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Abstract

The aim of this study was to investigate whether hATMSCs protect against cyclosporine (CsA)-induced renal injury. CsA
(7.5 mg/kg) and hATMSCs (36106/5 mL) were administered alone and together to rats for 4 weeks. The effect of hATMSCs
on CsA-induced renal injury was evaluated by assessing renal function, interstitial fibrosis, infiltration of inflammatory cells,
and apoptotic cell death. Four weeks of CsA-treatment produced typical chronic CsA-nephropathy. Combined treatment
with CsA and hATMSCs did not prevent these effects and showed a trend toward further renal deterioration. To evaluate
why hATMSCs aggravated CsA-induced renal injury, we measured oxidative stress, a major mechanism of CsA-induced renal
injury. Both urine and serum 8-hydroxydeoxyguanosine(8-OHdG) levels were higher in the CsA+hATMSCs group than in the
CsA group (P,0.05). An in vitro study showed similar results. Although the rate of apoptosis did not differ significantly
between HK-2 cells cultured in hATMSCs-conditioned medium and those cultured in DMEM, addition of CsA resulted in
greater apoptosis in HK-2 cells cultured in hATMSCs-conditioned medium. Addition of CsA increased oxidative stress in the
hATMSCs-conditioned medium. The results of our study suggest that treatment with hATMSCs may aggravate CsA-induced
renal injury because hATMSCs cause oxidative stress in the presence of CsA.
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Introduction

Cyclosporin A (CsA) is used widely after organ transplantation

and to treat various disorders such as autoimmune diseases and

primary glomerulonephritis. However, despite the clinical efficacy

of CsA, nephrotoxicity is considered a major dose-limiting adverse

effect [1]. Long-term administration of CsA causes progressive

renal failure and irreversible renal striped interstitial fibrosis,

inflammatory cell infiltration, and hyalinosis of the afferent

glomerular arterioles [2]. Long-standing hypoxic and ischemic

injury caused by vasoconstriction is regarded as the main etiology

of CsA-induced injury through an increase in the production of

reactive oxygen species, which cause cellular injury and promote

apoptotic cell death [3]. Direct activation of apoptosis genes by

CsA and inflammatory cell infiltration by activation of the innate

immune system have also been proposed as important mechanisms

[4,5].

Mesenchymal stem cells (MSCs) are of interest because of their

potential therapeutic effects in various disorders [6]. This

therapeutic potential is mediated by multiple mechanisms such

as immunomodulatory effects through the secretion of regulatory

cytokines, activation of regulatory immune cells, and the capacity

to increase cellular repair through the secretion of antiapoptotic,

antifibrotic, and proangiogenic factors [7,8,9]. These multiple

functions of MSCs may lead to multifaceted strategies in various

organs and diseases. The usefulness of MSCs in treating kidney

disorders has been investigated extensively in acute and chronic

kidney disease models, and the results are promising [10,11,12,13].

Considering the known therapeutic effects of MSCs, we

postulated that MSCs may have a therapeutic effect on CsA-

induced nephrotoxicity. In this study, we used human adipose

tissue-derived mesenchymal stem cells (hATMSCs) and our

established rat model of chronic CsA-induced nephrotoxicity to

assess the effect of MSCs on CsA-induced nephrotoxicity. We

focused mainly on two aspects: whether hATMSCs are a thera-

peutic option in the treatment of CsA-induced nephrotoxicity and

whether CsA has detrimental effects on hATMSC functions.

Materials and Methods

Animals and Drugs
Male Sprague Dawley rats (Charles River Technology, Seoul,

Korea), weighing initially 230 to 250 g, were housed in cages

(Nalge Co., Rochester, NY) in a controlled-temperature and

controlled-light environment, and allowed free access to a low-salt

diet (0.05% sodium, Teklad Premier, Madison, WI) throughout
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the experimental period. CsA (Novartis, Basel, Switzerland) was

diluted in olive oil (Sigma, St Louis, MO) to a final concentration

of 7.5 mg/mL.

Isolation and Culture of hATMSCs
The MSCs used in this study were derived from surplus fat

tissues obtained for a stem cell banking service and no longer

needed for that purpose. Written informed consent for research

use was given by the donors. In brief, human abdominal

subcutaneous fat tissues were obtained by simple liposuction.

hATMSCs were isolated from the fat stromal vascular fraction by

their adherence to plastic and were culture-expanded as described

previously [14]. Cryopreserved stem cells were stored in liquid

nitrogen vapor and were thawed and recultured in growth

medium (RKCM; RNL Bio, Seoul, Korea) based on the injection

schedule under Good Manufacturing Practice conditions (RNL

Bio, Seoul, Korea). Harvested cells were counted and tested for

cell viability, purity (CD31, CD34, CD45), identity (CD73,

CD90), sterility, and endotoxin and mycoplasma contamination

before use.

Experimental Design
Experimental protocol. The experimental protocol was

approved by the Animal Care Committee of the Catholic

University of Korea, and all procedures performed in this study

followed ethical guidelines for animal studies. Figure 1 shows the

experimental protocol of this study. Rats were randomized into the

four groups listed below and were treated for 4 weeks. We

subcutaneously (s.c.) administered 7.5 mg/kg CsA in olive oil or

olive oil alone daily for 4 weeks. hATMSCs were injected via the

tail vein at a concentration of 36106/5 mL 0, 1, 2, and 3 weeks

after the start of CsA administration. The groups were as follows.

1) Vehicle (VH) group (n= 8) in which rats received olive oil

(1 mL/kg per day s.c.)

2) VH+hATMSC group (n= 8) in which rats received VH and

hATMSCs (36106/5 mL)

3) CsA group (n= 8) in which rats received CsA (7.5 mg/kg

per day s.c.)

Figure 1. Experimental design in this study. CsA was administered
at a dose of 7.5 mg/kg subcutaneously daily. hATMSCs was infused at
0,1,2 and 3 weeks from the start of CsA with cell number of 36106/mL
via tail vein. hATMSCs; human adipose tissue derived mesenchymal
stem cells.
doi:10.1371/journal.pone.0059693.g001

Figure 2. Flowcytometric analysis of surface markers on cultured hATMSCs. (A) MSC-specific markers CD29, CD73, CD90 and CD105 were
expressed on culture hATMSCs. (B) Hematopoietic stem cell markers CD31, CD34 and CD45 were not expressed.
doi:10.1371/journal.pone.0059693.g002
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4) CsA+hATMSC group (n= 8) in which rats received both

CsA and hATMSCs (36106/5 mL)

Basic protocol. After starting the treatment, rats were pair

fed, and body weight (BW) was measured daily. Before sacrifice,

animals were housed individually in metabolic cages (Tecniplast

Gazzada S.a.r.l., Italy) for 24-h urine collection. The following

day, animals were anesthetized with ketamine, and a blood sample

and tissue specimens were obtained.

Homing of MSCs
Cell homing to the injured kidney was studied using hATMSCs

labeled with PKH26 fluorescent dye (Sigma) according to the

technique described previously [15]. CsA (n= 2) or olive oil (n = 2)

was given for 4 weeks, and PKH26-labeled hATMSCs (36106/

5 mL) were infused into the tail vein. Animals were sacrificed after

24 h. Frozen kidneys were cut into 5-mm cryostat sections and air

dried, and fixed in acetone for 5 min. Sections were counter-

stained with 49,6-Diamidino-2-Phenylindole (Sigma) and covered

with fluorescent mounting medium (DakoCytomation, Glostrup,

Denmark). Preservation of tissue integrity was assessed by staining

with Mayer’s hematoxylin and eosin, 1% aqueous solution (Bio-

Optica, Milan, Italy). Specific fluorescence versus renal back-

Figure 3. Homing of PKH-26 labeled hATMSCs to the kidney tissue. (A) The representative of PKH-26 label (B) The staining for nuclei using
(DAPI) (C) The overlay of (A) and (B) showed homing of PKH-26 labeled hATMSCs in renal interstitial tissue. PKH-26 staining merged with nuclear
staining (in the circle), indicating PKH-26 labeled hATMSCs. (Original magnification x400 in A through C) (D) The quantization of PKH-26 labeled
hATMSCs. Labeled cell was more frequently detected in CsA treated group compared to VH group. hATMSCs; human adipose tissue derived
mesenchymal stem cells DAPI; 49,6-Diamidino-2-Phenylindole.
doi:10.1371/journal.pone.0059693.g003

Table 1. The effects of treatment with hATMSC on basic
parameters in experimental groups.

VH VH+hATMSCs CsA CsA+hATMSCs

DBody weight
(g)

11.869.1 15.7614.3 7.3610.7 5.668.7

Scr (mg/dl) 0.5560.08 0.5460.05 0.5860.08 0.6060.01

ClCr (ml/min/
100 g)

0.5360.04 0.5560.03 0.4360.09 0.4160.07

CsA level
(ng/mL)

– – 2367686 25266231

DBody weight, changes in body weight; Scr, serum creatinine; ClCr, creatinine
clearance; CsA, cyclosporine, hATMSC; human adipose tissue derived
mesenchymal stem cell.
*P,0.05 vs. VH group.
**P,0.05 vs. CsA group.
doi:10.1371/journal.pone.0059693.t001
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ground was analyzed using a Leica DML microscope (excitation

490 nm/emission 570 nm) under 406magnification.

Measurement of Renal Function and Whole-blood CsA
Level
Serum and urine creatinine levels were measured by an

enzymatic method using a Daiichi kit (Daiichi Pure Chemical

Co. Ltd, Tokyo, Japan) on a Hitachi 7600 chemistry analyzer

(Hitachi Inc., Tokyo, Japan). Creatinine clearance was calculated

using the standard formula (Creatinine Clearance =Urine Creat-

inine6Urine Volume/Plasma Creatinine). The whole-blood CsA

level was measured using a monoclonal radioimmunoassay

(Incstar Co., Stillwater, MN).

Measurement of CsA-induced Interstitial Fibrosis
Kidney tissues were fixed in periodate–lysine–paraformalde-

hyde solution and embedded in wax. After dewaxing, 4-mm
sections were processed and stained with Masson’s trichrome and

hematoxylin. A finding of tubulointerstitial fibrosis (TIF) was

defined as a matrix-rich expansion of the interstitium with tubular

dilatation, tubular atrophy, tubular cast formation, sloughing of

tubular epithelial cells, or thickening of the tubular basement

membrane. A minimum of 20 fields per section were assessed

using a color image analyzer (TDI Scope EyeTM Version 3.0 for

Windows, Olympus, Japan). Briefly, the image was captured, and

the extent of TIF was quantified using the Polygon program by

counting the percentage of areas injured per field of cortex under

Figure 4. Effect of hATMSCs infusion on inflammatory cell infiltration in rats with chronic CsA nephropathy. (A) Representative
photomicrographs of the immunohistochemical detection of ED1 protein (Original magnification x200). (B) Quantitative analysis of ED1-positive cells
in the four groups. CsA administration increased ED1-positive cell number compared to VH and treatment with hATMSCs did not decrease it.
hATMSCs; human adipose tissue derived mesenchymal stem cells.
doi:10.1371/journal.pone.0059693.g004
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1006magnification, as described previously [16]. Histopatholog-

ical analysis was performed in randomly selected cortical fields of

sections by a pathologist blinded to the identity of the treatment

groups.

In situ TdT-mediated dUTP-biotin Nick End-labeling
(TUNEL) Assay
Cells undergoing apoptosis were identified using an ApopTag in

situ apoptosis detection kit (Chemicon, Temecula, CA). After

dewaxing, the sections were treated with proteinase K, incubated

with equilibration buffer in a humidified chamber for 10 min at

room temperature, and then incubated with working-strength

TdT enzyme solution in a humidified chamber at 37uC for 2 h.

The reaction was terminated by incubation in working-strength

stop/wash buffer for 30 min at 37uC. The sections were rinsed

with phosphate-buffered saline (PBS) and then incubated with

anti-digoxigenin peroxidase in a humidified chamber for 30 min

at room temperature. The sections were incubated with

diaminobenzidine and 0.01% H2O2 for 5 min at room temper-

ature, rinsed with PBS, counterstained with hematoxylin, and

examined using light microscopy. 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

numbers of TUNEL-positive cells were counted in selected areas

(0.5 mm2) in each section under 2006magnification.

Figure 5. Effect of hATMSCs infusion on interstitial fibrosis in rats with chronic CsA nephropathy. (A) Representative photomicrographs
of trichrome staining. The CsA group showed typical striped interstitial fibrosis, and extracellular matrix deposition in the cortex (Original
magnification x200). (B) Quantitative analysis of tubulointerstitial fibrosis. CsA administration increased tubulointerstitial fibrosis
compared to VH and it was not reduced by treatment with hATMSCs. hATMSCs; human adipose tissue derived mesenchymal stem cells.
doi:10.1371/journal.pone.0059693.g005
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Immunohistochemistry for ED1-positive Cells
The dewaxed sections were incubated with 0.5% Triton X-

100/PBS solution for 30 min and washed with PBS three times.

Nonspecific binding sites were blocked with normal horse serum

diluted 1:10 in 0.3% bovine serum albumin for 30–60 min and

then incubated for 2 h at 4uC in antiserum against ED1 (Serotec,

Oxford, UK) diluted 1:1000 in a humid environment. The sections

were rinsed in PBS and incubated in peroxidase-conjugated rabbit

anti-mouse IgG (Amersham Pharmacia Biotech, Piscataway, NJ)

for 30 min. For coloration, sections were incubated with a mixture

of 0.05% 3,39-diaminobenzidine containing 0.01% H2O2 at room

temperature until a brown color was visible, washed with PBS,

counterstained with hematoxylin, and examined under light

microscopy. The numbers of ED1-positive cells were counted

automatically as described in the apoptosis section below.

Figure 6. Effect of hATMSCs infusion on apoptosis in rats with chronic CsA nephropathy. (A) Representative photomicrographs of TUNEL
staining in experimental groups (Original magnification x200). (B) Quantitative analysis of TUNEL-positive cells. CsA administration increased TUNEL-
positive cell number compared to VH and treatment with hATMSCs further increased it (C) Western blot analysis of caspase-3 protein expression.
Caspase-3 was activated after treatment with CsA and treatment with hATMSCs did not reduce it. hATMSCs; human adipose tissue derived
mesenchymal stem cells.
doi:10.1371/journal.pone.0059693.g006
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Immunoblot Analysis for Caspase 3
For immunoblot analysis, kidney tissue was homogenized in

lysis buffer (20 mM Tris-CL [pH 7.6], 150 mM NaCl, 1% [w/v]

sodium deoxycholate, 1% [v/v] Triton X-100, 0.1% SDS, 2 mM

NaVO3, and freshly added 1% [v/v] aprotinin, leupeptin [1 mg/
mL], pepstatin [1 mg/mL], and 1 mM phenylmethylsulfonyl

fluoride). Homogenates were centrifuged at 3000 rpm for

15 min at 4uC, and the protein concentration of the lysate was

determined using the Bradford microassay method (Bio-Rad,

Hercules, CA). Protein samples were resolved on 15% SDS-

polyacrylamide gel electrophoresis and then electroblotted onto

a Bio-Blot nitrocellulose membrane (Bio-Rad). An equal amount

of protein loading (80 mg) was verified by Ponceau S staining. The

membrane was blocked for 1 h in Tris-buffered saline with

Tween-20 (TBS-T; 10 mM Tri-CL, 150 mM NaCl [pH 8.0],

0.05% Tween-20) containing 5% nonfat powdered milk. Caspase

3 was detected by incubating for 1 h with specific antibody

(Chemicon) diluted 1:200. The blot was incubated in the primary

antibody, washed six times with TBS-T, and then incubated with

secondary antibody (Amersham Biosciences, UK) conjugate at

1:1000 for 1 h. Antibody-reactive protein was detected using

enhanced chemiluminescence (ECL; Amersham Biosciences).

Optical densities were obtained using the VH group as the

100% reference.

Measurement of Urinary and Serum 8-
hydroxydeoxyguanosine (8-OHdG) Levels
Twenty-four-hour urinary concentration of 8-OHdG and

serum 8-OHdG were measured using a competitive ELISA

(Institute for the Control of Aging, Shizuoka, Japan).

Cell Culture and Administration of CsA and hATMSCs to
HK-2 Cells
To observe tubular cell injury directly in cells treated with CsA

and hATMSCs, we measured Annexin V positivity in HK-2 cells.

HK-2 cells were purchased from the American Type Culture

Collection (ATCC, Manassas, VA). The cells were cultured in

DMEM or hATMSC-conditioned medium. Another set of HK-2

cells which were also cultured in DMEM or hATMSC-

conditioned medium were treated with CsA (12.5 mM). Cells

were washed twice with PBS at 4uC and resuspended in 250 mL of

a combination buffer solution, and the cell concentration was

adjusted to 16105/mL. Annexin V/APC (5 mL) and propidium

iodide (5 mL) were added, and the cells were incubated in the dark

for 15 min and then analyzed using a FACS LSRFortessa flow

cytometer (BD Biosciences, San Jose, CA). We also measured

oxidative stress markers in another set of cultured cells, as

described below.

Oxidative Stress Markers in hATMSC-conditioned Media
with and without CsA
To investigate whether the production of oxidative stress

markers by hATMSCs increased in cells incubated with CsA,

we measured 8-OHdG and nitric oxide (NO-) levels in the

hATMSC-conditioned medium. After 24 h of culture with or

without CsA (100 mM), the hATMSC-conditioned medium was

collected, and 8-OHdG and nitric oxide levels were measured

using a competitive ELISA (Institute for the Control of Aging) and

Griess reagent system (Promega, Madison, WI) respectively.

Statistical Analysis
The data are expressed as mean 6 SEM. Multiple comparisons

between groups were performed by one-way ANOVA with the

post hoc Bonferroni test using SPSS software (version 9.0).

Significance was assumed at P,0.05.

Results

Phenotypic Analysis of hATMSCs
Flowcytometric analysis was performed to confirm the identity

of the cells as hATMSCs. Cultured hATMSCs expressed high

levels of the MSC-specific markers CD29, CD73, CD90 and

CD105 (Figure 2A) but did not express the hematopoietic markers

CD31, CD34 and CD45. (Figure 2B).

In vivo Tracking of hATMSCs in the CsA and VH Groups
Homing of hATMSCs was evaluated 24 h after injection into

the tail vein in rats treated with CsA (n= 2) or olive oil (n = 2) for 4

weeks. In renal tissue, PKH-26 labeled hATMSCs were found

mainly in the tubule–interstitial area. Significantly more PKH-26

labeled hATMSCs were detected in the CsA group than in the

VH group (0.860.1/0.5 mm2 vs. 0.2660.09/0.5 mm2; P,0.05)

(Figure 3).

Figure 7. Effect of hATMSCs infusion on oxidative damage in
rats with chronic CsA nephropathy. (A) The serum and (B) urinary
concentrations of 8-OHdG was increased in the CsA group, and further
increased with the treatment of hATMSCs. hATMSCs; human adipose
tissue derived mesenchymal stem cells.
doi:10.1371/journal.pone.0059693.g007
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Effect of Treatment with hATMSCs on CsA-induced Renal
Dysfunction
To evaluate the renal function of rats, serum creatinine

concentration and creatinine clearance were measured at 4 weeks.

Table 1 shows the baseline parameters in the experimental groups.

Body weight, serum creatinine level, creatinine clearance, and CsA

concentration did not differ between the groups.

Effects of Treatment with hATMSCs on Interstitial
Inflammation in Chronic CsA Nephropathy
To evaluate the effects of hATMSCs on interstitial inflamma-

tion induced by CsA administration, ED1-positive cells were

detected by immunohistochemistry, and the numbers of ED1-

positive cells in the experimental groups were quantified (Figure 4).

ED1-positive cells were minimal in the VH group (5.361.8/

0.5 mm2) and VH+hATMSC group (3.761.8/0.5 mm2). The

number of ED1-positive cells was significantly higher in renal

tissue from the CsA group (21.466.1/0.5 mm2) than in tissue

from the VH group (P,0.05). The number of ED1-positive cells

was significantly higher in the CsA+hATMSC group (24.864.4/

0.5 mm2) than in the VH group but did not differ significantly

from that in the CsA group (P.0.05).

Effects of Treatment with hATMSCs on Interstitial Fibrosis
in Chronic CsA Nephropathy
Figure 5 shows the results of trichrome staining in the four

groups. Typical striped interstitial fibrosis was observed in the

kidneys of CsA-treated rats. Quantitative analysis of TIF revealed

a significantly higher TIF score in the CsA group than in the VH

Figure 8. The results of in vitro study. (A) The number of Annexin V positive cell didn’t increase in HK-2 cell cultured in hATMSCs- conditioned
medium compared to HK-2 cell cultured in DMEM. Addition of CsA increased Annexin V positive cell both in DMED and hATMSCs-conditioned
medium, and it was more frequently detected in HK-2 cell cultured in hATMSCs-conditioned medium compared to HK-2 cells cultured in DMEM. (B)
The production of NO2 was increased in medium from hATMSCs treated with CsA compared with medium from hATMSCs cultured without CsA. (C)
The 8-OHdG level was significantly increased in the medium from hATMSCs treated with CsA compared to medium from hATMSCs cultured withCsA-
free media as well. hATMSCs; human adipose tissue derived mesenchymal stem cells.
doi:10.1371/journal.pone.0059693.g008
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group (16.5% 62.5% vs. 0.0%, P,0.05). The TIF score was also

higher in the CsA+hATMSC group (18.9% 63.7%) than in the

VH group (P,0.05) but did not differ significantly from that in the

CsA group (P.0.05).

Effects of Treatment with hATMSCs on Apoptotic Cell
Death in Chronic CsA Nephropathy
Figure 6A, B shows TUNEL staining and quantitative analysis

in the four groups. A minimal number of TUNEL-positive cells

was detected in the VH and VH+hATMSC groups (6.761.9/

0.5 mm2 and 13.369.7/0.5 mm2, respectively). The number of

TUNEL-positive cells was significantly higher in the CsA group

(36.3626.7/0.5 mm2) than in the VH group (P,0.05) and in the

CsA+hATMSC group (46.5615.0/0.5 mm2) than in the CsA

group (P,0.05). Western blot analysis showed that expression of

caspase 3 protein was significantly higher in the CsA group (325%

6108%) than in the VH and VH+hATMSC groups (136%

611.9% and 159% 624%, respectively; P,0.05). Active caspase

3 protein level did not differ significantly between the CsA+-
hATMSC group (343% 6172%) and the CsA group (P.0.05)

(Figure 6C).

Effect of hATMSCs on 8-OHdG level in Serum and 24-h
Urine in Chronic CsA Nephropathy
To gain an insight into the mechanisms underlying the lack of

protective effects of hATMSCs against chronic CsA nephropathy,

serum and urinary 8-OHdG levels were measured as indicators of

oxidative stress (Figure 7). Serum 8-OHdG level was significantly

higher in the CsA group than in the VH group (0.9760.09 ng/mL

and 1.2460.05 ng/mL, respectively; P,0.05). Serum 8-OHdG

level was significantly higher in the CsA+hATMSC group

(1.560.09 ng/mL) than in the CsA group (P,0.05). Urinary

excretion of 8-OHdG was also significantly higher in the CsA

group than in the VH group (150.6626.9 and 205.1619.9 ng/

mL, respectively; P,0.05). Urinary 8-OHdG excretion was

significantly higher in the CsA+hATMSC group than in the

CsA group (205.1619.9 ng/dL, P,0.05).

Apoptosis of HK-2 Cells Cultured in hATMSC-conditioned
Media with and without CsA
To investigate the effect of CsA and hATMSC-conditioned

medium on apoptosis of HK-2 cells, Annexin V-positive HK-2

cells were detected using flow cytometry. The frequency of

Annexin V-positive HK-2 cells did not differ between cells

cultured in hATMSC-conditioned medium compared with those

cultured in DMEM. Addition of CsA increased the frequency of

Annexin V-positive cells exposed to DMEM and hATMSC-

conditioned media. However, Annexin V-positive cells were more

frequent in HK-2 cells cultured in hATMSC-conditioned medium

than in those cultured in DMEM (P,0.05) (Figure 8A).

Oxidative Stress Markers in hATMSC-conditioned Media
with and without CsA
To evaluate the effect of CsA on oxidative stress markers

produced by hATMSCs, we compared NO– and 8-OHdG levels

in hATMSC-conditioned media from cells incubated with and

without CsA at a concentration of 100 mM. The NO– level was

significantly higher in medium from hATMSCs cultured with CsA

than in medium from cells cultured without CsA (1.660.1 mM
and 1.260.1 mM, respectively; P,0.05) (Figure 8B). The 8-

OHdG level was significantly higher in medium from hATMSCs

incubated with CsA than in medium from cells incubated without

CsA (0.5660.06 ng/mL and 0.4060.03 ng/mL, respectively;

P,0.05) (Figure 8C).

Discussion

We planned this study to evaluate the beneficial effect of

hATMSCs on CsA-iduced renal injury. But the results of our study

show that hATMSC treatment is not effective in reducing or

preventing renal injury in an experimental model of chronic CsA

nephropathy. In addition, renal tissue injury indicators such as

apoptotic cell death and interstitial fibrosis were aggravated in the

CsA+hATMSC group compared with the CsA monotherapy

group. Therefore, we studied the mechanism responsible for the

deleterious effect of hATMSC treatment on CsA-induced renal

injury and found that increased oxidative stress caused by

combined treatment with CsA and hATMSCs was responsible.

The results of our study suggest that hATMSCs can be a source of

oxidative stress in pathological conditions such as chronic CsA

nephropathy. This may explain the adverse effects of MSCs in

some previous reports [17,18,19,20].

First, we investigated whether systemically infused hATMSCs

migrate to the kidney, and we compared the cell numbers between

the CsA and VH groups. hATMSCs were detected in tissues from

both groups, but more hATMSCs were detected in the CsA

group. MSCs preferentially migrate to or dock in injured sites

when infused in animal models of injury; this property can be

attributed to the expression of growth factors, chemokines, and

extracellular matrix receptors on the surface of MSCs [21,22,23].

It is possible that CsA-induced renal injury upregulates several

molecules whose presence causes retention of systemically infused

MSCs. One study showed recruitment of nestin-expressing cells to

areas of CsA-induced renal injury where they play a role in the

repair of injured tissues and organs [24].

Second, we investigated the effect of hATMSCs on CsA-

induced renal injury. Despite successful migration of hATMSCs to

injured renal tissue in the CsA group, this did not protect against

CsA-induced renal tissue injury. Moreover, apoptotic cell death

and inflammatory cell infiltration were significantly higher in the

CsA+hATMSC group than in the CsA group. Consequently, renal

function and TIF showed a deteriorating tendency in the

CsA+hATMSC group. The in vitro study showed greater CsA-

induced apoptosis in HK-2 cells cultured in hATMSC-condi-

tioned medium, which is consistent with the results of our in vivo

study. By contrast, renal injury indicators did not differ

significantly between the VH+hATMSC group and the VH

group. These findings suggest that the combination of CsA and

hATMSCs aggravates renal injury beyond that caused by CsA

alone.

Our next consideration was the mechanism through which

hATMSCs aggravate CsA-induced renal injury. The levels of

oxidative stress markers were higher in both serum and urine in

the CsA+hATMSC group compared with the CsA group.

Oxidative stress is an important mechanism in the progression

of CsA-induced renal injury, and oxidative stress markers such as

8-OHdG are regarded as key mediators of CsA-induced renal

tissue injury [25,26,27]. Our results suggest that the increased

oxidative stress in the CsA+hATMSC group mediated the

aggravation of renal tissue injury in this group.

With regard to the reason of the increase of 8-OHdG, we

hypothesized that high concentration of CsA may be toxic to

infused hATMSCs, hence it may affect hATMSCs to secret

oxidative stress marker. To prove it, we performed the in vitro

study of the effect of CsA on the production of oxidative stress

markers by hATMSCs. The results showed higher levels of NO–
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and 8-OHdG in hATMSC-conditioned culture medium from cells

exposed to CsA compared with medium from cells cultured

without CsA. This suggests that CsA triggers hATMSCs to secrete

oxidative stress markers, which may be associated with the

systemic increase of oxidative stress. Another possible reason is

that combined CsA and hATMSCs therapy may act in different

organs such as liver or heart, which could be damaged by CsA

[28,29]. It may result in increased serum oxidative stress markers.

But further investigations may be required for clear conclusion

about it.

Another important reason for the lack of protection by

hATMSCs is that the therapeutic effect of hATMSCs is influenced

by environmental factors. hATMSCs need to be ‘‘licensed’’ in an

appropriate cytokine environment before they can exert their

actions [30]. It is possible that CsA disrupts this essential

environmental condition and that the function of hATMSCs is

consequently suppressed. For example, MSCs significantly sup-

press alloreactivity in both in vitro and in vivo transplant models

[31,32,33]. However, CsA given with MSCs did not prolong

animal and allograft survival and even accelerated acute allograft

rejection in an organ transplant rat model [17,18]. It has been

proposed that calcineurin inhibitor antagonizes the effect of MSCs

by inhibiting the proinflammatory microenvironment required for

their activation [17,34].

The characteristics of animal models may also affect the

microenvironment of hATMSCs. In our chronic CsA nephrop-

athy model, CsA was injected daily, and the blood and tissue CsA

levels remained high during the experimental period. Therefore,

the infused hATMSCs would have been exposed to a microenvi-

ronment of high CsA concentration, which may have inhibited

their functions for the reason described above. The 8-OHdG level

increased in both urine and serum, suggesting a systemic effect of

CsA on the infused hATMSCs. By contrast, in other kidney

disease models in which MSCs showed beneficial effects, the MSC

microenvironment did not change during the experiments because

inflammation was confined mainly to the kidney and MSCs were

not influenced directly by the source of renal injury such as

ischemic–reperfusion or nephrotoxic drugs [35,36,37,38].

Our study does not suggest that hATMSCs themselves have

detrimental effects on renal tissue. In this study, hATMSC

treatment alone (without CsA) did not have any harmful effects in

terms of renal injury indicators or renal function, and hATMSC

treatment alone did not increase oxidative stress compared with

VH. In addition, previous studies have shown that the antiox-

idative stress effect is an important mechanism of MSCs in the

protection of organ injury [39,40,41,42]. Our data suggest only

that the tissue-repairing function of hATMSCs may be deficient

when they are administered in an environment containing high

concentrations of CsA.

One question is whether the xenogenicity of hATMSCs may be

the cause of the lack of protective effect by hATMSCs in animal

models. However, the safety and effectiveness of hATMSCs have

been established in previous studies using experimental animal

models [14,37,43]. Moreover, we used human renal tubular cell

lines in the in vitro study to perform it to exclude the effect of

xenogenicity in this study. Nevertheless, apoptosis of human HK-2

cells significantly increased under both CsA and hATMSCsand

NO– and 8-OHdG levels were higher in hATMSC-conditioned

medium from cells exposed to CsA, similar to the results of our

animal study. This suggests that the xenogenicity may not be

responsible for the increased oxidative stress and the loss of

protective effect of hATMSCs in this study. In addition, because

cells of human origin will be used in future clinical trials, we

thought that their efficacy should be assessed in an animal setting

before their use in clinical trials.

In conclusion, despite promising results for the use of MSCs in

kidney disease models, it is important to consider the environ-

mental factors that are likely to significantly affect the biological

properties of MSCs. Our results suggest that hATMSCs play

different action according to the different model and environ-

ment.Therefore, we cautiously conclude that the beneficial

function of hATMSCs is diminished by environment with high

concentrations of CsA.
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