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Abstract

OBJECTIVES: One of the final treatments for end-stage heart failure is heart transplantation. However, a shortage of donor hearts has created a
long waiting list and limited benefits. Our ultimate goal is to create a whole beating heart fabricated on an organ scaffold for human heart trans-
plantation. Here, we successfully performed the first transplantation using a decellularized whole porcine heart with mesenchymal stem cells.

METHODS: A porcine heart was harvested following cardiac arrest induced by a high-potassium solution and stored at −80°C for 24 h.
The porcine heart was completely decellularized with 1% sodium dodecyl sulphate and 1% Triton X-100 under the control of perfusion
pressure (100 mmHg) and maintained at 37°C. A decellularized whole-heart scaffold was sterilized with gamma irradiation. Cultured mes-
enchymal stem cells were collected and either infused into the ascending aorta or injected directly into the left ventricular wall. Finally,
recellularized whole-heart scaffolds were transplanted into pigs under systemic anticoagulation treatment with heparin. Coronary artery
angiography of the transplanted heart graft was performed.

RESULTS: In our decellularization method, all cellular components were removed, preserving the heart extracellular matrix. Heterotopic
transplantations were successfully performed using a decellularized heart and a recellularized heart. The scaffolds were well perfused,
without bleeding from the surface or anastomosis site. Coronary angiography revealed a patent coronary artery in both scaffolds. The
transplanted decellularized heart was harvested on Day 3. Haematoxylin and eosin staining showed thrombosis in the coronary arteries
and migrated inflammatory cells. Haematoxylin and eosin staining of the transplanted recellularized heart showed similar findings, with
the exception of injected mesenchymal stem cells.

CONCLUSIONS: To the best of our knowledge, this is the first report of heterotopic transplantation of a decellularized whole porcine heart
with mesenchymal stem cells. The scaffolds endured surgical procedures. We detected short-term coronary artery perfusion in the trans-
planted scaffolds by angiography. Future studies should analyse the histological features of transplanted decellularized scaffolds and opti-
mize the system for recellularization to apply this unique technology clinically.

Keywords: Organ engineering • Cell transplantation • Regenerative therapy • Decellularization • Heterotopic transplantation • Coronary
artery angiography

INTRODUCTION

Heart failure affects �1–2% of the adult population, with a preva-
lence rate of 10% among persons 70 years of age [1]. The 1-year
mortality rate for patients in end-stage heart failure exceeds 50%

[2]. At present, heart transplantation and left ventricular assist
device (VAD) implantation are final treatments for end-stage heart
failure. However, the shortage of donor hearts has resulted in a
long waiting list and limited the benefit of transplantation. The
third-generation centrifugal VAD has achieved a good survival rate.
However, reducing VAD-specific complications such as thrombosis,
right heart failure and infection is necessary to improve long-term
outcomes [3]. For this devastating situation, alternative treatments
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have been sought, including direct cell injection therapy, stem cell
patches and three-dimensional printing of tissues and whole organs
[4–6]. A bioengineered heart using a tissue decellularization tech-
nique has also been reported. The decellularization technique,
which removes all cellular components and preserves the three-
dimensional ultrastructure of the extracellular matrix, has been
attempted for many organs [7]. Since Ott et al. [8] reported perfusion
decellularization of the whole rat heart, the development of bioen-
gineered hearts with decellularization has evolved. Our ultimate
goal is to create a ‘whole transplantable heart for end-stage heart
failure’ with the decellularization technique. Recently, many authors
have described whole porcine heart decellularization [9–11]. Now,
the investigation of an optimized recellularization technique for
decellularized hearts is underway as a preliminary study for human
clinical care [12, 13]. In this study, we performed porcine whole-
heart decellularization, preserving the intact extracellular matrix and
complex vascular network, with a simple system in a short amount
of time. We believe that the scale of the porcine model could be
clinically relevant for human treatment. To create the decellularized
heart, we modified the detergent perfusion–decellularization
method previously reported by Ott et al. [8]. Then, to confirm the
integrity of the decellularized heart to endure surgical procedures,
we transplanted it heterotopically into another pig with anasto-
mosis to the abdominal aorta and inferior vena cava. A preserved
vascular network was verified by coronary artery angiography in the
transplanted heart. Moreover, we attempted cell seeding of the
decellularized heart with a multistep infusion method and a muscu-
lar injection method, followed by heterotopic transplantation and
coronary angiography.

MATERIALS ANDMETHODS

Animals

All experimental procedures and protocols were reviewed and
approved by the Animal Ethics Committee of the Keio University
School of Medicine. Animals were treated according to the guidelines
of the Ministry of Education, Culture, Sports, Science and Technology,
Japan. Specific pathogen-free female pigs weighing 15–20 kg were
used for heart harvesting to prepare decellularized matrices (n = 9)
and to undergo heterotopic transplantation (n = 3). The pigs were
housed for 7 weeks under appropriate living conditions before either
tissue harvesting or heterotopic heart transplantation. Pigs undergo-
ing recellularized heart transplantation were administered 100 mg
prednisone (Shionogi, Osaka, Japan) and 0.24 mg/kg tacrolimus
(Santen Pharmaceutical Co. Ltd, Osaka, Japan) daily beginning
1 day before transplantation to 5 days after transplantation.

Whole-heart harvesting

Pigs were anaesthetized with 0.2 mg/kg midazolam (Astellas, Tokyo,
Japan) and 0.08 mg/kg medetomidine (Zenoaq, Fukushima, Japan)
intramuscularly. Intravenous access was secured via a superficial ear
vein. Midazolam (0.2 mg/kg) was administered intravenously, fol-
lowed by intubation with a 6-mm endotracheal tube and mechan-
ical ventilation with 20% FiO2. Isoflurane inhalation to maintain
anaesthesia during the procedure was connected to a standard re-
spiratory system. Muscle relaxation was achieved with vecuronium
bromide (4 mg) (MSD, NJ, USA). Median sternotomy was per-
formed to expose the heart. The pericardium between the ascend-
ing aorta and pulmonary artery and around the inferior vena cava

and the superior vena cava was dissected. After clamping
the ascending aorta with a vascular clamp, a cardioplegic solution
(300 ml normal saline, 40 mEq KCl, 5000 IU heparin sodium) was
infused into the coronary arteries through the ascending aorta with
a 21-gauge needle. The superior vena cava, inferior vena cava, pul-
monary vein and pulmonary artery were transected to evacuate
blood and decompress the heart. After transecting the aorta distal
to the vascular clamp, we excised the heart from the thoracic cavity.

Decellularization of the porcine heart

Excised hearts were frozen at −80°C for a minimum of 24 h prior
to decellularization. After thawing the frozen heart at 4°C, a 6- to
10-mm connector was cannulated to the ascending aorta just
distal to the brachiocephalic artery and tied with 1-0 silk to
connect a perfusion circuit. A silicone tube for decompressing the
heart was inserted through the pulmonary vein into the left ven-
tricle during decellularization. The heart was washed with deio-
nized water for 15 min at 100 ml/min. We perfused the heart at a
constant perfusion pressure of 100 mmHg with a warm (37°C) so-
lution of 1% sodium dodecyl sulphate (SDS; Sigma, St Louis, MO,
USA) in deionized water at 200–1000 ml/min for 9 h, and we
intermittently washed the heart with deionized water for 15 min
every 3 h to remove any residual substances. We then perfused
1% Triton X-100 (Sigma) in deionized water at 1000 ml/min for
3 h, followed by deionized water for 1 h to remove any residual
detergent and cell debris. Whole-heart decellularization was
achieved by a freezing–thawing induction of cellular lysis followed
by aortic perfusion with 1% SDS and 1% Triton X-100, which are
ionic and anionic detergents that can simultaneously lyse cells
and solubilize cytoplasmic components.

Histological analyses

Normal hearts, decellularized hearts, transplanted decellularized
hearts and transplanted recellularized hearts were fixed in 4%
paraformaldehyde, embedded in paraffin and sectioned into 4-μm sec-
tions. After rehydration, sections were stained with haematoxylin and
eosin (H&E). To determine cellularity, 40,6-diamidino-2-phynylindole
(DAPI) was used. Moreover, paraffin-embedded sections from the
decellularized scaffold and the normal heart were rehydrated and
antigen retrieval was performed. The samples were permeabilized
and incubated with mouse monoclonal anti-collagen type I, rabbit
polyclonal anti-collagen type IV, rabbit polyclonal anti-laminin and
mouse monoclonal anti-troponin T (Abcam, Cambridge, MA, USA).
Secondary antibodies were goat anti-mouse IgG (Invitrogen, Tokyo
Japan) and goat anti-rabbit IgG (Abcam). After all procedures, we
counterstained specimens with DAPI.

Heterotopic transplantation of the decellularized
scaffold

After decellularization, the scaffold was sterilized with gamma
irradiation and stored at 4°C for further transplantation. To sim-
plify the transplantable scaffold model, we chose the ascending
aorta and the superior vena cava as an inlet and outlet of the
blood stream, respectively. The inferior vena cava, pulmonary
veins and pulmonary artery were closed with continuous 6-0
polypropylene sutures. However, the pathway of the blood stream
was not physiologically normal in this model. The model might
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not be suitable for clinical application, but only in the experiment.
The recipient pig was anaesthetized as described above. Following
a midline incision, laparotomy was performed, and the abdominal
aorta and inferior vena cava were dissected. A 16-gauge catheter
was inserted into the left renal vein to infuse heparin and for later
blood sampling. Heparin sodium (5000 IU) was administered and
added appropriately to maintain an activated clotting time (ACT)
>400 s. The decellularized scaffold was transplanted by surgical
anastomosis using interposition artificial grafts; the ascending aorta
was anastomosed to the abdominal aorta of the recipient pig, and
the superior vena cava was anastomosed to the inferior vena cava
of the recipient pig with continuous 6-0 polypropylene sutures. A
14-gauge catheter was inserted into the aortic graft for coronary
angiography. The recipient pig received continued anticoagula-
tion therapy (sodium heparin, 8000–12 000 IU/kg/day) to main-
tain an ACT of >200 s postoperatively. At Day 3, the transplanted
scaffold was excised. Coronary artery angiography was performed
with iopamidol 300 mg/ml (KONICA MINOLTA, Inc., Tokyo, Japan;
diluted 1 : 4 with normal saline) on Days 0 and 3. Digital subtrac-
tion angiography was performed using a mobile C-arm imaging
system (Arcadis Avantic, Siemens, Berlin, Germany).

Recellularization of the decellularized scaffold

We chose porcine mesenchymal stem cells (pMSCs), which were
verified to provide a beneficial effect on cardiomyocytes, im-
proving metabolism, synthesis, angiogenesis and cell proliferation
[14]. We hypothesized that pMSCs would be strong candidates as
supportive cells in transplantable whole-organ engineered grafts.
pMSCs kindly provided by Dr Teratani ( Jichii Medical University,
Tochigi, Japan) were used for recellularization. The multipotent cap-
acity of the cells has been analysed previously [15]. The cells were

incubated at 37°C in 5% CO2 from the 15th passage. We used two
methods of cell seeding for the decellularized heart. The first was the
coronary perfusion method, in which the cell source was perfused
into the coronary arteries through the ascending aorta. The decellu-
larized scaffold was transferred to a customized large-size organ
culture chamber. The cells were seeded in an intra-aortic multistep
infusion method, as previously described by Yagi et al. [16]. The per-
fusion incubation system was placed into an incubator with the tem-
perature controlled at 37°C and with 5% CO2. The method we
applied for the second cell seeding was direct injection into the par-
enchymal space. The cells were injected by using 27-gauge needles
with 1-mm syringes containing 200 μl of PBS in each [17]. For either
method, a total of 1.5 × 107 pMSCs were used. To calculate engraft-
ment efficiency, the perfusate was collected, and the viability of cells
not retained in the heart was determined by trypan blue exclusion.

Heterotopic transplantation of the recellularized
scaffolds

The recellularized scaffolds were transplanted using the same tech-
nique we used for the decellularized heart. Coronary angiography
was performed. The scaffolds were excised and analysed histologi-
cally.

RESULTS

Whole-heart decellularization

The decellularization protocol was based on the porcine liver
decellularization protocol previously reported by Yagi et al. [16],
and the procedure using rats reported by Ott et al. [8]. Figure 1A–E

Figure 1: Decellularization of the whole porcine heart. (A–E) Representative macroscopic images of a porcine heart during the decellularization process at 0, 3, 6, 9
and 12 h. (F) Representative photograph of the perfusion–decellularization system (1: roller pump, 2: heat exchanger, 3: pressure monitor, 4: heart chamber). (G–J)
Haematoxylin and eosin staining of the normal heart (G) and decellularized heart (I). 40 ,6-Diamidino-2-phynylindole staining of a normal heart (H) and a decellular-
ized heart ( J). Scale bar: 200 μm.
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shows macroscopic images of the heart prior to decellularization
and after various steps in the decellularization process. The decel-
lularized scaffolds were translucent while preserving the three-
dimensional architectures, including the coronary arteries and their
branches. Our perfusion decellularization system is simple and easy
to make, consisting of a silicone tube, peristaltic roller pump, heat
exchanger and pressure monitor (Fig. 1F). In total, the process of
heart decellularization took 13 h. H&E staining of the decellularized
heart showed an intact extracellular matrix, but no visible nucleus
when compared with the normal heart (Fig. 1G and I). There was no
DAPI staining nucleus in the decellularized scaffold (Fig. 1H and J).

Immunohistochemical analysis of the extracellular
matrix

Immunohistochemical analysis of the decellularized scaffold revealed
that collagen types I and IV and laminin (Fig. 2A–C) were well
retained, indicating a structural composition of the matrix similar
to that of the intact porcine heart (Fig. 2E–G), while cardiac tropo-
nin T had completely disappeared compared with that in the
normal porcine heart (Fig. 2D and H). Importantly, these findings
suggested complete removal of cellular components while main-
taining the extracellular matrix composition.

Heterotopic transplantation of the decellularized
scaffold

Heterotopic transplantation of the decellularized scaffold to the
recipient’s abdominal aorta and inferior vena cava was successfully
performed. Woven polyethylene terephthalate grafts were anasto-
mosed to the ascending aorta and superior vena cava preopera-
tively (Fig. 3A). The grafts were anastomosed to the recipient’s
abdominal aorta and inferior vena cava intraoperatively (Fig. 3B).
No blood leakage from the decellularized heart surface was
detected (Fig. 3C and D). There was no blood leakage at the closure
sites of the inferior vena cava, pulmonary veins and pulmonary
artery. Macroscopic findings demonstrated that blood-perfused
coronary arteries and their branch vessels retained their luminal
diameter and shape. The integrity of the scaffold was sufficient to
endure surgical procedures and blood pressure. Coronary artery
angiography revealed the total length of the right coronary artery
during the systolic phase (Fig. 3E). An orifice of the left coronary

artery, with the exception of a distal lesion, and an aortic valve re-
gurgitation jet were observed. On Day 3, the transplanted heart
scaffold was harvested. Macroscopically, the coronary arteries were
occluded by thrombus formation (Fig. 3F). Coronary artery angiog-
raphy did not reveal coronary artery perfusion. However, contrast
medium went through the cardiac chambers, including the left ven-
tricle, left atrium, right atrium and the superior vena cava (Fig. 3G).

Histological analysis of the transplanted
decellularized scaffold

The inner surface of the extracellular matrix was smooth, and no
thrombosis existed in the cardiac chamber. Meanwhile, a haema-
toma filled the parenchymal space, especially the left atrium
(Fig. 4A). There was no stenosis at the anastomosis sites (Fig. 4B).
H&E staining showed massive inflammatory cell infiltration in the
parenchymal space in the left and right atrium (Fig. 4C and F). The
left and right coronary arteries and their branch vessels were
obstructed by thrombi (Fig. 4D and G). A few inflammatory cells
migrating into the left and right ventricular muscle were detected
(Fig. 4E and H). DAPI staining also revealed cell infiltration into the
right and left ventricles (Fig. 4I and J).

Recellularization of the decellularized scaffold and
heterotopic transplantation

pMSCs incubated at 37°C in 5% CO2 from the 15th passage were
used for recellularization (Fig. 5A). In the coronary perfusion
method described above, pMSCs were infused through the
ascending aorta using the perfusion chamber (Fig. 5B). Two days
after multistep infusion, <104 infused cells remained in the perfus-
ate. The recellularized bioengineered whole-heart scaffold was
then transferred for heart transplantation (Fig. 5C). Although,
macroscopically, the coronary artery appeared to be perfused
with blood after reperfusion, intraoperative coronary angiography
did not show any blood flow in the artery (Fig. 5D), suggesting that
the coronary arteries had been occluded immediately after reper-
fusion. H&E staining showed that the coronary artery was filled
with thrombi and inflammatory cells in several locations through-
out the vessel. However, there were no pMSCs detected in the
vessel lumen (Fig. 5E–H).

Figure 2: Immunohistochemical analysis of the extracellular matrix and cardiac troponin T. (A–D) Immunohistochemical staining of a decellularized porcine heart for
collagen type I (A), collagen type IV (B), laminin (C) and cardiac troponin T (D). (E–H) Immunohistochemical staining of a normal porcine heart for collagen type I (E),
collagen type IV (F), laminin (G) and cardiac troponin T (H). Scale bar: 200 μm.
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With the muscular injection method, pMSCs were injected into
the left ventricular muscle just before transplantation surgery
(Fig. 6A). The bioengineered heart transplantation was successfully

performed (Fig. 6B). Intraoperative angiography of the coronary
arteries was performed, which demonstrated blood flow through
almost the entire length of the right and left coronary arteries

Figure 3: Heterotopic transplantation of a decellularized heart. (A) Representative photograph of a decellularized heart with anastomosed artificial grafts. (B)
Intraoperative findings. White arrow: inferior vena cava. Arrowhead: ascending aorta. (C and D) The decellularized heart before (C) and after (D) reperfusion. (E)
Digital subtraction angiography of the coronary artery. White arrows: right coronary artery. (F) The transplanted heart on the seventh postoperative day. (G) Digital
subtraction angiography of the decellularized heart on the seventh postoperative day. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle.

Figure 4: Histological analysis of the transplanted decellularized heart. (A) Representative photograph of the excised scaffold. (B) The anastomosis site. Ascending
aorta (left); inferior vena cava (right). (C–H) Haematoxylin and eosin staining of the excised scaffold of the left atrium (C), left coronary artery (D), left ventricle (E), right
atrium (F), right coronary artery (G) and right ventricle (H). (I and J) 40,6-Diamidino-2-phynylindole staining of the left ventricle (I) and right ventricle ( J). Scale bar:
200 μm.
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(Fig. 6C). Although H&E staining showed thrombosis and inflam-
matory cells in the parenchymal space, clusters of intact pMSCs
were observed to be engrafted in the parenchyma (Fig. 6D–F).

DISCUSSION

To the best of our knowledge, this was the first successful hetero-
topic transplantation of a bioengineered heart that was fabricated
by decellularization and recellularization of a whole porcine heart
scaffold. We also showed reperfusion of the coronary artery by
intraoperative angiography. Before this study, heterotopic trans-
plantation of the decellularized heart had not yet been reported
in a large animal model. In a rat model, Ott et al. [8] first performed
successful heterotopic transplantation of a recellularized heart
scaffold. They emphasized that one of the most inevitable pro-
blems in transplantation of decellularized tissue is thrombosis.
Kasimir et al. [18] reported that decellularized matrices induce
human platelet activation and cause thrombosis and inflamma-
tion. In whole decellularized hearts, Momtahan et al. [13] studied

static blood thrombosis in vitro by comparing decellularized and
normal porcine hearts. They concluded that the lack of endothe-
lial cells in decellularized hearts induced platelet activation and
adhesion. Robertson et al. [19] reported heterotopic trans-
plantation of hearts re-endothelialized with rat neonatal cardio-
myocytes. In that report, re-endothelialization diminished the
thrombogenicity of the scaffolds. The most important factor in
preventing thrombosis for whole-organ engineering is recellulari-
zation with endothelial cells attached to the blood-contacting sur-
faces of the extracellular matrix. However, we used pMSCs, which
were verified to provide a beneficial effect on cardiomyocytes, im-
proving metabolism, synthesis, angiogenesis and cell proliferation
[14]. Moreover, Kadota et al. [20] reported that MSCs have the
possibility to be transdifferentiated into the endothelial lineage in
the extracellular matrix. We hypothesized that MSCs would be
strong candidates as supportive cells in transplantable whole-
organ engineered grafts. The differentiation of MSCs is mediated
by the surrounding environment [21]. In this mediation, the
extracellular matrix plays an important role. We used MSCs that
have a potential to differentiate into cardiac cells as well as those

Figure 5: Heterotopic transplantation of the recellularized heart with the coronary perfusion method. (A) Pig mesenchymal stem cells incubated at 37°C in 5% CO2,
15th passage. Scale bar: 200 μm. (B) Perfusion incubation system (1: closed large-size chamber; 2: roller pump; 3: bubble trap). (C) Operative findings of the scaffold,
before (left) and after (right) de-clamping. (D) Digital subtraction angiography of the coronary artery. (E–H) Haematoxylin and eosin staining of the recellularized
transplanted heart. Thrombosis in the parenchymal space (E) and the coronary artery (F). Migrated inflammatory cells in the parenchymal space (G) and epicardial
layer (H). Scale bar: 200 μm.

Figure 6: Heterotopic transplantation of the recellularized heart with the muscular injection method. (A) Representative photography of the muscular injection of pig
mesenchymal stem cells in the decellularized heart. (B) Operative findings of the scaffold, before (left) and after (right) de-clamping. (C) Digital subtraction angiog-
raphy of the coronary artery. White arrow: left coronary artery. Arrowhead: right coronary artery. (D–F) Haematoxylin and eosin staining of the recellularized trans-
planted heart. Nearly intact ventricular muscle at the apex (D). Thrombosis in the parenchymal space (E). Injected porcine mesenchymal stem cells (F). Scale bar: 100 μm.
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of endothelial lineage, expecting that this decellularized heart-
specific extracellular matrix effectively influences their differenti-
ation capacity [22]. However, the observation period was not long
enough for its evaluation in this study; therefore, it was not
observed whether MSCs had differentiated into these lineages
after implantation. On the other hand, there was a report describ-
ing a recellularized heart with cardiomyocytes having electrical
activity in a rat model [8]. However, in this work, we applied MSCs
but not cardiomyocytes which were activated electrically.
Therefore, the electrical activity of the transplanted heart was not
observed. In the future, we are planning to recellularize the scaf-
fold with different cell types that are expected to be part of the
component of cardiac construction; e.g. cardiomyocytes, MSCs
and endothelial cells, via direct injection or coronary infusion
technique, to optimize functional correlation between those cells.
In our study, we showed patent coronary arteries in the decellular-
ized heart in vivo controlled by the systemic administration of an
anticoagulant, and confirmed that the blood flow reached the
distal end of the artery during the systolic phase. However, blood
flow was short-lived due to thrombosis. The same phenomena oc-
curred even in the recellularized heart. We attempted two recellu-
larization methods. The coronary perfusion method was modified
from a previously reported method [16]. This method can deliver
the cells evenly throughout the whole heart. The other method
was direct injection of pMSCs. Although this method ensures that
cell insertion in the optimal place is certain, it may result in a
higher number of technical errors. In the present study, neither
coronary perfusion nor muscular injection of pMSCs contributed
to preventing thrombosis. As we could not compare the efficacy
of these two methods, further study is needed to determine the
optimum recellularization method for reducing thrombosis in the
long term in order to adapt this unique technology for clinical
applications.

Since Ott et al. first reported a whole-heart decellularization
technique, several methods have been developed and reported
[9–11]. Their decellularization techniques took about from 12 h to
18 days for a whole heart. In these reports, SDS was the preferred
decellularization detergent. We added Triton X-100 to remove any
cell debris and remaining SDS, similar to the methods reported by
Momtahan et al. [13]. However, the previously reported decellulari-
zation methods were not simple and were time-consuming. In this
study, we efficiently removed cellular components while preserv-
ing the extracellular matrix in a shorter time (13 h) compared with
the time required in the other studies. Moreover, as the macro-
scopic findings of the decellularized heart did not change after
6 h, we may be able to perform whole-heart decellularization in
less time. Although we are concerned with the cytotoxic side
effects of decellularized scaffold and remnant of DNA contents,
we did not perform any evaluation at this time, since the decel-
lularization protocol we applied here was based on the previous
work in which there was no cytotoxic issue reported due to the
remnant detergents or DNA fragments [13]. Also, the cytotoxic
side effects due to the possible remnant content have not been
reported as an issue for cell repopulation or implantation for
now [11]. However, in the stage of clinical application, these
issues should be clarified. Terminal sterilization by gamma ir-
radiation could effectively reduce the time course without
disrupting morphological organ construction. However, it has
been reported that gamma irradiation may alter and reduce
extracellular matrix components [23]. The conditions to minim-
ize destruction of extracellular components by gamma irradi-
ation need to be defined.

The native extracellular matrix scaffold is constructed primarily
of networks of collagens and other structural proteins and has
the potential to provide a proper microenvironment for the heart. In
addition, the three-dimensional structure of the native extracellular
matrix has been shown to determine the structural arrangement of
cardiomyocytes. In the bioengineering field, the extracellular matrix
is a crucial factor for cell–cell interaction, cell proliferation and differ-
entiation [24]. The principal extracellular matrix component in the
heart is collagen type I. We verified the preservation of the heart
extracellular matrix, including collagen type I, collagen type IV and
laminin (a basement membrane) after our modified decellularization
method. To generate a transplantable heart scaffold, it is critical to
maintain the integrity of the surface to avoid leakage of blood flow in
case of vascularization of the heart graft. In terms of integrity, we
verified that the decellularized heart could endure surgical proce-
dures, including handling with forceps, surgical stitches and blood
pressure.
Even if heart transplantation is achieved, the patient must

endure lifelong immunosuppression and the risk of chronic rejec-
tion. One of the benefits of transplantation using a decellularized
scaffold is less induction of immunogenic reaction compared
with that with cell-composed tissue. However, we previously
observed the migration of many inflammatory cells into the par-
enchymal space of the decellularized heart. In this experiment, we
recellularized the scaffold with allogeneic pMSCs. The extracellular
matrix component of the scaffold itself also might have minimal
antigenicity, which could raise the immunogenic reaction.
Therefore, we have administered immunosuppressive drugs pre-
operatively based on a previous report to reduce immunogenic
reactions [25]. In addition, it is important to adjust an appropriate
dose of steroids and immunosuppressive medicine to prevent
acute inflammatory reaction after implantation. We consider that
the reason of coronary thrombosis was multifactorial and the in-
flammatory response might partly affect this issue. In the near
future, stem cell-derived cardiomyocytes will be used in recellu-
larization as a cell source. The cell covers the decellularized tissue,
resulting in fewer immunogenic reactions and the termination of
immunosuppressive drug use.
In conclusion, we successfully performed heterotopic trans-

plantation of a bioengineered porcine heart using decellulariza-
tion and recellularization of the whole-organ scaffold. The
scaffolds were capable of enduring surgical procedures. We
detected short-term coronary artery perfusion by intraoperative
angiography. Although the separate stages of the experiments
should be verified more specifically, we believe that the report
of a successful transplantation with seamless experimental pro-
cedures from efficient decellularizion of the whole-heart scaffold
with multipotent stem cells to surgical implantation is scientific-
ally important, which was achieved only by a tight collaboration
of cardiothoracic surgeons with bio-engineers in our group.
Further study is needed to optimize re-endothelialization and
prevent thrombosis in the long term.
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APPENDIX. CONFERENCE DISCUSSION
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DrM. Andreas (Vienna, Austria): First, you already pointed out that the endothelial
cells may prevent thrombosis. What other methods are possible to prevent
thrombosis and to enable the organ to be correctly perfused? The first question.
The second question is: You have a very short washout period for these

decellularizations procedure. Have you seen any toxic effects to the pig or are
you afraid of that?
Dr Kitahara: The first question, we find many reports about prevention of the

thrombosis, but the other authors said that the most important thing is endothe-
lialization to prevent the thrombosis. I think so. We strictly manage the anticoagu-
lation with heparin infusion, but the thrombosis occurs. The endothelialization of
the coronary artery is very important. I’m sorry, what is the second question?
Dr Andreas: The second question was, if you have seen any toxic effects?

Because your washout period is very short.
Dr Kitahara: I have never seen, so I can’t answer this question. But 13 hours

is too short to decellularize the heart. But I think I can shorten this time to 6 or
7 because microscopically the decellularized scaffold was not changing from
the 6 hours to the 12 hours, so we could shorten the time of the decellulariza-
tion to diminish the damage of the toxic effect or something.
Dr P. Akhyari (Dusseldorf, Germany): I have two questions. First, did you use

freezing as a component of decellularization, or did you use it just for the
storage of the organ?
Dr Kitahara: You mean the freezing at −80°C for 24 hours, after thawing for

decellularization for 24 hours? We used pathogen decellularization. I’m sorry, I
don’t understand.
Dr Akhyari: If you don’t freeze the heart, is the decellularization the same?
Dr Kitahara: I attempt that. But it took more time to decellularize the heart,

it takes about 24 hours or more.
Dr Akhyari: The second question is: Have you analysed the effect of

this freezing on the matrix? Because there is a lot of debate on freezing or not
freezing.
Dr Kitahara: I have never done that. I want to do that.
Dr M. Shchatsinka (Minsk, Belarus): Maybe I didn’t catch it, but what was the

reason for freezing the heart before decellularization?
Dr Kitahara: The freezing can life the cell so it makes it easy to decellularize

with the pathogen.
Dr Shchatsinka: Did you use DNases and RNases to remove genetic material

from the heart?
Dr Kitahara: I’m sorry?
Dr Shchatsinka: Decellularization techniques often involve using of DNase

and RNase, enzymes to digest nucleotides in the tissue; did you use it?
Dr Kitahara: No, never. I use only the detergent, the sodium dodecyl

sulphate and the Triton X-100.
Dr Shchatsinka: So, the last question: Why did you explant the heart at the

third day, why such a short period?
Dr Kitahara: Shortly after the implantation, there was thrombus formation in

the coronary artery, so we think that we can’t observe 7 or more days. We
didn’t think that we couldn’t, so I’m sorry I can’t answer exactly.
Dr D. Chambers (London, UK): Can I just ask you, when did your thrombus

occur? Did it occur earlier than 3 days?
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Dr Kitahara: Yes, earlier than 3 days.
Dr Chambers: So your heart was not perfused for many minutes?
Dr Kitahara: Almost 30 or 40 minutes later, after.
Dr Chambers: So very soon after you implanted the heart?
Dr Kitahara: Yes.
Dr H. Ankersmit (Vienna, Austria): So there was no possibility to see any re-

generative effects that maybe cells were homing in the matrix? Because you

have shown us histology data. There is a strong inflammation. Can you go back
to the histology data? So where did you get this? So this is thrombus formation
and this is the matrix here, that’s the matrix without any cells populating; is that
correct?
Dr Kitahara: Yes, that’s correct.
Dr Ankersmit: So basically the heart was not perfused?
Dr Kitahara: The heart was not perfused, yes. No, no.

O
R
IG

IN
A
L
A
R
TI
C
LE

H. Kitahara et al. / Interactive CardioVascular and Thoracic Surgery 579



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


