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The Stimulation by Thrombin of Glucose Oxidation in
Human Platelets *

ANDREWL. WARSHAW,LEONARDLASTER,t ANDN. RAPHAELSHULMAN
(From the Section on Gastroenterology, Metabolic Diseases Branch, and the Clinical Hema-

tology Branch, National Institute of Arthritis and Metabolic Diseases, National
Institutes of Health, Bethesda, Md.)

The interaction of thrombin and blood platelets
is required for clot retraction (2, 3). Thrombin,
possibly by cleaving fibrinogen in the plasma mem-
brane of the platelet (4, 5), produces a morpho-
logic change in the membrane (6) and causes
platelets to become adherent and aggregate; in the
midst of a clot they fasten to fibrin strands (7).
It has been suggested that retraction of the fibrin
clot is effected by thrombosthenin, an actomyosin-
like contractile protein of platelets (8).

Clot retraction requires energy (9), which is
apparently derived from glucose metabolism by
platelets. In the absence of glucose, retraction will
not occur (2, 10, 11); in the presence of inhibitors
of glycolysis, retraction is impaired (12, 13). In
studies of the effects of thrombin on platelet
metabolism, it has been observed that thrombin in-
creases the utilization (13, 14) and production
(13) of adenosine triphosphate, the production of
lactic acid (12, 13, 15), and, in the few minutes
before aggregation, the utilization of oxygen (16).

Because it seemed likely that the increased oxy-
gen uptake by platelets exposed to thrombin is re-
lated to the metabolism of glucose during clot
retraction, we have studied the effects of thrombin
on the oxidation of glucose by human platelets in
vitro. Platelets were incubated with glucose
labeled with 14C in the 1 position or in the 6 posi-
tion, and the influence of thrombin on the produc-
tion of 14CO2 was determined. The results showed
that thrombin produces a marked stimulation of
glucose oxidation lasting several hours. This stim-
ulation affects glucose oxidation primarily via the

* Submitted for publication June 13, 1966; accepted
September 7, 1966.

Part of this work has been published previously in ab-
stract form (1).

t Address requests for reprints to Dr. Leonard Laster,
Clinical Center 8N 240, National Institutes of Health,
Bethesda, Md. 20014.

Embden-Meyerhof pathway. The biochemical
mechanism of the stimulation was investigated.

Methods

Materials. Purified bovine thrombin,' the activity of
which was assayed by determining its ability to convert
fibrinogen to fibrin (18), was stored in lyophilized form
and used within 1 week of rehydration. Substrates 2
labeled with 14C were tested for radiochemical purity by
paper chromatography: at least 98% of the radioactivity
traveled with the authentic compound, and no contaminants
were found. Solutions of puromycin dihydrochloride,3
adenosine diphosphate (ADP),4 and ethylenediaminetetra-
acetic acid (EDTA) 5 were prepared fresh for each
experiment.

Human platelets were isolated daily from 500 ml of
blood drawn from fasting donors and mixed with 50 ml
of 1.5% EDTA. All preparatory steps were carried out
with siliconized pipettes at 5° C in cellulose nitrate vessels.
Erythrocytes were removed by centrifugation at 1,400 X g
for 4 minutes. The supernatant plasma was centrifuged
at 120 X g for 10 minutes to remove leukocytes. The
platelets were harvested from the plasma by centrifuga-
tion at 1,400 X g for 15 minutes, washed once in 0.85%
saline, and suspended in 0.85% saline at a final concentra-
tion of 1 to 2 X 10' platelets per ml. The final platelet
suspension contained no aggregates. Platelet counts were
performed by phase microscopy. Average erythrocyte and
leukocyte contamination was less than 1 cell per 3,000
platelets and was found to contribute no more than 0.1%
of the observed radiochemical yield in the experiments to
be described. Experiments were begun within 3 hours
after the blood had been obtained.

Experimental procedure. Incubations for determining
substrate oxidation were performed in 10-ml Erlenmeyer
flasks containing the appropriate labeled substrate; 1.5 ml
of fresh Krebs-Ringer bicarbonate buffer (19) (modified
to contain one-half of the recommended calcium concen-
tration) containing glucose or other unlabeled substrates;
and 0.5 ml of 0.85% saline in which were dissolved throm-

1 Generously provided by Dr. Jules Gladner (17), Na-
tional Institute of Arthritis and Metabolic Diseases.

2 New England Nuclear Corp., Boston, Mass.
3 Nutritional Biochemicals, Cleveland, Ohio.
4 Calbiochem, Los Angeles, Calif.
5 Distillation Products Industries, Rochester, N. Y.
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FIG. 1. OXIDATION OF GLUCOSE-1
TO 14CO2 BY HUMANPLATELETS. Th
sentative of the three that were pe
were incubated in 5.5 mMglucose
1-"C (.- *) or glucose-6-14C (C

synthesis were added. The reactions were stopped by
addition of an equal volume of 20% trichloroacetic acid
(TCA) containing 10 mMleucine. The precipitate was
separated by centrifugation, resuspended in 10% TCA
containing 5 mM leucine, and heated to 900 C for 15
minutes. It was then washed three times with the TCA-
leucine solution and once each with ethanol-ether (1: 1)
and ether. The protein precipitate thus obtained was dis-
solved in 1 ml of Hyamine by warming it at 600 C for
10 minutes. The Hyamine solution was dissolved in
PPO-toluene for determination of radioactivity as de-
scribed above. In control experiments the reaction was
stopped after 15 seconds and the precipitate treated in the
manner described. The value for the radioactivity of
these control specimens, about 100 cpm per 109 platelets,
was subtracted from the value of each experimental result.

3 4 All determinations were performed in duplicate.
Lactic acid was assayed chemically by the method of

Barker and Summerson (22) after deproteinization of
iisAND GLUcoSE-6-prC the incubation mixture with 5% TCA. Three lithium
is experiment is repre- lactate standards were prepared with each assay, and all
rformed; 109 platelets determinations were performed in duplicate.
with I Ac of glucose-
:)-0)-

bin, EDTA, ADP, fibrinogen, or desired combinations of
these compounds. Reactions were started by adding 0.5
ml of platelet suspension and were carried out in a shaker
bath at 370 C in an atmosphere of 95% 0,-5% C02. At
the end of the incubation, 0.5 ml of Hyamine6 was in-
jected through the rubber cap into a polyethylene center
well, and the reaction was stopped by injecting 0.4 ml of
6 N H2SO4 into the incubation mixture. The flasks were
incubated at 37° C for an additional 30 minutes to trap
'CO2 in the Hyamine. The center well was-then trans-

ferred to a glass counting vial containing 15 ml of 0.4%
diphenyloxazole (PPO) in toluene for assay of radioac-
tivity in a Packard Tri-Carb liquid scintillation spec-
trometer. The least active samples had activities at least
four times the background, and counting time was selected
to yield at least 10,000 counts so that the standard error
of the count was less than 1%o. Values for counts per
minute were converted to disintegrations per minute by
the channels ratio method (20). Each incubation was
carried out in duplicate, and the results, which usually
agreed within 5%o and never differed by more than 10%o,
were averaged. To calculate the amount of substrate
oxidized to C02 at the labeled position, we divided the
value for radioactivity recovered as C02 by the specific
activity of the substrate in the incubation medium. In
some cases results are given directly in counts per minute.

Protein synthesis was estimated by a modification of
the method of Manchester and Young (21). Platelets
were incubated with 1 ,uc of uniformly labeled leucine-14C
(0.004 jumole) in 1.5 ml of Krebs-Ringer bicarbonate
buffer and 1 ml of 0.85% saline at 370 C for 1 hour in
an atmosphere of 95%y O2-5%o C02. Glucose, 5.5 mM,
and substances to be tested for their effects on protein

Packard Instrument Co., Downers Grove, Ill.

Results

Oxidation of glucose by platelets

Incubation of platelets with glucose-1-14C or glu-
cose-6-14C led to evolution of 14CO2 (Figure 1).
There was a lag period of approximately 30 min-
utes between the start of incubation and the ap-
pearance of measurable 14CO0, but then 14CO0 was
generated for at least 3 hours. With an incubation
period of 140 minutes the production of 14CO2 was
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FIG. 2. EFFECT OF PLATELET CONCENTRATIONON GLU-
COSEOXIDATION. Platelets were incubated for 140 minutes
in 5.5 mMglucose with 1 jc of glucose-1j'C (@-@)
or glucose-6-14C (0-0). The experiment illustrated is
representative of the three performed.
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FIG. 3. RELATIONSHIP BETWEENGLUCOSECONCENTRA-
TION IN INCUBATION MEDIUM AND AMOUNTOF GLUCOSE

OXIDIZED BY PLATELETS. In this experiment 109 platelets
were incubated for 140 minutes with 1 ,uc of glucose-1-"C
(0-*) or glucose-6-14C (0-0).

found to be proportional to the quantity of platelets
present within the range shown in Figure 2. At
low concentrations of glucose, glucose oxidation

increased with increasing concentration (Figure
3), but in the range from 1 to 20 mMglucose
there was no further increase in the amount of
glucose oxidized. On the basis of these findings,
a standard assay, in which 0.5 to 1 x 109 platelets
were incubated for 140 minutes in 5.5 mMglucose
with approximately 1 ,uc of 14C-labeled substrate,
was adopted for the oxidation experiments, with
exceptions as noted.

The average value for the oxidation of glucose-
1-14C by human platelets was 42.8 m/umoles per 109
platelets (Table I, column a). The average value
for the oxidation of glucose-6-14C was 14.0 m/A-
moles per 109 platelets (Table I, column e).
These findings indicate that human platelets can

oxidize glucose both by the hexose monophosphate
pathway and by the Embden-Meyerhof/citric acid
cycle.

Effect of thrombin on glucose oxidation by
platelets

In the presence of thrombin, the platelets ag-

glutinated and their production of 14CO2 from

TABLE I
Oxidation of glucose-1-'4C and glucose-6-'4C by human platelets in the absence and presence of thrombin

Glucose-1-'4C oxidized Glucose-6-14C oxidized

Untreated Platelets + Differencet Stimulation Untreated Platelets + Differencet Stimulation
Experiment- platelets thrombin* b-a (c/a) X100 platelets thrombin* f-c (gle) X100

a b C d e f g h

mpmoles/109 platelets % mpmoles/1O@ platelets %
1 51.1 59.1 8.0 12 17.8 34.9 17.1 96
2 48.3 66.5 18.2 38 12.9 34.0 21.1 164
3 63.0 70.4 7.4 12 32.9 45.6 12.7 39
4 15.9 32.4 16.5 104
5 36.8 48.1 11.3 31 12.0 26.7 14.7 122
6 32.6 46.1 13.5 41 11.3 24.9 13.6 120
7 30.8 38.9 8.1 26 9.1 24.4 15.3 168
8 34.1 42.2 8.1 24 9.2 22.6 13.4 146
9 34.0 44.3 10.3 30 9.0 23.9 14.9 166

10 71.1 93.3 22.2 31 23.9 47.7 23.8 99
11 28.1 37.8 9.7 34 8.6 22.6 14.0 162
12 36.4 46.3 9.9 27 8.6 19.2 10.6 124
13 46.4 58.1 11.7 25 25.3 39.2 13.9 55
14 46.8 56.2 9.4 20 17.4 35.6 18.2 104
15 24.7 33.2 8.5 34 4.9 11.3 6.4 130
16 51.9 62.5 10.6 20 17.9 31.4 13.5 76
17 34.4 44.3 9.9 29 9.9 23.4 13.5 138
18 32.8 42.1 9.3 28 4.9 17.7 12.8 260
19 41.7 47.0 5.3 13 16.0 22.1 6.1 38
20 53.5 61.8 8.3 16 16.4 31.6 15.2 93
21 44.5 65.9 21.4 48 12.6 33.4 20.8 165
22 14.1 40.8 26.7 190
23 57.8 73.2 15.4 27 12.6 30.0 17.4 138

Mean 42.8 54.0 11.2 26 14.0 29.4 15.4 126
SD ±11.5 413.6 44.4 ±10 ±6.5 ±8.8 ±4.5 ±-32

* The amount of thrombin added was 1 U per flask in the studies on which this and the remaining Tables are based.
t The differences listed in columns c and g, evaluated by application of Student's t test for paired samples, are

significant (p < .001).
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FIG. 4. EFFECT OF TIME ON THE STIMULATION BY

THROMBINOF GLUCOSEOXIDATION IN PLATELETS. This ex-

periment is representative of the two performed; the
platelets were incubated in 5.5 mMglucose-6-14C (1 ,c)
with (El-fl) or without (0-0) 1 U of thrombin.

labeled glucose increased (Table I, columns d and
h). The stimulation of glucose oxidation reached
a maximal value at a thrombin concentration of
1 U per flask, and this concentration was used in

the remaining experiments. The effect of time on

the stimulation of oxidation was studied with
glucose-6-14C (Figure 4). The lag period before
4CO2 generation began in the presence of thrombin

was similar to that observed in the absence of
thrombin, but the stimulation was apparent as soon

as the system began to produce 14CO2 and was

constant for several hours. At 5.5 mMglucose,
oxidation of glucose-6-14C increased 126% (range,
38 to 260%) in the presence of thrombin, whereas
oxidation of glucose-1-14C increased only 26%o
(range, 12 to 48%) (Table I, columns d and h).
In each experiment the percentage increase of
oxidation of glucose-6-14C was always greater than
twice that of glucose- 1_14C, but the absolute in-
crease of oxidation of glucose-6-14C was equal to

or slightly greater than that of glucose-1-14C
(Table I, columns c and 9). The approximate
equality of the absolute increments produced by
thrombin suggests that thrombin acts to stimulate
the Embden-Meyerhof pathway but gives no evi-

dence for stimulation of the hexose monophosphate
pathway.

At 0.1 mMglucose, the stimulation by thrombin

was diminished or abolished (Table II, columns

c and f).

TABLE II

The effect of thrombin on oxidation of hexoses at low concentrations

Hexose-14C oxidized Hexose-14C oxidized

Change Change
Substrate Untreated Platelets + b-a X100 Substrate Untreated Platelets + cd Xo00

Substrate concentration platelets thrombin a concentration platelets thrombin d
a b c. d e f

mmoles/L mjumoks/109 platelets % mmoles/L mpmoles/l09 platelets %

Glucose-1-14C 0.10 25.1 24.8 - 1 5.5 30.8 38.9 + 26
0.10 16.0 18.1 +13 5.5 24.7 33.2 + 34
0.02* 6.1 6.4 + 5 5.5 24.7 33.2 + 34

Glucose-6-14C 0.08 10.0 11.8 +18 5.5 9.1 24.4 +168
0.08 4.4 6.3 +43 5.5 4.9 11.3 +130
0.02* 1.6 1.7 + 5 5.5 4.9 11.3 +130

No glucose in medium 5.5 mMglucose in medium

Mannose-1-14C 0.05 12.8 12.4 - 3 0.05 0.368 0.433 + 18
0.05 15.1 13.5 -10 0.05 0.359 0.449 + 25

0.05 0.244 0.314 + 28

Fructose-U-_4C 0.16 2.34 2.52 + 7 0.16 0.04 0.16 +300
0.16 3.64 4.24 +17 0.16 0.05 0.10 +100
0.16 2.54 3.86 +50 0.16 0.06 0.08 + 33

Galactose-1-14C 0.05 7.3 5.1 -30 0.05 2.36 1.33 - 38
0.05 1.72 0.99 - 42

* Two-tenths jgc 14C was used; all other reaction mixtures contained 1 ,uc of 14C.
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TABLE III

The effect of thrombin on oxidation of mannose-1-14C, fructose- U 14C, and galactose-1-'4C by human platelets*

Hexose-"4C oxidized (no glucose in medium) Hexose-'4C oxidized (5.5 mMglucose in medium)

Change Change
Untreated Platelets + a X100io Untreated Platelets + c X100Substrate platelets thrombin a platelets thrombin d

a b C d e f

mpmoles/109 platelets % mumoks/109 platelets %
Mannose-1-'4C 26.1 36.0 +38 12.0 17.9 +50

68.1 81.5 +20 29.8 42.0 +41
42.3 51.7 +22 20.8 24.4 +18

Fructose-U-'4C 27.5 37.2 +35 1.75 2.1 +20
50.2 75.8 +51 1.5 2.5 +66
38.4 43.0 +12 0 0 0

Galactose-1-14C 11.1 9.3 -16 4.2 3.1 -27
19.8 13.6 -31 10.3 6.5 -37
12.2 6.7 -45 6.2 3.1 -50

* The reaction mixtures contained the appropriate hexose at 5.5 mmoles per L with 1 jsc of 14C. Glucose at 5.5
mmoles per L was also present where indicated.

Studies of other substrates and intermediates

To localize further the site of stimulation of
glucose oxidation, we investigated the effect of
thrombin on the metabolism of other hexoses and
their intermediates.

Other hexoses. At a concentration comparable
to that at which glucose was tested, 5.5 mmoles
per L, mannose-1-_4C and fructose-U-14C (Table
III, column a) were oxidized by platelets at about
the same rate as was glucose-1-_4C. In the pres-
ence of equimolar glucose, the utilization of man-

nose was halved and that of fructose was nearly
abolished (Table III, column d). The oxidation
of mannose and fructose was stimulated about 30%
by thrombin, whether or not glucose was present
(Table III, columns c and f).

At low concentrations of fructose or mannose,
their oxidation was much less (Table II, column
a) than at 5.5 mmoles per L, especially in the
presence of glucose (Table II, column d). At
these low substrate levels stimulation by thrombin
of mannose oxidation was abolished, and stimula-
tion of fructose oxidation was somewhat dimin-
ished (Table II, column c); in both cases the
presence of glucose seemed to enhance the stimula-
tion by thrombin (Table II, column f).

These results show that mannose, fructose, and
glucose were each oxidized by platelets and that
the oxidation of each was stimulated by thrombin.
In particular, platelets exposed to thrombin in-
creased their oxidation of glucose-1-_4C by 11.2

mumoles (Table I, column c), of mannose-1-14C
by 11 mjumoles (Table III, column b), and of
fructose-U-14C by 13 mfumoles (Table III, column
b). These findings are of further interest since
others have found that addition of thrombin to
platelets leads to clot retraction (2) and increased
lactic acid production (15) in the presence of
glucose or mannose, but not of fructose.

Galactose, too, was oxidized by platelets. At
5.5 mmoles per L, oxidation of galactose-1-14C
(Table III, column a) by untreated platelets was
comparable to that of glucose-6-14C. In the pres-
ence of thrombin, however, oxidation of galactose-
1_14C was inhibited approximately 30%o (Table III,
column c). Inhibition was also observed at a
galactose concentration of 0.1 mmole per L (Table
II, column c). In the presence of glucose, inhibi-
tion by thrombin of galactose oxidation did not
significantly increase (Table II, column f; Table
III, column J).

3-Carbon intermediates. The oxidation of
pyruvate was investigated to determine whether
thrombin affects the metabolism of intermediates
in glucose oxidation. At 5 mMpyruvate, in the
presence or absence of glucose, oxidation of pyru-
vate-1-14C (Table IV, columns a and d) was con-
siderably greater than oxidation of glucose-'4C at
a comparable concentration. In the presence of
glucose, the oxidation of pyruvate-1-14C by throm-
bin-treated platelets was about 30% -less than by
untreated platelets (Table IV, column c). In the
absence of glucose, thrombin inhibited pyruvate-
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1-14C oxidation to a lesser degree (Table IV,
column f). Even at low concentrations of pyru-
vate-1-G4C, both the inhibition of pyruvate oxidation
by thrombin and the enhancement of the inhibition
in the presence of glucose were manifest (Table
IV, columns i and 1). Similar results were ob-
tained with pyruvate labeled in the 2- and 3-carbon
positions (Table IV). These findings strongly
indicate that thrombin stimulates the oxidation of
glucose by platelets by influencing one or more
processes earlier in the metabolic sequence than
the ones in which pyruvate participates.

Lactic acid production by untreated and throm-
bin-treated platelets during an 8-hour incubation
continued for the entire period (Figure 5). In the
presence of thrombin, lactic acid production was
greater than in the absence of thrombin; the stim-
ulatory effect of thrombin began immediately and
appeared to diminish or end within 30 minutes.
Thus, the stimulation of glycolysis was primarily an
early and transient phenomenon in contrast to the
longer-lasting enhancement of glucose oxidation.

Orotic acid. The conversion of orotic acid to
uridine 5'-phosphate involves the decarboxylation
of orotidine 5'-phosphate. This reaction was stud-
ied to see whether thrombin affects reactions un-
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FIG. 5. LACTATE PRODUCTION BY PLATELETS IN THE
ABSENCEOR PRESENCEOF THROMBIN. The platelets were
incubated in 5.5 mMglucose with (O5-O) or without
(0-0) 1 U of thrombin. These data were obtained
from the same experiment depicted in Figure 4 but are
representative of the two performed.
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TABLE V

The effect of puromycin on the stimulation of glucose oxidation by thrombin and on protein synthesis in platelets*

Glucose oxidation

'4CO2 from glucose-1-14C 14CO2 from glucose-6-14C Protein synthesis

Difference Difference Incorporation of
Untreated Platelets + b-a X100 Untreated Platelets + _ x100

Puromycin platelets thrombin a platelets thrombin d Untreated platelets
a b c d e f g

mM cpm/109 platelets % cpm/1O9 platelets % cpm/109 platelets
0 2,539 3,467 +36 592 1,508 +154 6,600
0.1 2,320 2,980 +29 535 1,175 +120 1,090
1.0 1,810 2,303 +27 236 430 + 83 304

* The experiment shown is representative of the four performed. Glucose oxidation was determined according to
the standard assay. Protein synthesis was estimated by determination of leucine-U-14C incorporated into trichloro-
acetic acid-precipitable material.

related to glucose oxidation. In two experiments
under the conditions of the standard assay, 14CO2
production from 0.03 mMorotic acid-7-14C (car-
boxyl labeled) was not significantly altered by the
presence of thrombin.

Other studies on the stimulation by thrombin

Puromycin. Puromycin, an inhibitor of protein
synthesis, was tested for possible effect on the
stimulation by thrombin of glucose oxidation in
platelets (Table V). At 0.1 mMpuromycin, in-
corporation of leucine-U-14C into TCA-precipi-
table material was inhibited by more than 80%o,
whereas the stimulation by thrombin of glucose
oxidation was only slightly diminished. At 1.0
mMpuromycin, which inhibited incorporation of
leucine-U-"4C by 95%jo, both glucose oxidation in
platelets and the stimulation of glucose oxidation
produced by thrombin were halved. Thus, even
at concentrations high enough to impair glucose
oxidation and almost to obliterate protein synthesis
in platelets, puromycin lessened but did not en-
tirely prevent the stimulation by thrombin.

Aggregating agents. To test whether the phys-
ical state of aggregation per se in some way pro-
duced the metabolic changes observed in platelets
agglutinated by thrombin, we studied the effects of
other aggregating agents. ADPagglutinates plate-
lets but in a readily reversible fashion not accom-
panied by viscous metamorphosis (23, 24). No
alteration of glucose oxidation occurred in the
presence of ADPat 0.1, 0.4, or 10 mmoles per L.
Since fibrinogen has been implicated in the ag-
glutination of platelets by ADP (25) and since in
one report (26) the combination of ADP and

fibrinogen was said to cause increased lactate pro-
duction by platelets, 0.1 mMADPwas tested with
0.2 mg per ml fibrinogen in our system. As with
ADP alone, the combination did not stimulate
glucose oxidation. ADP (10 mM) had no effect
on the stimulation of glucose oxidation by thrombin.

Humanserum is believed to agglutinate platelets
by virtue of its thrombin content. In our studies
0.1 ml of serum consistently agglutinated platelets
but failed to stimulate glucose-6-14C oxidation in
eight of twelve experiments. Oxidation of glucose-
1-14C was not stimulated in any of four experi-
ments and was depressed in two. Addition of
0.5 ml of serum depressed glucose-6-14C oxidation
in three of four experiments and depressed glu-
cose-1-"4C in all four.

It is apparent from the experiments with both
ADP and serum that aggregation per se did not
lead to stimulation of glucose oxidation in plate-
lets. In addition, the finding of unchanged or
even depressed glucose oxidation in platelets ag-
glutinated by serum raises the possibility that
something other than thrombin is responsible for
the agglutinating properties of serum. Alterna-
tively, it may be that critically small amounts of
thrombin in serum alter the platelet membrane
without altering metabolism of glucose, or that
there is an inhibitor of glucose oxidation as well
as a stimulator (thrombin) in serum.

EDTA. EDTA, which prevented agglutination
of platelets by thrombin, was tested for its effect
on the stimulation of glucose oxidation by throm-
bin. The results differed, depending upon whether
EDTA was added to the incubation medium be-
fore, after, or concomitant with addition of throm-
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bin. When the EDTA was added 5 minutes
before thrombin, stimulation by thrombin of oxi-
dation of glucose-1-14C occurred (Table VI, part
A, columns c and f), but stimulation of oxidation
of glucose-6-14C was prevented (Table VI, part
A, columns i and 1). These observations demon-
strate that in the presence of EDTA thrombin
stimulates the hexose monophosphate pathway but
not the Embden-Meyerhof pathway.

WhenEDTAwas added 5 minutes after throm-
bin, the stimulation of oxidation of both glucose-
1-14C and glucose-6-14C was increased in compari-
son to the stimulation by thrombin alone (Table
VI, part B, columns c, f, i, and 1). Although
EDTAmight be acting by a mechanism unrelated
to the chelation of divalent cations, the enhance-
ment by EDTAof the effect of thrombin suggests
that divalent cations are involved in the stimula-
tion of glucose oxidation.

When EDTAand thrombin were added simul-
taneously, a variable and inconstant mixture of
blocking and stimulation occurred.

Discussion

Platelets exposed to thronibin effect clot re-
traction (2, 3), a process believed to require
energy production from glucose (9-11). It has
long been known that platelets possess both oxi-
dative (27) and glycolytic activity (28), but
glycolysis has generally been considered the major
source of energy in both resting (29) and retract-
ing (13) platelets. One-half of the glucose me-
tabolized by resting platelets is recovered as

pyruvic and lactic acids and one-fifth as CO2 and
water (30). Although more glucose may be
metabolized to lactic acid than oxidized, oxidation
produces far more ATP per mole of glucose and,
as has been suggested (31), would seem to be
the more important source of energy in platelets.

Glucose oxidation in these studies was measured
by assay of 14CO2 evolved from labeled glucose.
A 30-minute lag period was observed between the
start of incubation and the generation of detectable
14CO2, but no such lag occurred in production of
lactate, which was measured chemically. How-
ever, the lag period was a constant characteristic of
both untreated and thrombin-treated platelets, with
either glucose-1-l4C or glucose-6-14C, and the in--
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ferences to be discussed are based on observations
made after the onset of 14CO2 evolution.

Platelets in zitro oxidized glucose for at least
8 hours, and thrombin stimulated this oxidation
for several hours. Since thrombin increased the
oxidation of glucose-6-14C as much or more than
that of glucose-1-"4C, it is likely that the stimula-
tion of glucose oxidation by thrombin occurs
largely and possibly entirely via the Embden-
Meyerhof pathway. Lactic acid formation also
increased, but the increment was primarily an
early phenomenon followed by a return to the
normal rate of production during the remainder
of the 8-hour test period. These findings agree
with other reports of sudden increments in lactic
acid production on exposure of platelets to throm-
bin (11, 13, 15, 26). Bettex-Galland and Luscher
(13), however, found that glycolytic activity, al-
though initially stimulated, ceased entirely by 30
minutes, and that oxygen uptake by platelets ex-
posed to thrombin actually decreased. It should
be noted that in their studies they used 24-hour-
old platelets, and it is known from the data of
others (15, 32, 33) and from our own unpub-
lished observations that platelets even 1 day old
have altered basal oxidation rates and responses
to thrombin, as well as diminished ATP (15, 34)
and glycogen stores (35). With fresh platelets
Hussain and Newcomb (16) demonstrated with
an oxygen electrode that platelets exposed to
thrombin immediately begin to take up oxygen
11 times faster than untreated platelets; once
clumping occurred, their measurements ceased be-
cause of technical limitations.

Our findings and those of Hussain and New-
comb (16) thus show that thrombin, which causes
platelets to retract a clot, produces an increase in
oxidative metabolism by platelets. The coinci-
dence of these two effects suggests that oxidative
processes contribute to the energy production re-
quired for clot retraction. Although Bettex-Gal-
land and Lfischer (13) found that inhibition of
platelet respiration with Victoria blue did not
impair clot retraction and stated that oxidative
metabolism is not important for clot retraction,
their observations show only that platelets are
capable of functioning for a limited time on gly-
colysis alone but do not exclude participation by
oxidative pathways in the absence of exogenous
inhibitors.

We have investigated the site of thrombin's
action on the biochemical pathways of glucose oxi-
dation by testing the effect of thrombin on the
oxidation of other hexoses and pyruvate. The
fact that the oxidation of pyruvate, unlike that of
glucose, was not stimulated and was, in fact,
markedly inhibited by thrombin suggests that
thrombin acts on a process or processes earlier in
the sequence of glucose oxidation than the point
at which pyruvate enters the pathway. The de-
pendence of the inhibition on the presence of
exogenous glucose suggests that the proposed
stimulation of the earlier process leads to forma-
tion of increased quantities of glucose metabolites
that either inhibit utilization of labeled pyruvate
or, by diluting metabolic pools, decrease their
specific activity.

Thrombin stimulated the oxidation of mannose
and fructose by platelets. Since the carbon skele-
tons of mannose and fructose enter the glucose
oxidation sequence as fructose 6-phosphate, the
reaction stimulated by thrombin might lie between
fructose 6-phosphate and pyruvate. The present
experiments neither prove nor disprove this hy-
pothesis. Alternatively, a step commonto glucose,
mannose, and fructose might be affected. Both
transport of substrate into the platelet and phos-
phorylation by hexokinase are possibilities.

In contrast to the oxidation of the other hexoses,
galactose oxidation in thrombin-treated platelets
was inhibited. We were unable to demonstrate
glucose dependence for the inhibition of galactose
oxidation by thrombin. It may be that this inhi-
bition represents a second effect of thrombin, un-
related to its stimulation of glucose oxidation.
If so, the inhibition of galactose oxidation by
thrombin would not clarify its action on glucose
oxidation.

Thrombin, a proteolytic enzyme, is believed to
cleave a fibrinogen-like constituent of the platelet
membrane (4, 5). This change in the platelet
membrane renders it more permeable to serotonin,
ADP, protein, and ions such as potassium and
calcium (33, 36), but the increased permeability
may be relatively specific, since quite different
proportions of various intracellular substances
escape (33). If the oxidative pathway for glucose
were unsaturated due to limited transport of
substrate across the cell membrane, reduction by
thrombin of the relative barrier to the entry of
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glucose would allow its increased oxidation.
Against this hypothesis may be the fact that a
20-fold increase in glucose concentration in the
incubation medium did not increase glucose oxi-
dation.

Waller, Ldhr, Grignani, and Gross (30) found
that hexokinase is rate limiting among glycolytic
enzymes in platelets. Since hexokinase in other
mammalian tissues (37, 38) phosphorylates glu-
cose, fructose, and mannose but not galactose to
any appreciable extent, stimulation of this enzyme
by thrombin could explain the observed increases
in oxidation of glucose, mannose, and fructose and
the absence of stimulation of galactose oxidation.
Substantiation of this possibility would entail
determination of the substrate specificity of platelet
hexokinase and assay of hexokinase activity in
untreated and thrombin-treated platelets. From
our evidence it is clear that the stimulation of
glucose oxidation occurs earlier in the sequence
than pyruvate, but the specific site of stimulation
remains undefined.

If thrombin does stimulate one or more enzy-
matic reactions, the stimulation could be accom-
plished by increasing the activity of enzymes
already present or by increasing enzyme synthesis.
Protein synthesis by platelets has not, to our
knowledge, been demonstrated previously. In our
experiments leucine-U-_4C was readily incorpo-
rated into the TCA-precipitable fraction, which
was further purified by heating in TCA, by wash-
ing four times in TCA, and by extraction with
lipid solvents. Furthermore, this incorporation
was markedly inhibited by puromycin. Wehave
assumed, therefore, that the leucine incorporation
into TCA-precipitable material represents protein
synthesis in the platelets. Further evidence to
substantiate this assumption will be published
elsewhere.

In studies intended to test the relationship be-
tween protein synthesis and the stimulation of
glucose oxidation by thrombin, 0.1 mMpuromycin
inhibited protein synthesis by more than 80% but
had little effect on glucose oxidation in either
untreated or thrombin-treated platelets; 1.0 mM
puromycin inhibited protein synthesis by 95%,
reduced oxidation in both untreated and treated
cells, and lessened but did not obliterate stimula-
tion by thrombin. The failure of almost complete
inhibition of protein synthesis to prevent stimula-

tion by thrombin suggests that the stimulation does
not depend completely, if at all, on new enzyme
formation and may instead be related to altered
enzyme activity.

Enzyme activity could be altered by changes in
the concentrations of cofactors or ions within the
platelet. For example, ADP, which is known to
inhibit hexokinase (39), is released from platelets
when they are exposed to thrombin, and this re-
lease could result in an increased activity of plate-
let hexokinase. There is abundant evidence show-
ing that cations are important to clot retraction.
In the absence of calcium or magnesium, clot
retraction does not occur (2). After the exposure
of platelets to thrombin there are marked changes
in the movement of cations into and out of the
cell. Zieve, Gamble, and Jackson (36) showed
that thrombin causes a greater permeability of the
platelet membrane to potassium with resultant
potassium loss from the cell. Grette (33) pro-
posed that calcium ions enter the thrombin-treated
platelet and trigger the release of intracellular
contents. We found that addition of EDTA to
the incubation mixture a few minutes after the
addition of thrombin resulted in a potentiation of
the stimulation of glucose oxidation by thrombin.
Since EDTA added before thrombin did not en-
hance the stimulation by thrombin, it may be that
the potentiation by EDTA depends upon the
increased platelet permeability produced by throm-
bin. This interaction might further suggest that
the mechanism by which thrombin stimulates glu-
cose oxidation involves the loss or sequestration
of intracellular divalent cations.

Thrombin and divalent cations are believed to
act on the platelet in separate, successive steps
(33, 40), which can be represented as follows:
1) thrombin + platelet -> altered platelet; 2) Ca++
or Mg++ + altered platelet -> selective release of
platelet contents and initiation of clot retraction.
The findings of the present study suggest a pos-
sible third step in the sequence: 3) release of
divalent cations from platelets -- stimulation of
glucose oxidation.

It is of interest to note that in platelets pre-
treated with EDTA thrombin apparently stimu-
lated the hexose monophosphate pathway selec-
tively. This stimulation contrasts with the stimu-
lation of the Embden-Meyerhof pathway observed
in the absence of EDTA or when EDTA was.
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added after thrombin. The mechanism and sig-
nificance of this alteration in response to thrombin
are unknown.

Summary

1. Glucose oxidation by human platelets incu-
bated in Krebs-Ringer bicarbonate buffer was

measured by collection of "4CO2 from glucose-
1_14C or glucose-6-14C. Platelets oxidized glucose
both by the Embden-Meyerhof pathway and by
the hexose monophosphate pathway.

2. Thrombin caused platelets to increase the
oxidation of glucose-1-14C and of glucose-6-_4C
in equal amounts. This was interpreted as a

stimulation of the Embden-Meyerhof pathway of
glucose oxidation.

3. In contrast to the prolonged stimulation of
glucose oxidation by thrombin, the stimulation of
lactate production was only short-lived.

4. Thrombin caused platelets to increase the
oxidation of mannose-1-_4C and fructose-U-_4C
but to decrease the oxidation of pyruvate-14C.
These findings suggested that thrombin acts at a

step earlier in the metabolic sequence of glucose
oxidation than the entry of pyruvate.

5. In platelets pretreated with EDTA, throm-
bin stimulated the hexose monophosphate pathway
rather than the Embden-Meyerhof pathway.

6. EDTA added after thrombin enhanced the
stimulation of the Embden-Meyerhof pathway by
thrombin.

7. Protein synthesis was demonstrated in plate-
lets. Inhibition of this synthesis by puromycin
did not eliminate the ability of thrombin to stimu-
late glucose oxidation.
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