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Abstract

Aims/hypothesis Impaired fibrin clot lysis is a key abnor-
mality in diabetes and complement C3 is one protein
identified in blood clots. This work investigates the
mechanistic pathways linking C3 and hypofibrinolysis in
diabetes using ex vivo/in vitro studies.

Methods Fibrinolysis and C3 plasma levels were deter-
mined in type 1 diabetic patients and healthy controls, and
the effects of glycaemia investigated. C3 incorporation into
fibrin clots and modulation of fibrinolysis were analysed by
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ELISA, immunoblotting, turbidimetric assays and electron
and confocal microscopy.

Results Clot lysis time was longer in diabetic children than in
controls (599+18 and 516+12 s respectively; p<0.01), C3
levels were higher in diabetic children (0.55+0.02 and 0.43+
0.02 g/l respectively; p<0.01) and both were affected by
improving glycaemia. An interaction between C3 and fibrin
was confirmed by the presence of lower protein levels in sera
compared with corresponding plasma and C3 detection in
plasma clots by immunoblot. In a purified system, C3 was
associated with thinner fibrin fibres and more prolongation
of lysis time of clots made from fibrinogen from diabetic
participants compared with controls (244+64 and 92+23 s
respectively; p<0.05). Confocal microscopy showed higher
C3 incorporation into diabetic clots compared with controls,
and fully formed clot lysis was prolonged by 764+76 and
428+105 s respectively (p<0.05). Differences in lysis,
comparing diabetes and controls, were not related to altered
plasmin generation or C3-fibrinogen binding assessed by
plasmon resonance.

Conclusions/interpretation C3 incorporation into clots from
diabetic fibrinogen is enhanced and adversely affects
fibrinolysis. This may be one novel mechanism for
compromised clot lysis in diabetes, potentially offering a
new therapeutic target.

Keywords Clot structure - Complement C3 - Fibrinolysis -
Type 1 diabetes
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Introduction

The formation of fibrin clots represents the final step in the
atherothrombotic process and individuals with diabetes are
at increased risk of arterial occlusive disease [1]. Fibrin
network structure plays a crucial role in determining
predisposition to atherothrombotic events as clots with thin
fibres and small pores are associated with premature and
more severe cardiovascular disease [2—4]. This is due to
more difficult lysis of clots composed of such compact
structure [5], which in turn is related to differential
incorporation of various plasma proteins [6]. Previous work
has shown more compact fibrin clots in type 1 diabetic
patients compared with healthy controls [7], and limited
evidence suggests a thrombotic and hypofibrinolytic state
in individuals with type 1 diabetes by mechanisms that are
not entirely understood [8]. Manipulating glycaemia in type
1 diabetes is associated with fewer thrombotic fibrin clots
but the effect on fibrinolysis has not been studied [9, 10].

Chronic low grade inflammation is associated with athero-
thrombosis and C-reactive protein (CRP), as well as comple-
ment C3 plasma levels, are predictive of arterial thrombotic
events [11, 12]. In addition to the inflammatory role of
complement, different complement proteins interact directly
with the coagulation and thrombotic pathways. Recent work
has shown molecular communications between the comple-
ment system and thrombotic proteins but only the immune-
modulating properties of coagulation proteins were studied
[13]. Limited studies suggest interactions in the opposite
direction as terminal complement complexes enhance tissue
factor expression [14] and complement proteins have also
been implicated in modulating fibrin gel characteristics [15].

Using a proteomics approach, the presence of C3 in the
fibrin clot has been demonstrated, which may modulate
neutrophil recruitment into the site of injury and prolong
clot lysis [16]. Furthermore, C3 plasma levels correlate with
clot lysis time after correcting for fibrinogen and plasmin-
ogen activator inhibitor 1 (PAI-1) levels [17], which may be
one mechanism for the association between C3 and
cardiovascular events [12, 18-20].

Given hypofibrinolysis in diabetes, the interaction
between coagulation and complement proteins, and the
correlation between C3 plasma levels and fibrin clot lysis in
non-diabetic individuals, we hypothesise that C3 has a
direct role in modulating fibrin network lysis in individuals
with diabetes. Therefore, the aim of the present study was
to investigate (1) plasma clot lysis and potential interactions
with C3 levels in younger individuals with type 1 diabetes
before the development of complications; (2) the effects of
improving glycaemic control on lysis efficiency and C3
plasma levels; (3) mechanisms for the compromised clot
lysis in diabetes and the direct role of C3 using purified
systems. To minimise the effects of confounding variables,
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and address the role of glycaemia, children and young
adults with type 1 diabetes were studied.

Understanding the mechanisms for impaired fibrinolysis
in diabetes will provide novel insights into pathways
responsible for increased thrombosis risk in this population,
potentially offering alternative treatment targets.

Research design and methods
Subjects and blood sampling

Thirty children with type 1 diabetes and 17 matched controls
were recruited as a case—control cohort. Eighteen adult type 1
diabetic individuals with poor diabetes control (HbA.>8.5%
[>69 mmol/mol]) were recruited in a longitudinal interven-
tional study. Exclusion criteria included individuals with
known cardiovascular disease, hypertension, nephropathy,
autoimmune disorders, significant retinopathy or any treat-
ment other than insulin. The study was approved by the local
research ecthical committee and appropriate consent was
obtained from all participants. Patients were instructed to
have a light breakfast (to avoid hypoglycaemia before their
appointment), generally consisting of two slices of toast and
injection of appropriate quantity of short-acting insulin, and
blood samples were collected mid-morning. Samples were
collected without a tourniquet into citrated tubes, plasma
separated and stored in aliquots at —40°C.

In the young adult group, individuals were asked to record
capillary blood glucose regularly and glycaemic control was
optimised by adjusting insulin doses, through regular clinic
appointments and 2—4 weekly contact by phone or email as
per patient preference. The aim was to improve diabetes
control, stabilise this improvement and collect repeat blood
samples at 68 months to analyse the effects of medium-term,
rather than short-term diabetes control.

Analysis of plasma samples

Plasma protein levels Plasma complement C3 was deter-
mined using an ELISA Kit (GenWay Biotech, San Diego,
CA, USA) and high sensitivity native CRP was analysed as
previously described [20]. PAI-1 was assessed by ELISA
(Invitrogen, Paisley, UK). Fibrinogen levels were deter-
mined by the Clauss method [21].

Fibrinolysis of plasma samples A turbidity assay was
conducted to assess fibrinolysis as previously described
[22]. Lysis time was measured from full clot formation to
50% clot lysis.

C3 incorporation into plasma clots We investigated C3
levels in plasma and corresponding sera as follows: either
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25 ul activation mix with a final concentration of 5 U/ml
human thrombin (Calbiochem, Nottingham, UK) and
15 mmol/l CaCl, or the same volume of sample buffer
(100 mmol/1 NaCl, 50 mmol/l Tris, pH 7.4) was added to
125 pl individual plasma samples of randomly chosen patients
with diabetes (n=10) and healthy controls (n=10). Samples
were incubated for 4 h at 37°C after which the resulting
thrombus was removed manually, and C3 levels measured by
ELISA in recovered sera and corresponding plasma.

To confirm C3 incorporation into the fibrin clot, 5 pl of
activation mix containing 5 U/ml human thrombin and
15 mmol/l CaCl, was added to 45 ul randomly chosen
plasma samples. Samples were incubated for 4 h at 37°C,
after which the resulting clots were manually removed and
extensively washed three times in sample buffer, followed
by incubation at 95°C for 20 min in the presence of 16.7 pul
sample buffer and 6.7 pl reducing buffer (Invitrogen).
Samples were loaded onto 4-12% SDS-PAGE gel (Invi-
trogen), and immunoblotted using a polyclonal rabbit anti-
C3 and HRP-labelled goat anti-rabbit as a secondary
antibody (both Dako Cytomatic, Cambridge, UK). Purified
C3 was used as a positive control. Similar experiments
were conducted using polyclonal rabbit anti-CRP antibody
and HRP-labelled goat anti-rabbit as a secondary antibody
(both Dako Cytomatic).

Analysis of plasma-purified proteins

Protein purification Human C3 was purified from pooled
healthy control plasma using a modified protocol from Van
den Berg [23]. Briefly, plasma proteins were precipitated by
polyethylene glycol 4000, followed by an anion exchange
chromatography using Mono Q 5/50 GL (GE Healthcare,
Bucks, UK) and gel filtration using Superose 12 10/300 GL
(GE Healthcare).

Fibrinogen was purified by affinity chromatography
using calcium-dependent IF-1 monoclonal antibody as
previously described [6].

Plasminogen was purified from plasma samples by
lysine sepharose affinity chromatography as previously
described [24].

Integrity and purity of purified fibrinogen, C3 and
plasminogen were assessed by SDS-PAGE and immuno-
blotting. C5 contamination of C3 preparations was ruled
out by immunoblotting using C5-specific antibodies. All
purified proteins were quantified by ELISA.

Clot structure and lysis

Turbidity assay These were performed as described else-
where [6]. Briefly, pooled purified fibrinogen from diabetic

and control participants (2=9 each) was used at 2.94 pmol/l,
C3 at 0.5 g/l (or BSA at 2 mg/ml), in the presence of
10 pg/ml Factor XIII (FXIII) and 6 pg/ml plasminogen.

Scanning electron microscopy Clots were prepared using
purified fibrinogen as previously described, in the presence
and absence of C3 [6]. Fibrinogen was used at 1.44 pmol/l,
C3 at 0.245 g/l and samples clotted in the presence of 0.5
U/ml thrombin, 2.5 mmol/l CaCl, and 4.9 pg/ml FXIIL
Fibre diameters of all clots were measured with image
analysis software package ImagelJ 1,23y (National Institutes
of Health, Bethesda, MD, USA). In all, 100 fibrin fibres per
sample were measured.

Laser scanning confocal microscopy Purified C3 was
fluorescent-labelled using the DyLightTM Labelling Kits
(Pierce, Biotechnology, Thermo Scientific, Loughborough,
UK). Diabetes or control fibrinogen (1.44 pmol/l) was
added to an activation mix containing 0.05 U/ml human
thrombin (Calbiochem), 4.9 pg/ml FXIII, 5 mmol/l CaCl,,
0.105 pumol/l fluorescent labelled fibrinogen (Alexa Fluor
Dye; Invitrogen) and 0.245 g/l inhouse labelled C3, with
15 pl of the mixture loaded onto an Ibidi slide (Applied
Biophysics, New York, NY, USA). Each experiment was
repeated on at least four different occasions (each in
duplicate) with identical confocal settings applied to
diabetes and control clots. Fibrin networks were visualised
by a x40/1.3 oil ph3 objective LSM 510 META microscope
from Carl Zeiss (Welwyn Garden City, UK), and Z-stacks
were prepared of 11 images at 10 um intervals and/or at
2 um intervals (clot thickness 100 and 20 um respectively).
To quantify C3 incorporation into the clot, distribution of
pixel intensity within fibrin fibres was measured. Images
were split into green (fibrinogen) and red (C3) channels,
and the green image was thresholded to remove back-
ground signal. Areas of clot fibres were superimposed on
the red channel and fluorescence intensity from each pixel
was determined, followed by data display as histograms
showing pixel intensity.

Real-time fibrinolysis was studied by adding 10 pl
mixture of 10 nmol/l tissue plasminogen activator (tpA) and
0.2 mmol/l plasminogen in Tris-buffered saline to the
border of the fibrin clot and subsequently serial photo-
graphs were taken of the lysis front.

Fibrinogen—C3 interaction

Surface plasmon resonance (SPR) experiments employed a
Biacore 3000 system as previously described [25]. Briefly, 500
RU of pooled purified control or diabetic fibrinogen (n=9
each) was immobilised on a CM5 sensor and serial dilutions
of purified C3 (0.019-10 nmol/l) were injected over the
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control (Fc2) and diabetic fibrinogen (Fc4). When required,
fibrinogen surface was converted to fibrin by injecting 5 U/ml
thrombin, followed by washing with 1 mol/l NaCl to remove
FpA/FpB. Kinetics analysis was performed using BIAevalua-
tion software 4.1. Each data set was fitted to a 1:1
Langmuir interaction model to obtain the equilibrium
dissociation constants (Kp) for this interaction (n=3). For
reverse orientation, 100 RU of purified C3 was immobi-
lised and serial dilution of 0.39-50 nmol/l control and
diabetic fibrinogen was injected in ascending order. For
this orientation, each data set was fitted to a bivalent
interaction model.

Plasminogen activation assay

This was performed using protein purified from a pool of
healthy control plasma according to a modified protocol by
Bobbink et al. [26]. Briefly, microtitre plates were coated
with 0.23 umol/l fibrinogen either from controls or diabetic
patients in the presence or absence of 0.04 pg/l C3. Plates
were blocked (50 mmol/l Tris-HCI, 140 mmol/l NaCl, 3%
BSA, 0.01% Tween 20), incubated with 1 U/ml thrombin and
75 nmol/l plasminogen, 12 nmol/l tPA and 0.8 mmol/l plasmin
specific chromogenic substrate S2251 (Chromogenic, Epsom,
UK) was added. S2251 hydrolysis was monitored via kinetic
absorbance readings at 405 nm on an ELX-808 IU ultra-
microplate reader (Bio Tek Instruments, Winooski, VT, USA).

Statistical analysis

Results are presented as mean+SEM. Between-group
comparisons of normally distributed variables were carried
out by independent sample Student’s ¢ tests, whereas
comparisons of non-normally distributed variables were

carried out by Mann—Whitney U tests. Pearson and
Spearman coefficients were applied to assess correlations
between normally and non-normally distributed variables
respectively.

Results
Subject details

A case—control study was performed on children with
type 1 diabetes and age-matched controls, whereas a
longitudinal study was conducted on young adults with
type 1 diabetes (details provided in Tables 1 and 2
respectively). Diabetes treatment was intensified in the
latter group and repeat blood samples taken after a mean
of 7.3+£0.9 months. The majority of patients were on basal
bolus regime with short-acting insulin dose varied accord-
ing to food carbohydrate content. The method of insulin
delivery was kept constant and diabetes control was
optimised through regular contact by phone or email, to
encourage compliance with insulin injections and guide on
dose adjustment.

C3 and CRP plasma levels in patients with type 1 diabetes

C3 plasma levels were higher in children with diabetes
compared with age- and weight-matched healthy controls
(0.55+0.02 and 0.43£0.02 g/l respectively; p<0.001), with
similar findings observed for CRP levels (0.72+0.20 and
0.50+0.29 mg/1 respectively; <0.05; Fig. la and b). In young
adults, reduction in HbA . from 10.5% to 9.2% (91-77 mmol/
mol) was associated with a decrease in C3 levels from 0.65+
0.04 to 0.54+0.02 g/l (p<0.05). CRP levels also decreased

Table 1 Clinical variables of
control and type 1 diabetic
individuals

Variable Children with type 1 Children without type 1 p value
diabetes (n=30) diabetes (n=17)

Age (years) 14.5+£0.3 13.6+£0.4 0.09

Sex (M/F) 20/10 8/9

Time since diagnosis (years) 6.32+0.5

Weight (kg) 57.9+1.9 53.4+3.6 0.32

HbA . (% [mmol/mol]) 9.6+0.4 [81+5]

Current smoker 0 0

Insulin treatment

Twice daily mixed insulin 1 NA

Basal bolus regime 21 NA

Insulin pump 8 NA

Plasma fibrinogen (ptmol/l) 8.67+0.38 6.94+0.32 <0.01

PAI-1 (pg/ml) 643+92 791+124 0.27

Microvascular disease 0 0

NA, not applicable
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Table 2 Clinical variables of
young adults with type 1 Variable Pre intervention (n=18) Post intervention (n=18) p value
diabetes mellitus
Age (years) 23£5
Sex (M/F) 7/11
Time since diagnosis (years) 12.4+£1.5
Weight (kg) 71.0+3.3 72.1+3.6 0.08
HbA . (% [mmol/mol]) 10.5+0.5 [91£5] 9.24+0.4 [77+5] 0.02
Current smoker 5 5
Insulin treatment
Twice daily mixed insulin 1 1
Basal bolus regime 16 16
Insulin pump 1 1
Plasma fibrinogen (pmol/l) 7.58+0.67 7.26+0.70 0.35
PAI-1 (pg/ml) 453+103 403+72 0.67
Macrovascular disease 0 0
Microvascular disease 4 (BR) 4 (BR)

BR, background retinopathy

from 2.0+0.55 to 1.34+0.24 mg/l, but this was not significant
(p=0.69; Fig. 1c and d). Similarly, fibrinogen and PAI-1 levels

did not significantly alter after improving glycaemic control

(fibrinogen: 7.58+0.67 and 7.26%0.70 pumol/l; PAI-1: 453+

103 and 403+72 pg/ml respectively, p>0.1 for both).

C3, but not CRP, levels correlated with variables of clot
lysis in patients with type 1 diabetes mellitus

Lysis time in diabetic children was significantly longer

compared with controls (599+18 and 516+12 s respec-
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tively; p<0.01). Improving glycaemic control in young
adults shortened lysis time from 673434 to 600+23 s (p<
0.05).

C3 plasma levels correlated with lysis time in patients
with diabetes (#=0.38; p<0.01; Fig. le), whereas CRP
levels failed to show such a correlation (#=0.12, p=0.42;
Fig. 1f). Compared with C3, PAI-1, the classical fibrinolytic
inhibitor, showed similar correlation with lysis time at r=
0.42 (p<0.01). Moreover, the correlation between the
change in HbA;. and change of C3 before and after
improving glucose levels in 18 individuals exhibited a trend
(r=0.45, p=0.06), suggesting an interaction between
glycaemia and C3 plasma levels.
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Fig. 2 Complement C3 incorporation into the fibrin clot. a Fibrin
clots were made from plasma samples after recalcification and
thrombin treatment as detailed in the Methods section. C3 levels were
subsequently measured in individual plasma and corresponding sera
from diabetes/control (DM/Co) individuals (n=10 each), and results
are presented as percentage C3 incorporation into the clot. b Total
incorporation of C3 into individual DM and Co clots (n=10 each; p=
0.05). ¢ Plasma clots were prepared from randomly chosen plasma
samples of diabetes and control individuals, followed by manual
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C3 is incorporated into the fibrin clot

C3 levels were significantly lower in sera compared with
corresponding plasma of diabetic patients and controls
(28.2£5.5% and 20.3+5.1% reduction in C3 respectively;
p<0.01 for each), suggesting incorporation of C3 into the
clot (Fig. 2a). Although the percentage difference in C3
levels comparing plasma and serum samples was similar in
diabetic and control individuals, the total difference in
protein levels was 0.24+0.05 and 0.12+0.03 g/l respectively
(Fig. 2b, p=0.05), indicating increased overall incorpora-
tion of C3 into diabetes clots. Immunoblotting of exten-
sively washed plasma clots demonstrated C3 in both control
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removal of the clot and extensive washing. Clots were subsequently
dissolved, ran on SDS-PAGE and immunoblotted using anti-C3 and
anti-CRP antibodies. d Confocal microscopy using dual staining
techniques in a purified system. Clots were made using Alexa 488
labelled fibrinogen (green) and Alexa 549 labelled C3 (red) and Z
stack of 11 sections were taken over a depth of 20 um. The overlay
appears yellow. e Histogram of C3 demonstrating increased C3
incorporation into diabetic fibrin networks. Grey line, Co; black line,
DM. Insert: mean pixel intensity (n=5). **p<0.01
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and diabetes clots, whereas we failed to detect CRP in the
clot (Fig. 2c).

C3 is visualised in the fibrin network with increased
incorporation into clots formed from patients with diabetes

Fluorescent-labelled fibrinogen (green) and complement C3
(red) were used to prepare fibrin clots in a purified system
to study incorporation of C3 into the fibrin network
(Fig. 2d). Pooled fibrinogen was used from diabetes and
control fibrinogen (n=9 each), whereas C3 was from
pooled control samples. Intensity of incorporated C3 was
higher in diabetes clots compared with control and this was
further quantified by measuring pixel intensity of C3 within
each fibrin-positive structure as described in the methods.
Histograms showed 41% increase (n=>5 independent experi-
ments, p<0.01) in mean fluorescence intensity of C3 in
clots made using purified fibrinogen from diabetic patients
compared with controls (Fig. 2e), indicating an increase in
C3 incorporation into diabetic clots. This is consistent with

Fig. 3 Complement C3 pro-

longs clot lysis in a purified a

system. a Effects of C3 and

bovine serum albumin (BSA) on

fibrinolysis during clot forma-

tion using pooled fibrinogen 120 1
purified from diabetes/control 100 1
(DM/Co) samples (n=9 each). sz 30 -
Experiments were done in du- gﬂ 'E
plicate on six separate occa- g R
sions. Grey dotted line, Co 5T 40+
BSA; grey solid line, Co C3; A E 20
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induced prolongation of lysis
time during clot formation using
diabetes and control fibrinogen,
compared with BSA as a control
protein. ¢ Real-time fibrinolysis
of fully mature clots using
pooled fibrinogen from DM/Co
in the presence of C3 and
employing dual staining techni-
ques. d C3-induced prolonga-
tion of lysis time of fully mature
clots, using diabetes and control
fibrinogen. e The effects of
pooled diabetic (DM) and
healthy control (Cont) C3 on

24

plasma experiments above, confirming higher C3 incorpo-
ration into diabetes clots compared with controls.

C3 prolongation of clot lysis is more pronounced
using diabetic fibrinogen and is related to glycaemic control

Fibrinolysis during clot formation In a purified system, and
using pooled fibrinogen from diabetic and control individ-
uals, the prolongation of lysis time after addition of C3 was
greater in fibrin clots prepared from diabetic compared with
control fibrinogen (increase of 244+64 and 92423 s
respectively; p<0.05; Fig. 3a and b).

Using a random pool of fibrinogen from seven samples
before and after improving glycaemic control (HbA;. 9.9+
0.5% and 8.0+0.3% [85+5 and 64+3 mmol/mol] respec-
tively; p<0.01), C3-induced prolongation of clot lysis time
was longer at baseline (266+108 s) than following
improvement in glycaemia (211+94 s), a difference that
demonstrated a trend but failed to reach statistical signifi-
cance (p=0.067, n=5 experiments done in duplicate).
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Fibrinolysis of fully formed clots This was investigated
using confocal microscopy techniques. Similarly to the
turbidity assay, real-time fibrinolysis demonstrated a more
pronounced effect of C3 on lysis time in clots made from
diabetic compared with control fibrinogen, resulting in
fibrinolysis prolongation of 764+76 and 428+105 s re-
spectively; p<0.05 (Fig. 3c and d).

C3 from diabetic patients also prolongs clot lysis time

We undertook preliminary work to investigate whether
diabetic C3 has a similar effect on the fibrinolytic process
compared with control protein. Employing the turbidimetric
assay, pooled C3 purified from healthy controls (n=6) and
diabetic patients (n=6, HbA;. 10.2+0.3% [88+3 mmol/
mol]) prolonged lysis time in clots made from healthy
control fibrinogen by 76+20 and 108+12 s respectively,
whereas in clots made from diabetes fibrinogen, lysis
prolongation was 147417 and 193+30 s respectively.
Although C3 prolongation of clot lysis by diabetic C3
appeared longer than control protein, the difference failed to
reach statistical significance using control fibrinogen (p>
0.1), but a trend was observed using diabetes fibrinogen (p=
0.077). Experiments were repeated on four different occa-
sions and results are summarised in Fig. 3e.

C3 is associated with the formation of thinner fibrin fibres

Turbidity curves demonstrated lower maximum absorbance in
the presence of C3, suggesting thinner fibre formation (Fig. 4a).
Scanning electron microscopy showed an average fibre
diameter of clots made from control fibrinogen in the absence
and presence of C3 of 81.3+3.0 and 62.8£1.2 nm respec-
tively (p<0.01), whereas clots made from diabetes fibrinogen
had a fibre diameter 61.4+1.3 and 54.6+1.4 nm in the
absence and presence of C3 respectively (p<0.01; Fig. 4b—e).
A significant difference was also detected comparing fibre
thickness of clots made from control and diabetes fibrinogen
in both the absence and presence of C3 (p<0.01).

Binding of C3 to diabetes and control fibrin(ogen) is similar

Concentration-dependent, high-affinity binding of C3 to
immobilised control and diabetes fibrin and fibrinogen was
observed. The interaction had a stoichiometry of 1:1, with
no significant differences demonstrated (Kp C3 binding to
control fibrin 0.39+£0.05 nmol/l, control fibrinogen 0.33+
0.27 nmol/l, diabetic fibrin 0.4+0.06 nmol/l, diabetic
fibrinogen 0.23+0.03 nmol/l; Fig. 5a—d). Binding analysis
performed in the reverse orientation showed again no
statistically significant difference between control and
diabetic fibrinogen (data not shown).
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Fig. 4 The effects of complement C3 on fibrin network structure. a
Turbidity curves of clots made from pooled purified diabetes and
control fibrinogen in the presence of C3 or BSA as a control protein.
Solid grey line, Co C3; dotted grey line, Co BSA; solid black line,
DM C3; dotted black line, DM BSA. b—e Scanning electron
micrographs (EM) of clots prepared from pooled control fibrinogen
in the absence and presence of C3 (b and ¢ respectively) or pooled
diabetes fibrinogen in the absence and presence of C3 (d and e
respectively)

C3 does not affect plasmin generation

Plasmin generation in the presence of control and diabetes
fibrin without C3 was 0.176+0.009 and 0.170+
0.006 mg 1" min"" respectively. The addition of C3 to the
reaction had no effect on plasmin generation in the presence
of control or diabetes fibrin (0.171+£0.006 and 0.169+
0.01 mg 1" min"! respectively; p>0.1 for both).

Discussion

This work demonstrates impaired fibrinolysis in children
with diabetes, and, given the absence of micro- and
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macrovascular complications in this young cohort, this
observation may be attributed, at least in part, to elevated
blood glucose levels. The concept is supported by shorten-
ing of lysis time after relatively modest improvement in
medium-term glucose control in young adults with type 1
diabetes. C3 plasma levels were higher in children with
diabetes compared with healthy controls and a reduction in
C3 plasma levels was seen after improving glycaemia.
Although CRP levels decreased, this failed to show
statistical significance. This is consistent with previous
work showing that improved glycaemic control in diabetes
is associated with reduction in inflammatory markers [27].
Studies on C3 levels in autoimmune diabetes showed
contradictory results ranging from elevated C3 [28, 29], to
normal or reduced levels [30]. In the current study, samples
were collected from individuals who had the condition for
longer than 5 years, minimising the risk of an active
autoimmune process interfering with C3 levels. The
thrombotic environment in diabetic children was further
evident by higher plasma fibrinogen compared with healthy
controls, although protein levels were not affected by
lowering blood glucose levels. These findings indicate that
the prothrombotic/inflammatory milieu associated with
diabetes and cardiovascular risk develops at an early stage
in this metabolic disorder, and can be partly influenced by
improving glycaemic control. Interestingly, the inflamma-
tory component is mainly represented by C3, rather than

CRP, in the population studied. It should be noted that
higher fibrinogen levels in diabetic children may have
contributed to longer clot lysis, although modulation of
lysis time and the lack of change in plasma fibrinogen after
improving glycaemia, in the young adults, argues against
this being the sole contributor of compromised clot lysis in
the children group. The mechanisms for these observations
may be related to amelioration of glucotoxicity-induced
inflammation. It should be noted that optimising glycaemia
is associated with alteration in lipid profile and reduced
oxidative stress, which may influence the fibrinolytic
process [31-33]. Also, extensive clinical input can reduce
the risk of hypoglycaemia, which may contribute to
ameliorating the thrombotic milieu [34, 35]. Therefore,
glycaemia may affect the thrombotic/inflammatory envi-
ronment through both direct and indirect mechanisms.
PAI-1, a key modulator of fibrinolysis [36], plasma levels
correlated with clot lysis time. However, improving
glycaemia had no effects on PAI-1 levels, indicating that
the observed changes in clot lysis are PAI-1-independent.
The temporal relationship between the fall in C3 plasma
levels and enhanced fibrinolysis on improving glycaemic
control indicates an interaction between C3 and the
fibrinolytic system, a concept further supported by C3-
induced prolongation of clot lysis, in turbidity and confocal
experiments. Prolongation of clot lysis by C3 was more
marked in clots made from diabetic compared with control
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fibrinogen, suggesting an enhanced effect in diabetes. A
plausible mechanism for this observation may be related to
increased incorporation of C3 into diabetic fibrin clots,
supported by our ELISA and confocal microscopy data.
Furthermore, our data suggest that C3 modulation of
fibrinolysis is affected by glucose levels, as improving
glycaemic control marginally attenuated the effects of C3
on clot lysis. Fibrin network formation exposes cryptic sites
that become amenable to tPA and plasminogen binding
[37], and C3 incorporation into the clot may affect these
sites, thereby compromising fibrinolysis. The higher incor-
poration of C3 into diabetes clots may increase the
‘mechanical resistance’ of the clot to lysis. Alternatively,
it may affect the availability of plasmin to interact with
fibrin fibres, as C3 is a substrate for this fibrinolytic factor
[38]. Binding of C3 to fibrin(ogen) from diabetic and
control individuals was similar and, therefore, the increased
C3 incorporation into diabetes clots is not related to higher
affinity binding to fibrin(ogen) but probably due to a more
complex interaction between C3 and clot formation, which
requires further investigations. However, we should be
cautious in our interpretation, as SPR has its limitations;
protein immobilisation may create ‘unnatural’ binding sites
making results interpretation problematic. Also, the low
concentration of fibrinogen used in these experiments may
lead to the formation of monomeric fibrin, which fails to
fully represent the mature fibrin network [39]. The effect of
C3 on plasminogen activation was similar in the presence
of diabetic and control fibrinogen, thereby ruling this out as
a potential mechanism for the observed difference.

The incorporation of C3 into the clot was associated with
the formation of thinner fibres, which may be due to an
effect of C3 on lateral aggregation. Changes in clot
structure can influence fibrinolysis [4], but as these
alterations occurred both in clots made from both diabetic
and control fibrinogen, they are unlikely to explain the
observed differences in lysis.

Diabetic and control C3 showed similar effects on
lysis of clots made from control fibrinogen, although
diabetic C3 had a possible additional effect on fibrino-
lysis of clots made from diabetes fibrinogen. Future
work is needed using individual samples to investigate
whether post-translational modifications in C3, related to
glycaemic control, type of diabetes or therapy used,
further modulate the magnitude of C3-induced prolon-
gation of fibrinolysis.

In conclusion, this is the first study to demonstrate
impaired fibrin clot lysis in children with diabetes and to
directly implicate complement C3 as a new molecule that
modulates the fibrinolytic process in this condition. A
shorter lysis time and a reduction in C3 plasma levels were
observed with improved glycaemic control. Ex vivo/in vitro
work showed C3 incorporation into fibrin clots, directly
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compromising clot lysis, an effect that is enhanced in
diabetes and can be ameliorated by improving glycaemia.
More specifically, our data support an interaction between
post-translation modifications (e.g. glycation) of fibrinogen
and C3, being responsible for altered clot lysis properties in
diabetes.

Therefore, C3 provides an important link between inflam-
mation and thrombosis in diabetes, and represents a novel
PAI-1 independent pathway for impaired fibrinolysis in this
condition. Further studies are needed to clarify the precise
mechanisms that underpin our findings, which may offer new
therapeutic targets to reduce thrombotic events in this high-
risk population.
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