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OBJECTIVEdTo determine tissue factor procoagulant activity (TF-PCA) in patients with type
1 diabetes and to examine effects of hyperglycemia and hyperglycemia plus hyperinsulinemia
on TF-PCA.

RESEARCH DESIGN AND METHODSdWe have determined circulating TF-PCA and
other coagulation factors under basal (hyperglycemic) conditions, after acute correction of hy-
perglycemia, in response to 24 h of selective hyperglycemia, and in response to 24 h of hyper-
glycemia plus hyperinsulinemia in nine type 1 diabetic patients and in seven nondiabetic control
subjects.

RESULTSdAs shown previously in patients with type 2 diabetes, basal TF-PCA and plasma
coagulation factor VIIa (FVIIa) were higher in patients with type 1 diabetes than in nondiabetic
control subjects. However, in contrast with type 2 diabetes, normalizing glucose did not decrease
the elevated TF-PCA levels, and raising glucose or glucose plus insulin levels did not increase
TF-PCA.

CONCLUSIONSdPatients with type 1 diabetes have elevated circulating TF-PCA and FVIIa
levels and are in a procoagulant state that may predispose them to acute cardiovascular events.
The mechanisms regulating TF-PCA in patients with type 1 and type 2 diabetes are different and
should be further explored.
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Type 1 diabetes mellitus (T1DM) is
associated with increased risk for
atherosclerotic vascular disease (1).

There are several well-recognized factors
responsible for this enhanced risk, including
hypertension, atherogenic dyslipidemia,
smoking, and renal disease. Additional
putative risk factors include the alter-
ations in platelet function, plasma coagu-
lation factors, and the fibrinolytic system
that indicates a prothrombotic state (2–4).
Thrombosis is a key factor in acute events
associated with atherosclerotic vascular
disease, including myocardial infarction,
stroke, and peripheral arterial disease. Tis-
sue factor (TF) is the primary physiolog-
ical initiator of blood coagulation and

thrombosis (5,6). The original concept
that TF was present only in the adventitia
of blood vessels and in atherosclerotic
plaques, and initiates blood coagulation
only when vessel walls were injured or
plaques fissured (7), has recently been
broadened by the demonstration that,
in addition, there is a circulating pool
of TF in blood that is thrombogenic
(5,6,8–10).

We and others have previously shown
that patients with type 2 diabetes mellitus
(T2DM) have elevated levels of circu-
lating TF procoagulant activity (TF-PCA)
and are in a procoagulant state (11,12).
Further, we have reported that raising
blood insulin levels, and especially raising

blood glucose and insulin levels together to
levels frequently seen in diabetic patients,
increased TF-PCA and thrombin genera-
tion in patients with T2DM and in nondi-
abetic volunteers (11,13). These findings
support the notion that hyperglycemia
and hyperinsulinemia are likely to con-
tribute to the procoagulant state in patients
with T2DM and to their predisposition
for acute cardiovascular events. On the
other hand, there is currently no informa-
tion on circulating levels of TF-PCA and
TF responses to hyperglycemia and hy-
perinsulinemia in patients with T1DM
who are at comparable, if not greater, risk
for cardiovascular events than patients with
T2DM (4). Further, whether selective hy-
perglycemia (i.e., hyperglycemia without
hyperinsulinemia) affects TF-PCA is not
known. The reason is that to produce se-
lective hyperglycemia in nondiabetic pa-
tients or in T2DM patients, somatostatin
needs to be infused together with glucose
to prevent hyperglycemia-induced hyper-
insulinemia. Somatostatin, however, was
found to have its own effects on TF-PCA
(14). In contrast, in C-peptide–negative pa-
tients with T1DM, selective hyperglycemia
can be produced without somatostatin.
The objectives of this study, therefore,
were to investigate in patients with T1DM
levels of TF-PCA and other blood coagula-
tion factors under basal (overnight fasted)
conditions and in response to 24 h of se-
lective hyperglycemia or combined hyper-
glycemia plus hyperinsulinemia.

RESEARCH DESIGN AND
METHODS

Study subjects
Nine patients with T1DM and seven non-
diabetic healthy control subjects were
studied at the Clinical Research Center
of Temple University Hospital (Table 1).
In eight of the nine T1DM patients,
basal C-peptide levels were very low
(0.256 0.09 ng/mL) and did not respond
to intravenous glucose. One patient had a
subnormal response to glucose (from 0.93
to 1.93 ng/mL). Six of the nine patients
were taking antihypertensive medica-
tions, three of the nine were treated for
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hyperlipidemia, and three patients took as-
pirin. None had clinical signs of renal in-
sufficiency and proliferative retinopathy.
One patient had lower limb sensory neu-
ropathy. Six patients with T1DMwere on a
basal/bolus insulin regimen consisting of
insulin glargine in doses ranging from
15 to 70 units taken at night. Three pa-
tients took a NovoLog 70/30 mix (insulin
asparte-protamine/insulin asparte) twice
daily in doses ranging from 45 to 50
units. The nondiabetic control subjects
were healthy, had no family history of di-
abetes, and did not take any medications.
Informed written consent was obtained
from all patients after explanation of the
nature, purpose, and potential risks of
the studies. The study protocol was ap-
proved by the institutional review board
of Temple University Hospital.

Study design
Determination of TF-PCA and markers
of blood coagulation in the basal state.
Study participants came to the Clinical
Research Center (CRC) after an overnight
fast. They had their last meal and insulin
injection at ;8:00 P.M. At ;8:00 A.M. the
next day, blood was collected for deter-
mination of circulating TF-PCA, plasma
coagulation markers, and glucose and
insulin concentrations.

On different days the following stud-
ies were performed:

1. Acute correction of hyperglycemia in
patients with T1DM followed by se-
lective hyperglycemia for 24 h. Seven
patients with T1DM were admitted to

the CRC. During the night, their blood
glucose concentrations were normal-
ized by intravenous infusion of reg-
ular insulin. The following morning,
blood glucose levelswere raised to;300
mg/dL (;16.7 mmol/L) by intravenous
infusion 20% glucose and maintained
at this level for 24 h. The purpose of
these studies was a) to examine the
effects of acutely lowering and b) of
acutely raising blood glucose levels on
TF-PCA and other coagulation factors.
Blood was collected at 6 h intervals for
measuring of TF-PCA and blood co-
agulation factors, at 30 min intervals
for determination of glucose, and at 2 h
intervals for determination of insulin
and C-peptide levels.

2. Combined elevation of glucose and in-
sulin (high glucose/high insulin clamps)
for 24 h. The purpose of these studies
was to examine effects of raising both
blood glucose and insulin levels on
TF-PCA and other coagulation factors.
A 20% glucose solution was infused in-
travenous at variable rates, which were
adjusted to maintain plasma glucose
at approximately 200–300 mg/dL
(;11–16mmol/L). In diabetic patients,
insulin was infused at a rate of 1 mU/kg
min. In nondiabetic control subjects,
insulin levels rose in response to hy-
perglycemia. Blood glucose concentra-
tions and electrolyte and fluid balances
were monitored as described above.
Hyperglycemic-hyperinsulinemic clamps
were continued for8h infivepatients and
for 24 h in three patients. Plasma elec-
trolytes weremonitored every 6 h, body
weight every 12 h, and fluid balances

every 6 h. Potassium (20 mg) and mag-
nesium (400 mg) were administered
orally every 12 h.

Assays
Blood samples were collected from ante-
cubital veins without tourniquet-induced
venostasis at 0, 6, 12, 18, and 24 h. Plasma
glucose was measured with a glucose
analyzer using the glucose oxidasemethod,
serum insulin by radioimmunoassay (RIA)
using an antiserum with minimal (,0.2%)
cross-reactivity with proinsulin (Millipore
Corp., Billerica, MA). Adiponectin wasmea-
sured by RIA (Millipore Corp.) with an an-
tiserum that detects total adiponectin.
Serum triglycerides were measured enzy-
matically. Electrolytes were measured at
the Temple University Hospital Chemistry
Laboratory. A1Cwasmeasuredwith aCen-
ters for Disease Control and Prevention–
approved automated point-of-care analyzer
(DCA2000; Bayer Corp., Tarrytown, NY).

TF-PCA was measured in whole-
blood cell lysates with a two-stage clotting
assay using recombinant FVIIa (American
Diagnostica), Factor X (Enzyme Research
Laboratories, South Bend, IN), and nor-
mal human plasma–containing phospho-
lipids vesicles, as described previously
(9,13). This assay measures cell-bound
and microparticle-associated TF in lysed
membranes obtained from whole blood.

Plasma FVIIa, FVIIc, and FVIIIc ac-
tivities were measured with clotting as-
says as described (13). Plasma fibrinogen
levels were measured by a one-stage clot-
ting assay based on the method described
by Clauss (15) using bovine thrombin
and human fibrinogen reference plasma
(Fisher Diagnostics, Middletown, VA).
Thrombin generation was assessed by
determination of thrombin-antithrombin
(TAT) complexes in plasma using ELISA
kits (Enzygnost; Dade Behring, Marburg,
Germany). Plasma-soluble vascular cell
adhesion molecule-1 (sVCAM-1) was
measured by anELISA (Gen-ProbeDiaclone,
Besançon, France).

Plasminogen activator inhibitor-1
(PAI-1) antigen was measured by an
ELISA (American Diagnostica, Stamford,
CT). For measurement of microparticles,
one aliquot (1 mL) of citrated plasma
samples was centrifuged at 13,000g for
2 min to remove any residual cells. The
supernatant was carefully removed and
placed in a 1.5-mL microcentrifuge tube
and stored at2708C. Procoagulant activity
ofmicroparticles in plasmawas determined
by a functional assay based on its annexin
V–binding property with a commercially

Table 1dStudy subjects

T1DM Control subjects P

Sex (M/F) 7/2 6/1
Age (years) 41 6 6 (19–64) 27 6 5 (20–54) 0.09
Height (cm) 173 6 2.5 (160–183.5) 176 6 4 (160–194) NS
Weight (kg) 74.8 6 3.4 (58–846) 77.9 6 5 (51–88) NS
BMI (kg/m2) 25.1 6 1.1 (19.2–30.3) 25.2 6 1.6 (19.8–31.0) NS
Duration of diabetes (years) 19.2 6 6 (1–48) N/A
A1C (%) 9.2 6 1.0 (6.2–14.0) 5.2 6 0.1 (5.0–5.7) , 0.01
C-peptide (basal, ng/mL) 0.25 6 0.09 (0.09–0.93) 1.25 6 0.12 , 0.001
C-peptide (stimulated, ng/mL) 0.35 6 0.2 (0.08–1.93) 8.50 6 0.50 , 0.001
Total cholesterol (mg/dL) 148 6 13 (100–212) 165 6 12 (140–220) , 0.001
LDL cholesterol (mg/dL) 91 6 13 (51–131) 100 6 9 (69–114) NS
HDL cholesterol (mg/dL) 50 6 4 (31–65) 47 6 7 (15–76) NS
Triglyceride 84 6 24 (45–180) 97 6 15 (45–161) NS
Serum creatinine (mg/dL) 0.9 6 0.05 (0.7–1.0) 0.9 6 0.1 (0.7–1.1) NS

N/A, not applicable; NS, not significant.
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available kit (Zymuphen;HYPHENBioMed,
Neuville-sur-Oise, France).

Statistical analysis
A one-way ANOVA was used to test for
significant differences between studies
with Student-Newman-Keuls post hoc
analysis. If data were not normally dis-
tributed, the Kruskal-Wallis one-way
ANOVA with Dunn post hoc analysis was
used. To test for differences across time,
a one-way repeated-measures ANOVA with
Student-Newman-Keuls post hoc analysis
was used. If data were not normally dis-
tributed, the Friedman repeated-measures
ANOVA on ranks with Student-Newman-
Keuls post hoc analysis was used. Statistical
differences between Day 1 (baseline) and
Day 2 (24 h)were determinedwith a paired
t test and, if not normally distributed, with
the Wilcoxon signed rank test. Statistical
analyses were performed using SigmaStat
for Windows (version 2.0; SPSS, Chicago,
IL). Statistical significance was defined
as P , 0.05. All results are presented as
means 6 SE.

RESULTS

Blood glucose, TF-PCA, and FVIIa
are elevated in T1DM
Basal blood glucose was 1916 39 mg/dL
(10.66 2.2mmol/L) in nine patients with
T1DM and 91 6 4 mg/dL (5.1 6 0.2
mmol/L) in seven nondiabetic control
subjects (P , 0.04) (Fig. 1). With one
exception, basal circulating TF-PCA lev-
els were higher in T1DM patients than in
control subjects (64.7 6 6.0 vs. 24.6 6
1.2 units/mL, P , 0.001) and were simi-
larly elevated in patients who were in
good (A1C ;6.2%), fair (A1C ;8%), or
poor (A1C 14%) glycemic control. Mean
basal circulating FVIIa concentrations
were 2.7 times higher in T1DM patients
than in control subjects (104 6 24 vs.
38 6 8 mU/mL, P , 0.03), and PAI-1
levels tended to be lower (45.3 6 5.9 vs.
28.4 6 14.9 ng/mL, P = 0.13). Plasma
levels of FVIIc, FVIII, TAT, or VCAM
were not significantly different in patients
with T1DM and control subjects. Plasma
adiponectin levels, however, were ele-
vated in patients with T1DM compared
with control subjects (12.4 6 1.9 vs.
6.7 6 2.0 mg/mL, P , 0.05).

Effects of acute normalization of
plasma glucose
To explore effects of acutely normalizing
plasma glucose concentrations, plasma

glucose was lowered overnight in eight
patients with T1DM to 94 6 9 mg/dL
(5.2 6 0.5 mmol/L) over a 6.7 6 2.7-h
period (range 3–15 h) (T1DM,NG in Fig. 1)
(Fig. 1, crosshatched columns). The acute
normalization of blood glucose concen-
trations did not change TF-PCA or FVIIa,
both of which remained elevated (71.9 6
5.4 units/mL and 104.96 17 mU/mL, re-
spectively). There were also no changes in
plasma concentrations of FVIIc and FVIII
(0.96 6 0.08 and 2.25 6 0.4 units/mL,
respectively).

Effects of raising glucose
To explore the effects of acutely raising
plasma glucose in diabetic patients, glu-
cose was raised from 103 6 8 to ;300
mg/dL (from 5.76 0.4 to;16.7mmol/L)
by infusion of 20% dextrose and main-
tained at this level for 24 h (Fig. 2, left
panels). Insulin concentrations were kept
at basal concentrations of between 6 and
13 mU/mL (35 and 75 pmol/L) by intra-
venous infusion of small amounts of

regular insulin. TF-PCA decreased
from 73 6 6 units/mL at 0 h to 54 6 7
units/mL at 24 h (P, 0.02). There were
no significant changes in plasma concen-
trations of FVIIa (112 vs. 115 units/mL),
FVIIc (0.95 vs. 0.93 units/mL), FVIII (2.4
vs. 2.1 units/mL), fibrinogen (363 vs. 357
ng/mL), VCAM (543 vs. 549 ng/mL), and
TAT (12 vs. 12 mg/L). Basal microparticle
(MP) levels were the same in diabetic and
nondiabetic patients (4.26 1.4 vs. 4.16
1.1 nmol/L). Hyperglycemia had no effect
on MP levels in nondiabetic patients, but
it increased MP levels in diabetic patients
(from 4.1 6 1.1 to 15.3 6 5.2 nmol/L,
P , 0.01).

Effects of raising both glucose
and insulin
In previous studies, raising glucose and
insulin together produced the highest
levels of TF-PCA in nondiabetic patients
and in patients with T2DM (11,13). We
therefore raised glucose to ;250 mg/dL
(;14mmol/L) and insulin to;100mU/mL

Figure 1dA: Open columns: Postabsorptive plasma (basal) glucose, circulating TF-PCA, and
plasma FVIIa levels in patients with T1DM and nondiabetic control subjects (NC). Shown are
means6 SE. HG, Patients with hyperglycemia. NG, Patients after rapid normalization of glucose
levels. Crosshatched columns: Glucose, TF-PCA, and FVIIa levels in eight T1DM patients after
the glucose levels were normalized overnight. B: Individual TF-PCA and A1C levels in nine pa-
tients with T1DM and seven nondiabetic control subjects.
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(;600 pmol/L) for 10 h in eight patients
with T1DM. For comparison and as a pos-
itive control, seven nondiabetic patients
were studied for 8 h under similar hyper-
glycemic-hyperinsulinemic conditions.
In patients with T1DM, TF-PCA declined
from 626 7 at 0 h to 396 6 units/mL (P
, 0.001) at 10 h. FVIIa declined from 69
to 52 units/mL (P , 0.05). In three pa-
tients, hyperglycemic-hyperinsulinemic
clamps were extended to 24-h studies. In
these three patients, TF-PCA declined
from 55 6 16 to 25 6 3 units/mL at 24
h (not significant). FVIIc, FVIII, TAT, PAI-
1, and VCAMdid not change significantly.
By comparison, TF-PCA in the nondia-
betic control subjects increased from
25 6 1 units/mL at 0 h to 51 6 12
units/mL at 8 h (P, 0.05), and FVIIa de-
creased (from 38 to 25 units/mL, P ,
0.002).

At the start of the clamps, basal plasma
adiponectin levels were higher in the di-
abetic patients than in the nondiabetic
control subjects (10.2 6 2.1 vs. 5.9 6
0.6 mg/mL, P , 0.03). Ten hours of hy-
perglycemic-hyperinsulinemia had no
effect on adiponectin levels in diabetic
patients (10.26 vs. 10.3mg/mL) or in non-
diabetic control subjects (5.9 vs. 5.5mg/mL).

Similar to MP changes during hyper-
glycemia,MP levels rose from 4.86 1.6 to
11.4 6 3.1 nmol/L in response to hyper-
glycemic-hyperinsulinemia in diabetic
patients.

CONCLUSIONSdAn important find-
ing in this study was that basal circulating
TF-PCA and FVIIa levels in a small group
of patients with T1DM were higher than
those in nondiabetic control subjects (see
Table 1). Most of our diabetic patients

took medications, including aspirin and
statins, which have been reported to de-
crease circulating TF (10,16,17). TF-PCA
in these patients may therefore have been
even higher without these medications.
We and others have previously reported
similarly elevated TF-PCA levels in pa-
tients with T2DM (11,12). There are rea-
sons to believe that elevated TF-PCA
levels in diabetic patients are clinically
relevant. For instance, TF has been associ-
ated with increased blood thrombogenicity
in patients with cardiovascular disease
(18), sickle cell disease (9), hyperlipid-
emia (12), antiphospholipid antibody
syndrome (19), and disseminated intra-
vascular coagulation (20). Moreover, in
patients undergoing angioplasty or stent
implantation, elevated whole-blood
TF-PCA present before the procedure pre-
dicted restenosis (16). In addition, the pa-
tients in this study had elevated plasma
FVIIa levels, which is also associated with
increased risk for acute cardiovascular
events (18,21).

A second interesting finding was that
TF-PCA responses to blood glucose nor-
malization and to raising glucose alone or
glucose together with insulin were dis-
tinctly different in patients with T1DM
compared with patients with T2DM and
nondiabetic patients. In patients with
T1DM, the combination of hyperinsulinemia
and hyperglycemia decreased TF-PCA
levels, whereas, as shown previously, it
strongly increased TF-PCA levels in pa-
tients with T2DM and in nondiabetic
control subjects (11,13). In addition, 24 h
of selective hyperinsulinemia (high insulin,
normal glucose), which increased TF-PCA
in nondiabetic patients and in patients
with T2DM (11,13), was similarly ineffec-
tive in three patients with T1DM (data not
shown). Thus, our studies indicated that
the regulation of circulating TF-PCA
levels in patients with T1DM and T2DM
was different. We do not, at this time,
understand the reason for the difference.
Our previous results in patients with
T2DM had suggested that their elevated
TF-PCA levels were the result of their hy-
perinsulinemia and hyperglycemia. Our
results in patients with T1DM are not in-
compatible with this hypothesis. Both the
previously studied patients with T2DM
(11) and the patients with T1DM in this
study had similarly elevated A1C (9.2 6
3.2 vs. 9.2 6 0.1%). It is possible, for in-
stance, that much longer periods of blood
glucose elevation or normalization may be
necessary to change their TF-PCA levels
(12). Compatible with this notion, our

Figure 2dLeft columns: Plasma glucose and serum insulin concentrations, circulating TF-
PCA, and FVIIa activity before and during 24 h of selective hyperglycemia in seven patients
with T1DM. Shown are means6 SE. Statistical analysis: *P, 0.02 compared with 0 h. Right
columns: Plasma glucose, serum insulin, circulating TF-PCA, and FVIIa levels before and
during 10 h of combined hyperglycemia plus hyperinsulinemia in eight patients with T1DM
and in seven nondiabetic control subjects (open circles). Shown are means 6 SE. Statistical
analysis: TF-PCA *P , 0.01 compared with baseline. FVIIa: *P , 0.05; **P , 0.01 compared
with baseline.
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patients with T1DMhad higher A1Cs than
the nondiabetic control subjects, reflect-
ing chronically elevated glucose levels.
Another possibility is adiponectin levels,
which have been reported to be elevated
in patients with T1DM (22) and which
were higher in our patients compared
with the nondiabetic control subjects. In-
asmuch as adiponectin has been shown to
decrease TF expression in human endo-
thelial cells (23) and to inhibit adhesion
of monocytic cells to endothelial cells
(24), it is possible that the lack of TF-PCA
stimulation by glucose and insulin in our
patients with T1DM was, at least in part,
related to their elevated adiponectin levels.

Moreover, insulin has been reported
to inhibit TF synthesis and expression in
monocytes and platelets and monocyte
microparticles, and these effects were
blunted in patients with T2DM because
of insulin resistance (25–27). Thus, the
lack of rise inTF-PCA inT1DMduring com-
bined hyperglycemia-hyperinsulinemia
may be related to an inhibitory effect of
insulin. Thedifferences inTF-PCAresponses
to hyperglycemia-hyperinsulinemia ob-
served between patients with T1DM and
nondiabetic control subjectsmay also be due
to the higher levels of plasma adiponectin
and/or differences in sensitivity of mono-
cytes to insulin.

Plasma FVIIa showed a small decline
during the high glucose-high insulin infu-
sions in our patients with T1DM (Fig. 2).
Decreases in plasma FVIIa have been re-
ported in states associated with monocyte
activation and increased circulating mi-
croparticles (28–30). We have reported
decreases in plasma FVIIa in nondiabetic
patients in response to 24-h glucose and
insulin infusions (13). TF is the principal
ligand for FVIIa, and one potential ex-
planation for the decline of FVIIa may
be the removal from plasma of FVIIa by
binding to monocytes and microparti-
cles (which rose during the hyperglycemic-
hyperinsulinemic clamps).

In summary, our studies provide
evidence for increased levels of circulating
TF-PCA and FVIIa in a small group of
patients with T1DM, suggesting a pro-
coagulant state that is likely to contribute
to acute vascular events. They also show
that the regulation of circulating TF-PCA
levels in patients with T1DM and T2DM is
different. The observation that TF-PCA
levels are elevated in diabetesmay be ther-
apeutically important. Clearly, however,
additional studies are needed to confirm
our findings in a larger number of patients
and to obtain insights into the reasonswhy

the regulation of TF expression in the two
forms of diabetes was different.
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