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Abstract
Background. The Klotho gene plays a role in suppressing
ageing-related disorders. It is suggested that activation of
renin–angiotensin system (RAS) or oxidative stress sup-
presses Klotho in the kidney. This study evaluated the asso-
ciation betweenKlotho expression and RAS in cyclosporine
(CsA)-induced renal injury.
Methods. Chronic CsA nephropathy was induced by ad-
ministering CsA (30 mg/kg) to mice on a low-salt diet
(LSD) for 4 weeks. A normal-salt diet (NSD) was used
as the control. Reverse transcription–polymerase chain re-
action, western blot and immunohistochemistry were per-
formed for Klotho and intrarenal RAS activity was
measured using immunohistochemistry for angiotensino-
gen and renin. Oxidative stress was measured with urinary
excretion of 8-hydroxy-2′-deoxyguanosine (8-OHdG).
Results. CsA treatment decreased Klotho mRNA and
protein in mouse kidney in a dose-dependent and
time-dependent manner, but a concurrent treatment with
losartan, an angiotensin II type 1 (AT1) receptor blocker,
reversed the decrease in Klotho expression with histological
improvement. This finding was more marked in the LSD
than the NSD. Klotho expression was correlated with an-
giotensinogen and renin expression, tubulointerstitial fi-
brosis score and urinary 8-OHdG excretion.
Conclusions. Angiotensin II may play a pivotal role in
regulating Klotho expression in CsA-induced renal injury.
AT1 receptor blocker may inhibit the ageing process by de-
creasing oxidative stress caused by CsA.

Keywords: cyclosporine; kidney transplantation; nephrotoxicity;
renin–angiotensin system; senescence

Introduction

Klotho is an anti-ageing gene that was identified by an in-
sertional mutation in mice. Defects in Klotho result in
symptoms that resemble human ageing including a short
life span, infertility, arteriosclerosis, skin atrophy, osteo-
porosis, mitral annular calcification and emphysema [1].
In contrast, overexpression of Klotho reverses the ageing
process [2], indicating that Klotho has a role in suppres-
sion of ageing and ageing-related disorders. Recent reports
showed that Klotho expression is suppressed under stress
conditions in several animal models [3–7] and in chronic
renal failure patients [8]. Although the underlying molecu-
lar mechanisms of anti-ageing properties of Klotho are not
fully understood, there is an association between Klotho
and angiotensin II (AngII) in the kidney’s anti-ageing
process [7].

Aside from its haemodynamic and non-haemodynamic
effects [9], angiotensin II type 1 (AT1) receptor is also im-
portant in signalling pathways of the ageing process. Ex-
cessive activation of AT1 receptor by AngII is implicated
in the age-related developments of hypertension, diabetes
and kidney disease [10]. Mice with disrupted AT1 receptor
gene live longer and have lower levels of oxidative stress
than wild-type mice [11]. In addition, inhibiting renin–
angiotensin system (RAS) with losartan (LSRT) or enala-
pril has protective effects on cardiovascular [12–16], renal
[17–19], hepatic [20–23] and cerebral structures and func-
tions [24,25] during ageing.

Chronic cyclosporine (CsA) nephropathy is a major
cause of chronic allograft dysfunction and allograft failure
in transplant recipients [26]. Experimental studies showed
that long-term administration of CsA causes progressive
renal failure with striped interstitial fibrosis, tubular atro-
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Fig. 1. Localization of Klotho in normal mouse kidneys. (A) Immunohistochemistry for Klotho. Klotho was expressed in the tubules of the renal
cortex (a; a-1, a-2, a-3), but not in the outer medulla (b) or the inner medulla (c). (B) Double staining for Klotho and other tubular proteins (a.
aquaporin-1, b. calbindin D28k, c. aquaporin-2). Klotho co-localized with calbindin D28k (b; b’, arrows) in distal tubules, but not with aquaporin-1 (a;
a’, arrowheads) in proximal tubules or aquaporin-2 (c; c’, arrowheads) in collecting ducts.
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phy, inflammatory cell infiltration and hyalinosis of the af-
ferent arterioles [27–30], which are similar to alterations in
the ageing kidney. It was reported that telomere shortening
and/or upregulation of senescence-associated cell cycle in-
hibitors were induced in CsA-treated renal tubular cells
[31] and in renal transplants with graft dysfunction [32].
However, it has not been evaluated whether Klotho is in-
volved in the CsA-induced ageing process in the kidney.

It is well known that activated RAS is important in the
pathogenesis of chronic CsA nephropathy [30,33–38]. It
was hypothesized that chronic CsA nephropathy is asso-
ciated with an accelerated ageing process, which is inhib-
ited by AngII blockade. To define this hypothesis, we
evaluated the renal expression of Klotho, an anti-ageing
gene, as a marker of the ageing process. Understanding the
regulatory mechanism of Klotho may help understand the
pathogenesis of chronic CsA nephropathy and provide a
new therapeutic approach for chronic allograft dysfunction
in renal transplant recipients.

Materials and methods

Animals

Eight-week old male mice (Taconic Anmed, Rockville, MD) of the Insti-
tute of Cancer Research initially weighing 25–30 g, were housed in indi-
vidual cages in a controlled-temperature and controlled-light environment.
They were fed a normal-salt diet (NSD, 2.2% sodium, Teklad Premier,
Madison, WI) or a low-salt diet (LSD, 0.01% sodium) along with tap
water.

Drugs

CsA, provided by Novartis Pharma (Basel, Switzerland), was diluted in
olive oil (Sigma Co., St. Louis, MO; 15 mg/mL). LSRT provided by
MERCK Research Laboratories (Pahway, NJ) was dissolved in sterile
water (100 mg/L).

Experimental protocols

The Animal Care Committee of the Catholic University of Korea ap-
proved the experimental protocol, and all procedures followed the Univer-
sity’s ethical guidelines. Five separate experiments were conducted. Each
group consisted of six mice.
Protocol 1. This experiment evaluated the role of RAS in regulating
Klotho expression by salt depletion and AngII blockade. Mice were fed
NSD or LSD and received drinking water with or without LSRT for
4 weeks.
Protocol 2. This experiment evaluated the dose-dependent effect of CsA
on Klotho expression. Under LSD, mice received daily administrations of
olive oil (1 mg/kg) or CsA (7.5, 15 and 30 mg/kg) subcutaneously for
4 weeks.
Protocol 3. This experiment evaluated the time-dependent effect of CsA
on Klotho expression and the role of RAS in CsA-treated mouse kidneys.
Under NSD or LSD, mice received daily administrations of olive oil or
CsA (30 mg/kg) for 1 or 4 weeks subcutaneously. The dosage and the
route of CsA administration were based on previous studies [39,40].
Protocol 4. This experiment evaluated the effect of AngII blockade on
Klotho expression in CsA-treated mouse kidneys. Under NSD or LSD,
mice received daily administrations of olive oil or CsA (30 mg/kg) for
4 weeks subcutaneously. They also received drinking water with or with-
out LSRT. The dosage and the route of administration for LSRT were
based on previous reports [35].
Protocol 5. This experiment evaluated whether decreased Klotho expres-
sion is influenced by CsA toxicity per se or is secondary to renal injury
independent from CsA. Under LSD, mice underwent sham operation or 5/6
nephrectomy [41], then were given daily administrations of olive oil or
CsA (30 mg/kg) for 4 weeks subcutaneously.

Measurement of basic parameters

Mice were randomly assigned to different treatment groups. Body weight
(BW) was monitored daily, and systolic blood pressure (SBP) was mea-
sured at the end of the respective protocols in conscious mice by the tail-
cuff method with plethysmography using a tail manometer/tachometer
system (BP-2000, Visitech system, Apex, NC). Before sacrifice, animals
were individually housed in metabolic cages (Techniplast, Gazzada, Italy)
for 24-h urine collections. Animals were anesthetized with Zoletil 50
(10 mg/kg intraperitoneally; Vibac Laboratories, Carros, France), then
blood and kidney samples were obtained [42]. Serum creatinine concen-
tration (Scr) was measured by an enzymatic method that uses the Daiichi
reagent (DaiichiPure Chemical Co. Ltd., Tokyo, Japan) on a Hitachi 7600
chemistry analyzer (Hitachi Inc., Tokyo, Japan). Creatinine clearance
(ClCr) was calculated using a standard formula from 24-h urine collec-
tions and serum. The whole blood CsA level was measured by a mono-
clonal radioimmunoassay (Incstar Co., Stillwater, MN, USA).

Histological assessment

Tubulointerstitial fibrosis (TIF) was estimated semiquantitatively using a
colour image analyser (TDI Scope Eye™ Version 3.5 for Windows,
Olympus, Japan) by counting the percentage of injured areas per field
of cortex under ×200 magnification [43]. Scores of 0–3 were given as
follows: score 0, normal interstitium; score 0.5, <5% TIF; score 1.0, 5–
15% TIF; score 1.5, 16–25% TIF; score 2.0, 26–35% TIF; score 2.5, 36–
45% TIF and score 3.0, >45% TIF.

Western blotting

Frozen cortex kidneys were processed as described elsewhere [42,44]. A
mouse-specific monoclonal rat anti-Klotho antibody, KM2076 (provided
by Kyowa Hakko Kogyo Co. Ltd, Shizuoka, Japan), was used. Donkey
anti-rat IgG-horseradish peroxidase conjugate (1:1000, DAKO, Tokyo,
Japan) was used as a secondary antibody. Optical densities were obtained
using the vehicle (VH) group as a 100% reference normalized with
β-actin.
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Fig. 2. Influence of salt intake and angiotensin II blockade on Klotho
expression in normal mice kidneys. Western blot for Klotho. Klotho
expression was significantly decreased in the low-salt diet (LSD4)
group compared with the normal-salt diet (NSD4) group. The
administration of losartan (LSRT) tended to increase Klotho expression
both in the NSD4 and LSD4 groups. *P = 0.008 vs NSD4; **P = 0.027
vs NSD+LSRT4 (n = 6 for each group). NSD4 = normal-salt diet for
4 weeks, NSD+LSRT4 = normal-salt diet with addition of losartan for
4 weeks, LSD4 = low-salt diet for 4 weeks, LSD+LSRT4 = low-salt diet
with addition of losartan for 4 weeks.
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Reverse transcription–polymerase chain reaction

Total RNAwas extracted using RNAzol reagent (TEL-TEST, Friendwood,
TX). First strand cDNAwas reverse-transcribed from RNA using random
hexanucleotide primers. First Strand Synthesis Kit for reverse transcrip-
tion–polymerase chain reaction (RT–PCR; Roche Diagnostics Scandinavia
AB, Bromma, Sweden) using 1 μg of total RNAwas used for the synthesis

of cDNA. RT–PCR for Klotho/glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was performed as described previously [44]. The specific PCR
primers used were Klotho: forward primer 5′-CGTGAATGAGGCTCT-
GAAAGC-3′, reverse primer 5′-GAGCGGTCACTAAGCGAATACG-3′;
GAPDH: forward primer 5′-AATGCATCCTGCACCACCAA-3′, reverse
primer 5′-GTAGCCATATTCATTGTCATA-3′.
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Fig. 3. The dose-dependent effect of cyclosporine (CsA) on expression of Klotho and renin in mouse kidneys. (A) Western blot for Klotho in CsA-
treated mice with different doses. The dose-dependent decrease in Klotho was significant at 15 and 30 mg/kg of CsA. (B) Representative
photomicrographs of immunohistochemical staining for renin. The number of renin-positive glomeruli increased with an increase in CsA doses.
(C) The association between Klotho expression and intrarenal renin expression. Klotho expression was negatively correlated with the intrarenal
renin immunoreactivity (r = −0.84, P < 0.01). *P = 0.000 vs VH, **P = 0.001 vs CsA7.5, †P = 0.000 vs CsA7.5, ‡P = 0.000 vs CsA15 (n = 6
for each group). VH = vehicle for 4 weeks, CsA7.5 = cyclosporine (7.5 mg/kg) for 4 weeks, CsA15 = cyclosporine (15 mg/kg) for 4 weeks,
CsA30 = cyclosporine (30 mg/kg) for 4 weeks.
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Single-labelling immunohistochemistry using pre-embedding methods

Fifty-micrometre-thick microtome sections were processed for immuno-
histochemistry [45] with monoclonal anti-Klotho antibody, KM2076
(1:200).

Double-labelling immunohistochemistry using post-embedding methods

Klotho was localized by double-labelling immunohistochemistry [45].
Proximal tubular cells were identified using antibody against aquaporin-
1 (1:200, Chemicon International, Inc.). Connecting tubular cells and dis-
tal tubular cells were identified using antibody against calbindin D28k

(1:200, Chemicon International, Inc.). Principal cells in the collecting
duct were identified using antibody against aquaporin-2 (1:1000, Chemi-
con International, Inc.).

Single-labelling immunohistochemistry using post-embedding methods

Immunohistochemistry for renin was performed using goat polyclonal
anti-renin antibody (1:1000, Santa Cruz Biotechnology, Inc.) [33]. The
number of renin-positive glomeruli was counted per 50 glomeruli. Immu-
nohistochemistry for angiotensinogen (AGT) was performed using rabbit
primary antibodies against mouse/rat AGT (code no. 99666; IBL,
Gumma, Japan) [46]. The sum of intensities of positive areas was aver-
aged by the field area. Ratio was calculated relative to the NSD-VH group
(arbitrary units) [46,47].

Measurement of urinary 8-hydroxy-2′-deoxyguanosine

Twenty-four hour urinary concentrations of DNA adduct urinary 8-
hydroxy-2′-deoxyguanosine (8-OHdG) were determined using a competi-
tive ELISA (Japan Institute for the Control of Aging, Shizuoka, Japan).

Statistical analysis

Data are expressed as mean ± SEM. Groups were compared using one-
way ANOVA with Bonferroni’s correction (SPSS, Chicago, IL). A non-
parametric (Spearman) correlation coefficient was calculated. Statistical
significance was assumed as P < 0.05.

Results

Localization of Klotho in the normal mouse kidney

In Figure 1A, Klotho was expressed in the tubules of the
renal cortex (a), but not in the outer medulla (b) or inner

medulla (c). Double staining for Klotho and other tubular
proteins (Figure 1B) showed that Klotho co-localized with
calbindin D28k (b, b’) in distal tubules and connecting
tubules, but not with aquaporin-1 (a, a’) or aquaporin-2
(c, c’).

Comparison of Klotho expression between LSD and NSD
in the normal mouse kidney

Figure 2 shows the effect of salt depletion and AngII block-
ade on Klotho expression in the normal mouse kidney.
Klotho significantly decreased in the LSD4 group (39.4 ±
9.0%) compared with the NSD4 group (100.3 ± 7.0%) and
decreased in the LSD+LSRT4 group (63.2 ± 2.8%)
compared with the NSD+LSRT4 group (115.3 ± 15.2%)
(P < 0.05).

The relationship between CsA dose and Klotho or
intrarenal renin expression

Figure 3 shows a dose-dependent decrease in Klotho and an
increase in renin expression caused by CsA. Klotho signifi-
cantly decreased in the CsA15 (82.1 ± 2.4%) and CsA30
groups (66.3 ± 1.3%) compared with the VH (100 ± 1.2%)
or CsA7.5 groups (94.5 ± 1.3%) (P < 0.05; Figure 3A).
Klotho expression was negatively correlated with intrare-
nal renin expression (r = −0.84, P < 0.01; Figure 3C).

The relationship between CsA duration and Klotho in
relation to salt intake

Table 1 shows the basic parameters in relation to salt intake
in mice undergoing VH and CsA treatments for 1 or
4 weeks. A significant decrease in renal function and
BW was observed in the LSD-CsA4 group.

Figure 4 shows a time-dependent decrease in Klotho
mRNA and protein caused by CsA. In NSD mice, Klotho
mRNA decreased in the CsA1 group (93.8 ± 1.1%) com-
pared with VH1 group (99.1 ± 1.1%) and further de-

Table 1. The time-dependent effect of cyclosporine on basic parameters

VH1 (n = 6) CsA1 (n = 6) VH4 (n = 6) CsA4 (n = 6)

NSD
FBW (g) 29.3 ± 1.23 29.63 ± 0.53 31.83 ± 0.6 34.0 ± 0.6
SBP (mm Hg) 121 ± 5 124 ± 3 126 ± 7 125 ± 4
Scr (mg/dL) 0.59 ± 0.04 0.57 ± 0.04 0.55 ± 0.02 0.55 ± 0.02
ClCr (mL/min/100 g) 0.19 ± 0.02 0.22 ± 0.04 0.21 ± 0.01 0.20 ± 0.03
CsA level (ng/mL) 2573 ± 179 2840 ± 381

LSD
FBW (g) 29.3 ± 0.5 29.0 ± 0.4 35.6 ± 0.5a,b 28.5 ± 0.8c

SBP (mm Hg) 119 ± 5 123 ± 6 125 ± 4C 126 ± 7
Scr (mg/dL) 0.60 ± 0.02 0.59 ± 0.02 0.54 ± 0.03 0.70 ± 0.05d

ClCr (mL/min/100 g) 0.26 ± 0.02 0.24 ± 0.01 0.24 ± 0.03 0.13 ± 0.03e

CsA level (ng/mL) 2430 ± 198 2160 ± 367

FBW, final body weight; SBP, systolic blood pressure; Scr, serum creatinine concentration; ClCr, creatinine clearance. VH1 = vehicle for 1 week, CsA1 =
cyclosporine for 1 week, VH4 = vehicle for 4 weeks, CsA4 = cyclosporine for 4 weeks.
aP = 0.000 vs VH1.
bP = 0.000 vs CsA1.
cP = 0.000 vs VH4.
dP = 0.004 vs VH4.
eP = 0.000 vs VH4.
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creased in the CsA1 group (77.7 ± 1.6%) compared with
VH1, VH4 (96.0 ± 1.0%) or CsA1 groups (P < 0.05;
Figure 4A). In LSD mice, Klotho mRNA markedly de-
creased in CsA1 group (50.9 ± 2.0%) compared with
VH1 group (95.0 ± 2.6%) and further decreased in the
CsA4 group (25.6 ± 1.1%) compared with VH1, VH4

(69.8 ± 2.2%) or CsA1 groups (P < 0.05; Figure 4B). In
NSD mice, Klotho significantly decreased in the CsA4
group (70.6 ± 2.2%) compared with VH1 (96.6 ± 1.3%),
VH4 (94.1 ± 2.2%) or CsA1 groups (95.4 ± 1.8%, P <
0.05; Figure 4C). In LSD mice, Klotho significantly de-
creased in the CsA1 group (77.1 ± 2.2%) compared with
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Fig. 4. The time-dependent effect of cyclosporine (CsA) on Klotho mRNA and protein expression in the mouse kidney. (A) RT–PCR for Klotho
mRNA in CsA-treated mice on the normal-salt diet (NSD). Klotho mRNA expression was significantly decreased by CsA treatment for 1 week
and further decreased by CsA treatment for 4 weeks. (B) RT–PCR for Klotho mRNA in CsA-treated mice on the low-salt diet (LSD). The time-
dependent decrease in Klotho mRNA was more apparent in the LSD mice than the NSD mice. (C) Western blot for Klotho in CsA-treated mice
on the NSD. CsA treatment for 1 week did not significantly decrease Klotho expression, but CsA treatment for 4 weeks did. (D) Western blot for
Klotho in CsA-treated mice on the LSD. The time-dependent decrease in Klotho was significant after CsA treatment for 1 week and was more
apparent in the LSD mice than the NSD mice. *P = 0.033 vs VH1, **P = 0.000 vs VH1, #P = 0.000 vs CsA1, †P = 0.000 vs VH4 (n = 6 for
each group). VH1 = vehicle for 1 week, CsA1 = cyclosporine for 1 week, VH4 = vehicle for 4 weeks, CsA4 = cyclosporine for 4 weeks.
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VH1 group (98.2 ± 0.9%) and further decreased in the
CsA4 group (33.9 ± 2.3%) compared with VH1, VH4
(93.8 ± 2.4%) or CsA1 groups (P < 0.05; Figure 4D).

Figure 5 shows the immunohistochemistry for Klotho in
the CsA1-treated mice. Among NSD mice, CsA1 group
showed minimal change in Klotho expression, but the
CsA4 group showed a marked decrease (Figure 5A).
Among LSD mice, Klotho markedly decreased in the

CsA1 group and almost completely abolished in the CsA4
group (Figure 5B).

Effect of AngII blockade on Klotho expression in
relation to salt intake in chronic CsA nephropathy

Table 2 shows the basic parameters in relation to salt intake
in mice undergoing CsA and LSRT treatment for 4 weeks.

A

CsA1

CsA4VH4

VH1

B

VH4

VH1 CsA1

CsA4

Fig. 5. Immunohistochemical findings for Klotho expression under cyclosporine (CsA) treatment in relation to salt intake. (A) Immunohistochemistry
for Klotho in CsA-treated mice on the normal-salt diet. CsA treatment for 1 week minimally decreased and CsA treatment for 4 weeks markedly
decreased Klotho expression. (B) Immunohistochemistry for Klotho in CsA-treated mice on the low-salt diet. CsA treatment for 1 week markedly
decreased Klotho expression, while CsA treatment for 4 weeks almost completely abolished expression (n = 6 for each group). VH1 = vehicle for
1 week, CsA1 = cyclosporine for 1 week, VH4 = vehicle for 4 weeks, CsA4 = cyclosporine for 4 weeks.
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Among the NSD mice, the CsA+LSRT4 group showed
significantly decreased ClCr in comparison to the VH+
LSRT4 group. Among the LSD mice, the CsA+LSRT4
group showed significantly decreased BW and increased
Scr compared with the VH4, VH+LSRT4 or CsA4 groups.
There was no difference in SBP among these groups.

Figure 6 shows the effect of AngII blockade on Klotho
in chronic CsA nephropathy. In NSD mice, Klotho signifi-
cantly decreased in the CsA4 group (74.3 ± 2.6%) com-
pared with VH4 (100.2 ± 3.8%) or VH+LSRT4 groups
(98.7 ± 3.5%) and increased in the CsA+LSRT4 group
(124.2 ± 2.9%) compared with CsA4 group (P < 0.05;
Figure 6A). The LSD mice showed a more apparent effect
of LSRT than the NSD mice. In LSD mice, Klotho mark-
edly decreased in the CsA4 group (34.5 ± 6.6%) compared
with VH4 (100.7 ± 7.5%) or VH+LSRT4 groups (116.1 ±
8.4%) and increased in the CsA+LSRT4 group (120.2 ±
16.9%) compared with the CsA4 group (P < 0.05;
Figure 6B).

The association between TIF and Klotho expression in
chronic CsA nephropathy

Characteristic lesions of chronic CsA nephropathy were
observed in the CsA4 group on the LSD (Figure 7A).
The TIF score significantly increased in the CsA4 group
(0.9 ± 0.1) compared with VH4 (0 ± 0) or VH+LSRT4
groups (0 ± 0) and decreased in the CsA+LSRT4 group
(0.4 ± 0.1) compared with CsA4 group (P < 0.05;
Figure 7B). Klotho expression was negatively correlated
with the TIF score (r = 0.69, P < 0.01; Figure 7C).

The association between intrarenal AGT activity and
Klotho expression in chronic CsA nephropathy

The immunoreactivity for AGT was enhanced by CsA
and reduced by LSRT, which was more apparent in the
LSD mice than the NSD mice (Figure 8A). The LSD-

CsA4 group (19.2 ± 5.1) showed significantly greater
AGT immunoreactivity than all NSD groups and the
LSD-VH4 (1.5 ± 0.4) or LSD-VH+LSRT4 groups (0.7 ±
0.2) (P < 0.05; Figure 8B). Concurrent LSRTadministration
markedly reduced AGT immunoreactivity (0.8 ± 0.2,
P < 0.05) compared with the CsA4 group. Klotho expres-
sion was negatively correlated with AGT expression (r =
−0.77, P < 0.01; Figure 8C).

The association between oxidative stress and Klotho
expression in chronic CsA nephropathy

Urinary 8-OHdG excretion was measured as a marker of
oxidative DNA damage [48]. In NSD mice, CsA tended to
increase the excretion and LSRT tended to decrease it. In
LSD mice, the excretion significantly increased in the
CsA4 group (35.2 ± 8.5 ng/day) compared with VH4
(10.5 ± 2.3 ng/day) or VH+LSRT4 groups (12.2 ± 1.1 ng/
day) and decreased in the CsA+LSRT4 group (14.8 ±
3.8 ng/day) compared with the CsA4 group (P < 0.05;
Figure 8A). Klotho expression was negatively correlated
with urinary 8-OHdG excretion (r = −0.64, P < 0.01;
Figure 9B).

Klotho expression in renal insufficiency with or without
CsA

Figure 10 shows the effect of CsA in nephrectomized
mice. Klotho significantly decreased in Sham+CsA group
(41.0 ± 5.2%) compared with Sham group (111.3 ± 11.3%)
and further decreased in 5/6NX+CsA group (9.2 ± 4.3%)
compared with Sham, Sham+CsA or 5/6NX groups
(33.7 ± 7.1%) (P < 0.05).

Discussion

It was initially hypothesized that CsA-induced renal injury
accelerates the ageing process in the kidney and that the in-

Table 2. The effect of angiotensin II blockade on basic parameters in vehicle- and cyclosporine-treated mice

VH4 (n = 6) VH+LSRT4 (n = 6) CsA4 (n = 6) CsA+LSRT4 (n = 6)

NSD
FBW (g) 31.8 ± 0.6 34.8 ± 1.2 34.0 ± 0.6 33.4 ± 1.1
SBP (mm Hg) 125 ± 7 123 ± 9 125 ± 6 127 ± 10
Scr (mg/dL) 0.55 ± 0.02 0.54 ± 0.03 0.55 ± 0.02 0.63 ± 0.03
ClCr (mL/min/100 g) 0.21 ± 0.01 0.34 ± 0.06 0.20 ± 0.03 0.16 ± 0.01a

CsA level (ng/mL) 2350 ± 293 2775 ± 347
LSD
FBW (g) 36.6 ± 0.7 34.6 ± 1.6 35.7 ± 1.3 29.3 ± 1.1b,c,d

SBP (mm Hg) 124 ± 3 121 ± 7 127 ± 9 124 ± 7
Scr (mg/dL) 0.60 ± 0.02 0.64 ± 0.04 0.66 ± 0.02 0.84 ± 0.06e,f,g

ClCr (mL/min/100 g) 0.35 ± 0.17 0.17 ± 0.01 0.14 ± 0.01 0.11 ± 0.01
CsA level (ng/mL) 2097 ± 380 2590 ± 352

FBW, final body weight; SBP, systolic blood pressure; Scr, serum creatinine concentration; ClCr, creatinine clearance. VH4 = vehicle for 4 weeks, VH+
LSRT4 = vehicle + losartan for 4 weeks, CsA4 = cyclosporine for 4 weeks, CsA+LSRT4 = cyclosporine + losartan for 4 weeks.
aP = 0.04 vs VH+LSRT4.
bP = 0.001 vs VH4.
cP = 0.016 vs VH+LSRT4.
dP = 0.003 vs CsA4.
eP = 0.001 vs VH4.
fP = 0.007 vs VH+LSRT4.
gP = 0.021 vs CsA4.
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hibition of RAS may alleviate this. To test this hypothesis,
the Klotho gene was used as a marker of an anti-ageing
process. The results clearly demonstrate that CsA-induced
renal injury decreases Klotho expression and that RAS
blockade with LSRT restores Klotho expression in chronic
CsA nephropathy. These results suggest that long-term
CsA treatment may accelerate the ageing process and that
AngII blockade may inhibit the ageing process in chronic
CsA nephropathy.

To evaluate the association between Klotho and RAS,
Klotho expression was compared between NSD and LSD
in normal mice. The results showed that Klotho was sig-

nificantly decreased by salt depletion, while increased by
LSRT (Figure 2). Similar results were observed in CsA-
treated mice. Klotho mRNA and protein were significantly
decreased by CsA, and a more profound effect was ob-
served in salt depletion (Figures 4 and 5). LSRT treatment
restored Klotho in CsA-induced renal injury, and a more
profound effect was observed in salt depletion (Figure 6).
This finding suggests that Klotho expression is influenced
by RAS in both normal and CsA-treated mice and that An-
gII blockade is effective in restoring Klotho expression in
chronic CsA nephropathy. The association of Klotho with
CsAwas further evaluated by administering different doses
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of CsA, which revealed that CsA decreased Klotho in a
dose-dependent manner (Figure 3). This finding suggests
that CsA-induced renal injury is closely associated with ac-
tivated RAS and that Klotho expression is affected by RAS
in chronic CsA nephropathy.

An additional study in a remnant kidney model was per-
formed with or without CsA to further evaluate whether
decreased Klotho expression depends upon CsA toxicity
per se or whether it is secondary to renal injury independ-
ent from CsA. The results showed that Klotho decreased in
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nephrectomized mice, while additional treatment of CsA
further decreased it (Figure 10). This finding suggests that
a reduction in Klotho depends upon CsA toxicity per se
and that it is not a secondary change independent from
CsA.

Intrarenal renin and AGT expression were measured as
markers of intrarenal RAS activity. The renin immunoreac-
tivity was increased by CsA dose dependently (Figure 3).
The AGT immunoreactivity was enhanced by CsA and
reduced by LSRT, which was more evident in salt depletion
(Figure 8). Furthermore, Klotho expression was negatively

correlated with renin and AGT expression. These results
suggest that CsA activates the intrarenal RAS, which is
closely associated with Klotho expression in CsA-induced
renal injury. This presumption may be supported by a pre-
vious report that showed AngII downregulated Klotho
mRNA expression in mouse internal medulla collecting
duct cells [49].

The present study suggests that chronic CsA nephropa-
thy downregulates Klotho via activation of RAS, but it is
uncertain whether decreased Klotho expression is caused
by a direct toxicity of CsA or if it is mediated by the
RAS. Reports showed that oxidative stress downregulates
Klotho in mouse kidney cells [50], and a free radical scav-
enger suppresses the AngII-induced downregulation of
Klotho [51]. Like AngII, CsA induces lipid peroxidation
in rat kidney and liver microsomes [52,53]. In Figure 9,
the urinary 8-OHdG excretion increased with CsA and de-
creased with LSRT. Furthermore, Klotho expression corre-
lated negatively with 8-OHdG excretion. Together, these
results suggest that oxidative stress caused by AngII or
CsA may downregulate Klotho. Thus, there may be two
different kinds of renal injury in this model: both CsA-
mediated and AngII-mediated renal injury may decrease
Klotho expression by inducing oxidative stress. CsA
causes oxidative stress to renal tubular cells, which leads
to interstitial fibrosis [30]. Recently, Klotho was found to
activate the FoxO forkhead transcription factors that are
negatively regulated by insulin/IGF-1 signalling. This, in
turn, facilitates removal of reactive oxygen species and
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confers oxidative stress resistance by inducing expression
of manganese superoxide dismutase. Thus, Klotho-induced
inhibition of insulin/IGF-1 signalling is associated with an
increased resistance to oxidative stress, which potentially
contributes to the anti-ageing properties [54]. As recent re-
ports show, calcineurin [55] or FKBP39 [56] is associated
with FoxO expression, and CsA-induced downregulation
of Klotho may accelerate TIF through oxidative stress by
inhibiting FoxO activity.

In Figure 1, Klothowas predominantly expressed in distal
and connecting tubular cells as in accordance with previous
reports [1,57]. This finding suggests that the role of Klotho
is limited to the specific function of these tubules. However,
Klotho has systemic effects [58]. It was shown that the
extracellular domain of Klotho protein is secreted into the
blood and functions as a humoral factor [2]. This explains
how Klotho may protect the kidney and improve renal func-
tion beyond protecting the tubules where it is localized.

This study has some limitations, however. First, it is un-
certain whether decreased Klotho expression is related to
the pathogenesis of CsA-induced renal injury. Further study
using transgenic mice overexpressing Klotho is needed to
clarify the results from this experiment. Second, the upregu-
lation of Klotho by LSRT did not improve renal function
(Table 2). This may be related to the dissociation between
functional and morphologic changes in CsA-induced renal
injury model [59] or the intrarenal haemodynamic effects of
LSRT on the glomerular filtration rate [60]. Third, salt de-
pletion activates various mediators including aldosterone
and antidiuretic hormone. Therefore, the possibility that
other factors may affect Klotho expression in salt depletion
cannot be excluded. Fourth, it could be argued that the effect
of LSRTon Klotho expression is related to its antihyperten-
sive effect, but there was no difference in SBP between
groups (Table 2).

The experimental model of chronic CsA nephropathy
has two limitations. First, CsA trough levels were much
higher than those targeted in clinical practice. The higher
CsA level is related to the species specificity of rodents.
Unlike humans, mice are resistant to CsA-induced renal
injury. Therefore, salt depletion with high-dose CsA is
needed to induce CsA’s morphologic consequences. Sec-
ond, this study did not show that CsA decreases and LSRT
increases the life span. A follow-up period longer than
4 weeks may better define the relationship between RAS
and Klotho. However, the study period could not be ex-
tended because mice cannot survive beyond 4 weeks under
CsA (30 mg/kg) and LSD.

In summary, this study demonstrates that Klotho expres-
sion is influenced by the intrarenal RAS activity in CsA-
treated mice and that the CsA-induced reduction in Klotho
can be prevented by AngII blockade. This finding may ex-
tend the therapeutic range of AngII blockade in preventing
chronic allograft dysfunction in renal transplant recipients.
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