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Purpose: Local activation of the complement system plays
a role in target organ damage. The aim of our study was to
investigate the influence of cyclosporine (CsA)- induced renal
injury on the complement system in the kidney. Materials
and Methods: Mice fed a low salt (0.01%) diet were treated
with vehicle (VH, olive oil, 1 mL/kg/day) or CsA (30 mg/
kg/day) for one or four weeks. Induction of chronic CsA
nephrotoxicity was evaluated with renal function and
histomorphology. Activation of the complement system was
assessed through analysis of the expression of C3, C4d, and
membrane attack complex (MAC), and the regulatory pro-
teins, CD46 and CD55. CsA treatment induced renal dysfunc-
tion and typical morphology (tubulointerstitial inflammation
and fibrosis) at four weeks. Results: CsA-induced renal
injury was associated with increased the expression of C3,
C4d, and MAC (C9 and upregulation of complement regula-
tory proteins (CD 46 and CDS55). Immunohistochemistry
revealed that the activated complement components were
mainly confined to the injured tubulointerstitium.
Conclusion: CsA-induced renal injury is associated with
activation of the intrarenal complement system.

Key Words: Cyclosporine, complement, nephrotoxicity, innate
immunity

Received August 10, 2006
Accepted December 10, 2006

This study was supported by The Catholic Medical Center
Research Foundation made in the program year of 2005 and the
Korea Science & Engineering Foundation (KOSEF) (R13-2002-
005-01001-0) through the Cell Death Disease Research Center at
The Catholic University of Korea.

Reprint address: requests to Dr. Chul Woo Yang, Department
of Internal Medicine, Kang-nam St. Mary’s Hospital, The Catholic
University of Korea, 505 Banpo-Dong, Seocho-gu, Seoul 137-040,
Korea. Tel: 82-2-590-2527, Fax: 82-2-536-0323, E-mail: yangch@
catholic.ac.kr

INTRODUCTION

The complement system is an important com-
ponent of the immune system, but irregular or
excessive activation of the complement system can
damage tissues.”” For example, local activation of
the terminal components of the complement sys-
tem, C5a and C5b-9, is a key mediator of myocar-
dial ischemia-reperfusion injury.* In the kidney,
excessive activation of the complement system is
associated with ischemia-reperfusion injury,” anti-
glomerular basement membrane glomerulone-
phritis,” immune complex nephritis,” chronic tub-
ulointerstitial damage,” remnant kidney,” nephrotic
syndrome,'’ and diabetic nephropathy."" Rejection
of renal transplants is caused by local synthesis of
the components of the complement system.”
These findings suggest that activation of the com-
plement system plays a role in the pathogenesis
of immune and non-immune mediated renal
injury.

Chronic cyclosporine A (CsA) nephrotoxicity is
one of the chronic tubulointerstitial diseases in
clinical practice. Long-term administration of CsA
causes progressive renal failure with striped
interstitial fibrosis, tubular atrophy, inflammatory
cell infiltration, and hyalinosis of the afferent
arterioles.” The pathomechanism underlying the
development of chronic CsA-induced nephro-
toxicity is multifactorial, and several mediators
including the intrarenal renin-angiotensin system,
endothelin-1, nitric oxide (NO) and NO synthases,
and apoptotic cell death have been implicated.”™
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However, the role of the activated complement
system in the pathogenesis of chronic CsA
nephrotoxicity is not well understood.

Using an experimental mouse model for chronic
CsA nephrotoxicity, we evaluated the effect of
chronic CsA treatment on complement compo-
nents and regulatory proteins. The results of our
study clearly demonstrate that the intrarenal
complement system is activated in the mouse
model of chronic CsA nephrotoxicity, and this
may contribute to the progression of tubulo-
interstitial injury.

MATERIALS AND METHODS
Study protocol

The experimental protocol was approved by the
Animal Care Committee of the Catholic Univer-
sity of Korea. Male ICR mice (Taconic Anmed,
Rockville, MD, USA) initially weighing 25 g, were
housed in cages in a temperature- and light- con-
trolled environment, and allowed free access to a
low salt diet (0.01% sodium, Teklad Premier,
Madison, WI, USA) and tap water. Mice were
randomized into two groups and treated daily for
1 (n=12) or 4 weeks (n =12) as follows: 1) Vehicle
group (VH, n=6): subcutaneous injection with
olive oil (Sigma Diagnostics, St. Louis, MO, USA,
1mL/kg); 2) CsA group (n=6). subcutaneous
injection with CsA (Novartis Pharma, Basel,
Switzerland, 30 mg/kg). This dosage and method
of CsA administration were chosen according to
a previous 1‘eport.15’16

Basic parameters

After the treatment was started, mice were
pair-fed and daily body weight (BW) was moni-
tored. Whole blood CsA levels were measured by
a monoclonal radioimmunoassay (Incstar Co.,
Stillwater, MN, USA). Prior to sacrifice, animals
were individually housed in metabolic cages
(Tecniplast Gazzada S.A.R.L,, Italy) for 24-h urine
collection, and blood samples were obtained to
evaluate serum creatinine (Scr) and blood urea
nitrogen (BUN) levels. The creatinine clearance
rate (CICr) was calculated by the standard for-

Yonsei Med J Vol. 48, No. 3, 2007

mula.
Histopathology

Mice were perfused through the left ventricle of
the heart, and the kidney tissues were fixed with
a periodate-lysine-paraformaldehyde (PLP) solu-
tion and then embedded in wax. After dewaxing,
4-um sections were processed and stained with
Masson’s trichrome and hematoxylin.

Immunohistochemistry

After dewaxing, sections were incubated with a
0.5% Triton X100-PBS solution for 30 min and
washed with phosphate buffered saline (PBS)
three times. Non-specific binding sites were
blocked for 1h with normal donkey serum di-
luted 1:10 in PBS, and then incubated overnight
at 4C with antibodies diluted in 1:1000 in a
humid environment. After rinsing in Tris-buffered
saline (TBS), sections were incubated in peroxidase-
conjugated donkey anti-mouse or rabbit IgG Fab
fragment (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) for 30 min. For staining,
sections were incubated with a mixture of 0.05%
3,3’-diaminobenzidine containing 0.033% HO, at
room temperature until a brown color was visible,
washed with TBS, counterstained with hematoxy-
lin and examined under light microscopy. The
primary antibodies were as follows: C3 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); C9,
rabbit anti-rat polyclonal antibody (cross-reactive
with mouse C9, kindly provided by Dr. B. P. Mor-
gan, Cardiff University);17 C4d, a murine mono-
clonal antibody (Quidel Corporation, San Diego,
CA, USA); CD55, a rabbit anti-rat polyclonal anti-
body (I1-319, Santa Cruz Biotechnology, Santa
Cruz, CA, USA).

Immunoblotting

For immunoblotting analysis, whole kidney
tissues were homogenized in lysis buffer. Homo-
genates were centrifuged at 3000 rpm for 15 min
at 4C, and the protein concentration of the lysate
was determined using the Bradford method (Bio-
RAD, Hercules, CA, USA). Protein samples were
resolved on a 15% SDS-polyacrylamide gel (SDS-
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PAGE) and then electroblotted onto Bio-Blot
nitrocellulose membrane (Bio-RAD, Hercules, CA,
USA). Ponceau S staining was performed to verify
that equal amounts of protein (50 ug) were loaded.
The membrane was blocked for 1h in Tris-
buffered saline with tween-20 (TBS-T, 10 mM
Tri-CL, 150 mM NaCl [pH8.0], 0.05% tween-20)
containing 5% nonfat powdered milk. C9 and
CD46 were detected by incubating membranes for
1 h with primary antibodies diluted 1 : 1000 (rabbit
polyclonal anti-CD46 antibody, H-294, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Primary
antibody incubation was followed by six washes
with TBS-T. The blot was then incubated with
peroxidase-linked anti-mouse or rabbit IgG as a
secondary antibody (Amersham Biosciences,
Buckinghamshire, England) for 1h at room tem-
perature. Antibody-reactive protein was detected
using enhanced  chemiluminescence  (ECL,
Amersham Life Science, UK). Optical densities
were obtained using the VH group as a reference
for 100%.

Double labeling using confocal laser scanning
microscopy

For double labeling with C4d or C3 and a-
smooth muscle actin (a-SMA, Sigma Diagnostics),
the tissue sections were prepared as described
above. In brief, before incubation with primary
antibodies, the tissue sections were permeabilized
by incubation for 15 min in 0.5% Triton X-100 in
PBS, and then blocked with normal donkey serum
diluted 1:120 in PBS for 1h. Subsequently, the
tissue sections were incubated overnight at 4TC
with monoclonal C4d or C3 antibody. The tissue

Table 1. Functional Parameters in Hach Group

sections were rinsed in PBS and incubated with
Cy3-conjugated donkey anti-mouse antibody
(diluted 1 :500; Jackson ImmunoResearch Labora-
tories) for 2 h at room temperature. Tissues were
rinsed with PBS, and then incubated with a-SMA
antibody (diluted 1:300; Molecular probes, Inc.
Eugene, OR, USA) for 2h at room temperature.
The microscopic analysis was carried out using an
MRC-1024 laser confocal microscope (Bio-Rad,
Hercules, CA, USA) after the sections were
mounted in Kaiser’s glycerol gelatin (Merck,
Dermstadt, Germany).

Statistical analyses

Data are expressed as means + SEM. Multiple
comparisons among groups were performed by
one-way ANOVA with the posthoc Bonferroni
test (SPSS software version 9.0, SPSS Inc, Chicago,
IL, USA). Statistical significance was accepted
when p < 0.05.

RESULTS
Induction of chronic CsA nephrotoxicity

Mean body weights of both treatment groups
increased during the experiment. Mean body
weight (28 + 0.8 vs. 35 + 0.8, p < 0.05) and renal
function (Scr: 0.70 = 0.4 vs. 0.54 + 0.04; BUN: 106
+ 24 vs. 42 + 5, CICr: 0.13 + 0.03 vs. 0.24 + 0.03,
p < 0.05, respectively) was significantly lower in
the CsA group than in the vehicle group after
week 4 (Table 1). The mean concentration of CsA

1 wk VH (n=6)

1 wk CsA (n=6)

4 wk VH (n=6) 4 wk CsA (n=6)

FBW (g) 29 +£ 0.5
Scr (mg/dL) 0.60 = 0.0
BUN (mg/dL) 48 +£3
CICr (mL/min/100 g) 0.26 £ 0.02

CsA (ng/mL) -

29 £ 05 35 £ 05 28 £ 0.8*
0.59 = 0.02 0.54 = 0.04 0.70 = 0.4%
55+ 4 42 + 5 106 £ 24*
0.24 = 0.02 0.24 £ 0.03 0.13 & 0.03*

1,305 £ 28 - 1,683 £ 83

FBW, final body weight; Scr, serum creatinine; BUN, blood urea nitrogen; CICr, creatinine clearance.

*» < 0.05 vs. VH.
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was 1305 + 28 ng/mL after week 1, and 1683 *
83 ng/mL after week 4. After week 4, the morpho-
logical features of the kidneys from CsA-treated
mice (striped tubulointerstitial fibrosis, tubular
atrophy, and inflammatory cell infiltration) were
similar to those of kidneys from human cases of
chronic CsA-induced nephrotoxicity (Fig. 1).

Expression of C4d and C3 in chronic CsA
nephrotoxicity

Immunoreactivity of C4d and C3 in the kidneys
of mice treated with vehicle was slight. Expression
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of C4d and C3 in the renal tubular epithelium of
the kidneys after week 1 was significantly in-
creased by CsA treatment. A further increase was
observed after week 4, when interstitial fibrosis
and tubular atrophy appeared (Fig. 2 and Fig. 3).
Glomeruli were negative for C3 and C4d. To
clarify the localization of C4d-positive cells,
double immunolabeling was performed using a-
smooth muscle actin as a capillary marker. There
were no merged cells within the tubulointers-
titium (Fig. 4), which suggests that the C4d-posi-
tive cells are renal tubular cells.

]
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Fig. 1. Representative photomicrographs of the histomorphology for each group. CsA treatment for four weeks induced
interstitial fibrosis. Trichrome stain, original magnification X 200.
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Fig. 2. Representative photomicrographs of immunohistochemistry for C3. CsA treatment resulted in a significant increase
in C3 immunoreactivity. Immunohistochemical staining, original magnification, X 200; insets X 1000.
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Fig. 3. Representative photomicrographs of immunohistochemistry for C4d. CsA treatment resulted in a significant increase
in C4d immunoreactivity (arrow heads). Immunohistochemical staining, original magnification, X 200; insets (a) X 1000.
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Fig. 4. Double immunofluorescence with vessel markers for a-smooth muscle actin (green) and C4d or C3 (red).

Original magnification x 400.
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Fig. 5. Immunohistochemistry (A) and immunoblot-
ting (B) for membrane attack complex (MAC). Note
that the increase in MAC protein expression in renal
tubules induced by CsA treatment was confined to
the apical side (double arrows) and the tubulointersti-
tium (asterisks). Magnifications: inset X 1000; others
X 200. #p < 0.05 vs. VH.

Expression of membrane attack complex in
chronic CsA nephrotoxicity

We evaluated the expression of the terminal
membrane attack complex (MAC) using an anti-
body against C9. CsA treatment enhanced MAC
immunoreactivity in the interstitium and renal
proximal tubules; this effect was time-dependent
and restricted to subapical regions with an injured
brush border (Fig. 5). Consistent with the immu-

nohistochemical results, immunoblotting for MAC
revealed that the expression of MAC protein was
significantly increased by CsA in a time-depen-
dent manner (1wk: 201 + 36 vs. 100 = 2; 4 wk:
891 + 37 vs. 100 + 2, p < 0.05 vs. VH).

Expression of CD55 and CD46 in chronic CsA
nephrotoxicity

Expression of complement regulatory proteins

Yonsei Med J Vol. 48 No. 3, 2007
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Fig. 6. Immunohistochemistry
of CD55. CD55 is strongly ex-
& = 0 3 3 y pressed in the endothelial cells
o oAy Ty o= VB --:- ; of the glomeruli and the vascu-
lar bundles of the outer medulla
(arrows). Dotted lines indicate
. the vascular bundle of the outer
' medulla. VB, vascular bundle.
YH Twk CsA 4wk CsA Original magnification x 200.
YH Iwk CsA 4wk CsA DISCUSSION
CD46 ® o A e R 50 KkDa
o The results of this study clearly demonstrate
- # that CsA-induced renal injury increased the
= expression of C3, C4d, and the MAC (C9), and
8 190 this was accompanied by upregulation of com-
gg o0 I " plement system regulatory proteins (CD46 and
o0 CD55). Immunohistochemistry revealed that the
>'G
8 5 activated components of the complement system
= were mainly in the injured tubules and inters-
0 v . Y titium. These findings suggest that CsA-induced
oy oy renal injury is associated with activation of the

Fig. 7. Immunoblotting analysis of CD45. CsA treatment
markedly increased the expression of CD45 protein. The
relative optical densities (%) are presented with the VH
group designated as 100%. #p < 0.05 vs. VH.

(CD55 and CD46) was studied using immunohis-
tochemistry or immunoblotting. Immunohistoche-
mical analysis revealed that CD55 was expressed
in the endothelial cells of the glomeruli and the
vascular bundles of the outer medullas in the VH
group and immunoreactivity of CD55 was in-
creased by CsA treatment (Fig. 6). CD46 protein
was also significantly increased by 4 weeks of
CsA treatment (Fig. 7, 180 + 11 (CsA) vs. 100 + 20
(VH), p < 0.05).
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intrarenal complement system.

To define whether CsA-induced renal injury
activates the complement system in the kidney,
we evaluated C3 expression since the alternative,
classical and mannose-binding lectin pathways
activate variants of C3, causing a cascade of
cleavage and generation of the proinflammatory
and regulatory molecules.”” We found that C3
immunoreactivity was significantly increased by
CsA treatment and this increase was localized to
the tubular cells in the injured area. This finding
is consistent with previous reports that the C3
gene is expressed in renal tubular epithelial cells
and that expression of C3, which does not occur
in histologically normal specimens, is associated
with diffuse inflammatory process and focal renal

. 18,19
scarring.
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In general, deposition of C4d along peritubular
capillaries is regarded as an index of an antibody-
mediated rejection (AMR) in chronic allograft ne-
phropathy. ™" However, C4d expression overlaps
with other clinical conditions such as ischemia-
reperfusion injury22 and other toxic injuries.23 In
this study, immunohistochemical analysis re-
vealed that CsA treatment increased C4d im-
munoreactivity in the interstitial fibrosis area, and
doubling labeling with a-smooth muscle actin
showed that the C4d-positive cells were renal
tubular cells. Our finding suggests that C4d
deposition in the renal tubular cells in response to
CsA-induced renal injury is an important point
for differentiating from antibody-mediated rejec-
tion.

The MAC is a terminal product of complement
activation, and mediates chronic tubulointerstitial
damage.*” Immunohistochemistry and immuno-
blotting showed that the expression of C9 in
CsA-treated kidneys was twice that in the controls
at the end of week 1 and nine times that in the
controls after week 4. Immunolocalization re-
vealed that C9 was present on the luminal side of
the tubular cells. Our observation is consistent
with a previous study showing that renal
epithelial cells are vulnerable to attack by C5b-9
and that MAC formation is closely associated with
morphologic alterations of the kidney (interstitial
fibrosis and inflammatory cells influx).”

Host tissues express a number of membrane-
bound complement inhibitors to overwhelm com-
plement-mediated autologous attacks. The protec-
tive roles of complement regulatory proteins have
been established in studies of CD55- and CD59-
deficient mice’ and by administration of an anti-
CD59 antibody.'” Decay accelerating factor (DAF,
CD55), membrane cofactor protein (MCP, CD46),
and CD59 are ubiquitously distributed in the
kidney, and their expression may be affected by
complement attack and cytokines. In our study,
CsA treatment significantly increased CD55 and
CD46 expression in parallel with complement
deposition, which is consistent with previous
results in studies on membranoproliferative glo-
merulonephritis, IgA nephropathy, and Iupus
nephritis.”*® This finding suggests that CsA-in-
duced renal injury increases complement regula-
tory proteins as well as complement components,

and an increase in regulatory proteins may be
explained as a compensatory response against an
activated complement system.

Although the mechanism by which chronic CsA
treatment stimulates the complement system in
chronic CsA nephrotoxicity is unknown, two
mechanisms are possible. Firstly, chronic CsA
nephrotoxicity is associated with enhancement of
proinflammatory mediators (C-reactive protein
and tumor necrosis factor-a),”>* which induce
production of the central complement component
C3.%%? Secondly, activated toll-like receptors may
indirectly induce expression of the complement
system. Previously, we demonstrated that long-
term CsA treatment upregulates TLR4 mRNA and
protein expression” and that this may be related
to an increased synthesis of complement. Mice
deficient in toll-like receptor 4 had lower serum
C3 deposition through the alternative pathway
and lower de novo synthesis of C3 than wild-type
mice,” suggesting that TLR-4 signaling affects the
turnover rate of the complement cascades. Taken
together, the results indicate that activated inflam-
matory mediators and toll-like receptors during
CsA-induced renal injury may trigger activation
of the intrarenal complement system.

Two issues should be considered in the inter-
pretation of our study. First, the choice of drug
dosage is important in evaluating any effects. In
this study, CsA was administered at a dose of 30
mg/kg/d, which is higher than that given to
humans (usually 4-5 mg/kg/d in clinical practice).
Unlike the human kidney, the mouse kidney is
resistant to CsA-induced renal injury. Indeed, our
group” and other groups'®*** have shown that a
high dose of CsA is required to reproduce a
mouse model of chronic CsA nephrotoxicity. In
addition, the role of intrarenal complement sys-
tem activation in CsA-induced renal injury is
unknown. However, there are some studies
linking complement activation and renal tubular
interstitial injury.””* The results of this study
revealed that the intrarenal complement system is
activated in the injured tubulointerstitium of a
mouse model for chronic CsA nephrotoxicity.
Therefore, we propose that the activated comple-
ment components may be related, in part, to renal
tubulointerstitial injury in this animal model of
chronic CsA nephrotoxicity. Future clinical studies
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are required to confirm this finding.

In conclusion, overexpression of components of

the complement system may be one of the
mechanisms responsible for the development of
chronic CsA nephrotoxicity. This finding provides

further

information on the mechanism of

CsA-induced renal injury and identifies potential
therapeutic targets.
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