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Study design: Review.
Objectives: In subjects with spinal cord injury (SCI), there is strong evidence for platelet hyperactivity,
which may stimulate atherosclerosis and coronary heart disease (CHD). The literature was reviewed.
Background: Individuals with SCI develop premature CHD. In addition to the conventional risk factors
associated with CHD, there are pathologic hematological factors involved in atherogenesis that are similar
to those that have been demonstrated in individuals with diabetes, and these hematological factors might
affect individuals with SCI. One such hematological factor, platelet aggregation, is essential for the
development of CHD, which results from thrombus formation in the coronary vasculature. Prostacyclin
(PGI2) is a potent inhibitor of platelet aggregation and is thought to have a beneficial role in inhibiting
atherogenesis; therefore, it is possible that individuals with SCI have impaired PGI2 receptor function.
Methods: We reviewed the literature by conducting a search using PubMed (1970–2007).
Results: Acute thrombosis is emerging as an important factor in the etiology of CHD and therefore
could mediate the risk of CHD in persons with SCI, in addition to previously known risk factors such as
hyperlipidemia, hypertension, hyperlipidemia, diabetes mellitus and hyperinsulinemia. Because PGI2
may retard atherogenesis through its inhibitory effects on platelet function, we discuss the effects of
PGI2 on platelets in persons with SCI in this review.
Conclusions Subjects with chronic SCI develop abnormal platelet function, resulting in the produc-
tion of atherogenic and thrombogenic factors for the following reasons: (1) the PGI2 and insulin
receptors on their platelets are impaired; (2) thrombin generation and platelet-derived growth factor
release are elevated; (3) insulin-induced nitric oxide production by platelets is markedly impaired; and
(4) a circulating antibody (immunoglobulin G (IgG)) blocks the antithrombotic effect of both insulin
and PGI2 receptors. Thus, this IgG molecule is thought to be one of the pathological mediators of the
increased incidence of CHD in individuals with SCI.
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Introduction

Compared with the able-bodied population, individuals with

spinal cord injury (SCI) have been reported to have an

increased premature mortality because of a higher preva-

lence of coronary heart disease (CHD).1,2 The underlying

mechanism for this increased prevalence remains obscure;

however, a clustering of conventional risk factors associated

with CHD among individuals with SCI has been

demonstrated. These risk factors include hypertension,

hyperlipidemia (high-density lipoprotein cholesterol and

high triglycerides), diabetes mellitus and hyperinsulinemia.3–6

In addition to these risk factors, active smoking7 and the

male gender8 have a large role.

Despite these metabolic, gender and lifestyle risk factors,

there is an alternative hypothesis for why individuals with

SCI develop CHD earlier than the able-bodied population.

This premise is based on the pathological factors that are

directly involved in contributing to premature and accele-

rated atherogenesis and thromboembolization, similar to

those that have been demonstrated previously in persons

with diabetes mellitus.9–11 There is an increased incidence of

thromboembolism secondary to trauma in the acute phase

of SCI (within 6 months of injury), and this thrombo-

embolism does not seem to be related to the pathogenesis
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of CHD in those with chronic SCI. In fact, the occurrence of

thromboembolism in persons with a chronic SCI decreases to

that of the non-SCI population within 6 months of injury5

and, as such, is not related to the genesis of CHD.11 However,

there is strong evidence for abnormal platelet function in

persons with SCI, resulting in the production of atherogenic

and thrombogenic factors.

General background on prostacyclin and homeostasis

Prostacyclin (PGI2) and thromboxane A2 are cyclooxygenase

metabolites of arachidonic acid (an essential fatty acid obtained

only from the diet) and are the major prostanoids that regulate

the homeostasis of the vascular system. In individuals with

ischemic heart disease, the blood concentrations of these

factors are inversely proportional: when the level of PGI2
decreases, the level of TXA2 increases.12–17 Prostacyclin is a

potent vasodilator and inhibitor of platelet aggregation and

is produced mainly by endothelial cells. Prostacyclin exerts

its effect by binding to specific membrane receptors, which

are found on the platelets, heart, aorta and kidney. These

PGI2 receptors are abundantly expressed on platelets. In acute

CHD, fewer of these receptors are present on the surface of

platelets, but more TXA2 receptors are present.18

Low-density lipoprotein is important for maintaining a

constant concentration of cellular cholesterol; it interferes

with the formation of arachidonic acid, which in turn affects

prostaglandin formation and has a marked inhibitory effect

on PGH synthase, the key enzyme of PG synthesis essential

for the inhibition of platelet aggregation.19 Thus, elevated

levels of low-density lipoprotein can reduce PGI2 levels,

leading to an increase in platelet aggregation.

Platelets as sources of active components

The aggregation of platelets induced by agonists such as

thrombin, ADP (adenosine diphosphate), epinephrine or

collagen is essential in the normal coagulation of blood and

in the development of atherosclerosis and thrombosis.17–20

Aggregation of platelets by these agonists is mediated, in

part, through the intracellular synthesis of PGG2 and TXA2.17

Platelet aggregation is inhibited by several autacoids, includ-

ing prostanoids, such as PGI2, and PGE1 or PGD2;
18 blood

coagulation factor Xa;20 and endothelium-derived relaxing

factor/nitric oxide.21 Among the prostanoids, PGI2 is the

most potent inhibitor of platelet aggregation and is gener-

ally thought to have a key role in the prevention of CHD.22

PGI2 mediates its effects by binding to specific guanosine

(G)-protein-coupled prostanoid receptors.23 The stimulatory

G proteins induce the mobilization of intracellular calcium

signaling by increasing intracellular cAMP levels, whereas

inhibitory G proteins reduce cAMP synthesis, thereby inhibit-

ing signal transduction.23 The role of the Gia gene in the

pathogenesis of atherosclerosis and thrombosis has been

identified.24 Disruption of the PGI2 receptor gene in mice

increases susceptibility to thrombosis.25

Platelet aggregation results in the release of platelet-

derived growth factor (PDGF), a well-recognized mitogenic

factor in the pathogenesis of atherosclerosis and a number of

other diseases, as well as the induction of apoptotic cell

death.26,27 Recent studies have demonstrated the conversion

from subclinical to overt CHD, which might be the case in

chronic SCI subjects, where the incidence of silent ischemia

is significantly increased28 and is related to endothelial

injury at the site of stenosis, which is caused by rupture or

fissure of the atherosclerotic plaque.29,30 At the sites of

endothelial injury, TXA2, ADP, serotonin, activated throm-

bin, platelet-activating factor and tissue factor accumulate.31

Thrombin is known to be the most potent stimulator of

platelet aggregation and has an essential role in blood coagula-

tion. It regulates both hemostasis and thrombosis. Thrombin

is also a potent mitogenic agent for arterial smooth muscle

cells, inducing the proliferation of human mesangial cells

that induce the synthesis of mRNA encoding PDGF, a

cytokine that has been implicated in atherosclerotic plaque

formation.26,32,33 The platelet-specific effects of thrombin

and PDGF are inhibited by PGI2 binding to specific receptors

on the platelet surface through activation of adenylate cyclase

and increased cAMP.34–36 This increase in intra-platelet cAMP

inhibits platelet aggregation, platelet-stimulated thrombin

generation and the release reaction, including the release

of PDGF.34–38 Furthermore, PGI2 inhibits agonist-induced

Ca2þ mobilization from intracellular stores and inhibits

store-dependent Ca2þ influx, effects that are mediated by

cAMP protein kinase.37–40 Consequently, PGI2 is thought

to exert a beneficial effect on the prevention of athero-

sclerosis through its multifactorial inhibition of platelet

function.34–36,48

Platelets develop abnormalities after SCI

Although there is a higher incidence of premature CHD in

individuals with SCI, the underlying pathophysiological

events are poorly understood.28 Recently, Kahn et al.39

demonstrated that platelets in individuals with SCI are

not hypersensitive to aggregating agonists, such as ADP,

L-epinephrine, collagen or thrombin. In addition, they

are not resistant to the inhibitory effects of PGE1/PGI2
However, the basal level of PDGF in the plasma of persons

with SCI was threefold higher than the level in able-bodied

individuals40 (6.41±0.12 vs 2.15±0.12pg per 106 cells)

(Figure 1). Furthermore, platelet-stimulated thrombin gener-

ation and PDGF release from the platelets of patients with

SCI (Figures 1 and 2) were not inhibited by the PGI2-

stimulated increase in cAMP formation (Table 1). Thrombin

and PDGF are atherogenic mitogens and, if left uncontrolled

(that is, not inhibited by the normal counter-regulatory

mechanism), would be expected to accelerate the pathogen-

esis of premature atherosclerosis in those with SCI.

PGI2-induced inhibition of platelet aggregation has been

shown to be mediated through the binding of PGI2 to its

specific receptors on the platelet surface.34–36 This binding

activates the membrane-bound adenylate cyclase and, thus,

increases cellular cAMP levels, leading to the inhibition of

platelet function and vasodilation. In studies of platelets

from subjects with SCI, equilibrium binding of the tritiated

probe 3H-PGE1 was, on average, consistently less than 50% of

the mean control level41 (Figure 3).
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Computer analysis of the Scatchard plot of the PGE1/PGI2
binding to control platelets and platelets from SCI subjects

showed the presence of one high-affinity low-capacity PGI2
receptor population and one low-affinity high-capacity

receptor population in both groups (Figure 4, Table 2).39

The binding of PGE1/PGI2 to the low-affinity receptor (Kd in

mM ranges) increases cAMP levels in platelets, which inhibits

platelet aggregation.34,39 The binding of the agonist to the

high-affinity receptor also increases cAMP levels, probably in

a compartmentalized manner and in a smaller quantity

compared with the synthesis of cAMP through low-affinity

binding.41 Furthermore, the synthesis of cAMP by high-

affinity prostaglandin binding is under feedback inhibition

by the nucleotide itself.41 The binding of PGI2 to its high-

affinity, but not to its low-affinity, receptors is physiologi-

cally more important because the plasma level of PGI2,

even when stimulated, is in the nM range (3–15nM) and

corresponds only to the Kd of the high-affinity receptors

(B9nM). The binding of PGI2 to its high-affinity, but not to

its low-affinity, receptors is inhibited by guanosine-50-tripho-

sphate.39 In individuals with SCI, it has recently been shown

that inhibition of platelet aggregation by increasing cAMP

through low-affinity PGI2 receptor binding exclusively failed

to inhibit PDGF release or platelet-stimulated thrombin

generation,39 and this failure was postulated to be related

to the loss of high-affinity PGI2 receptors (Table 4).

Figure 2 Effect of PGI2 on platelet-stimulated thrombin generation
in platelet-rich plasma (PRP) from control and SCI subjects. Open
bars, platelet-free plasma (PFP); black bars, PRP in the absence of
PGI2; hatched bars, PRP in the presence of PGI2. (A) Normal PRP.
(B) PRP from SCI subjects (n¼10). (C) Gel-filtered platelets from
subjects with SCI suspended in plasma from controls (n¼10).39

Table 1 Effect of PGI2 on platelet-stimulated thrombin generation and
release of PDGF in PRP from control and SCI subjects

PRP RRTG PDGF cAMP

(pg per 106 cells) (pmol per 108cells)

Normal 2.0±0.1 19.1±2.1 1.84±0.65
Normal+PGI2 1.1±0.1 2.5±0.3 26.54±5.8
SCI 1.9±0.2 20.1±0.3 2.1±0.43
SCI+PGI2 2.0±0.2 18.5±2.6 29.3±4.34

Abbreviations: cAMP, cyclic adenosine monophosphate; PDGF, platelet-

derived growth factor; PGI2, prostacyclin; PRP, platelet-rich plasma; RRTG,

relative rate of thrombin generation; SCI, spinal cord injury.

PRP was treated with or without PGI2 (10 nM) before RRTG was determined.46

Figure 3 Time course of binding of prostaglandin (3H-PGE1) to
platelets from subjects with SCI and controls. Washed platelets were
incubated with 3H-PGE1 (3 nM) at 23 1C, and for different times the
binding of the radioactive ligand to the control (K) and subjects
with SCI (m) was determined. Non-specific binding to control (J)
and SCI platelets (n), respectively. Results are expressed as
means±s.e. of three experiments, each in triplicate.39
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Figure 1 Effect of PGI2 on the release of PDGF in platelet-rich
plasma (PRP) from control and SCI subjects. Platelet aggregation was
studied by adding thrombin (0.2Uml�1) to 0.5ml PRP in a silicon-
coated cylindrical cuvette containing a Teflon-coated stirrer bar.
Platelet aggregation occurred when PRP was stirred at a rate of
1200 r.p.m. at 37 1C. The reaction was stopped by adding 5%
trichloro acetic acid (TCA). The supernatant was collected by
centrifuging the mixture at 8000 r.p.m. for 20min. PDGF was
determined by ELISA. Platelet aggregation was inhibited by adding
100nm PGE1. SCI, spinal cord injury. Results are means±s.e. of six
experiments, each in triplicate.40 *Po0.001.
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Novel immunoglobulin G (IgG) identified in SCI

Platelets from subjects with SCI had markedly decreased

numbers of high-affinity (Kd1) PGI2 binding sites when

compared with controls (n1¼172 vs 43 sites per platelet),

with no effect on the low-affinity binding sites (Table 2). To

determine whether the decreased number of high-affinity

PGI2 binding sites in platelets from SCI subjects was a

consequence of abnormalities of the platelets that developed

after injury or whether impairment was a consequence of the

presence of inhibitors in the circulation, washed platelets

from individuals (non-SCI) were incubated in plasma from

SCI subjects and 3H-PGE1 binding was determined.42 In-

cubation of non-SCI platelets in plasma from SCI subjects

resulted in the inhibition of binding of 3H-PGE1 to high-

affinity binding sites (170±32 vs 23±8 sites per platelet)

(Table 3).

Such treatment of normal platelets resulted in the failure

of PGE1/PGI2 to inhibit platelet-stimulated thrombin gen-

eration and PDGF release, without any impairment of the

stimulation of cAMP formation or PGI2-induced inhibition

of platelet aggregation.39 These results suggested the pre-

sence of an inhibitor(s) in the plasma of patients with SCI

that is capable of partial impairment of platelet–PGI2
interactions and that consequently resulted in partial

blockade of the PGI2 effects on platelets39 (Table 3).

Furthermore, the inhibitor has been identified by Kahn

et al. as a novel PGI2 receptor antibody (IgG) that specifically

blocks the high-affinity PGI2 receptors on the platelet

surface, without affecting the low-affinity PGI2 receptors

on the same platelet or the stimulation of adenylate cyclase

(through the binding of PGE1/PGI2 to its low-affinity

receptors on the platelet membranes).42 The partial amino-

acid sequence of this IgG showed that it was a free heavy-

chain antibody (IgG) with a molecular weight of 47 kDa

(Figure 5).42

Appearance of PGI2 receptor-specific
antibody after SCI

These high-affinity PGI2 receptors on the platelet membrane

bilayers are essential for normal platelet function.38 Because

it has previously been shown that the number of these

receptors was decreased in subjects with SCI, the time course

after acute SCI for the development of measurable amounts

of this antibody specific for the PGI2 receptor was deter-

mined in a cross-sectional study. It was demonstrated that

inhibition of PGI2 binding to platelets from SCI subjects

paralleled the appearance of a PGI2 receptor antibody in

the plasma of these subjects. This antibody was detected

Table 2 3H-PGE1 binding to platelets from SCI and controls

Platelets High affinity Low affinity

Receptor (n1) Kd1 (nM) Receptor (n2) Kd2 (mM)

Control 172±23 8.11±2.8 1772±226 1.01±0.30
SCI 43±10 6.3±1.91 1820±421 1.22±0.23

Abbreviations: PGE1, prostaglandin E1; SCI, spinal cord injury.

Binding of 3H-PGE1 was analyzed according to Scatchard.39

Figure 4 Scatchard plot of the binding of 3H-PGE1 to platelets from
subjects with SCI and controls. The Scatchard plot represents nine
experiments performed in each of the two groups. Each point in the
plot is the average of three experiments: (J) subjects with SCI;
(K) control subjects.42

Table 3 Effect of incubation of control platelets with IgG eluate from
SCI plasma on the binding of 3H-PGE1 to prostacyclin receptors
compared with prostanoid binding to SCI platelets

Platelets Treatment PGE1/PGI2 receptors

High affinity Low affinity

Kd1 (nM)
n1 sites
per cell Kd2 (mM)

n2 sites
per cell

Control Buffer 9.1±2.0 170±32 1.9±0.1 1832±232
Control IgG eluate

from SCI
7.2±1.1 23±8 1.6±0.1 1740±161

Control IgG eluate
from control

8.9±0.9 162±34 1.8±0.3 1876±138

SCI Buffer 7.5±1.5 40±10 2.1±0.3 1970±214

Abbreviations: IgG, immunoglobulin G; PGE1, prostaglandin E1; PGI2, prostacyclin;

SCI, spinal cord injury.

Platelets were isolated from either control (non-SCI subjects) and incubated

with or without IgG isolated from SCI or control plasma. The binding of
3H-PGE1 to platelets was determined and analyzed by Scatchard plot. Results

are expressed as means±s.d. of six experiments, each performed in triplicate.

Figure 5 Partial amino-acid sequence of the antibody (IgG) from
SCI plasma. As illustrated, the amino-acid sequence of the antibody
from SCI plasma was determined. Amino-acid identities of the heavy
chain of IgG (V–III region) from SCI plasma (in bold letters)
overlapped with seven amino acids when compared with the IgG
sequence in the Swiss Protein Data Base.42
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in the plasma of subjects with SCI only 1 year after injury.

A progressive increase in the antibody level was observed

during the first 5 years after SCI in subjects with paraplegia

and quadriplegia (Table 4).43

The increase in antibody observed during the first 5 years

after SCI coincides with an increase in C-reactive protein

(CRP, 43mg l–1) and other risk factors for CHD. Clinical

studies that examined CHD risk factors in individuals with

SCI (1–40 years post injury) have shown that CRP (a marker

of inflammation and CVD risk) was higher in persons with

SCI (3.37±2.86mg l�1); it is notable that CRP levels were

74% higher in those with quadriplegia (4.31±2.97mg l�1)

than in those with paraplegia (2.74±2.47mg l�1), P¼002).

(The clinical guidelines established by the American Heart

Association for CRP state that values 43mg l�1 correspond

to a high risk of CHD).44

A study reported that individuals who had SCI of more

than a year before (average time post injury: 12.8±13.45

months) had higher total cholesterol (TC; 205±36 vs

186±32mgdl�1; P¼0.025), higher total cholesterol TC/

high-density lipoprotein (6.26±1.5 vs 5.34±1.17mgdl�1;

P¼0.005) and higher low-density lipoprotein/high-density

lipoprotein (4.16±1.3 vs 3.57±0.9mgdl�1; P¼0.027) than

controls.45 Other investigators have reported low concentra-

tions of high-density lipoprotein, ranging from a mean of

27mgdl�1 in SCI subjects (5 weeks up to 1 year post-injury)

to 61mgdl�1 in controls. Thus, the SCI group had more

lipid-related risk for CHD than did the control group.46

The novel antibody that recognized only the high-affinity

PGI2 receptor binding sites on platelets consequently

blocked the PGI2 effect. Because both high-affinity and

low-affinity binding sites for PGI2 reside on the same

receptor macromolecules,47 the antibody was most likely

monoclonal in origin. Because no inhibition of PGI2 binding

occurred in the presence of normal plasma, and the protein

was determined to be an antibody, it was concluded that the

specific antibody against PGI2 receptor macromolecules

developed as a consequence of SCI. The observed inhibition

was not due to the IgG occurring normally in the circulation

(Table 4). From these observations, it was concluded that

PGI2 failed to inhibit PDGF release and platelet-stimulated

thrombin generation in platelets from subjects with SCI

because of the presence of a PGI2 receptor-specific antibody

that rendered these receptors inactive.42,47

The increase in antibody level 5 years after SCI was directly

related to the decrease in binding of PGI2 to its receptor sites

on platelets from both paraplegic and quadriplegic patients.

Scatchard analysis (after 5 years of injury) showed a signi-

ficant reduction in PGI2 receptor number in the presence

of the antibody compared with controls (n1¼34±9 vs

n1¼172±30 sites per platelet, Po0.001) (Table 4). Hence,

the level of the PGI2 receptor-specific antibody and the

concomitant decrease in PGI2 receptor number were directly

associated with the duration of injury and not the level of

injury. Because the blockade of the PGI2 receptor by the anti-

body resulted in the impairment of PGI2 function in normal

platelets,39,42 it has been suggested that these effects of PGI2
were mediated by the inhibition of Ca2þ channels through

the interaction of PGI2 with its receptors on the platelet

surface.40

Insulin receptor and PGI2 receptors

Because both insulin and PGI2 may be important in the

prevention of thrombosis,48 the status of insulin-induced

NO production and the PGI2 high-affinity receptor interac-

tion in platelets in SCI subjects was also examined. It was

established that the insulin-induced NO synthesis in SCI

platelets was markedly impaired because of the presence of a

free heavy-chain antibody (IgG (molecular weight 47 kDa)

in the circulation of subjects with SCI47 (Figure 6). This

antibody blocked insulin receptor binding sites (40±10 vs

200±25 receptors per platelet, with and without IgG,

respectively), without affecting the dissociation constant of
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Figure 6 Insulin-induced NO synthesis in control and SCI platelets
and the effect of SCI plasma on insulin-induced NO production in
control platelets. Washed platelet suspension was incubated with
various concentrations of insulin (50–200mUml�1). After incubation
at 23 1C for 30min, NO production was determined. In parallel
experiments, control platelets were incubated in the plasma from
SCI individuals, and NO synthesis was determined. Each point
represents the mean±s.d. of six experiments from six different
donors, each performed in triplicate.47

Table 4 Duration of SCI and its effect of on the binding of 3[H]-PGE1 to
platelets from subjects with SCI and non-SCI

Platelets Years
after SCI

PGE1/PGI2 receptors

High
affinity

Receptor
number

Low
affinity

Receptor
number

Kd1 (nM)
n1 sites
per cell Kd2 (mM)

n2 sites
per cell

Non-SCI � 9.1±2.1 172±30 1.85±0.1 1832±231
SCI 1 8.9±2.0 153±15* 1.9±0.3 1874±104

3 7.2±2.0 107±25* 1.6±0.2 1790±116
5 7.4±1.8 40±4.1* 1.8±0.3 1920±210

10 6.8±0.7 34±9.0* 2.2±0.3 1846±183
410 9.8±0.2 32±8.0* 2.1±0.2 1960±264

Abbreviations: PGE1, prostaglandin E1; SCI, spinal cord injury.

*Po0.001 in comparisons of 1 year after injury with 3,5,10 or 410 years.43

Platelets were isolated from SCI and non-SCI plasma. The binding of 3[H]-PGE1
to platelets was determined and analyzed by Scatchard plot. Results are

expressed as mean±s.d. of six experiments, each performed in triplicate.
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hormone binding (Kd1¼2�10–9M) for the synthesis of NO

and blocked PGI2 receptor interaction in normal platelets

(265±41 vs 452±56 receptors per platelet, with and without

IgG, respectively) (Figures 7 and 8).47 Because the presence of

the antibody could block the antithrombotic effect of both

insulin and PGI2, the antibody was thought to be one of the

pathological mediators for the increased incidence of CHD

in SCI individuals (Table 5). The cross-reactivity of the free

antibody with two different receptor antigens was thought

to result from the presence of several homologous regions in

the amino-acid sequence of the insulin and PGI2 receptors

(Table 6).

Recently, it has been demonstrated that insulin-induced

NO has an insulin-like effect in stimulating glucose transport

and glucose oxidation in muscles.49 The injection of NO into

mice that were induced to develop diabetes mimicked the

glucose-lowering effect of insulin in the control of hypergly-

cemia.50 It was hypothesized that a similar mechanism of

impaired NO production in the presence of this antibody

may contribute to glucose metabolism disorders in SCI

patients.

However, whether the systemic development of the anti-

body against PGI2/insulin receptors is etiologically related to

the increased incidence of CHD in SCI subjects remains to be

established. Studies in SCI subjects of different age groups

indicated that the increased incidence of CHD was statisti-

cally significant at least 1 year after SCI.43–46 As demon-

strated, the presence of the PGI2 receptor-specific antibody

in the circulation became apparent 1 year after an SCI, which

could be related to the impairment of signal transduction of

PGI2 receptors on platelets (Table 1); this has been related to

the control/prevention of atherosclerosis by PGI2.
34

Figure 7 Inhibition of 3H-PGE1binding to control platelets by IgG
protein identified in SCI plasma. Control platelets were incubated
with increasing concentrations of the IgG protein for 3 h at 37 1C.
After incubation, the specific binding of 3H-PGE1 was determined.
� , eluates from control plasma; K, eluates from SCI plasma.42
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Figure 8 Equilibrium binding of 125I-insulin to platelets from control
and SCI individuals. Platelets from control and SCI individuals were
incubated with 0.14pmol of 125I-insulin at 23 1C for 3 h to attain
equilibrium. Specific binding and non-specific binding to platelets
from controls (~,n) and individuals with SCI (m,x) was determined.
Results are expressed as mean±s.d. of six experiments. 47

Table 6 Alignment of prostacyclin and insulin receptor protein
sequence

Receptor Sequence % Identity Residues overlap

Prostacyclin 1–14 50 14
Insulin 99–113
Prostacyclin 15–32 33.3 18
Insulin 332–344
Prostacyclin 33–55 41.2 23
Insulin 401–423
Prostacyclin 56–122 67.7 71
Insulin 485–555
Prostacyclin 123–132 31.8 10
Insulin 575–619
Prostacyclin 133–146 38.5 14
Insulin 755–780
Prostacyclin 147–167 36.4 21
Insulin 889–919
Prostacyclin 168–190 37.5 23
Insulin 975–1040
Prostacyclin 191–220 28.6 30
Insulin 1072–1120
Prostacyclin 221–279 45.5 59
Insulin 1121–1196
Prostacyclin 280–317 42.9 38
Insulin 1210–1280
Prostacyclin 318–386 50 69
Insulin 1281–1360

Table 5 Effect of the purified 47-kDa heavy-chain portion of the IgG
from SCI on PGI2 and insulin receptor binding sites on normal platelets

Receptor Platelets
treatment

Dissociation
constant

Receptor number
(sites per cell)

Kd1 (nM) Kd2 (mM) N1 n2

PGI2 None 9.0 1.1 200±25* 1748±250
PGI2 Antibody 8.6 1.5 40±10* 1832±280
Insulin None 1.7 0.9 452±56+ F
Insulin Antibody 2.3 1.2 265±41+ F

Abbreviations: IgG, immunoglobulin G; PGI2, prostacyclin; SCI, spinal cord

injury.

*Po0.001.
+Insulin receptor numbers compared before and after addition of antibody.

Washed platelet suspension (108 cellml�1) from normal volunteers was

incubated with the purified antibody (0.1mgml�1) for 1 h at 23 1C. The

binding of 3H-PGE1 (as a stable probe for PGI2 receptor) and 125I-insulin to

their respective receptors were determined and the binding characteristics

were analyzed by Scatchard plot. Values are mean±s.d.; n¼6.

Non-conventional risk factors for heart disease in SCI
B Khan et al

863

Spinal Cord



The presence of this antibody, albeit only the heavy-chain

portion of IgG molecule, in the circulation of chronic SCI

subjects could be a pathophysiological mediator of the

development of premature CHD in these individuals. On

the one hand, this antibody would be expected to stimulate

platelet aggregation through increased thrombin generation,

PDGF release and the regulation of Ca2þ channels by

blocking high-affinity PGI2 receptors on the platelet sur-

face.39,40 On the other hand, the antibody would favor

systemic thrombogenesis through the inhibition of insulin-

induced NO synthesis in various cells, including platelets, by

blocking insulin receptor binding.47,49–51

These results indicate that this antibody may act as the

common pathologicalmediator for atherosclerosis for the various

conventional risk factors and that chronic SCI itself may be

considered an independent risk factor for atherosclerosis.52,53

Because the antibody inhibited the binding of 125I-insulin

to its receptors, the major recognition site of this specific

antibody was determined to be the a subunit of the insulin

receptor (Table 5).47

The above results demonstrated an unusual property of a

free heavy chain of the antibody molecule, which appeared

in the circulation after SCI and recognized two different well-

known antigens, that is, the receptors for both insulin and

PGI2 on the platelet surface. The existence of such an antibody

(or one of its subunits) that recognizes two different receptors

has not been reported previously. Therefore, the antibody was

capable of simultaneously inhibiting and interrupting the

transduction of messages by both insulin and PGI2 in the

inhibition of platelet aggregation. This antibody may have

an important role in thrombogenesis as a result of increased

platelet aggregation, thrombin generation, and PDGF release

and decreased NO production, as well as decreased glucose

transport and its metabolic consequences (such as diabetes

mellitus, dyslipidemia, dysregulation of blood coagulation

and fibrinolysis) that are associated with atherosclerosis.47

Similarity of the insulin and PGI2 receptors

To understand whether this unusual cross-reactivity of the IgG

free heavy chain with the insulin and PGI2 receptors was related

to the similarity in the conformation of the protein structure

of these two receptor molecules, the amino-acid sequences

of these two proteins were compared using the amino-acid

sequence data bank and computer-assisted alignment.47 The

alignment analysis illustrated the presence of several homo-

logous regions in these two receptor molecules (Table 6).

The antibody partially impaired PGI2 receptor function in

normal platelets and was found in patients with SCI and in

patients with other conditions that are known to increase

the risk of CHD (for example, hypertension, hyperlipidemia,

diabetes mellitus, hyperinsulinemia and a past or current

history of cigarette smoking). As such, this antibody might

act as a common pathological mediator for atherosclerosis in

general because it would be expected to stimulate platelet

aggregation through increased thrombin generation, PDGF

release and regulation of Ca2þ channels by blocking high-

affinity PGI2 receptors on the platelet surface.42

Despite the fact that the PGI2 receptor-specific antibody

could be pathophysiologically related to the development of

CHD in subjects with SCI, the nature of how the instigator,

developed as a consequence of SCI, elicited the synthesis of the

antibody that is present in the circulation is not known.

However, as reported by other investigators, SCI might result

in the production of various cytokines, including IL-17 and

TNFa.52,53 Previously, it has been reported that cytokines

induce the systemic overproduction of autoantibody.54,55 In

this context, the production of PGI2 receptor-specific antibody

might be called possibly, in part, an ‘auto-immune’ condition

proved by injury to the spinal cord or related to secondary

inflammatory conditions, such as, chronic pressure ulcers and/

or low grade infections of the bladder or respiratory tract.

Conclusions

Individuals with a chronic SCI have been reported to develop

CHD at an early age. The etiology of this accelerated CHD, as

suggested by the literature, seems to be multifactorial.

Hemostatic significance has been discussed in this review.

There is strong evidence for abnormal platelet function

resulting in the production of atherogenic and thrombo-

genic factors because individuals with SCI display the

following characteristics: (1) the PGI2 and insulin receptors

on platelets are impaired; (2) thrombin generation and

platelet-derived growth factor release are elevated; (3)

insulin-induced NO production in platelets is markedly

impaired; and (4) the presence of a circulating antibody

(IgG) blocks the antithrombotic effect of both insulin and

PGI2. Additionally, the free heavy-chain portion of the IgG

molecule is thought to be one of the pathological mediators

for the increased incidence of CHD in individuals with SCI.

With our increased understanding of the mechanisms

involved in platelet dysfunction in SCI subjects, new and

effective therapies can be investigated. An early aggressive

approach may be beneficial in the prevention and progres-

sion of vascular diseases in SCI subjects. A possible effective

treatment may be to target and upregulate the level of high-

affinity PGI2 receptors and, consequently, inhibit the

progression of the atherogenic potential of platelets.
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