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Abstract Aims/hypothesis: The precise mechanisms un-
derlying the increased risk of cardiovascular disease (CVD)
in type 2 diabetes are unclear. Fibrin clot structure has been
related to CVD risk in the general population. We therefore
assessed this in type 2 diabetic patients as a potential mech-
anism whereby diabetes influences CVD risk. Methods: Fi-
brin clots were formed from fibrinogen purified from 150
subjects with type 2 diabetes and varying degrees of gly-
caemic control (assessed by HbA1c), and from 50 matched
control subjects. Clot structure was assessed by turbidity,
permeation and confocal microscopy. The specific effect of
glucose itself was assessed by analysing the structure of
clots formed from purified fibrinogen in the presence of in-
creasing concentrations of the sugar. Results: Clots formed
by fibrinogen purified from type 2 diabetic subjects had a
denser, less porous structure than those from control sub-
jects. The structural changes found were related to the in-
dividual’s glycaemic control; HbA1c correlated negatively
with permeation coefficient (Ks) values (indicates clot pore
size) (r=−0.57, p<0.0001) and positively with maximum
absorbance (indicator of fibre size) (r=0.33, p<0.0001),
branch point number (r=0.78, p<0.0001) and fibre density
(r=0.63, p<0.0001). The ambient glucose level influenced
clot structure; hypo- (<5 mmol) and hyperglycaemia (≥10
mmol/l) were both associated with a reduction in Ks val-
ues and maximum absorbance, and with increased fibre
density and branch point number within clots. Conclusions/
interpretation: The structural differences found to occur in
type 2 diabetes and in association with hypo- and hyper-
glycaemia may confer increased resistance to fibrinolysis,

and in consequence contribute to the increase in CVD risk
in diabetic patients.
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Introduction

Cardiovascular disease (CVD) is the major cause of mor-
bidity and mortality amongst individuals with type 2 dia-
betes [1]. Whilst this is in part related to the clustering of
atheromatous risk factors in patients, diabetes has been
shown to exert a significant effect on CVD risk indepen-
dently of co-existent cardiovascular risk factors such as
hypertension and dyslipidaemia [2]. This increased risk
may be related to other metabolic abnormalities associated
with the condition. The majority of individuals with type 2
diabetes and CVD are insulin-resistant [3], yet the precise
cellular/molecular changes that result from insulin resis-
tance/hyperinsulinaemia and link to the process of athero-
genesis remain under investigation.

Despite these uncertainties, the pathophysiological pro-
cesses underlying the development of atherosclerosis have
become more clearly defined over recent years [4, 5]. The
formation of an atherosclerotic plaque is a complex process
that occurs over many decades and may remain clinically
silent. The pivotal events leading to clinical presentation
are the development of an unstable plaque and the for-
mation of an occlusive platelet-rich thrombus on plaque
rupture, which cause the acute complications of CVD (un-
stable angina, myocardial infarction and stroke) [6, 7]. The
release of procoagulant debris on plaque rupture precipi-
tates a series of events that result in the activation and
adherence of platelets to the damaged vessel wall followed
by local activation of coagulation and the formation of a
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cross-linked fibrin clot, which provides the key structural
support for the thrombus. Fibrin has also been shown to be
a consistent component of human atherosclerotic plaques
[8, 9], and may play a role in promoting their development
[10–12].

Prospective studies have consistently reported an asso-
ciation between elevated fibrinogen levels and cardiovascu-
lar risk [2, 13]. Assessment of the structure of the fibrin clot
itself in relation to atherothrombotic disease development
has revealed its structure to be heterogeneous, being influ-
enced by genetic and environmental factors [14]. Clinical
studies have reported an association between clot structure
and the development of premature coronary heart disease
[15]; patients suffering a myocardial infarction before the
age of 45 years formed clots with a denser, less permeable
structure than healthy control subjects [15], a structural
change that may contribute to atherothrombotic risk by in-
creasing resistance to fibrinolysis [16].

Analysis of the structure of the fibrin clot in relation
to diabetes has revealed that fibrin clots formed from the
plasma of subjects with type 1 diabetes have a denser
structure, with smaller intrinsic pores than those formed by
healthy control subjects [17, 18], a feature that has been
shown to enhance a clot’s resistance to fibrinolysis [16, 19].
However, the mechanism(s) by which fibrin clot structure
is altered in type 1 diabetes are unclear. The changes found
were inversely correlated to glycaemic control (HbA1c)
[17], leading the authors to suggest that this effect may
result from glycation of the fibrinogen molecule. Indeed,
fibrinogen has been shown to be glycated in vivo [20], and
in vitro glycation of fibrinogen has been shown to influ-
ence its interaction with other coagulation/fibrinolytic pro-
teins [21–23].

The aim of this study was therefore to investigate—
using a purified system—whether the structure/function of
the fibrin clot is altered in subjects with type 2 diabetes.
Fibrin clots were formed from fibrinogen purified from
subjects with type 2 diabetes and from healthy age- and
sex-matched control subjects. The direct effect of glucose
molecules on the formation and cross-linkage of the fibrin
clot was also assessed in this purified system. In addition,
we sought to determine possible mechanisms underlying
the observed changes in clot structure by assessing the
activity of thrombin and factor XIII (FXIII).

Subjects, materials and methods

Subjects Type 2 diabetic subjects (n=150) were recruited
through the Diabetes Centre at Leeds General Infirmary.
Age- and sex-matched control subjects (n=50) were re-
cruited from the Leeds Health Authority Family Health
Service Register (Table 1). All subjects were white, north
European, and gave informed consent according to a pro-
tocol approved by the Leeds Teaching Hospitals Research
Ethics Committee. Patients with microalbuminuria, diabet-
ic retinopathy, peripheral neuropathy and CVD were ex-
cluded from the study; none of the subjects was taking oral
anticoagulants or aspirin.

Blood sampling Venous blood was taken between 08.00
and 10.00 hours, after an overnight fast, into siliconised
tubes with 15 IU per ml lithium heparin for purification of
fibrinogen, and into EDTA for HbA1c measurement using
a Glycomat autoanalyser (Ciba Corning, Halstead, UK;
reference range 4.5–6.5%). Within 1 h, samples for fibrin-
ogen purification were centrifuged (2,540 g for 20 min) at
room temperature to obtain platelet-poor plasma, which
was separated, frozen in liquid nitrogen, and stored at
−40°C.

Fibrinogen purification Fibrinogen was purified from the
plasma of each subject using IF-1 affinity chromatography
as described previously [24], and was standardised at a
concentration of 1 mg/ml for the analysis of clot structure.

Factor XIII purification Human FXIII was purified from
plasma by ammonium sulphate precipitation and gel filtra-
tion, as previously described [25].

Clot permeation Liquid permeation studies were performed
on fibrinogen purified from all 200 subjects as described
previously [26]. This technique measures the rate at which
a buffer flows through a fibrin clot, and enables calculation
of the permeation coefficient (Ks), which represents the
surface of the gel allowing flow through the network, giv-
ing an indication of the pore size within the fibrin clot.
Clots were formed from purified fibrinogen (1 mg/ml) on
addition of 22 μg/ml FXIII, 1 U/ml human α-thrombin
(American Diagnostica, Stamford, CT, USA) and 5 mmol/l
calcium. Two replicate clots were analysed for each subject.

Table 1 General characteristics of diabetic and control subjects

Parameter Diabetic subjects
(SD)

Control subjects
(SD)

p-
value

Age (years) 61 (11) 60.5 (7.0) 0.218
Sex M/F 104/46 34/16 0.86
Smoking history
Current 11% 14% 0.847
Ex-smoker (%) 51 48
Never smoker (%) 38 38
Height (m) 1.69 (0.09) 1.72 (0.11) 0.74
Weight (kg) 84.9 (18.6) 80.3 (15.1) 0.11
BMI (kg/m2) 29.3 (6.1) 26.7 (4.4) 0.005
Systolic BP (mmHg) 149 (22.3) 136 (21.0) 0.002
Diastolic BP (mmHg) 84 (11) 83 (11.5) 0.581
Cholesterol (mmol/l) 5.2 (0.9) 5.4 (1.04) 0.09
Triglyceride (mmol/l) 2.2 (1.6) 1.5 (0.8) 0.0001
LDL (mmol/l) 3.1 (0.8) 3.2 (1.0) 0.249
HDL (mmol/l) 1.2 (0.4) 1.4 (0.45) 0.0001
HbA1c (%) 7.9 (1.6) 4.9 (0.4) 0.0001
Fasting plasma glucose
(mmol/l)

9.5 (3.2) 5.3 (1.2) 0.0001
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Turbidity measurements Turbidity experiments were per-
formed as described previously [26], using fibrinogen
(1 mg/ml) purified from all 200 subjects, and purified FXIII
(22 μg/ml), 1 U/ml human α-thrombin and 5 mmol/l cal-
cium. Two replicate measurements were performed for
each sample. The parameters recorded were lag phase (s)
(taken as the time taken for the absorbency to increase by
0.01 above baseline [i.e. time zero reading]), and maximum
absorbency at full polymerisation (calculated as the absor-
bency value at 30 min minus the baseline [time zero] ab-
sorbency reading). The lag phase represents the length of
time required for fibrin protofibrils to grow to sufficient
length to allow lateral aggregation to occur and is sensitive
to a variety of factors, including fibrinogen concentration
and rate of fibrinopeptide A (FPA) cleavage [27]. Clot tur-
bidity is directly proportional to the average cross-sectional
area of the fibres comprising it, and the maximum absor-
bency reflects the average size of the fibrin fibres within
the clot [27].

Confocal microscopy Fibrin clots were formed from fibrin-
ogen (1 mg/ml) purified from 30 randomly selected diabet-
ic subjects and ten control subjects matched for all clinical
parameters, and incubated with FXIII (22 μg/ml), 1 U/ml
human α-thrombin, and 5 mmol/l CaCl2 for assessment by
confocal microscopy as described previously [16]. All sam-
ples were prepared in duplicate. Specimens were scanned
using a Leica TCS SP-2 laser scanning confocal micro-
scope (Leica Microsystems, Heidelberg, Germany), and
digital photographs were obtained from six regions in each
clot (measuring 30×30×30 μm). Thirty optical sections
were collected at intervals of 1 μm depth, and the images
obtained were analysed to determine the number of branch
points and fibres per standardised volume of clot (27,000
μm3). The average fibre diameter (n=500) within each clot
was also determined.

Alpha- and gamma-chain cross-linking Rates of α- and
γ-chain cross-link formation within fibrin clots by FXIII were
determined in all subjects. Purified fibrinogen (1 mg/ml)

was incubated with 22 μg/ml FXIII, 0.5 IU/ml human
α-thrombin, and 5 mmol/l calcium in TRIS-buffer saline
(TBS) at room temperature for varying time periods of up
to 120 min. The rate of cross-linkage was determined as
described previously [28]. Cross-linking by FXIII caused
the formation of multiple α-chain polymers. The diffuse
nature of the bands representing α-polymers on SDS-
PAGE made the measurement of band density inaccurate;
therefore, the reduction in α-monomer chain band density
over time (corresponding to increasing degrees of α-chain
cross-linkage and α-polymer formation) was used as a
surrogate marker of α-chain cross-linkage, and the results
were expressed as a percentage of the α-monomer present
at time zero (which was taken to be 100%).

Fibrinopeptide-A and B release Thrombin-induced fibrino-
peptide release from fibrinogen purified from 30 randomly
selected diabetic subjects and 20 matched controls was
measured by reverse-phase HPLC as previously described
[25], using fibrinogen (1 mg/ml) incubated with 0.5 IU/ml
human α-thrombin and 2.2 mmol/l calcium. Molar quan-
tities of the fibrinopeptides were calculated from the chro-
matograms by integration of the respective peak areas at
each time point, and comparison with the amount of fibrino-
peptides obtained at maximum release (45 min). Catalytic
efficiencies for FPA and fibrinopeptide B (FPB) release
reactions by thrombin were calculated as described [25, 29].

Effects of ambient glucose levels on fibrin clot structure/
function The effect of glucose on fibrin clot structure was
assessed in view of the significant correlation found be-
tween fasting blood glucose levels and fibrin clot structure
found in diabetic and control subjects (Table 2). Human
plasminogen-free fibrinogen (Calbiochem, San Diego, CA,
USA) at a concentration of 1 mg/ml was used to determine
the effect of ambient glucose on clot structure. Clots were
formed in the presence of 0–20 mmol/l glucose (Sigma)
in TBS; polymerisation was initiated immediately follow-
ing addition of glucose. Fibrin clot structure was assessed
using previously described techniques; clot permeation (15

Table 2 Correlations between clinical parameters and the structure of clots formed from fibrinogen purified from diabetic and control
subjects (p-values)

Parameter Ks Lag time Maximum
absorbance

Mean fibre
number

Mean fibre
diameter

Mean branch-point
number

Fasting glucose −0.51 (0.0001)a −0.28 (0.001)a 0.25 (0.001)a 0.59 (0.001)a 0.48 (0.001)a 0.59 (0.001)a

HbA1c −0.57 (0.0001)a −0.36 (0.0001)a 0.33 (0.0001)a 0.63 (0.0001)a 0.54 (0.0001)a 0.78 (0.0001)a

Age 0.073 (0.3) −0.05 (0.46) −0.011 (0.88) 0.536 (0.0001)a 0.338 (0.03)a 0.402 (0.009)a

Height 0.092 (0.2) 0.051 (0.48) −0.102 (0.16) −0.17 (0.29) −0.004 (0.98) −0.1 (0.53)
Weight −0.128 (0.07) 0.074 (0.31) 0.034 (0.64) −0.37 (0.82) 0.29 (0.07) 0.031 (0.84)
BMI −0.12 (0.08) −0.016 (0.82) 0.043 (0.55) 0.181 (0.26) 0.15 (0.18) 0.08 (0.64)
Cholesterol 0.06 (0.238) −0.031 (0.67) 0.022 (0.76) 0.053 (0.74) 0.069 (0.67) −0.05 (0.76)
Triglycerides −0.05 (0.07) −0.084 (0.24) 0.084 (0.24) 0.11 (0.5) 0.25 (0.11) −0.07 (0.68)
LDL cholesterol −0.101 (0.17) −0.103 (0.16) 0.138 (0.14) −0.144 (0.37) −0.099 (0.54) −0.24 (0.13)
HDL cholesterol 0.135 (0.07) 0.042 (0.57) −0.046 (0.54) 0.067 (0.68) 0.124 (0.44) 0.075 (0.64)
aSignificant correlations (between HbA1c, fasting plasma glucose and age)
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clots per glucose concentration), turbidity analysis (96 clots
per glucose concentration) and confocal microscopy (five
replicate clots per glucose concentration). The effects of
glucose on the cross-linkage of fibrin clots by FXIII and
thrombin-induced cleavage of fibrinopeptides were also as-
sessed using the methods described above.

Statistical analysis Data were tested for conformity to the
normal distribution using the Kolmogorov–Smirnov test.
For the glycation study, data were not normally distributed
and non-parametric tests were used. Spearman correlation
coefficients were used to identify associations between fi-
brin clot structure/function and HbA1c. Differences in pa-
rameters of fibrin clot structure, FXIII cross-linkage and
fibrinopeptide release between the diabetic and control
subjects were compared using the Mann–Whitney U-test.
For the glucose study, data showed a sufficient fit to the
normal distribution (p>0.2) to allow parametric analysis.
ANOVA with post hoc Bonferroni analysis was used to
compare fibrin structures at different glucose concentra-
tions. Statistical significance was taken as p values <0.05.
All analyses were performed with the Statistics Package
for Social Scientists for Windows version 11.5.

Results

Diabetic and control subjects were matched for age, sex
and smoking habits (Table 1). Whilst significant differ-
ences in other clinical parameters occurred between the two
groups (BMI, systolic BP, triglyceride and HDL cholesterol
levels), only fasting glucose levels and HbA1c were found
to correlate with the parameters of clot structure assessed
(Table 2). A variety of different treatments were used to
control blood glucose levels within the diabetic subjects
(Table 3).

Assessment of fibrin clot structure in type II diabetes

Permeation and turbidity Significant differences in clot
structure were identified between clots formed from fibrin-
ogen purified from diabetic and from control subjects.
Diabetic clots had a shorter lag phase in polymerisation,
achieved a greater maximum absorbance at full polymer-
isation, and had a significantly lower mean permeation
coefficient than those formed by controls (Table 4). The

changes in clot structure found correlated with subjects’
glycaemic control (HbA1c), which correlated significantly
with clot permeability: Ks (r=−0.57, p 0.0001) (Fig. 1),
maximum absorbance (r=+0.33, p 0.0001) and lag phase
(r=−0.36, p 0.0001) in clot polymerisation.

Confocal microscopy Analysis of clot structure using con-
focal microscopy identified significant differences in all the
parameters assessed between the two groups except fibre
diameter (Table 4). Significant correlations were, however,
found to exist between HbA1c and all parameters assessed
(Fig. 1); as glycaemic control worsened the fibrin clots
formed had a denser, less permeable structure.

Assessment of the influence of ambient glucose levels
on fibrin clot structure

Permeation and turbidity Fibrin structure was influenced
by ambient glucose levels (Fig. 2). Pore size within clots
and maximum absorbance of clots were significantly re-
duced at glucose concentrations above and below 5 mmol/l
(p<0.0001) compared with those formed at 5 mmol/l. There
was a significant increase in the lag phase recorded for clots
formed at concentrations below 5 mmol/l (p<0.01), and
exceeding 5 mmol/l (p<0.0001) over that of clots formed at
5 mmol/l.

Confocal microscopyAs no significant difference was found
(p=1.0) between the structures of the fibrin clots formed in
the presence of 0 and 2.5 mmol/l glucose in permeation
and turbidity experiments, only 0 mmol/l glucose was used
in the analysis of clot structure by confocal microscopy.
No significant difference in mean fibre diameter was found
(data not shown); however, there were significant differ-
ences in fibre number and the extent of fibre branching
within the clots formed at different glucose concentrations
(Fig. 2). As with permeation and turbidity analysis, data for
each parameter had a J-shaped distribution, with a signif-

Table 3 Summary of treatment modalities in diabetic subjects

Diabetic treatment modality Number of subjects

Insulin alone 14 (9.5%)
Insulin and metformin 8 (5%)
Metformin alone 18 (12%)
Metformin and sulphonylureas 43 (29%)
Sulphonylureas alone 41 (27%)
Diet-controlled 26 (17.5%)

Table 4 Analysis of the structure of fibrin clots formed from
fibrinogen purified from diabetic and control subjects using perme-
ation, turbidity and confocal microscopy

Parameter Diabetic
subjects mean
(SEM)

Control
subjects mean
(SEM)

p-
value

Permeation coefficient
(Ks) (×10

−9/cm2)
7.14 (0.31) 10.15 (0.41) 0.0001

Lag time (s) 72 (3.1) 93 (6.3) 0.001
Maximum absorbance 0.30 (0.01) 0.24 (0.01) 0.02
Fibre diameter (μm) 0.37 (0.008) 0.33 (0.004) 0.09
Fibre density per unit
volume of clot (fibres per
27,000 μm3)

115 (5) 49 (1.7) 0.0001

Number of branch points
per unit volume of clot
(27,000 μm3)

179 (7.5) 113 (5) 0.0001
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icant increase in fibre density and branch points at 0 mmol
glucose and at concentrations above 5 mmol/l. The ex-
tremes of glycaemic control (hyperglycaemia/hypoglycae-
mia) induce changes that result in the formation of clots
with a denser, less porous structure.

Factor XIII induced cross-linkage of alpha- and
gamma-chains within the fibrin clot

Whilst there was no difference in the rate of γ-chain cross-
link formation between the two groups, and no relation-
ship between HbA1c and the rate of γ-chain cross-linkage
(data no shown), there were significant differences in α-
chain cross-link formation. The rate of reduction in α-
monomers (and hence of α-chain cross-linkage by FXIII
to form α-polymers) over time was significantly faster in
fibrinogen purified from diabetic (mean reduction rate
0.67% min−1) than from control subjects (mean reduction
rate 0.5% min−1) (p<0.02), and a significant correlation
was observed between α-chain cross-linkage rate and
HbA1c (r=+0.35, p<0.0001).

Thrombin-induced cleavage of fibrinopeptides
A and B

Although there was no difference in the kinetics of FPA
release, there was a significant increase in the catalytic
efficiency (Kcat/Km) with which thrombin cleaved FPB
from fibrinogen purified from diabetic subjects compared
with that from control subjects, which was due to an in-
crease in both the catalytic constant of the reaction and the
affinity of thrombin for the fibrinogen β-chain, as shown
by a decrease in Km (Table 5).

Acute glycaemic control

The activities of factor XIII to form covalent cross-links
within the fibrin clot and thrombin to cleave fibrinopep-
tides from fibrinogen to initiate polymerisation were not
influenced by the concentration of ambient glucose present
during fibrin clot formation (data not shown).
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Fig. 1 Relationship between fibrin clot structure and chronic gly-
caemic control (HbA1c) analysed by permeation studies and confocal
microscopy. a Permeation studies. Significant correlation between
HbA1c and pore size within clots. b–d Confocal microscopy. Positive

correlation between HbA1c and fibre number per unit volume (b),
fibre diameter (c) and d branch-point number per unit volume of clot
(27,000 μm3)
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Discussion

The present study was undertaken to determine whether the
structure/function of the fibrin clot is influenced by type
2 diabetes. Although previous groups have demonstrated
changes in clot structure to occur in association with type

1 diabetes [17, 18], these studies were performed on clots
formed from plasma, so it cannot be ruled out that other
constitutive plasma proteins (such as albumin and fibro-
nectin [30, 31]) and other plasma constituents (the levels or
structures of which may become altered in association with
the metabolic changes that occur in diabetes) played a role
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Fig. 2 Analysis of the structure of the fibrin clot formed at different
glucose concentrations. a Permeation coefficient (Ks). Significant
reduction (p<0.0001) in pore size at glucose levels above and below
5 mmol. b, c Turbidity analysis. Significant increase in lag time
(p<0.0001) (b) and reduction in maximum absorbance (p<0.0001)

(c) at glucose concentrations above and below 5 mmol. d, e Confocal
microscopy. Mean branch point (d) and fibre number (e) per unit
volume of clot (27,000 μm3); significant differences between all
groups (p<0.0001) except between 15 and 20 mmol glucose. Error
bars indicate standard error of the mean

Table 5 Analysis of thrombin cleavage rates of fibrinopeptide A and B from fibrinogen purified from diabetic and control subjects

Fibrinopeptide A release Fibrinopeptide B release

Source of purified fibrinogen Kcat (s
−1) Km (mol/l) Kcat/Km (mol·l−1·s−1) Kcat (s

−1) Km (mol/l) Kcat/Km (mol·l−1·s−1)
Control subjects (n=20) 0.635 (0.086) 0.155 (0.004) 6.12 (0.82) 0.077 (0.02) 0.129 (0.009) 0.059 (0.50)
Diabetic subjects (n=30) 0.709 (0.1) 0.202 (0.054) 6.17 (1.08) 0.140 (0.007) 0.09 (0.01) 2.54 (0.34)
p-value 0.476 0.157 0.692 0.045 0.011 0.021

Results are expressed as the mean value for each group with the SEM in parentheses
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in causing the changes in clot structure found in those stud-
ies. By using fibrinogen purified from diabetic and control
subjects, we were able to assess the effect of posttrans-
lational modifications of fibrinogen that occur in vivo in
association with type 2 diabetes, while eliminating the
potential impact of other proteins/plasma constituents,
which would confound the results had a plasma system
been used.

Our data indicate that the structure/function of the fibrin
clot is altered in type 2 diabetes. Fibrin clots formed by
diabetic subjects have a denser, less porous structure than
those formed by controls, and the structural changes found
appear to relate to the subjects’ glycaemic control (HbA1c).
As chronic glycaemic control worsens, the clots are formed
more rapidly (shorter lag phase) and have a structure that is
less dense (increased fibre and branch point number per
unit volume) and less porous (lower Ks values). The lack of
a significant difference in fibre diameters between the two
groups, despite a correlation existing between fibre diam-
eter and glycaemic control, may reflect the resolution
limitations of confocal microscopy. Clot structure could be
further assessed using scanning electron microscopy; how-
ever, clots are observed in a dehydrated state in this tech-
nique and the results obtained are therefore not directly
comparable with those obtained with other techniques used
to assess clot structure, and the relation of such results to
the in vivo state would be harder to define. A number of
different treatment modalities were used to control blood
glucose levels in the diabetic subjects studied. Although
previous in vitro studies undertaken by our group and others
have found the addition of oral hypoglycaemic agents to
purified fibrinogen/plasma to influence the structure of the
fibrin clot that is formed [18, 28], our experiments were
performed in a purified system, and so the various drugs
would only be able to influence clot structure if they co-
purified with fibrinogen (by binding with high affinity) or if
they directly influenced the fibrinogen molecule itself in
vivo (posttranslational modification). The consistency of
the fibrin structural changes amongst the diabetic subjects
(irrespective of their treatment modality) suggests that the
influence of medication on the changes found is likely to
be minor; however, the influence of oral hypoglycaemic
agents on the regulation of the coagulation cascade in vivo
is an area worthy of further study.

In separate experiments, the structure of the fibrin clot
was also found to be influenced by the ambient glucose
concentration present during their formation. Glucose lev-
els either above or below the equivalent of normoglycae-
mic values in vivo are associated with an increase in lag
phase and the formation of a clot with a denser structure
(increased fibre density and branching, and smaller intrin-
sic pores).

Fibrinogen circulates in the plasma as a dimer of three
polypeptide chains, Aα, Bβ and γ, linked by disulphide
bonds [32]. Fibrin clot formation is initiated by the cleav-
age of FPA from the Aα chains by thrombin, to yield fibrin
monomers which spontaneously assemble into protofi-
brils, which in turn aggregate together to form fibres. The
cleavage of FPB from the Bβ chains by thrombin occurs

at a slower rate, and appears to be associated with the
lateral aggregation of protofibrils [33]. FXIII catalyses
the formation of covalent bonds between adjacent α- and
γ-chains within fibres, enhancing the clot’s mechanical
strength. Factors which influence the intermolecular inter-
actions between the components involved in clot formation
(e.g. fibrinogen, thrombin and FXIII) could in conse-
quence influence the structure of the formed clot.

In type 2 diabetic subjects the faster, more extensive
FXIII-induced α-chain cross-linkage that was found to
occur within the fibrin clots formed (changes that cor-
related with glycaemic control) may result from an increase
in FXIII activity. This enhanced activity may result from
an enhancement of the cofactor activity of fibrin [34] for
thrombin-induced activation of FXIII resulting from the
modifications to fibrin(ogen) occurring in subjects with
type 2 diabetes, although further assessment is needed to
clarify the potential mechanisms involved. The lack of in-
fluence over γ-chain cross-link formation may reflect the
sites on the fibrinogen molecule which are altered as a
consequence of poor metabolic control in diabetes. These
may be more extensive on the α-chain [35], or more likely
to influence α-chain than γ-chain cross-linkage, as six
cross-linkage sites exist on the α-chain compared with one
on the γ-chain [36].

Associations between FPB cleavage rates, the degree of
protofibril lateral aggregation and fibrin clot structure have
been reported [37], although the causal relationships un-
derlying these events are not entirely understood [37, 38].
Weisel and Nagaswami [27] have used computer modelling
to predict how variation in the different parameters in-
volved in fibrin polymerisation might influence clot struc-
ture. In their model, an increased FPB cleavage rate shortens
the lag phase and increases the maximum rate of fibre as-
sembly, resulting in the formation of shorter, thicker fibres,
consistent with our results. An increased FPB cleavage rate
resulting from an enhancement in thrombin’s binding af-
finity and/or catalytic efficiency for the fibrinogen β-chain
could therefore contribute to the changes in fibrin clot struc-
ture found, by promoting protofibril aggregation.

The structure of the fibrin clot has been shown to influ-
ence its susceptibility to lysis [16]. Whilst individual thin
fibrin fibres are cleaved at a faster rate, fibrin networks
composed of thin densely packed fibres are lysed more
slowly than those with loosely packed thicker fibres [16].
This implies that the tightly packed clots consisting of
thicker fibres with a denser, more cross-linked structure
that we have found to be formed by diabetic subjects are
more resistant to fibrinolysis. An alteration in clot suscep-
tibility to fibrinolysis, together with the profound suppres-
sion of fibrinolysis, due to high levels of the fibrinolytic
inhibitor PAI-1, which is associated with type 2 diabetes
[39], may be of considerable importance in determining the
success of both physiological and pharmacological clot
lysis, and may contribute to the increased atherothrombotic
risk in these patients; indeed the results of clinical studies
have shown type 2 diabetes to be a significant predictor of
failure of thrombolytic therapy after myocardial infarction
[40].
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The mechanism(s) by which the structure of the fibrin
clot is influenced by the ambient glucose concentration are
as yet undetermined. Glycation of the fibrinogen molecule
is unlikely to account for these changes, owing to the short
incubation time used. Other possible explanations include
alterations in fibrin(ogen) conformation and function in-
duced by changes in ‘osmotic stress’ [41]. However, fur-
ther investigation into potential mechanisms is warranted.
The development of hyperglycaemia in patients with acute
coronary syndromes is associated with an adverse outcome
[42], implying that glucose is an important modifiable risk
factor for morbidity and mortality after myocardial infarc-
tion. Our results suggest that part of this influence may be
exerted via an effect on fibrin clot structure. Prospective
epidemiological studies have also found glucose levels to
predict the risk of cardiovascular disease mortality. A J-
shaped relationship between fasting glucose levels and
cardiovascular mortality has been reported, hypo- and
hyperglycaemic values being associated with significant
increases in cardiovascular risk [43]. A similar J-shaped
relationship appears to exist between glucose levels and
fibrin clot structure parameters. The extremes (hyper- and
hypoglycaemia) induce structural changes associated with
hypofibrinolysis [16], and suggest that the relationship
between glucose levels and cardiovascular disease risk may
result in part from changes in fibrin clot structure.

A potential limitation of our study is that although we
worked with purified fibrinogen to exclude the potentially
confounding effects of other metabolic changes and of
other plasma proteins (which could be also influenced by
hyperglycaemia) on fibrin clot structure [44], we did not
define the exact changes that occur within the fibrinogen
molecule following exposure to hyperglycaemia. Whilst
persistent hyperglycaemia is associated with glycation of
proteins (including fibrinogen [35]) the absolute level of
fibrinogen glycation and the sites of glycation within the
fibrinogen molecule have not been determined. Although
the in vitro glycation of fibrinogen has been shown to in-
fluence its interaction with other coagulation/fibrinolytic
proteins [21–23], there are potential limitations to these
studies and their conclusions, which arise from the fact that
this is a non-physiological process and may therefore result
in glycation occurring at more sites per molecule, or at a
different profile of sites than would occur in vivo. Poor
glycaemic control is associated with other complex met-
abolic derangements in addition to hyperglycaemia, such
as oxidative and carbonyl stress [45], which may alter the
structure of the fibrinogen molecule [46], and hence fi-
brin structure/function. Relating fibrin structural changes
to fibrinogen glycation alone, without taking the other as-
sociated metabolic influences into account, would not nec-
essarily reflect the in vivo situation. Provisional results of
mass spectroscopic analysis of individual fibrinogen chains
purified from ten diabetic and ten control subjects (data not
shown) appear to confirm this. Whilst the mean mass of
each chain (α, β, γ) was significantly greater in diabetic
that in control subjects, the actual increase in the mass of
individual chains could often not be accounted for by in-
dividual glucose molecules, but rather by their subsequent

modification by oxidation/reduction and dehydration. The
combination of these events may be crucial in determining
the final fibrin phenotype.

Our results indicate that the metabolic milieu that de-
velops in association with type 2 diabetes interacts with
factors regulating the conversion of fibrinogen to fibrin,
and results in the formation of clots whose structure has
been previously identified as being more resistant to fibrino-
lysis. These findings may contribute to understanding of
the enhanced cardiovascular risk associated with type 2
diabetes. Further research is warranted to determine the
mechanisms underlying these changes and their influence
on susceptibility to clot lysis, as this may identify potential
therapeutic targets to reduce macrovascular disease.
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