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Abstract

Background: Small GTPases (guanosine triphosphate, GTP) are involved in many critical cellular processes, including
inflammation, proliferation, and migration. GTP loading and isoprenylation are two important post-translational
modifications of small GTPases, and are critical for their normal function. In this study, we investigated the role of post-
translational modifications of small GTPases in regulating endothelial cell inflammatory responses and junctional integrity.

Methods and Results: Confluent human umbilical vein endothelial cell (HUVECs ) treated with atorvastatin demonstrated
significantly decreased lipopolysaccharide (LPS)-mediated IL-6 and IL-8 generation. The inhibitory effect of atorvastatin
(Atorva) was attenuated by co-treatment with 100 mM mevalonate (MVA) or 10 mM geranylgeranyl pyrophosphate (GGPP),
but not by 10 mM farnesyl pyrophosphate (FPP). Atorvastatin treatment of HUVECs produced a time-dependent increase in
GTP loading of all Rho GTPases, and induced the translocation of small Rho GTPases from the cellular membrane to the
cytosol, which was reversed by 100 mM MVA and 10 mM GGPP, but not by 10 mM FPP. Atorvastatin significantly attenuated
thrombin-induced HUVECs permeability, increased VE-cadherin targeting to cell junctions, and preserved junction integrity.
These effects were partially reversed by GGPP but not by FPP, indicating that geranylgeranylation of small GTPases plays a
major role in regulating endothelial junction integrity. Silencing of small GTPases showed that Rho and Rac, but not Cdc42,
play central role in HUVECs junction integrity.

Conclusions: In conclusion, our studies show that post-translational modification of small GTPases plays a vital role in
regulating endothelial inflammatory response and endothelial junction integrity. Atorvastatin increased GTP loading and
inhibited isoprenylation of small GTPases, accompanied by reduced inflammatory response and preserved cellular junction
integrity.
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Introduction

Statins, a family of 3-hydroxy-3-methylglutaryl coenzyme A

reductase (HMG-CoA reductase) inhibitors, have been used

extensively to block cholesterol biosynthesis and reduce serum

cholesterol. Recent evidence shows that statins have pleiotropic

effects, such as inhibition of pulmonary hypertension and

attenuation of b-amyloid-induced microglial inflammatory re-

sponse in Alzheimer’s disease patients that are distinct from their

cholesterol-lowering actions [1]. Statin treatment in mice en-

hanced endothelium-dependent relaxation to acetylcholine,

whereas statin withdrawal elicited oxidative stress and attenuated

endothelium-dependent relaxation, suggesting that statins directly

affect endothelial cell function [2]. Key to our current study,

statins treatment produced an outstanding enhancement of

endothelial barrier function, including inhibition of stress fiber

formation induced by various factors [3,4]. These beneficial effects

clearly show that statins have a fundamental mechanistic effect on

the endothelium, independent from inhibiting cholesterol synthesis

[5].

Small GTPases, including Rho, Rac and Cdc42 are central to

controlling cytoskeletal rearrangement [6–8]. Small GTPases can

activate myosin light chain kinase (MLCK), and the phosphory-

lation of myosin light chain by activated MLCK leads to

cytoskeletal rearrangement, including cellular constriction or

relaxation [9]. This pathway accompanies changes in cellular

junction proteins and endothelial barrier function, which are

critical for many processes, including neutrophil and macrophage

migration, lamellipodia formation, and regulation of endothelial

barrier integrity.

Two key post-translational modifications regulate small GTPase

protein function: exchange of bound GDP for GTP and lipidation.

Exchange of GDP for GTP converts the inactive GDP-bound

GTPase to the active GTP-bound form [10,11]. Conversion of the

GTPase to the active GTP-bound form is termed GTP loading.
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Lipidation involves modification of small GTPases with either

geranylgeranyl pyrophosphate (GGPP) or farnesyl pyrophosphate

(FPP), and is required for targeting small GTPases to the cell

membrane, although the functional consequences of GTPase

lipidation are not fully understood [12]. In this process, small

GTPase proteins are covalently attached to GGPP (for Rac, Rho

and Cdc42) or FPP ( for Ras), primarily at C-terminal cysteine

residues, to become lipid avid [13,14]. Since GGPP and FPP are

are down-stream products of HMG-CoA reductase, lipidation is

also blocked by statins [15].

Interestingly, statins appear to be involved in both GTP loading

and lipidation of small GTPases. Statins have been reported to

increase Rac-GTP loading accompanying a decrease of Rho-GTP

loading [16], which may contribute to the endothelial barrier

enhancement effects accompanying junction formation [17]. The

functional significance of inhibiting small GTPase lipidation using

statins has not been well characterized in endothelial cells.

Simvastatin interferes with angiogenesis by inhibiting geranylger-

anylation of Rho [18], and also abolished VEGF-mediated inside-

out signaling via inhibition of Rho-GTP [19], while lovastatin

inhibits epithelial stress fibers accompanying the loss of focal

adhesions by impairing Rho and Rac GTPase geranylgeranyla-

tion. However, the importance of the relationship between GTP-

loading and post-translational lipidation of small-GTPase proteins

remains undefined.

Figure 1. Atorvastatin inhibits LPS-induced inflammatory response in HUVECs. HUVECs grown to 80% confluence were treated with
atorvastatin (10 mM) alone, or in the presence of either MVA (100 mM), FPP (10 mM) or GGPP (10 mM) overnight, followed by 100 ng/mLLPS for
6 hours. The medium was harvested, and IL-6 and IL-8 concentrations determined by ELISA. Data are expressed as means 6 S.E. (n = 6 samples for
control group; n = 8 for LPS treatment group), * p,0.05.
doi:10.1371/journal.pone.0059233.g001
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In the present study, we focused on the role of lipidation in

regulating small GTPase functions involved in endothelial

inflammatory processes and cytoskeletal structure. We showed

that atorvastatin inhibited endothelial cellular inflammation and

cytoskeletal rearrangement by inhibiting small GTPase geranyl-

geranylation, which was reversed by exogenous geranylgeranyl

pyrophosphate. We further identified Rho and Rac as the critical

small GTPases responsible for the atorvastatin-mediated inhibition

of endothelial inflammatory responses and cytoskeletal rearrange-

ment.

Materials and Methods

Materials
Human Rac, Rho and Cdc42 antibody were purchased from

Upstate (Charlottesville, VA). Rac, Rho and Cdc42 GTPase

activity assay kits were also purchased from Upstate. The FITC-

Dextran permeability kit was purchased from Millipore (Billerica,

MA). GGTI-2133, FTI-276 trifluoroacetate salt and other

chemicals were purchased from Sigma (St. Louis, MO). IL-6

and IL-8 cytokine kits were purchased from Invitrogen (Carlsbad,

CA). The ECIS was purchased from Applied Biophysics Inc,

(Troy, NY). Human Rho, Rac and Cdc42 siRNA (SMART pool)

were purchased from Dharmacon (Chicago, IL). Human umbilical

vein endothelial cells (HUVEC) were purchased from Millipore,

and were cultured in complete EGM-2 medium (Lonza, Walk-

ersville, MD) supplemented with 2% FBS.

Membrane preparation and solubilization
80% confluent HUVECs were treated with atorvastatin in the

presence of MVA, FPP, or GGPP as indicated, washed with ice-

cold PBS, and harvested with hypotonic buffer (5 mM Tris-HCl,

pH 7.6, 2 mM EDTA, containing protease inhibitors, 1mM

NaVO4 and 20 mM NaF). The detached cells were homogenized

with a pellet homogenizer twice on ice. The homogenate was then

centrifuged at 4006g for 10 min at 4uC, and the supernatant

retained and centrifuged at 120006g for 30 min. The resulting

pellet was washed three times with PBS containing protease

inhibitors, solubilized in HEPES buffer containing 1% Triton-

X100 for 1 hour on ice, then centrifuged at 140006g for 30 min at

4uC. The resulting supernatant was collected for protein assay or

small GTPase activity assay [20].

Cytokine measurement
HUVECs were treated with atorvastatin overnight in the

presence of MVA (100 mM), FPP (10 mM) or GGPP (10 mM), then

challenged with LPS (100 ng/mL) for 6 hours. The medium was

then collected by centrifuging at 5006g for 15 min. IL-6 and IL-8

in the medium was quantified using commercial kits from

Invitrogen (Carlsbad, CA).

Western Blotting and small GTPase activity (small GTPase
GTP-loading)assay

Equal amounts of protein from cell membrane or cytosolic

fractions, or from whole cell lysates, were mixed with Laemmli

sample buffer and subjected to electrophoresis on SDS-PAGE gels,

followed by transfer to nitrocellulose membranes (Bio-Rad

Laboratories, Hercules, CA). After blocking, the transfer mem-

branes were incubated with the specified primary antibody,

followed by the appropriate HRP-conjugated secondary antibody.

The immunoreactive protein content on the membranes was

quantified by chemiluminescence (Amersham Biosciences, Piscat-

away, NJ) using Alpha Imager software (Alpha Innotech, San

Leandro, CA).

Small GTPase GTP-loading assays were performed using

commercial assay kits from Upstate Biotechnology. Briefly, the

cell lysates were collected after treating HUVECs with agents of

interest. The GTP-bound small GTPases were captured by

immobilized PBD domain (Rac and Cdc42) or RDB domain

(Rho). After washing the beads three times, GTP-bound small

GTPases were released by boiling with Laemmli sample buffer.

Following standard western blot protocols, the GTP content in

small GTPases were determined as the amount of Rac, Rho or

Cdc42 pulled down [21]. GTP-loading was expressed as the

amount of GTP-bound small GTPase relative to total GTPase at

each timepoint, and then normalized to the value at the zero hour

timepoint.

Measurement of transendothelial electrical resistance
(TER) using ECIS

Measurement of transendothelial electrical resistance (TER)

across confluent HUVEC monolayers treated with atorvastatin

were performed using electrical cell-substrate impedance sensing

system (ECIS, Applied Biophysics, Troy, NY) as described by

Birukova AA et al [21]. Data pooling and analysis were performed

using Epool software created in house and expressed either as

normalized resistance relative to the point of agonist challenge.

TER values from multiple independent experiments correspond-

ing to each experimental condition were pooled at different time

points and plotted versus time as the means 6 S.E.

In vitro vascular permeability measurement
A commercially available kit (Chemicon, Temecula, CA) was

used for HUVEC monolayer permeability measurement. Briefly,

HUVECs were seeded in the kit-supplied transwell insert and,

after attaining confluence, were challenged with thrombin (1 U/

ml) under various conditions as indicated. 2000kD FITC-dextran

was then added into the insert. After 1 hour incubation with

FITC-dextran, the insert was removed and the medium in the

bottom chamber were collected. FITC-dextran concentration in

the bottom chamber medium was assayed by fluorescent density,

using a Titertek Fluoroskan II Microplate Fluorometer (Diversified

Equipment, Lorton, VA) at excitation and emission wavelength of

485 and 530 nm, respectively [22].

Endothelial cell immunocytochemistry
HUVECs were grown on gelatinized cover slips prior to

atorvastatin treatment, followed by various stimuli as described.

HUVECs were then fixed in 3.7% formaldehyde and permeabi-

lized with 0.1% TritionX-100 for 10 min. The slides were washed

in phosphate-buffer saline, blocked with 1% bovine serum

albumin in phosphate-buffer saline for 1 hour, and then incubated

for 1 hour at room temperature with primary antibody. After

washing, the slides were incubated with dye-conjugated secondary

antibody for 1 hour at room temperature, along with Texas-red-

conjugated phalloidin for F-actin staining. After further washing

with phosphate-buffer saline, cover slides were mounted using slow

fade mount solution (Molecular Probes, Inc., Eugene, OR) and

analyzed using a Nikon Eclipse TE 300 microscope equipped with

a Sony Digital Photo camera DKC 5000. Images were recorded

and saved using Adobe Photoshop [21].

Statistical Analysis
Student’s t-test was used to compare the means of data from two

different experimental groups, whereas significant differences –

among multiple groups comparison (P,0.05) were determined by
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one way ANOVA and Tukey’s studentized range test. The results

were represented as the mean 6 S.E.

Results

Small GTPase geranylgeranylation mediates
inflammation in LPS challenged HUVECs

Small GTPases play a vital role in various cellular functions,

such as survival, migration, junction formation, and inflammation.

While numerous studies have shown that GTP loading is critical

for small GTPase function, the relative importance of small

GTPase binding with the cell membrane is still unclear. As shown

in figure 1, atorvastatin, inhibits IL-6 and IL-8 generation induced

by LPS. Compared to the LPS challenged controls

(43006230 pg/mL and 41006630 pg/mL IL-6 and IL-8 ,re-

spectively), IL-6 and IL-8 generation are significantly decreased in

LPS challenged cells pretreated with atorvastatin (29506120 pg/

mL and 21006420 pg/mL IL-6 and IL-8, respectively). MVA, an

intermediate of cholesterol synthesis downstream of HMG-CoA

synthase, reversed the anti-inflammatory effect of atorvastatin. IL-

6 and IL-8 production in HUVECs challenged with LPS after

treatment with atorvastatin and MVA were 480061200 pg/mL

and 380061400 pg/mL, respectively. Interestingly, geranylger-

anyl pyrophosphate (GGPP), but not farnesyl pyrophosphate

(FPP), attenuated the anti-inflammatory effect of atorvastatin. IL-6

and IL-8 production in LPS-challenged HUVECs treated with

atorvastatin and FPP was 35006130 pg/mL and 280061470 pg/

mL, respectively, compared to 50506230 pg/mL and

40206580 pg/mL IL-6 and IL-8, respectively, in HUVECs

treated with atorvastatin and GGPP. These results indicate that

small Rho GTPases, rather than Ras GTPases (FPP is required for

Ras farnesylation and translocation of Ras to the cellular

membrane), mediate atorvastatin’s anti-inflammatory effects.

Figure 2. Atorvastatin treatment increased GTP loading and translocation of small GTPases from cell membrane to cytosol. (A)
HUVECs were treated with atorvastatin (10 mM) for the duration indicated. The whole cell lysates were harvested, and Rho, Rac and Cdc 42 GTP-
loading assayed as described in Methods. (B) HUVECs were treated with atorvastatin (10 mM) overnight, the cells collected, and the small-GTPase GTP-
loading of cytosol and cell membranes fractions prepared as described in Methods. Equal amounts of cell membrane and cytosolic protein were
suspended in Laemmli buffer, and the GTPase loading determined by Western blotting using Rho, Rac and Cdc42 antibodies. Data in shown in graphs
represent the means 6 S.E. for 4 samples at each timepoint, * p,0.05 vs control; #P,0.01 vs control.
doi:10.1371/journal.pone.0059233.g002

Figure 3. Exogenous GGPP, but not FPP, reverses atorvastatin-mediated small GTPase translocation. The Rho GTPases, including Rac1,
RhoA and Cdc42 demonstrate translocation from the EC membrane to the cytosol in response to atorvastatin (5 mM, 16 h). This effect is consistent
with inactivation of Rho GTPases at the cell membrane by atorvastatin, and is inhibited by MVA (100 mM, 16 h) and GGPP (10 mM, 16 h) but not FFP
(10 mM, 16 h) implicating effects specific to geranylgeranylation inhibition. Data in shown in graphs represent the means 6 S.E. for 4 samples for each
treatment. Statistically significant differences between selected treatment groups were highlighted, * p,0.05; #P,0.01.
doi:10.1371/journal.pone.0059233.g003
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Atorvastatin increased GTP loading and translocation of
small GTPases from membrane to cytosolic fractions

The effect of atorvastatin treatment of HUVECs on GTP

loading, an important regulator of GTPase function, was

determined for Rho, Rac and cdc42 . As shown in figure 2A

(top panel), Rho GTP loading increased after atorvastatin

treatment to approximately 5-fold that of controls at 16 hours.

Atorvastatin treatment also increased Cdc42 and Rac GTP

loading in a similar pattern as Rho (figure 2 A, middle and

bottom panels). Notably, atorvastatin treatment did not change

total Rho, Rac and cdc42 protein in HUVECs.

Since statins inhibit synthesis of FPP and GGPP, which are

required for small GTPase lipidation, we next investigated the

effects of atorvastatin on the targeting of small GTPases.,

Atorvastatin treatment caused a time-dependent increase in Rho

in the cytosolic fraction of HUVECs, accompanied by a time-

dependent decrease of Rho density in cellular membrane (figure 2

B, top panel), reaching a maximum effect at 16 hours. Similar

effects were observed on Rac and cdc42, though the timing may

be different (figure 2 B, middle and bottom panels), finding which

are consistent with previous reports [3].

Our findings raise an interesting question, which will be

addressed in future studies, regarding the relative importance of

GTP loading versus isoprenylation to the regulation of small

GTPases in their role as mediators of multiple endothelial cell

processes.

Atorvastatin-mediated translocation of small GTPases is
reversed by exogenous GGPP

To further confirm the importance of isoprenylation to small

GTPase function, we measured Rho, Rac and Cdc42 content in

cellular membrane and cytosolic fractions after various treatments.

Figure 4. Atorvastatin preserved endothelial barrier integrity. (A) atorvastatin enhances endothelial cell junctional integrity. Changes in
transendothelial electrical resistance (TER) were recorded by ECIS under varying conditions. Thrombin treatment caused a dramatic decrease in
resistance, reaching a maximum at 30 min (40%), reflecting decreased junction integrity. Note that TER is preserved by treatment with atorvastatin
prior to thrombin challenge, while co-treatment with GGPP (10 mM) but not by FPP (10 mM), attenuated the effect of atorvastatin. (B) HUVECs
junction integrity was assessed by transwell permeability assay. Thrombin (1 U/mL) challenge caused a dramatic increase in HUVEC monolayer
permeability, which was preserved by pretreatment with atorvastatin (10 mM). Similar to our ECIS results, atorvastatin-mediated preservation of cell
junction integrity was reversed by MVA (100 mM, 16 h) and GGPP (10 mM, 16 h), but not FFP (10 mM, 16 h), * p,0.05. (C) Immunocytochemistry
showed that atorvastatin pretreatment preserved VE-cadherin junctions against thrombin-challenge. Co-treatment with MVA (100 mM, 16 h) and
GGPP (10 mM, 16 h), but not FFP (10 mM, 16 h) attenuated the protective effect of atorvastatin on VE-cadherin junctions.
doi:10.1371/journal.pone.0059233.g004
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As shown in figures 2 B and 3, atorvastatin decreased Rho content

in cellular membrane and increased cytosolic Rho content. This

atorvastatin-mediated Rho translocation was reversed by addition

of 100 mM MVA and 10 mM GGPP, but not by10 mM FPP

(Figure 3, top). Similar to Rho, atorvastatin also caused the

translocation of Rac and Cdc42 to the cytosol from the cell

membrane, which was also reversed by 100 mM MVA and 10 mM

GGPP, but not by10 mM FPP. These finding indicate that

geranylgeranylation, but not farnesylation, of these small GTPases

is required for their binding to cellular membrane.

Small GTPase geranylgeranylation regulates HUVEC
monolayer permeability

Endothelial junction integrity is a critical aspect of many cellular

processes, including inflammation and edema. To investigate the

importance of GTPase isoprenylation to endothelial junction

integrity, we measured the transendothelial electrical resistance

(TER) of HUVEC monolayers, using ECIS (see ‘‘Materials and

Methods’’), under varying conditions. Compared to untreated

controls, thrombin challenge caused a significant 45% decrease in

HUVEC monolayer resistance, reflecting decreased monolayer

integrity and increased permeability (figure 4A). Atorvastatin

pretreatment significantly preserved HUVEC monolayer resis-

tance after thrombin challenge, whereas co-pretreatment with

10 mM GGPP, and to a lesser extent with 10 mM FPP, reversed

the protective effect of atorvastatin.

To confirm our observations using TER, we next used a

transwell permeability assay (see ‘‘Materials and Methods’’) to

assess endothelial barrier integrity in HUVECs pretreated with

atorvastatin alone or in combination with exogenous GGPP or

MVA. As shown in figure 4B, challenge with 1U/ml thrombin

significantly increased FITC-dextran leakage from insert into the

transwell bottom chamber relative to controls (2.560.36 vs.

9.9460.25 A.U./ml, control and thrombin-challenged, respec-

tively), indicating increased monolayer permeability in thrombin-

challenged cells. Atorvastatin pretreatment significantly preserved

Figure 5. Rho and Rac regulate endothelial junction integrity. (A) RhoA, Rac1 or Cdc42 were silenced in HUVECs using 100 nM siRNA for
72 hours, and the cell lysates analyzed by chemiluminescence Western blot, as described in Methods. For the transwell experiments, proteins were
silenced as indicated, and permeability tests performed. Monolayer permeability is determined by FITC-dextran fluorescence in the bottom chamber.
Data are expressed as means 6 S.E. (n$4 samples per group), * p,0.05. (B) HUVECs treated with atorvastatin in the presence of MVA, FPP or GGPP as
indicated. After isolating cell membrane and cytosolic fractions, the GTP-binding Rho is determined by pull-down kit and by Western blotting as
described in Methods.
doi:10.1371/journal.pone.0059233.g005
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Figure 6. Geranylgeranylation of small GTPases is critical for endothelial junction integrity. (A) HUVECs were treated with 100 mM GGTI
overnight, and cytosolic and membrane protein fractions isolated. (B) HUVECs in transwell experiments were treated with 100 mM GGTI or 100 mM FTI
overnight, followed by 1 U/ml thrombin challenge. Monolayer permeability is determined by FITC-dextran fluorescent density in the bottom
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endothelial junction integrity after thrombin challenge (bottom

chamber FITC-Dextran fluorescent density = 3.060.64 A.U./

ml), which was reversed by co-pretreatment with 100 mM MVA or

10 mM GGPP, and partially by10 mM FPP (Figure 4B, FITC-

dextran fluorescent density in bottom chamber = 10.361.1,

10.161.0 and 5.761.9 A.U./ml for MVA, GGPP, and FPP,

respectively ).

We next examined VE-cadherin targeting in HUVECS, to

further confirm that inhibiting small GTPase translocation with

atorvastatin affects endothelial cell integrity. In untreated controls,

VE-cadherin staining shows random and loose junctions between

endothelial cells. Large intracellular gaps and VE-cadherin

junction dissociation were observed in HUVECs challenged with

thrombin (Figure 4C top panel). Pretreatment with atorvastatin

increased VE-cadherin targeting to junctions, and preserved these

junctions after thrombin challenge (Figure 4C second panel). The

effect of atorvastatin on VE-cadherin targeting was partially

attenuated by 100 mM MVA, 10 mM GGPP, but not by10 mM

FPP (Figure 4C third, bottom and fourth panel).

Rho and Rac, but not Cdc42, regulate endothelial cell
barrier integrity

Permeability assays and VE-cadherin staining clearly showed

that small GTPase geranylgeranylation regulates endothelial

junction integrity. To identify the small GTPase proteins involved

in maintaining extracellular junctions, we silenced Rho, Rac, and

Cdc42 individually in HUVECs. Endothelial barrier integrity was

assayed in control and small GTPase silenced HUVECs by FITC-

dextran leakage, following a 1 hour thrombin challenge. Rho

silencing reduced cellular junction leakage 61% relative to

controls, whereas Rac silencing reduced leakage by 22%

(3.760.2, 6.760.15, and 9.360.47 A.U./ml, Rho, Rac and

control siRNA, respectively). In contrast, Cdc42 silencing did not

change endothelial barrier function compared to controls

(9.3660.82 vs. 9.360.47 A.U./ml, figure 5A).

We next determined whether GTP remains associated with Rho

during its translocation between the cell membrane and cytosol.

Analysis of isolated cell membrane and cytosolic fractions showed

that Rho GTP loading is preserved during translocation between

membrane and cytosol after atorvastatin treatment in the presence

of MVA, GGPP or FPP (figure 5B).

Small GTPase geranylgeranylation regulates endothelial
junction integrity

We finally investigated the role of geranylgeranylation of small

GTPases in cellular junction integrity, using the pharmacological

agents GGTI and FTI, inhibitors of protein geranylgeranylation

and farnesylation, respectively. Analysis of isolated cellular

membrane and cytosolic fractions from HUVECs pretreated with

GGTI showed an increase in cytosolic Rho and a decrease in

membrane Rho. GGTI also had a similar effect on Rac (figure 6

A). In contrast, pretreatment with FTI had no effect on Rho or

Rac distribution to membrane and cytosolic fractions. To confirm

that inhibiting geranylgeranylation of small GTPases using GGTI

alters cellular junction integrity, we measured HUVEC monolayer

permeability by FITC-Dextran leakage in thrombin-challenged

cells in the presence of GGTI or FTI. Compared to thrombin-

challenge alone, pre-treatment with GGTI, but not FTI,

significantly reduced HUVEC permeability after thrombin chal-

lenge (8.2360.45, 4.6760.15, and 8.1360.25 A.U./ml FITC-

Dextran in bottom chamber, control, GGTI, and FTI, respec-

tively). Consistent with the results of permeability assays,

immunocytochemistry showed that FTI treatment did not alter

VE-cadherin targeting compared to controls, both at rest and after

thrombin challenge. In contrast, GGTI treatment dramatically

increased VE-cadherin targeting to junctions in both resting and

thrombin challenged cells (Figure 6 C).

Discussion

In this study, for the first time, we clarify the importance of

small GTPase protein isoprenylation in processes regulating

cellular junction integrity, and provide insight into the mechanism

of statin-mediated anti-inflammatory effects. We also identify the

temporal relationship between small GTPase GTP loading and

isoprenylation. Finally, we determine the relative importance of

Rho, Rac and Cdc42 in regulating endothelial junction integrity.

There are two preconditions for small GTPase protein function.

The first is GTP loading, the exchange of bound GDP for GTP,

which increases their activity [11]. Second, post-translational

isoprenylation mediates small GTPase protein binding to the cell

membrane [23], where they can regulate MLCK activity, which

subsequently controls many functions, including cell shape,

lamellipodia formation and junctional complex formation. Cur-

rent opinion is that GTP loading is critical for small GTPase

function and has been widely investigated [11,24]. In the current

study, atorvastatin strongly increased small Rho GTPases GTP

loading. Concurrently, atorvastatin significantly inhibited small

GTPases geranylgeranylation and caused a series of endothelial

cell structural and functional changes. These two separate but

important small GTPases modifications offer new opportunities to

recognize the importance of both GTP loading and isoprenylation

for endothelial cell junction formation and integrity. Consistent

with previous reports, our results suggest that increased GTP

loading of small GTPases following atorvastatin treatment may be

a consequence of small GTPase dissociation with a negative

regulator, the Rho guanine nucleotide dissociation inhibitor (Rho

GDI) [25] or by inhibition of another factor, GAP. However, the

significance of increased GTP loading, as well as the detailed

mechanisms producing it, remains unknown.

In addition to GTP loading, accumulating evidence indicates

that lipidation of small GTPase proteins, geranylgeranylation for

Rho, Rac and Cdc42, and farnesylation for Ras is also crucial for

cellular junction formation and maintaining cell shape [26,27].

Statins inhibit synthesis of short-chain isoprenoids such as FPP and

GGPP, thereby blocking small GTPase lipidation. Unmodified

small GTPases do not have cellular membrane affinity, loss of

which causes numerous down-stream effects, including blunting of

NAPDH oxidase activity(via Rac) [3], cellular cytoskeleton

rearrangement (via Rho) [28] and inhibition of cellular lamellipo-

dia formation (via Cdc42) [29]. Our current study showed that

atorvastatin inhibits Rho translocation to the endothelial cell

membrane, altering cytoskeletal rearrangement response to

stimuli, including thrombin challenge. Similarly, the geranylger-

anylation inhibitor GGTI, but not the farnesylation inhibitor FTI,

inhibited Rho translocation to the cell membrane, thereby

chamber medium. Data are expressed as means 6 S.E. (n = 4 samples per group), * p,0.05. (C) HUVECs seeded on glass slides were treated with GGTI
or FTI, followed by thrombin challenge as indicated. Slides were stained with VE-cadherin primary antibody and Texas Red-conjugated secondary
antibody, and then visualized by fluorescence microscopy as described in Methods. The white arrows indicate gaps between endothelial cells.
doi:10.1371/journal.pone.0059233.g006
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reducing cytoskeleton stress fiber formation and preserving

endothelial barrier integrity.

The detailed mechanism by which atorvastatin preserves

endothelial junction integrity is not completely defined. Previous

studies have shown that statins induce expression of PECAM1and

integrin b4, critical components of endothelial junctions,and

eNOS, which is involved in endothelial inflammatory responses

[16,26,30,31]. However, these findings do not account for the

fundamental changes to cell junction structure, or the inhibition of

stress fiber formation, observed with statin treatment [32,33]. Our

results strongly suggest that small GTPase isoprenylation, rather

than GTP-loading, plays an important role in atorvastatin-

mediated inhibition of stress fiber formation and preservation of

cellular junction integrity.

In conclusion, our study clearly confirms the importance of

post-translational isoprenylation of small GTPases to normal

endothelium function, including maintenance of barrier integrity

and endothelial inflammatory responses. The current study also

determined the importance of Rho and Rac but not Cdc42, in

mediating statin’s effects on endothelial barrier integrity and

inflammatory responses. The ability of statins to inhibit isopreny-

lation has given us greater insight into the role of small GTPases in

endothelial cell function.
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