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Inhibition of Human Platelet
Phospholipase A2 by
Mono(2-ethylhexyl)phthalate
by Rosalind S. Labow,* Erin Meek,* George A. Adams,*
and Gail Rock*tf

There is evidence that the carcinogenic and teratogenic effects attributed to the plasticizer di(2-
ethylhexyl)phthalate (DEHP) are due to its major metabolite mono(2-ethylhexyl)phthalate (MEHP).
MEHP is also formed ex vivo by a plasma enzyme in blood products stored in polvinyl chloride
(PVC) DEHP plastic containers. People who receive large amounts of blood products, such as
hemophiliacs or patients undergoing hemodialysis, cardiopulmonary bypass, or massive transfusion,
are exposed to significant levels of plasticizer. In this study, the platelet was used to show that
MEHP inhibits phospholipase A2 (PIA2), one of enzymes important in the release of arachidonic
acid from membrane phospholipids. Arachidonate is the parent molecule for the synthesis of
prostaglandins, thromboxanes, leukotrienes, and lipoxins that are made by a wide variety of cells.
PIA2 was measured by the liberation of 14C-arachidonic acid from 1-stearoyl-2-[1-14Clarachidonyl-L-
3-phosphatidylcholine. MEHP inhibits PIA2 activity noncompetitively in intact human platelets and
lysates with a K; of 3.7 x 104 M. DEHP does not inhibit PIA2 in whole platelets. Inhibition of PLA2
by MEHP occurs at only three times the circulating level of MEHP measured in neonates undergoing
exchange transfusion and 20-fold the levels experienced by patients during cardiopulmonary bypass.
Therefore, infants and adult patients with multisystem failure who accumulate MEHP in their blood
may be at risk for decreased platelet function.

Introduction
The commonly used plasticizer in polyvinyl chlo-

ride (PVC) plastic, di(2-ethylhexyl)phthalate (DEHP),
is a widespread environmental contaminant. Al-
though it is a nongenotoxic carcinogen (1) since it
does not bind to DNA (2), a variety of chronic toxic
effects have been shown to occur in rats and mice when
DEHP makes up 0.6 to 1.2% of their diet. These include
embryotoxicity and teratogenicity (3), as well as car-
cinogenicity (4) and testicular atrophy (5,6). There is
substantial evidence that the toxic effects observed are
due not to the parent compound, but to one or more of
its metabolites (7,8). The initial step in the metabolism
of DEHP in vivo is its hydrolysis to mono (2-ethyl-
hexyl)phthalate (MEHP). This process also occurs
during blood storage in a plastic container (9). Thus,
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red cell concentrates (9), platelet concentrates (9), albu-
min (10), and cryoprecipitate (11) all contain DEHP
and MEHP. Although human exposure to MEHP can
occur through ingestion (12), the most direct and
concentrated exposure to MEHP is by transfusion of
blood components which have been collected and stored
in flexible plastic containers (9).

In addition, hemodialysis patients (13), hemo-
philiacs (11), and patients undergoing cardiopul-
monary bypass (14) all have measurable quantities of
circulating MEHP, which are cleared within 24 hr if
renal function is normal (14). The highest levels of
MEHP recorded were 15 gg/mL (2.7 x 10-5 M) found
in infants undergoing exchange transfusions (15).
Although it is difficult to assess the chronic effects of

repeated short-term exposure to MEHP, acute effects can
be measured. The infusion of MEHP into rats was
examined and recently shown by Rock et al. to cause
hypotension followed rapidly by cardiac arrest (16).

In other studies, Tavares et al. have shown that
MEHP inhibits acetylcholine and prostaglandin
PGE2-induced contractions of a rat gastric fundus
muscle preparation (17). Tavares and Vine also
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there was reduced production of prostaglandins and
leukotrienes in rat peritoneal leukocytes in the presence
of MEHP and suggested that MEHP may have a
similar anti-inflammatory action to aspirin (18).
However, aspirin inhibits prostaglandin production,
but not leukotriene formation, suggesting that MEHP
is operating at a level of the liberation of free
arachidonic acid (AA) from membrane phospholipids.
The arachidonic acid must first be removed from the
Sn-2 position of the phospholipids by PLA2 before it can
be metabolized to form eicosanoids. In this study,
platelets were used to study the inhibitory action of
MEHP on PLA2 in intact suspensions as well as cell
lysates. In addition, the type cf inhibition and the
inhibitor binding constants were determined for the
human platelet PLA2.

Methods
Preparation of Whole Platelets and
Platelet Lysates
Blood was collected from randomly selected normal

donors who met all criteria for blood donation of the
Canadian Red gross into the standard (citrate-phos-
phate-dextrose-adenine) CPDA-1 blood bags. The red
cells were sedimented at 400g for 7 min in a Sorvall RC-
3B centrifuge at 220C (Dupont Co., Newtown, CO). The
platelet-rich plasma (PRP) was expressed into the
platelet storage bag and then centrifuged at 1300g for
6 min at 220C in a Beckman Model J-6M (Beckman
Instruments, Inc., Fullerton, CA). All but 60 mL of the
plasma was expressed into the plasma storage bag. The
concentrated platelets were left to sit undisturbed at
room temperature for 1 hr and then resuspended for
1 hr on a Helmer platelet agitator (Forma Scientific,
Marietta, OH) at 6 cycles/min.

Aliquots (1 mL) of platelet concentrate were centri-
fuged at 1300g for 12 min. The supernatant was re-
moved and the platelets were resuspended in 0.5 mL of
0.1 M Tris (trihydroxymethylaminomethane), 2 mM
ethyleneglycoltetraacetic acid (EGTA), 2 mM ethyl-
enediaminetetraacetic acid (EDTA) (TEG) buffer, pH
9.0, which had been warmed to 370C. A platelet lysate
was prepared by overlaying the platelet pellet with 0.5
mL of TEG buffer, pH 9.0, and freezing overnight at
-200C. The platelet count of the suspension prior to
freezing or assay was determined using a Coulter
Counter Model ZBI (Coulter Electronics Inc., Hialeah,
FL).

Phospholipase A2 Assay
The phospholipase A2 (PLA2) assay procedure was a

modification of Ballou and Cheung (19,20). The assay
mixture contained water (15 ,uL), 68 mM CaCl2
(20 uL), Tris buffer, pH 9.0 (130 ,uL), and 1-stearoyl-2-[1-
"Clarachidonyl L-3-glycerophosphocholine (PC)
(Amersham Canada Ltd., Oakville, ON) (10 ,u). The

solution of PC added to the assay mixture was prepared
from a stock solution of PC, specific activity 58 mCi/
mM in toluene:ethanol (1:1). The specific activity of the
PC was adjusted by mixing the radioactive stock
solution with additional PC that was not radioactive,
evaporating this mixture to dryness under nitrogen,
and redissolving the PC in dimethyl sulfoxide
(DMSO). Each assay contained from 0.215 to 2.15
nmole of PC and approximately 40,000 cpm added in
10 ,uL of DMSO. The reaction was started by the addi-
tion of an aliquot of the whole platelet or platelet lysate
suspension (25 ,uL) and incubated at 370C for various
times. The reaction was stopped by the addition of 200
iL of ethanol containing 2% acetic acid and 20 ,ug
arachidonic acid (AA). An aliquot of 200 ,uL was spotted
in a band on a silica gel G thin-layer plate and chro-
matographed in hexane:ether:acetic acid (70:30:1). The
bands corresponding to AA and PC were visualized
with iodine vapor, scraped, and counted in 10 mL
Ready-Solv-HP scintillation cocktail (Beckman In-
struments, Inc., Toronto, Canada), in a liquid scintil-
lation counter (Model LS-7500, Beckman Instruments,
Richmond, CA).
The percentage hydrolysis was calculated by the

following equation:
% Hydrolysis =

arachidonic acid (cpm) x 100%
phosphatidylcholine (cpm) and arachidonic (cpm)

Rate of hydrolysis (nmole/min) =
% Hydrolysis x nmole phosphatidylcholine per assay

100 x incubation time (min)

The amount of arachidonic acid formed (nmole) per
minute was equivalent to the rate of hydrolysis of PC.
When the inhibition by MEHP was measured, ali-
quots of a stock solution of MEHP, 1 mg/mL in
methanol, were evaporated to dryness under nitrogen,
and the MEHP was redissolved in Tris buffer, pH 9.0,
so as to give the required amount of MEHP to be added
to the assay mixture.

Results
The kinetics of PLA2 hydrolysis of phosphatidyl-

choline (PC) to release arachidonic acid were mea-
sured in whole platelets and in platelet lysates (Fig. 1).
For whole platelets the hydrolysis was linear up to a
maximum of 5% hydrolysis and had a rate of 2 nmole
arachidonic acid formed per minute by 109 platelets at
370C. Platelet lysates hydrolyzed the PC 10% under the
same conditions producing 3.9 nmole/min/109
platelets. Freezing and thawing the platelet suspen-
sions several times did not increase the PLA2 activity
released by freezing overnight. The platelet PLA2 was
saturated at a substrate concentration of 5.4 x 10 -3M for
both lysate and whole platelet preparations and was
directly proportional to the number of platelets per
assay up to 108 platelets (data not shown).
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FIGuRE 2. Inhibition of whole platelets (0) and platelet lysates (LI) by
MEHP.

FIGURE 1. Effect of time on the hydrolysis of PC by whole platelet (A)
and platelet lysate ( i ) PLA2. The assay was performed as described
in "Methods," except that incubation times were increased from 10 to
40 min.

MEHP inhibited the PIA2 activity of whole platelets
as well as platelet lysates (Fig. 2). At 9.0 ± 0.92 x 10-5M
MEHP, the PLA2 activity in whole platelets was
inhibited 50%, whereas 50% inhibition of PIA2 in
platelet lysates occurred at 7.5 ± 0.07 x 10-5 M. Dixon's
analysis shows that the MEHP noncompetitively
inhibits platelet PIA2 (21) (Fig. 3). The inhibitor
binding constant (K,) for PLA2 inhibition was the
same for the whole platelets and the platelet lysates, 3.7 x
104M.
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Discussion
It was possible to measure PLA2 activity in vitro using

whole platelets. Previously this assay was used to
measure the release of arachidonate from PC using
platelet homogenates (lysates) and isolated platelet
membrane preparations (19,20). The arachidonic acid
released from the PC was directly proportional to the
number of platelets per assay and followed Michaelis-
Menten kinetics. The location of PLA2 within the
platelet membrane in resting platelets has not been
defined. It is thought that PLA2 is on the inner surface
of the platelet membrane and that it becomes exposed
during platelet activation (22). The fact that it was
possible to measure hydrolysis of PC using intact
resting platelets means that some of the enzyme must
have been exposed or some of the platelets were lysed. As
there was a twofold increase in PLA2 activity upon
lysis, it is unlikely that small amounts of lysis during
platelet preparation gave the PLA2 activity measured in
whole platelets. Also, repeated freezing and thawing up
to five cycles gave no further increase in PLA2. This
was confirmed by the fact that the K; for MEHP was the
same for both whole platelets and platelet lysates.
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FIGURE 3. (A) Determination of the inhibitor constant, Ki, for MEHP
measuring whole platelet PLA2 activity at 10.8 x 10-3M PC (LO]) and
2.15 x 10-3 M PC (A\). (B) Determination of the inhibitor constant,
K., for MEHP measuring platelet lysate PLA2 activity at 10.8 x 10-3
iM PC (0) and 2.15 x 10-3 M PC (A).
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PLA, is one of the enzymes involved in arachidonic
acid release from membrane phospholipids. Whether
or not it is the most important source of arachidonic
acid has not been absolutely established for human
platelets. It is possible that phospholipase C, formed by
diacylglycerol lipase, is responsible for the release of
arachidonic acid following platelet activation (22). In
any case, the fact that it was possible to measure human
platelet PLA, activity without disrupting the cell made
it an excellent system to study the toxic effects of the
plasticizer metabolite MEHP in humans.
There is accumulating evidence that it is not DEHP,

but its primary metabolite, MEHP, which is respon-
sible for the chronic toxic effects observed when DEHP
is fed to rats and mice. This is also true of the acute
inhibitory effect on PLA,,. DEHP showed no inhi-
bition of PLA. at concentrations 10-fold higher than
those of MEHP, but DEHP does not cause hypotension
and cardiac arrest in rats. When toxic effects of a
compound are observed in animals, a margin of safety
(MOS) is chosen based on the severity of the toxic end
point and the uncertainty of the data base when
extrapolating to human exposure and can vary from
100 (23) to 1000 (24). The levels that caused the toxic
effects we observed in rats corresponded to a MOS of 50
when compared to levels of exposure in a trauma
patient during massive transfusion (25). This is still
2-fold lower than the lowest acceptable MOS quoted by
Lehman and Fitzhugh (23) and 20-fold lower than a
more recently chosen MOS (24).

Since then, we have measured circulating levels of
MEHP in clinical situations such as cardiopulmo-
nary bypass and heart transplant patients (14) and
others have measured circulating levels of MEHP in
neonatal exchange transfusions (15). Concentrations
of 2.7 x 10-1 M have been measured in transfused new-
borns (15) and we have measured 4 x 10-"3M MEHP in
the blood of babies at the end of 1 hr of cardiopul-
monary bypass (14). At the K, for MEHP, 3.7 x 10-4 M,
presumably only 50% of the whole platelet PLA., is
active. This is only 14-fold higher than the values
actually measured in clinical situations. Certainly,
platelet PLA., plays an active role in the in vivo function
of human platelets. The rapid response and intricate
control mechanisms responsible for the initiation of
hemostatic plug formation involves a well-function-
ing PLA., It is very difficult to choose an acceptable
MOS when the clinical situation involves compro-
mised patients with multisystem failure.

In rats, DEHP and MEHP have low acute oral
toxicity and since these compounds were shown to be
nongenotoxic carcinogens (1), concern about the
chronic toxic effects that occur after long-term exposure
by ingestion has been alleviated. Also, elimination of
these widespread environmental contaminants from
the body occurs rapidly unless renal function is
impaired (14). However, infants and adult patients
with multisystem failure accumulate MEHP in their
blood and therefore may be at risk for decreased platelet
function.

REFERENCES

1. Reddy, J. K., and Lalwani, N. D. Carcinogenesis by hepatic
peroxisome proliferators: Evaluation of the risk of hypolipidemic
drugs and industrial plasticizers to humans. CRC Crit. Rev. Toxicol.
12: 1-58 (1984).

2. Lutz, W. K. Investigation of the potential for binding of di (2-
ethylhexyl)phthalate (DEHP) to rat liver DNA in vivo. Environ.
Health Perspect. 65: 267-269 (1986).

3. Tomita, I., Nakamura, Y., Yagi, Y., and Tutikawa, K. Teratogen-
icity/fetotoxicity of DEHP in mice. Environ. Health Perspect. 45:
71-76 (1982).

4. Kluwe, W. M., Haseman, J. K, Douglas, J. F., and Huff, J. E. The
carcinogenicity of dietary di(2-ethylhexyl)phthalate (DEHP) in
Fischer 344 rats and B6C3F mice. J. Toxicol. Environ. Health 10:
797-815 (1982).

5. Gangolli, S. D. Testicular effects of phthalate esters. Environ.
Health Perspect. 45: 77-84 (1982).

6. Gray, T. J. B., Rowland, J. R, Foster, P. M. D., and Gangolli, S. D.
Species differences in the testicular toxicity of phthalate esters.
Toxicol. Lett. 11: 141-147 (1982).

7. Gray, T. J. B., Lake, B. G., Beamand, J. A., Foster, J. R., and
Gangolli, S. D. Peroxisomal effects of phthalate esters in primary
cultures of rat hepatocytes. Toxicology 28: 167-179 (1983).

8. Mitchell, A. M., Lhuguenot, J. C., Bridges, J. W., and Elcombe, C.
R. Identification of the proximate peroxisome proliferator(s)
derived from di-(2-ethylhexyl)phthalate. Toxicol. Appl. Pharmacol.
80: 23-32 (1985).

9. Rock, G., Secours, V. E., Franklin, C. A., Chu, I., Villeneuve, D. C.
The accumulation of mono-2-ethylhexyphthalate (MEHP) during
storage of whole blood and plasma. Transfusion 18: 553-558
(1978).

10. Cole, R S., Tocchi, M., Wye, E., Villeneuve, D. C., and Rock, G.
Contamination of commercial blood products by di-2-ethylhexyl
phthalate and mono-2-ethylhexyl phthalate. Vox Sang. 40: 317-322
(1981).

11. Rock, G., Farrah, G., Rozon, G., Smiley, R. K., Cole, R.,
Villeneuve, D., and Titfley, P. Analysis of contaminants in Factor
VIII preparations administered to patients with hemophilia. Can.
Med. Assoc. J. 128: 403-408 (1983).

12. Albro, P. W., and Thomas, R. 0. Enzymatic hydrolysis of di-(2-
ethylhexyl) phthalate by lipases. Biochim. Biophys. Acta 360:
380-390 (1973).

13. Pollack, G. M., Buchanan, J. F., Slaughter, R L., Kohli, R. K, and
Shen, D. D. Circulating concentrations of di(2-ethylhexyl)phthalate
and its de-esterified phthalic acid products following plasticizer
exposure in patients receiving hemodialysis. Toxicol. Appl.
Pharmacol. 79: 257-267 (1985).

14. Keon, W. J., Barry, Y., Labow, R. S., and Rock, G. Perioperative
whole blood plasticizer levels in Jarvik bridge-to-bridge transplant
and coronary bypass patients. (Abstract) Clin. Invest. Med. 10:
B142 (1987).

15. Sjoberg, P., Bondesson, U., Sedin, G., and Gustafsson, J. Dis-
positions of di- and mono-(2-ethylhexyl)phthalate in newborn
infants subjected to exchange transfusions. Eur. J. Clin. Invest. 15:
230-236 (1985).

16. Rock, G., Labow, R. S., Franklin, C., Burnett, R., and Tocchi, M.
Hypotension and cardiac arrest following infusion of MEHP, a con-
taminant of stored blood. N. Engl. J. Med. 316: 1218-1219 (1987).

17. Travares, I. A., Bennett, A., Gaffen, J. D., Morris, H. R., and Taylor,
G. W. The biological activities of phthalate esters on rat gastric
muscle. Eur. J. Pharmacol. 106: 449-453 (1984).

18. Tavares, I. A., and Vine, N. D. Phthalic acid esters inhibit arachi-
donate metabolism by rat peritoneal leukocytes. Int. Soc. Blood
Trans. Munich (1984).

19. Ballou, L R, and Cheung, W. Y. Marked increase of human platelet
phospholipase A2 activity in vitro and demonstration of an endog-
eneous inhibitor. Proc. Natl. Acad. Sci. (US) 80: 5203-5207 (1983).

20. Ballou, L. R., and Cheung, W. Y. Inhibition of human platelet
phospholipase A2 activity by unsaturated fatty acids. Proc. Natl.
Acad. Sci. (US) 82: 371-375 (1985).

21. Dixon, M., and Webb, E. C. Enzymes. Academic Press, New York,
1964.



INHIBITION OF HUMAN PLA2 BYMEHP 183

22. Lagarde, M., Menashi, S., and Crawford, N. Localisation of phos-
pholipase A, and diglyceride lipase activities in human platelet
intracellular membranes. FEBS Letters. 124: 23-26 (1981).

23. Lehman, A. J., and Fitzhugh, 0. G. 100-Fold margin of safety
Association of Food and Drug Officials 18: 33-35 (1954).

24. Food and Drug Administration. Toxicological principles for the

safety assessment of direct food additives and colour additives used
in food. Technical Services Bulletin, Springfield, VA, 1982.

25. Kashuk, J.K., Moore, E. E., Millikan, J. S., and Moore, J. B. Major
abdominal trauma-a unified approach. J. Trauma 22: 672-679
(1982).


