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Abstract

Mycophenolate mofetil (MMF) is a potent immunosuppressant that inhibits the activity of inosine monophosphate

dehydrogenase (IMPDH), the rate-limiting enzyme in de novo synthesis of guanosine nucleotides. MMF has been used widely

in solid-organ transplantation. Increased evidence indicated that MMF exhibited beneficial effects on various types of vasculitis,

for reasons that were not fully understood. Endothelial cells play a pivotal role in the pathogenesis of vasculitis. Endothelium

may not only be the main target for injury, but also be able to amplify the inflammatory response by adhesion molecule

expression, leukocyte adhesion, cytokine production and angiogenesis. In the present study, the effect of mycophenolic acid

(MPA), the active metabolite of MMF, on human umbilical vein endothelial cells (HUVECs) was investigated. MPA markedly

inhibited tumor necrosis factor-a (TNFa)-induced intercellular adhesion molecule-1 (ICAM-1) mRNA and surface expression,

suppressed TNFa-induced neutrophils adhesion to endothelial cells, and reduced TNFa-induced interleukin-6 (IL-6) secretion.

The inhibitory effects of MPA on ICAM-1 surface expression and IL-6 secretion were not attenuated by addition of guanosine,

implying that inhibition of these processes were not due to intracellular guanosine nucleotides depletion. MPA also decreased

angiogenesis of endothelial cells in three-dimensional collagen gel culture system, reduced the migration in a wounded

monolayer of endothelial cells, and inhibited the proliferation of endothelial cells. In conclusion, MPA exhibited multifarious

effects on endothelial cells including inhibition of ICAM-1 expression, neutrophil attachment, IL-6 secretion, and the process of

angiogenesis, which might contribute to the efficacy of MMF in the treatment of vasculitis.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Mycophenolate mofetil (MMF), the morpholi-

noethyl ester of mycophenolic acid (MPA), is an
1567-5769/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.intimp.2005.01.015

T Corresponding author. Tel.: +86 25 80860218; fax: +86 25

84801992.

E-mail address: Zhihong@21cn.net (Z. Liu).
immunosuppressive agent used for transplant recipi-

ents [1]; however, recently it has been tested as a

treatment for several types of vasculitis including

Takayasu’s arteritis, polyarteritis nodosa, ANCA-

associated vasculitis, Wegener’s granulomatosis,

lupus nephritis and skin vasculitis [2–8]. In vivo

MMF deesterifies to MPA, which is a potent inhibitor

of inosine monophosphate dehydrogenase (IMPDH),

the rate-limiting enzyme in de novo synthesis of
logy 5 (2005) 1029–1039
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guanosine nucleotides [9]. Inhibition of IMPDH leads

to the depletion of intracellular guanosine nucleotides,

thereafter suppresses the proliferation of both T and B

lymphocytes. In addition, it has been reported [10,11]

that MPA down-regulated adhesion molecules expres-

sion and reduced lymphocytes and monocytes adhe-

sion, which may also contribute to the efficacy of

MMF in the treatment of autoimmune diseases

including systemic vasculitis. However, the mecha-

nisms under the effect of MMF on vasculitis are still

not fully understood.

Vasculitis is a disease process characterized by the

presence of blood vessel inflammation. Endothelial

cells are among the most dynamic and biologically

active cellular components of blood vessels and thus

play a pivotal role in the pathogenesis of vasculitis.

The participation of endothelium in the pathogenesis

of vascular inflammation is complex. It serves not

only as a main target for injury, but also as an active

mediator in the process of inflammation. Endothelial

cells are able to amplify the inflammatory response by

adhesion molecule expression, leukocyte recruitment,

cytokine production, and angiogenesis—a process

termed bactivationQ. Specific interference in these

processes might yield therapeutic benefit in the

treatment of vasculitis [12–15].

The aim of our study was to investigate the effect

of MPA on the process of endothelial cells activation.

Therefore, the effects of MPA on intercellular

adhesion molecule-1 (ICAM-1) expression, neutro-

phils attachment to endothelial cells, interleukin-6

(IL-6) secretion, cell proliferation and migration, and

angiogenesis of endothelial cells were assessed in the

present study.
2. Materials and methods

2.1. Reagents

Mycophenolic acid (MPA, 27H41105), recombi-

nant basic fibroblast growth factor (bFGF), recombi-

nant vascular endothelial growth factor (VEGF),

fibronectin, type I collagen, guanosine, were pur-

chased from Sigma (USA). Recombinant human

tumor necrosis factor-a (TNFa) was from R and D

Systems (USA). The enzyme-linked immunosorbent

assay (ELISA) kit used for the quantitative measure-
ment of human IL-6 was purchased from Jingmei

Biotech (China).

2.2. Endothelial cell culture

Human umbilical vein endothelial cells (HUVECs)

were purchased from American Type Culture Collec-

tion (ATCC, No CRL-1998). Cells were incubated at

37 8C under 5% CO2 in medium F12 (Gibco, USA)

containing 10% heat-inactivated fetal bovine serum

(FBS) (Sijiqing, China), supplemented with 2 mM

glutamine, 1.5 g/l sodium carbonate, 100 kU/l

penicillin, and 100 mg/l streptomycin. All experi-

ments were performed on cells between passages 5

and 15.

2.3. Assessment of ICAM-1 mRNA expression

HUVECs cultured in 6-well plates were treated

with 10 Ag/l TNFa and 10 or 50 AM MPA for 24 h.

One microgram of total RNA extracted from the

cells was subjected to reverse transcription. Subse-

quent amplification of the partial cDNA encoding

ICAM-1 and h-actin (as a control) was performed

with specific oligonucleotide primers as follows:

ICAM-1 sense 5V-TATGGCAACGACTCCTTCT-

3Vantisense 5V-CATTCAGCGTCACCTTGG-3Vh-actin
sense 5V-CTACAATGAGCTGCGTGTGG-3Vantisense
5V-TAGCTCTTCTCCAGGGAGGA-3V. The exact size

of polymerase chain reaction (PCR) products for

ICAM-1 and h-actin were 220 and 450 base pairs,

respectively. The PCR mixtures were subjected to 35

cycles of amplification by denaturation (1 min at 94

8C), renaturation (1 min at 55 8C), and elongation (1

min at 72 8C). The PCR products were electro-

phoresed by 2% agarose gel with ethidium bromide,

and the results were analyzed by using a BF-300

image system (China).

2.4. Assessment of ICAM-1 surface expression

HUVECs were incubated with (1) 10 Ag/l TNFa (2)

10 Ag/l TNFa+10 AMMPA (3) 10 Ag/l TNFa+50 AM
MPA (4) 10 Ag/l TNFa+50 AM MPA+100 AM
guanosine for 24 h. Cells were harvested with

0.25% trypsin/0.02% ethylenediaminetetraacetic acid

(EDTA), washed twice with phosphate buffered saline

(PBS), fixed in 1% paraformaldehyde for 20 min, and
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then washed and incubated in PBS/1% bovine serum

albumin (BSA) for 1 h on ice with mouse anti-human

ICAM-1 antibody (1:50, DAKO). The cells were

subsequently washed and incubated with fluorescein

isothiocyanate-conjugated rabbit anti-mouse immuno-

globulin G (IgG) (1:40, DAKO) in the dark at 4 8C for

30 min. Background fluorescence was adjusted with

cells labelled with mouse control antibodies as the first

antibody. Analyses were performed on a coulter flow

cytometry (Beckman, USA).

2.5. Adhesion of neutrophils to endothelial cells [16]

Neutrophils were isolated from peripheral blood of

healthy human donors. Heparinized blood was diluted

1:1 with PBS and centrifuged in histopaque (Sigma) at

400 g for 15 min. The isolated neutrophils were

resuspended in 0.83% ammonium chloride to lyse

contaminating erythrocytes. The viability of neutro-

phils isolated by this method was 95%, as determined

by the trypan blue dye exclusion. Monolayers of sub-

confluent HUVECs were incubated in F12/10% FBS

containing 10 Ag/l TNFa and 10 or 50 AMMPA for 24

h. HUVECs were washed twice and neutrophils were

added to the wells at a ratio of 5 :1 (neutrophil /

HUVEC) and incubated for 30 min at 37 8C. The cell
layers were carefully washed to remove the unadherent

cells. The adherent cells were lysed with 0.2 M sodium

hydroxide (NaOH). The cellular protein content was

determined by Bradford method after centrifugation.

The ratio of adhesion was calculated as follows:

Adhesion rate= (protein HUVECs and adherent neutrophils�
protein HUVECs) / protein added neutrophils.

2.6. Assessment of IL-6 secretion

HUVECs were incubated in F12/10% FBS con-

taining 10 Ag/l TNFa and 10 or 50 AM MPA with or

without 100 AM guanosine for 24 h. Supernatant

samples were taken and stored at �20 8C until

analysis for IL-6 secretion by ELISA. In short,

appropriate standard diluents or samples were added

to wells coated with anti-human IL-6 monoclonal

antibody and incubated at the room temperature for

120 min. The plates were washed and incubated with

biotinylated anti-IL-6, followed by streptavidin–

horseradish peroxidase (HRP) for 60 min at the room

temperature. Substrate solutions were then added and
incubated in the dark for 10 min. The reaction was

stopped with stop reagent and the optical density

(OD) was read at 450 nm on a spectrophotometer

(EX800, Beckman, USA).

2.7. In vitro angiogenesis model

A model of in vitro angiogenesis was used in this

study as previously described [17,18]. In this model,

endothelial cells suspended in three-dimensional

collagen culture (3-D culture) in the presence of

angiogenic factors (VEGF, bFGF) underwent rapid

morphogenesis. Briefly, type I collagen solution (1.5

Ag/ml) in 0.1 M acetic acid were stored at 4 8C. Gel
solution (pH 7.5) were formed by mixing together ice-

cold collagen solution and 10�F12 medium, and

spread on 6-well plates (800 Al/well) followed by

incubating at 37 8C for 1 h to gelation. HUVECs were

then seeded into the wells and cultured with F12/10%

FBS. At confluence, the supernatants were removed

and the cells were overlaid with gel solution at a

volume of 200 Al/well. Immediately after gelation the

gels were covered with F12/1% FBS supplemented

with bFGF (10 Ag/l) and VEGF (15 Ag/l) and

incubated at 37 8C for indicated periods of time.

Ten or 50 AM MPA was added, respectively in the

medium simultaneously. Medium was changed every

other day. Endothelial cells started to spread and

exhibited an elongated morphology, tuber-like struc-

ture and numerous intracellular vacuoles within 24 h,

subsequently aligned themselves end to end, the

sprouts from cells connected to form a net-like work

in 2–4 days (Fig. 1). To quantitate angiogenesis, the

number of sprouts and the length of sprouts per high

power field were determined with a Nikon Optiphot

microscope (Nikon, Japan) every 24 h. Five inde-

pendent fields were assessed for each well.

2.8. Proliferation of endothelial cells

HUVECs cultured at 80% confluence in 96-well

plates were incubated in serum-free medium at 37 8C
for 24 h. The cells were exposed to F12/10% FBS

containing 10 or 50 AM MPA for 24 h. 3H-thymidine

(0.5 ACi/well) was added to each culture during the

last 12 h. The cells were harvested onto glass fiber

filters and washed with distilled water using a semi-

automated cell harvester. The rate of 3H-thymidine



Fig. 1. The process of angiogenesis in 3-D collagen gels culture

system. A: HUVECs in general culture; B: HUVECs starting to

spread in 3-D collagen gels culture; C: tuber formation by HUVECs

in 3-D collagen gels culture.
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(radioactive disintergrations per minute, DPM) was

determined on a liquid scintillation counter (Beckman,

USA).

2.9. Migration of endothelial cells

HUVECs cultured at confluence in 6-well plates

were incubated in serum-free medium at 37 8C for 12

h. The endothelial monolayers were wounded [19] by

a stroke across the diameter of the well with cell

scraper. The media and dislodged cells were aspirated,

and the plates were rinsed with PBS. Fresh serum-free

medium was added to the plates along with MPA at

the dose of 10 or 50 AM. The width of the wound was

visualized with a Nikon Optiphot microscope, and the

shorten distance (the difference between initial and

final width of wound during the treatment of MPA)

was calculated. Three random measurements were

analyzed for each wound every 24 h.

2.10. Cytotoxic effects of MPA

The activity of lactate dehydrogenase (LDH) in

supernatants of HUVECs cultures after different

treatment was measured by automated sample pro-

cessing (Beckman, USA). The activity of LDH

maintained in normal range in all experiments,

suggesting that MPA did not have cytotoxic effect

on endothelial cells (data not shown).

2.11. Statistics

All experiments were performed three times.

Results from one representative experiment were

expressed as the meanFSEM. Student’s t-test was

used when comparison was performed between two

groups. Results were deemed significant if p b0.05

and very significant if p b0.01.
3. Results

3.1. MPA down-regulates TNFa-induced ICAM-1

mRNA and surface expression

ICAM-1 mRNA and surface expression were

markedly increased in the HUVECs after treatment

with 10 Ag/l TNFa for 24 h. The incubation with
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10 AM MPA reduced the TNFa-induced ICAM-1

mRNA and surface expression by 19.3% and

28.2%, respectively. The incubation with 50 AM
MPA led to 33% and 44.6% reduction of TNFa-

induced ICAM-1 mRNA and surface expression,

respectively (Figs. 2 and 3). Since the known

mechanism of action of MMF is the inhibition of

IMPDH, the key enzyme of guanine nucleotide

synthesis, identical experiment was performed in the

presence of 100 AM exogenous guanosine [shown

to restore intracellular guanosine nucleotide to
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Fig. 2. Influence of MPA on TNFa-induced ICAM-1 mRNA

expression. HUVECs were treated with 10 Ag/l TNFa with or

without 10, 50 AM MPA for 24 h. RT-PCR was performed to

measure mRNA expression in HUVECs (result see A). ICAM-1

mRNA expression was calculated by the ratio of ICAM-1 to h-actin
(B). TNFa markedly up-regulated ICAM-1 mRNA expression

(jjp b0.01 vs. control), and this effect was attenuated by MPA

treatment (*p b0.05 vs. TNFa-stimulated group).
normal or supranormal levels in MPA-treated

HUVECs]. As also shown in Fig. 3, addition of

guanosine throughout the duration of the assay did

not reverse MPA-mediated suppression of ICAM-1

surface expression ( pN0.05).

3.2. MPA inhibits TNFa-induced adhesion of neutro-

phils to HUVECs

Incubation of HUVECs with TNFa for 24 h

resulted in a significant increase of neutrophils

adhesion to HUVECs as compared with control

cells. Addition of MPA (10 or 50 AM) markedly

decreased the TNFa-induced adherence of neutro-

phils to HUVECs by 55.2% or 66.2%, respectively

(Fig. 4).

3.3. MPA inhibits TNFa-induced IL-6 secretion in

HUVECs

As shown in Fig. 5, TNFa markedly induced IL-6

secretion, while incubation with MPA (10 or 50 AM)

for 24 h significantly reduced TNFa-induced IL-6

secretion by 63.7% or 70.3%, respectively. Addition

of guanosine throughout the duration of the assay did

not attenuate the inhibitory effect of MPA on IL-6

secretion ( pN0.05).

3.4. MPA inhibits the process of angiogenesis in

HUVECs

The impact of MPA on the process of angio-

genesis was observed using a model of in vitro

angiogenesis. The changers in morphologic charac-

teristic of angiogenesis in a 3-D culture system were

analyzed. As shown in Fig. 6, incubation with 10

AM MPA markedly decreased the number and the

length of sprouts compared to the control. This

inhibitory effect appeared within 24 h and lasted for

120 h. Incubation with 50 AM MPA led to a more

reduction of the number and the length of sprouts.

3.5. MPA inhibits the proliferation of HUVECs

As shown in Fig. 7, incubation with 10 or 50

AM MPA for 24 h markedly inhibited the prolifer-

ation of endothelial cells by 70.3% or 77.8%,

respectively.
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Fig. 3. Influence of MPA on TNFa-induced ICAM-1 surface expression. The X-axis of A is fluorescence intensity, and the Y-axis the cell number.

Flow cytometry was performed to determined ICAM-1 surface expression in HUVECs undergoing different treatments. TNFamarkedly induced

ICAM-1 surface expression (jjp b0.01 vs. group 2), while MPA significantly inhibited ICAM-1 expression induced by TNFa (**p b0.01 vs.

group 3). The inhibitory effect of MPAwas not attenuated by addition of guanosine (#p N0.05 vs. group 5). 1: Negative control; 2: unstimulated

control; 3: 10 Ag/l TNFa stimulated; 4: TNFa+10 AM MPA; 5: TNFa+50 AM MPA; 6: TNFa+50 AM MPA+100 AM guanosine.
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Fig. 4. Influence of MPA on TNFa-induced adhesion of neutrophils

to HUVECs. HUVECs were treated with 10 Ag/l TNFa with or

without 10, 50 AM MPA for 24 h, and adhesion of neutrophils to

HUVECs was analyzed. TNFa markedly increased neutrophils

binding to HUVECs (jjp b0.01 vs. control), while MPA signifi-

cantly attenuated the induction effect of TNFa (**p b0.01 vs.

TNFa-stimulated group).
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3.6. MPA suppresses the activity of HUVECs migration

To evaluate cell migration in vitro, plate-wound-

ing assay was used as described previously. A

defined bwoundQ was scraped across a HUVEC
0

5000

10000

15000

20000

TNFα (µg/l) 100 10 10 10
00 10 50 50
00 0 0 100

MPA (µM)
Guanosine (µM)

IL
-6

 S
ec

re
tio

n 
(n

g/
l/1

06  c
el

l)
 

** **
#

∆∆

Fig. 5. Influence of MPA on TNFa-induced IL-6 secretion. IL-6

levels in the supernatants of cultured HUVECs undergoing different

treatments were analyzed by ELISA. TNFa markedly induced IL-6

secretion (jjp b0.01 vs. control), while MPA significantly

inhibited IL-6 secretion induced by TNFa (**p b0.01 vs. TNFa-

stimulated group). The inhibitory effect of MPA was not attenuated

by addition of guanosine (#p N0.05 vs. TNFa and 50 AM MPA

co-treated group).

Fig. 6. Effect of MPA on angiogenesis of HUVECs. Cells were

cultured in 3-D collagen gels in the absence or presence of 10, 50

AM MPA for 120 h. The number and the length of sprouts were

quantified every 24 h. The number of sprouts (A) per high field was

markedly decreased by MPA treatment, and the length of sprouts

(B) was significantly reduced simultaneously. Compared with

control, **p b0.01.
monolayer cultured in serum-free medium on plastic.

Cells cultured with 10 or 50 AM MPA achieved less

wound closure than did cells without MPA (Fig. 8),
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Fig. 7. Effect of MPA on cell proliferation determined by 3H

thymidine incorporation study. Incubation with 10 or 50 AM MPA

for 24 h markedly inhibited the proliferation of HUVECs

Compared with control, **p b0.01.
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Fig. 8. Effect of MPA on cell migration by plate-wounding assay.

HUVECs monolayer with wound was treated with 10 or 50 AM
MPA for 48 h. The shorten distance (the difference between initial

and final width of wound during the treatment of MPA) was

analyzed every 24 h. MPA markedly reduced the shorten distance of

the wound compared with control (**p b0.01), indicating that MPA

might inhibit the activity of HUVECs migration.
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indicating that MPA can inhibit the activity of

HUVECs migration.
4. Discussion

MMF has been shown to be effective in the

treatment of several types of vasculitis [2–8]. MMF

may inhibit the activity of IMPDH and interfere the

de novo guanosine nucleotides synthesis therefore

suppress lymphocytes proliferation [9]. Moreover,

MMF was found to suppress adhesion molecules

expression in endothelial cells and inhibit leuko-

cytes adhesion to endothelial cells [10,11]. These

mechanisms may attribute to its efficacy of MMF

in treatment of vasculitis, however, its mechanism

of action remains not well known. Since the

endothelium plays a crucial role in the pathogenesis

of vasculitis, we presumed that MMF might have

multiform effects on endothelial cells which con-

tributed to the efficacy of MMF on vasculitis. The

present investigations, therefore, focused on observ-

ing the effect of MPA, the active metabolite of

MMF, on the process of endothelial cells activation.

Incubation with MPA at the dose of 10 or 50 AM
had no influences on LDH activity in supernatants

of HUVECs, implying that the effects of MPA

observed in this study were not unspecifically

toxic.

Multistep process involved in endothelial cells

activation, includes increased expression of adhe-
sion molecules, leukocytes adhesion to endothelial

cells, cytokines production and the progress of

angiogenesis. Leukocyte adhesion to the endothelial

lining and recruitment to extravascular tissue is a

fundamental and pivotal event in endothelial cells

activation and the progression of vascular inflam-

mation. The steps in the recruitment cascade are

orchestrated by cell-adhesion molecules (ICAM-1,

VCAM-1, E-selectin) [20]. In the progress of

vasculitis, the expression of VCAM-1 and E-

selectin by endothelial cells can be detected at

some point and constitutive expression of ICAM-1

is usually up-regulated [12]. Additionally, E-selectin

and ICAM-1 expression of endothelial cells in fresh

vasculitic lesions are considered to be important for

neutrophil recruitment [13,21]. Thus, we first

investigated the effect of MPA on ICAM-1 expres-

sion on endothelial cells. HUVECs were treated

with TNFa in order to mimic inflammatory con-

dition. Our results demonstrated that stimulation

with TNFa markedly enhanced the expression of

ICAM-1 at both mRNA and surface levels while

addition of MPA markedly inhibited TNFa-induce-

dICAM-1 expression. These results are partly in

agreement with the finding of Raab M et al. [10]

who demonstrated an inhibitory effect of MPA on

TNFa-stimulated expression of ICAM-1, VCAM-1

and E-selectin in HUVECs. In contrast, Hauser IA

et al. [22] showed that MPA increased TNFa-

stimulated expression of VCAM-1 and E-selectin,

but not of ICAM-1 in HUVECs.

The antiproliferative effect of MMF on lympho-

cytes is mediated by the selective inhibition of

IMPDH, and leads to the depletion of guanosine

nucleotides. Guanosine nucleotide is additionally

involved in the synthesis of membrane glycoproteins,

some of which are adhesion receptors. It is consid-

ered that inhibition of glycosylation by MPA may

contribute to its inhibitory effect on adhesion

molecule expression in endothelial cells, although

the reasons are not fully understood [23]. We thus

added exogenous guanosine into MPA-treated

HUVECs to restore intracellular guanosine nucleo-

tide to normal or supranormal levels. However, we

found that the reduced expression of ICAM-1 after

treatment with MPA was not reversible by exogenous

guanosine, implying that inhibition of this process

was not due to intracellular guanosine nucleotides
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depletion. Our previous work showed that MPA

significantly suppressed nuclear factor-nB (NF-nB)
activity and prevented InBa from degradation [24].

Since NF-nB plays a pivotal role in the regulation of

the expression of cytokines and adhesion molecules

[25], the inhibition of ICAM-1 expression by MPA

might be partly through the suppression of NF-nB
activity. However, more experiments will be per-

formed to test this hypothesis.

Expression of adhesion molecules quickly recrui-

ted the inflammatory cells to endothelium including

neutrophils and mononuclear cells such as monocytes

and T cells, in which neutrophils play a pivotal role in

the initiation of vascular inflammation especially

small vascular inflammation [14,26]. We then ob-

served the effect of MPA on neutrophils adhesion to

endothelial cells. It was found that TNFa treatment

markedly induced the attachment of neutrophils to

endothelial cells, while pretreatment of HUVECs with

MPA significantly inhibited TNFa-induced neutro-

phils attachment. As to other inflammatory cells, it

was reported that lymphocytes and monocytes adhe-

sion to HUVECs were markedly reduced after treat-

ment with MMF.

Endothelial cells have the potential to produce a

variety of cytokines in an inflammatory microenviron-

ment which play different roles on the progression of

different disorders. IL-6 was originally identified as a

B-cell differentiation factor, but it is now known to be

a multifunctional cytokine that regulates the immune

responses and inflammation [27]. Through IL-6,

endothelial cells may contribute to the systemic

acute-phase reaction which is characteristically prom-

inent in many systemic vasculitis compared with other

immune-mediated diseases [12]. Moreover, IL-6 was

been described to have the potential to promote

angiogenesis [28]. Studies of this molecular over the

past decade have implicated it in the pathogenesis of a

variety of vasculitis including giant-cell arteritis,

Takayasu’s arteritis, rheumatoid vasculitis, ANCA-

associated vasculitis, Wegener’s granulomatosis and

lupus nephritis. In general, IL-6 concentrations

parallel disease activity in these disorders. Inhibition

of IL-6 production might result in an improvement of

vasculitis [2]. Data from this study showed that TNFa

rapidly and significantly induced IL-6 secretion while

MPA treatment markedly inhibited TNFa-induced IL-

6 secretion in a dose-dependent manner. The effect of
MPA on IL-6 secretion was not reversed by addition

of guanosine, indicating that the inhibition of this

process was not contributed to intracellular guanosine

nucleotides depletion. As mentioned above, IL-6 is

also the downstream element of NF-nB activation

[29], it is possible that the inhibitory effect of MPA on

IL-6 production may via the pathway of NF-nB
activation.

Angiogenesis, new vessel formation, is a relevant

phenomenon in systemic vasculitis. Immunohisto-

chemical studies have shown that, in vasculitis,

extensive neovascularization occurs in inflammatory

lesions [12]. The molecular mechanisms of angio-

genesis, both physiological and pathological, remain

to be fully resolved; however, it has been revealed

that initiation of blood vessel formation involves

several steps, beginning with enzymatic degradation

of the associated basement membrane. Vascular

endothelial cells then migrate into the stromal space,

proliferate, and align. The cells form tubular

structures, undergo significant remodeling, and

finally reestablish a new basement [30]. We found

that MPA decreased the formation of capillary-like

networks by HUVECs in 3-D culture system,

reduced the ability of migration, and inhibited the

proliferation of cells, indicating that MPA might

inhibit the process of angiogenesis. The report from

Wilasrusmee C et al. [31] demonstrated a moder-

ately inhibitory effect of MPA on angiogenesis.

They found that MMF and cyclosporin A (CsA) had

injurious effects on in vitro capillaries formation,

and suggested that the effect of CsA and MMF on

endothelial cells could be relevant to immunosup-

pressive drug-mediated renal injury in clinical

transplantation. It is proposed that angiogenesis

may play a dual role in vasculitis. On one hand,

angiogenesis may be an important compensating

mechanism to avoid ischemia especially in small-

vessel vasculitis. On the other hand, new blood

vessels may maintain a chronic state of inflamma-

tion by transporting inflammatory cells to the

affected site and supplying nutrients and oxygen

to the proliferating inflamed tissue. The increased

endothelial surface area also creates enormous

capacity for the production of cytokines, adhesion

molecules, and other inflammatory stimuli. The

increased endothelial surface area and inflammatory

cells induce the secretion of growth factors, such as
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FGF, VEGF, and TNFa, which promote tissue

fibrosis [12,14]. Thus, whether the inhibition of

angiogenesis by MPA will result in clinical improve-

ment or worsen ischemic complication in patients

with vasculitis is an intriguing question.

In conclusion, results of our experiments indicated

the multifarious effects of MPA on endothelial cells.

MPA inhibited the expression of ICAM-1 and the

adhesion of neutrophils to endothelial cells, sup-

pressed the secretion of IL-6, decreased the for-

mation of endothelial tube, and inhibited the

migration and the proliferation of endothelial cells,

which may contribute to the efficacy of MMF in the

treatment of vasculitis.
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