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Abstract

Atherosclerotic vascular disease is a chronic disorder of the vasculature with a 

substantial impact on society. Although the availability of statins has represented 

an unparalleled improvement in the treatment of patients with such cardiovascular 

disease, even more eff ective measures are required to reverse this disorder with 

a continuously growing incidence. Th e classifi cation of atherosclerosis as an 

infl ammatory disorder has prompted the hypothesis that immunomodulation could 

comprise a novel anti-atherosclerotic strategy. Mycophenolate mofetil (MMF) has 

various anti-atherogenic eff ects on major components of the atherosclerotic plaque 

such as T-lymphocytes, monocytes/macrophages and the endothelium. MMF can 

inhibit leukocyte recruitment to the subendothelium and the subsequent reduced 

activation of leukocytes will translate into attenuation of subendothelial cross-talk 

between T-cells and macrophages. Th is cascade of events will interrupt the self-

perpetuating pro-infl ammatory environment within the arterial wall, the hallmark of 

atherosclerotic vascular disease.
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Introduction

Atherosclerosis is a lifelong disorder of the arterial wall possibly initiated even before 

birth.1 Th e impact of the disease continues to grow as it is estimated that, worldwide, 

in the year 2020 there will be almost 33.000 deaths daily due to ischemic heart disease. 

Compared to the year 1990 this would be equivalent to an increase of 90%.2 Th ese 

alarming numbers illustrate the urgent need for eff ective therapeutic strategies. In 

this regard, the introduction of statins to our armentarium has represented a major 

step forward in both the prevention and treatment of atherosclerotic vascular disease. 

Indeed, in a large meta-analysis, statin treatment was shown to reduce the risk of 

major coronary events by 26–36%.3 Th is effi  cacy, however, emphasizes the need for 

additional drugs that will lead to end point reduction of more than 50%. Continuing 

elucidation of the precise pathophysiology of atherothrombosis may bring forth such 

drugs with alternative modes of action. Novel insights into the metabolism of high 

density lipoprotein (HDL) for instance, has led to the development of cholesterol ester 

transfer protein (CETP) inhibitors.4 Furthermore, the role of infl ammation during all 

phases of atherosclerosis, from plaque initiation up to plaque rupture, has been widely 

acknowledged. Subsequently, a potential role of anti-infl ammatory regimens in the 

treatment of atherosclerosis has sparked much interest. Such drugs would ideally be 

able to exert anti-atherogenic eff ects on several major components of the plaque and 

may in fact already be available. In addition to its primary mode of action, a cytostatic 

eff ect on lymphocytes, mycophenolate mofetil (MMF) has several immunosuppressant 

actions that may attenuate atherosclerotic lesion formation and these will now be 

reviewed.

T-lymphocytes in atherogenesis

Naïve T-cells, as part of immune surveillance, traffi  c from the systemic circulation, 

through peripheral tissues. Upon encountering antigen(s), they become activated 

and may subsequently diff erentiate and proliferate. Indeed, a T-cell infi ltrate is always 

present in atherosclerotic lesions and consists predominantly of CD4+ cells that 
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recognize protein antigens presented by MHC II molecules.5 Several potential antigens 

have been hypothesized to underlie the initiation and propagation of atherosclerotic 

vascular disease such as oxidized LDL, heat shock protein 60 (HSP 60) and Chlamydia 

antigens. Upon activation, helper T cells can polarize into pro-infl ammatory T helper-1 

(Th 1) cells or anti-infl ammatory T helper-2 (Th 2) cells, of which the fi rst subtype 

predominates in the atherosclerotic plaque. Th 1 cytokines, such as interferon-γ and 

IL-2, contribute to an infl ammatory environment in the subendothelium by activating 

macrophages but can also activate endothelial and smooth muscle cells (SMC). In 

addition, T-cells themselves can contribute to atherogenesis by acquiring direct 

cytotoxic abilities allowing them to kill endothelial cells and SMC.6 It is currently 

believed that the outcome of the atherosclerotic process is determined in part by the 

balance between Th 1 and Th 2 driven responses. Th is concept and the crucial role of 

T-cells in atherogenesis in general has been substantiated in several animal studies 

which showed that downregulation,7 depletion8 or signal inhibition of Th 1-cells9,10 

results in signifi cant reduction of atherosclerosis. Recently, another T-cell subtype 

has also been suggested to play an important role in these processes. CD4+CD25+ 

regulatory T-cells (Treg) suppress both Th 1 and Th 2 pathogenic immune responses 

against self or foreign antigens, and control T-cell homeostasis. Indeed in diff erent 

mouse models, such regulatory T-cells have been shown to reduce the development of 

atherosclerosis.11,12

T-lymphocytes and MMF

MMF is an inhibitor of the enzyme inosine monophosphate dehydroxygenase 

(IMPDH) and thereby depletes the pool of dGTP required for DNA synthesis (fi gure 

1).13 Most cell types can synthesize guanosine nucleotides by the de novo pathway 

as well as by a salvage pathway. Lymphocytes however, are dependent upon de novo 

synthesis. In addition, MMF is fi vefold more potent as an inhibitor of the type II isoform 

of IMPDH which is expressed in activated lymphocytes, than of the housekeeping 

type I isoform, which is expressed in most cell types.13 Taken together, MMF has a 

potent cytostatic eff ect on T-lymphocytes and has indeed been shown to induce a G1 
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arrest in activated T-cells.14 Th is is particularly relevant when considering MMF as an 

anti-atherogenic agent since it has been shown that the proatherogenic role of T-cells 

depends on cell division. In a recent study, a transgenic mouse model was generated, 

specifi cally expressing a suicide gene in both CD4+ and CD8+ T cells, killing these 

cells upon division. Indeed, ablation of replicating T-cells resulted in a 55% reduction 

of lesion development with fewer macrophages and CD4+ T cells detectable in the 

atherosclerotic lesions.15 

Th ese fi ndings corroborate the crucial role of T-cells in atherogenesis, for which cell 

division is apparently essential, and further contribute to the contention that blockade 

of T-cell division induced by MMF represents a novel anti-atherosclerotic strategy. Even 

more so considering the fact that MMF may also aff ect Treg function. Indeed, it has been 

shown that in diabetic mice receiving islet allograft s, treatment with a combination of 

MMF and the active form of vitamin D3 resulted in increased frequency of CD4+CD25+ 

regulatory cells.16 Although this study suggests MMF may enhance Treg generation, 

there was no evidence this was solely due to MMF. Moreover, the eff ect of MMF on 

the level of FoxP3 expression, which is a key regulatory gene for the development of 

Treg,17 was not evaluated. Recently however, MMF was shown to protect murine Treg 

function, expansion as well as FoxP3 expression when administered aft er allogeneic 

bone marrow transplantation.18 In addition, MMF may also attenuate recruitment of 

T-lymphocytes to the subendothelial area. Mechanistically, MMF-mediated depletion 

of GTP inhibits the transfer of fucose and mannose to glycoproteins.13 Some of these 

are adhesion molecules that facilitate the attachment of T-cells to the endothelium and 

are thus involved in atherogenesis. Indeed, MMF has been shown to interfere with 

the expression of LFA-119 and VLA-4.20 Finally, MMF can also attenuate T-cell driven 

progression of the atherosclerotic plaque by inducing apoptosis of T-cells.21,22

Th us, in addition to a cytostatic eff ect on T-lymphocytes, MMF has been shown to 

protect Treg functioning, reduce expression of adhesion molecules and induce apoptosis 

of T-cells and may thereby exert potent atheroprotective functions.
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Monocytes/macrophages in atherogenesis

Monocytes/macrophages play a major role in all phases of atherothrombotic 

disease, ranging from fatty streak formation to rupturing of the vulnerable plaque 

and subsequent arterial thrombosis. Subendothelial retention of atherogenic 

apoB-containing lipoproteins is one of the earliest events in atherogenesis.23 Th is 

is followed by oxidative and enzymatic modifi cations of the LDL particle which 

results in activation of the endothelium and the expression of leukocyte adhesion 

molecules. Monocytes attach to the endothelium and the subsequent migration to the 

subendothelial area is facilitated by chemokines such as monocyte chemoattractant 

protein-1 (MCP-1). Indeed, hypercholesterolemic mice genetically defi cient for either 

MCP-124or its receptor CCR2,25 showed a reduction of atherosclerotic lesion size 

by approximately 60%–70% and 50%, respectively. In the course of atherogenesis, 

monocytes diff erentiate into macrophages and this is characterized by changes in gene 

expression, such as upregulation of several scavenger receptors. Via these receptors, 

macrophages internalize modifi ed LDL which ultimately transforms them into foam 

cells. Macrophages produce a wide variety of mediators that contribute to the pro-

infl ammatory milieu of the subendothelium, plaque destabilization and thrombus 

formation. For instance, macrophage derived myeloperoxidase (MPO) modifi es LDL 

into an atherogenic form, compromises the anti-atherogenic function of HDL and, 

by catalytic consumption of nitric oxide (NO), promotes endothelial dysfunction. 

Moreover, MPO generates numerous reactive oxidants and diff usible radical species 

that increase oxidative stress and promote plaque instability.26

Monocytes/macrophages and MMF

Similar to the eff ect seen in T-lymphocytes, MMF lowers the level of GTP in 

monocytes13 and has also been shown to aff ect monocyte/macrophage functioning.

MMF also modulates the expression of adhesion molecules13,27 that are involved in the 

transmigration of monocytes/macrophages to the subendothelium. Indeed, treatment 

of monocytes with MMF (10 μg/ml) reduced the binding of monocytes to human 

umbilical vein endothelial cells (HUVEC) by 30 %. In addition, MMF was shown to 
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attenuate upregulation of ICAM-1- and MHC-II-expression on monocytes stimulated 

with interferon-γ, a Th 1 cytokine with a central role in atherogenesis.28 MMF may 

further reduce recruitment of monocytes/macrophages to infl ammatory sites such 

as the atherosclerotic plaque by attenuating their subsequent chemokine-mediated 

migration from the circulation. 

Indeed, in a study with streptozotocin-induced diabetic rats, MMF treatment was able 

to prevent increased expression of MCP-1 when compared to untreated diabetic rats.29 

Th ese fi ndings were corroborated by other studies where MMF treatment attenuated 

pulmonary MCP-1 overexpression in Long-Evan rats aft er ischemia-reperfusion 

injury of the lung30 and in MRL/lpr mice.31 

Interestingly, in various tumor cell lines, MMF was also able to down regulate the 

expression profi le of several chemokine receptors.32 In line with this, animal studies 

have confi rmed that MMF can reduce the recruitment of monocytes/macrophages to 

sites of infl ammation. In rats that underwent subtotal nephrectomy for instance, MMF 

treatment showed a four-fould reduction in macrophage infi ltration in glomeruli and 

interstitium.33 In this study, MMF also signifi cantly attenuated lipid peroxidation, 

which also plays a pivotal role in atherogenesis. Th is is corroborated by other studies 

which showed that MMF treatment reduced macrophage infi ltration as well as oxidative 

stress in hypertensive34,35 or diabetic rats.29  Moreover, MMF treatment reduced MPO 

production in the lungs of rats that were subjected to ischemia-reperfusion injury.30 

Finally, MMF may further downgrade the pro-infl ammatory eff ects of macrophages 

by inducing apoptosis of these cells.21

Th e additive eff ect of all of these individual anti-infl ammatory actions of MMF on 

T-cells as well as on macrophages can be expected to exert potent anti-atherosclerotic 

eff ects.

Th e Endothelium in atherogenesis

In the course of atherogenesis, the endothelial barrier between circulation and arterial 

wall constitutes the interface that several major components of the atherosclerotic 

plaque need to cross. As mentioned above, entrapment of LDL-cholesterol and the 
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subsequent oxidation thereof activates endothelial cells which then upregulate 

leukocyte adhesion molecules. Th e following step, tethering and rolling of leukocytes 

along the endothelium, is mediated predominantly by the transient interaction of 

selectin molecules present on both leukocytes and endothelial cells.36 Firm adhesion 

to the endothelial monolayer is induced by intercellular adhesion molecules (ICAMs) 

and vascular cell adhesion molecules (VCAM-1), as well as some of the integrins.37 

Subsequent transmigration to the subendothelium is facilitated by various chemokines.

Under physiological circumstances, the endothelium protects against plaque 

formation not only by reduced or absent expression of adhesion molecules but also 

by producing mediators of vasodilation such as nitric oxide (NO). A reduction in 

NO production results in impaired vasodilation and can be considered as one of 

the earliest signs of atherosclerosis. NO is formed from the amino acid L-arginine 

by one of the three isoforms of nitric oxide synthase (endothelial NOS, inducible 

NOS and neuronal NOS). Tetrahydrobiopterin (BH4) is a cofactor for the catalytic 

conversion of L-arginine to NO by NOS. For iNOS, a direct relation between BH4 

concentration and NO production has been demonstrated. Most cellular components 

of the atherosclerotic plaque such as SMC, endothelial cells and macrophages have the 

capacity to express iNOS upon infl ammatory  or radical stimuli.38 Upon expression, 

iNOS produces NO in the nanomolar range, whereas the constitutive eNOS is active 

only at the picomolar range. At high concentrations and particularly in the presence of 

increased radical stress, increased NO concentration avidly react with superoxide to 

form peroxynitrite. Th e latter is one of the most potent radicals, which has the capacity 

to nitrosylate a wide number of enzymes and proteins.38,39

Endothelium and MMF

Similar to the anti-atherogenic eff ects described for T-cells and monocytes, MMF can 

also alter the expression profi le of adhesion molecules in endothelial cells. Indeed, 

MMF treatment was shown to prevent upregulation of P-selectin,40,41 E-selectin,40,41 

VCAM-141,42 and ICAM-1,42,43 in HUVEC in vitro although some studies report 

confl icting results.44 In addition, MMF treatment of a HUVEC monolayer attenuated 
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the number of penetrating T cells.41 Interestingly, the capacity of MMF to protect the 

endothelium against atherogenesis may also lead to benefi cial eff ects on vascular tone. 

By reducing intracellular GTP levels, MMF can reduce intracellular levels of BH4.45 

Indeed, treatment of endothelial cells with MMF attenuated iNOS activity. Moreover, 

basal NO production, mediated by eNOS, was not aff ected.46 In line with this, MMF 

treatment of endothelial cells induced a signifi cant decrease in mRNA expression and 

release of the vasoconstrictor endothelin-1 (ET-1)47 as well as a signifi cant increase in 

the release of the vasodilator prostacyclin (PGI2).48

MMF may thus exert atheroprotective eff ects on the endothelium by inhibiting the 

expression of adhesion molecules and by promoting vasodilation.

Conclusion

Clinical experience with MMF stems primarily from auto-immune disorders and 

transplantation medicine. Interestingly, MMF has already been shown to reduce 

transplantation arteriosclerosis.49,50 Although this is considered a distinct disease 

entity, certain pathophysiological aspects correspond with those of non-transplant 

atherosclerosis. Indeed, MMF may have various anti-atherogenic eff ects on major 

components of the atherosclerotic plaque such as T-cells, monocytes/macrophages and 

endothelial cells (fi gure 2). Th e benefi cial potential of MMF is supported by additional 

atheroprotective eff ects of MMF on other components of the atherosclerotic plaque. 

For instance, MMF has already been shown to inhibit proliferation of smooth muscle 

cells,50 the maturation of dendritic cells as well as their ability to activate T-cells.51 

Th ese anti-atherogenic eff ects of MMF are discussed elsewhere.52 In addition to this, 

MMF has also been reported to inhibit the aggregation of platelets,53 although the 

eff ect of MMF on coagulation responses requires further elucidation. Th e net result of 

all these actions may translate into attenuation of subendothelial cross-talk between 

leukocytes thereby interrupting the self-perpetuating pro-infl ammatory environment 

within the arterial wall. Indeed, in several animal studies MMF treatment inhibited 

the atherosclerotic process54,55 as discussed more elaborately elsewhere in this edition 

of Lupus.
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Clearly, when considering MMF as a candidate for anti-atherogenic therapy, the 

safety profi le needs to be taken into account. Although gastrointestinal side eff ects 

are present in 20-30% of patients taking MMF doses of two grams, MMF is generally 

well tolerated.56,57 In fact, in transplantation medicine gastrointestinal side eff ects are 

usually limited to higher doses of MMF and are signifi cantly reduced at lower doses 

of MMF.58 In addition, MMF has no eff ect on classical risk factors of atherosclerosis 

(i.e. lipids, blood pressure),59 is not associated with wound-healing complications60 nor 

with an increased risk of lymphoma or other malignancies.61

Whether MMF truly constitutes a silver bullet in atherogenesis remains to be 

demonstrated. However, there is an abundance of in vitro and in vivo studies 

that demonstrate anti-atherogenic eff ects of MMF. Studies that evaluate the anti-

atherogenic potential of MMF in humans are needed.

Figure2. Schematic representation of the anti-atherogenic eff ects of MMF.

MMF exerts anti-atherogenic eff ects on T-cells; inhibition of proliferation (1), preservation 

of Treg function (2), downregulation of adhesion molecules (3), inhibition of recruitment (4), 

induction of apoptosis (5), monocytes/macrophages; downregulation of adhesion molecules 

(6), inhibition of recruitment (7), reduction of oxidative stress (8), induction of apoptosis (9), 

endothelium; downregulation of adhesion molecules (10), downregulation of iNOS expression 

(11).
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