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Chapter 5
Diabetes and Thrombosis

David J. Schneider

�Diabetes and Vascular Disease

Complications of macrovascular disease are responsible for 50% of the deaths in 
patients with type 2 diabetes mellitus, 27% of the deaths in patients with type 1 
diabetes for 35 years or less, and 67% of the deaths in patients with type 1 diabetes 
for 40 years or more [1, 2]. The rapid progression of macroangiopathy in patients 
with type 2 diabetes may reflect diverse phenomena; some intrinsic to the vessel 
wall; angiopathic factors such as elevated homocysteine [3], uncoupled nitric oxide 
synthase and superoxide generation [4], and hyperlipidemia; deleterious effects of 
insulin resistance [5] and dysinsulinemia, and excessive or persistent microthrombi 
secondary to a prothrombotic and antifibrinolytic state with consequent acceleration 
of vasculopathy secondary to clot-associated mitogens [6, 7]. As a result of these 
phenomena, cardiovascular mortality is as high as 15% in the 10 years after the 
diagnosis of diabetes mellitus becomes established [8]. Because more than 90% of 
patients with diabetes have type 2 diabetes and because macrovascular disease is the 
cause of death in most patients with type 2 as opposed to type 1 diabetes, type 2 
diabetes will be the focus of this chapter. In addition to coronary artery disease, 
patients with type 2 diabetes have a high prevalence and rapid progression of periph-
eral arterial disease, cerebral vascular disease, and complications of percutaneous 
coronary intervention including restenosis [9].

Diabetes mellitus is associated with diverse derangements in platelet function, 
the coagulation, and the fibrinolytic system, all of which can contribute to 
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Table 5.1  The potential impact of insulin resistance and diabetes on thrombosis

Factors predisposing to thrombosis

•  Increased platelet mass
•  Increased platelet activation
  –  Platelet aggregation
  –  Platelet degranulation
  –  Platelet cAMP and cGMP
  –  Thromboxane synthesis
•  Increased procoagulant capacity of platelets
•  Elevated concentrations and activity of procoagulants
  –  Fibrinogen
  –  von Willebrand factor and procoagulant activity
  –  Thrombin activity
  –  Factor VII coagulant activity
•  Decreased concentration and activity of antithrombotic factors
  –  Antithrombin III activity
  –  Sulfation of endogenous heparin
  –  Protein C concentration

Modified from Schneider DJ and Sobel BE. Coron. Artery Dis. 3:26–32, 1992

Table 5.2  The potential impact of insulin resistance and diabetes on fibrinolysis

Factors attenuating fibrinolysis

•  Decreased t-PA activity
•  Increased PAI-1 synthesis and activity
  –  Directly increased by insulin
  –  Increased by hyperglycemia
  –  Increased by hypertriglyceridemia and increased FFA (free fatty acids)
  – � Synergistically increased by hyperinsulinemia combined with elevated triglycerides and 

FFA
•  Decreased concentrations of α2-antiplasmin

Modified from Schneider DJ and Sobel BE. Coron. Artery Dis. 3:26–32, 1992

prothrombotic state (Tables 5.1 and 5.2). Some are clearly related to metabolic 
derangements, particularly hyperglycemia. Others appear to be related to insulin 
resistance and associated hyperinsulinemia. In the material to follow, we will con-
sider mechanisms exacerbating thrombosis as pivotal factors in the progression of 
atherosclerosis and their therapeutic implications.

�Thrombosis and Atherosclerosis

Thrombosis appears to be a major determinant of the progression of atherosclerosis. 
In early atherosclerosis, microthrombi present on the luminal surface of vessels [10, 
11] can potentiate progression of atherosclerosis by exposing the vessel wall to 
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clot-associated mitogens. In later stages of atherosclerosis, mural thrombosis is 
associated with growth of atherosclerotic plaques and progressive luminal occlu-
sion, exacerbated in diabetes because of impaired compensatory vascular remodel-
ing [12].

The previously conventional view that high-grade occlusive, stenotic coronary 
lesions represent the final step in a continuum that begins with fatty streaks and 
culminates in high-grade stenosis has given way to a different paradigm because of 
evidence that thrombotic occlusion is frequently the result of repetitive rupture of 
minimally stenotic plaques. Thus, as many as two thirds of lesions responsible for 
acute coronary syndromes are minimally obstructive (less than 50% stenotic) at a 
time immediately before plaque rupture [13, 14]. Multiple episodes of disruption of 
lipid-rich plaques and subsequent thrombosis appear to be responsible for intermit-
tent plaque growth that underlies occlusive coronary syndromes [15, 16]. While 
plaque erosion has been recognized as an important cause of acute coronary syn-
dromes [17, 18], characterization of plaque morphology in patients with diabetes 
plus acute coronary syndrome demonstrates a greater incidence of thin-capped ath-
eroma with a large lipid core none to be prone to plaque rupture [18].

The extent of thrombosis in response to plaque rupture depends upon factors 
potentiating thrombosis (prothrombotic factors), factors limiting thrombosis (anti-
thrombotic factors), and the local capacity of the fibrinolytic system reflecting a 
balance between activity of plasminogen activators and their primary physiologic 
inhibitor, and plasminogen activator inhibitor type-1 (PAI-1). Activity of plasmino-
gen activators leads to the generation of plasmin, an active serine proteinase, from 
plasminogen, an enzymatically inert circulating zymogen present in high concentra-
tion (~2 μM) in blood. The activity of plasmin is limited by inhibitors such as α2 
macroglobulin.

When only limited thrombosis occurs because of active plasmin-dependent fibri-
nolysis at the time of rupture of a plaque, plaque growth may be clinically silent. 
When thrombosis is exuberant because of exaggerated thrombin generation, 
enhanced platelet activation typical of diabetes [19], and limited fibrinolysis, an 
occlusive thrombus can give rise to an acute coronary syndrome (acute myocardial 
infarction, unstable angina, or sudden cardiac death).

The principle components of thrombi are fibrin and platelets. Other plasma pro-
teins and white blood cells are incorporated to a variable extent. The rupture of an 
atherosclerotic plaque initiates coagulation and adhesion of platelets because of 
exposure to blood of surfaces denuded of endothelium and to constituents of the 
vessel wall such as collagen. Coagulation is initiated in the tissue factor pathway, 
activated by hyperinsulinemia and hyperglycemia [20], by tissue factor, a cell 
membrane-bound glycoprotein [21–23]. Membrane-bound tissue factor binds cir-
culating coagulation factor VII/VIIa to form the coagulation factor “tenase” com-
plex that activates both circulating coagulation factors IX and X expressed on 
activated macrophages, monocytes, fibroblasts, and endothelium in response to 
cytokines in the region of the ruptured plaque. Subsequent assembly of the “pro-
thrombinase” complex on platelet and other phospholipid membranes leads to gen-
eration of thrombin. Availability of platelet factor Va is a key constituent of the 
initial prothrombinase complex. Subsequently, thrombin activates coagulation 
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factor V in blood to form Va. Thrombin, in turn, cleaves fibrinogen to form fibrin. 
The generation of thrombin is sustained and amplified initially by its activation of 
circulating coagulation factors VIII and V. Thrombin generation is sustained by acti-
vation of other components in the intrinsic pathway including factor XI. Platelets 
are activated by thrombin, and activated platelets markedly amplify generation of 
thrombin.

A complex feedback system limits generation of thrombin. The tissue factor 
pathway becomes inhibited by tissue factor pathway inhibitor (TFPI) previously 
called lipoprotein-associated coagulation inhibitor (LACI). Furthermore, thrombin 
attenuates coagulation by binding to thrombomodulin on the surface of endothelial 
cells. The complex activates protein C (to yield protein Ca) that, in combination 
with protein S, cleaves (inactivates) coagulation factors Va and VIIIa.

Exposure of platelets to the subendothelium after plaque rupture leads to their 
adherence mediated by exposure to both collagen and multimers within the vessel 
wall of von Willebrand factor [24, 25]. The exposure of platelets to agonists includ-
ing collagen, von Willebrand factor, ADP (released by damaged red blood cells and 
activated platelets), and thrombin leads to further platelet activation. Activation is a 
complex process that entails shape change (pseudopod extension that increases the 
surface area of the platelet); activation of the surface glycoprotein IIb/IIIa; release 
of products from dense granules such as calcium, ADP, and serotonin and from 
alpha granules such as fibrinogen, factor V, growth factors, and platelet factor 4 that 
inhibits heparin; and a change in the conformation of the platelet membrane that 
promotes binding to phospholipids and assembly of coagulation factors.

Activation of surface glycoprotein IIb/IIIa results in a conformational change 
that exposes a binding site for fibrinogen on the activated conformer [26]. Each 
molecule of fibrinogen can bind two platelets, thereby leading to aggregation. 
Surface expression of P-selectin leads to the formation of platelet–leukocyte aggre-
gates and to the activation of monocytes and neutrophils [27].

After activation, the plasma membranes of platelets express negatively charged 
phospholipids on the outer surface that facilitate the assembly of protein constitu-
ents and subsequently activity of the tenase and prothrombinase complexes [23]. 
Thus, platelets are participated in thrombosis by (1) forming a hemostatic plug 
(shape change, adherence to the vascular wall and aggregation with other platelets 
and with leukocytes); (2) supplying coagulation factors and calcium (release of 
alpha and dense granule contents); (3) providing a surface for the assembly of coag-
ulation factor complexes; and (4) simulating vasoconstriction by releasing throm-
boxane and other vasoactive substances.

As noted previously, thrombosis-complicating plaque rupture can occlude the 
lumen entirely or, when limited, contribute in a stepwise fashion over time to pro-
gressive stenosis. Mechanisms by which thrombi can contribute to plaque growth 
include incorporation of an organized thrombus into the vessel wall [28]. Exposure 
of vessel wall constituents to clot-associated mitogens and cytokines can accelerate 
neointimalizaiton and migration and proliferation of vascular smooth muscle cells in 
the media. Fibrin and fibrin degradation products promote the migration of vascular 
smooth muscle cells and are chemotactic for monocytes [29]. Thrombin itself and 
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growth factors released from platelet alpha granules such as platelet-derived growth 
factor and transforming growth factor beta activate smooth muscle cells potentiating 
their migration and proliferation [30–33]. The powerful role of platelets has been 
demonstrated by a reduction in the proliferation of smooth muscle cells after 
mechanical arterial injury in thrombocytopenic rabbits with atherosclerosis [34].

Both local and systemic factors can influence the extent of thrombosis likely to 
occur in association with plaque rupture. The morphology and biochemical compo-
sition of the plaque influence thrombogenic potential. Atheromatous plaques with 
substantial lipid content are particularly prone to initiate thrombosis in contrast to the 
antithrombotic characteristics of the luminal surface of the normal vessel wall [35].

Both the severity of vascular injury and the extent of plaque rupture influence the 
extent to which blood is exposed to subendothelium and consequently to thrombo-
genicity. The balances between the activity of prothrombotic factors and antithrom-
botic factors in blood and between thrombogenicity and fibrinolytic system capacity 
are important determinants of the nature and extent of a thrombotic response to 
plaque rupture. In subjects with type 2 diabetes, the balances between determinants 
are shifted toward potentiation and persistence of thrombosis and, hence, toward 
acceleration of atherosclerosis [36]. The same is true in patients with syndromes of 
insulin resistance (the metabolic syndrome) [37].

�Platelet Function in Subjects with Diabetes Mellitus

The activation of platelets and their participation in a thrombotic response to rupture 
of an atherosclerotic plaque are critical determinants of the extent of thrombosis, 
incremental plaque growth, and the development of occlusive thrombi. Increased 
adherence of platelet to vessel walls manifesting early atherosclerotic changes and 
the release of growth factors from alpha granules can exacerbate the evolution of 
atherosclerosis. Evidence of increased activity of platelets in patients with diabetes 
is reflected by increased concentrations in blood of soluble CD40 (a platelet released 
mediator of thrombosis and inflammation) and P-selectin (reflecting platelet activa-
tion) [36]. Patients with diabetes, particularly those with macrovascular disease, 
have an increased circulating platelet mass secondary to increased ploidy of mega-
karyocytes [37]. Activation of platelets is increased with type 2 diabetes, mediated 
in part by increased VLDL and remnant lipoprotein particles [38, 39]. This is 
reflected by increased concentrations in urine of a metabolite of thromboxane A2, 
thromboxane B2, and by the spontaneous aggregation of platelets [40–42] in blood. 
The prevalence of spontaneous aggregation of platelets correlates with the extent of 
elevation of concentrations of HbA1c [41]. Stringent glycemic control decreases 
concentrations in urine of thromboxane B2 [40, 42]. In addition, platelets isolated 
from the blood of subjects with diabetes exhibit impaired vasodilatory capacity 
[43], apparently mediated by release of a short-acting platelet-derived substance(s) 
that interferes with the ADP-induced dilatory response seen in normal vessels with 
intact endothelium [44].
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�Evidence of Increased Platelet Reactivity

Platelets from subjects with both type 1 and 2 diabetes are hyperreactive [45–49] 
and in normal subjects subjected to combined hyperglycemia and hyperinsulinemia 
[50]. Platelet aggregometry performed with platelet-rich plasma and with suspen-
sions of washed platelets in buffers from people with diabetes and control subjects 
has demonstrated increased aggregation of platelets in response to agonists such as 
ADP, epinephrine, collagen, arachidonic acid, and thrombin. In addition, spontane-
ous (in the absence of added agonists) aggregation of platelets from subjects with 
diabetes is increased compared with aggregation of those from nondiabetic subjects 
[48], mediated in part by increased expression of platelet FcgammaRIIa receptor 
[51–54] and by the collagen receptor, glycoprotein VI [55, 56].

Platelets from subjects with diabetes exhibit increased degranulation in response 
to diverse stimuli. The capacity to promote growth of smooth muscle cells in vitro 
is greater as shown by exposure of vascular smooth muscle cells to platelets from 
subjects with poorly controlled compared with well controlled diabetes [57, 58]. 
Because alpha granules contain growth factors, the enhanced growth promoting 
activity of platelets from subjects with poorly controlled diabetes appears likely to 
be secondary to increased alpha granule degranulation.

The threshold for induction of release of substances residing in dense granules in 
response to thrombin is lower in platelets from diabetic compared with nondiabetic 
subjects [59]. In addition, the procoagulant capacity of platelets from subjects with 
diabetes mellitus is increased [60, 61]. Thus, the generation of coagulation factor 
Xa and of thrombin is increased by three- to sevenfold in samples of blood contain-
ing platelets from diabetic compared with those from nondiabetic subjects [61].

In patients with diabetes, adhesion of platelets is increased because of increased 
surface expression of glycoprotein Ib-IX [62]. The binding of von Willebrand factor 
multimers expressed on endothelial cells to glycoprotein Ib-IX mediates adherence 
and promotes subsequent activation of platelets. Adherence is promoted also by 
increased concentrations of and activity of von Willebrand factor [62, 63]. 
Circulating von Willebrand factor stabilizes the coagulant activity of circulating 
coagulation factor VIIIa [64].

An altered cellular distribution of guanine nucleotide binding proteins 
(G-proteins) appears to contribute to the increased reactivity of platelets in people 
with diabetes mellitus [65]. Platelet reactivity would be expected to be increased by 
the decreased concentrations of inhibitory G-proteins that have been reported [66]. 
In addition, platelet reactivity would be increased by the greater turnover of phos-
phoinositide and consequent intraplatelet release of calcium that have been seen 
[67, 68].

As noted above, activation of platelets leads to the expression of specific con-
formers of specific glycoproteins. Determination of the percentage of platelets 
expressing activation-dependent markers with flow cytometry can be used to delin-
eate the extent of platelet activation that has occurred in vivo. Increased surface 
expression of CD63 (a marker of lysosomal degranulation), thrombospondin (a 
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marker of alpha granule degranulation), and CD62 (also called P-selectin), another 
marker of alpha granule degranulation, has been observed with platelets isolated 
from patients with newly diagnosed diabetes and those with advanced diabetes 
regardless of whether or not overt macrovascular complications were present [69, 
70]. The increased plasminogen activator type-1 inhibitor (PAI-1) in plasma (see 
below) in patients with diabetes is associated with a paradoxically decreased plate-
let content of PAI-1 [71], consistent with the possibility that release of PAI-1 from 
the platelets may contribute to the increased PAI-1 in blood.

Platelet survival is reduced in subjects with diabetes. The reduction is most pro-
nounced in those with clinical evidence of vascular disease [72]. Thus, it appears to 
be more closely correlated with the severity of vascular disease [73] than with the 
presence of diabetes per se. Accordingly, the decreased survival of platelets may be 
both a marker of extensive vascular disease and a determinant of its severity.

Adherence of platelets to vessel walls early after injury resulting in de-
endothelialization is similar in diabetic and nondiabetic animals [74]. By contrast, 
increased adherence of platelets to injured arterial segments 7  days after injury 
occurs in diabetic BB Wistar rats compared with that in control animals. A contin-
ued interaction of platelets with the vessel wall after injury is likely to be related to 
a decreased rate of healing and re-endothelialization in diabetic animals rather than 
to an increased propensity for adherence per se [75]. Regardless, continued interac-
tion of platelets with the vessel wall and continued exposure of the vessel wall to 
growth factors released from alpha granules of platelets are likely to accelerate and 
exacerbate atherosclerosis.

�Mechanisms Responsible for Hyperreactivity of Platelets 
in People with Diabetes

Increased expression of the surface glycoproteins Ib and IIb/IIIa has been observed 
in platelets from subjects with both type 1 and type 2 diabetes [62]. Glycoprotein Ib/
IX binds to von Willebrand factor in the subendothelium and is responsible for 
adherence of platelets at sites of vascular injury. Interaction between glycoprotein 
Ib/IX and von Willebrand factor leads to activation of platelets. Activation of glyco-
protein IIb/IIIa leads to the binding of fibrinogen and aggregation of platelets. Thus, 
increased expression of either or both of these two surface glycoproteins is likely to 
contribute to the increased reactivity that has been observed platelets from people 
with diabetes. Overexpression of the FcgammaRIIa [51–56] and increased GP VI 
signaling [55, 56] may contribute as well.

Winocour and his colleagues have shown an association between decreased 
membrane fluidity and hypersensitivity of platelets to thrombin [76]. Reduced 
membrane fluidity may be a reflection of increased glycation of membrane proteins. 
A reduction in membrane fluidity occurs following incubation of platelets in media 
containing concentrations of glucose similar to those seen in blood from subjects 
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with poorly controlled diabetes. Because membrane fluidity is likely to alter mem-
brane receptor accessibility by ligands, reduced membrane fluidity may contribute 
to hypersensitivity of platelets. Accordingly, improved glycemic control would be 
expected to decrease glycation of membrane proteins, increase membrane fluidity, 
and decrease hypersensitivity.

Intracellular mobilization of calcium is critical in several steps involved in the 
activation of platelets. Platelets from subjects with type 2 diabetes exhibit increased 
basal concentrations of calcium [77]. Increased phosphoinositide turnover, increased 
inositide triphosphate production, and increased intracellular mobilization of cal-
cium are evident in response to exposure to thrombin of platelets from subjects with 
type 2 diabetes [78]. The increased concentrations of several second messengers 
may contribute to the hypersensitivity seen in platelets from patients with diabetes. 
In addition, increased production of thromboxane A2 may contribute to the increased 
platelet reactivity [43, 45].

We have found that the osmotic effect of increased glucose concentrations 
increases directly platelet reactivity [79]. Exposure of platelets in  vitro to 
increased concentrations of glucose is associated with increased activation of 
platelets in the absence and presence of added agonist. Exposure of platelets to 
isotonic concentrations of glucose or mannitol increases platelet reactivity to a 
similar extent [79]. Thus, the osmotic effect of hyperglycemia on platelet reactiv-
ity may contribute to the greater risk of death and re-infarction that has been 
associated with hyperglycemia in patients with diabetes and myocardial infarc-
tion [80–82].

Insulin alters reactivity of platelets [83]. Exposure of platelets to insulin 
decreases platelet aggregation in part by increasing synthesis of nitric oxide that, 
in turn, increases intraplatelet concentrations of the cyclic nucleotides, cyclic 
guanosine monophosphate, and cyclic adenosine monophosphate. Both of these 
cyclic nucleotides are known to inhibit activation of platelets. Thus, it is not sur-
prising that an insulin concentration-dependent increase in nitric oxide produc-
tion exerts anti-aggregatory effects. Insulin deficiency typical of type 1 diabetes 
and seen in advanced stages of type 2 diabetes may contribute to increased plate-
let reactivity by decreasing the tonic inhibition of platelet reactivity otherwise 
induced by insulin. Furthermore, abnormal insulin signaling may contribute in 
subjects with type 2 diabetes. Insulin decreases platelet aggregation and adhesion 
in patients without diabetes, an effect not seen in those with type 2 diabetes [84]. 
Accordingly, the increased resistance to insulin typical of type 2 diabetes may 
contribute to increased platelet reactivity by decreasing tonic inhibition of plate-
lets that would have been induced otherwise by the high prevailing concentration 
of insulin.

Constitutive synthesis of nitric oxide is reduced in platelets from subjects with 
both type 1 and type 2 diabetes [85]. The oxidative stress associated with diabetes 
and its uncoupling of nitric oxide synthase from arginine can exacerbate endothelial 
dysfunction and activation of platelets secondary to generation of superoxide [4, 
86]. Thus, tonic inhibition of platelets as well as insulin-dependent suppression of 
reactivity may be reduced in subjects with diabetes.
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�Antiplatelet Therapy and Diabetes

While several studies have identified beneficial cardiovascular effects of aspirin for 
primary prevent in people with diabetes, a meta-analysis that included results from 
33,679 demonstrated that the use of aspirin for primary prevention of cardiovascular 
disease in patients with diabetes mellitus increases the risk of total bleeding without 
reducing the risk of major adverse cardiovascular outcomes [87]. Considered 
together, data acquired in vitro and in vivo suggest that platelets from subjects with 
diabetes are hypersensitive to diverse agonists. Unfortunately, currently available 
antiplatelet therapy does not restore normal responsiveness to platelets from sub-
jects with diabetes. In animal preparations simulating selected aspects of diabetes, 
platelets remain hypersensitive to thrombin despite administration of aspirin [88]. 
Furthermore, responses to aspirin are suboptimal in people with diabetes [89–91]. 
These observations suggest that the hypersensitivity is not a reflection of generation 
of thromboxane A2, and that the treatment of subjects with diabetes with aspirin (as 
is being done often inferentially) is unlikely to decrease platelet reactivity to the 
level typical of that seen with platelets from nondiabetic subjects. Because hyper-
glycemia per se appears to increase platelet reactivity, improved glycemic control is 
a critical component of the antithrombotic regimen.

Platelet hyperreactivity has been observed before and during treatment with 
clopidogrel [48, 92, 93]. This increased platelet reactivity has been associated with 
a greater risk of subsequent cardiovascular events [92]. Higher doses of clopidogrel 
suppress platelet reactivity in patients with diabetes to a greater extent, but the effect 
remains heterogeneous and uniform suppression of platelet hyperreactivity was not 
seen [94]. Furthermore, withdrawal of cloplidogrel is associated with proinflamma-
tory and prothrombotic effects [95]. These results suggest that patients with diabe-
tes are likely to benefit from more powerful antiplatelet regimens. Ticagrelor, a 
more powerful P2Y12 antagonist was shown to be more effective than clopidogrel 
(both agents were used in combination with aspirin) in preventing recurrent heart 
attack, stroke, and death in patients with acute coronary syndromes, and the benefi-
cial effects of ticagrelor were similar in patients with and without diabetes [96]. 
Prasugrel plus aspirin was more effective than clopidogrel plus aspirin in patients 
with acute coronary syndromes, and the beneficial effects were maintained in 
patients with diabetes [97]. Accordingly, for patients with diabetes and acute coro-
nary syndrome, dual-antiplatelet therapy with aspirin plus either ticagrelor or prasu-
grel is preferred.

�The Coagulation System and Diabetes Mellitus

Activation of the coagulation system leads to the generation of thrombin and 
thrombin-mediated formation of fibrin from fibrinogen. The generation of thrombin 
depends on activation of procoagulant factors. It is limited by antithrombotic factors 
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and inhibitors. Fibrinopeptide A (FPA) is released when fibrinogen is cleaved by 
thrombin. It has a very short half-life in the circulation and is cleared promptly by 
the kidneys. Elevated concentrations in blood are indicative of thrombin activity 
in vivo [98]. Subjects with diabetes mellitus (both types 1 and 2) have increased 
concentrations of FPA in blood and in urine compared with corresponding concen-
trations in nondiabetic subjects [99–102]. The highest concentrations are observed 
in patients with clinically manifest vascular disease [100, 102].

The increased concentrations of FPA seen in association with diabetes reflect an 
altered balance between prothrombotic and antithrombotic determinants in subjects 
with diabetes mellitus favoring thrombosis. This interpretation is consistent with 
other observations suggesting that generation of thrombin is increased with diabetes 
resulting in increased concentrations in blood of thrombin-antithrombin complexes 
[103]. The steady-state concentration of thrombin-antithrombin complexes in blood 
is a reflection of the rate of formation of thrombin being generated over time.

The increased generation of thrombin in people with diabetes is likely to be 
dependent on increased activity of factor Xa. This has been observed in patients 
with type 1 diabetes [104]. Factor Xa, a major component of the prothrombinase 
complex, is formed from components including circulating coagulation factor X 
assembled on phospholipid membranes in association with the tissue factor VIIa 
complex. Thrombin is generated by the prothrombinase complex comprising factors 
Xa, Va, and II assembled on phospholipid membranes. The activity of this complex 
is reflected by prevailing concentrations in blood of prothrombin fragment 1 + 2, a 
cleavage product of factor II (prothrombin). Increased concentrations of prothrom-
bin fragment 1 + 2 in blood from patients with type 1 diabetes have been observed, 
consistent with the presence of a prothrombotic state.

�Mechanisms Responsible for a Prothrombotic State Associated 
with Diabetes

Patients with diabetes mellitus have increased concentrations in blood of the pro-
thrombotic factors fibrinogen, von Willebrand factor, and factor VII coagulant activ-
ity [105–107]. Among the three coagulation factors, fibrinogen has been most 
strongly associated with the risk of development of cardiovascular disease [108]. 
Although the mechanisms responsible for increased concentrations of fibrinogen 
and von Willebrand factor have not yet been fully elucidated, elevated concentra-
tions in blood of insulin and proinsulin may be determinants in people with type 2 
diabetes. This possibility is suggested by the close correlation between concentra-
tions of fibrinogen with those of insulin and proinsulin in healthy subjects [109]. 
Because prediabetic subjects and people with early stages of diabetes have marked 
insulin resistance that leads to a compensatory increase in the concentrations in 
blood of insulin and proinsulin [110–112], the hyper(pro)insulinemia of type 2 dia-
betes is likely to underlie, at least in part, the typically increased concentrations of 
fibrinogen. Improvement in metabolic control per se (euglycemia and amelioration 
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of hyperlipidemia) has not been associated with normalization of the increased con-
centrations in blood of fibrinogen, von Willebrand factor, or factor VII coagulant 
activity [107]. By the same token, the extent of elevation of concentrations in blood 
of prothrombin fragment 1 + 2 is not closely correlated with the concentration of 
hemoglobin A1c, a marker of glycation of proteins [113]. First-degree nondiabetic 
relatives of subjects with type 2 diabetes exhibit increased concentrations of fibrino-
gen and factor VII coagulant activity in blood compared with values in age-matched 
controls [114]. Thus, the increases in fibrinogen and factor VII coagulant activity 
are associated with other, presumably independent features of insulin resistance. 
Consistent with this observation, controlling hyperglycemia reduces tissue factor 
expression in patients with type 2 diabetes [115]. Infusion of insulin increased tis-
sue factor procoagulant activity, and the combination of hyperinsulinemia plus 
hyperglycemia increased tissue factor procoagulant activity to the greatest extent 
[115]. Accordingly, increased concentrations of prothrombotic factors seen typi-
cally in subjects with type 2 diabetes mellitus are likely to reflect the combination 
of metabolic derangements typical of the diabetic state in combination with insulin 
resistance and hyperinsulinemia. In fact, hormonal abnormalities, particularly insu-
lin resistance and hyper(pro)insulinemia, appear to underlie the prothrombotic state 
[109–114].

As mentioned in the preceding section on platelet function, procoagulant activity 
is increased in platelets from subjects with diabetes. Procoagulant activity of mono-
cytes is increased as well [116]. The negatively charged phospholipid surface of 
platelets and monocytes catalyzes both formation and activity of the tenase and 
prothrombinase complexes. Thus, increased procoagulant activity of platelets and 
monocytes can potentiate thrombosis.

Decreased activity of antithrombotic factors in blood can potentiate thrombosis. 
Of note, concentrations in blood of protein C and activity of antithrombin are 
decreased in diabetic subjects [117–120], although not universally [103]. Unlike 
changes in concentrations of prothrombotic factors, altered concentrations and 
activity of antithrombotic factors appear to be reflections of the metabolic state typi-
cal of diabetes, either type 1 or type 2, especially hyperglycemia. Thus, decreased 
antithrombotic activity has been associated with nonenzymatic glycation of 
antithrombin.

To recapitulate, functional activities of the prothrombinase complex and of 
thrombin itself are increased consistently in blood of people with diabetes. The 
increased activity is likely to be a reflection of increased procoagulant activity of 
platelets and monocytes in association with increased concentrations of fibrinogen, 
von Willebrand factor, and factor VII. Diminished activity in blood of antithrom-
botic factors secondary to glycation of antithrombin and protein C may contribute 
to the prothrombotic state. To the extent that glycation of proteins contributes to a 
prothrombotic state, optimal glycemic control should attenuate it. Accordingly, the 
most effective mechanism available to attenuate a prothrombotic state is normaliza-
tion of the hormonal and metabolic abnormalities in patients with diabetes. Results 
in the DCCT trial are consistent with this interpretation. Despite the fact that the 
trial focused on microvascular complications of diabetes, known to be influenced by 
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hyperglycemia, a trend toward reduction of macrovascular events was seen with 
stringent and glycemic control [121]. This trend is consistent with reduction of the 
intensity of the prothrombotic state and hence attenuation of atherogenesis, deter-
minants of its sequela, or both.

A prespecified analysis of the Cardiovascular Outcomes for People Using 
Anticoagulation Strategies (COMPASS) compared the effects of rivaroxaban 
(2.5  mg twice daily) plus aspirin (100  mg daily) versus placebo plus aspirin in 
patients with diabetes mellitus versus without diabetes mellitus in preventing major 
vascular events [122]. A consistent and similar relative risk reduction was seen for 
benefit of rivaroxaban plus aspirin (n = 9152) versus placebo plus aspirin (n = 9126) 
in patients both with (n = 6922) and without (n = 11,356) diabetes for the primary 
efficacy end point (hazard ratio, 0.74, p = 0.002; and hazard ratio, 0.77, p = 0.005, 
respectively, pinteraction = 0.77) and all-cause mortality (hazard ratio, 0.81, p = 0.05; 
and hazard ratio, 0.84, p  =  0.09, respectively; pinteraction  =  0.82). Despite the pro-
thrombotic state associated with diabetes, the incidence of bleeding was similar in 
patients with and without diabetes [122]. In the treatment of atrial fibrillation, 
results show similar efficacy and safety of direct-acting anticoagulants (DOACs) 
compared with warfarin in patients with or without diabetes. Treatment with 
DOACS in patients with diabetes has been associated with a significant relative 
reduction in vascular death compared to warfarin [123].

�Diabetes and Fibrinolysis

Decreased fibrinolytic system capacity is observed consistently in blood from 
patients with diabetes mellitus, particularly those with type 2 diabetes [124–127]. It 
has been known for many years that obesity is associated with impaired fibrinolysis 
[128]; that elevated blood triglycerides and other hallmarks of hyperinsulinemia are 
associated with increased activity of PAI-1 [129]; and that elevated PAI-1 is a 
marker of increased risk of acute myocardial infarction as judged from its presence 
in survivors compared with age-matched subjects who had not experienced any 
manifestations of overt coronary artery disease [130]. Recently, the 4G/5G PAI-1 
polymorphism has been found to increase the risk of recurrence of myocardial 
infarction in nonhyperlipidemic subjects [131] and that increased PAI-1 is associ-
ated with increasing concentrations of glucose within the normal range in nondia-
betic subjects [132]. We have found that impaired fibrinolysis in subjects with type 
2 diabetes mellitus, not only under baseline conditions but also in response to physi-
ologic challenge, was attributable to augmented concentrations in blood of circulat-
ing PAI-1. Furthermore, obese diabetic subjects exhibited threefold elevations of 
PAI-1  in blood compared with values in nondiabetic subjects despite tissue-type 
plasminogen activator (t-PA) values that were virtually the same. The observation of 
an impairment of fibrinolysis not only under basal conditions but also in response to 
physiologic stress implicates the pathophysiologic import of the abnormality [125]. 
Subsequently, we found that precursors of insulin including proinsulin and 
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des[30,31]- and des[63,64]proinsulin-induced time- and concentration-dependent 
elevation in expression of PAI-1 by human hepatoma cells in culture [133]. In addi-
tion, we found that concentrations of PAI-1 can be elevated in blood in normal 
subjects rendered hyperglycemic, hyperinsulinemic, and hyperlipidemic [134]. 
Furthermore, women with the polycystic ovarian syndrome, known to be associated 
with hyperinsulinemia, have increased concentrations of PAI-1 in blood that can be 
reduced by administration of troglitazone, an insulin sensitizer [135].

Thus, people with type 2 diabetes exhibit a decreased fibrinolytic system capac-
ity secondary to increased PAI-1  in blood. Similar derangements are evident in 
association with other states of insulin resistance and compensatory hyperinsu-
linemia in conditions such as obesity [125, 128], hypertension [136], and the poly-
cystic ovarian syndrome [135, 137, 138].

Because the endogenous fibrinolytic system influences the evolution of thrombo-
sis and the rapidity and extent of lysis of thrombi when vascular damage is repaired, 
overexpression of PAI-1 is likely to exacerbate development and the persistence of 
thrombi. Results in transgenic mice deficient in PAI-1 compared with wild-type 
animals are consistent with this hypothesis. Thus, 24 h after arterial injury, persis-
tence of thrombosis and the residual thrombus burden were greater than in wild-
type mice that were not deficient in PAI-1 [139]. Thus, increased expression of 
PAI-1 typical of that seen with the metabolic changes present in type 2 diabetes 
[140] is likely to be a determinant of increased and persistent thrombosis. Consistent 
with this observation, higher concentrations of PAI-1 in blood have been indepen-
dently associated with a greater risk of coronary heart disease [141].

�Mechanisms Responsible for the Overexpression 
of PAI- in Diabetes

Increased expression of PAI-1 in diabetes is undoubtedly multifactorial. A direct 
effect of insulin on the expression of PAI-1 has been suggested by a positive correla-
tion between the concentration of insulin and PAI-1 in vivo [124, 125, 129, 136–
138, 142]. Triglycerides and their constituents (fatty acids) appear to contribute to 
the overexpression of PAI-1 in view of the fact that both insulin and triglycerides 
independently increase expression of PAI-1 by human hepatoma cells in vitro [140, 
143–145]. Liver steatosis is another determinant of elevated concentrations of 
PAI-1, perhaps indicative of the response of both to derangements in the TNF-
signaling pathway [146]. Insulin and triglycerides exert a synergistic increase in 
accumulation of PAI-1 in conditioned media when both are present in pathophysi-
ologic concentrations [140]. Analogous results are obtained with insulin in combi-
nation with VLDL-triglyceride, emulsified triglycerides, or albumin-bound-free 
(nonesterified) fatty acids. Thus, the combination of hyperinsulinemia and hypertri-
glyceridemia increases expression of PAI-1 consistent with the possibility that the 
combination is a determinant of the increased PAI-1 in blood in vivo in people with 
diabetes. Furthermore, because elevated concentrations of glucose increase 
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expression of PAI-1 by endothelial cells and vascular smooth muscle cells in vitro 
[147, 148], the metabolic state typical of diabetes may elevate concentrations of 
PAI-1 in blood emanating from release of PAI-1 from vessel wall cells.

A combination of hyperinsulinemia, hypertriglyceridemia, and hyperglycemia 
increases the concentration of PAI-1 in blood in normal subjects [134]. Although 
neither the infusion of insulin with euglycemia maintained by euglycemic clamping 
nor the infusion of triglycerides without induction of hyperinsulinemia in normal 
subjects increases the concentration of PAI-1 in blood, the induction of hyperglyce-
mia, hypertriglyceridemia, and hyperinsulinemia by infusion of glucose plus emul-
sified triglycerides plus heparin (to elevate blood free fatty acids) does increase 
concentrations of PAI-1 in blood. Of note, the infusion of insulin under euglycemic 
clamp conditions results in a marked decrease in the concentration of blood triglyc-
erides and free fatty acids. Thus, results obtained in the infusion studies demonstrate 
that the combination of hyperinsulinemia, hyperglycemia, and hypertriglyceridemia 
is sufficient to increase expression of PAI-1 in healthy subjects. However, results in 
these studies do not answer the question of whether, as in the case in vitro, insulin 
increases expression of PAI-1 when concentrations of glucose, triglycerides, and 
free fatty acids are all maintained within normal ranges. What is clear is that a com-
bination of hormonal (hyperinsulinemia) and metabolic (particularly hypertriglyc-
eridemia) derangements typical of type 2 diabetes mellitus elevate the concentration 
of PAI-1  in blood. The elevations of PAI-1 may subject people with diabetes to 
double jeopardy because the ratio of PAI-1 activity to the concentration of PAI-1 
protein increases when the latter is high. This appears to reflect a slower rate of loss 
of PAI-1 activity associated with higher concentrations of PAI-1 protein [149].

Adipose tissue is another potential source of the increased blood PAI-1 in sub-
jects with type 2 diabetes mellitus. Studies performed on genetically obese mice 
demonstrated that PAI-1 mRNA expression was increased four- to fivefold in mature 
adipocytes [150]. The injection of insulin into lean mice increased expression of 
PAI-1 in adipocytes, an effect seen also with 3T3-L1 adipocytes in vitro. We have 
found that elaboration of PAI-1 from adipocytes is increased by TGF-β, known to 
be released from activated platelets [151] secondary to increased transcription and 
furthermore that caloric restriction per se lowers elevated PAI-1 in blood in obese, 
nondiabetic human subjects [152]. Thus, the elevated concentrations of PAI-1  in 
blood seen in subjects with type 2 diabetes appear to be secondary to effects of 
hyperinsulinemia, particularly in combination with hypertriglyceridemia, and to 
effects of other mediators implicated in the prothrombotic state seen with diabetes 
on expression of PAI-1 by hepatic, arterial, and adipose tissue.

In addition to elevated PAI-1 in blood, expression of PAI-1 in vessel walls with 
subsequent elaboration into blood is increased by insulin [153]. Pathophysiologic 
concentrations of insulin increase the expression of PAI-1 by human arteries in vitro 
[154], an effect seen in both arterial segments that appear to be grossly normal and 
those that exhibit atherosclerotic changes [155]. The increased expression of PAI-1 
is seen in arterial segments from subjects with or without insulin-resistant states. 
Augmented expression of PAI-1 is seen in response to insulin with vascular smooth 
muscle cells in culture [156] and with co-cultured endothelial cells and smooth 
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muscle cells [153]. Insulin increases expression of PAI-1 by vascular tissue in vivo. 
Local elaboration of PAI-1 follows perfusion with insulin in forearm vascular beds 
of healthy human subjects [157].

With the use of a co-culture system, one mechanism by which insulin increases 
arterial wall expression of PAI-1 has been characterized [153]. In vivo, insulin pres-
ent in the luminal blood is known to be transported from the luminal to the ablumi-
nal surface of endothelial cells. In vitro, smooth muscle cells exposed to insulin 
have been shown to release a soluble factor(s) that increases endothelial cell expres-
sion of PAI-1. Thus, it appears likely that insulin in vivo alters expression of PAI-1 in 
arterial walls through a direct effect on vascular smooth muscle cells that, in turn, 
increases endothelial cell expression of PAI-1 in a paracrine fashion.

Therapy designed to reduce insulin resistance, the resultant hyperinsulinemia, or 
both have been shown to reduce PAI-1 in blood as well. Thus, treatment of women 
with the polycystic ovarian syndrome with metformin or troglitazone decreased 
concentrations in blood of insulin and of PAI-1 [138]. Changes in the concentrations 
of PAI-1 in blood correlated significantly with those of insulin [135]. Treatment of 
patients with type 2 diabetes with an insulin secretagogue, repaglinide, was associ-
ated with greater concentrations in blood of PAI-1 compared with treatment with 
metformin [158]. Similarly, treatment of patients with type 2 diabetes with piogli-
tazone decreases the concentration of PAI-1 [159]. One mechanism by which thia-
zolidinediones may decrease expression of PAI-1 is through induction of adiponectin 
[160]. The effect of rosiglitazone on expression of PAI-1 correlates positively with 
changes in the concentration of adiponectin and the effect of rosiglitazone of con-
centrations of PAI-1 in blood is attenuated in mice genetically deficient in adiponec-
tin [160]. The concordance supports the view that insulin contributes to the increased 
PAI-1 expression seen in vivo. Despite meta analyses that spanned intense contro-
versy [161–163], there is no convincing evidence that rosiglitazone increases mor-
tality [164–168], and there is evidence that another thiazolidinedione, pioglitazone, 
diminishes it [169].

Human subjects who participate in relatively large amounts of leisure time phys-
ical activity have low levels of PAI-1 activity in blood [170]. After adjustment for 
variables indicative of syndromes of insulin resistance such as high body mass 
index and waist:hip ratio in addition to advanced age and elevated concentrations of 
triglycerides, the association of PAI-1 activity with physical activity was no longer 
significant. This observation, particularly in combination with the results seen after 
therapy with troglitazone and metformin in women with the polycystic ovarian syn-
drome, demonstrates that interventions designed to attenuate insulin resistance will 
lower concentrations of PAI-1 in blood and increase fibrinolytic system capacity.

The exposure of human hepatoma cells to gemfibrozil decreases basal and 
insulin-stimulated secretion of PAI-1 [171]. This inhibitory effect has been observed 
in vitro but not in vivo [172, 173] despite reductions in vivo in the concentration of 
triglycerides in blood by 50–60%. No changes in insulin sensitivity or concentra-
tions of insulin in the blood were seen after treatment of patients with gemfibrozil. 
Thus, unlike therapy with agents that reduce insulin resistance and lower concentra-
tions of insulin, therapy with gemfibrozil that reduces triglycerides without 
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affecting concentrations of insulin does not lower PAI-1 in vivo. These observations 
support the likelihood that insulin is the critical determinant of altered expression of 
PAI-1 in subjects with insulin resistance such as those with type 2 diabetes mellitus. 
As judged from results in studies in which human hepatoma cells were exposed to 
insulin and triglycerides in vitro, modest elevations in the concentrations of triglyc-
erides and free fatty acids in the setting of hyperinsulinemia may be sufficient to 
augment expression of PAI-1. Thus, although the concentration of triglycerides in 
patients treated with gemfibrozil was decreased by 50%, the prevailing concentra-
tion of triglycerides may have been sufficient to lead to persistent elevation of 
PAI-1  in blood in the setting of hyperinsulinemia. Recent results in studies with 
several statins including atorvastatin fail to show concordant changes in PAI-1 in 
blood, consistent with this possibility [174].

�Fibrinolysis and Arterial Mural Proteolysis

In addition to their role in blood, plasminogen activators and PAI-1 appear to be 
involved in the evolution of macroangiography in the arterial wall itself [175]. 
Intramural plasminogen activators and PAI-1 influence proteolytic activity of matrix 
metalloproteinases (MMPs) that are activated from zymogens by plasmin. Cell sur-
face plasmin-dependent proteolytic activation of MMPs promotes migration of 
smooth muscle cells and macrophages into the neointima and tunica media. 
Activation of MMPs appears to be a determinant of plaque rupture in complex ath-
eroma and advanced atherosclerotic lesions, particularly in the vulnerable acellular 
shoulder regions of plaques [176].

Conversely, overexpression of PAI-1, by inhibiting intramural proteolysis and 
turnover of matrix, may contribute to accumulation of extracellular matrix particu-
larly in early atheromatous lesions. Overexpression of PAI-1 and the resultant accu-
mulation of extracellular matrix have been implicated as a substrate for activation 
and migration of smooth muscle cells, chemotaxis of macrophages, and hence, 
acceleration of early atherosclerosis. Analogously increased expression of PAI-1 
has been observed in zones of early vessel wall injury after fatal pulmonary throm-
boembolism [177].

Taken together, these observations imply that an imbalance between the activity 
of plasminogen activators and the activity of PAI-1 can contribute to progression of 
atherosclerosis in diverse directions under diverse conditions. In early lesions, 
excess activity of PAI-1 may potentiate accumulation of matrix and its conse-
quences. In complex lesions and late atherosclerosis, excess activity of plasminogen 
activators may exacerbate plaque rupture. Our observations regarding the relative 
amounts of plasminogen activators and of PAI-1 in association with the severity of 
atherosclerosis are consistent with both [178]. The tissue content of PAI-1 is 
increased in early atherosclerotic lesions exemplified by fatty streaks. By contrast, 
the tissue content of plasminogen activators is increased in more complex lesions at 
a time when smooth muscle cell proliferation is prominent.
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The effects of PAI-1 in vessel wall repair have been clarified in animals geneti-
cally modified to be deficient in PAI-1 (PAI-1 knockout mice). Removal of noncel-
lular debris and migration of smooth muscle cells are accelerated after mechanical 
or electrical injury of arteries in PAI-1-deficient mice [179]. However, clot burden 
and persistence are increased. Thus, it appears likely that excess of either plasmino-
gen activator or PAI-1 activity in the vessel wall may potentiate atherosclerosis. 
Excess PAI-1 may potentiate mural thickening secondary to accumulation of extra-
cellular matrix and noncellular debris with diminished migration into the neointima 
of vascular smooth muscle cells during evolution of plaques destined to be vulner-
able to rupture. Excess plasminogen activator activity may potentiate degradation of 
matrix and plaque rupture [175] in mature, vulnerable plaques. Consistent with this 
view, we have found increased immunoassayable PAI-1 and decreased urokinase 
plasminogen activator (u-PA) in atherectomy specimens from occlusive coronary 
lesions in patients with diabetes with or without restenosis compared with values in 
corresponding specimens from nondiabetic subjects [154]. Conversely, immunoas-
sayable urokinase in the atheroma was markedly diminished in association with 
diabetes.

It has been demonstrated that people with type 2 diabetes are remarkably prone 
not only to primary coronary lesions but also to restenosis after angioplasty [9, 180, 
181]. Our observations with extracted atheroma suggest that restenosis, especially 
that following iatrogenic injury to vessel walls associated with percutaneous coro-
nary intervention, may develop, in part, because of increased expression of PAI-1. 
Although increased PAI-1 attenuates cell migration, it augments proliferation and 
inhibits apoptosis [182]. Thus, restenosis may be exacerbated by increased PAI-1 
resulting in increased proliferation and decreased apoptosis of smooth muscle cells 
within the arterial wall [183].

�Therapeutic Implications

Consideration of the derangements in platelet function, the coagulation system and 
the fibrinolytic system, and their contributions to exacerbation of macrovascular 
disease in type 2 diabetes gives rise to several therapeutic approaches. Because 
many of the derangements contributing to a prothrombotic state in diabetes are 
caused by hyperglycemia, rigorous glycemic control is essential. Accordingly, the 
use of diet, exercise, oral hypoglycemic agents, insulin sensitizers, and if necessary 
insulin itself are appropriate to lower hemoglobin A1c to <7%. Because other 
derangements contributing to a prothrombotic state such as attenuation of fibrinoly-
sis appear to be related to insulin resistance and hyper(pro)insulinemia, the use of 
insulin sensitizers as adjuncts to therapy with insulin or with other oral hypoglyce-
mic agents is likely to be helpful.

Agents that enhance sensitivity to insulin and thereby promote glycemic control 
but limit hyperinsulinemia merit particular emphasis. Thiazolinediones lower ele-
vated PAI-1  in patients with hyperinsulinemia by attenuating insulin resistance, 
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increasing peripheral glucose disposal, and modifying transcription of genes with 
protein products that are involved in carbohydrate and lipid metabolism as well as 
in fibrinolytic system activity. This class of agents exerts favorable effects on inti-
mal medial thickness of carotid arteries in people with type 2 diabetes [184, 185] 
and appears to reduce the progression of macrovascular disease [169].

Use of metformin may attenuate abnormalities in the fibrinolytic system as well 
as improving glycemic control, although the primary mechanism of action of the 
drug differs from that of troglitazone. Metformin and its congeners decrease hepatic 
glucose output thereby normalizing carbohydrate and lipid metabolism and reduc-
ing requirements for insulin and lowering circulating endogenous insulin levels. 
Side effects are usually minor gastrointestinal disturbances, but lactic acidosis can 
be encountered particularly in patients with renal dysfunction, congestive heart fail-
ure, liver disease, or any condition predisposing to metabolic acidosis including 
diabetic ketoacidosis or excessive consumption of alcohol. Metformin should be 
discontinued temporarily when contrast agents are used (e.g., coronary angiogra-
phy) to avoid lactic acidosis. In contrast to thiazolidinediones, metformin can pro-
duce hypoglycemia, particularly when it is used with sulfonylureas.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors favorably affect cardiovas-
cular outcomes. SGLT2 inhibitors function through a novel mechanism of reducing 
renal tubular glucose reabsorption, producing a reduction in blood glucose without 
stimulating insulin release. Other benefits may include favorable effects on blood 
pressure and weight. A meta-analysis [186] that assessed cardiovascular outcomes 
of all four available SGLT2 inhibitors in patients with type 2 diabetes demonstrated 
that SGLT2 inhibitors were associated with a reduced risk of major adverse cardio-
vascular events (hazard ratio 0.90; 95% confidence interval 0.85–0.95) as well as 
hospitalization for heart failure and cardiovascular death (hazard ratio 0.78; 95% 
confidence interval 0.73–0.84). Based on this convincing class effect, SGLT2 inhib-
itors should be considered for all patients with type 2 diabetes, particularly those 
with cardiovascular disease.

Glucagon-like peptide 1 (GLP-1) receptor agonists stimulate glucose-dependent 
insulin release from the pancreatic islets and slow gastric emptying, inhibit inap-
propriate post-meal glucagon release, and reduce food intake. A meta-analysis 
[187] demonstrated that GLP-1 receptor agonist treatment reduced the incidence of 
major adverse cardiovascular events by 12% (hazard ratio 0.88, 95% confidence 
interval 0.82–0.94; p < 0.0001). Consistent reductions were apparent in death from 
cardiovascular cause (hazard ratio 0.88; 95% confidence interval 0.81–0.96; 
p = 0.003), fatal or non-fatal stroke (hazard ratio 0.84; confidence interval 0.76–0.93; 
p < 0.0001), and fatal or non-fatal myocardial infarction (hazard ratio 0.91; confi-
dence interval 0.84–1.00; p = 0.043).

While aspirin is no longer recommended for primary prevention [87], it should be 
used in patients with established coronary artery disease (secondary prevention). 
Patients with diabetes and acute coronary syndrome should be treated with dual-
antiplatelet therapy that combines aspirin plus either ticagrelor or prasugrel [96, 97]. 
The combination of aspirin plus low-dose rivaroxaban reduced cardiovascular events 
in the COMPASS trial and should be considered for long-term treatment [122].
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Several complications and concomitants of diabetes can exacerbate a prothrom-
botic state and accelerate vascular disease. Thus, hypertriglyceridemia, hyperten-
sion, and hyperglycemia must be ameliorated. A target-driven, long-term, intensified 
intervention aimed at multiple risk factors in patients with type 2 diabetes and 
microalbuminuria reduces the risk of cardiovascular and microvascular events by 
about 50% [188].

Hypertension should be treated vigorously, generally with ACE inhibitors 
because of the demonstrated reduction of progression of renal disease accompany-
ing their use. An alternative may be angiotensin receptor-blocking agents. Despite 
the ominous portent of macrovascular disease in type 2 diabetes, nephropathy con-
tinues to be a dominant life-threatening complication with an extraordinarily high 
incidence. Its occurrence is clearly related to hyperglycemia and may contribute to 
a prothrombotic state and acceleration of macrovascular disease through diverse 
mechanisms. Accordingly, rigorous glycemic control is essential.

Life-style modifications including implementation of a regular exercise program, 
reduction of obesity through dietary measures, and avoidance or cessation of ciga-
rette smoking should be implemented to reduce the intensity of a prothrombotic 
state and the progression of macrovascular disease.
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