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a b s t r a c t

It has been reported that cyclosporine A (CsA) aggravates vascular injury in hyperlipidemic patients, but
the specific mechanisms are unclear. We explored the hypothesis that CsA may result in complement-
mediated endothelial cell lysis induced by down-regulation of decay-accelerating factor (DAF) in hyper-
lipidemic patients. Human umbilical vein endothelial cells (HUVECs) were treated with CsA or/and
oxidized low-density lipoprotein (ox-LDL) before allowing DAF expression. Complement factor C3 cell
binding was measured by flow cytometry. CsA exposure led to decreased DAF expression and aggravated
cell lysis of the HUVECs pre-incubated with ox-LDL, in a dose-dependent fashion. In in vivo experiments
using thoracic aortic endothelium from hyperlipidemic rats, CsA resulted in dose-dependent down-reg-
ulation of DAF, and accompanying endothelial damage. These observations provide new evidence that
hyperlipidemic patients treated with CsA may have an increased vascular risk, at least in part through
complement-mediated EC lysis following down-regulated DAF expression.

� 2008 Elsevier Inc. All rights reserved.
Although cyclosporine A (CsA) is an effective immunosuppres-
sant in tissue/organ transplantation, long-term use is limited by
side effects such as endothelial dysfunction and transplant vascu-
lopathy [1,2]. It is known that CsA increases the risk of vascular dis-
ease in hyperlipidemic patients, but the specific mechanisms are
unclear [3]. Some studies suggest the complement system may
play an important role: for example, CsA can activate the comple-
ment system and induce C3 and C4d deposition in the renal tubule
and interstitium [4,5]. A recent study suggests CsA inhibits up-reg-
ulation of complement inhibitor decay-accelerating factor (DAF) in
vascular endothelium by decreasing the expression of vascular
endothelial growth factor (VEGF) [6]. However, there is evidence
that binding of oxidized low-density lipoprotein (ox-LDL) to its
receptor (LOX-1) induces VEGF expression in hyperlipidemic pa-
tients [7]. This led us to consider the roles of CsA and ox-LDL/
LOX-1 in regulating VEGF/DAF production in hyperlipidemic trans-
plant patients.

It is known that DAF is inducible on the surface of vascular
endothelial cells (ECs), that it protects ECs against complement-
mediated cell lysis triggered by a variety of physiological agents,
and that other membrane-bound complement regulatory proteins
have no such biological effects [8]. DAF regulation is known to play
a role in the pathogenesis of atherosclerosis, as well as in the accel-
ll rights reserved.
erated atherosclerosis of transplantation and other inflammatory
cardiovascular diseases [9,10]. However, it is unclear how DAF is
expressed, what regulatory functions it performs, and its exact role
in the pathogenesis of cardiovascular disease, particularly in spe-
cial situations such as transplant-related hyperlipidemia.

In this study, in vivo and in vitro experiments demonstrate that
CsA down-regulates DAF expression on vascular ECs in hyperlipid-
emia in a dose-dependent fashion through the VEGF pathway, and
that this down-regulation of DAF enhances complement-mediated
vascular EC lysis. We provide new evidence (i) that transplant pa-
tients with hyperlipidemia treated with CsA have a higher vascular
risk than either transplant patients taking CsA who do not have
hyperlipidemia or hyperlipidemic patients who are not taking
CsA, and (ii) that this vascular injury occurs, at least in part,
through complement-mediated mechanisms.
Materials and methods

Preparation and oxidation of LDL. Human LDL was isolated from
fresh plasma by gradient ultracentrifugation as previously de-
scribed [11]. The purity of the LDL was assessed by agarose gel
electrophoresis, and the protein content was determined by the
modified Lowry method. LDL was oxidized at a concentration of
3 mg protein/mL by exposure to 7.5 lm CuSO4 for 24 h at 37 �C.
Oxidation was monitored by measuring production of thiobarbitu-
ric acid-reactive substance (20.12 ± 3.25 nmol/mg protein), and the
greater mobility of LDL on agarose gel electrophoresis—due to its
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increased negative charge—was compared with native LDL (ox-LDL
was 2.0 ± 0.6 times more mobile). ox-LDL was then sterilized by
passing it through a 0.22 lm filter.

Cell culture. Human umbilical vein endothelial cells (HUVECs)
were obtained from the American Type Culture Collection (ATCC)
and cultured in Medium199 (M199) supplemented with 10% foetal
calf serum, 100 IU/mL penicillin, 0.1 mg/mL streptomycin, 2 mmol/
L L-glutamine, 10 units/mL heparin, and 30 lg/mL EC growth factor
at 37 �C in a 5% CO2 humidified atmosphere. Cells used for experi-
ments were passaged between three and seven times. The cells
were incubated with ox-LDL (80 lg/mL) or/and CsA (0.1–5 lm)
for 24 h before determining the amount of binding of complement
factor C3 on the cell surface and the amount of expression of DAF
and VEGF.

Flow cytometry. The effects of ox-LDL or/and CsA on DAF expres-
sion and C3 cell surface binding were determined using flow
cytometry. A monolayer of HUVECs was pre-incubated for 24 h
with ox-LDL (80 lg/mL) and then treated with a specific, blocking,
anti-VEGF monoclonal antibody (mAb) (1 lg/mL, Sigma, USA) for
1 h or left untreated. Finally, cells were treated with CsA or left un-
treated and then harvested by exposure to trypsin/EDTA for 1 min
at 37 �C. After repeated pipetting to ensure single-cell suspensions,
the cells were stained with the appropriate primary MoAb for anti-
DAF (Santa Cruz Biotechnology, CA, USA) and anti-C3d (DakoCyto-
mation, USA), respectively, for 30 min at room temperature. After
being washed twice in phosphate-buffered saline/2.5% FBS, the
HUVECs were re-suspended in fluorescein isothiocyanate (FITC)-
labeled goat anti-rat IgG and FITC-labeled rabbit anti-goat IgG
(DakoCytomation, Carpentaria, CA), respectively, for 30 min at
room temperature. The wash procedure was repeated, and the cells
fixed in 4% paraformaldehyde. Cells were analyzed using an EPICS
XL flow cytometer (Beckman Coulter, USA). The fluorescence inten-
sity of 10,000 cells for each sample was quantified. Unstained cells
were used as controls. The mean fluorescence intensity from each
group was calculated and presented as a percentage of the control
value.

Cell lysis assays. The complement-mediated cell lysis induced by
CsA under hyperlipidemic conditions was estimated according to
Elaine’s methods [12]. Briefly, HUVECs were pre-incubated with
ox-LDL (80 lg/mL) overnight in a 24-well plate (1 � 105/well) at
37 �C prior to the addition of CsA (0.5, 1, or 5 lm) for 24 h, with
a control consisting of the medium alone. The cells were then incu-
bated for 30 min at 37 �C in a medium containing 7 lmol/mL cal-
cein-acetoxymeth1 ester (calcein AM, molecular probes). After
being washed in M199/10% FBS, HUVECs monolayers were opso-
nized by incubation with anti-Endoglin MAb (DAKO) for 30 min
at 37 �C. After being washed with HBSS/1% BSA, the cells were
incubated with 250 lL of 5–20% fresh human serum in M199 for
30 min at 37 �C.

The supernatant from each well was transferred to a 96-well
plate. After the cells were washed in M199/1% BSA, the calcein
AM remaining in the cells was released by incubation with
250 lL of M199/1% BSA/0.1% Triton X-100. The lysate was then
transferred to a new 96-well plate, and the calcein AM released
by complement and detergent was estimated using a FL-600
microplate fluorescence reader (Biotek Instruments, Inc). The
percentage of specific lysis in triplicate wells was calculated as
follows: (complement-mediated release � spontaneous release)/
(maximal release � spontaneous release) � 100%, where maximal
release is complement-mediated release + detergent-mediated
release. Spontaneous release was less than 20% in all
experiments.

Animal experiments. To induce hyperlipidemia, 50 male wistar
rats each weighing 180–200 g were fed a high-fat diet (40% basic
feeds, 40% lard, 5% eggs, 5% whole milk powder, 5% peanut powder,
5% sesame powder) for 20 days before hyperlipidemia was con-
firmed by evaluating blood-fat levels. Next, the rats (n = 10 for each
experimental group) were treated with two doses of CsA (1 or
5 mg/kg. per day) for 7 days. At the end of this period, the rats were
anesthetized using ether, a median sternotomy was performed,
and the thoracic aorta was excised for tissue sampling. In addition,
before tissue excision, 5 mL of blood from the right ventricle was
collected for analysis of blood-fat and serum ox-LDL levels.

mRNA analysis for DAF and VEGF. Total cell RNA was isolated
from the stripped rat thoracic aorta using an RNeasy mini kit (Qia-
gen). Reverse transcription-polymerase chain reaction (RT-PCR)
was performed using the Qiagen Onestep RT-PCR Kit. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) cDNA was used as an
internal control.

The following primers were synthesized: rat DAF: 50-GCC TTG
AGG AAT TAG TAT GG-30 (sense), 50-TGC ACT TGG GTG GTG CAC
TA-30 (antisense); rat VEGF: 50-GCT CTC TTG GGT GCA CTG GAC-
30 (sense), 50-CAC CGC CTT GGC TTG TCA C -30 (antisense); rat GAP-
DH: 50-GGT CGG TGT GAA CGG ATT TG-30 (sense), 50-GCC TTC TCC
ATG GTG GTG AA-30 (antisense).

Western blot analysis of DAF and VEGF. Western blot analysis
was performed as described previously [13]. Anti-rat DAF poly-
clonal antibody was obtained from Santa Cruz Biotechnology,
and the VEGF monoclonal antibody and the horseradish peroxidase
(HRP)-conjugated rabbit anti-goat IgG from DakoCytomation. Fi-
nally, the signals of the bands were quantified with Image-Pro Plus
4.5 software. All results were normalized to b-actin.

Immunohistochemistry and Sudan III staining. For immunohisto-
chemistry and Sudan III staining, segments of the rat thoracic aor-
tas were either fixed in 10% neutral-buffered formalin and
embedded in paraffin according to standard procedures or snap-
frozen in liquid nitrogen. Frozen sections for Sudan III staining
(7 lm) or paraffin sections (4 lm) for immunohistochemistry were
cut. Immunohistochemistry analysis for DAF expression was per-
formed according to a standard protocol. The results were quanti-
fied with Image Pro-Plus software.

Statistical analysis. Data are presented as means ± SD. Differ-
ences between groups means were determined by Student’s t-test
or one-way ANOVA followed by a Newman–Keuls test; P < 0.05
was considered statistically significant.
Results

CsA down-regulated vascular endothelial DAF expression

To examine how CsA regulates the expression of DAF in a hyper-
lipidemic situation, HUVECs were pre-incubated with ox-LDL
(80 lg/mL) for 24 h and then exposed to CsA of various dosages,
from 0.1 to 5 lm, for 24 h to determine the maximal response.
Compared with no treatment, a dose-dependent decrease of DAF
expression was observed after exposure to CsA at concentrations
of up to 5 lm. The maximum reduction of DAF expression was
84.5% ± 1.04 and this was seen at the highest dose of CsA
(Fig. 1A). However, there was no change in DAF expression when
the VEGF pathway was blocked (Fig. 1B).

In the animal experiments, the rats were confirmed to be
hyperlipidemia by detection of high blood-fat levels. We found
the plasma glucose, total cholesterol, triglyceride; ox-LDL levels
and body weight of rats fed the high-fat diet to be clearly higher
than those of rats fed a standard diet (Table 1). DAF mRNA and
protein expression in the thoracic aorta of CsA-treated hyperlipi-
demic rats was markedly down-regulated compared with levels
in either hyperlipidemic control rats who were not exposed to
CsA or normal control rats (Supplementary Material). This indi-
cates that CsA inhibits DAF expression in hyperlipidemia in a
dose-dependent fashion.



Fig. 1. Analysis of DAF expression in HUVECs following stimulation by ox-LDL or/
and CsA. ECs were pre-incubated for 24 h with ox-LDL (80 lg/mL) and then treated
with specific blocking anti-VEGF mAb for 1 h. Next, cells were exposed to CsA at
concentrations of 0.1 or 5 lm, followed by analysis of DAF expression by flow
cytometry. All data are expressed as means ± SD; *P < 0.05, #P < 0.01 VS control;
n = 10 per group. The results represent three independent experiments.

Table 1
The hyperliepma model’s analysis of blood-fat value.

Parameter Control (n:10) Hyperlipemia model (n:10)

Glucose (mg/d1 serum) 79.63 ± 2.48 154.44 ± 3.74*

Total cholesterol (mg/d1 serum) 75.42 ± 1.78 269.40 ± 3.79#

Triglyceride (mg/d1 serum) 62.17 ± 1.91 197.86 ± 5.09#

Body weight (g) 282.33 ± 11.98 395.17 ± 10.91*

Serum ox-LDL (% of control) 100% 285.72% ± 8.93 *

The results are expressed as means ± SD.
After fed a high-fat diet for 20 days, the plasma glucose, total cholesterol, triglyc-
eride and body weight are obviously higher than control.

* 0.05.
# 0.01 VS control.

Fig. 2. ox-LDL or/and CsA-induced HUVEC damage by complement-mediated lysis.
(A) The effect of CsA on surface C3 binding was determined by flow cytometry using
FITC-conjugated anti-C3. (B) CsA-induced damage in HUVECs pre-incubated with
ox-LDL. HUVECs were cultured with ox-LDL (80 lg/mL) overnight in 24-well plate
(1 � 105/well) at 37 �C prior to the addition of CsA (0.5 or 5 lm) for 24 h before
conducting the cell lysis assay, using the medium alone as a control. The percentage
cell lysis was calculated. All data are expressed as means ± SD; *P < 0.05, #P < 0.01
VS control; n = 10 per group. The resulted represent 3 independent experiments.
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CsA-induced down-regulation of DAF aggravates complement-
mediated vascular injury

To address the functional significance of DAF down-regulation,
the effect of CsA on the binding of complement factor C3 to the sur-
face of HUVECs was measured. ox-LDL slightly increased C3 bind-
ing and CsA markedly increased binding to a maximum of
161.33 ± 4.03% (Fig. 2A). The relevance of this increase in C3 bind-
ing was confirmed by the concomitant significant increase in com-
plement-mediated cell lysis observed in the HUVECs pre-incubated
with ox-LDL and treated with CsA (Fig. 2B). Hyperlipidemia alone
did not induce cell lysis, although C3 binding was slightly higher
than that of normal controls. However, when CsA was added, there
was marked, dose-dependent cell lysis. In the animal experiments,
CsA increased the amount of damage seen in the thoracic aortic
endothelium of hyperlipidemic rats in a dose-dependent fashion
(Fig. 3A).

In addition, Sudan III staining showed that there was little lipid
deposition within the thoracic aortic subendothelium of hyperlipi-
demic rats, some deposition in the subendothelium of hyperlipi-
demic rats treated with low-dose CsA (1 mg/kg), and a large
amount of deposition in the subendothelium of hyperlipidemic
rats treated with high-dose CsA (5 mg/kg) (Fig. 3B). This suggests
that CsA increases the risk of atherosclerosis in hyperlipidemic rats
above that seen with hyperlipidemia alone.

CsA induces down-regulation of DAF by inhibiting VEGF expression

When the VEGF pathway was blocked, DAF expression in HU-
VECs treated with CsA was not significantly different to that of nor-
mal controls (Fig. 1B). To further observe the effect of CsA on VEGF
expression in a hyperlipidemic situation, we investigated both
mRNA transcription and protein levels. Results of both the
in vivo and in vitro experiments show that VEGF expression is
up-regulated when there is hyperlipidemia. This finding accords
with the previous studies. However, in the present study, we found
that CsA dose-dependently inhibited this effect of hyperlipidemia
on VEGF induction (Fig. 4).

Discussion

Many studies have confirmed that hyperlipidemia, as an inde-
pendent risk factor, may influence the short- and long-term sur-
vival of transplant patients [14]. Furthermore, it is now
recognized that hyperlipidemic patients treated with CsA have a
higher vascular risk than other hyperlipidemic patients, although
the mechanism is not fully understood [15]. Our in vitro data show
that treatment of ox-LDL-pre-incubated HUVECs with CsA resulted



Fig. 3. CsA-induced vascular endothelium damage in hyperlipidemic rats via complement-mediated lysis. (A) Vascular endothelium was examined for damage using H&E
staining. (1) The integrity of the endothelium can be observed in normal rat controls (arrows). (2) Slight endothelial damage was observed in hyperlipidemic rats (arrows). (3)
The vascular endothelium suffered moderate injury, and little remaining endothelium can be observed, in hyperlipidemic rats treated with low-dose CsA (arrows). (4) The
vascular wall has suffered serious damage, the endothelium is completely invisible, and the subendothelium has also suffered varying degrees of damage, in hyperlipidemic
rats treated with high-dose CsA (arrowheads). (B) Observation of lipid deposition under the endothelium using Sudan III staining. (1) No lipid was observed within the
endothelium of normal control rats. (2) A small amount of lipid was deposited within the subendothelium of hyperlipidemic rats (arrows). (3) Some lipid deposition was
observed within the subendothelium of hyperlipidemic rats treated with low-dose CsA (arrows). (4) Large amounts of lipid were deposited within the subendothelium
(arrows) of hyperlipidemic rats treated with high-dose CsA. All data are expressed as means ± SD; *P < 0.05, #P < 0.01 VS control; n = 10 per group. The result represent three
independent experiments.

Fig. 4. Effect of CsA on VEGF expression in the thoracic aorta of hyperlipidemic rats. (A) Hyperlipidemic rats treated with CsA (1 or 5 mg/kg per day) for 7 days or left
unexposed before analysis of VEGF mRNA transcription by RT-PCR. (B) Analysis of VEGF protein expression in the rat vascular endothelium using Western blot. All data are
expressed as means ± SD; *P < 0.05, #P < 0.01 VS control; n = 10 per group. The result represent three independent experiments.
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in a dose-dependent down-regulation of DAF expression and an in-
crease of C3 binding on the HUVEC surface, with subsequent com-
plement-mediated cell lysis. In the animal experiments, we
likewise found that CsA led to DAF down-regulation and vascular
endothelial injury in a dose-dependent fashion. In addition, our
finding that more lipid was deposited within the subendothelium
of hyperlipidemic rats treated with high-dose CsA than those trea-
ted with low-dose CsA, or not exposed, suggests that CsA enhances
the risk of atherosclerosis following hyperlipidemia.

To investigate whether this CsA-mediated DAF down-regulation
occurs through VEGF induction, we blocked the VEGF pathway
with specific anti-VEGF mAb and found that DAF expression in HU-
VECs did not change. In both the in vivo and in vitro experiments,
mRNA and protein levels of VEGF progressively decreased with
increasing doses of CsA, with a corresponding reduction of DAF
expression. This suggests that ox-LDL/LOX-1 can induce VEGF
expression but that CsA prevents this effect, leading to down-reg-
ulated DAF expression. Some studies have shown that CsA, a
known anti-angiogenic medication, can interfere with VEGF pro-
duction when blood-fat levels are normal. For example, Cho et al.
found that treating synovial fibroblasts with CsA decreased VEGF
expression at both the protein and mRNA level and that it did so
by inhibiting activation of activator protein 1 (AP-1) [16]. Koji
et al. also reported that CsA exerts its anti-angiogenic effects by
inhibiting VEGF production by way of a c-jun N-terminal Kinase
(JNK)-dependent pathway [17]. Moreover, CsA is able to directly
inhibit many downstream signaling pathways involved in VEGF
induction, including p38 MAPK, which is also an important signal-
ing pathway for DAF production [6,18].

Cumulatively, the data suggest that CsA-induced DAF regulation
is dependent on VEGF expression. Additionally, we not only found
that VEGF production increases when there is hyperlipidemia, but
that hyperlipidemia increases the ability of CsA to inhibit VEGF
expression and downstream signaling. Reduced VEGF expression
then leads to a decrease in DAF expression that induces comple-
ment-mediated lysis of the vascular endothelium.
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Interestingly, in the absence of exposure to CsA, DAF production
does not increase with VEGF up-regulation when there is hyperlip-
idemia. This finding may be explained by the fact that binding of
ox-LDL to LOX-1 activates the complement system. Previous
researchers have reported that both the classic and alternative
complement pathways can be activated by lipids isolated from ath-
erosclerotic lesions and by LDL which has been modified enzymat-
ically [19,20]. Recently, Adrienn et al. showed that modified LDL
binds to and actives the C1 complement complex, and that this
activation may be independent of C-reactive protein [21].

It is reasonable to conclude that CsA aggravates vascular endo-
thelial injury in hyperlipidemic situations in vivo and in vitro, at
least in part by complement-mediated EC lysis. This lysis follows
CsA-induced down-regulation of DAF expression in the vascular
endothelium, and the cytopathic effect increases with increasing
exposure to CsA. Our data emphasize the importance of under-
standing complement-mediated vascular endothelial injury in pa-
tients with transplant-related hyperlipidemia who use CsA for
immunosuppressive therapy. This may in turn identify novel ther-
apeutic targets for preventing and treating transplant-related
atherosclerosis.
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