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Chronic inflammation and fibrosis are the leading
causes of chronic allograft failure. The nuclear receptor
peroxisome proliferator-activated receptor (PPAR)� is a
transcription factor known to have antidiabetogenic and
immune effects, and PPAR� forms obligate heterodimers
with the retinoid X receptor (RXR). We have reported that
a retinoic acid (RAR)/RXR-agonist can potently influence
the course of renal chronic allograft dysfunction. In this
study, in a Fischer to Lewis rat renal transplantation
model, administration of the PPAR�-agonist, rosiglita-
zone, independent of dose (3 or 30 mg/kgBW/day), low-
ered serum creatinine, albuminuria, and chronic allograft
damage with a chronic vascular damage score as follows:
35.0 � 5.8 (controls) vs. 8.1 � 2.4 (low dose-Rosi; P < 0.05);
chronic tubulointerstitial damage score: 13.6 � 1.8 (con-
trols) vs. 2.6 � 0.4 (low dose-Rosi; P < 0.01). The deposi-
tion of extracellular matrix proteins (collagen, fibronec-
tin, decorin) was strikingly lower. The expression of
transforming growth factor-�1 was inhibited, whereas
that of bone morphogenic protein-7 (BMP-7) was in-
creased. Intragraft mononuclear cells and activated fibro-
blast numbers were reduced by 50%. In addition, the mi-
gratory and proliferative activity of these cells was
significantly inhibited in vitro. PPAR� activation dimin-
ished the number of cells expressing the proinflam-

matory and fibrogenic proteoglycan biglycan. In
macrophages its secretion was blocked by rosiglita-
zone in a predominantly PPAR�-dependent man-
ner. The combination of PPAR�- and RAR/RXR-ago-
nists resulted in additive effects in the inhibition of
fibrosis. In summary, PPAR� activation was potently im-
munosuppressive and antifibrotic in kidney allo-
grafts, and these effects were enhanced by a RAR/
RXR-agonist. (Am J Pathol 2010, 176:2150–2162; DOI:

10.2353/ajpath.2010.090370)

Present immunosuppressive strategies are unable to pre-
vent graft loss by atrophy and fibrosis that occur during
chronic renal allograft dysfunction; the cellular and mo-
lecular mechanisms involved are complex.1 A persistent
activity of T cells and monocytes/macrophages seems to
be relevant for the subsequent activation and prolifera-
tion of (myo)fibroblasts and endothelial cells.2,3 Proin-
flammatory and fibrogenic mediators such as transform-
ing growth factor (TGF)-�, platelet-derived growth factor,
endothelin and angiotensin II are synthesized and se-
creted by both tissue-infiltrating inflammatory mononu-
clear cells and tubular epithelia.1,3 In addition, authors
have recently reported that the small leucine-rich proteo-
glycans (SLRPs), biglycan (BGN), and decorin are not
only structural components of the extracellular matrix;
they may be involved in the synthesis of cytokines/che-
mokines and growth factors including basic fibroblast
growth factor and TGF-�.4,5 We have reported that BGN
is an endogenous ligand of the innate immunity receptors
toll-like receptor (TLR) 2 and 4 and an activator of the

Supported by grants from the Deutsche Forschungsgemeinschaft (SFB
405, B10; GR 880/3; SCHA 1082/2-1), European Union grant INNOCHEM
to H.-J.G., National Research Program Tumor–Vessel Interface grant
SPP1190, and National Aeronautics and Space Administration Special-
ized Center of Research grant NNJ04HJ12G to A.A.

E.K. and Z.V.P. contributed equally to this work.

Accepted for publication January 6, 2010.

Supplemental material for this article can be found on http://ajp.
amjpathol.org.

Address reprint requests to Hermann-Josef Gröne, M.D., Department of
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Nod-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome, thereby increasing the synthesis and secretion
of chemokines and collagen in monocytes/macrophages and
fibroblasts.6,7 Adenovirus-mediated gene transfer of BGN has
been shown to induce a fibroblastic response in the lung,
indicating a role of BGN in fibrogenesis.8

Ligand activated transcription factors of the nuclear
receptor superfamily might regulate these complex in-
flammatory/fibrotic networks.9 Thiazolidinediones, such
as rosiglitazone, are high-affinity ligands for peroxisome
proliferator-activated receptor (PPAR)�, a member of the
nuclear receptor family. They are used as insulin-sensi-
tizing drugs in type 2 diabetes. In addition, it has been
demonstrated that PPAR�-agonists suppress the syn-
thesis and release of immunomodulatory cytokines/
chemokines (eg, interleukin-1�, tumor necrosis fac-
tor-�, and interferon-�) from various cell types and
modulate cell cycle, differentiation, and apoptosis.10,11

After ligand-induced activation, PPAR� heterodimer-
izes with the retinoid X receptor (RXR). PPAR�/RXR
heterodimers bind to specific DNA sequences in pro-
moter regions of target genes, regulating genes of lipid
and glucose homeostasis.10 Anti-inflammatory effects
of PPAR� probably result by transrepression, impeding
the activity of transcription factors such as activator
protein-1 (AP-1), signal transducer and activator of
transcription (STAT), and nuclear factor �B.11,12

PPAR�-independent anti-inflammatory effects of thia-
zolidinediones have been also reported.13,14

We have demonstrated that retinoids, which act
through retinoic acid receptors (RAR) and RXRs, potently
block inflammatory and fibrosing processes in renal allo-
graft rejection.15,16 We have also found that rosiglitazone
could ameliorate rejection phenomena in acute models of
heart and renal transplantation (manuscript in preparation).
On the basis of these results, we postulated that PPAR�-
agonists could prevent chronic dysfunction of kidney allografts
by inhibiting proinflammatory and fibrogenic mediators.

The effects of rosiglitazone in a chronic Fisher344
donor3Lewis recipient renal transplantation model have
been investigated. Rosiglitazone led to a significant preser-
vation of renal function and morphology. Mononuclear cell
infiltration and secretion of cytokines/chemokines as well as
proliferation were reduced in kidney allografts. In vitro, ros-
iglitazone inhibited the proliferation of monocytes/macro-
phages, endothelial cells, and fibroblasts as well as their
migration in co-culture experiments. In addition, the PPAR�
ligand, rosiglitazone, suppressed the expression of the SL-
RPs decorin and BGN in the treated allografts and inhibited
the secretion of BGN by interleukin-6 stimulated macrophages
in a mainly PPAR�-dependent fashion. The effectiveness of
rosiglitazone in reducing chronic allograft damage was signif-
icantly increased by addition of an RXR agonist.

Materials and Methods

Animals

Male inbred Lewis (LEW, RT11) and Fisher (F344,
RT11v1) rats were purchased from Charles River GmbH

(Sulzfeld, Germany). Fisher or Lewis rats were used as
recipients of Fisher kidney grafts. Donors and recipi-
ents weighed about 200 to 220 g at the time of renal
transplantation.

Conditional PPAR�-Deficient Mice

Homozygous floxed PPAR� (B6.129-Ppargtm2Rev/J; PPAR�fl/fl)
mice were purchased from the Jackson Laboratory (Bar Har-
bor, ME) and bred in our animal facility. PPAR�fl/fl mice were
crossed with a transgenic mouse containing the Cre recombi-
nase gene under the control of the murine M lysozyme pro-
moter (LysCre) to achieve a selective deficiency of PPAR�
in macrophages (PPAR�fl/fl/LysCre; PPAR��/�). C57Bl/6
wild-type mice were used as controls, as macrophages
of PPAR�fl/fl, and LysCre mice had shown similar charac-
teristics of cytokine secretion.17 Animal experiments were per-
formed according to German laws on animal protection.

Kidney Transplantation

Transplantation was performed under ether drop anes-
thesia.15,16 The left kidney of the donor F344 rat was
isolated, perfused with ice-cold isotonic sodium chloride
solution, excised, and transplanted orthotopically into a
weight-matched F344 (isograft) or LEW recipient (allo-
graft). In the recipient the left renal vein and artery were
mobilized and clamped, the ureter was cut, and the left
kidney was excised. End-to-end anastomosis of renal
vessels and of ureter, without ureteral stenting, were per-
formed with 10–0 nonabsorbable nylon sutures. Total
ischemic time of the donor kidney varied between 30 and
45 minutes. The right kidney was left in place to enhance
rejection and damage to the transplant by avoidance of
potential endogenous immunosuppressive effects of re-
nal insufficiency and by a reduction of the work load of
the transplanted kidney;15,18 to obtain functional param-
eters of the graft at the end of the experiments, the right
kidney was removed 48 hours before sacrifice. All trans-
plant kidneys with hydronephrosis, which was evaluated
both macroscopically and by light microscopy, were ex-
cluded from the experimental groups.

Experimental Protocol

Animals were randomly allocated to five experimental
groups: (1) control group, 56 days (n � 20), F344 to
LEW allografts fed with standard rat chow; (2) Rosigli-
tazone (Rosi) groups: (a) high dose (HD)-Rosi, 56 days
(n � 9), and (b) low dose (LD)-Rosi, 56 days (n � 8),
in which animals were treated with HD (30 mg/kgBW/
day) or LD (3 mg/kgBW/day) to study the effects of
rosiglitazone on renal allograft rejection.

To evaluate the effects of a combination of two ligands
to RXR-heterodimers on chronic allograft dysfunction,
two other groups were studied: (3) Isotretinoin (Iso), 56
days (n � 8), and (4) Rosi � Iso, 56 days (n � 8), in which
animals were treated with isotretinoin (0.2 mg/kgBW/day)
or a combination of rosiglitazone (3 mg/kgBW/day) and
isotretinoin (0.2 mg/kgBW/day). The dose of isotreti-
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noin used here corresponded to a 10-fold lower dose
as that shown to be immunosuppressive in our previ-
ous experiments.16

Rosiglitazone (Avandia; GlaxoSmithKline, Münich, Ger-
many) and isotretinoin (Roaccutan; Ratiopharm, Ulm, Ger-
many) were administered orally for 8 weeks starting at the
day of renal transplantation. None of the recipients
were treated with any other immunosuppressant.

In addition, F344 to F344 isograft transplantation was
performed and evaluated after 56 days (n � 5).

Graft Functional Parameters and Systolic
Arterial Blood Pressure

For measurements of serum creatinine and albuminuria,
rats were kept in metabolic cages 24 hours before the end
of the experiment. Serum creatinine (enzymatic deter-
mination), urea nitrogen, cholesterol, tiglycerides, Glu-
tamix oxalacetic transaminase (GOT), Glutamic pyruvic
transaminase (GPT), AP, Lactate dehydrogenase (LDH), and
urine (albuminuria) samples were analyzed by using a Hitachi
9-17-E autoanalyzer (Hitachi, Frankfurt/M, Germany).19 Sys-
tolic blood pressure was determined before sacrifice by tail
cuff plethysmography under light ether anesthesia.20

Histological Analysis

Renal allografts were removed in deep anesthesia,
quickly blotted free of blood, weighed, and processed as
required for histology, immunohistology, and molecular
analysis. For histology, the kidneys were cut into 1-mm
coronal slices and either immersion fixed in 4% formal-
dehyde in PBS (99 mmol/L NaH2PO4, 108 mmol/L,
NaH2PO4, and 248 mmol/L NaCl) at ph 7.35 for 24 hours
at 4°C or fixed in methacarn (60% methanol, 30% chlo-
roform, and 10% acetic acid) for 8 hours and then em-
bedded in paraffin. In addition, tissue slices were snap
frozen in liquid nitrogen and stored at �80°C.

Light microscopy was performed on 3-�m sections
stained by PAS. In brief, kidneys were evaluated for
evidence of acute and chronic vascular (endothelialitis/
vasculitis, fibrointimal thickening), glomerular (glomeruli-
tis, transplant glomerulopathy, glomerulosclerosis), and
tubulointerstitial damage (thinning/denudation/necrosis
of the tubular epithelia and interstitial edema; tubular
atrophy and interstitial fibrosis) on a scale ranging from 0
to 3 as previously described.15,16

Tubulointerstitial inflammation was judged as 0 (no
mononuclear cells in the interstitium), 0.5 (focal mononu-
clear cell infiltration in the interstitium), 1 (focal mononu-
clear infiltration in the interstitium with tubulitis), 2 (diffuse
mononuclear cell infiltration of the interstitium), and 3
(diffuse mononuclear cell infiltration of the interstitium
with tubulitis). Tubulitis was defined as 1 or more mono-
nuclear cells/tubular cross section. Tubulointerstitial in-
flammation index was defined as the percentage of fields
with respective degree of the injury encountered in 10
fields (objective �20) of cortex and outer stripe of outer
medulla. The tubulointerstitial inflammation score was
calculated as the sum of all specific indices, whereby the

index of fields with degree 0.5 was multiplied by 0.5, that
of degree 1 � 1, that of degree 2 � 2, and that of degree
3 � 3. Vascular and glomerular injuries were scored in an
analogous pattern.

Immunohistochemistry

Immunohistochemical staining was performed on 30-�m
sections of paraffin-embedded tissue except for CD4,
which was labeled on frozen sections. Mouse anti-rat
monoclonal antibodies against ED1 (Serotec, Oxford,
UK) in methacarn-fixed tissue, CD4, CD8 (Serotec), and
Ki-67 (clone MIP-5, Dianova, Germany) as well as anti-
major histocompatibility complex (MHC)-class-II Ia anti-
body (OX6; Abcam, Cambridge, UK) in formaldehyde-
fixed tissue were used. Formaldehyde-fixed tissues were
microwave treated. To detect potential subpopulations of
fibroblasts, antibodies to vimentin (from guinea pig; Pro-
gen Biotechnik, Heidelberg, Germany), desmin (Dako,
Glastrup, Denmark), and �- smooth muscle actin (�-SMA;
mouse ascites fluid; Sigma, St. Louis, MO) were used. Bi-
glycan and decorin were stained by using LF-113, a rabbit
anti-murine decorin antiserum, and MAY-01, a chicken anti-
rat biglycan antiserum, as described previously.21

An alkaline phosphatase anti-alkaline phosphatase de-
tection system was applied (Dako Cytomation A/S). For
staining of osteopontin (mouse monoclonal; Santa Cruz
Biotechnology, Santa Cruz, CA), fibronectin (rabbit anti-
human; Dako), collagen I (rabbit anti-rat; Biogenesis,
Poole, UK), and collagen III (Chemicon, Temecula, CA)
streptavidin-biotin enhanced horseradish peroxidase im-
munostaining was performed.

Positive glomerular cells were counted in at least 50
glomerular cross sections and given as the mean per
glomerular section; interstitial positive cells were counted
in 20 high-powered fields (HPFs; �40) of cortex and
outer medulla and recorded as mean per HPF. The in-
tensity of the staining for collagen and fibronectin was
evaluated as follows: not detectable (degree 0), faint
(degree 1), moderate (degree 2), and intense staining
(degree 3). A degree-specific staining index was defined
as the percentage of the fields with the degree of staining
in 20 HPFs (�400) of cortex and outer medulla. The
staining score was calculated as the sum of the degree-
specific indices by which degree 1 was multiplied by 1,
that of degree 2 � 2, and that of degree 3 � 3.

Real-Time RT-PCR of Kidney Allografts

Total RNA was extracted from the kidney allografts by using
the method of Chomczynski and Sacchi22 (n � 4 to 6
animals per group). RNA quality was characterized by us-
ing a RNA6000 Nanochip (Agilent Technologies, Wald-
bronn, Germany). Ten micrograms of total RNA was di-
gested with DNase I according to standard protocol. Three
micrograms of total RNA (DNA free) was used for the first-
strand cDNA synthesis by using Superscript II reverse tran-
scriptase and oligo d(T)12-18 as primer (LifeTechnologies,
Karlsruhe, Germany). Real-time PCR was performed by
LightCycler using LightCyler-FastStart DNA MasterSYBR
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Green I kit (Roche Diagnostics, Mannheim, Germany) as
described.15 The primer sequences for target genes are
shown in Table 1. Expression levels of the studied genes
are given relative to the expression levels of tubulin.

Antigen Presentation by Bone Marrow Derived
Dendritic Cells

Bone marrow derived dendritic cells (BMDCs) were cul-
tivated as described in Lutz et al.23 Briefly, on day 0, 4 �
106 nucleated bone marrow cells were plated on un-
coated Petri dishes (Greiner Bio-One, Frickenhausen,
Germany) in Iscove’s Modified Dulbecco’s Medium with
L-Glutamine (PAA, Cölbe, Germany), 10% fetal calf se-
rum (FCS), 1% penicillin/streptomycin, and 50 mmol/L
�-mercaptorthanol (all Invitrogen, Karlsruhe, Germany)
supplemented with 25 ng/ml granulocyte macrophage
colony-stimulating factor (R and D Systems, Wiesbaden,
Germany). On day 4 all cells were collected and again
4 � 106 cells were seeded. On day 7 BMDCs were har-
vested and incubated for an additional 3 hours in pure
media or in media supplemented with 100 �mol/L rosiglita-
zone (Alexis Biochemicals, Grünberg, Germany). Rosiglita-
zone was dissolved in ethanol. For antigen presentation,
0.5 � 106 BMDCs were first incubated at 37°C in 96-well
plates (Greiner Bio-One) in 100-�l media supplemented
with endotoxin-free ovalbumin (OVA; Profos, Regens-
burg, Germany) at 1 mg/ml. After 3 hours, the media
was completely removed, and 0.1 � 106 BO17.10
(MHC-II restricted OVA-specific T-cell hybridomas)24

were added in pure media or media supplemented either
with 10 �mol/L or 100 �mol/L rosiglitazone. In parallel,
also BO17.10 cells pretreated with 100 �mol/L rosiglita-
zone for 3 hours were applied. After overnight incubation,
interleukin-2 concentration was measured in the culture
media by using interleukin-2 flex set, FACSCalibur (both
BD Biosciences, Heildelberg, Germany), and FCAP array
software (Soft Flow, Pécs, Hungary).

Isolation of Peritoneal Macrophages and
Generation of Bone Marrow Derived
Macrophages

Wild-type and PPAR��/� (PPAR�fl/fl/LysCre) mice were used
for the experiments. Peritoneal macrophages were har-
vested 4 days after injection of thioglycolate and cultured in
serum-free RPMI 1640 (Invitrogen) in 6-well plates at a
concentration of 1 � 106/well. After 12 hours of incubation
at 37C°/5%CO2, the macrophages were thoroughly washed

and adherent cells were used for experiments. Purity was
controlled by flow cytometry and Giemsa staining.

Generation of murine bone marrow derived macro-
phages was performed according to standard proto-
cols.25,26 In brief, mouse femurs were dissected and
each bone was flushed with 10 ml PBS. A bone marrow
cell suspension was collected and centrifuged. Pellets
were resuspended in RPMI 1640 medium supplemented by
20% Macrophage colony stimulating factor (MCSF)-con-
taining L929 medium. The cells were plated on non-TC
(tissue culture) treated 10-cm Petri dishes and incubated at
37°C/5% CO2. Fresh medium was provided at days 3 and
5, and experiments were performed at day 7. After prein-
cubation with 10 or 100 �mol/L rosiglitazone for 1 hour,
macrophages were stimulated with human interleukin-6 (10
ng/ml; R and D Systems) for 6 hours.

In Vitro Conditional PPAR� Deficiency in
Peritoneal Macrophages

Conditional deficiency of PPAR� in vitro (PPAR�fl/fl/HTNCre)
in peritoneal and bone marrow derived macrophages of
PPAR�fl/fl mice was achieved as described previously.27,28

Briefly, thioglycolate-induced peritoneal macrophages
from wild-type and PPAR�fl/fl mice were treated immedi-
ately after isolation with 1 �mol/L of a membrane-perme-
able His-TAT-NLS-Cre (HTNCre) recombinase (provided
by F. Edenhofer, Bonn) in a low serum (1% FCS) medium
and washed extensively after 6 hours. The macrophages
were then incubated with 10 �mol/L rosiglitazone 1 hour
before the interleukin-6 stimulation.

Northern Blot and RT-PCR Analysis of
Macrophages

Total RNA was extracted from peritoneal and bone marrow
derived macrophages by using TRIzol (Invitrogen). The ef-
fectiveness of Cre-mediated recombination was deter-
mined by RT-PCR of PPAR�-transcripts (200 bp; sense:
5�-TGTAATGGAAGGGCAAAAGG-3�; antisense: 3�-TG-
GCTTCCAGTGCATAAGTT-5�). For northern blots, mem-
branes were hybridized with 32P-labeled cDNA probes for
BGN and S18r (GO (gene ontology) number X00686; Ap-
plied Biosystems/Ambion, Darmstadt, Germany).21 North-
ern blots were performed in triplicates and were quantified
as described previously.29 Real-time RT-PCR for BGN was
performed by LightCycler using LightCyler-FastStart DNA
MasterSYBR Green I kit (Roche Diagnostics) as described
by kidney allografts.15 The primer sequences for target

Table 1. Sequences of Primers Used for Real-Time RT-PCR Analysis of Kidney Allografts

Gene Gene ID Sense Antisense Amplicon, bp

a-Tubulin 64158 5�-TTTGATCTGATGTATGCCAAGC-3� 5�-TCCTTCTTCCTCACCCTCAC-3� 162
CD36 29184 5�-ATTTGTTCTTCCAGCCAACG-3� 5�-ATGTCCAGCACACCATACGA-3� 114
LXR-� 58852 5�-TGATGCTGAATTTGCTCTGC-3� 5�-GGCTCACCAGCTTCATTAGC-3� 185
TGF-�1 59086 5�-GCAACACGTAGAACTCTACC-3� 5�-CCCTGTATTCCGTCTCCTTG-3� 153
PAI-1 24617 5�-TTTGTGTTCCAGTCACACTC-3� 5�-ATCTGTCTATCTGCTGCCC-3� 153
BMP-7 85272 5�-GAAAACAGCAGCAGTGACCA-3� 5�-GGTGGCGTTCATGTAGGAGT-3� 165
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genes were as follows: BGN: sense: 5�-AACATGAACTG-
CATTGAGATGG-3�; antisense: 5�- GATCTGATTGTGTC-
CTAAGCCC-3�. Expression levels of BGN are given relative
to the expression levels of tubulin: sense: 5�-TCTCTCAC-
CCTCGCCTTCTA-3�; antisense: 5�-GGGTTCCAGGTCTA-
CGAACA-3�.

Cell Culture of Human Dermal Fibroblasts and
Human Dermal Microvascular Endothelial Cells
and THP-1 Cell Line

Primary isolated human dermal fibroblasts (HDF) and
human dermal microvascular endothelial cells (HDMEC)
were maintained in culture as described previously.18,30

The human monocytic cell line THP-1 was cultured in
RPMI 1640 medium supplemented with 10% FCS, 1%
penicillin/streptomycin, 1% glutamine, and 1% HEPES
(Sigma). For macrophage differentiation of THP-1 cells,
160 nmol/L phorbol-12-myristate-13-acetate (Sigma) was
added for 72 hours. Rosiglitazone maleate was pur-
chased from Alexis Biochemicals.

Proliferation Assay

HDF, HDMEC, and THP-1 cells were harvested by
trypsinization at 37°C and neutralized with trypsin-neutraliz-
ing solution. A suspension of 50,000 cells was added to
25-cm2 culture flasks (Becton Dickinson, Heidelberg, Ger-
many) in triplicate. Cells were incubated for 2 hours with
different concentrations of rosiglitazone (0.1, �1, and 10
�mol/L) in cytokine-free medium under standard condi-
tions. After another 72 hours of incubation, the cells were
trypsinized, resuspended, and counted.

Co-Culture Model for Cell Migration/Invasion

In vitro co-culture transmigration assay using a transwell
model (Becton Dickinson) was performed as described
previously with minor modifications.18,30 Briefly, matrigel-
coated (0.78 mg/ml) transwells with 8-�m pore size (BD
Biosciences) were used. HDF or HDMEC were seeded in
24-well plates (bottom wells). Phorbol-12-myristate-13-
acetate-induced macrophages (THP-1) or HDF were
added to the transwells (upper compartment) and pre-
incubated with or without 1 �mol/L rosiglitazone for 2
hours. The transwells were transferred to 24-well plates.
After 18 hours of incubation, THP-1 cells or fibroblasts
that had invaded the matrigel and migrated through the
8-�m pores to the bottom of the transwell-membrane
were fixed and stained with Diff-Quick II solution (Dade
Behring, Marburg, Germany), sealed on slides, and
counted by microscopy (number of migrated cells per 10
optical fields at 40� objective and 10� oculars). Exper-
iments were performed in triplicates to quadruplets.

Statistical Analysis

All data were presented as mean � SEM. Data were
analyzed by the nonparametric Mann-Whitney U test or
unpaired t-test as appropriate. A P value of less than 0.05
was considered to show a significant difference between
two groups.

Results

The in vivo renal activity of rosiglitazone was corroborated
by increased expression of specific target genes of
PPAR�: CD36, Liver X receptor (LXR�) in kidney allo-
grafts31,32 (Table 2).

As indirect parameters of kidney allograft function,
allograft weights of animals with PPAR� activation were
higher in comparison with untreated controls. The
higher liver weights associated with ascites in the con-
trol group reflected the uraemic state of these animals.
Treatment for 8 weeks with HD-Rosi led to a significant
increase of the relative heart weights corresponding to
a reported myocardial effect of thiazolidinediones.33 In
addition, an increase in serum triglyceride levels and
GPT activity was seen in some rats with HD-Rosi ad-
ministration, but these phenomena were not consistent

Table 2. Effects of Rosiglitazone (Low Dose) on Intragraft
Gene 56 Days After Transplantation

Gene Controls, 56 days LD-Rosi, 56 days

CD36 0.42 � 0.64 � 10�3 1.97 � 3.29 � 10�3*
LXR� 0.38 � 0.64 � 10�3 2.63 � 1.98 � 10�3*
TGF-�1 1.75 � 0.002 � 10�2 1.00 � 0.001 � 10�2†

PAI-1 0.17 � 0.07 0.08 � 0.02
BMP-7 0.07 � 0.01 0.14 � 0.01†

n � 5 to 6 animals per group. Expression levels of genes are given
relative to the expression levels of tubulin.

*P � 0.01 versus controls.
†P � 0.05 versus controls.

Table 3. Body Weight, Relative Organ Weights, and Systolic Blood Pressure in the Experimental Groups 56 Days After
Transplantation

Groups n Body weight, g

Relative organ weights, g/100 g body weight Systolic arterial pressure,
mmHgAllograft kidney Heart Liver

Controls 20 321.2 � 5.2 0.23 � 0.02 0.33 � 0.01 2.65 � 0.05 95 � 2.8
HD-Rosi 9 305.8 � 3.3 0.33 � 0.02† 0.38 � 0.01† 2.47 � 0.05* 93 � 2.7
LD-Rosi 8 317.9 � 6.5 0.26 � 0.02 0.34 � 0.01 2.26 � 0.10† 92 � 2.6
Iso 8 298.2 � 7.6* 0.26 � 0.02 0.33 � 0.01 2.35 � 0.06† 87 � 2.1
LD-Rosi � Iso 8 297.6 � 7.3* 0.27 � 0.01 0.32 � 0.01 2.33 � 0.10* 89 � 3.0

n � number of animals per group.
*P � 0.05 versus controls.
†P � 0.01 versus controls.
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(triglyceride: 53.6 � 2.9 vs. 58.11 � 3.0 mg/ml; GPT:
12.20 � 2.2 vs. 16.9 � 2.5 U/L in controls versus
HD-Rosi). No effects on serum GOT and AP activity
were observed (data not shown). In all experimental
groups, systolic blood pressure remained in the normal
range (Table 3).

Effects of Rosiglitazone on Graft Morphology/
Function, Intragraft Immune Cell Infiltration and
Proliferation

As shown in Supplemental Table 1 (http://ajp.amjpathol.org)
at day 56 after transplantation, F344 to F344 kidney
isografts did not show relevant histopathological lesions. By
contrast, at day 56, post-transplant preglomerular arteries of
untreated kidney allografts showed a severe obliteration
with subendothelial fibrosis and a transmural infiltration of
mononuclear cells. In glomeruli mesangial matrix increase
and segmental thickening of basement membranes and/or
segmental glomerulosclerosis were present (Figure 1, A
and B). Vascular and glomerular changes as well as inter-
stitial inflammation, fibrosis, and tubular atrophy were strik-
ingly lower in rats treated with either low or high doses of
rosiglitazone (Table 4; Figure 1, C–G). The inner stripe of the
outer medulla and inner medulla of kidney allografts pre-
sented a slight to moderate cellular infiltrate without differ-
ences between the groups (Supplemental Figure 1, see
http://ajp.amjpathol.org).

Corresponding to the improvement of morphological
changes, excretory renal function increased in grafts
with PPAR� activation or simultaneous activity of
PPAR� and RXR: serum creatinine, blood urea nitrogen
(BUN), and albuminuria were significantly lower in ros-
iglitazone animals than in untreated transplanted rats
(approximately threefold lower in LD-Rosi and almost
fourfold to fivefold lower in LD-Rosi � Iso groups in
comparison with controls; Figure 2, A–C).

Glomerular and tubulointerstitial mononuclear cell
infiltration consisting of ED1 positive macrophages,
CD8, and CD4 T lymphocytes was significantly inhib-
ited by PPAR� activation (�60% for ED1 and CD4 cells
and �50% for CD8 T cells in the LD-Rosi group in
comparison with controls; Table 5). In addition, immu-
nohistochemistry depicted a reduced number of inter-
stitial MHC-II� cells, supposedly of recipient origin, as
the antibody recognizes Ia antigens of Lewis rats (Ta-
ble 5). Cell proliferation of interstitial cells, as deter-
mined by Ki-67 immunohistochemistry, was reduced
by 35% to 50% in the different treatment groups; the
antiproliferative effect was more evident in the HD-Rosi
group (Figure 3, A–C).

Effects of Rosiglitazone on Fibroblasts and
Extracellular Matrix Proteins in Allografts

Stainings for desmin and �-SMA were performed to study
fibroblasts/myofibroblasts in kidney allografts 56 after
transplantation. Considerable numbers of desmin� and
�-SMA� cells were found in the untreated kidney allo-

grafts. All these fibroblast populations were significantly
decreased in the rosiglitazone treated groups (�-SMA:
�50% by HD-Rosi, �70% by LD-Rosi and Iso, and �85%
by combined administration; Table 6; Figure 4, A–D). The
extracellular matrix components collagen I, III, and fi-
bronectin were diffusely positive in the interstitium of
untreated kidney allografts; they were reduced twofold to
threefold by rosiglitazone (Table 6; Figure 4, E and F). In
addition to collagens and fibronectin, proteoglycans are
major components of the extracellular matrix. Reports
have shown that changes in their expression may play a
crucial role in the pathogenesis of renal diseases.34 Im-
munostainings for the SLRP BGN and decorin were per-
formed. The extent of decorin deposition correlated to the
distribution pattern of collagen I and III and was signifi-
cantly decreased in rosiglitazone treated grafts (Table 6;

Figure 1. Light microscopy of renal allografts 56 days after transplantation. A
and B: An untreated renal allograft showing a preglomerular artery with signif-
icant obliteration by subendothelial matrix increase, glomeruli with mesangial
matrix increase, and segmental extensive broadening of peripheral basement
membrane (asterisk in B), surrounding tubulointerstitium with increased inter-
stitial mononuclear cell infiltrate and matrix, surrounding collapsed atrophic
tubules (arrow), which are focally infiltrated by mononuclear cells (arrow-
head). C–G: Representative micrographs of treated allografts: low dose rosigli-
tazone (C and D), high dose rosiglitazone (E), isotretinoin (F), and low dose
rosiglitazone and isotretinoin (G). The micrographs present preglomerular ar-
teries with only few mononuclear cells sticking to endothelium without signifi-
cant narrowing of lumen; glomeruli with slightly increased mesangial matrix and
few mononuclear cells in the capillary lumen, surrounding tubulointerstitium
with focal sparse mononuclear cell infiltrate; the majority of tubules are differ-
entiated. Almost regular parenchyma after a combination of PPAR� and RXR
ligand at low concentration (G; A–G: PAS). Original magnification: �100 (A, C,
E, F, G); �400 (B and D).
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Figure 4, G and H). In untreated kidney allografts, a high
number of BGN positive cells were present in the inter-
stitium as well as in the neointima of preglomerular arter-
ies with transplant vasculpathy. BGN could also be de-
tected on endothelial cells, distal tubular cells, and some
collecting ducts. Rosiglitazone led to a significant reduc-
tion of BGN expression in treated allografts (Figure 5A).

Effects of Rosiglitazone on Cytokines/Growth
Factors Related to Inflammation and Fibrosis in
Kidney Allografts and Macrophages

Reduced expression of osteopontin, a cytokine with po-
tent migratory and proliferative effects,35 could be seen
in kidney allografts with PPAR� activation (Supplemental
Figure 2, see http://ajp.amjpathol.org). Renal cortical
mRNA expression of the fibrogenic cytokine TGF-�1 and
plasmonigen-activator inhibitor (PAI)-1 was suppressed
by LD-rosiglitazone treatment (Table 2). By contrast, the
expression of BMP-7 mRNA, an endogenous growth factor,
which may inhibit TGF-�1-driven fibrogenesis, primarily by
preventing the TGF-�1-dependent down-regulation of matrix
degradation and up-regulation of PAI-1,36 was significantly
higher in LD-Rosi treated kidney grafts (Table 2).

BGN constitutes a molecule with both inflammatory
and fibrotic features. It was taken as an exemplary mol-
ecule to show the intricate relation of inflammation and
fibrosis. To examine a direct role of rosiglitazone in BGN
synthesis, mouse peritoneal macrophages were stimu-
lated with interleukin-6 (10 nmol/L) for 6 hours. This re-
sulted in a high expression of BGN mRNA (Northern blot)
in activated macrophages. Preincubation of the cells with
rosiglitazone (100 �mol/L) for 1 hour led to an almost total
inhibition of BGN expression as shown in Figure 5, B and
C. Similar results were obtained by using bone marrow
derived macrophages (data not shown). To analyze
whether the inhibitory effects of rosiglitazone on BGN in
macrophages are dependent on the nuclear receptor
PPAR�, in vivo and in vitro generated PPAR� deficient
peritoneal macrophages (see methods) were used. Ros-
iglitazone (10 �mol/L) mediated suppression of interleu-
kin-6-induced BGN mRNA expression was mainly abro-
gated in macrophages deficient in PPAR� (Figure 5, D
and E).

Effects of Rosiglitazone on Antigen Presentation

The ability of rosiglitazone to interfere with antigen
presentation and cross presentation was tested by

Figure 2. Excretory function of kidney allografts in experimental groups 56
days after transplantation (bilaterally nephrectomized rats). Serum creatinine
(A), BUN (B), and albuminuria (C) were significantly lower in treated groups
in comparison with controls; combination therapy of LD-Rosi with Iso
showed additive effects in improving graft function (A and B). n � 7 to 9
animals per group. Values are given as mean � SEM. *P � 0.05; **P � 0.01 vs.
control; ***P � 0.05 vs. combination therapy.

Table 4. Graft Morphology in Experimental Groups 56 Days After Transplantation

Groups

Transplant
glomerulopathy

score
Glomerulosclerosis

score

Vascular
rejection

score

Chronic
vascular

damage score

Tubulointerstitial
inflammation

score

Chronic
tubulointerstitial
damage score

Controls 99.7 � 18.4 91.5 � 17.8 90.0 � 10.10 35.0 � 5.8 211.9 � 25.40 13.6 � 1.8
HD-Rosi 87.9 � 24.3 7.6 � 2.3* 45.9 � 6.4* 2.8 � 1.5* 68.3 � 15.2* 2.2 � 1.0*
LD-Rosi 25.2 � 5.6*† 19.4 � 4.6‡ 34.1 � 5.5* 8.1 � 2.4‡ 72.8 � 16.1* 2.6 � 0.4*†

Iso 44.3 � 7.4§ 27.1 � 5.7†‡ 37.0 � 2.9*† 5.1 � 1.6* 83.9 � 11.5‡§ 2.7 � 0.3†‡

LD-Rosi � Iso 7.8 � 3.1¶ 10.9 � 4.1* 23.8 � 5.5¶ 5.5 � 2.5* 34.4 � 8.7¶ 1.3 � 0.3¶

Number of animals correspond to those in Table 3. Scoring system is described in Materials and Methods.
*P � 0.01 versus controls.
†P � 0.05 versus combination therapy.
‡P � 0.05 versus controls.
§P � 0.01 versus combination therapy.
¶P � 0.001 versus controls.
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using OVA loaded BMDCs and OVA-specific MHC-II
restricted T-cell hybridomas. Rosiglitazone present
during the co-culture of OVA-loaded BMDCs and OVA-
specific T-cell hybridomas dampened (10 �mol/L) or
abolished (100 �mol/L) the process of antigen presentation
(Supplemental Figure 3, see http://ajp.amjpathol.org). A
3-hour pretreatment of BMDCs with 100 �mol/L rosigli-
tazone was also able to abolish the antigen presenta-
tion. Similarly, T-cell hybridomas pretreated for 3 hours
with 100 �mol/L rosiglitazone showed significantly di-
minished response to antigen (Supplemental Figure 3,
see http://ajp.amjpathol.org).

Effects of Rosiglitazone on Cell Proliferation
and Transmigration of Endothelial Cells,
Macrophages and Fibroblasts in Co-Culture
Experiments

Cell migration and proliferation are important processes
that contribute to the amplification of the inflammatory
response and destruction of the transplanted organs. In
in vitro proliferation assays, rosiglitazone reduced the
number of proliferating fibroblasts, microvascular endo-
thelial cells and THP-1-cells in a concentration depen-
dent manner (Figure 6, A–C). Due to the close intercellular
interaction of monocytes/macrophages, fibroblasts, and
peritubular capillary endothelial cells in the interstitium of

kidney grafts,37 we performed co-culture experiments to
study the effects of rosiglitazone (1 �mol/L) on migra-
tion of these cells. Endothelial cell-induced migration
of fibroblasts and fibroblast-induced migration of macro-
phages were investigated. Rosiglitazone markedly reduced
the transmigration of both cell types through Matrigel—a
model of extracellular matrix—by 50% (Figure 7).

Combination of the PPAR� Ligand Rosiglitazone
with the RAR/RXR-Ligand Isotretinoin Led to
Additive Antifibrotic Effects in Kidney Allografts

As RXR forms a permissive heterodimeric complex with
PPAR� and RAR, and as the activation of PPAR� as well
as RAR/RXR exerts anti-inflammatory and antifibrotic ef-
fects, it seemed reasonable to expect additive/synergis-
tic effects of a combination of PPAR� and RAR/RXR
agonists in reducing allograft rejection. The combination
of low dose rosiglitazone with isotretinoin (0.2 mg/kgBW/
day, corresponding to doses 10 times lower as used in
earlier kidney transplantation experiments)15 led to a
strong inhibition of inflammatory and fibrotic changes in
the kidney allografts when compared with sole adminis-
tration of rosiglitazone at 3 mg/kgBW/day or isotretinoin at
0.2 mg/kgBW/day (Tables 4–6; Figure 2).

Discussion

The prevention of chronic vascular and tubulointerstitial
damage associated with chronic rejection is a central
issue in kidney transplantation because approximately
6% of renal allografts are lost to these processes each
year after the first year of transplantation.38,39 Chronic
allograft dysfunction is characterized by hyalinosis and
fibrosis of preglomerular vessels, transplant glomeru-
lopathy/glomerulosclerosis, interstitial fibrosis with a vari-
able degree of mononuclear cell infiltrate, tubulitis, and
tubular atrophy.

In this study we could show that in a rat model of chronic
allograft dysfunction administration of the PPAR�-agonist,
rosiglitazone, in the absence of additional immunosuppres-
sion, inhibited the development of renal graft atrophy and
fibrosis; graft function was preserved.

Figure 3. Effects of rosiglitazone on cell proliferation in vivo (A–C). The graph presents the number of Ki-67� cells in the tubulointerstitium in all experimental
groups. B: Micrograph presenting high number of proliferating cells in the tubulointerstitium, in glomeruli, and in neointima of a preglomerular artery in a control
kidney allograft. Significantly fewer proliferating cells in a LD-Rosi treated transplanted kidney (C; n � 7 to 9 animals per group). A: Values presented as mean �
SEM. **P � 0.01 vs. control; *P � 0.05 vs. HD-Rosi. B and C: Alkaline phosphatase and anti-alkaline phosphatase (APAAP); original magnification, �200.

Table 5. Mononuclear Cell Infiltration in the Interstitial Area
of Kidney Allografts in Experimental Groups 56
Days After Transplantation

Groups ED1� CD8� CD4� MHC-II�

Controls 85.1 � 10.1 39.6 � 9.4 65.2 � 10.3 15.9 � 1.1
HD-Rosi 47.8 � 5.8*† 23.3 � 3.8‡ 23.7 � 1.9‡ 7.5 � 1.5*
LD-Rosi 32.8 � 2.1†§ 19.9 � 2.4‡ 26.5 � 0.4* 9.2 � 1.2*
Iso 27.9 � 2.1§ 16.9 � 1.4* 24.6 � 2.7* 7.3 � 1.1*
LD-Rosi �

Iso
24.4 � 2.4§ 15.5 � 1.0* 18.1 � 2.1‡ 6.5 � 0.9*

Number of animals correspond to those in Table 3. Interstitial
positive cells were counted in 20 HPFs (�40) of cortex and outer
medulla and recorded as mean � SEM per HPF.

*P � 0.01 versus controls.
†P � 0.05 versus combination therapy.
‡P � 0.05 versus controls.
§P � 0.001 versus controls.
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Rosiglitazone was applied at two different doses; low
dose (3 mg/kgBW/day) was as efficient as the high dose
(30 mg/kgBW/day) in reducing chronic rejection phe-
nomena, and at this dosage no adverse effects such as

cardiac hypertrophy were observed. Because all animals
had systolic arterial blood pressure values in the normal
range, the renoprotective effects of rosiglitazone were
probably not due to systemic hemodynamic changes.

Reduced renal injury and neutrophil infiltration in a
model of bilateral clamping of the renal pedicles was
found with PPAR�-agonists.40 However, the lack of evi-
dent chronic changes in isografts 56 days after trans-
plantation suggest that the antifibrotic effects of rosiglita-
zone in our transplantation model were not mediated by a
reduction of ischemia-reperfusion injury.

The dominant action of rosiglitazone appeared to be its
immunosuppressive and antifibrotic effects. Antigen pre-
sentation is one of the primary and critical processes in
rejection. By immunohistochemistry we detected signifi-
cantly fewer MHC-II� cells in the interstitium of rosiglita-
zone treated kidney allografts; rosiglitazone may have
blocked MHC-II-mediated T-lymphocyte activation and
proliferation. We tested the ability of rosiglitazone to in-
terfere with antigen presentation by using OVA loaded
BMDCs and OVA-specific MHC-II restricted T-cell hy-
bridomas. Rosiglitazone inhibited antigen presentation in
a concentration dependent manner. This is in concor-
dance with earlier studies showing that PPAR� is a neg-
ative regulator of dendritic cell maturation and function,
resulting in inhibition of naïve T cells to undergo differen-
tiation and subsequent clonal expansion.41,42 PPAR� has
been shown to specifically inhibit the promoter IV of the
class II transactivator gene—an obligatory mediator of in-
terferon-� induced MHC-II expression.43 The effect
though could also be seen with singular PPAR� acti-
vation in dendritic cells or T cells indicating a direct
effect of PPAR� on T cell activation. CD4� and CD8� T
cells were significantly reduced in rosiglitazone treated
kidney allografts. It has also been reported that treat-
ment of endothelial cells with PPAR�-activators signif-
icantly inhibited interferon-�-induced expression of
CXCL10/IP-10, CXCL9/Mig, and CXCL11/I-TAC che-
mokines known to regulate lymphocyte trafficking.44

As prominent monocyte and macrophage infiltration of
transplanted kidneys typically precedes and accompanies
fibrosis, these innate immunity cells seemed to constitute an
important factor in the pathophysiology of chronic graft
deterioration. A 50% to 60% reduction in the number of

Figure 4. Effects of rosiglitazone on fibroblasts (A–D) and extracellular matrix
proteins (E–H) in kidney allografts 56 days after transplantation. The micro-
graphs show the high number of �-SMA� (A) and desmin� (C) activated
fibroblasts in an untreated kidney allograft; considerably fewer �-SMA� and
desmin� fibroblasts can be seen in the LD-Rosi treated graft (B and D). Diffuse
deposition of collagen I (E) and decorin (G) in the tubulointerstitium of control
renal allografts 56 days after transplantation is shown. By LD-Rosi treatment, a
significant reduction of tubulointerstitial collagen I (F) and decorin (H) occurred.
A–G: avidin-biotin complex. Original magnification: �200 (A and B; G and H);
�400 (C and D); �100 (E and F).

Table 6. Fibroblast Markers and Extracellular Matrix Proteins in the Tubulointerstitium of Kidney Grafts 56 Days After
Transplantation

Groups
Vimentin,
cells/HPF

�-SMA,
cells/HPF

Collagen I,
score

Collagen III,
score

Fibronectin,
score

Decorin,
score

Controls 64.2 � 7.8 36.4 � 5.4 214.1 � 7.2 217.5 � 19.9 221.1 � 16.6 193.0 � 9.3
HD-Rosi 38.0 � 4.6* 18.9 � 4.1* 68.6 � 5.9† 77.2 � 17.5† 78.1 � 12.8† ND
LD-Rosi 29.4 � 2.7† 9.3 � 1.8† 78.1 � 10.7† 70.0 � 11.3†‡ 79.4 � 11.4†§ 82.0 � 15.9¶

Iso 26.5 � 0.9† 9.6 � 1.6† 60.0 � 8.2† 62.1 � 6.2†� 68.1 � 11.1†§ 75.0 � 8.5¶

LD-Rosi � Iso ND 5.5 � 0.7† 34.4 � 5.3† 35.0 � 2.8† 14.3 � 2.5† 65.0 � 2.5¶

Number of animals correspond to those in Table 3. ND, not determined.
*P � 0.05 versus controls.
†P � 0.001 versus controls.
‡P � 0.01 versus combination therapy.
§P � 0.001 versus combination therapy.
¶P � 0.01 versus controls.
�P � 0.05 versus combination therapy.
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infiltrating monocytes/macrophages (ED1�) in the tubuloint-
erstitium was seen after rosiglitazone treatment.

The reduced inflammatory cell recruitment in the allo-
grafts may explain in part the reduced kidney fibrosis.
However, a significant level of infiltrating mononuclear
cells was still present in the treated allografts; therefore,
the inflammatory or fibrogenic activity of these remaining
mononuclear cells might also be influenced by rosiglita-
zone. Osteopontin is a secreted phosphoprotein that is
involved in diverse biological functions, including mono-
nuclear cell adhesion, migration, and signaling, and has
been shown to be directly regulated by PPAR�.35,45 Its
expression has been shown to be increased during renal

allograft rejection as well as neointima formation in arter-
ies.46,47 By rosiglitazone administration, a significant de-
crease of osteopontin-expressing cells was found in kid-
ney allografts. Other inflammatory mediators involved in
the development of chronic allograft dysfunction (eg,
interferon-� and tumor necrosis factor-�) have been dem-
onstrated to be inhibited by PPAR� in different cell types
including monocytes/macrophages and T cells.48–50

Monocyte/macrophages and activated fibroblasts are
thought to be key mediators of fibrosis by providing pro-
fibrotic factors and extracellular matrix proteins.51 Fibro-
blasts are activated by a variety of mechanisms, includ-
ing paracrine signals derived from lymphocytes and

Figure 5. Effects of rosiglitazone on BGN expression.
A: The graph presents the number of BGN� cells in the
interstitium of kidney allografts, which are significantly
fewer by PPAR� and RAR/RXR activation (mean � SEM;
**P � 0.01 vs. control). B: Northern blot for BGN expres-
sion in mouse peritoneal macrophages stimulated for 6
hours with interleukin-6 (10 ng/ml) with and without
preincubation with rosiglitazone (100 �mol/L) for 1 hour
(one representative figure from three experiments). C:
Quantification of the Northern blots. Values represent
mean � SEM for three different experiments. Interleu-
kin-6 stimulation for 6 hours resulted in a high expres-
sion of BGN mRNA in activated macrophages. Preincu-
bation of the cells with rosiglitazone (100 �mol/L) for 1
hour led to an almost total inhibition of BGN expression.
D and E: Graphs presenting the effects of rosiglitazone
on interleukin-6 (10 ng/ml) induced BGN expression in
peritoneal in vivo (D) and in vitro (E) generated PPAR�-
deficient macrophages in comparison with wild-type
macrophages as determined by real time RT-PCR. Ros-
iglitazone (10 �mol/L) mediated suppression of interleu-
kin-6-induced BGN mRNA expression was mainly abro-
gated in peritoneal macrophages deficient in PPAR�.
Values represent mean � SEM for two different experi-
ments in duplicates.

Figure 6. Effects of rosiglitazone on cell proliferation in vitro. In proliferation assays treatment with rosiglitazone reduced the number of proliferating THP-1 cells
(A), microvascular endothelial cells (HDMEC; B), and fibroblasts (HDF; C) in a concentration dependent manner. Values represent mean � SEM for one
experiment in triplicates. *P � 0.05; **P � 0.01 vs. control.
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macrophages and autocrine factors secreted by myofi-
broblasts, particularly TGF-�1. The close proximity of
monocytes/macrophages and fibroblasts to peritubular
capillary endothelial cells in the interstitium of kidney
grafts37 prompted us to perform co-culture experiments,
to mimic the in vivo situation, and to study potential inter-
cellular interaction induced by PPAR�-activation. We
could show that fibroblast induced migration of macro-
phages and migration of fibroblasts induced by endothe-
lial cells were efficiently inhibited by rosiglitazone.

Gene expression analysis revealed a reduced mRNA
expression of TGF-�1 and PAI-1 in rosiglitazone kidney
allografts, which partly corresponded to the lower num-
ber of fibroblasts/myofibroblast partly to a PPAR�-depen-
dent silencing of these cells. Both natural and synthetic
agonists of PPAR� have been shown to inhibit the stim-
ulation of collagen and fibronectin synthesis and myofi-
broblast differentiation induced by TGF-�1 in vitro.52–54

The proposed mechanisms are antagonistic cross talk of
PPAR� with the intracellular TGF-�/Smad signal trans-
duction pathway and inhibition of TGF-�1 induced AP-1
binding activity.53,55 We have now detected an increased
expression of BMP-7 in rosiglitazone treated allografts.
BMP-7 is a member of the TGF-� superfamily, which can
inhibit TGF-�1-driven fibrogenesis, primarily by prevent-
ing the TGF-�1-dependent down-regulation of matrix
degradation and up-regulation of PAI-1.36 BMP-7 is ex-
pressed primarily in tubular epithelial cells and its expres-
sion has been shown to be diminished in experimental
models of kidney injury.56 Its increased tubular expres-
sion in rosiglitazone allografts when compared with con-
trols may have contributed to the well-preserved renal
morphology in these grafts.

Extracellular matrix proteins including collagen I and
III, fibronectin, and the SLRP decorin were impressively
reduced by PPAR� activation, underlining the antifibrotic
activity of the PPAR�-ligand rosiglitazone in chronically
rejecting allografts. Reports have shown that changes in
the SLRPs may play an important role in the pathogenesis

of renal diseases. Decorin staining was found to be sig-
nificantly enhanced in patients with chronic renal disease
and was found to be a robust predictor both of the
development of renal failure.34 In unilateral ureteral ob-
struction, the development of tubulointerstitial fibrosis
and increased expression of TGF-�1 were associated
with the infiltration of BGN-expressing macrophages.57

BGN was increased also in transplant coronary arteriopa-
thy.58 These SLRPs are not only structural components
of the extracellular matrix, but have multiple functions,
including the control of extracellular matrix assembly
through interactions with collagen proteins, the activation
and inactivation of growth factors as well as direct effects
on innate immunity cell surface receptors and adhesion
molecules.4,5 Recently we have shown that BGN can
signal through the innate immunity receptors TLR4 and 2
and activate the NLRP3 inflammasome and interleukin-�1
secretion. BGN is thus thought to amplify and propagate
both inflammation and fibrosis in the context of chronic
inflammation.6,7

A high number of BGN-expressing mononuclear cells
could be seen in the interstitium of control kidney allo-
grafts 56 days after transplantation. In addition, BGN was
expressed at the apical surface of distal tubular epithelial
cells and in the neointima of preglomerular arteries with
obliterative changes. Because T cells do not synthesize
BGN, macrophages, which can be activated by cyto-
kines such as interleukin-1� and interleukin-6 to produce
BGN, are the likely source of BGN in addition to myofi-
broblasts in the interstitium.57 These results clearly hint at
the intimate relation, at the cellular and molecular level, of
immunological and fibrogenic processes. To study if
these effects are a result of direct PPAR�-activation and
not only secondary to the reduced number of interstitial
cell infiltrate, interleukin-6 stimulated peritoneal macro-
phages were preincubated with rosiglitazone, leading to
a strong inhibition of BGN mRNA expression. Using
PPAR�-deficient peritoneal macrophages achieved in
vivo by crossing homozygous floxed PPAR� mice with
transgenic mice containing the Cre recombinase gene
under the control of the murine M lysozyme promoter or
generated in vitro by Cre recombinase (HTNCre) medi-
ated ablation of the PPAR� gene, we have now demon-
strated that the effects of rosiglitazone on BGN expres-
sion were mainly dependent on PPAR�. Interleukin-6
induced BGN mRNA expression was only minimally re-
duced in PPAR�-deficient macrophages in comparison
with wild-type mice by rosiglitazone.

The development of chronic allograft dysfunction in-
volves an increased proliferative activity of infiltrated mono-
nuclear cells and resident interstitial cells. Thiazolidinedio-
nes have been shown to block proliferation in some tumor
models, but also to inhibit the growth of vascular smooth
muscle cells and mesangial cells.33,59 Several mecha-
nisms have been proposed for the antiproliferative ac-
tions of PPAR� ligands, including decreased cyclin D1
expression (by inhibiting cyclin D1 transcription as well
as enhancing cyclin D1 protein degradation) and up-
regulation of CDK inhibitors p21 and p27.60 In congru-
ence with those data, rosiglitazone significantly inhibited
in vitro the proliferation of monocytes, microvascular en-

Figure 7. Transmigration in co-culture transwell assay. Microvascular endo-
thelial cell (HDMEC)-induced migration of fibroblasts (HDF) and fibroblast-
induced migration of macrophages (THP-1) through Matrigel (taken as
model of extracellular matrix) was markedly inhibited by rosiglitazone (1
�mol/L). Values represent mean � SEM for one experiment in triplicates or
quadruplets. *P � 0.05 vs. control.
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dothelial cells, and fibroblasts and lowered the number of
Ki-67� cells in the allografts.

In vitro and in vivo findings suggest that different nu-
clear receptors can function in a combinatorial manner to
coordinately regulate immune responses, simultaneously
targeting inflammatory genes.61 In former experiments
we found that isotretinoin (13-cis-retinoic acid), which
acts through RAR/RXR heterodimers, had strong and
complex immunosuppressive effects in renal allograft re-
jection.15,16 Beneficial effects for the combined treatment
with PPAR ligands plus retinoids have been reported in
preclinical studies of hematological malignancies.62 Here
we have now found that the combination of rosiglitazone
at low dose and isotretinoin at a dosage 10 times lower as
used in our previous experiments was associated with
increased anti-inflammatory and antifibrotic effects. These
data may have clinical relevance, as in many cases, the
ability to achieve desirable therapeutic effects with a natural
or synthetic nuclear receptor agonist is limited by dose
related adverse effects.

In summary, our data have shown that PPAR� activa-
tion successfully prevents the development of chronic
dysfunction in experimental kidney allografts. The anti-
proliferative, antimigratory, and anti-inflammatory/antifi-
brotic actions resulted in improved graft function. In this
context a direct effect of rosiglitazone on matrix synthesis
and secretion including inflammatory/fibrogenic SLRPs
might be important. The current clinical application of
thiazolidinediones to treat type 2 diabetes and their ability
to counteract the effects of steroids on glucose ho-
meostasis63 together with the beneficial actions on ex-
perimental allograft rejection may lead to an assessment
of PPAR� ligands as add-on compounds in solid organ
transplantation.
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HJ: 13-cis retinoic acid inhibits development and induces regression
of chronic allograft nephropathy. Am J Pathol 2005, 167:285–298

16. Kiss E, Adams J, Grone HJ, Wagner J: Isotretinoin ameliorates renal
damage in experimental acute renal allograft rejection. Transplanta-
tion 2003, 76:480–489

17. Malur A, Mccoy AJ, Arce S, Barna BP, Kavuru MS, Malur AG,
Thomassen MJ: Deletion of PPAR gamma in alveolar macrophages is
associated with a Th-1 pulmonary inflammatory response. J Immunol
2009, 182:5816–5822

18. Bedke J, Kiss E, Schaefer L, Behnes CL, Bonrouhi M, Gretz N, Horuk
R, Diedrichs-Moehring M, Wildner G, Nelson PJ, Gröne HJ: Beneficial
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