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Abstract: Aortic valve replacement for severe stenosis is a standard
procedure in cardiovascular medicine. However, the use of biological
prostheses has limitations especially in young patients because of
calcifying degeneration, resulting in implant failure. Pioglitazone, a
peroxisome proliferator-activated receptor gamma (PPAR-gamma)
agonist, was shown to decrease the degeneration of native aortic valves.
In this study, we aim to examine the impact of pioglitazone on
inflammation and calcification of aortic valve conduits (AoC) in a rat
model. Cryopreserved AoC (n = 40) were infrarenally implanted into
Wistar rats treated with pioglitazone (75 mg/kg chow; n = 20, PIO) or
untreated (n = 20, controls). After 4 or 12 weeks, AoC were explanted
and analyzed by histology, immunohistology, and polymerase chain
reaction. Pioglitazone significantly decreased the expression of inflam-
matory markers and reduced the macrophage-mediated inflammation in
PIO compared with controls after 4 (P = 0.03) and 12 weeks (P =
0.012). Chondrogenic transformation was significantly decreased in
PIO after 12 weeks (P = 0.001). Calcification of the intima and media
was significantly reduced after 12 weeks in PIO versus controls (intima:
P = 0.008; media: P = 0.025). Moreover, echocardiography revealed
significantly better functional outcome of the AoC in PIO after 12 weeks
compared with control. Interestingly, significantly increased intima
hyperplasia could be observed in PIO compared with controls after 12
weeks (P = 0.017). Systemic PPAR-gamma activation prevents inflam-
mation as well as intima and media calcification in AoC and seems to
inhibit functional impairment of the implanted aortic valve. To further
elucidate the therapeutic role of PPAR-gamma regulation for graft dura-
bility, translational studies and long-term follow-up data should be
striven for.
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INTRODUCTION
Aortic valve replacement (AVR) for severe stenosis is a

standard procedure in modern cardiovascular medicine.
Biological valve prostheses have become the primary choice
of patients undergoing AVR, almost irrespective of age at the
time of operation. Continuous development and improvements
as well as technological advances combined with minimally
invasive techniques have made biological protheses more
popular than ever. However, biological prostheses have several
limitations, particularly in young patients, where rapidly calci-
fying processes with graft degeneration and final implant failure
limit long-term outcome.1,2 Degenerative deterioration of bio-
logical prostheses mainly occurs because of inflammatory pro-
cesses.3 The adaptive immunity has been described to cause
implant failure in animals4,5 and in humans.6,7 Especially youn-
ger patients show accelerated degeneration, resulting in redo
operations accompanied with increased risk of mortality.8,9

Therefore, optimization of the graft durability by inhibition
of the implant degeneration is an important research focus.
Previously, it has been demonstrated that activation of the
peroxisome proliferator-activated receptor gamma (PPAR-
gamma) can reduce inflammatory processes in vitro.10–12

Pioglitazone, a PPAR-gamma agonist, was shown to decrease
the degeneration of native aortic valves.13 Still unanswered is the
question whether PPAR-gamma activation also has an impact on
inflammatory and degenerative processes in biological cardiovas-
cular prostheses, which may have wide therapeutic implications.
In a pilot study, Teshima et al14 suggested that pioglitazone might
have protective effects on biological prostheses.

In this study, we aim to examine the impact of systemic
pioglitazone treatment on inflammation and degenerative
calcification of aortic valve conduits (AoC) in a standardized
rat model of heterotopic implantation.15–18

MATERIAL AND METHODS

Animals
Male Wistar rats were obtained from the local animal

care facility of the Heinrich Heine University of Duesseldorf,
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Germany. Male Sprague-Dawley rats were purchased from
Janvier Labs (France). Every experiment was conducted
according to the “Guide for the Care and Use of Laboratory
Animals” and approved by the state animal care committee
(reference number 84-02.04.2017.A182). In all surgical pro-
cedures, anesthesia and analgesia were secured by inhaled
isoflurane (2.0%–2.5%) and intraperitoneally administered
carprofen (5 mg/kg/d). Male Sprague-Dawley rats (n = 40,
200–250 g, 8 weeks old) were used as aortic conduit graft
donors, and Wistar rats (n = 40, 200–250 g, 8 weeks old)
served as recipients. Two different strains of rats are neces-
sary to create a situation of allogenic transplantation, which is
equivalent to the clinical scenario of homograft implantation.

All rats were fed ad libitum with a standard chow or an
experimental diet. In group PIO (n = 20), pioglitazone 75-mg/
kg chow (from ground up pill Actos, Takeda Pharma, with
following ingredients: pioglitazone hydrochloride, lactose
monohydrate, hydroxypropylcellulose, carboxymethylcellu-
lose, and calcium and magnesium stearate) was additionally
administered starting with the implantation of the AoC and
continued until graft explantation. The dosage was chosen
according to several previously published studies in rats.19–
22 Animals without pioglitazone treatment (n = 20) served as
controls. Four weeks (short-term experiment) or 12 weeks
(long-term experiment) after implantation, rats were exam-
ined with Doppler sonography evaluating the integrity of
the graft. Explanted grafts were used for histology, immuno-
histology (n = 4 per group and time point), and quantitative
real-time polymerase chain reaction (RT-PCR) (n = 6 per
group and time point).

Creation of Aortic Valve Insufficiency
Native aortic valve insufficiency (AI) was created under

echocardiographic guidance in all recipient rats as published
before.23 In brief, Wistar rats were anesthetized with isoflur-
ane (2%–2.5%), and the right common carotid artery was
exposed. A cannula was placed into the carotid artery through
which a guide wire was inserted toward the aortic valve. The
aortic valve leaflets were perforated with the guide wire under
echocardiographic control (Philips HDX11) to generate an
insufficiency grade II–III (Figs. 1A–E). Animals with AI
grade I or IV were excluded from the experiment. The inten-
tion of generating an AI in the native aortic valve is to yield
an improved hemodynamic situation for the implanted AoC
with optimized implant valve functionality.23

Graft Harvesting
AoC were harvested from Sprague-Dawley rats (n =

40). Coronary arteries were ligated (Fig. 1F), and supra-
aortic branches were clipped to avoid leakage after implanta-
tion. Afterward, conduits were cryopreserved under con-
trolled conditions and stored at 2808.18

Heterotopic Graft Implantation and
Explantation Procedures

Two weeks after the induction of native aortic valve
insufficiency, donor AoC were infrarenally implanted into the
recipient rat as previously described (Fig. 1G).15,23 Briefly,

Wistar rats were anesthetized, and after median laparotomy,
the donor AoC were implanted into the infrarenal aorta in an
end-to-side manner. Finally, the native aorta between the 2
anastomotic sites was ligated to guarantee maximum perfu-
sion of the implanted graft. AoC perfusion was confirmed by
Doppler sonography before wound closure.

Four or 12 weeks after implantation, animals were
anesthetized as described above, and the integrity of the implanted
AoC was again evaluated before explantation. After median
laparotomy, systemic heparin administration by cannulation of the
inferior caval vein was conducted. The implanted AoC were
harvested, immediately rinsed with heparinized phosphate buff-
ered saline, and processed for further examination.

Blood Plasma Analysis
Blood was taken after 4 (n = 20) or 12 weeks (n = 20),

at the time point of explantation. Serum levels of calcium,
phosphate, creatinine, urea, uric acid, cholesterol, and triglyc-
erides were analyzed at the Institute of Clinical Chemistry and
Laboratory Diagnostics, Medical Faculty, Heinrich Heine
University, Duesseldorf, Germany, applying commercially
available standard assays designed for an automated clinical
chemistry analyzer (series Cobas, Roche, Basel, Switzerland).

Histology
Cryosections were used to perform histology. The

following stainings were analyzed: hematoxylin–eosin
(H.E.) staining, Movat’s pentachrome staining, von Kossa
staining, and Alizarin Red staining. Morphometric analyses
for the detection of intergroup differences were performed
using ImageJ (Wayne Rasband; National Institutes of Health,
Bethesda, MD). To compare intima hyperplasia, a standard-
ized scoring system was used as previously published.16 In
brief, explanted AoC were divided into 4 regions: region A1
(aortic valve region), region A2 (ascending aorta), region B1
(descending aorta), and region B2 (descending aorta with
distal anastomosis (Fig. 1H)). In each region, 3 cross
sections were analyzed, and each cross section was divided
into 8 segments in which the intima and media thickness was
measured to determine the mean intima-to-media ratio. All
histological examinations were single-blinded during the
study period.

For quantification of the calcification of the explanted
grafts, a recently published scoring system was used but
slightly modified.17 Therefore, the graft was also divided
into 4 regions as described above. From each region, cross
sections were divided into 4 segments in which the scoring
system was conducted. For the intima and media, the scoring
range was 0–5, that is, 0 = no calcification; 1 = microcalci-
fication; 2 = mild calcification, brown discoloration; 3 =
macrocalcification ,50% of the intima/media; 4 = macro-
calcification 50%–75% of the intima/media; and 5 = macro-
calcification .75% of the intima/media, resulting in
maximum values of 20. An additional analysis of the calci-
fication was performed by using Alizarin Red staining.
Again, each graft was divided into 4 regions, and one cross
section of each region was used. Calcified areas were mea-
sured and divided by the area of the intima and media using
Fiji (by ImageJ).
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Immunohistology
For immunohistology, cryosections (5 mm) from each

region were incubated at room temperature for 10 minutes
with 0.25% Triton X-100 and for 1 hour with 5% bovine
serum albumin +0.1% Tween-20. Incubation with primary
antibodies [anti-von Willebrand (vWF) factor (1:300;
A0082, DAKO, Hamburg, Germany); anti–alpha-smooth
muscle actin (aSMA) (1:300; A5228, Sigma-Aldrich,

Taufkirchen, Germany); anti-syndecan-3 (1:100; ab63932,
Abcam, Cambridge, United Kingdom); anti-CD3 (1:300;
C7930, Sigma-Aldrich); anti-CD68 (1:200; ab31630,
Abcam); anti-CD163 (1:200; ab182422, Abcam); and anti-
receptor for advanced glycation end products (RAGE)
(1:100; ab3611, Abcam)] + 1% bovine serum albumin
+0.1% Tween-20 lasted 1 hour at 378C. Secondary antibodies
conjugated to the fluorophores Alexa488 (1:200; A11070,

FIGURE 1. Experimental set-up of the heterotopic AoC implantation. A, Insertion of the cannula together with the guide wire into
the right carotid artery. a, guide wire; b, right carotid artery. B, Echocardiographic control of AI generation. a, guide wire; b,
ultrasound probe. C, Induction of AI with a guide wire. /, guide wire; *, aortic valve; a, left ventricular myocardium. D,
Echocardiographic control of AI by measuring the severity of AI in the ascending aorta. VTI, velocity-time integral. E, Measurement
of the relative retrograde diastolic flow in the abdominal aorta. F, Harvested aortic conduit; a, aortic valve; b, supra-aortic
branches; /, ligated coronary arteries. G, Infrarenally implanted aortic valve conduit; a, abdominal aorta; b, proximal anasto-
mosis of the conduit; c, ligated native aorta; d, distal anastomosis of the conduit; /, ligated supra-aortic branches. H, Division of
the conduit in 4 regions; a, aortic valve region (A1); b, ascending aorta (A2); c, descending aorta (B1); and d, descending aorta
with distal anastomosis (B2). AI, aortic valve insufficiency.
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Invitrogen, Carlsbad, CA) and Alexa546 (1:200; A11030,
Invitrogen) were applied (in phosphate buffered saline contain-
ing 1% bovine serum albumin and 0.1% Tween-20) for 45
minutes in a dark and humid chamber at 378C. For counter-
staining, cryosections were incubated with 40,6-diamidino-2-
phenylindole (DAPI) (Roth, Karlsruhe, Germany) for 5 minutes
in a dark and humid chamber. Afterward, sections were covered
with Leica medium (Leica Biosystems, Nussloch, Germany),
and image acquisition was conducted with a microscope system
DM2000, equipped with a digital camera DFC 425C (Leica,
Wetzlar, Germany) and the Leica Application Suite V3.7
software.

For syndecan-3 staining, representative sections of each
region of the explanted conduit were analyzed according to
the following categorical scoring system: 0 = no signal; 1 =
single spots; 2 = moderate accumulation; and 3 = extensive
accumulation. For semiquantitative evaluation of CD3- and
CD68-positive cells, 4 representative sections of each region
of the conduit were analyzed as follows: In each section, all
CD3- or CD68-positive cells were counted and divided by all
DAPI-positive cells, so that the relative amount of CD3 and
CD68 cells was determined. For semiquantitative evaluation
of CD68- and CD163-positive cells, 4 representative
sections of each conduit were analyzed as follows: In each
section, all CD68- and CD163-positive cells were counted
and divided by all CD68-positive cells. For semiquantitative
evaluation of RAGE-positive cells, 4 representative
sections of each region of the conduit were analyzed as fol-
lows: In each section, all RAGE-positive cells were counted
and divided by all DAPI-positive cells. This analysis was
conducted automatically with Fiji (by ImageJ).

Quantitative RNA Analysis
Quantitative RT-PCR was performed to analyze marker

gene expressions in the explanted AoC. Total RNA was
isolated using a commercially available kit (RNeasy Mini Kit,
Qiagen, Hilden, Germany). In brief, tissue was homogenized
in TRIzol (Sigma-Aldrich, Steinheim, Germany), and RNA
was precipitated by isopropanol. To conduct quality analyses,
RNA samples were collected after passaging through a DNA-
removing column (Qiagen, Hilden, Germany). Quantity and
purity of the isolated RNA were determined spectrophoto-
metrically (BioPhotometer plus; Eppendorf, Hamburg,
Germany), and optical density values at 230, 260, and

280 nm were recorded. Furthermore, to detect the level of
RNA degradation, the Agilent RNA 6000 Nano Kit (Agilent
Technologies, Santa Clara, CA) was used. Total cDNA was
generated using QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
recommendation. Quantitative RT-PCR was conducted on a
StepOnePlus cycler (Applied Biosystems, Foster City, CA)
using the Platinum SYBR Green PCR Master Mix
(Invitrogen, Darmstadt, Germany) with a reaction volume
of 20 mL: 508C for 2 minutes, 958C for 2 minutes, 958C
for 15 seconds and 608C for 30 seconds (40 cycles), 958C
for 15 seconds, 608C for 1 minute, 958C for 15 seconds, and
608C for 15 seconds.

Relative gene expression was determined using the
ddCt method and RPL13a as a housekeeping gene. Primers
for the following genes were obtained from Invitrogen:
inflammation-associated genes [tumor necrosis factor-alpha
(TNF-a); interleukin-1 beta (IL-1b); interleukin-6 (IL-6);
and receptor for advanced glycation end products (RAGE)],
genes associated with vascular degeneration and chondro-
osteogenic transformation [osteopontin (OPN); osteocalcin
(OCN)], and transcription factors associated with osteogenic
differentiation [bone morphogenetic protein-2 (BMP2); runt-
related T1 transcription factor-2 (RUNX2)]. In Table 1, all
primer sequences are presented.

Echocardiographic Analysis
The severity of native aortic valve insufficiency (AI)

was determined as previously published.23 In brief, the ratio
of blood velocity across the period of diastole [velocity-time
integral (VTI)-II] divided by the blood velocity across the
period of systole (VTI-I) was measured in the ascending aorta
(Fig. 1D).23 Ratio values of 0.5–0.7 were defined as AI grade
II-III. In addition, to be sure to have a sufficient reversed
diastolic flow in the abdominal aorta, the ratio of VTI-II/
VTI-I in the abdominal aorta was calculated (Fig. 1E).

Statistics
Variables are shown as mean6SEM. Group compari-

sons were conducted by unpaired Student’s t tests with or
without Welch’s correction or Mann–Whitney U tests, as
indicated. P , 0.05 was assumed to indicate significance.
Data analysis was conducted with GraphPad Prism 6
(GraphPad Software, San Diego, CA).

TABLE 1. Primer Sequences for Quantitative RT-PCR

Gene Forward Sequence Reverse Sequence

BMP2 50-GCTCAGCTTCCATCACGAA-30 50-AAGAAGCGTCGGGAAGTTTT-30

IL-1b 50-AGGACCCAAGCACCTTCTTT-30 50-CATCATCCCACGAGTCACAG-30

IL-6 50-ACCACCCACAACAGACCAGT-30 50-AGTGCATCATCGCTGTTCAT-30

OPN 50-AAGCCTGACCCATCTCAGAA-30 50-ATGGCTTTCATTGGAGTTGC-30

OCN 50-AAGCAGGAGGGCAGTAAGGT-30 50-GTCCGCTAGCTCGTCACAAT-30

RAGE 50-TGAACTCACAGCCAATGTCC-30 50-TCAGAGGTTTCCCATCCAAG-30

RUNX2 50-GATGACACTGCCACCTCTGA-30 50-GATGAAATGCCTGGGAACTG-30

TNF-a 50-GCTCCCTCTCATCAGTTCCA-30 50-GCTTGGTGGTTTGCTACGAC-30
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RESULTS

Weight and Food Intake Follow-up
In the short-term and in the long-term experiment, no

differences between the 2 groups could be shown regarding
gain of weight during the follow-up. All rats gained weight
adequately [weight gain in the short-term experiment (in
gram): 179.7 6 17.32 vs. 173.5 6 13.48; P = 0.78. Weight
gain in the long-term experiment (in gram): 269.76 26.87 vs.
290.7 6 20.39; P = 0.54]. Food intake was similar in both
groups, although after implantation, all rats showed a reduced
intake, which was normalized again after 2 weeks (see
Fig. 1A+B, Supplemental Digital Content 1, http://links.
lww.com/JCVP/A714, which demonstrates the food intake).

Operative and Functional Results
The functional results of the induction of the AI were

comparable between the treatment groups PIO and control. In
both follow-up period groups (4 weeks and 12 weeks), both
treatment groups showed similar severity of native aortic
valve insufficiency and relative retrograde diastolic flow in
the abdominal aorta at the time point of AI induction (see
Fig. 1C, Supplemental Digital Content 1, http://links.lww.
com/JCVP/A714, which shows the echocardiographic
results). AI severity remained stable and comparable between
both treatment groups until the time point of graft implanta-
tion (see Fig. 1D, Supplemental Digital Content 1, http://
links.lww.com/JCVP/A714, which shows the echocardio-
graphic results).

The overall operation time for the implantations was
similar in both groups (in minutes: 71.5 6 1.6 vs. 71.5 6 1.8;
P = 0.7). The clamping time to suture the AoC was also
similar in both groups (clamping time of the proximal anas-
tomosis in minutes: 23.7 6 0.6 vs. 22.3 6 0.5; P = 0.6;
clamping time of the distal anastomosis in minutes: 15.7 6
0.3 vs. 16.1 6 0.5; P = 0.2). VTI ratio measurements distal to
the implanted AoC revealed no diastolic retrograde flow indi-
cating competence of the donor aortic valves of all implants
(see Fig. 1D, Supplemental Digital Content 1, http://links.
lww.com/JCVP/A714, which shows the echocardiographic
results).

Until the time of explantation, the severity of native AI
remained comparable between the 2 groups after 4 weeks and
after 12 weeks (Fig. 5K, L).

Inflammatory Activity in Aortic Valve
Conduits

The inflammatory activity was assessed by immuno-
histology and quantitative RNA analysis. No differences
could be shown for CD3 staining neither after 4 weeks nor
after 12 weeks (Figs. 2A–C). CD68 was significantly
decreased in PIO compared with controls after 4 weeks (P
= 0.03) and after 12 weeks (P = 0.012) (Figs. 2A, B, D). The
ratio of CD68- and CD163-positive cells to CD68-positive
cells was similar in both groups at both time points
(Figs. 2E–G). IL-6 gene expression was significantly
decreased after 12 weeks in group PIO compared with group
control (P = 0.015) (Fig. 2H). Furthermore, in group PIO, a
significantly decreased IL-6 gene expression could be

observed after 12 weeks compared with the short-term exper-
iment (P = 0.04) (Fig. 2H). There was a tendency of reduced
IL-1b gene expression after 4 weeks (P = 0.06) and 12 weeks
(P = 0.09) in PIO compared with controls but without a
statistical significance (Fig. 2K). TNF-a gene expression
showed no differences between PIO and controls after 4
weeks but was significantly increased in group PIO after 12
weeks (P = 0.009) (Fig. 2L). No differences occurred between
both groups concerning RAGE gene expression (Fig. 2M).
No intergroup differences could be shown for RAGE staining
neither after 4 nor after 12 weeks (see Fig. 2A-E,
Supplemental Digital Content 2, http://links.lww.com/
JCVP/A715, which demonstrates the RAGE activation in
aortic valve conduits).

Osteochondrogenic Degeneration in Aortic
Valve Conduits

Intima hyperplasia assessed by an intima-to-media ratio
(IMR) in H.E. staining showed no differences after 4 weeks
(see Fig. 3, Supplemental Digital Content 3, http://links.
lww.com/JCVP/A716, which demonstrates the assessment
of intima hyperplasia and cellular composition by H.E. and
aSMA/vWF staining). After 12 weeks, significantly increased
intima hyperplasia could be shown in PIO compared with
controls (P = 0.017) (see Fig. 3E, Supplemental Digital
Content 3, http://links.lww.com/JCVP/A716, which shows
the assessment of the intima hyperplasia). aSMA and vWF
staining showed ubiquitary aSMA expression in the hyper-
plastic intimal regions and in the implant media and vWF-
positive endothelial cells on the luminal side (see Fig. 3F-K,
Supplemental Digital Content 3, http://links.lww.com/
JCVP/A716, which demonstrates the assessment of intima
hyperplasia and cellular composition by H.E. and aSMA/
vWFstaining).

The Movat’s pentachrome staining was assessed to
focus on osteochondrogenic transformation. In this staining,
musculature occurs red-blue, reticular connective tissue and
collagen appears yellow, fibrin in red, cell nuclei and elastic
fibers in black, and glycosaminoglycans in green-blue.
Detection of glycosaminoglycans indicates the existence of
chondrocytes and therefore chondrogenic transformation. In
the short-term experiment, only in the A1 region in PIO and
controls, a slight green-blue staining could be observed
(Fig. 3). In the long-term experiment, a more intensive
green-blue staining could be demonstrated in all regions in
controls compared with PIO (Fig. 3).

Pioglitazone administration significantly reduced chon-
drogenic transformation, as assessed by syndecan-3 staining
after 12 weeks (P = 0.001) (Fig. 4A). Particularly, in the
implant, media cells with a chondrogenic phenotype were
colocalized with syndecan-3 (Figs. 4B, C).

OPN gene expression was significantly decreased after
12 weeks under pioglitazone treatment (P = 0.002) (Fig. 4D).
Furthermore, OPN was significantly decreased in PIO after 12
weeks compared with 4 weeks (P = 0.004) (Fig. 4D). Also,
OCN gene expression was significantly decreased after 12
weeks in PIO (P = 0.015) (Fig. 4E). In group PIO, a signif-
icantly decreased OCN gene expression occurred after 12
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weeks compared with 4 weeks (P = 0.004) (Fig. 4E). On the
level of transcription factors, the 2 analyzed osteogenic
markers BMP2 and RUNX2 were unaltered (Fig. 4F, G).
Pioglitazone treatment showed significantly decreased

BMP2 levels after 12 weeks compared with four weeks
(P = 0.015) (Fig. 4F).

Calcification was assessed by Alizarin Red and von
Kossa staining. Alizarin Red staining revealed

FIGURE 2. Inflammatory activity in aortic valve conduits.
Inflammatory activity assessed by CD3/CD68 staining.
Exemplary CD3 (green) and CD68 (red) staining of control
after 12 weeks (A) and group PIO after 12 weeks (B). Ratio of
CD3-positive cells to all cells in % after 4 weeks (n = 8) and 12
weeks (n = 8) (C). Ratio of CD68-positive cells to all cells in %
after 4 weeks (n = 8) and 12 weeks (n = 8) (D). Ratio of CD68-
and CD163-positive cells to CD68-positive cells in % after 4
weeks (n = 8) and 12 weeks (n = 8) (E). Exemplary CD163
(green) and CD68 (red) staining of PIO after 12 weeks (F) and
control after 12 weeks (G). /, CD68- and CD163-positive
cells. Significantly higher expression of CD68 cells (red) in
controls compared with PIO is observed, whereas CD3 cells
(green) show no differences. The ratio of M1 and M2 mac-
rophages is similar in both groups at both time points.
Inflammatory gene expression: IL-6, IL-1b, TNF-a, and RAGE.
IL-6 gene expression after 4 weeks (n = 12) and 12 weeks (n =
12) (H). IL-1b gene expression after 4 weeks (n = 12) and 12
weeks (n = 12) (K). TNF-a gene expression after 4 weeks (n =
12) and 12 weeks (n = 12) (L). RAGE gene expression after 4
weeks (n = 12) and 12 weeks (n = 12) (M). IL-6, interleukin-6;
IL-1b, interleukin-1 beta; TNF-a, tumor necrosis factor-alpha;
RAGE, receptor for advanced glycation end products.
*P , 0.05; **P , 0.01.
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significantly decreased calcification after 12 weeks in PIO
compared with controls (P = 0.029) (Fig. 5A–C). After 4
weeks, no differences were detected between the 2 groups
(Fig. 5C). In the control group, significantly increased
calcification could be observed after 12 weeks compared

with 4 weeks (P = 0.029) (Fig. 5C). von Kossa staining
revealed that after 4 weeks in vivo, no differences could
be shown in the intima (Fig. 5G). However, pioglitazone
significantly decreased intima calcification in donor AoC
after 12 weeks (P = 0.008) (Fig. 5D, F, G). Media

FIGURE 3. Histomorphological overview on AoC explants. Exemplary Movat’s pentachrome staining of group control and PIO in
the short- and long-term experiment. In this staining, musculature occurs red-blue, reticular connective tissue and collagen
appears yellow, fibrin in red, cell nuclei and elastic fibers in black, and glycosaminoglycans in green-blue. Detection of glycos-
aminoglycans indicates the existence of chondrocytes and therefore chondrogenic transformation. In the long-term experiment, a
more intensive green-blue staining could be demonstrated in all regions in controls compared with PIO.
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calcification was also significantly decreased after 12
weeks in PIO versus controls (P = 0.025) (Fig. 5E, F,
H). After 4 weeks, no differences occurred comparing
PIO and controls (Fig. 5H).

There were no differences concerning the functionality
of the donor AoC after 4 weeks (Fig. 5K). After 12 weeks,
valvular insufficiency of donor AoC was significantly lower in
group PIO compared with group control (P = 0.001) (Fig. 5L).

FIGURE 4. Osteochondrogenic
transformation in aortic valve con-
duits. Syndecan-3. Syndecan score
after 4 weeks (n = 8) and 12 weeks (n
= 8) (A). *, Chondrogenic cells in H.E.
B, And, syndecan-3 staining (C).
Chondrogenic transformation gene
expression: osteopontin gene
expression after 4 (n = 12) and 12
weeks (n = 12) (D). Osteocalcin gene
expression after 4 (n = 12) and 12
weeks (n = 12) (E). BMP2 gene
expression after 4 (n = 12) and 12
weeks (n = 12) (F). RUNX2 gene
expression after 4 (n = 12) and 12
weeks (n = 12) (G). BMP2, bone
morphogenetic protein-2; RUNX2,
runt-related T1 transcription factor-2.
*P , 0.05; **P , 0.01.
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Blood Plasma Analysis
Decreased calcium levels could be shown in

PIO compared with controls after 4 weeks (P =
0.034) (see Fig. 4A, Supplemental Digital Content 4,

http://links.lww.com/JCVP/A717, which shows the blood
plasma analysis); however, this difference was lost after
12 weeks (see Fig. 4A, Supplemental Digital Content 4,
which shows the blood plasma analysis). Phosphate levels

FIGURE 5. Calcification of the
aortic valve conduits. Exemplary
Alizarin Red staining of a calcified
region of controls after 12 weeks
(A) and noncalcified region of PIO
after 12 weeks (B). Area of Alizarin
Red compared with area of intima
and media after 4 (n = 8) and 12
weeks (n = 8) (C). Exemplary von
Kossa staining of a severely calci-
fied intima region of the graft of
the controls after 12 weeks (D); #,
intima, *, media. Media calcifica-
tion in detail (E); /, intima; *,
media. Exemplary von Kossa
staining of a slightly calcified
region of the graft of group PIO
after 12 weeks (F); #, intima; *,
media. Intima calcification after 4
(n = 8) and 12 weeks (n = 8) (G).
Media calcification after 4 (n = 8)
and 12 weeks (n = 8) (H).
Echocardiographic data (VTI ratios
VTI-II/VTI-I) at the time point of
explantation after 4 weeks (n = 20)
(K) and after 12 weeks (n = 20) (L).
postCond, abdominal aorta dis-
tally of the implanted conduit.
*P , 0.05; **P , 0.01.
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were similar after 4 and 12 weeks in both groups (see
Fig. 4A, Supplemental Digital Content 4, http://links.
lww.com/JCVP/A717, which shows the blood plasma
analysis). Creatinine, urea, and uric acid levels were com-
parable after 4 weeks comparing PIO with control (see
Fig. 4B, Supplemental Digital Content 4, http://links.
lww.com/JCVP/A717, which shows the blood plasma
analysis). Significantly increased creatinine levels
occurred in group control after 12 weeks compared with
4 weeks (P = 0.003) and in group PIO after 12 weeks
compared with 4 weeks (P = 0.012) (see Fig. 4B,
Supplemental Digital Content 4, http://links.lww.com/
JCVP/A717, which shows the blood plasma analysis).
After 12 weeks, significantly lower creatinine levels were
observed in PIO compared with controls (P = 0.04) (see
Fig. 4B, Supplemental Digital Content 4, http://links.
lww.com/JCVP/A717, which shows the blood plasma
analysis). Significantly increased uric acid levels could
be seen in control after 12 weeks compared with control
after 4 weeks (P = 0.002) (see Fig. 4B, Supplemental
Digital Content 4, http://links.lww.com/JCVP/A717,
which shows the blood plasma analysis). Furthermore,
uric acid was significantly decreased in PIO compared
with controls (P = 0.01) (see Fig. 4B, Supplemental
Digital Content 4, http://links.lww.com/JCVP/A717,
which shows the blood plasma analysis). No differences
could be detected for urea levels in both groups after 12
weeks (see Fig. 4B, Supplemental Digital Content 4,
http://links.lww.com/JCVP/A717, which shows the blood
plasma analysis). Cholesterol levels were similar in both
groups after 4 and 12 weeks (see Fig. 4C, Supplemental
Digital Content 4, http://links.lww.com/JCVP/A717,
which shows the blood plasma analysis). However, sig-
nificantly increased cholesterol levels occurred in control
after 12 weeks compared with 4 weeks (P = 0.039) (see
Fig. 4C, Supplemental Digital Content 4, http://links.
lww.com/JCVP/A717, which shows the blood plasma
analysis). Pioglitazone administration diminished triglyc-
eride levels after 4 weeks by trend (P = 0.06) (see Fig. 4C,
Supplemental Digital Content 4, http://links.lww.com/
JCVP/A717, which shows the blood plasma analysis).
After 12 weeks, no differences could be shown comparing
PIO with control (see Fig. 4C, Supplemental Digital
Content 4, http://links.lww.com/JCVP/A717, which
shows the blood plasma analysis).

DISCUSSION
In this study, the role of PPAR-gamma activation

through pioglitazone administration for the prevention of
cardiovascular graft degeneration was examined in a stan-
dardized small animal model.15 In this in vivo study, PPAR-
gamma activation reduced inflammation in valved aortic con-
duits, as demonstrated by a significantly decreased IL-6 gene
expression and a reduced IL-1b gene expression. Especially
IL-6 expression has been reported to be associated with
enhanced inflammation and graft degeneration.24 Several
studies have described the anti-inflammatory activity of
PPAR-gamma agonists in vitro10–12,25 by reducing the

expression of proinflammatory cytokines such as IL-1b and
IL-6.10 There is evidence, that PPAR-gamma activation can
reduce IL-6 and IL-1b by antagonizing the activities of the
transcription factors AP-1, STAT, and NF-kappaB.11 In a
previously published study by Ross et al, it could be demon-
strated that macrophages play a crucial role in the develop-
ment and progression of atherosclerosis.26 Several animal
models have delivered evidence for macrophages being a
negative factor in cardiovascular degeneration.27–29

Especially M1 macrophages are mainly involved in proin-
flammatory responses, whereas M2 macrophages rather have
an anti-inflammatory role.30–32 Ricote et al have shown that
PPAR-gamma activation may counteract macrophage activa-
tion.11 In this study, pioglitazone administration also
decreased macrophage infiltration in the short- and long-
term experiment, supporting the antidegenerative effect of
pioglitazone, as the ratio of M2 to M1 macrophages was
unaffected.

However, T-cell regulation was not affected by piogli-
tazone. This is in contrast to a previously published study,
suggesting that PPAR-gamma activation may reduce CD3
gene expression and therefore T-cell–dependent inflamma-
tion.33 In that study, CD3 gene expression was analyzed in
obese rats, showing a pathological glucose and insulin tol-
erance test. Furthermore, it has been shown that mice fed with
high-fat diet exhibit a higher amount of T-cell infiltration
when compared with animals on regular diet.34 Thus, dis-
crepant findings in our study might be explained by the fact
that PPAR-gamma activation reduces CD3-positive cell
infiltration in obese mice but probably has no relevant impact
on T cells in rats under normal diet.

Surprisingly, TNF-a gene expression in the explanted
aortic conduits was increased by pioglitazone after 12 weeks,
which is in contrast to previously published studies, where
Jiang et al showed that PPAR-gamma inhibits TNF-a in vitro
in adipose tissue,10 and Murakami-Nishida et al demonstrated
that PPAR-gamma treatment decreased circulating TNF-a
levels in Apoe2/2 mice.35 On the contrary, Zhang et al dem-
onstrated that PPAR-gamma inhibitors attenuate TNF-a
expression, and moreover, TNF-a stimulation upregulated
the activity of PPAR-gamma.36 It could be shown that early
atherosclerosis induced by TNF-a could be reduced by
PPAR-gamma inhibitors in a mouse model.36 In line with
the latter reports, our study revealed an upregulation of
TNF-a gene expression in the grafts explanted from
pioglitazone-treated animals. Although TNF-a is predomi-
nantly described to have proinflammatory activities, the
entirety of molecular mechanisms is still not fully understood.

Another aspect of inflammation is represented by
activation of RAGE, which has been previously described
to enhance cardiovascular calcification in rats.37 In this con-
text, PPAR-gamma activation has been reported to downre-
gulate RAGE, thereby attenuating degenerative processes in
native vasculature.13,19,38 Wang et al described an inhibition
of RAGE through PPAR-gamma activation by inhibiting NF-
kappaB.39 In our study, the PPAR-gamma agonist pioglita-
zone had no impact on the expression of RAGE. Wei et al
described an elevated level of AGE in aortic tissue in diabetic
rats.37 Also, Katz et al demonstrated that patients with
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diabetes or metabolic syndrome have significantly higher
AGE levels.40 One can assume that in this study, no decrease
of RAGE expression occurred because rats were under nor-
moglycemic conditions with probably nonaugmented AGE
levels. Moreover, there were no differences in RUNX2 and
BMP2 gene expression. BMP2 is a pro-osteogenic factor that
is known to be related to cardiovascular calcification.41

RUNX2 is a transcription factor which is associated with
the differentiation of osteoblasts.42 Li et al could show that
RAGE activation was associated with higher expression of
BMP2 and RUNX2 and consequently increased osteoblastic
differentiation of VICs.13 It is likely that the absence of ele-
vated RAGE levels explains why BMP2 and RUNX2 were
not regulated in our model.

PPAR-gamma agonists have been reported to attenuate
atherosclerosis of the native cardiovascular system in mouse
models with a genetic predisposition.43,44 These findings are
further amplified by the insights from this study, suggesting
that calcific degeneration of cardiovascular bioimplants is
also inhibited by PPAR-gamma activation. Implant calcifica-
tion as assessed by von Kossa staining and Alizarin Red
staining was significantly decreased in pioglitazone-treated
animals after 12 weeks. Calcification of the cardiovascular
system is a degenerative process wherein calcium deposition
is a passive mechanism.45 Also, Li et al described signifi-
cantly decreased calcium deposits as marker of cardiovascular
calcification in hypercholesterolemic rabbits treated with pio-
glitazone.13 In this study, we see decreased calcium concen-
trations in blood plasma under pioglitazone administration,
which may hint at reduced circulating calcium supporting
diminished graft calcification. Furthermore, in this study, os-
teopontin and osteocalcin gene expression were significantly
reduced in pioglitazone-treated rats. Thus, osteogenic differ-
entiation was significantly decreased through PPAR-gamma
activation. These findings go in line with previously pub-
lished studies. There is evidence that PPAR-gamma inhibits
osteoblastic differentiation.46 Lin et al showed that PPAR-
gamma activation resulted in decreased osteocalcin expres-
sion.46 It could be shown that PPAR-gamma knockout re-
sulted in higher osteopontin induction in mice.47,48

In addition, early chondro-osteogenic transformation
could be shown to be significantly diminished by PPAR-
gamma as assessed by syndecan-3 staining.

In this study, we could show significantly decreased
calcifying degeneration in the presence of increased intima
hyperplasia. In contrast to our findings, PPAR-gamma
agonists have been previously demonstrated to attenuate
early atherosclerosis in animal models also by decreasing
intima hyperplasia in carotid arteries.49,50 Moreover,
Minamikawa et al have demonstrated that PPAR-gamma ago-
nists attenuate intima hyperplasia in patients.51 We speculate
that this difference may be related to the differing nature of
the reports, considering that Minamikawa et al have studied
patients suffering from type 2 diabetes mellitus as opposed to
normoglycemic rats studied here. Despite the finding of
increased intima hyperplasia, functional outcome of the im-
planted conduits in our study was not impaired. In fact, graft
valve functionality proved superior with a significantly
decreased graft valve insufficiency. Furthermore, in the

absence of pioglitazone, hyperplastic intima areas seem to
undergo rapid degeneration with early calcification, whereas
pioglitazone-treated animals show decreased calcification.

Limitations of the Study
This study is an in vivo examination of the impact of

pioglitazone in the context of degenerative calcification of
cryopreserved valved aortic grafts. According to our experi-
ence with different small animal implantation models, rats are
the smallest animals that can be used to perform the
microsurgical implantation of functional aortic valve conduits
effectively and safely. However, the presented rat model does
not entirely mimic the complexity of degenerative processes
that act on cardiovascular protheses in the clinical setting.
Typical comorbidities from which most patients suffer, such
as obesity, diabetes, uremia, or hypercholesterolemia, are not
included in our model. Therefore, we will conduct further
preclinical studies integrating frequent cardiovascular comor-
bidities, such as hypercholesterolemia or diabetes, and in the
following, large animal model studies will be considered.
Interestingly, blood plasma analyses of this study showed
slightly, but yet significantly lower creatinine levels after 12
weeks in group PIO. Although a nephroprotective effect of
pioglitazone would be in line with the results of previous
studies on PPAR-gamma agonists in animal models of renal
failure52 and diabetic nephropathy,53,54 the data of this study
do not suffice to confirm this hypothesis, so that further exper-
iments designed to address the nephroprotective impact of
pioglitazone are required.

CONCLUSIONS
The current study is the first systematic in vivo

examination on the impact of pioglitazone on the degenera-
tion of cryopreserved valved aortic grafts. Systemic PPAR-
gamma activation prevents inflammatory processes as well as
intima and media calcification in aortic valve conduits and
seems to inhibit functional impairment of the implanted aortic
valve. To further elucidate the potential therapeutic role of
PPAR-gamma regulation for an improvement of biological
graft durability, particularly analyzing effects on inflamma-
tion, calcifying degeneration, and intima hyperplasia, trans-
lational studies and long-term follow-up data should be
striven for.
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