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complications, atherosclerosis, and Alzheimer’s disease 
(AD) ( 1 ). Proteins and peptides like advanced glycation 
end products (AGEs), amyloid- �  peptides (A � s), S100/
calgranulin family members, and HMGB1 (amphoterin) 
have been identifi ed as ligands for RAGE ( 2 ). Diabetes is 
characterized by a high blood glucose level. This enhanced 
concentration of glucose is responsible for the nonenzy-
matic generation of AGEs. AGEs represent a heteroge-
neous group of proteins, lipids, and nucleic acids resulting 
from chemical reactions between reducing sugars and 
amino groups. Studies with animal models have shown 
that RAGE is the best known target for AGEs in the vascu-
lature and it is well established that the AGE/RAGE inter-
action contributes to the progression of atherosclerotic 
plaques ( 3–5 ). Ligand/RAGE interaction induces activa-
tion of various pro-infl ammatory and pro-atherogenic me-
diators, such as the nuclear factor- � B (NF- � B)-dependent 
mediators vascular cell adhesion molecule-1, tumor necro-
sis factor- � , interleukin-6, and RAGE ( 6 ). Because RAGE 
itself is regulated by NF- � B, this further increases its ex-
pression and promotes cellular dysfunction ( 7 ). 

 Blockade of RAGE by using the soluble form of the re-
ceptor ameliorates the vascular complications of diabetes 
in animal models ( 8–10 ) and suppresses the accumulation 
of A � s in the brain of an AD mouse model ( 11 ). These 
benefi cial effects of soluble RAGE are thought to be medi-
ated by trapping ligands, thus preventing ligand binding 
of membrane-bound RAGE. The circulating soluble form 
of RAGE containing only the extracellular part of full-
length RAGE, is either produced by alternative splicing 
[endogenous secretory RAGE (esRAGE)] ( 12, 13 ) or by 
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  The type I transmembrane protein receptor for ad-
vanced glycation end products (RAGE), a member of the 
immunoglobulin superfamily, has been shown to play a 
crucial role in chronic infl ammatory diseases, late diabetic 
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M � CD for 30, 45, and 60 min. as indicated. After washing (3×) 
with serum-free DMEM, cells were incubated in serum-free 
DMEM for 4 h and the medium was analyzed regarding sRAGE. 
For enrichment with cholesterol, cholesterol-depleted cells 
were reloaded with cholesterol by incubation with the 0.3 mM 
cholesterol-M � CD complex for 60 min. 

 Immunoblot analysis 
 Proteins of the cell culture supernatant, after precipitation 

with 10% (v/v) trichloroacetic acid (TCA) or cell lysates, were 
separated by 10% SDS-PAGE and blotted onto nitrocellulose 
membranes. Membranes were probed by applying protein-
specifi c antibodies followed by appropriate secondary antibodies  . 
The specifi c bands were detected by chemiluminescence using 
the VersaDoc system (Bio-Rad Laboratories, Munich, Germany) 
and quantifi ed via the AIDA 4.25 software (Raytest, Strauben-
hardt, Germany). For comparative and quantitative analysis, 
effects observed with solvent-treated cells were used as a con-
trol and were set to 100%. The protein content of each cell 
culture dish was determined by the Bradford method, and the 
values of the specifi c protein bands from the cell culture su-
pernatant were normalized to the protein amount. Loading 
controls for cell lysate proteins were performed by actin detec-
tion as follows: after detection of the main target protein, an-
tibodies were removed by stripping, and actin detection was 
completed on the same blot. 

 Cell surface biotinylation 
 Cells were incubated in PBS containing 0.3 mg/ml of sulfo-

NHS-LC-biotin (Pierce Biotechnology) for 30 min at 4°C. Excess 
of biotin-reagent was then removed by quenching with cold TBS 
(3× washing). Afterwards cells were dissolved in 5% SDS and di-
luted with PBS to a 0.1% SDS concentration. Biotinylated pro-
teins were isolated via binding to NeutrAvidin biotin-agarose 
(Pierce) as described ( 25 ). Biotinylated full-length RAGE and 
ADAM10 were detected and quantifi ed by Western blot. 

 Small interference RNA experiments 
 Stealth RNA interference (RNAi)   duplexes were purchased 

from Invitrogen, and transfections were performed according to 
the manufacturer’s protocol. After transfection, cells were fi rst 
grown for 24 h in DMEM supplemented with 10% FCS, then 
cultured for 24 h in DMEM supplemented with 10% LDS and 
2  � M lova statin, as indicated. Cell medium was analyzed for 
sRAGE and cell membranes for ADAM10 expression. To verify 
the effi ciency of the squalene synthase (SQS) mRNA knockdown, 
RT-PCR analysis was performed. 

 RT-PCR analysis 
 Total RNA of HEK cells was isolated with the innuPREP RNA 

Mini kit (Analytik Jena) and reverse transcribed using Rever-
tAid RT (Thermo Scientifi c) and oligo-dT primer. PCR was per-
formed for 22 cycles using primers specifi c for SQS (sense: 
5 ′ -CAG ATGTCATCACCTACCTTTCG-3 ′ , antisense: 5 ′ -GGAGAGA-
GTG G TCAGGTACTGCC-3 ′ ) and GAPDH (sense: 5 ′ -GCC AAA-
AGGG TCATCATCTC-3 ′ , antisense: 5 ′ -GCTTCACCA CCTTCT-
TGATGTC-3). 

 Cholesterol determination 
 Cholesterol determination was performed as previously de-

scribed ( 26 ). In brief, cells were lysed in reaction buffer (5 mM 
cholic acid, 0.1% Triton X-100 in PBS, pH 7.4) at 4°C for 30 min, 
and then centrifuged at 16,000  g  at 4°C for 30 min. The cellular 
cholesterol content was measured using the Amplex Red choles-
terol kit (Invitrogen) according to the manufacturer’s protocol. 

proteolytic shedding mediated by metalloproteinases [shed 
RAGE (sRAGE)] ( 14–16 ). The balance between the amount 
of soluble and full-length RAGE may be an important 
determinant of RAGE-induced dysfunction; therefore 
enhancement of soluble RAGE production may have ther-
apeutic values. The induction of a shedding process is de-
pendent on protein kinase C, G protein-coupled receptors, 
the intracellular Ca 2+  level, and membrane lipid composi-
tion. Many reports have demonstrated a crucial role of 
cholesterol in the shedding of various membrane proteins, 
such as the amyloid precursor protein (APP) ( 17 ), the in-
terleukin-6 receptor ( 18 ), or collagen XVII ( 19 ). 

 Hypercholesterolemia is often associated with type 2 
diabetes mellitus and a cholesterol-lowering statin ther-
apy has been shown to reduce the risk of cardiovascular 
morbidity and mortality in diabetic patients ( 20–22 ). Due 
to this interplay, we analyzed the infl uence of the cellular 
cholesterol content on RAGE shedding. To examine this 
interaction, we reduced the cellular cholesterol content 
by treating cells with either methyl- � -cyclodextrin (M � CD) 
or several statins. We found that the reduction of cellular 
cholesterol signifi cantly enhances the shedding of full-
length RAGE. We also elucidated the mechanism of this 
process and analyzed the influence of several statins 
at physiologically relevant concentrations on the RAGE 
shedding process. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 We used the following primary antibodies: anti-human RAGE 

N-terminal antibody Mab5328 (Millipore); anti-mouse RAGE 
AF1179 (R and D); anti-ADAM10 AB19026 (Millipore); anti-actin 
antibody A2066 (Sigma-Aldrich). Secondary anti-rabbit and anti-
mouse peroxidase-coupled antibodies and the ECL detection re-
agent were from Pierce (Rockford, IL). M � CD, zaragozic acid A 
(ZA), mevalonate, lovastatin, fl uvastatin, and atorvastatin were 
from Sigma-Aldrich (Germany). The inhibitor GM6001 (broad-
spectrum metalloproteinase inhibitor) was from Calbiochem 
and GI254023X (a preferential ADAM10 inhibitor) was a kind 
gift from B. Schmidt (University Darmstadt, Germany) ( 23 ). 

 Modulation of cellular cholesterol content 
 Cell lines HEK/RAGE (stably expressing full-length RAGE) 

and HEK/esRAGE (stably expressing esRAGE being a recom-
binant version of the splice variant esRAGE) ( 16 ) were grown 
in DMEM supplemented with 10% fetal calf serum (FCS); 
MLE-12 (mouse alveolar epithelial) cells in DMEM/F12 (1:1) 
were also supplemented with 10% FCS  . All cells were grown 
nearly to confl uence on 10 cm or 6 cm dishes coated with poly-
 L -lysine. Lovastatin was converted (hydrolyzed) to its active 
form as described ( 24 ). For lovastatin and zaragozic acid 
experiments, cells were cultured for 24 h with DMEM supple-
mented with 10% lipid-defi cient serum (LDS) and with indicated 
concentrations of statins or zaragozic acid. Then the medium 
was replaced by serum-free DMEM containing fatty acid-free 
BSA (10  � g/ml) and statin or zaragozic acid. Cells were incu-
bated for 4 h, and then the medium was collected and ana-
lyzed for sRAGE or esRAGE as described below. For acute 
cholesterol depletion, cells were incubated at 37°C with 10 mM 
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10 mM M � CD for 30, 45, or 60 min resulted in reduction 
of  � 30, 56, and 70% of the cellular cholesterol content 
(  Fig. 1A  ).  After cholesterol depletion, cells were incu-
bated for 4 h in secretion medium and the amount of 
released sRAGE was detected using a specifi c antibody. 
As shown in  Fig. 1A , the concentration of sRAGE in cell 
medium was increased whereas the cellular cholesterol 
level was reduced. Reduction of the cholesterol level by 
 � 70% caused a 3- to 5-fold enhancement of RAGE shed-
ding ( Fig. 1A, B ). Conversely, enrichment of the cellular 
cholesterol content by cell treatment with a 0.3 mM M � CD-
cholesterol complex abolished this effect ( Fig. 1B ). Effi ciency 
of RAGE shedding inversely correlated with the choles-
terol content. Cell treatment with either 10 mM M � CD 
alone or in combination with 0.3 mM M � CD-cholesterol 
complex had no infl uence on full-length RAGE expres-
sion ( Fig. 1C ). 

 Induction of RAGE shedding by cell treatment 
with lovastatin 

 Cholesterol-lowering drugs such as statins are widely 
used for the therapy of hypercholesterolemia. We analyzed 

Fluorescence was measured by the micro plate reader FLUOstar 
OPTIMA (BMG). The cholesterol levels are expressed as micro-
grams of cholesterol per milligram of protein. Protein content 
was determined by the Bradford method. 

 Statistical analysis 
 The results are expressed as percentage relative to control 

(unstimulated cells) and represent mean values ± SD of at least 
three independent experiments performed in duplicate. Unstim-
ulated cells were treated with equivalent amounts of solvent. Sta-
tistical signifi cance between control cells and treated cells was 
determined by using the one-way ANOVA/Bonferroni post hoc 
test analysis or the unpaired Student’s  t -test (* P  < 0.05, ** P  < 0.01, 
*** P  < 0.001). 

 RESULTS 

 Depletion of cellular cholesterol with M � CD induces 
RAGE shedding 

 The infl uence of cholesterol depletion on RAGE shed-
ding was analyzed in HEK cells stably overexpressing the 
RAGE protein (HEK/RAGE cells). Cell treatment with 

  Fig.   1.  Infl uence of acute cholesterol depletion on RAGE shedding. A: Effect of cholesterol depletion on 
RAGE shedding in HEK/RAGE cells. Cells were incubated in the presence of 10 mM M � CD for 30, 45, and 
60 min. After 4 h, the medium was collected and proteins were precipitated and subjected to immunoblot 
analysis for sRAGE detection. B: RAGE shedding as a function of the cellular cholesterol amount. Cells were 
incubated with 10 mM M � CD for 60 min (lane 2) and additionally with a 0.3 mM cholesterol (Chol)-M � CD 
complex for 60 min at 37°C (lane 3). After 4 h of incubation, medium was collected and sRAGE was deter-
mined as described in (A). C: Quantifi cation of full-length RAGE (fl -RAGE) expression. For detection of 
full-length RAGE and actin, aliquots containing 20  � g proteins of cell lysates were analyzed by Western blot 
as described in Experimental Procedures. The doublet band of sRAGE and fl -RAGE represents glycosylated 
and unglycosylated RAGE (lower molecular mass). Shown are the mean effects ± SD. Signifi cance was deter-
mined by the one-way ANOVA Bonferroni test (* P  < 0.05, ** P  < 0.01, *** P  < 0.001).   
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enhancement of RAGE shedding. Increased amounts of 
soluble RAGE ( � 50 and 100%) were found in MLE-12 
and HEK/RAGE cell culture supernatants, respectively 
(  Fig. 2A, B  ).  

 We also analyzed whether the reduction of cellular cho-
lesterol by lovastatin infl uences the secretion of esRAGE 
(RAGE splice variant without transmembrane and cyto-
solic domains) commonly called esRAGE. For that purpose 
HEK cells overexpressing esRAGE (HEK/esRAGE) were 
treated with 2  � M lovastatin under the same conditions as 

the infl uence of lovastatin on RAGE shedding in mouse 
alveolar epithelial cells (MLE-12 cells) endogenously ex-
pressing RAGE and in HEK/RAGE cells. The deprivation 
of cellular cholesterol by lovastatin was performed as pre-
viously described ( 17 ). Cell growth in medium containing 
10% LDS for 24 h resulted in  � 30% reduction of the cho-
lesterol content in comparison to cultivation in regular 
medium. Addition of 2  � M lovastatin to the lipid-defi cient 
medium further reduced the amount of cellular cholesterol 
by  � 20–30%. Treatment with 2  � M lovastatin resulted in 

  Fig.   2.  Effect of lovastatin on RAGE shedding and esRAGE secretion. Lovastatin-induced RAGE shedding in MLE-12 cells (A) and HEK/
RAGE cells (B). In all experiments, cells were cultured in lipid-defi cient medium for 24 h in the presence of 2  � M lovastatin or comparable 
volumes of water (control). Then the medium was replaced by serum-free DMEM containing fatty acid-free BSA (10  � g/ml) and lovastatin. 
The cells were incubated for 4 h, then the medium was collected and proteins were precipitated and subjected to immunoblot analysis 
using respective primary antibodies as described in Experimental Procedures. C: Impact of lovastatin treatment on esRAGE secretion. 
HEK/esRAGE cells were treated with lovastatin and the medium was analyzed for esRAGE detection as described above. The cell pellets 
were analyzed concerning cholesterol and protein content. D: Impact of mevalonate on lovastatin-induced RAGE shedding. HEK/RAGE 
cells were cultured for 24 h in lipid-defi cient medium in the presence of 2  � M lovastatin, 2  � M lovastatin and 200  � M mevalonate, or only 
in lipid-defi cient medium. The medium was analyzed for sRAGE as described above. Full-length RAGE (fl -RAGE) and actin were detected 
in cell lysates by Western blot analysis as described in  Fig. 1C . Quantitative analysis: shown are the mean effects ± SD. Signifi cance was de-
termined by the unpaired Student’s  t -test or the one-way ANOVA Bonferroni test (ns,  P  > 0.05; *** P  < 0.001).   



3056 Journal of Lipid Research Volume 54, 2013

To check whether the isoprenoid pathway is involved in 
lovastatin-mediated induction of RAGE shedding, HEK/
RAGE cells were treated with lovastatin in the presence 
of 200  � M mevalonate. This concentration of mevalonate 
only allows restoration of the isoprenoid pathway, without 
affecting the blockage of cholesterol biosynthesis ( 26, 27 ). 

described above. The secretion of esRAGE was not affected 
after lovastatin treatment despite  � 30% reduction of cel-
lular cholesterol ( Fig. 2C ). 

 Statins inhibit HMG-CoA reductase which catalyses the 
synthesis of mevalonate. Mevalonate production is the rate-
limiting step of cholesterol and isoprenoid biosynthesis. 

  Fig.   3.  Effect of hydroxamate metalloproteinase inhibitors and RNAi-mediated ADAM10 knockdown on lovastatin-induced RAGE 
shedding. HEK/RAGE cells cultured in lipid-defi cient medium for 24 h in the absence (control) or presence of 2  � M lovastatin were 
fi rst preincubated for 30 min with either 20  � M GM6001 or 20  � M, 1  � M, 100 nM GI254023X as indicated, and then the medium was 
replaced by serum-free medium containing the indicated concentration of an inhibitor and/or 2  � M lovastatin. As a control, cells 
were treated with equivalent amounts of solvent (DMSO). After 4 h, the medium was collected, and secreted sRAGE was detected and 
quantifi ed as described in  Fig. 2 . Full-length RAGE and actin were detected in cell lysates by Western blot analysis. A: Treatment with 
20  � M GM6001 and GI254023X inhibitors. B: Treatment with 1  � M and 100 nM GI254023X inhibitor. C: Effects of RNAi-mediated 
ADAM10 knockdown on constitutive and lovastatin-induced RAGE shedding. HEK/RAGE cells were transfected with stealth RNAi 
oligonucleotide duplexes (Invitrogen) targeting ADAM10. As a control, cells were transfected with a stealth RNAi control duplex. 
Experiments were performed 48 h after transfection, cell medium was analyzed for sRAGE (C) and cell membranes (20  � g of pro-
tein/lane) for ADAM10 expression (D) with suitable antibodies as described in Experimental Procedures. Mature (ADAM10m) and 
immature (ADAM10im) forms of ADAM10 are indicated by arrows. Shown are the mean effects ± SD. Signifi cance was determined 
by the one-way ANOVA Bonferroni test (** P  < 0.01, *** P  < 0.001).   
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membrane-impermeable biotinylation reagent. After cell 
lysis, biotinylated proteins were captured with streptavidin-
agarose beads. Only glycosylated full-length RAGE and 
mature ADAM10 were detected on the cell surface after 
biotinylation. We detected the same amounts of biotiny-
lated full-length RAGE (  Fig. 4A  )  and ADAM10 ( Fig. 4B ) 
after lovastatin treatment. This clearly showed that induc-
tion of RAGE shedding via lovastatin was not caused by 
increased amounts of full-length RAGE and ADAM10 on 
the cell surface. 

 Infl uence of the SQS inhibitor ZA on RAGE shedding 
 To confi rm that lovastatin-induced RAGE shedding is 

mediated by inhibition of the sterol pathway, cells were 
treated with the SQS inhibitor ZA. SQS is the enzyme that 
determines the switch toward sterol biosynthesis and acts 
downstream of mevalonate. We observed a dose-depen-
dent zaragozic acid-induced enhancement of RAGE shed-
ding. Cell treatment with 50  � M ZA caused a reduction of 
cellular cholesterol by  � 20–25% and an  � 2.5-fold increase 
of the RAGE shedding (  Fig. 5A  ),  but did not affect the 
full-length RAGE expression ( Fig. 5B ). To validate the 
involvement of the sterol pathway in RAGE shedding, 
siRNA-mediated SQS knockdown experiments were con-
ducted. Reduction of the SQS expression caused a signifi -
cant induction of RAGE shedding ( Fig. 5C ). This result 
confi rmed the involvement of the sterol pathway in the 
activation of RAGE shedding. To verify the effi ciency of 
the SQS mRNA knockdown, RT-PCR analyses were per-
formed. Compared with control siRNA-transfected cells, 
SQS mRNA is barely detectable in cells transfected for 
48 h with the SQS mRNA-specifi c siRNA. In contrast, the 
level of GAPDH mRNA is not affected by siRNA treatment 
demonstrating the specifi city of the SQS mRNA knock-
down ( Fig. 5D ). 

The increased sRAGE secretion caused by lovastatin was 
not suppressed by simultaneous treatment of cells with 
lovastatin and mevalonate ( Fig. 2D ). This indicates that 
the induction of RAGE shedding is caused by the reduc-
tion of cholesterol biosynthesis. The cellular expression 
of full-length RAGE was neither affected by treatment 
with lovastatin nor mevalonate ( Fig. 2D ). 

 Because the ADAM10 metalloproteinase is responsible 
for RAGE shedding ( 15, 16 ), we analyzed whether this 
enzyme is also involved in lovastatin-induced RAGE shed-
ding. Cells were either treated with the broad-spectrum 
metalloproteinase inhibitor GM6001 (20  � M) or the 
ADAM10 preferential inhibitor GI254023X (20  � M). A 
signifi cant decrease of constitutive and lovastatin-induced 
RAGE shedding was observed with both inhibitors, how-
ever major effects were obtained with inhibitor GI254023X 
(  Fig. 3A  ).  Treatment with 20  � M inhibitors did not re-
duce full-length RAGE expression ( Fig. 3A ). Lovastatin-
induced RAGE shedding was also signifi cantly reduced 
by treatment with 1  � M and 100 nM GI254023X inhibi-
tor ( Fig. 3B ). Additionally, to confi rm the role of ADAM10 
as sheddase of RAGE, small interfering RNA (siRNA)  -
mediated knockdown experiments were performed. Con-
stitutive ( Fig. 3C , lane 2) and lovastatin-induced ( Fig. 3C , 
lane 4) RAGE shedding were signifi cantly diminished af-
ter ADAM10 depletion ( Fig. 3D ). These results validate 
the involvement of ADAM10 in lovastatin-induced RAGE 
shedding. 

 It is established that the proteolytic shedding process 
of RAGE occurs on the cell surface, therefore we ana-
lyzed whether lovastatin treatment infl uenced the local-
ization of full-length RAGE and metalloproteinase ADAM10 
on the cell surface. To determine the amounts of RAGE 
and ADAM10 on the cell surface, after treatment with 
lovastatin, HEK/RAGE cells were biotinylated with a 

  Fig.   4.  Impact of lovastatin treatment on full-length RAGE and ADAM10 localization on the cell surface. 
HEK/RAGE cells cultured in lipid-defi cient medium for 24 h in the presence of 2  � M lovastatin or equiva-
lent amounts of water (control), were biotinylated using a membrane-impermeable biotinylation reagent. 
Following isolation of biotinylated cell-surface proteins by binding to streptavidin-agarose beads, the amount 
of biotinylated ADAM10 (A) and full-length RAGE (fl -RAGE) (B) was determined by Western blot. Mature 
(ADAM10m) and immature (ADAM10im) forms of ADAM10 are indicated by arrows. Positive control (pc), 
cell membrane of HEK cells overexpressing ADAM10.   
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 DISCUSSION 

 In this study we elucidated whether beneficial ef-
fects of statins might also be exerted by elevation of 
the soluble RAGE level in blood  . The anti-inflamma-
tory properties of statins might be attributable to such 
a mode of action. We found that reduction of cellular 
cholesterol by statins significantly increases the level 
of soluble RAGE by enhancement of full-length RAGE 
shedding. 

 It is well established that RAGE plays an important role 
in the pathogenesis of diseases such as diabetes, athero-
sclerosis, and AD. Furthermore, soluble RAGE may have a 
protective function against the development of these dis-
eases by acting as a decoy for RAGE ligands. 

 Several clinical studies have investigated the potential 
signifi cance of circulating soluble RAGE levels as a bio-
marker of RAGE-mediated vascular disorder. However, 

 Treatment with therapeutically relevant 
statin concentrations 

 The maximal statin concentration in blood plasma 
ranges between 10 and 448 ng/ml within 0.5–4 h after 
statin administration ( 28, 29 ). We therefore analyzed in-
duction of RAGE shedding via different statins at physi-
ologically relevant concentrations. We chose three statins 
with the following defi ned plasma maximal concentra-
tions: lovastatin (10–20 ng/ml = 25–50 nM) ( 29, 30 ), fl u-
vastatin (448 ng/ml = 1,034 nM) ( 29, 31 ), and atorvastatin 
(27–66 ng/ml = 48.3–118 nM) ( 29, 32 ). Treatment of 
HEK/RAGE cells with indicated statin concentration 
(  Fig. 6  )  resulted in a signifi cant increase of sRAGE pro-
duction. Treatment with 100 nM atorvastatin was most 
effective; it caused a 3-fold enhancement of secreted 
RAGE in cell supernatants. These data indicate that sta-
tins are able to stimulate RAGE shedding also at low phys-
iologically relevant concentrations. 

  Fig.   5.  Infl uence of the SQS inhibitor ZA and RNAi-mediated SQS knockdown on RAGE shedding. A: HEK/RAGE cells were cultured 
for 24 h in lipid-defi cient medium in the presence of increasing ZA concentrations (20, 50, or 100  � M) or equivalent amounts of solvent 
(control), then the medium was analyzed for secreted sRAGE as described in  Fig. 2 . B: Quantifi cation of full-length RAGE expression. Full-
length RAGE and actin were detected in cell lysates by Western blot analysis as described in  Fig. 1C . C: Effect of RNAi-mediated SQS knock-
down on RAGE shedding. HEK/RAGE cells were transfected with stealth RNAi oligonucleotide duplexes (Invitrogen) targeting SQS. As a 
control, cells were transfected with a stealth RNAi control duplex. Experiments were performed 48 h after transfection; cell medium was 
analyzed for sRAGE. D: RT-PCR analyses of SQS and GAPDH mRNA. Shown are the mean effects ± SD. Signifi cance was determined by the 
one-way ANOVA Bonferroni test (*** P  < 0.001).   
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with hypercholesterolemic ( 43 ) and type 2 diabetic pa-
tients ( 44 ) demonstrated that treatment with atorvastatin 
resulted in an increase of serum soluble RAGE levels. On 
the contrary, an analysis of the Collaborative Atorvastatin 
Diabetes Study (CARDS) shows that long-term, daily treat-
ment with 10 mg atorvastatin did not alter serum sRAGE 
( 33 ).The low dose of atorvastatin analyzed in that study 
could be the reason for this discrepancy. 

 Treatment of MLE-12 cells endogenously expressing 
RAGE and HEK/RAGE cells with lovastatin resulted in a 
signifi cant induction of RAGE shedding. Lovastatin-in-
duced secretion of sRAGE was not impaired after restora-
tion of the isoprenylation pathway demonstrating the 
contribution of the sterol pathway in the activation of 
RAGE shedding. Induction of RAGE shedding by treat-
ment with SQS inhibitor zaragozic acid, which blocks 
cholesterol synthesis, but allows the synthesis of iso-
prenoids, confi rmed this fi nding. Moreover, siRNA-me-
diated knockdown of SQS also resulted in an increased 
sRAGE production. Thus, generation of sRAGE by shed-
ding of full-length RAGE is inversely correlated to the 
cellular cholesterol level. 

 Lovastatin-induced RAGE shedding was strongly in-
hibited by an ADAM10-specifi c inhibitor, thus indicat-
ing the involvement of ADAM10 in this process. The 
relevance of ADAM10 in lovastatin-induced RAGE shed-
ding was confi rmed by knockdown of ADAM10 via siRNA. 

 The majority of circulating RAGE derives from sRAGE. 
esRAGE constitutes only a minor part (approximately 20%) 
of the soluble RAGE level in humans ( 15 ). It was demon-
strated that statins elevate the level of total soluble RAGE 
in plasma, however, in this study there was no discrimina-
tion between esRAGE and sRAGE ( 43 ). In another study it 
was shown that atorvastatin treatment enhanced sRAGE 
and esRAGE levels in serum of type 2 diabetic patients 
( 44 ). Therefore, we also evaluated the impact of lovastatin 
on esRAGE secretion. We found that lovastatin treatment 
of esRAGE overexpressing HEK cells did not affect secre-
tion of esRAGE, despite an evident reduction in the cellu-
lar cholesterol content. This suggests that the observed 
increased level of soluble RAGE in plasma of subjects 
treated with atorvastatin might be caused by activation of 
RAGE shedding. Our results are supported by an animal study 
conducted with streptozotocin-induced diabetic Sprague-
Dawley rats. This study demonstrated that atorvastatin 
treatment reduced kidney pathology, increased serum and 
renal sRAGE levels, and decreased renal RAGE ex pression, 
but had no effect on esRAGE (mRNA) levels ( 42 ). 

 Epidemiological studies have linked an increased risk 
for AD with type 2 diabetes mellitus. Proteolytic cleavage 
of the APP by ADAM10 precludes formation of neurotoxic 
A � s and is expected to counteract the development of AD. 
Previously we have shown that statins activate ADAM10-
mediated APP processing ( 17, 26 ). AGEs as well as A � s are 
ligands for RAGE and full-length RAGE is able to import 
A � s from the blood into the brain. ADAM10 also contrib-
utes to RAGE cleavage and production of sRAGE. Due to 
this link, statin-induced activation of ADAM10 might be 
benefi cial for two reasons: decreased production of A � s 

published data regarding this subject are highly controver-
sial. In some studies sRAGE levels were higher in coronary 
disease cases, or in those having a higher atherosclerotic 
burden, than in control subjects ( 33, 34 ). In other studies 
concerning the same topic, exactly opposite results were 
obtained ( 35–37 ). Observed variations of sRAGE levels 
might refl ect both infl amma tory and compensatory mech-
anisms of pathological processes. 

 In order to establish how the modulation of the cellular 
cholesterol content infl uences the secretion of sRAGE, 
cells were treated with M � CD. This treatment causes cho-
lesterol extraction mostly from the cell plasma membrane 
and disruption of lipid rafts ( 38 ). Acute cholesterol deple-
tion strongly stimulated RAGE shedding which resulted in 
a strong enhancement of sRAGE in cell supernatant. This 
indicates that soluble RAGE is generated presumably out-
side of lipid rafts. 

 The main aim of our study was to analyze whether cho-
lesterol-lowering statins infl uence RAGE shedding. Fur-
thermore, we aimed to elucidate the molecular mechanism 
of this process. 

 It has been reported that statin treatment suppresses 
the AGE/RAGE pathway by reducing serum levels of 
AGEs and by lowering RAGE expression in patients suf-
fering from type 2 diabetes ( 39, 40 ). Studies with diabetic 
rats also demonstrated that treatment with atorvastatin 
downregulates the expression of RAGE ( 41, 42 ). Because 
RAGE expression is regulated by ligand/RAGE interac-
tion, inhibition of this pathway by soluble RAGE may 
result in the reduction of RAGE expression. Literature 
regarding the infl uence of statin treatment on human 
soluble RAGE blood levels is still limited. Clinical studies 

  Fig.   6.  Activation of RAGE shedding at therapeutically relevant 
statin concentrations. HEK/RAGE cells were treated with a nanomo-
lar concentration of lovastatin, fl uvastatin, and atorvastatin as indi-
cated. As a control, cells were treated with equivalent amounts of 
solvent. Experiments were performed and analyzed as described in 
 Fig. 2 . Shown are the mean effects ± SD. Signifi cance was determined 
by the one-way ANOVA Bonferroni test (** P  < 0.01, *** P  < 0.001).   
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and impaired A �  transport into the brain. Our results may 
help to interpret effects observed in epidemiological stud-
ies which suggested a protective effect of statins against 
the development of cognitive impairment and AD ( 45–47 ). 
Here we show that statins, due to their cholesterol-lower-
ing effects, increase the level of soluble RAGE by inducing 
RAGE shedding. By this mode of action, statins presum-
ably inhibit pro-infl ammatory disease-promoting ligand/
RAGE pathways. We also demonstrate that statins at low 
concentration, similar to those found in blood plasma, are 
effective activators of RAGE shedding.  

 The authors thank H. Pearson for critically reading this 
manuscript. 
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