
While attending plenary lectures at the XI

International Symposium on Atherosclerosis in 1997 at

Paris, France, the first and senior authors envisioned that

thrombin somehow participated in the development of ath�

erosclerotic and prothrombotic diseases. We further envi�

sioned that statin drugs and other 3�hydroxy�3�methylglu�

taryl CoA (HMG�CoA) reductase inhibitors mitigated such

diseases by indirectly downregulating thrombin generation

at the cellular level [1�5]. As implied from clinical trials [6�

8], we agreed with others [9�12] that cholesterol was a dis�

tant product of the isoprenoid pathways and was not a direct

regulant of beneficial pleotropic effects of statin drugs [13].

Rather, these drugs appeared to downregulate prenylation

of proteins involved in signal transduction in cells.

Our model (Fig. 1) for explaining the antithrombotic

and prothrombolytic properties of statins, dietary iso�

prenoids, and other HMG�CoA reductase inhibitors [14�

17] couples the downregulation of prenylated proteins with

inhibition of chronic thrombin generation at the cellular

level. This model involves thrombin activation of protease�

activated receptor�1 (PAR�1) and the subsequent upregula�

tion of tissue factor (TF) and plasminogen activator�1 (PAI�

1). Thus, TF promotes thrombin generation leading to

thrombin�induced processes (e.g., inflammation, cell

growth), whereas PAI�1 inactivates tissue plasminogen acti�

vator (tPA) and other activators and inhibits thrombolytic

processes [18, 19]. Conversely, statins, dietary isoprenoids,

or other HMG�CoA reductase inhibitors downregulate TF

and PAI�1 with the consequence that less thrombin is gener�
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Abstract—Statins and various isoprenoids of dietary origins inhibit L�mevalonic acid synthesis, which in turn downregulates

cholesterol and various other dependent substances, including farnesyl� and geranylgeranyl�conjugated proteins involved in

cell signaling processes. Such signaling processes are stimulated by protease�activated receptor�1 (PAR�1), which upon acti�

vation, causes the expression of various substances including tissue factor (TF) and plasminogen activator inhibitor�1 (PAI�

1). Tissue factor promotes thrombin generation, where thrombin stimulates a variety of cellular processes, as well as activat�

ing PAR�1 to produce more thrombin. Statins downregulate TF mitigating thrombin generation and also downregulate PAI�

1, which normally consumes tissue plasminogen activator (tPA). In the absence of PAI�1, tPA activates plasminogen to gen�

erate plasmin. Thus, statins behave as antithrombotic agents and prothrombolytic agents.
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ated [20] and plasmin is formed because PAI�1 is insufficient

to neutralize tPA, thus promoting thrombolysis [21�24].

Within the past few years considerable information has

been published strengthening claims for prenylated�protein

regulatory mechanisms independent of cholesterol. The

product of HMG�CoA reductase, L�mevalonic acid com�

pensates for statins and other HMG�CoA reductase

inhibitors [25], whereas cholesterol is noncompensatory,

indicating that cholesterol does not participate in the regu�

latory mechanisms of statins [26]. This is further in agree�

ment with the delayed and proportionally lower response of

plasma cholesterol levels to statin drugs than, for example,

monocyte TF [20]. Furthermore, in experimental animal

models, statins reduce atherosclerotic development inde�

pendent of cholesterol administration [27]. Despite choles�

terol accumulates in foam cells of atherosclerotic lesions

[28], the above observations collectively imply cholesterol

levels are at best an indirect indicator of statin effectiveness

and that more meaningful diagnostic markers are needed.

Several investigators have suggested that statins block

prenylation of proteins involved in signal transduction at

the cellular level. Some investigators have proposed the

farnesyl pathway [29], while the majority have implicated

the geranylgeranyl route [23, 24, 30�33]. The latter is no

surprise, since the majority of prenylated proteins are ger�

anylgeranyl conjugates [34, 35].

However, both farnesyl� and geranylgeranyl�conju�

gated proteins may be involved in thrombin�stimulated

events [4, 5]. Their most likely gating target(s) may well

be selective activation of certain protein kinase C iso�

forms [36�39]. These are prenylated proteins, and the

activation of other prenylated proteins, such as Rho pro�

teins may be subsequent. Both farnesyl� and geranylger�

anyl�conjugating groups are L�mevalonic acid dependent

and conjugate to proteins via cystine sulfhydryl groups

located near the carboxy termini of such proteins [34, 35].

The farnesylated proteins have a single prenylated side

chain (15 carbons), whereas the geranylgeranyled pro�

teins have two prenylated attachments (20 carbons each).

Such attachments membrane associate (Fig. 2) and the

larger geranylgeranyl group should contribute more

membrane stability than the smaller farnesyl group.

Fig. 1. A composite of isoprenoid�conjugated proteins and cellular thrombin generating pathways. The statin�induced shift is shown from

favoring thrombotic to thrombolytic processes (figure courtesy of John W. Fenton, II).
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Fig. 2. A generalized scheme depicting isoprenoid metabolism to a geranylgeranyl�conjugated Rho GTP�binding in cellular signal trans�

duction. Both mevalonic acid and geranylgeranyl�PP are reported to compensate for statin effects on cells, whereas cholesterol is non�

compensatory (see text). Statins should inhibit prenylation of Rho proteins (and other substrates) preventing membrane association. This

should not completely block dependent downstream pathways but rather blunt them. This is in accord with the very low toxicity of statins

and dietary isoprenoids (figure courtesy of John W. Fenton, II).
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Because of their sulfhydryl linkages, prenylated

conjugates are subject to methylation, oxidation, and

cleavage making them susceptible to various turnover

processes [25, 34]. In order for prenylated proteins to

function as regulatory proteins, they must not only be

synthesized but must be turned over by degradation

processes. The effect of protein prenylation is to make

otherwise “free swimming” proteins membrane�associ�

ated, where they may more efficiently carry out process�

es (e.g., enzyme catalyzed reactions). Decreasing the

availability of prenylated moieties for protein conjuga�

tion should make such processes less efficient. Still,

these processes cannot be completely stopped, since

they may inefficiently occur in free solution. Likewise,

various degradation processes could limit the availabili�

ty of prenylated proteins. This may explain the low tox�

icity of statin drugs and other HMG�CoA reductase

inhibitors. This should allow statins to be employed as

chronically administered drugs for the treatment of not

only cardiovascular problems but also for inflammation

and a variety of diseases associated with aging processes

(table).

Most investigators have gone as far as to recognize

the likely participation of prenylated proteins in

accounting for the pleiotropic effects of statins (see

above). However, none to our knowledge have gone

beyond this point to propose how statins regulate disease

processes. In 1998, we proposed that statins downregu�

lated thrombin generation through decreasing TF

expression [1�5]. Our proposal (Fig. 1) has essentially

remained intact over the past three to four years other

than to recognize that if statins disproportionally down�

regulate PAI�1 relative to tPA, then tPA levels should

rise causing plasmin generation and thrombolysis (Fig.

3). Such a mechanism should also enable statins to

upregulate urokinase plasminogen activator (uPA)

depending on the relative concentrations of PAI�1 and

uPA and should cause plasmin generation and throm�

bolysis. Among the various effects of statins, nitroxide

(NO) synthesis is markedly upregulated while most

other effects are downregulated (table). It is possible

that an activator enzyme mechanism is operative like

with PAI�1 and tPA or uPA (Fig. 3), or perhaps a novel

mechanism functions in the NO system to invert the

more prevalent downregulation caused by statins. Thus,

statins depress thrombin generation (by downregulating

TF) while promoting plasmin generation (by downregu�

lating PAI�1, allowing tPA to increase) [20�24]. They

also upregulate NO synthesis enhancing vascular func�

tion and improve circulation. These remarkable systems

permit an isoprenoid (or mimic) with very low toxicity

to shift the mode from prothrombotic to prothrombolyt�

ic and to promote more quiescent states. Moreover,

statin drugs should mitigate a variety of thrombin�medi�

ated events [18] and particularly those that occur at the

cellular level [1, 2].

Activity/effect

Tissue factor (TF) (↓)

Plasminogen activator
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In our proposal scheme (Fig. 1), we hypothesized

that thrombin initiated its cellular amplification system

by activating PAR�1. In addition to thrombin, human

platelet PAR�1 is activated by SFLLRN (and related

peptides), which correspond to the new amino�terminus

generated by thrombin cleavage of PAR�1 and similar

receptors [40, 41]. Employing such agonist peptides, we

found that two entirely different statins had no immedi�

ate effects on SFLLRNP peptide�induced by aggrega�

tion of human platelets. Upon incubation for up to 2 h,

both statins reduced platelet aggregation by SFLLRNP

while neither statin had any effect on ADP�induced

aggregation (Jeske, Catalfamo, and Fenton, unpub�

lished data). These data imply that the prenylated pro�

tein(s) inhibited by statins do indeed turn over (although

moderately slowly in platelets) and the statin blockage

involves the PAR�1 pathway, as predicted by our scheme

(Fig. 1).

Since activation of PAR�1 stimulated PAR�1

expression [42], statins should inhibit PAR�1 expression

and desensitize cells to thrombin stimulation. To our

knowledge such experiments have not been performed.

Just how statins block the PAR�1 signaling pathways is

also unknown. Since PAR�1 activation signals the activa�

tion of selective protein kinase C isoforms, where the

heterotrimer chain has a prenyl side chain [36�39], this

could be an important site for statin blockage. On the

other hand, considerable evidence indicates geranylger�

anyl conjugation to the Rho GTP�binding protein may

be the major rate�limiting step in statin inhibition of

thrombin stimulation of cellular mechanisms [30�33, 43,

44]. Beyond this point, where statins act is largely con�

jecture. Nevertheless, the fact remains that statins are

multifaceted pleiotropic drugs where, for the most part,

they are well tolerated and clinically approved for chron�

ic administration in reducing blood cholesterol levels

[13]. Despite this employment, the beneficial functions

of statins appear to be reducing thrombin generation and

promoting thrombolytic conditions of more restful, qui�

escent, or youthful states. That many isoprenoid sub�

stances found in foodstuffs are HMG�CoA reductase

inhibitors suggests that statins are helping to regulate an

important natural pathway in normal development, dis�

ease, and longevity. Of particular note is the reduction of

cardiovascular diseases and cancers among persons con�

suming Mediterranean and Eastern diets in contrast to

those on northern European diets [14]. Besides choles�

terol, eggs and dairy products are rich in dietary iso�

prenoids [14] suggesting that isoprenoid downregulation

may be advantageous in the neonate. In this regard, we

believe that protein prenylation is a major physiological

regulatory process with perhaps several pleiotropic side

paths independent of cholesterol, cholesterol�derived

products (e.g., steroids, vitamin D), and other sub�

stances. We have proposed a scheme by which statins and

other HMG�CoA reductase inhibitors downregulate

protein prenylation and by which protein prenylation

deprivation downgrades TF and PAI�1 statement (Fig.

1). Diminished TF reduces thrombin generation

(antithrombotic) and depressed PAI�1 allows tPA to gen�

erate plasmin (prothrombolytic). Furthermore, we

believe that thrombin is an important mediator not only

of thrombotic processes but also cell regulatory process�

es [18], which may include cellular excretions (e.g.,

growth factors), adhesive proteins expression (e.g., P�

selectin), protein synthesis (e.g., TF, PAI�1), and cellu�

lar proliferation (e.g., smooth muscle cells, atheroscle�

rotic lesions, growth and spreading of thrombin�mediat�

ed cancers). Moreover, our scheme has built in it a mech�

anism where thrombin generates more thrombin, and

hence, the “thrombin cycle” at the cellular level, analo�

gous to thrombin amplification by activation of coagula�

tion factors V and VII in the fluid phase of blood. This

cellular cycle for thrombin generation may be a formerly

unappreciated mechanism for chronic thrombin genera�

tion, which is downregulated by statin drugs.
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