurement of fluorescence polarization. Fluo-
rescence polarization of diphenylhexatriene-labeled
bovine platelets was measured as described previ-
ously [5). Platelets at a concentration of about
9-10%/ul were incubated with 1 pM diphenyl-
hexatriene for 40 min. Diphenylhexatriene fluores-
cence in platelets was measured in a spectrofluo-
rometer 650-40 (Hitachi Seisakusho Co., Tokyo,
Japan) at 37°C. Fluorescence polarization was
determined as described previously [5,6).

Measurement of TNS fluorescence. TNS was em-

ployed as a probe to measure the surface potential
change in platelet membranes. TNS was added at
a final concentration of 5 uM to a platelet suspen-
sion as described above. The fluorescence was
measured in the spectrofluorometer described
above at 37°C using excitation and emission
wavelengths of 323 nm and 433 nm, respectively.
After 1-min preincubation with TNS, fatty acids
were added to the suspension and the relative
fluorescence change was determined.

Results

Effects of fatty acids on ADP-induced aggregation

First we examined the effects of ten saturated
fatty acids with carbon numbers of 4 to 18 on 10
M ADP-induced aggregation. The aggregation
was inhibited by all the saturated fatty acids ex-
cept stearic acid, and results with undecanoic acid
are shown in Fig. 1. The inhibitory effects of the
saturated fatty acids are plotted against their alkyl
chain lengths as shown in Fig. 2; the inhibitory
effects of the acids are expressed as their ID
values (i.e., concentrations inducing 50% inhibition
of aggregation).

As shown in Fig. 2, the inhibitory effects of
saturated fatty acids increased with increase in
their alkyl chain length up to C,,. Especially the
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Fig. 1. Effect of undecanoic acid on 10 pM ADP-induced
aggregation. The concentrations of undecanoic acid are shown
in the figure. A platelet suspension obtained as described in the
Materials and Methods (concn. 9-10%/u1) was mixed with 9
vol. of Na,K-Tris medium containing 1 mg/ml fibrinogen.
After addition of CaCl, at a final concentration of 0.5 mM,
ADP was added and the aggregation was measured at 37°C.
Aggregation was examined after 2-min preincubation of the
platelets with the fatty acid.
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Fig. 2. Relation between the logarithm of the 50% inhibitory
concentration of saturated fatty acids, IDsy, on 10 pM ADP-
induced aggregation and their carbon number. Values are
means + S.D. for three experiments.

data for fatty acids from C, to C,, fitted a straight
line with a negative slope expressed by the follow-
ing equation:

log IDg, = —0.407n +6.06  (r=0.992) 1)

where n is the number of carbon atoms of the fatty
acid and r is the correlation coefficient. On the
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Fig. 3. Effect of capric acid on fluorescence polarization of
diphenylhexatriene-labeled platelets (O- - —O) and 10 pM
ADP-induced aggregation (® ®). Fluorescence intensi-
ties of 1 uM diphenylhexatriene-labeled platelets were detected
through a polarizer oriented parallel and perpendicular to the
direction of the polarized excitation beam in the presence or
absence of the fatty acid. Fluorescence polarization was calcu-
lated as described previously [5,6]. The effect of capric acid on
aggregation was examined after 2-min preincubation of plate-
lets with capric acid. Data on fluorescence polarization are
means+S.D. for eight to twelve experiments and data on
aggregation are those for three experiments.
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other hand, from C, their inhibitory effects rather
decreased with increase of chain length. Stearic
acid was not inhibitory even at the concentration
of 30 uM, as observed by others with human
platelets [4].

Effects of fatty acids on membrane fluidity

To determine the inhibitory mechanisms of
saturated fatty acids, we next examined their ef-
fects on membrane fluidity as their effects on
fluorescence polarization of diphenylhexatriene-
labeled platelets, because their analogs, such as
alkyl alcohols and unsaturated fatty acids, seem to
inhibit platelet aggregation by causing membrane
perturbation [4-6]. As shown in Fig. 3 for capric
acid, addition of the fatty acids slightly decreased
the fluorescence polarization, indicating that they
increased membrane fluidity to a slight degree
{7,8]. However, the extents of decrease were con-
siderably less than with unsaturated fatty acids [5]
or alcohols [6].

Effects of fatty acids on membrane surface charge
The membrane surface charge or surface poten-
tial has been suggested to have important roles in
membrane stability and cellular functions [9,10].
Since fatty acids might transfer a net negative
charge to the membrane surface, we then ex-
amined the effects of saturated fatty acids on the
membrane surface charge by measuring the fluo-
rescence of TNS, which is a probe of the mem-
brane surface charge or surface potential probe,
like its analog ANS [11-13]. These probes are
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Fig. 4. Example of the effect of capric acid on TNS fluores-
cence. The F,, value was determined as the concentration
inducing decrease of TNS fluorescence to 70% of the control
value.
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Fig. 5. Relation between the logarithms of the F,, values of
saturated fatty acids and their number of carbon atoms. Data
are means £ S.D. for duplicate experiments.

thought to bind mainly with phospholipids in the
membrane [11,14]. As shown in Fig. 4. for capric
acid, addition of the fatty acids decreased the
fluorescence of TNS, indicating that they in-
creased the negative charge on the membrane that
repels the organic anion TNS from the membrane.
The fluorescence decreased with increase in the
fatty acid concentration. With capric acid, a con-
centration that caused 50% aggregation inhibition
decreased the fluorescence to about 70% from the
control value. Other fatty acids caused similar
decrease in fluorescence.

To examine the relation between the effects of
fatty acids on TNS fluorescence and their alkyl
chain length quantitatively, we plotted the F,,
values of the fatty acids (i.e., the concentrations
inducing a decrease in fluorescence to 70%) against
their carbon number. As shown in Fig. 5, the data
for fatty acids of C, to C,, also fitted a straight
line of negative slope which was expressed by the
following equation:

log Fo=—0.415n+6.14  (r=0.997) )
This result is consistent with the results on the
inhibitory effects of the acids shown in Fig. 2 and
Eqn. 1, although the effect of palmitic acid in
decreasing fluorescence was more than its effect in
inhibiting aggregation. Stearic acid did not cause
decrease in fluorescence to 70% at concentrations
below 30 puM.

Discussion

Our results on the effects of fatty acids on
aggregation and the fluorescence of TNS suggest
that the inhibition of aggregation by saturated
fatty acids is due to their effect in changing the
surface charge of the platelet plasma membranes.
Although saturated fatty acids also slightly in-
creased the membrane fluidity as revealed here by
fluorescence experiments using diphenyl-
hexatriene, their effects were considerably less than
those of unsaturated fatty acids [5] and alcohols
[6). Therefore, it is more probable that their effects
in inhibiting aggregation were mainly due to their
effects on the surface charge. The slight increase in
the membrane fluidity by saturated fatty acids
may also be related with the change in the surface
charge.

Although fatty acids are membrane permeable
substances [15], they are thought to be located
mainly in the outer leaflet of the membrane [16,17],
because of the asymmetrical distribution of phos-
pholipids in the membrane. That is, acidic phos-
pholipids such as phosphatidylserine have been
found to be present mostly in the inner leaflet of
the membrane, whereas in the outer leaflet of
platelet membranes neutral phospholipids such as
phosphatidylcholine and sphingomyelin are mainly
located [18] as well as of other biological mem-
branes [19]. Therefore, fatty acids are thought to
interact mainly with choline groups of phospholi-
pids on the outer surface, thus increasing the net
negative charge on the outer surface and changing
the membrane surface potential.

Change in the membrane surface charge or
surface potential is suggested to result in change of
shape of erythrocytes {9] and change of various
membrane-associated functions such as enzymatic
activities [10] and ionic transport [20]. It is un-
known why change in surface charge on addition
of fatty acids should affect platelet function. Since
normal shape of platelets or normal ionic trans-
port is suggested to be important for platelet func-
tions [21-23], possibly as a result of their changes,
it affects construction of the cytoskeletal network,
because reorganization of cytoplasmic contractile
and structure proteins is known to be essential for
platelet activation [24,25]. The inhibitory effects of
inorganic anions such as SCN~ and ClO, on



platelet aggregation which we revealed previously
[26] may also be explained by a similar mecha-
nism.

Our study also revealed a linear relationship
between the inhibitory effects of saturated fatty
acids of C, to C,, on platelet aggregation and their
alkyl chain lengths. This linear relation and its
slope suggest that the inhibitory effects of saturated
fatty acids depend on their partition into the mem-
brane, because partition of the acids into biologi-
cal membranes such as the erythrocyte membrane
exhibit a similar relation suggesting partitioning of
the acids into the lipid layer [27]. Similar results
have been obtained for the inhibitory effects of
alkyl alcohols on platelet aggregation [6], and for
the hemolytic effects of alkyl ammonium deriva-
tives [28].

Our results on the effects of fatty acids on the
fluorescence of TNS probably reflect the partition-
ing of the acids into the membrane, resulting in
change of membrane surface charge, because al-
most the same linear relation was observed be-
tween fluorescence changes by saturated fatty acids
and their alkyl chain lengths. Therefore, the inhibi-
tory effects of saturated fatty acids seem to be
determined by their amounts incorporated into the
membrane, irrespective of their nature.

The inhibitory effects of saturated fatty acids of
more than C,, deviated from the linear regression
line. This was probably due to a difference in the
extents of their partition into the membrane, be-
cause fluorescence experiments using TNS sug-
gested a change in the partitioning behavior of
saturated fatty acids with carbon numbers of more
than 12. This deviation from the linear regression
in the relationship between the partition coeffi-
cients of saturated fatty acids and their alkyl chain
lengths has already been demonstrated in other
biological membranes such as the erythrocyte
membrane [27]. Moreover, a similar deviation was
observed for the hemolytic effects of alkyl am-
monium derivatives [28). As suggested by Klein
and Ellory [28], there may be a physical effect of
the length of the alkyl chain, and kinking of a very
long alkyl chains may be necessary for its entry
into the ordered acyl chains of the membrane
phospholipids.

The partitioning effects of fatty acids [27] and
the biological activities such as hemolytic activities
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of alkyl ammonium derivatives [28] have been
reported to have approximately constant values
beyond a certain chain length. However, the
inhibitory effects of the fatty acids on platelets
decreased markedly with increase in the carbon
numbers above 14. This was at least partly due to
a difference in the partitioning behavior of the
acids in the platelet membrane, because stearic
acid, which did not inhibit aggregation, also caused
a smaller decrease in TNS fluorescence than other
long-chain fatty acids such as myristic acid, al-
though palmitic acid caused a relatively larger
decrease in fluorescence than inhibition of aggre-
gation. Other effects of long-chain fatty acids
besides their effects on surface charge may also
influence their effects on platelet aggregation.
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