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Abstract Stem cells are one of the most fascinating areas
in regenerative medicine today. They play a crucial role in
the development and regeneration of human life and are
defined as cells that continuously reproduce themselves
while maintaining the ability to differentiate into various
cell types. Stem cells are found at all developmental stages,
from embryonic stem cells that differentiate into all cell
types found in the human body to adult stem cells that are
responsible for tissue regeneration. The general opinion
postulates that clinical therapies based on the properties of
stem cells may have the potential to change the treatment of
degenerative diseases or important traumatic injuries in the
“near” future. We here briefly review the literature in
particularly for the liver, heart, kidney, cartilage, and bone
regeneration.
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Introduction

For many reasons, stem cells are important for living
organisms. In the 3- to 5-day-old embryo, the so called
blastocyst, stem cells give rise to the multiple specialized
cell types that make up the heart, bone, lung, skin, and
other tissues. In some adult tissues, such as bone marrow,
liver, muscle, and brain, small populations of adult (or
somatic) stem cells control replacement of cells which are
lost through age, injury, or disease.

There are three important characteristics that distinguish
stem cells from other cell types. Stem cells are unspecialized
but pluripotent (can differentiate into all three major tissue
types) cells, which have the ability to indefinitely renew
themselves. Scientists put great effort in the understanding,
identification, and characterization of the various differentia-
tion processes stem cells may undergo. This leads to an
increasing knowledge about how an organism develops from
a single cell and how damaged cells are replaced in adult
organisms. This opens doors for scientists to investigate the
possibility of cell-based therapies to treat disease, which is
often referred to as “regenerative” or “reparative” medicine.
Cell therapy, including the disciplines of regenerative medi-
cine, tissue-, and bio-engineering, is dependent on cell and
tissue culture methodologies to generate and expand specific
cells in order to replace important differentiated functions lost
or altered in various disease states (e.g., no insulin production
in diabetes). Central to the successful development of cell-
based therapies is the question of cell sourcing. Thus,
advances in stem cell research have a vital impact on this
problem.
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Scientists primarily work with two kinds of stem cells
from animals and humans, namely embryonic stem cells
(ESC) and adult (or somatic) stem cells. The history of
research on adult stem cells began about 40 years ago. In
the 1960s, researchers discovered that the bone marrow
contains at least two kinds of stem cells. One population,
called hematopoietic stem cells, forms all the types of blood
cells in the body. A second population, called bone marrow
stromal cells, was discovered a few years later. They are a
mixed cell population that generates bone, cartilage, fat,
and fibrous connective tissue. More than 20 years ago,
scientists discovered ways to obtain stem cells from early
mouse embryos. Many years of research with mouse
embryonic stem cells were necessary to successfully isolate
and grow human embryonic stem cells, for the first time in
1998 [1]. Since then, several human ESC lines have been
generated from the inner cell mass of the blastocyst. The
embryos used for these cell lines were created by in vitro
fertilization. When no longer needed for infertility purpo-
ses, they were donated for research with the informed
consent of the donor. A registry of them is published on the
NIH web site (http://stemcells.nih.gov/registry/).

Usage of human ESCs as resource for cell therapeutic
approaches is presently an intensive field of research [2].
From a legal and ethical point of view, research involving
human embryonic cells is highly controversial, and many
countries are reviewing their legislation. The main ethical
issues raised are the generation of human ESCs from in
vitro fertilized embryos, the moral status of the embryo, and
the acceptability of using such derived cells for therapeutic
purposes.

There are less ethical issues when using adult stem cells.
And adult stem cells have further advantages, e.g., their
possible use for autologous cell therapies, using the
patients’ own cells to reduce possible immune responses.
But there are also limitations of adult stem cells, which
typically generate the cell types of the tissue in which they
reside. Until recently, it had been thought that a blood-
forming adult stem cell in the bone marrow, called
hematopoietic stem cell, can only give rise to the many
types of blood cells such as red blood cells, white blood
cells, and platelets, but not to cells of a very different tissue,
such as nerve cells in the brain. However, a number of
experiments over the last several years have raised the
possibility that stem cells from one tissue may be able to
give rise to cell types of a completely different tissue, a
phenomenon known as plasticity, offering new perspectives
for cell-based therapies. Examples of such plasticity include
blood cells becoming neurons [3] or insulin-producing liver
cells [4, 5] and hematopoietic stem cells that can develop
into heart muscle. Despite these studies, no adult stem cell
has been definitively shown to be completely pluripotent.
Thus, we have to clearly differentiate between totipotent

(latin totus = entire) stem cell, which can give rise to all the
cell types that make up the body and in addition all of the cell
types that make up the extra-embryonic tissues (e.g. the
placenta); pluripotent stem cells, which give rise to all cell
types that make up the body, but not the extra-embryonic
tissues; and multipotent stem cells, which can develop into
more than one cell type of the body (Fig. 1).

A limitation is tried by the researchers to overcome by the
generation of so-called induced pluripotent stem cells
(iPSC). Per definition, iPSCs are adult cells reprogrammed
to an ESC-like state, which express stem-cell markers and
are capable of generating cells characteristic of all three germ
layers. In 2006, Takahashi and coworkers first reported about
the induction of pluripotent stem cells from mouse embry-
onic fibroblast cultures by expression of transcription factors
Oct4, Sox2, c-Myc, and Klf4 [6], which had a similar
morphology, proliferation, and teratoma formation than
ESCs. Only 1 year later, a major breakthrough was achieved
by creating the first iPSCs from adult human cells by
retroviral infection with Oct4, Sox2, c-Myc, and Klf4 [7] or
Oct4, Sox2, Nanog, and Lin28 [8]. Since then, several
groups tried to generate iPSCs from various types of cells,
e.g., mouse and human (embryonic) fibroblasts [9], adult
dermal fibroblasts [10, 11], neural stem cells [12], and
human keratinocytes [13], by retroviral gene-transfer of up to
four different factors. Li and coworkers proposed the use of
chemical inhibitors to support the genetic reprogramming
[14]. Having similar characteristics than ESCs, iPSCs might
have a promising future in cell therapy. Although iPSCs raise
less ethical questions than ESCs, there are still many points
that have to be investigated before these cells can be used for
medicine, e.g., cancerogeneicity and safety of retroviral gene
transfer.

Application of stem cells in regenerative medicine

Two different strategies are pursued for application of stem
cells in regenerative medicine. The one and easier way is
simple injection of cell suspension into the blood circula-
tion or the target tissue. In contrast to that strategy termed
“cell therapy,” the second approach called “tissue engineer-
ing” is more complex. Here, a tissue-like construct
consisting of a three-dimensional matrix colonized by cells
is engineered in vitro and subsequently implanted into the
tissue defect of the recipient. Mostly, addition of growth
factors is necessary for proliferation and differentiation of
stem cells in vitro (Fig. 2).

The application rate for the “cell therapy” is mainly the
recovery of organ malfunction by substitution of defect
cells. One important example for employment of “cell
therapy” is the transplantation of hematopoietic stem cells.
This procedure has been practiced successfully for decades
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to treat serious hematological diseases. In the transplanta-
tion of bone marrow, hematopoietic stem cells are injected
into the blood circulation of the recipient. They find their
way to the bone marrow by a phenomenon termed

“homing.” Chemokines are reported to play a key role in
homing of hematopoietic stem cells [15, 16].

A number of experiments have indicated the ability of
homing to injured tissue for mesenchymal and embryonic

Cell therapy Tissue engineering

Fig. 2 Different strategies of regenerative medicine employing stem
cells. For “cell therapy” and “tissue engineering” stem cells are
isolated either from the patient (autologous transplantation) or from
other humans (allogene transplantation). For “cell therapy,” the cells
are expanded in vitro and applied directly to the patient to substitute

lost cells, while in case of “tissue engineering” after expansion, the
cells are seeded into three-dimensional scaffolds. There cells are
differentiated into the demanded cell type. The obtained artificial
tissue construct is implanted into patients’ tissue defect, where
vascularization occurs

Pluripotent Stem Cells Multipotent Stem Cells

Embryonic Stem Cells
Adult Stem Cells (e.g., liver, 

heart, bone marrow)

Differentiation in specified cell types

Ectodermal cells Mesodermal CellsEndodermal Cells

e.g., Neuron e.g., Islets or Hepatocytes e.g., Muscle

Basic research, Preclinic or

drug Development (efficacy & 
toxicity)

Clinical Application:

e.g., Burn diseases, Bone regeneration, 

organ Regeneration, heart diseases, 

Neuronal diseases

Fig. 1 Use of different stem
cells for research and clinical
application
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stem cells. After systemic application in animal models of
hepatic intoxication and partial hepatectomy, myocardial
infarction, nephropathy, cerebral ischemia, lung injury, lung
fibrosis, and local irradiation, stem cells are enriched in
injured tissue and partially differentiated into tissue-specific
cell types [2, 17–26]. There have also been systemic
applications of mesenchymal stem cells in humans with
beneficial effect in graft-versus-host disease or osteogenesis
imperfecta [27, 28].

However, cell therapy alone cannot suffice to regenerate
large tissue defects or even replace whole organs. Here, the
approach of “tissue engineering” seems to be a promising
strategy in future. Thereby, a scaffold imitating the
architecture of tissue-specific extracellular matrix is con-
structed and seeded with tissue-specific cells. The major
problem in construction of solid tissue is the supply of cells
with oxygen and nutrition. To avoid necrosis, vasculariza-
tion of the newly constructed tissue is essential. Despite a
number of experiments employing co-culture of vascular
cells, preforming of vessels in scaffolds, or treatment with
pro-angiogenetic cytokines, the problem of vascularization
is not yet solved satisfactorily.

Tissue engineering was already successfully used to
synthesize experimental replacement for simple assembled
tissue as skin, bone, or fat [29–31]. Anyways, today, tissue
engineering is still far from successful generation of tissue
from highly complicated architecture as kidney, neural
tissue, or intestine for therapeutically replacement.

Biomaterials in regenerative medicine

Biomaterials are frequently used in regenerative medicine.
They act as artificial extracellular matrix with distinct
mechanical and biological properties or as carriers for drugs
and bioactive molecules.

In recent years, a variety of different biomaterials were
tested for their capability as matrix in tissue engineering.
For this use, materials have to fulfill some fundamental
requirements. They have to be biodegradable to allow
replacement by regenerated tissue; they must be immune-
compatible; and they must neither be toxic nor release toxic
substances when they are degraded. Beside these qualities,
matrixes formed from biomaterials must have distinct
properties with regard to the desired kind of tissue. The
request on mechanical strength, kinetics of degradation, and
bioactivity significantly varies between different tissues.
For example, bone formation requires scaffolds from high
mechanical resistance and slow absorption, as regeneration
of skin demands soft matrix with fast degradation kinetics.
Besides used biomaterials themselves, the three-dimensional
structures of scaffolds have great influence on cell growth
and differentiation. Scaffolds must be highly porous with

interconnected pores of a diameter of at least 100µm to allow
in-growth of cells and vessels [32].

Despite the tissue engineering of bone, where various
inorganic materials, such as hydroxyapatite, calcium phos-
phate, calcium carbonate, or glasses were tested, mainly
organic biomaterials have been investigated for scaffold
formation. These are either naturally derived as collagen,
fibrin, agarose, alginate, gelatin, silk or hyaluronic acid, or
synthetically produced. Synthetically produced organic
biomaterials are mainly polyhydroxyacids as polyglycolide
or polylactide. To control kinetics of degradation recent
studies were performed employing hydroxyacid copoly-
mers. Thus, it is tried to adapt kinetics of degradation to
those of tissue regeneration.

As these synthetic polymers often lack bioactivity, in
recent studies, they were surface-modified to alter cell
adhesion, migration, differentiation, and proliferation.
Thereby, they were coated or copolymerized with bioactive
materials, or functional groups were attached to the
polymer chain before scaffold fabrication [33, 34]. Besides
surface modifications with bioactive materials, scaffolds
were coated directly with cytokines to control proliferation
and differentiation of seeded cells [35]. Other authors
describe coating of scaffolds with gen vectors to perform
transfection of cells with different growth factors [36].
Biomaterials for tissue engineering can also carry drugs that
prevent microbial colonization or control in-growth of
scaffolds into the surrounding tissue [37, 38].

Potential benefits of stem cell therapies

Today, the maybe best-known and well-established stem
cell therapy is the bone marrow transplantation. In fact,
adult blood-forming stem cells from bone marrow have
been used in transplants to treat various blood disorders,
leukemia, and other types of cancer for 30 years. However,
a brief look into the literature will clearly demonstrate that
pluripotent and multipotent stem cells are believed to have
great potential for both clinical and research applications.
Stem cells could be stimulated to develop into specialized
cells that represent renewable sources of cells, tissue, or
even organs for transplantation. Cell-replacement therapy
might be used to treat injuries as well as a great variety of
degenerative and genetic disorders. There is a long list of
diseases that is believed to be treated by stem cell therapy
including several liver diseases, diabetes, muscular dystro-
phies, Alzheimer disease, Parkinson's disease, arthritis,
retinal degeneration, spinal cord injuries, multiple scleroses,
and monogenetic disorders such as hemophilia.

Established stem cell therapies today include transplan-
tation of bone marrow stem cells (adult stem cell),
peripheral blood stem cells (adult stem cell), and umbilical
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cord blood stem cell. But also, many other possibilities for
stem cell therapy have been investigated in the past few
years. As an example, in patients suffering from type I
diabetes, the cells of the pancreas that normally produce
insulin are destroyed by the patient's own immune system.
New studies indicate that it may be possible to direct the
differentiation of human embryonic stem cells in cell culture
to form insulin-producing cells that eventually could be used
in transplantation therapy for diabetics [39–42].

Furthermore, a brief look into Medline shows also the
economic potential of stem cells in research. Numerous
groups have suggested that stem cells can be used in
various aspects of toxicology [43]. It is believed that
reproduction toxicology can be controlled by a test recently
developed by Axiogenesis in Germany (http://www.axio
genesis.com/cms/front_content.php). This company produ-
ces cutting-edge mouse embryonic stem cell lines that can
be used to generate pure tissue and organ cell types used for
drug development and reproduction toxicology. Further-
more, peripheral blood monocytes have been differentiated
into hepatocyte-like cells that might be used to test acute
and/or chronic toxicology approaches [4, 5, 44].

Potential risks or problems with future stem cell
therapies

Besides the overall positive potential of stem cell therapy, it
would be extremely thoughtless if we would not discuss at
this point at least some risks associated with stem cell
therapy. Embryonic stem cells have full developmental
potential to become all types of cells or tissues in the body,
and they have been reported to integrate into organs such as
the kidney [45] or the liver [46]. However, their therapeutic
use is limited by the recipients’ immune responses and the
potential development of teratomas [1]. Moreover, the use
of human embryos for the production of these cells has
raised many ethical issues that remain unsolved. Therefore,
its use is quite limited in several countries and has not
gained clinical application.

In contrary, adult stem cells, particularly hematopoietic
and mesenchymal stem cells of the bone marrow, are
routinely used in clinical application. They have the great
advantage that they can be used for autologous cell
therapies. However, a great risk remains particularly in
case of mesenchymal stem cells that have been reported to
lose their full telomere length when being continuously
subcultured [47], which is linked to an increased risk of
cancerogenicity [48]. In the same line of evidence must be
seen the amount of cells needed for an effective tissue
regeneration or to correct an urgently needed protein. For
instance, the treatment of monogenetic disorders or acute
forms of liver diseases can only be successfully achieved

when several hundred million of native human hepatocytes
are instantly available to ameliorate the disease state of a
patient. This, however, raises additional questions about
availability, cryopreservation, or storage of the cells. But
also the route of cell application, engraftment, or “homing”
of cells in the diseased tissue or at least the cell survival in
another organ, where they may partially fulfill their initial
role as well as the role of immunosuppression, are
questions that have been not solved yet.

After an initial overview, we like to review the literature
on a few potential clinical applications of stem or precursor
cells.

Liver

The progress made in the field of liver organ transplantation
has revolutionized the treatment of a wide spectrum of liver
diseases. Nevertheless, cell-based therapies are emerging as
an alternative to whole-organ transplantation. There are
three categories of liver disease that can be distinguished
and principally addressed by liver cell therapy, namely
acute liver failure, inherited metabolic, and end-stage liver
disease (cirrhosis). We need to emphasize that the con-
ditions and requirements of cell therapy differ for each of
these diseases.

Thus, hepatocyte transplantation has been used success-
fully in order to bridge patients to whole organ transplan-
tation [49] to decrease mortality in acute liver failure [50]
and to treat metabolic liver disease [51]. Cell-based therapy
of end-stage liver disease, however, is more problematic.
Besides loss of functional hepatocytes, abnormalities of the
hepatic architecture contribute to the decrease in liver
function. Intrahepatic portal-to-portal venous shunts may
prevent an efficient exchange between hepatocytes and
blood plasma. In this situation, the benefit of additionally
transplanted hepatocytes into the liver without restoring the
normal liver architecture may be questionable. An alterna-
tive strategy may be transplantation of hepatocytes into the
spleen. To evaluate the efficiency of intrasplenic transplan-
tation several researchers induced liver cirrhosis in rats
using phenobarbital or carbon tetrachloride followed by
direct injection of cells into the splenic pulp [52, 53]. Only
animals with stable liver cirrhosis 4 weeks after the
discontinuation of carbon tetrachloride were subjected to
cell therapy. With different cell types applied, namely rat or
porcine hepatocytes, syngeneic rat hepatocytes or immor-
talized rat hepatocytes intrasplenic cell therapy clearly
improved liver function and prolonged survival [18, 53].

The response to hepatocyte transplantation in humans
with end-stage liver disease, however, has not resulted in
the same degree of improvement compared to experimental
animal studies [54, 55]. One explanation may be that the
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hepatocytes in clinical studies were delivered into the
splenic artery and not into the splenic pulp. This view is
supported by Nagata and colleagues, who have shown that
the route of hepatocyte delivery influences hepatocyte
engraftment and function [18, 53]. Another open question
remains as to whether the human spleen is capable of
accommodating a sufficient number of functional hepato-
cytes to compensate for the cirrhotic liver. From the
immunological point of view, the spleen represents the
“lion’s den,” where transplanted cells could possibly cause
greater immune response than in most other ectopic
transplantation sites. Because of its large capacity and
accessibility, the peritoneal cavity represents an alternative
site for the cell therapy of end-stage liver disease. However,
since hepatocyte suspensions do not survive for longer
periods, only short-term effects may be achieved. Application
of cells in patients with decompensated chronic liver disease
has resulted in some improvement of laboratory parameters
but was not able to change the natural cause of the disease
(summary in Table 1). Encapsulation of hepatocytes [56, 57]
or their attachment to micro-carriers may be an alternative
method to improve efficacy of intraperitoneal cell transplan-
tation. Implantable hepatocyte-based devices may represent
another alternative for the treatment of end-stage liver
disease [58]. However, these approaches are conceptual and
still far from clinical application.

The main advantage of cell therapeutic approaches to
treat liver disease is that transplantation of cells is less
invasive than whole-organ transplantation and can be
performed repeatedly. However, one major limitation is
the availability of human hepatocytes. A wider use of these
techniques will not be possible until adequate numbers of
cells for transplantation become more readily available.
There are at least two possible sources that could meet the
needs for transplantation, namely stem and precursor cell-
derived hepatocyte-like cells [4, 5, 59–68] or reversibly
replicating hepatocyte cell lines [69]. In recent years,
numerous articles have reported about the generation of
liver cells or “hepatocyte-like cells” from different types of
extrahepatic stem or precursor. Ruhnke et al. described the
gain of hepatocyte-like and islet cell-like features when
peripheral blood monocytes were cultures in the presence
of IL-3, M-CSF, and following FGF-4 [4, 5]. Tosh and
coworkers could show hepatic features in pancreatic cells
after treatment with dexamethasone [68, 70]. Jones et al.
described hepatic differentiation of murine embryonic stem
cells [63]. Sokal and coworkers could show hepatocyte-like
features in differentiated fibroblasts [64], epithelial, and
mesenchymal-like cells from the liver [66]. Further settings
include differentiation of bone marrow cells [62], embry-
onic stem cells [63, 65, 67], and fat-derived mesenchymal
stem cells [59–61]. At first glance, this appears to provide
exciting new opportunities for cell therapy, as some types T
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of stem cells proliferate efficiently in vitro and, therefore,
may help to generate a larger supply of human hepatocytes
or precursor cells for transplantation. Without doubt, the
wide availability of human hepatocyte-like cells would be
considered a major breakthrough and may open new
perspectives for the treatment of liver disease. On the other
hand, the results presented in these studies have to be
carefully discussed. The results may be presented with far-
reaching conclusions with respect to the capacity of stem
cell therapy, may have not been reproduced yet, or may
have been interpreted in an overoptimistic manner. There-
fore, there is a strong need for better characterization of
generated human hepatocytes or precursor cells [71, 72].
Furthermore, homing of the transplanted cells has to be
documented carefully to document possible engraftment
sites. Moreover, there is still great potential in improving
therapeutic success by optimizing the way of application
and transplantation site.

Heart

Stem cell treatment of the heart makes up an important field
of research with significant clinical impact since cardiovas-
cular disease is still the main cause of death worldwide.
Although heart myocytes per se have regenerative potential
[73], severe ischemic injury will rapidly lead to myocardial
dysfunction due to inadequate self-regeneration capacity.
Thus, treatment modalities for cardiac repair markedly
supporting cardiomyocyte regeneration by rapid replace-
ment of injured (non- or dysfunctional) cardiomyocytes
gains increasing interest [74]. There have been a number of
studies suggesting that transplantation of bone marrow stem
cells is beneficial for myocardial repair and regeneration.
Three weeks after injection of autologous bone marrow-
derived mononuclear cells into myocardial infarcted zone
of swine, cardiac function, regional blood flow, and
capillary density improved significantly [75]. In another
study, only 9 days after injection of bone marrow cells from
enhanced green fluorescent proteins (EGFP) transgenic
male mice into the close surrounding of an ischemic area
in Lin-c-kit+ female mice, resulted in the colonization of the
infarcted area with male EGFP-positive cells expressing
proteins characteristic of cardiac tissue, e.g., connexin43
[76]. Experimental studies with embryonic stem cells have
well shown that implantation of these cells resulted in
smaller infarct areas, improved left ventricular ejection
fraction, and less extensive cardiac remodeling [2, 25].
Beside ethical issues, the clinical use of embryonic stem
cells is not yet considered since long-term safety remains
unclear. In this context, the formation of teratomas was
described after cell transplantation into the brain [77].
Although no tumor occurrence was observed after trans-

plantation of mouse embryonic stem-cell-derived cardio-
myocytes so far [25], the longest reported follow-up after
transplantation of embryonic stem-cell-derived cardiomyo-
cytes was only 32 weeks [78], highly suggesting that this
issue still remains to be evaluated.

In accordance to other organs, adult stem cells are also
involved in cardiac regeneration [2, 74]. Adult stem cells
that may be involved in cardiomyocyte regeneration can
be divided broadly into three sources. Firstly, circulating
cells, mainly of bone marrow origin that enter the
circulation and home to the post-ischemic heart area;
secondly, cells from noncardiac tissue such as bone
marrow stem cells; and thirdly, resident cardiac stem cells
[25, 74]. The existence of the later cell population has not
yet been fully proven [79], and the main basis for its
existence is an indirect conclusion. Despite intensive
ongoing discussions on the impact and efficacy of the
different (stem) cell types in cardiomyocyte differentia-
tion, several clinical trials have been initiated based on
promising experimental studies [80, 81].

At present, the heart is the organ in which most clinical
experience with stem cell therapy is available [79].
Chronologically, skeletal myoblasts from the M. vastus
lateralis were the first cells to be transplanted in a patient
with severe ischemic heart failure in 2000 [82]. Feasibility
of the procedure with recurrent injections of the final cell
yield across the post-infarction scar as well as successful
engraftment of these cells were well documented [83];
however, a strong pro-arrhythmic risk became apparent
since the implanted myoblasts had different electrical
properties and thereby facilitating micro-reentry circuits
[84]. Consequently, all patients actuarially enrolled in the
myoblast autologous grafting in ischemic cardiomyopathy
trial received an internal cardioverter-defibrillator [85].

Clinical trials using bone marrow-derived cells have also
reported to successfully improve patients’ outcome in terms
of global and regional left ventricular function, tissue
perfusion, and viability after acute myocardial infarction
[86, 87]. However, treated patients in most studies were
compared to historical controls or case-matched cohorts.
Moreover, the nonuniform study criteria for the patient
inclusion, the small patient numbers, and the variation in the
selection of the injected cell type makes it difficult to draw an
appropriate conclusion regarding the efficacy of bone
marrow cell transplantation and cardiomyocyte regeneration
[87]. So far, only few randomized and placebo-controlled
clinical trials focusing on this issue are available [88].

Indeed, the technique of implanting bone marrow-
derived cells was feasible [87], but in contrast to experi-
mental studies, obviously not dramatically effective in the
clinical situation was achieved [88]. In the same line, it is
now growing evidence that bone marrow cells may
primarily secrete a wide variety of growths factors, thereby,
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enhancing angiogenesis rather than generating contractile
cells [89]. Thus, further experimental studies are required to
evaluate the exact mechanisms of myocardial regeneration
and the relevance of cardiac stem cells [74]. Furthermore,
two separate studies demonstrated that patients, receiving
autologous bone marrow cells at the time of coronary artery
bypass grafting, had improved perfusion of the infarcted
myocardium [90].

There are studies in big animals that suggest very low
numbers of injected cells that tend to disappear with time.
Furthermore, if using undifferentiated stem cells, a risk
remains when developing other types of tissue [91]. With
this background, further studies are required to better
characterize the phenotype and fate of injected cells. In
conclusion, the promising experimental results of stem cell
therapy in the heart have yet not been clinically confirmed,
and further pathophysiological information on cardiomyo-
cyte differentiation is highly required. In this context,
Angelini et al. recently reported that many observers
consider the scientific basis for stem cell therapy for the
heart too primitive to justify clinical studies at present [79].

Kidney

The adult human kidney contains at least 26 different cells
types, such as tubular epithelial cells, glomerular cells,
interstitial cells, and those of the vasculature. Recent reports
suggest a role for stem cells, both from local and distant
pools in normal turnover, e.g., to prevent chronic kidney
diseases or in acute injury, e.g., following a toxic or
ischemic event [92, 93]. In this context, bone marrow-
derived stem cells as well as embryonic and adult renal
stem cells have been reported [92].

In contrast to embryonic stem cells, adult stem cells exist
in various tissues and are able to maintain normal organ
structure and function in both normal turnover and acute
injury. So far, bone marrow-derived cells were thought to
replace specialized adult renal cells as depicted from human
and experimental studies. Thus, in clinical kidney trans-
plantation, it was shown that bone marrow-derived cells of
the recipient were found in renal vasculature and intersti-
tium, renal tubules, and the glomerulus of the donor kidney
[94]. Indeed, this finding was confirmed in several
experimental studies in which bone marrow cells differen-
tiated into proximal tubular epithelial cells, mesangial cells,
endothelial cells, and interstitial cells [94]. Their ability to
contribute to kidney tissues may also explain why bone
marrow transplantation per se includes the risk of transmit-
ting renal diseases. Indeed, it is now evident that bone
marrow-derived cells can invade the kidney and may
differentiate into renal cells and that acute renal injury
followed by regeneration may increase their number [95].

Meanwhile, several studies have well underlined the
substantial role of bone marrow-derived stem cells in both
kidney maintenance [92] and repair after tissue injury. In
this context, it was reported that bone marrow stem cells
(marrow stromal cells) differentiated into renal tubular cells
and blunted the rise of blood urea nitrogen in a mouse
model of cisplatin injury [96]. Moreover, injected hemato-
poietic stem cells were shown to differentiate into renal
tubular cells thereby improving kidney function in a mouse
model of renal ischemia [97].

Most recently, adult stem cells originally from the
kidney have been reported for the first time. Oliver et al.
identified a population of slow-cycling cells residing in the
mouse renal papilla that commence proliferating in
response to ischemia/reperfusion injury and may migrate
to the medulla [95]. Nevertheless, further characterization
of this potential stem cell population is essential, and the
existence of such an adult renal stem cell undoubtedly will
have tremendous impact on the development of new
therapies for acute and chronic kidney disease [98, 99].
So far, however, clinical studies with embryonic stem cells
or adult renal stem cells are not considered. With respect to
bone marrow-derived stem cells, it was demonstrated that
these cells may engraft into different segments of the
nephron, but human trials in renal diseases have yet not
been started.

Cartilage and bone regeneration

For centuries, physicians have been frustrated by the
apparent lack to self-renewal of damaged cartilage. This
problem has limited patients' complete recuperation from
serious injuries involving knees, ankles, shoulders, and
other major joints. Chondral lesions are commonly encoun-
tered in traumatology. These lesions can lead to premature
osteoarthritis and may cause a decrease in quality of life
with long-term costs of health care.

The second serious problem in traumatology and
orthopedic surgery is the recovery of large bone defects
occurring after trauma or tumor. Such large defect can often
be only insufficiently treated with conventional implants.
Thus, these defects often cause loss of patients mobility and
thereby loss of autonomy.

Today, mainly autologous transplantation of osteochon-
dral or cartilage tissue is used for treatment of cartilage
defects and autologous spongiosa tissue for filling of bone
defects. However, these sources are only limited, and
obtainment of tissue is invasive and afflicted with risk of
morbidity [100]. These techniques allow only recovery of
relatively small defects in bone and cartilage. Today, great
interest is aroused by stem-cell-based therapy of defects in
the musculoskeletal system.
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Current concepts of treatment of cartilage defects
include, among others, the recruitment of mesenchymal
stem cells. Based on the knowledge of the (patho)
physiology of articular cartilage, many clinicians have
attempted to improve healing by drilling, abrasion, or
micro-fracturing of the subchondral bone. The aim of these
techniques is the recruitment of mesenchymal stem cells
from the subchondral bone to stimulate the formation of
cartilage repair tissue. However, this fibrocartilaginous
repair tissue contains a high proportion of fibrous
elements and is functionally inferior to normal hyaline
cartilage. With these techniques, symptoms can be
improved only temporarily. Therefore, improvements of
this principle were performed in the last years like the
matrix-coupled micro-fracturing. After micro-fracturing,
the mesenchymal stem cells should migrate into the defect
and differentiate from chondrocytes with the help of the
collagenI/III-matrix (protection of cells and induction of
differentiation). The short-term results are encouraging,
but hyaline cartilage production was not demonstrated
until now [101].

There have been several clinical studies in the last
30 years employing autologous mesenchymal stem cell
injection in treatment of delayed or nonunion fracture
healing of long bones [102] (see Table 2). Most of the
studies were small observational phase I studies with short
follow-up leaking control groups. Thus, most studies could
not show clear advantages of stem cell application towards
conventional treatment. However, these studies have shown
that local application of bone-marrow-derived stem cells is
rather safe, as no serious side effects were reported [103].
There are also several case reports demonstrating successful
combination of mesenchymal stem cells with osteoconduc-
tive scaffolds leading to fusion of large bone defects and
disappearance of cavitary defects [104]. These cases are
promising, but systematical investigation of the beneficial
effects of stem cell transplantation must follow.

Besides the use of mesenchymal stem cells and
scaffolds, future concepts of treatment of bone and cartilage
defects include the use of growth factors to promote
proliferation and differentiation of the cells. These growth
factors belong to the large group of cytokines that are
produced by different cell types to attract mesenchymal
stem cells to immigrate into the defect, proliferate,
differentiate into osteoblasts or chondrocytes, and synthe-
size matrix. Studies showed that these factors increased the
metabolism of osteoblasts and chondrocytes and promoted
the healing of bone and cartilage defects. An important
group of cytokines is the transforming growth factor (TGF-
β) family with the bone morphogenetic proteins (BMPs).
BMP-2 leads for example to an increase in proliferation of
immigrating cells and differentiation of these to chondro-
blasts and an increase of the histological ICRS scores of
cartilage regeneration in an animal trial. A sufficient
production of the growth factor only in the defect area
without influencing the surrounding tissue is important.
Here, gene therapeutic procedures seem to be a promising
tool in future. These could realize direct transfer of a
“therapeutic gene” into cells of the defect. Carrier mole-
cules that mediate this transfer process are named vectors.
Fundamentally, one distinguishes two main groups: the
nonviral (plasmids) and the viral vectors. The nonviral
vectors possess a slight toxicity, are simply applicable, and
do not show oncogenous potential [105]. The disadvantages
exist in the slighter transduction rate and stability of the
transfer. Viral transfer systems are, for example, retroviral
[36], adenoviral, and lentiviral vectors with different
operating mechanism. The advantage in contrast to nonviral
systems is that the gene transfer is more stable and efficient.
The disadvantages are especially for retroviral vectors the
oncogenous potential. Newer vector systems are controlla-
ble [36], and the probability of insertional mutagenesis with
a high tumor risk is unlikely [106]. After successful studies
in animal models, these vector systems could become

Table 2 Clinical applications of mesenchymal stem cells performed in treatment of bone defects

Author Diagnosis Application # patients Results

Salama1978 [102] Different bone defects Xenograft Bone marrow aspirate 28 Results have been “most
satisfactory”

Garg 1993 [117] Nonunion in long bones Percutanious injection of 15-20 ml
bone marrow; 2times with interval of 3 weeks

20 17 out of 20 cases united in 5
(3–7)months

Goel 2005 [103] Tibial non-union Percutanious injection up to 15 ml bone marrow 20 15 out of 20 patients showed
radiologic bone union

Marcacci 2007 [104] Large bone diaphysis
defect

Isolated patients MSCs were expanded in
vitro and seeded on hydroxyapatite scaffolds

4 Follow-up to 7 years after
surgery, good integration of
Implant, no secondary fractures

Gan 2008 [118] Dorsal spine fusion Enriched, autologous mesenchymal stem cells
seeded on hydroxylapatite scaffold

41 After 34.5 months, 95.1% cases
had good spinal fusion results
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interesting for the therapy of osteochondral lesions in
humans.

Conclusions/future outlook/concluding remarks

Although there are already a number of very interesting
approaches to treat patients with stem cells under compas-
sionate use, the authors believe that a registered clinical
application based on stem cell technology will take at least
an additional 5 to 10 years. Nevertheless, based on the
tremendous medical need, it seems indisputably necessary
to go new ways in research to overcome the lack of
treatment options for devastating and degenerating diseases
such as multiple scleroses or Alzheimer disease or to treat
millions of patients suffering from hepatitis B or C virus-
induced liver cirrhosis or to treat large bone and cartilage
defects. Therefore, it seems to be a must to control the risk
of tumorigenicity of a potential stem cell before this cell
type can be used in clinic applications. Based on recent
findings, the use of adult stem cells seems to be a “more”
realistic option to find its way into clinical settings. The so-
called iPS cells may overcome the dilemma of ethical
issues raised by embryonic stem cells but may raise others.
It is also clear that the development and application is not a
domain solely managed by surgeons. Only an interdisci-
plinary approach will guarantee the most success to achieve
a clinical approach.
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