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Abstract
Background. Macrophages play diverse roles in tissue in-
jury. We evaluated their role in cyclosporine (CsA)-induced
renal injury by depletion with liposomal clodronate (CL).
Methods. Male Sprague Dawley rats were treated with
CsA with or without CL treatment for 28 days. We as-
sessed responses from the pathology and by measuring
renal functions and levels of a proinflammatory cytokine
(osteopontin), a profibrotic cytokine (βig-h3), innate im-
mune response markers (toll-like receptor 2 and MHC
class II molecules), apoptotic cell death (deoxynucleotidyl
transferase-mediated dUTP-biotin nick end-labelling stain-
ing and caspase-3 expression) and oxidative stress
(8-hydroxy-2′-deoxyguanosine, 8-OHdG).
Results. Macrophage depletion with CL improved not only
renal function but also histopathology compared with the
CsA-treated rats. Osteopontin and βig-h3 levels increased
significantly in CsA-treated rat kidneys, but CL treatment
decreased both markers. Enhanced innate immune response
and apoptotic cell death in CsA-treated rat kidney were
decreased with CL. The increased rates of urinary 8-OHdG
excretion and the tubular expression of 8-OHdG produced
by CsA treatment were reversed with CL treatment.
Conclusions. Thus, infiltrating macrophages were involved
in both nonimmunologic and immunologic injury and led
to apoptotic cell death in this rat model of chronic CsA
nephropathy.

Keywords: clodronate; cyclosporine; macrophage;
nephrotoxicity

Introduction

Chronic cyclosporine (CsA) nephropathy is characterized
by irreversible renal-striped interstitial fibrosis, inflamma-
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tory cell infiltrations and hyalinosis of the afferent glomeru-
lar arterioles [1,2]. The main aetiology of CsA-induced in-
jury is chronic hypoxic injury to the kidneys [3] and the
major form of cell death is apoptosis in renal tubular cells
[4–7]. In addition to direct toxic effect of CsA, many me-
diators such as angiotensin II, transforming growth factor-
beta1 (TGF-β1) and osteopontin (OPN) are involved in this
pathogenesis [8,9].

The study of the role of macrophages in such situations
became possible using liposome-encapsulated clodronate
(dichloromethylene bisphosphonate; CL) [10]. Systemic in-
jections of CL in mice deplete 90% of the peripheral mono-
cytes rapidly (within 24 h), as well as tissue macrophages
[11]. CL induces selective apoptosis in monocytes and
macrophages without affecting lymphocytes or neutrophils
[12,13]. Furthermore, unlike other methods of macrophage
depletion, the CL-mediated antimonocyte/macrophage ap-
proach does not result in the secretion of proinflammatory
cytokines [14].

This macrophage depletion technique in various experi-
mental models has shown that macrophages are important
in the pathogenesis of ischaemic injury, fibrosis and tissue
rejection [15–17]. Macrophages are a major cell type in
infiltrated inflammatory cells in chronic CsA nephropathy
[18]. Using CL, we evaluated the direct role of macrophages
in the pathogenesis of chronic CsA nephropathy. Our results
demonstrate clearly that macrophages play a pivotal role in
both nonimmunologic and immunologic injury in chronic
CsA nephropathy.

Materials and methods

Animals and drugs

The Animal Care Committee of the Catholic University of
Korea approved the experimental protocol, and all proce-
dures performed in this study followed our ethical guide-
lines for animal studies. Male Sprague Dawley rats (Charles
River Technology, Seoul, Korea), initially weighing 250–
290 g, were housed in cages (Nalge Co., Rochester, NY,
USA) in a controlled temperature and controlled light
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environment. CsA (Novartis Pharma Ltd, Basel,
Switzerland) was diluted in olive oil (Sigma–Aldrich, St
Louis, MO, USA). Liposome-encapsulated CL was pre-
pared according to Van Roojien et al. [12]. In brief,
a mixture of phosphatidylcholine (Lipoid GmbH, Lud-
wigshafen, Germany) and cholesterol (Sigma–Aldrich) was
resuspended in 0.6 M CL or phosphate-buffered saline
(PBS) and sonicated to produce multilamellar liposomes.
These were washed twice by ultracentrifugation to re-
move nonencapsulated CL and then resuspended in PBS
for intravenous injections. All rats received 1.0 mL per
100 g body weight (BW) of PBS, CL or normal saline
(controls).

Experimental design

Preliminary study

First, we evaluated how long CL took to deplete circulating
macrophages. Blood samples were taken from rats before
and after injection (1, 3, 5, 7 days). Second, we evaluated
the influence of CsA treatment on circulating macrophages
according to the duration of CsA treatment. Third, we eval-
uated the tolerance of CL in a CsA toxicity setting. CL was
administered at three different intervals (3, 5, 7 days) up to
28 days and survival rates were compared between groups.

Experimental design

Based on the preliminary study results, rats were random-
ized to four groups and each group was treated for 4 weeks
as follows:

1. Vehicle group (VH, n = 6): rats received olive oil alone
(1 mL/kg/day, s.c.).

2. VH + CL group (n = 6): rats received VH and CL
(20 mg/kg every 7 days, i.v.).

3. CsA group (n = 6): rats received CsA (15 mg/kg/day,
s.c.).

4. CsA + CL group (n = 6): rats received both CsA and
CL (20 mg/kg every 7 days, i.v.).

Doses and routes of administrating CsA and CL were cho-
sen based on previous reports [12,19].

Measurement of BW, systolic blood pressure (SBP), renal
function and whole blood CsA level

After starting the treatment, rats were pair-fed and daily BW
was monitored. SBP was recorded at the end of study in con-
scious rats by the tail-cuff method with a plethysmography
using a tail manometer–tachometer system (BP-2000, Vis-
itech system, Apex, NC, USA); at least three readings for
each rat were averaged.

Prior to killing, animals were individually housed in
metabolic cages (Tecniplast, Gazzada, Italy) for 24-h-urine
collection. After urine collection, blood samples were ob-
tained to evaluate renal function. Serum and urine creati-
nine levels were measured by the enzymatic method using
Daiichi reagent (Daiichi Pure Chemical Co. Ltd, Tokyo,

Japan) on a Hitachi 7600 chemistry analyser (Hitachi Inc.,
Tokyo, Japan). Creatinine clearance was calculated using a
standard formula. The whole blood CsA level was measured
by a monoclonal radioimmunoassay (Incstar Co., Stillwater,
MN, USA).

Peripheral blood cell counts

Samples were analysed for differential white blood cell
counts using an automated cell counter (Xe2100, Sysmex,
Japan).

Preservation of kidney

The kidneys were preserved by in vivo perfusion through
the abdominal aorta. In brief, the animals were perfused
with 0.01 M phosphate-buffered saline (PBS) to wash out
the blood. Then left kidney was removed for immunoblot-
ting analysis or RNA extraction and the other kidney
was removed after perfusion with the periodate–lysine–
paraformaldehyde (PLP) solution. The kidneys were re-
moved and cut into sagittal slices of 1–2 mm thickness and
post-fixed overnight in PLP solution at 4◦C. A part of PLP-
fixed kidneys was embedded in wax for trichrome staining.
After dewaxing, 4-µm sections were processed and stained
with Masson’s trichrome.

Measurement of interstitial fibrosis

A finding of tubulointerstitial fibrosis (TIF) was defined
as a matrix-rich expansion of the interstitium with tubu-
lar dilatation, tubular atrophy and tubular cast formation,
sloughing of tubular epithelial cells or thickening of the
tubular basement membrane. A minimum of 20 fields per
section was assessed using a colour image analyser (TDI
Scope EyeTM Version 3.0 for Windows, Olympus, Japan).
Briefly, the images were captured, and the extent of TIF
was quantified using the Polygon program by counting
the percentage of areas injured per field of cortex under
100× magnifications. Histopathologic analysis was per-
formed in randomly selected cortical fields of sections
by a pathologist blinded to the identity of the treatment
groups.

In situ hybridization for OPN

Sense and antisense cRNA probes were labelled with
digoxigenin (DIG)-UTP using a T7 RNA polymerase kit
(Boehringer Mannheim GmbH, Mannheim, Germany).
For in situ hybridization, we used wax-embedded tis-
sue sections. After dewaxing, the sections were treated
in 0.2 N HCl for 20 min, which was followed by
three washes with PBS. Prehybridization and hybridiza-
tion steps were carried out at 53◦C for 1 h and 15 h,
respectively. After posthybridization washing, the sec-
tions were incubated with antidigoxigenin antiserum conju-
gated with alkaline phosphatase (Boehringer Mannheim),
and histochemical detection was then performed using
the 4-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-
indolyl-phosphate mixture (Boehringer Mannheim).
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Immunohistochemistry of ectodysplasin-1(ED-1), OPN
and 8-hydroxy-2′-deoxyguanosine (8-OHdG)

The tissue sections were incubated with 0.5% TritonX-100
in PBS and then blocked with normal donkey serum. Sub-
sequently, the tissue sections were incubated overnight at
4◦C with ED-1 (Serotec Inc., UK), mouse antiserum against
OPN mouse monoclonal anti-rat OPN antibody (Develop-
mental Studies Hybridoma Bank, Department of Biologi-
cal Sciences, The University of Iowa, IA, USA) and Anti-
8-OHdG monoclonal antibody (JaICA, Shizuoka, Japan).
The tissue sections were rinsed in PBS and incubated in
peroxidase-conjugated donkey anti-mouse or rabbit anti-
mouse IgG (Amersham Pharmacia Biotech, Piscataway,
NJ, USA). After being rinsed with a Tris buffer, the tis-
sue sections were incubated with a mixture of 0.05% 3,3′-
diaminobenzidine until a brown colour was visible, washed
with TBS, counterstained with haematoxylin and examined
under light microscopy. The number of ED1-positive cells
was quantified in area (0.5 mm2) rat kidney using a com-
puter program (TDI Scope Eye). A minimum of 20 fields
per section were assessed.

In situ TdT-mediated dUTP-biotin nick end-labelling assay

Assay cells undergoing apoptosis were identified by
the ApopTag in situ apoptosis-detection kit (Oncor,
Gaithersburg, MD, USA) [20]. As a positive control,
slides were treated with DNase (20 Kunitz units/mL;
Sigma) and the slides for the negative control were
treated with buffer-lacking TdT. The sections were ex-
amined by an observer blinded to the experimental
groups. The number of TUNEL-positive cells was counted
in 20 different fields in each section under ×200
magnification.

Immunoblot analysis caspase-3, ßig-h3 and toll-like
receptor 2 (TLR2)

For immunoblotting analysis, kidney tissue was homog-
enized in a lysis buffer. Homogenates were centrifuged,
and the protein concentration of the lysate was determined
using a protein microassay of the Bradford method (Bio-
RAD, Hercules, CA, USA). Protein samples were resolved
on 15% SDS–polyacrylamide gel electrophoresis (SDS–
PAGE) and then electroblotted onto Bio-Blot nitrocellu-
lose membrane (Bio-RAD, Hercules, CA, USA). An equal
amount of protein loading (100 µg) was verified by Ponceau
S staining. The membrane was blocked in Tris-buffered
saline-added tween-20. Caspase-3, βig-h3 and TLR2 were
detected by incubating for 1 h with a specific antibody
(Chemicon International, Inc.). Primary antibody incuba-
tion was followed by six washes of TBS-T. The blot was
then incubated with peroxidase-linked anti-rabbit IgG as
a secondary antibody (Amersham Biosciences, UK). Anti-
body reactive protein was detected using enhanced chemi-
luminescence (ECL, Amersham Biosciences, UK). Optical
densities were obtained using the VH group as 100% refer-
ence and normalized with β-actin.

Fig. 1. Effects of CL or CsA treatment on the numbers of peripheral
blood monocytes. (A) The numbers of peripheral blood monocytes were
decreased at Day 1 and increased gradually thereafter. ∗P < 0.05 versus
VH group. (B) The numbers of peripheral blood monocytes increased
according to the duration of CsA treatment. ∗P < 0.05 versus VH group.

Measurement of urinary 8-OHdG

We determined 24-h urinary concentrations of the DNA
adduct 8-OHdG using a competitive ELISA (8-OHdG
Check; Institute for the Control of Aging, Shizuoka, Japan).

Immunohistochemistry for OX-6

Immunohistochemistry using a pre-embedded method was
performed as described previously [21]. Vibratome sections
(50 µm thick) were then incubated overnight at 4◦C mouse
monoclonal OX-6 (Biosciences Pharmingen, San Jose, CA,
USA) antibodies diluted from 1:50 in PBS containing 1%
bovine serum albumin.

Statistical analysis

Data are expressed as mean ± SEM. Multiple comparisons
among groups were performed by one-way ANOVA with
the post hoc Bonferroni test (SPSS software version 9.0,
SPSS Inc., Chicago, IL, USA). Statistical significance was
assumed as P < 0.05.

Results

Preliminary study

Figure 1A shows the effect of CL on the systemic depletion
of monocytes in peripheral blood. The percentages of blood
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Fig. 2. Influence of time intervals on survival rates of rats in combined
treatment with CsA and CL. Survival curves calculated by the Kaplan–
Meier method reveals that CL-treated rats could not survive until the end
of study with more frequent (every 3–5 days versus 7 days) combination
treatment with CsA.

Table 1. Effect of clodronate on basic parameters in vehicle and
cyclosporine-treated rats

VH
(n = 6)

VH + CL
(n = 6)

CsA
(n = 6)

CsA + CL
(n = 6)

BW (g) 288 ± 5 294 ± 7 291 ± 3 290 ± 4
SBP (mmHg) 111 ± 7 109 ± 2 106 ± 3 107 ± 9
Scr (mg/dL) 0.52 ± 0.01 0.51 ± 0.02 1.03 ± 0.06a 0.70 ± 0.03b

ClCr (mL/min/
100 g)

0.52 ± 0.02 0.52 ± 0.05 0.22 ± 0.02a 0.38 ± 0.06b

CsA (ng/mL) – – 2303 ± 109 2390 ± 123

aP < 0.01 versus the other groups; bP < 0.05 versus CsA.
VH = vehicle; CsA = cyclosporine; CL = 20 mg/kg of liposomal clo-
dronate; BW = body weight; SBP = systolic blood pressure; Scr = serum
creatinine; ClCr = creatinine clearance; CsA = cyclosporine concentra-
tion.

monocytes in the VH and VH + PL groups were 4.5% and
5.0%, respectively. The effect of CL on depleting mono-
cytes was maximal at Day 1 (0.3%) and then decreased
gradually (1.2% at Day 3, 2.3% at Day 5 and 5.1% at Day 7).
Thus, CL treatment took 5 days to effect macrophage deple-
tion. Figure 1B shows the effect of CsA treatment on circu-
lating monocytes; this increased the percentage of blood
monocytes significantly and time dependently (6.2% at
Week 1, 6.4% at Week 2, 6.5% at Week 3 and 10.9% at
Week 4) compared with the VH group (4.5%). This finding
suggests that CsA treatment itself increases the numbers
of circulating monocytes. Figure 2 shows survival rates in
response to CsA toxicity according to the frequency of CL
treatment. The survival rates were 50% at a 3-day interval,
70% at a 5-day interval and 100% at a 7-day interval. Thus,
the short-term combination of CsA with CL treatment is
toxic to rats.

Effects of CL on BW, SBP, whole blood CsA levels and
renal function in rats with chronic CsA nephropathy

Table 1 shows the results of basic parameters and demon-
strates the renal function measured with serum creatinine
and creatinine clearance. There were no significant differ-

Fig. 3. Effects of CL on macrophage infiltration in rats with chronic
CsA nephropathy. (A) Representative photomicrographs of immunohis-
tochemistry for ED-1. Strong immunoreactivity in the CsA group of rats
was reduced with CL treatment (original magnification ×200). (B) Quan-
titative analysis of ED1-positive cells. ∗P < 0.01 versus VH or VH + CL
groups; ∗∗P < 0.05 versus CsA group.

ences in SBP and BW between the study groups. The whole
blood CsA levels were not different between the CsA and
CsA + CL groups. The serum creatinine level was sig-
nificantly increased in the CsA group compared with the
VH group or VH + CL group (P < 0.01, respectively).
But, concurrent treatment with CL significantly decreased
the serum creatinine level compared with the CsA group
(P < 0.05). Similar results were observed in creatinine
clearance.

Effects of CL on macrophage infiltration in rats with
chronic CsA nephropathy

Figure 3 shows immunohistochemistry for ED-1 (A) and
quantitative analysis of ED1-positive cells (B) in experi-
mental groups. ED-1-positive macrophages were rarely ob-
served in the VH (0.6 ± 0.4) or VH + CL (0.4 ± 0.1)
groups. On the other hand, ED-1-positive cells increased
significantly in the CsA group compared with the VH group
(25.2 ± 5.2; P < 0.01). CL treatment decreased the infil-
tration of ED-1-positive cells significantly (10.2 ± 3.3;
P < 0.05).

Effects of CL on OPN mRNA and protein expression in
rats with chronic CsA nephropathy

We measured the effects of CL on protein expression be-
cause OPN is a well-known proinflammatory cytokine
in animal models of CsA-induced renal injury [22,23].
Figure 4A shows the in situ hybridization of OPN mRNA
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Fig. 4. Effects of CL on OPN mRNA and protein expression levels in
rats with chronic CsA nephropathy. (A) Representative photomicrographs
of in situ hybridization for OPN mRNA. Strong signals of OPN mRNA
in the CsA group were decreased with CL treatment. (B) Representative
photomicrographs of immunohistochemistry for OPN protein (original
magnification ×200).

expression in experimental groups. OPN mRNA expression
increased dramatically in the injured tubules and intersti-
tial areas in CsA-treated rat kidneys. However, concomitant
treatment with CL decreased the overall intensity of OPN
mRNA expression in the injured tubules and interstitial ar-
eas. Similar results were observed for OPN protein levels
(Figure 4B).

Effects of CL on interstitial fibrosis in chronic CsA
nephropathy

Figure 5A shows the results of trichrome staining in the four
groups. Typical striped interstitial fibrosis was observed in
the kidneys of CsA-treated rats. The CsA + CL group
exhibited less interstitial fibrosis and had relatively well-
preserved renal architecture. Quantitation of TIF revealed
a significantly higher TIF score in the CsA group than in
the VH group (23.6 ± 2.5% versus 0 ± 0%; P < 0.01).
In contrast, striped interstitial fibrosis in the CsA group
decreased significantly with concomitant CL treatment
(23.6 ± 2.5% versus 10.9 ± 1.2%; P < 0.01).

Effects of CL on βig-h3 protein levels in rats with chronic
CsA nephropathy

We evaluated the effect of CL on βig-h3 expression because
this molecule is implicated in the fibrosis associated with
chronic CsA nephropathy [9,24]. Using immunoblotting,
we found that βig-h3 protein expression increased signif-
icantly in the CsA group compared with the VH group

Fig. 5. Effects of CL on interstitial fibrosis in rats with chronic CsA
nephropathy. (A) Representative photomicrographs of trichrome staining.
The CsA group showed typical striped interstitial fibrosis in the cortex, but
the CsA + CL group showed decreased interstitial fibrosis (original mag-
nification ×200). (B) Quantitative analysis of tubulointerstitial fibrosis.
Note the significantly lower tubulointerstitial fibrosis score in the CsA +
CL group than the CsA group. ∗P < 0.01 versus VH or VH + CL groups;
∗∗P < 0.01 versus CsA group.

Fig. 6. Effects of CL on βig-h3 protein levels in rats with chronic CsA
nephropathy. Immunoblotting revealed that the increased expression levels
of βig-h3 protein produced by CsA treatment were decreased with con-
comitant treatment with CL. ∗P < 0.05 versus VH or VH + CL groups;
∗∗P < 0.01 versus CsA group.

(170.5 ± 54.9% versus 101.3 ± 0.8%, P < 0.05). However,
addition of CL significantly decreased βig-h3 protein levels
compared with the CsA group (43.5 ± 38.3%, P < 0.01,
Figure 6).

Effects of CL on apoptotic cell death in chronic CsA
nephropathy

Figure 7A shows the distribution of TUNEL-positive cells
in the study groups. The numbers of TUNEL-positive cells
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Fig. 7. Effects of CL on apoptosis in rats with chronic CsA nephropathy.
(A) Quantitative analysis of TUNEL-positive cells. Note fewer TUNEL-
positive cells in the CsA + CL group than in the CsA group. ∗P < 0.05
versus VH or VH + CL group; ∗∗P < 0.01 versus CsA group. (B) Im-
munoblots for caspase-3 showing that expression was increased in the
CsA group, but CL treatment decreased this. Caspase-3 protein level was
referenced against β-actin and the relative optical densities are presented
with the VH group designated as 100%. ∗P < 0.05 versus VH or VH +
CL groups; ∗∗P < 0.05 versus CsA group.

increased significantly in the CsA compared with the VH
group (20.3 ± 3.1 versus 2.4 ± 0.2; P < 0.05). However,
concomitant administration of CL decreased the number of
apoptotic cells significantly compared with the CsA group
(10.8 ± 2.6; P < 0.01). Using immunoblotting analysis,
we found that caspase-3 protein levels were significantly
higher in the CsA group than in the VH group (277.5 ±
29.7% versus 99.6 ± 1.0%; P < 0.01). However, addition of
CL significantly decreased active caspase-3 protein levels
compared with the CsA group (Figure 7B; 141.5 ± 44.0%;
P < 0.05).

Effects of CL on TLR2 mRNA and protein expression
levels in rats with chronic CsA nephropathy

Using immunoblotting analysis, we found that TLR2 pro-
tein levels were significantly higher in the CsA group than
in the VH group (542.8 ± 115.1% versus 100.4 ± 15.8%
P < 0.01). However, addition of CL decreased TLR2 protein
levels significantly compared with the CsA group (221.6 ±
72.9% versus 542.8 ± 115.1%; P < 0.05) (Figure 8A). The
influence of CsA-induced renal injury on TLR2 expression
was assessed by immunohistochemistry. TLR2 protein was
expressed minimally in the kidneys of the VH and VH +
CL groups (Figure 8B). In the CsA group, intense constitu-
tive TLR2 immunoreactivity was observed in the distal and
proximal tubules. However, concomitant administration of

Fig. 8. Effects of CL on TLR2 protein expression in rats with chronic
CsA nephropathy. (A) Immunoblot of the TLR2 protein. Note that the
increased expression of TLR2 protein in the CsA group was decreased
with CL treatment. The TLR2 protein level was referenced against
β-actin and the relative optical densities are presented with the VH group
designated as 100%. ∗P < 0.01 versus VH or VH + CL group; ∗∗P <

0.05 versus CsA group. (B) Immunohistochemistry for TLR2 protein in
rat kidney. Note that the increased immunoreactivity for TLR2 protein
in the CsA group decreased markedly in the CsA + CL group (original
magnification ×200).

CL treatment significantly decreased the distribution and
intensity of TLR2 immunoreactivity in the kidneys.

Effect of CL on MHC class II protein expression in rats
with chronic CsA nephropathy

Figure 9 demonstrates MHC class II antigen expression
levels evaluated using immunohistochemistry. In the VH
group, weak immunoreactivity was observed in the cortex,
whereas immunoreactivity increased markedly in the CsA
group. CL treatment decreased the levels of immunoreac-
tivity for the MHC class II antigen.

Effect of CL on oxidative stress in rats with chronic
CsA nephropathy

Figure 10A shows immunohistochemistry for 8-OHdG
in the experimental groups. For the CsA group, intense
8-OHdG immunoreactivity was observed in nuclei of the
injured tubule in the kidney cortex. However, concomitant
administration of CL significantly decreased the distribu-
tion and intensity of 8-OHdG immunoreactivity. To deter-
mine the antioxidant effects of CL, the urinary 8-OHdG ex-
cretion was measured as a marker of oxidative DNA damage
(Figure 10B). Excretion in the CsA group was significantly
higher than that in the VH group (427.8 ± 105.0 ng/day
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Fig. 9. Effects of CL on MHC class II molecule expression in rats with
chronic CsA nephropathy. In the VH and VH + CL groups, weak im-
munoreactivity for MHC class II protein was observed in the cortex. Note
that increased immunoreactivity for MHC class II in the CsA group was
decreased in the CsA + CL group (original magnification ×200).

Fig. 10. Effects of CL on oxidative damage in rats with chronic CsA
nephropathy. (A) Immunohistochemistry of 8-OHdG. CsA treatment for
4 weeks increased the immunoreactivity for 8-OHdG in the injured tubule
cortex. However, CL treatment deceased the immunoreactivity for 8-
OHdG (original magnification × 200). (B) The 24-h urinary 8-OHdG
output. Urinary 8-OHdG was increased in the CsA group, but CL treat-
ment significantly decreased this measure. ∗P < 0.05 versus the VH or
VH + CL groups; ∗∗P < 0.05 versus CsA group.

versus 92.0 ± 5.5 ng/day; P < 0.05). Concomitant admin-
istration of CL significantly decreased the urinary 8-OHdG
excretion level (359.4 ± 104.3, P < 0.05) compared with
the CsA group.

Discussion

Our results clearly demonstrate that macrophage depletion
with CL treatment improved not only renal function but also

histopathology. Furthermore, macrophage depletion with
CL treatment decreased the rate of apoptotic cell death
caused by CsA. These findings provide direct evidence that
macrophages are involved in the pathogenesis of chronic
CsA nephropathy.

Macrophages induce tubulointerstitial damage through
the production of several proinflammatory cytokines [25].
Among these, we measured the effects of macrophage de-
pletion on OPN expression because tubular OPN level
correlates well with the infiltration of macrophages and
interstitial fibrosis in animals showing chronic CsA
nephropathy [18] and CsA treatment to OPN−/− double
knockout mice produced less arteriolopathy, reductions in
cortical macrophage infiltration and interstitial collagen de-
position compared with OPN+/+-expressing rats [23]. In
our study, macrophage depletion with CL significantly de-
creased OPN mRNA and protein expression levels, which
were upregulated in renal tubular cells showing chronic
CsA nephropathy. This finding suggests that infiltrating
macrophage regulates OPN production on renal tubular
cells in this model of CsA-induced renal injury.

TGF-β1 is one of the key factors contributing to ex-
tracellular matrix accumulation [26] and its inhibition can
decrease this process [27]. Using an experimental model
of chronic CsA nephropathy, we demonstrated that striped
interstitial fibrosis is closely associated with the upregula-
tion of TGF-β1 expression [28]. In the present study, we
observed that the expression of βig-h3, which represents
the biological activity of TGF-β1 [29], decreased signifi-
cantly with macrophage depletion and this was accompa-
nied by a significant attenuation of TIF. Thus, infiltrating
macrophages are important in the production of TGF-β1 in
this model of CsA-induced renal injury.

We recently reported that CsA-induced renal injury
induces the production of TLR and produces putative en-
dogenous TLR ligands such as heat shock protein 70 [19].
Furthermore, CsA-induced renal injury causes maturation
of dendritic cells, which is essential to T lymphocyte stimu-
lation. This suggests that CsA-induced renal injury activates
the innate immune response and T-cell stimulation. Similar
findings have been shown in experimental models of
ischaemia–reperfusion (I/R) injury [30,31]. In the present
study, we observed an association between macrophage
infiltration and innate immune response in rats with CsA-
induced renal injury and found that macrophage depletion
by CL significantly decreased both TLR2 and MHC class
II expression levels in renal tubular cells. This suggests that
macrophages play an important role in activating the innate
immune response caused by CsA-induced renal injury.

In the present study, we hypothesized that macrophages
might be involved in apoptotic cell death in chronic CsA
nephropathy [5] because these cells contribute to renal
injury by producing a variety of proinflammatory cy-
tokines or proteolysis enzymes, leading to tissue damage
[32]. The results of our study clearly demonstrate that the
depletion of macrophages with CL treatment was effective
in decreasing the number of TUNEL-positive cells and ac-
tivated caspase-3 expression levels, which were increased
in these rats with chronic CsA nephropathy. This finding
suggests that macrophages are actively involved in CsA-
induced apoptotic cell death.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/23/12/4061/1886718 by guest on 23 April 2024



4068 J. Y. Ghee et al.

Oxidative stress is a common pathway in the pathogen-
esis of CsA-induced renal injury [33,34], and activated
macrophages are a rich source of reactive oxygen species
[35]. To define whether depletion of macrophages would
decrease the oxidative stress caused by CsA, we evaluated
the levels of 8-OHdG, a marker of oxidative stress, in urine
and kidneys. We found that urinary 8-OHdG excretion and
the tubular expression levels of 8-OHdG were increased
in CsA-treated rat kidneys, but macrophage depletion de-
creased these measures. This finding strongly suggests that
macrophages are an important source of oxidative stress in
CsA-induced renal injury.

Infiltration of macrophages in grafts is a common find-
ing in transplant recipients with pathological conditions
such as graft rejection and—I/R injury [36,37]. Indeed,
experimental models of transplantation, such as the kidney,
cornea, islet cells and liver [38,39] or I/R injury in the
kidney, heart and lung [40,41], demonstrate that adminis-
tration of CL successfully decreases rejection episodes and
reduces ischaemic insults [42–44]. The results of our study
extend the role of macrophages in the pathogenesis of toxic
injury caused by CsA. Thus, depletion of macrophages may
provide tissue protection not only for rejection episodes
but also for ischaemic or toxic insults in transplanted
grafts.

Macrophages represent a heterogeneous and dynamic
cell population, and they play different roles (types I and
II) according to changing environments [45,46]. Until now,
there is no report that CL treatment depletes specific sub-
type of macrophages. But, previous reports suggest that CL
treatment can deplete any subtype of macrophages. In an
animal model of I/R injury, CL treatment just after I/R in-
jury retards repair process [40] but CL treatment 24 h before
I/R injury improves renal function and decreases inflamma-
tion [32]. This finding suggests that the role of macrophage
is different according to the environmental factor even in
the same animal model, and the time point of CL treatment
is important to evaluate the role of macrophages. In this
study, it is not certain which subtype of macrophages are
infiltrated in CsA-induced renal injury. However, the results
of our study suggest that infiltrated macrophages are mainly
involved in inflammation and tissue injury (type 1) rather
than repair process (type 2) considering anti-inflammatory
and anti-fibrotic effects of CL treatment.

CL treatment is a useful method for evaluating the role of
macrophages in vivo but it has some limitations. First, re-
peated injections of CL are needed to maintain macrophage
depletion because CL activity persists only for 5 days, as
shown in Figure 1A. Second, CsA treatment counteracts
the effects of CL on depleting circulating macrophages as
CsA treatment itself increases the numbers of peripheral
macrophages and monocytes, as shown in Figure 1B. Third,
the combination treatment of CsA with CL has synergistic
toxicity, as shown in Figure 2. With more frequent treat-
ments (every 3 and 5 days), rats could not survive until the
end of the study. For this reason, we chose a 7-day interval.
Therefore, these limitations of using CL should be consid-
ered before study and the results of our study should be
translated cautiously to any clinical setting.

In conclusion, depletion of macrophages exerts diverse
renoprotective effects in rats with CsA-induced renal injury.

This finding suggests that macrophages provide a novel
target for preventing CsA-induced renal injury.
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