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Background. Contact between blood and artificial sur-
aces induces an inflammatory response including acti-
ation of leukocytes and platelets, as well as complement
nd other plasma cascade systems. In the present study
e investigated the roles of complement and surface
odification in polyvinyl chloride-induced synthesis of

icosanoids (arachidonic acid metabolites).
Methods. Human whole blood was incubated in rotat-

ng loops of polyvinyl chloride or heparin-coated poly-
inyl chloride tubing for 4 hours. Plasma concentrations
f the eicosanoids leukotriene B4, prostaglandin E2 and
hromboxane B2 were quantified.

Results. Polyvinyl chloride induced a substantial in-
rease in leukotriene B4, prostaglandin E2, and throm-
oxane B2. Inhibition of complement activation by the
omplement factor 3 binding peptide compstatin or

lockade of the complement factor 5a receptor with a
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pecific antagonist significantly and specifically inhib-
ted the synthesis of leukotriene B4, whereas thrombox-
ne B2 and prostaglandin E2 synthesis were apparently
omplement independent. The increase in all three me-
iators was significantly reduced by the heparin coating.
ndomethacin abolished the increase of the cyclooxygen-
se products prostaglandin E2 and thromboxane B2, but
ad no effect on the increase of the lipoxygenase product

eukotriene B4, consistent with the specificity of indo-
ethacin for the cyclooxygenase and confirming the

pecificity of complement inhibition.
Conclusions. Polyvinyl chloride-induced increase in all

hree eicosanoids was attenuated by heparin coating,
hereas complement inhibition selectively reduced the

ynthesis of leukotriene B4.
(Ann Thorac Surg 2005;79:917–23)
© 2005 by The Society of Thoracic Surgeons
xposure of blood to artificial surfaces in medical
devices, including extracorporeal circuit systems,

eads to a reaction between the blood constituents and
he surface. Polyvinyl chloride (PVC) is a frequently used
rtificial surface material in such devices. Clinical cardio-
ulmonary bypass (CPB) induces a systemic inflamma-

ory response involving activation of both leukocytes,
latelets, and plasma cascade systems [1, 2]. There are
everal contributors to these reactions; eg, the artificial
urface itself, the membrane oxygenator, the surgical
rauma, and the ischemia-reperfusion reaction. The rel-
tive contribution of these factors is only partly under-
tood. It is well known, both from in vitro and in vivo
xperiments, that modification of the artificial surface by
ndpoint attachment of heparin attenuates several of the
bserved inflammatory responses [3–5]. Similar in vivo
bservations have been made with inhibitors of the
omplement system [6, 7].

Complement activation is responsible for a number of

ccepted for publication Aug 10, 2004.

ddress reprint requests to Dr Lappegård, Department of Medicine,
he inflammatory reactions taking place during CPB, and
he complement inhibitory properties of the heparin
oating may account for many of the beneficial effects of
his surface. However, in an in vitro model, we have
ecently shown that various leukocyte responses, includ-
ng expression of surface markers and synthesis of cyto-
ines, differ in their dependence on complement and that
urface modification with covalently attached heparin
ttenuates both complement-dependent and comple-
ent-independent reactions [8, 9]. The model is reduc-

ionistic in its nature as it aims to restrict the factors
nvolved to the surface only and is thus not readily
omparable to a clinical CPB setting. This should be kept
n mind when comparing our results with those of
revious studies.
Knowledge regarding the synthesis and release of

icosanoids in clinical CPB or in vitro models is scarce. To
ur knowledge, only two studies have investigated the
ffect of heparin coating on eicosanoids in simulated CPB
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ship with Carmeda AB.
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10] or in vivo [11], whereas one group has compared
ncoated and heparin-coated cardiac catheters [12]. All

hree studies were restricted to thromboxane B2 (TXB2).
he effect of complement inhibition on PVC-induced
icosanoids has not been studied. Since eicosanoids play
mportant roles in regulation and propagation of inflam-

atory processes [13] and are the common target of
everal antiinflammatory drugs [14], it is important to
btain information on artificial surface-induced eico-
anoid synthesis and how to inhibit such a reaction.
hus, the aim of the present study was to investigate the
ole of complement and heparin coating in the PVC-
nduced synthesis of eicosanoids.

aterial and Methods

eagents
eparin-coated CBAS (Carmeda BioActive Surface)
olyvinyl chloride (H-PVC) and uncoated PVC tubing
ere provided by Carmeda AB (Stockholm, Sweden).
terile phosphate-buffered saline (PBS) was from Life
echnologies (Paisley, UK), and lepirudin (Refludan)

rom Hoechst, (Frankfurt am Main, Germany). Indo-
ethacin was purchased from Sigma-Aldrich (St. Louis,
O).

omplement Inhibitors
he cyclic hexapeptide AcF[OPdChaWR], a complement

actor 5a receptor antagonist (C5aRA) [15] was synthe-
ized as previously described [16]. Details of the synthe-
is, purification, mass spectrometry, and measurement of
nhibitory activities of the compstatin analogue Ac-
[CVWQDWGAHRC]T-NH2 are discussed elsewhere
17]. This peptide, an inhibitor of the C3 convertase [18,
9], is 45 times more active than the parent peptide
[CVVQDWGHHRC]T-NH2. Both complement inhibitors
ere synthesized in the laboratory of one of the authors

Abbreviations and Acronyms

C3 � complement factor C3
C5a � complement factor 5a
C5aR � complement factor 5a receptor
C5aRA � complement factor 5a receptor

antagonist
CBAS � Carmeda BioActive Surface heparin-

coated PVC
CPB � cardiopulmonary bypass
ELISA � enzyme-linked immunosorbent assay
H-PVC � heparin-coated polyvinyl chloride
IL-8 � interleukin 8
LTB4 � leukotriene B4
PBS � phosphate-buffered saline
PGE2 � prostaglandin E2
PVC � polyvinyl chloride
T0 � baseline values
TXB2 � thromboxane B2
TCC � terminal complement complex
JDL). t
xperimental Model
he in vitro model for circulating whole blood through
VC loops has previously been described in detail [20].
he method was modified on the critical point of antico-
gulation. Blood was drawn from healthy volunteers
sing lepirudin, a recombinant form of hirudin, instead
f heparin as anticoagulant. Hirudin is a highly specific
hrombin inhibitor and has no effect on the complement
ystem. This is in contrast to heparin, which can either
otentiate or attenuate complement activation, depend-

ng on the concentration used [21]. With regard to anti-
oagulation, lepirudin is equally effective as heparin.
resh samples of blood were supplied with specific
omplement inhibitors (C5aRA 1 or 5 �mol/L, compstatin
or 25 �mol/L), indomethacin (2 or 10 �mol/L), or equal

olumes of PBS. A volume of 750 �L blood was then
ransferred to segments of PVC or H-PVC tubing (length
0 cm, internal diameter 3 mm). The total volume of the
ubing was 2,100 �L, and approximately 1/3 of the tubing
as filled with blood, the remainder being air as to

scertain that the blood was actually circulating. Each
egment was closed end-to-end and incubated by rotat-
ng slowly in an incubator at 37°C for 4 hours, based on
ilot experiments designed for optimal conditions for

ncubation time. In previous experiments we have found
hat pH in the blood is stable during this period [21]. The
lood was processed immediately after collection and in
rder to reduce delay in handling, the experimental
etup did not allow for testing of all the different inhibi-

ig 1. Polyvinyl chloride-induced (PVC) synthesis of leukotriene B4
LTB4) (pg/mL) in human whole blood. Human whole blood, with
r without complement inhibitors or indomethacin, was circulated
or 4 hours in segments of tubing rotated as closed loops, whereupon
he LTB4 concentration in plasma was measured by enzyme-linked
mmunosorbent assay. (T0 � baseline values; PVC � PVC loops.

eparin � heparin-coated loops; Compstatin 5 or 25 �mol/L;
5aRA � C5a receptor antagonist 1 or 5 �mol/L; indomethacin 2

r 10 �mol/L. Inhibitors were added to blood incubated in uncoated
VC only; # � p � 0.001 versus baseline; * � p � 0.05; ** � p �
.02; *** � p � 0.01; **** � p � 0.001; all versus PVC; data are
resented as mean � standard error of the mean).
ors in the same experiment. However, baseline values as
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ell as blood circulated in PVC tubing without inhibitor
nd blood circulated in H-PVC tubing were included in
ll experiments. All inhibitors were tested in blood from
to 8 different donors. Since baseline values as well as

alues from PVC tubing and H-PVC tubing were deter-
ined in every experiment, each donor served as his or

er own control. After incubation, the blood was centri-
uged at 3,220 � g for 15 minutes at 4°C. The plasma was
rozen in aliquots at �70°C and stored until all samples
ere analyzed in one batch.

nzyme Immunoassays
ssays for prostaglandin E2, thromboxane B2, and leu-
otriene B4 were purchased from Cayman Chemical
ompany (Ann Arbor, MI). Activation of the terminal

omplement pathway was determined in an enzyme
mmunoassay using the monoclonal antibody aE11 spe-
ific for a C9 neoepitope in the sC5b-9 complex using a
odification of an assay described in detail previously

22].

tatistics
ilcoxon’s test for paired observations was used for

omparison within groups. Statistical significance was
efined as p less than 0.05 (two-tailed). Baseline values

or the various eicosanoids, as well as control PVC and
-PVC loops were included in every experimental setup

nd thus represent a larger number of experiments than

ig 2. Polyvinyl chloride-induced (PVC) synthesis of prostaglandin
2 (PGE2) (pg/mL) in human whole blood. Human whole blood,
ith or without complement inhibitors or indomethacin, was circu-

ated for 4 hours in segments of tubing rotated as closed loops,
hereupon the PGE2 concentration in plasma was measured by en-

yme-linked immunosorbent assay. (T0 � baseline values; PVC �
VC loops; Heparin � heparin-coated loops; Compstatin 5 or 25
mol/L; C5aRA � C5a receptor antagonist 1 or 5 mol/L; indo-
ethacin 2 or 10 �mol/L. Inhibitors were added to blood incubated

n uncoated PVC only; # � p � 0.001 versus baseline; * � p �
.05; *** � p � 0.01; **** � p � 0.001; all versus PVC; data are
resented as mean � standard error of the mean).
ach of the inhibitors tested. 1
esults

VC-Induced Synthesis of Eicosanoids
EUKOTRIENE B4 (LTB4). Incubation of blood for 4 hours in
VC loops increased mean LTB4 concentration from 62 to
,232 pg/mL (p � 0.001) (Fig 1). The increase was not
ffected by indomethacin (1,061 pg/mL and 1,000 pg/mL
or 2 and 10 �mol/L indomethacin (p � 0.05 for both),
espectively), consistent with the lack of effect of indo-
ethacin on the lipoxygenase (Fig 1).

ROSTAGLANDIN E2 (PGE2). Incubation of blood for 4 hours in
VC loops increased mean PGE2 concentration from 569

o 2,557 pg/mL (p � 0.001) (Fig 2). By addition of 2 or 10
mol/L indomethacin, this increase was significantly

educed to 517 and 380 pg/mL (p � 0.05 for both),
espectively, indicating that the main fraction of PGE2
as synthesized during incubation (Fig 2).

HROMBOXANE B2 (TXB2). Incubation of blood for 4 hours in
VC loops increased mean TXB2 concentration from 78

o 15,747 pg/mL (p � 0.001) (Fig 3). By addition of 2 or 10
mol/L indomethacin, this increase was reduced to 909
nd 281 pg/mL (p � 0.05 for both), respectively, indicat-
ng that the main fraction of TXB2 was synthesized
uring incubation (Fig 3).

ffect of Heparin Coating on PVC-Induced Synthesis
f Eicosanoids
eparin-coated PVC reduced the mean PVC-induced

ncrease in LTB4 from 1,232 to 157 pg/mL (p � 0.001) (Fig

ig 3. Polyvinyl chloride-induced (PVC) synthesis of thromboxane
2 (TXB2) (pg/mL) in human whole blood. Human whole blood,
ith or without complement inhibitors or indomethacin, was circu-

ated for 4 hours in segments of tubing rotated as closed loops,
hereupon the TXB2 concentration in plasma was measured by en-

yme-linked immunosorbent assay. (T0 � baseline values; PVC �
VC loops; Heparin � heparin-coated loops; Compstatin 5 or 25
mol/L; C5aRA � C5a receptor antagonist 1 or 5 �mol/L; indo-
ethacin 2 or 10 �mol/L. Inhibitors were added to blood incubated

n uncoated PVC only; data are presented as mean � standard error
f the mean; # � p � 0.001 versus baseline; * � p � 0.05; **** � p

0.001; both versus PVC.)
), the mean PVC-induced increase in PGE2 from 2,557 to
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87 pg/mL (p � 0.001) (Fig 2), and the mean PVC-induced
ncrease in TXB2 from 15,747 to 3,284 pg/mL (p � 0.001)
Fig 3). Thus, the heparin-coated loops efficiently inhib-
ted synthesis of all three eicosanoids.

ffect of Complement Inhibition on PVC-Induced
ynthesis of Eicosanoids
EUKOTRIENE B4. Complement inhibition markedly sup-
ressed the PVC-induced increase in LTB4 (Fig 1). Block-

ng the C3 convertase with compstatin 5 or 25 �mol/L
educed mean LTB4 from 1,232 pg/mL to 838 pg/mL (not
ignificant) and 598 pg/mL (p � 0.02), respectively. Block-
ng the C5a receptor with 1 or 5 �mol/L C5a receptor
ntagonist reduced mean LTB4 to 482 pg/mL (p � 0.05)
nd 465 pg/mL (p � 0.01), respectively.
ROSTAGLANDIN E2. Complement inhibition did not affect
GE2 levels significantly, except for 5 �mol/L of the C5a
eceptor antagonist, which gave a reduction from 2,557
g/mL to 1,385 pg/mL (p � 0.01) (Fig 2).
HROMBOXANE B2. Complement inhibition did not affect
rtificial surface-induced synthesis of thromboxane B2
Fig 3).

VC-Induced Complement Activation
he terminal complement complex (TCC) increased sig-
ificantly (p � 0.001) in the PVC tubing, confirming that
ncoated PVC activates the complement system. This
ctivation was markedly lower (p � 0.01) in H-PVC,
onsistent with previous data that this heparin coating

ig 4. Polyvinyl chloride-induced (PVC) complement activation in
uman whole blood. Human whole blood, with or without comple-
ent inhibitors, was circulated for 4 hours in segments of tubing

otated as closed loops, whereupon the concentration of the terminal
omplement complex (TCC) in plasma was measured by enzyme-
inked immunosorbent assay. (T0 � baseline values; PVC � PVC
oops; Heparin � heparin-coated loops; Compstatin 5 or 25
mol/L; C5aRA � C5a receptor antagonist 1 or 5 �mol/L; indo-
ethacin 2 or 10 �mol/L. Inhibitors were added to blood incubated

n uncoated PVC only; data are presented as mean � standard error
f the mean; AU � arbitrary units; # � p � 0.001 versus baseline;
** � p � 0.01 versus PVC.)
fficiently attenuates complement activation. Compstatin C
educed TCC generation in a dose-dependent manner, at
he highest concentration tested the effect was compara-
le to that observed for H-PVC (p � 0.01 for both
oncentrations). As expected, the C5aRA had no effect on
CC formation since the antagonist blocks the receptor
ut does not interfere with the cleavage of C5 into C5a
nd C5b, or the subsequent assembly of TCC (Fig 4).

omment

he systemic inflammatory response during and after
PB has been the subject of considerable research. This

s due to both the frequency with which CPB is per-
ormed and to the potentially serious complications in-
olved, as well as to the fact that CPB represents a fairly
tandardized model for studying in vivo human inflam-
atory reactions. However, as several factors influence

he type and degree of the inflammatory response seen in
uch settings, results from different studies may not be
irectly comparable. For example, the type of tubing,
ump, and oxygenator used, the duration and type of
urgery, and the preoperative status of the patient could
nfluence the results. In our model, we are able to
electively study the effect of the artificial surface, with-
ut interference from other, nonsurface-related factors
entioned above. By including a space with air, blood

ould be circulated simply by rotating the tubing. Thus,
raumatizing pumps were avoided. The air in the tubing
id not contribute to any of the inflammatory markers
tudied in this model [8, 9] nor those included in the
resent study since there were virtually no increases in

he readouts in the heparin-coated tubing, which con-
ained the same amount of air as the untreated PVC
ubing. The most likely reason for the lack of blood-gas
ctivation in this model is the limited contact surface area
etween the blood and the one single air bubble, in
ontrast to the large surface of blood-gas contact seen, eg,
n bubble oxygenators. Thus, the model represents a
elective mode of studying the effect of contact between
lood and an artificial surface. This is both a strength and
limitation for this study and should be kept in mind
hen considering the results. Although our model is very
ifferent from a complete in vivo CPB setting, and our
esults thus cannot directly be extrapolated to a clinical
ituation, complement activation as measured by forma-
ion of TCC is remarkably similar to that seen in clinical
tudies [23].

Circulation of blood in PVC tubing induces comple-
ent activation primarily through the alternative path-
ay [8]. Increased levels of complexes between C1-

nhibitor and its substrates, eg, C1s and kallikrein, has
een demonstrated during in vivo as well as simulated
xtracorporeal circulation [24]. We have previously dem-
nstrated increased C1rs-C1-inhibitor complexes by the
eparin-coated surface in the present model [8]. This

ncrease was not followed by C4 activation and therefore
ot indicative of classic pathway activation, but rather
eflected the potentiation of heparin on C1-inhibitor
inding to its substrate [25]. The effect of heparin on

1-inhibitor is thus operative both for solid-phase and
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uid-phase heparin. A similar effect of heparin has been
escribed for the plasma contact activation system,
here antithrombin bound to a heparinized surface was

unctionally accelerated by the heparin molecules and
fficiently neutralized activated factor XII [26]. In general,
herefore, increases in complexes between C1-inhibitor
nd its substrates should be interpreted with caution. To
ndicate that classic complement activation occurs, a
ombined increase in C1rs-C1-inhibitor complexes and
4 activation products should be documented.
Anticoagulation may directly affect complement, either

y activation (eg, by low doses of heparin) or by inhibi-
ion, as seen with calcium binders and high doses of
eparin. Thus, conflicting results from different experi-
ental models may in part be due to the use of different

nticoagulants. We have recently shown that lepirudin,
n doses sufficient to achieve anticoagulation, has no
ffect on complement activation [21], and we suggest that
epirudin at present is the best anticoagulant available for
uch studies. Lepirudin has also been employed by
thers, both in whole blood models of inflammation [27]
nd in animal models of CPB [28].
It has previously been shown that heparin coating of

he artificial surface markedly reduces the inflammatory
esponse in blood [29], including complement activation
5]. However, it is largely unknown to what extent the
omplement inhibitory properties of the heparin coating
re responsible for the antiinflammatory effects of this
urface.

The dependency on complement of the different in-
ammatory reactions can be determined by the use of
pecific complement inhibitors. We have recently re-
orted that certain inflammatory responses induced by
VC are strictly complement-dependent, some are partly
ependent on complement, whereas others are totally
omplement-independent. For instance, formation of
ranulocyte-platelet conjugates, but not formation of
onocyte-platelet conjugates could be attenuated by

omplement inhibition [8]. Furthermore, formation of
L-8 is totally complement-dependent in this model,
hereas formation of monocyte chemoattractant protein
is only partially reduced by complement inhibition [9].
The eicosanoids are important mediators of inflamma-

ion [13]. The leukotrienes (eg, LTB4) are synthesized by
he 5-lipoxygenase, whereas the cyclooxygenase is re-
ponsible for the synthesis of the prostaglandins (eg,
GE2) and thromboxanes (eg, TXB2). A connection be-

ween complement and eicosanoid production has been
hown in several animal models of eicosanoid-mediated
njury. In a model of rat membranous nephropathy it was
hown that C5b-9 upregulated the cyclooxygenase-2 [30],
nd complement activation products induced synthesis
f LTB4 [31]. Furthermore, in a rabbit model of dermal

nflammation it was shown that C5a recruits leukocytes
o the site of inflammation through an LTB4-dependent

echanism [32]. A complex interaction between comple-
ent and LTB4 is emphasized by the fact that a specific

ntagonist against LTB4 blocked LTB4-mediated, but not
5a-mediated neutrophil activation, as measured by re-
ease of calcium. Thus, complement-mediated leukocyte m
ctivation may be both LTB4-dependent and indepen-
ent [33].
The role of complement in PVC-induced eicosanoid

roduction has not previously been investigated. In the
resent study we demonstrate that PVC-induced LTB4
ynthesis to a large extent is complement-dependent
ince it was dose dependently reduced by the comple-
ent inhibitors. However, LTB4 was not completely

omplement-dependent since it was more efficiently re-
uced by the heparin coating than by complement inhi-
ition. In contrast to LTB4, the production of PGE2 and
XB2 was virtually complement-independent, although

he highest concentration of the C5a receptor antagonist
educed the levels of PGE2 to a certain degree but
arkedly less than the effect of complement inhibition

n LTB4 production. However, the results obtained with
ndomethacin confirm that inhibition of PGE2 and TXB2
roduction in our model could be achieved, further
mphasizing that the effect of complement inhibition on
TB4 production indicates substantial differences in
odes of stimulation for the various eicosanoids. The

TB4 generated in our model is most likely a product of
eukocytes [34, 35], whereas TXB2 and PGE2 originate
rom platelet [36] and monocyte [37] arachidonic acid.
onsistently, we have previously shown that release of

hrombospondin, a major constituent of platelet alpha
ranules, is unaffected by complement inhibition in this
odel [8]. Furthermore, in a previous study [9] we

howed that synthesis of IL-8 in this model is totally C5a
ependent. The present results show that blocking the
5aR markedly reduces PVC-induced LTB4 synthesis. It
as previously been shown that IL-8 can stimulate hu-
an neutrophil 5-lipoxygenase and increase formation of

TB4 [38]. Collectively, these data suggest that there is
omplex interaction between complement, chemokines,
nd eicosanoids in the inflammatory reaction induced by
VC.
The heparin coating essentially eliminated both the

VC-induced formation of LTB4, as well as PVC-induced
omplement activation, as judged by the formation of
CC. However, the fact that the same effect was observed

or release of PGE2 and TXB2 shows that the heparin
oating prevents eicosanoid synthesis through a mecha-
ism that is independent of complement. The beneficial
roperties of the heparin coating as compared to un-
oated PVC have previously been documented for sev-
ral factors, including complement activation [5], synthe-
is of chemokines [9], leukocyte CD11b-expression [8],
nd neutrophil and platelet degranulation [8]. In the
resent study we clearly show that this also applies to
ynthesis of LTB4, PGE2, and TXB2. Thus, the heparin
oating makes the artificial surface highly biocompatible,
nd this may account for the beneficial results seen when
sed in clinical cardiopulmonary bypass [39]. The plate-

et-compatible properties of the heparin coating may
ecrease the risks of microemboli in clinical settings,
hich is in line with previous observations that the use of
eparin-coated surfaces can inhibit deterioration of men-

al function after coronary bypass [40]. There are not

any clinical trials with complement inhibition in car-
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iopulmonary bypass, but in one study a monoclonal
ntibody against C5 reduced complications after coro-
ary artery bypass graft [6].
In conclusion, the PVC surface induced a marked in-

rease in the concentrations of LTB4, PGE2, and TXB2. The
ncrease was almost completely inhibited by heparin coat-
ng of the surface, whereas complement inhibition specifi-
ally reduced LTB4 formation. Thus, the attenuating effects
f the heparin coating on eicosanoid synthesis can only
artly be explained by its complement inhibitory proper-

ies. As the model focuses on the interaction between blood
nd the artificial surface, and as a clinical situation involv-
ng CPB also contains numerous other inflammatory stim-
li including the wound, direct extrapolations of our results

o a clinical setting are not warranted.
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orte Christiansen. Financial support was kindly provided by
armeda AB, The Norwegian Council on Cardiovascular Dis-
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he Odd Fellow Legacy, the Family Blix Legacy, and The Son-
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