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General introduction
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General Introduction

Articular cartilage

Articular cartilage is a smooth, white tissue that covers the ends of 
articulating bones. It enables them to move nearly friction-free, making 
joint movement smooth and painless. It also functions as a shock absorber, 
distributing load after impact to prevent damage to the underlying bone 
[1]. 

The tissue consists in essence of very few main components. Only one 
cell type maintains an extracellular matrix that consists in large part of 
just two structural proteins. It might, therefore, easily be assumed that 

cartilage, resulting either from trauma or from a progressive disease like 
osteoarthritis, heals very poorly. Natural healing fails to reestablish the 
native organization of the extracellular matrix and surgical intervention has 
only limited success in long term follow up.

The relatively simple composition of articular cartilage, combined with a 
high prevalence of damage to the tissue, make it an attractive target for 
the development of cell based therapies for tissue repair. Unfortunately, 
the avascularity of the tissue, combined with its unique architecture, pose 

pieces of cartilage in vitro is especially daunting.

Composition of articular cartilage
Articular cartilage is an avascular, aneural and alymphatic tissue [2]. The 
wet weight of articular cartilage consist of only 20% of major structural 
proteins, the remaining 80% primarily being water and inorganic salts 
[3]. The dry weight of cartilage consists for more than 90% of only two 
extracellular matrix proteins, proteoglycan and collagen type II. The 
extracellular matrix that is comprised of these proteins is maintained by 
one cell type that represents a fraction (1-5%) of the wet weight of cartilage 
[4], the chondrocyte.  Although the main constituents of articular cartilage 
are few, they belie a complex system with little self-renewing capacity.

Thesis Ruud 04AUG14.indd   8Thesis Ruud 04AUG14.indd 8dd 8 8/6/14   9:34 PM8/6/6/14 9:34 P6/14 9:34 PMM
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Proteoglycans

Proteoglycan are a main part of articular cartilage, making up 5-10% 
of the wet weight of articular cartilage [3]. It consists of a core protein
(aggrecan) to which numerous glycosaminoglycans (GAGs) are attached

the N-terminus, and G3 at the C-terminus) [5]. Proteoglycans do not exist
in isolation within the extracellular matrix, but as proteoglycan aggregates. 

to which up to 100 aggrecan molecules are attached [6]. Attachment of 

presence of link proteins [7].

the pericellular region. It is, therefore, likely that proteoglycan aggregate
formation occurs initially in this region [6]. In humans, three isoforms

The GAGs attached to the core protein of aggrecan are highly negatively
charged chondroitin sulfate (CS) and keratan sulfate (KS). Each core
protein can be linked to approximately 100 CS and 50 KS chains [14]. The
presence of such high amounts of polyanionic glycosaminoglycan chains

attracts positive ions into the tissue. Consequently, water is attracted, 
resulting in swelling of the tissue.

Thesis Ruud 04AUG14.indd   9Thesis Ruud 04AUG14.indd 9dd 9 8/6/14   9:34 PM8/6/6/14 9:34 P6/14 9:34 PMM
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Figure 1: Schematic structure of the proteoglycan aggregate. The core protein

association with a link protein. Polyanionic sulfate groups radiate from the core 

Collagens

The swelling caused by the attraction of water is limited by the major 
extracellular matrix protein in cartilage, collagen. Several types of 
collagen exist in articular cartilage, but type II is the predominant form, 
constituting 85-95% of the total collagen [15]. The other types include 
type III, V, VI, IX and XI, with type III, IX and XI making up the largest 
part of the remaining collagens [16]. In addition, collagen type X can be 
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and can be either homotrimeric (three identical chains), as is the case

amino acid always is glycine (Gly), as any other amino acid would disrupt
the helical conformation. In addition, a large part (>30%) of the Xaa and

triple helix still contains large propeptides at both the N- and the C-termini
that are cleaved after secretion into the extracellular space [21]. Cleaving
of the propeptides reduces the water solubility of the collagen molecules

polymer of types II, IX and XI that forms the backbone polymeric template
[16]. Collagen type IX can be covalently bound to both collagen type II and
type IX itself [22]. Collagen type XI is primarily crosslinked with itself and it

Chondrocytes

The only cell type present in articular cartilage is the chondrocyte (although 
reports on the presence of cells with multi-lineage potential, i.e. stem cells
are also emerging [24, 25]). Chondrocytes are responsible for production of 
the extracellular matrix during growth and for maintenance of its integrity
after growth arrest. To direct its function, chondrocytes respond to various 
external cues such as growth factors [26, 27], mechanical loading [28, 29] 
and cellular environment (e.g. oxygen tension) [30, 31].

Zonal distribution

Distribution of collagen, aggrecan and chondrocytes throughout the

subchondral bone, articular cartilage can be divided into four zones, i.e.

Thesis Ruud 04AUG14.indd   11Thesis Ruud 04AUG14.indddd 1111 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM
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of chondrocytes [33], as well as their aggrecan content [34]. In the 

oriented parallel to the articular surface to provide high tensile strength to 
withstand stresses generated during joint loading. The transitional zone 

cartilage. This orientation results in the arch-like structure described in the 

As a result the compressive modulus varies with depth [36] to provide a 
smooth transmission of loads.

Not only the composition of the extracellular matrix varies with depth, 
the content and morphology of chondrocytes is also depth-dependent. 

are clustered horizontally and are present at a higher density than in 

in maintaining the lubrication properties of cartilage [39]. The middle 
zone is less densely populated with chondrocytes and they have a more 

and arranged in vertical columns.
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Figure 2: The zonal organization of articular cartilage

Cellular environment
Due to its avascularity, chondrocytes have to derive nutrients and

recent studies also suggest a role for the subchondral bone [41]. As a 
result, chondrocytes experience oxygen tensions that are far below
those experienced by most other cell types. In vivo, the pO2 of cartilage

survival, chondrocytes are well adapted to execute their function with

anaerobic metabolism for the generation of ATP [47, 48].
Under these anaerobic conditions, ATP production is limited to the energy
equivalents that are generated by conversion of pyruvate to lactate.

be as low as 5.5, as measure in grade 3 OA patients undergoing total 
hip replacement surgery [11953972] [50]. The presence of GAGs and

increased. In healthy cartilage, the tonicity ranges from 380 to 450 mOsm
[51, 52]. In OA, the degeneration of the collagen network and the depletion

}
}

}
}

Middle zone (60-60%)

Superficial zone (10-20%)

Deep zone (30%)

Calcified cartilage and 
subchondral bone
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of GAGs results in a decrease in extracellular tonicity that depends on the 
stage of the disease. As a result, the tonicity of osteoarthritic cartilage can 
vary between 280 and 350 mOsm [51, 53]. Oxygen tension, together with 

exposed to them. 

also creates a mechanical component that chondrocytes experience. 

stresses and cellular deformation. This deformation can be roughly 20% 

be a prerequisite for healthy joint function [55, 56], excessive loading 
or normal loading of damaged cartilage can be detrimental and lead to 
osteoarthritis.

Osteoarthritis
The ability to move about freely without pain is a given for most people. 
The impact that pain during movement has on our quality of life becomes 

making movements painful and thereby severely impacting quality of life 

degree [58] and this percentages increases to 60% for people aged 75 

[60], since OA is primarily an age-related disease and the average age of 
the population steadily rises. This makes OA a highly relevant disease both 
socially (because of the loss of quality of life) and economically (because 
of loss of productivity). The economic burden in the Netherlands, for 
example, is estimated at almost 900 euro per patient per month in the 
working population [61].

synovium and changes to the subchondral bone, but it is characterized 
primarily by degradation of the articular cartilage. 

Thesis Ruud 04AUG14.indd   14Thesis Ruud 04AUG14.indddd 1414 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM
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Development of OA
The etiology of OA is complex and far from fully understood [62-64], but
it is believed that an interplay of systemic, genetic, environmental and
biomechanical factors contribute to the development of the disease.
Also, trauma in early life such as meniscal tears, pattelar fractures and 
osteochondral lesions can lead to OA [65, 66]. Aggrecans are most 

is progressively depleted concurrent with the severity of the disease. 
The initial loss is counteracted by increased synthesis, but production
eventually fails to keep up with degradation, resulting in a net loss of matrix. 
In addition, OA is characterized by increased degradation of collagen type
II. Collagenases, such as matrix metalloproteinases (MMP-)1 and -13, are 
responsible for the degradation, which results in irreversible damage to the

withstand the swelling of the tissue and increased hydration ensues. 

Current treatments for OA and cartilage defects
Several techniques exist to repair defects in articular cartilage, all of 
which are aimed at restoring function and reducing pain. Unfortunately, 
no technique exists yet that fully recovers the biomechanical properties 
of articular cartilage.

One of the simplest procedures available is arthroscopic lavage, usually
combined with debridement. Aimed at reducing mechanical symptons 
and preventing further damage to articular surfaces, this technique 

placebo procedure [67].

stimulate the formation of new articular cartilage [68, 69]. This relatively 
simple technique has excellent short term results [70-72] but the 

articular defects [73].

Thesis Ruud 04AUG14.indd   15Thesis Ruud 04AUG14.indddd 1515 8/6/14   9:34 PM8/6/14 9/6/66/14 9:34 P:34 PMM
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Osteochondral autografting (mosaicplasty) tries to circumvent the 

full thickness osteochondral plugs from less-weight bearing regions of the 
knee joint to holes drilled in the defect site [74-76]. Although success has 
been reported [77] it still requires harvest from a healthy donor site, with 
the risk of associated donor site morbidity, and it is limited to relatively 
small defect sizes.

al [78], uses an approach in which chondrocytes, isolated from a non-load 
bearing part of the articular cartilage, are expanded ex vivo then placed 

technique has been further developed and may now also include cells 
seeded on a three dimensional matrix. This matrix-induced autologous 
chondrocyte implantation (MACI) relies on the use of a biomaterial to 
provide extra mechanical integrity and load bearing capacity.

Tissue engineering
Tissue engineering refers to the part of science that aims to reconstruct 
(“engineer”) tissues ex vivo for reimplantation [79]. In that light, the 
technique of (matrix-induced) autologous chondrocyte implantation can 
be considered a form of tissue engineering. Traditionally following the 

and growth factor stimulation, tissue engineering has since become vaster 

native to the tissue (i.e. chondrocytes for cartilage) is no longer a given. 
Inching away from those cells, the use of cells with pluripotent capacity 
from other donor tissues, like bone-marrow, is getting increasingly 

is needed for tissue generation in vitro or in vivo. Secondly, the use of 
biomaterials to provide a three-dimensional structure has raised questions 
about the interaction of cells with their new environment. Lastly, the culture 

or application. Clearly, all permutations that arise from considering these 

Thesis Ruud 04AUG14.indd   16Thesis Ruud 04AUG14.indd 16dd 16 8/6/14   9:34 PM8/6/6/14 9:34 P6/14 9:34 PMM
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Challenges in cartilage tissue engineering
The limited availability of autologous chondrocytes suitable for
reimplantation is the reason these cells need to be expanded in vitro

the main reasons for inferior tissue engineered cartilage constructs as
it causes the cells to express progressively less of the matrix proteins

collagen type I and versican [80, 81].

hampered. Production of collagen type II is the major limitation, as GAG
content can reach values comparable to native tissue [82-85]. Collagen
type II, however, only reaches 15-35% of the native content [86-89] is

causes a decrease, but even primary chondrocytes do not produce
enough collagen type II. GAG production might impede collagen synthesis

The lack of production of structural proteins also has implications for the

compressive properties, the lack of collagen type II causes vastly inferior
tensile properties. Use of biomaterials can aid in maintaining mechanical 
functioning, but full integration into the surrounding tissue is generally not
successful.

Thesis Ruud 04AUG14.indd   17Thesis Ruud 04AUG14.indddd 1717 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM



18

General Introduction

are being taken [93-95].

Bioreactors in tissue engineering
A common approach to maintain or regain the proper phenotype of 
expanded chondrocytes is it to try and mimic the natural environment 
of these cells as closely as possible. The term "bioreactor" in tissue 
engineering and biochemistry refers to a device that monitors and 

tissue engineering purposes, this usually means that a unique bioreactor 

and applying physiological loading. Several attempts to mimic the natural 
environment, at least in part, have been described in literature [97-99]. 

culture periods raises questions about mass transport of nutrients and 
waste products in 3D constructs [100]. Mechanical stimulation of the 
construct can aid in the transport of nutrients to deeper locations [101], 
but this stimulation should create stresses that aid in ECM production, not 
hamper it.

it is not certain that this environment is also the optimal environment for 
cartilage culture in vitro. Especially when tissue culture is started with 

from primary, adult chondrocytes, the optimal culture environment might 

The ability of bioreactors to tightly control a variety of parameters allows 

Thesis Ruud 04AUG14.indd   18Thesis Ruud 04AUG14.indd 18dd 18 8/6/14   9:34 PM8/6/6/14 9:34 P6/14 9:34 PMM
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type of control is also required to identify the molecular pathways involved
in these cultures.

Cell signaling pathways involved in environmental and physical
stimulation
The control of the culture environment, made possible through the use of 

have on cells. This use of bioreactors leads to better understanding of 
the mechanistic pathways that govern cell function under both normal

signaling pathways can lead to the development of targeted strategies.

mechanical loading in the physiological (low) range of intensity have anti-

and increased expression of extracellular matrix components such as
aggrecan and collagen type II [102].

transcription factor for chondrocyte survival under hypoxic conditions

homeostasis of chondrocytes [105], showing that the interplay of various

needs to be elucidated to be able to devise a robust regenerative medicine 
strategy for cartilage repair.

Aim and outline of this thesis
As outlined in the general introduction, there are various ways to direct cell 
behavior by altering the physical environment. The challenging combination
of mechanical stress and a hypoxic in the in vivo environment, makes 
the use of external physical stimulation especially interesting for articular
chondrocytes. Various aspects of the use of external stimuli to study and 
manipulate chondrocytes in vitro are explored in this thesis.

Thesis Ruud 04AUG14.indd   19Thesis Ruud 04AUG14.indddd 1919 8/6/14   9:34 PM8/6/14 9/6/66/14 9:34 P:34 PMM
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chondrocytes is explored. The use of autologous chondrocytes, expanded 

chondrocyte implantation. These expanded chondrocytes express lower 
amounts of the chondrogenic markers collagen II and aggrecan, but 

articular cartilage after reimplantation.

Mechanical stimulation is but one aspect of the physical environment 
of chondrocytes. The use of bioreactors for the control of the culture 
environment of cells is the topic of chapters III, IV and V. Chapter III 
describes a novel system for the control of culture parameters (e.g. oxygen 

pathways related to cell metabolism, extracellular matrix production and 

The mechanisms through which one of these parameters, hypoxia, exerts 

important growth factors involved in maintaining chondrogenic phenotype 

The potential of stem cells for regenerative medicine applications is clear, 
but myriad questions remain on the way cells can be conditioned or steered 

survival after introduction into a hostile environment such as infarcted 
heart tissue, it might enhance proliferation to speed up production for cell 

reviews the various uses of hypoxic culture as a tool to manipulate MSC 
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behavior in culture and discusses the potential clinical implications.

In Chapter VII the various studies are discussed and results are extrapolated
into a hypothesis on the proper use of physical stimuli with bioreactors to 
direct chondrocyte phenotype.
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2alpha is essential for hypoxic induction of the human articular chondrocyte
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In-vitro expansion affects the response of chondrocytes to mechanical stimulation

Summary

Expansion of autologous chondrocytes is a common step in procedures 

response to mechanical loading, having major consequences for the cell’s 
behavior in vivo after reimplantation. Therefore, we examined the response 
of primary and expanded human articular chondrocytes to mechanical 
loading.

Primary and expanded chondrocytes were stretched at either 0.5% or 

type II (COL2) and type X (COL10)) as well as matrix enzymes (matrix 
metalloproteinase 1 (MMP1), MMP3, MMP13) and SOX9 were compared 

used on expanded cells.

In primary chondrocytes, stretch led to mild decreases in AGC1, COL1 
and COL10 gene expression (maximum of 3.8-fold) and an up-regulation 

and COL2 (2.9-fold). Also, expression was up-regulated for MMP1 (20-
fold) and MMP3 (up to 4-fold), while MMP13 was downregulated (2.8-

Our results show that expansion alters the response of human 
chondrocytes to stretch. Expanded chondrocytes greatly decrease gene 
expression of matrix constituents and increase expression of MMPs, 
whereas primary chondrocytes hardly respond. Our data could be 
a reference for optimization of cell sources or expansion protocols for 
reimplanted chondrocytes.
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Chapter 2

2Introduction

In autologous chondrocyte implantation (ACI) procedures, cartilage is
harvested from an autologous donor site and isolated chondrocytes are

collagen type II (COL2) [3]. This process might also alter the response
of chondrocytes to extracellular stimuli. The current work studied the

resulting from monolayer expansion.

In their natural environment, chondrocytes are constantly deformed as a
result of loading due to normal daily activities. Guilak et al.[4] estimated the
loss of cell height of chondrocytes resulting from physiological loading to 
be approximately 20%. In vivo deformation will also occur in reimplanted
chondrocytes after ACI. Normal physiological loading is generally 
regarded as a prerequisite for the maintenance of proper articular joint
functioning, while injurious loading can lead to cartilage degeneration.

stress [13, 14]and mechanical stretch [15, 16] also elicit a response in 
primary bovine chondrocytes.

In human normal, healthy chondrocytes Millward-Sadler et al.[17] found 

in aggrecan (AGC1) expression and decrease in matrix metalloproteinase 

chondrocytes, where no change in AGC1 or MMP gene expression 

mechanotransduction pathways between normal and OA chondrocytes 
[18-20]. In another study with human cartilage, Plumb and Aspden [21] 
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also showed that cyclic loading was not stimulatory in cartilage explants 
from human femoral heads. These results are contradictory to those 
found for young bovine chondrocytes, where loading was stimulatory [5-
7]. Not only the source of chondrocytes determines the cell’s response 

chondrocytes in agarose constructs exhibited decreased proliferation 
and proteoglycan synthesis after monolayer expansion uponmechanical 
stimulation compared to primary chondrocytes.

expansion on the matrixforming capacities warrants further investigation. 
Therefore, we investigated, through real-time reverse transcriptase 

chondrocytes, after monolayer expansion, respond to stretch depending 

expanded chondrocytes to stretch in terms of gene expression.

Materials and Methods

Cell culture
Cartilage was obtained from patients undergoing total knee replacement 

physiological saline solution (Sigma, St. Louis, MO, USA) for 90 min and 

0.1% gentamicine and 0.6% fungizone (all Invitrogen, Scotland, UK)] 

Germany). The following day, the harvested cell number was determined 
using a heamacytometer. The primary chondrocytes were then either 
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2The cells plated for expansion were cultured for three passages. These

Mechanical stimulation

plate during a 5 day pre-culture with basal medium. On day 5, cells were

USA) inside an incubator (37oC, 5% CO2). This set-up was previously

biaxial strain. The size of the loading post and the level of the pressure 
correlate to the amount of stretch applied to the adherent cells. Loading
posts of 25 mm and 30 mm diameter were used, resulting in applied 
strains of 3.0% and 0.5%, respectively. Cyclic stretch at a frequency of 

was repeated for 3 days. Unstretched controls were placed in the device
without stretching the membranes.

2-phosphate (both from Sigma, St. Louis, MO, USA), 0.1% gentamicine and

medium was added at the onset of stretch.

PCR

Nucleospin II kit according to the manufacturer’s instructions (Machery-
Nagel, Düren, Germany) and nucleic acid content was determined 
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Gene Acc.No. Primer Nucleotide sequences

GAPDH BC_083511 HsGAPD_F ATGGGGAAGGTGAAGGTCG

HsGAPD_R TAAAAGCAGCCCTGGTGACC

HsGAPD_FAM CGCCCAATACGACCAAATCCGTTGAC

AGC1 NM_001135 HsAGC1_F TCGAGGACAGCGAGGCC

HsAGC1_R TCGAGGGTGTAGCGTGTAGAGA

HsAGC1_FAM ATGGAACACGATGCCTTTCACCACGA

MMP1 NM_002421 HsMMP1_F CTCAATTTCACTTCTGTTTTCTG

HsMMP1_R CATCTCTGTCGGCAAATTCGT

HsMMP1_FAM CACAACTGCCAAATGGGCTTGAAGC

MMP3 NM_002422 HsMMP3_F TTTTGGCCATCTCTTCCTTCA

HsMMP3_R TGTGGATGCCTCTTGGGTATC

HsMMP3_FAM AACTTCATATGCGGCATCCACGCC

MMP13 NM_002427 HsMMP13_F AAGGAGCATGGCGACTTCT

HsMMP13_R TGGCCCAGGAGGAAAAGC

HsMMP13_FAM CCCTCTGGCCTGCTGGCTCA

SOX9 NM_000346 HsSOX9_F CAACGCCGAGCTCAGCA

HsSOX9_R TCCACGAAGGGCCGC

HsSOX9_FAM TGGGCAAGCTCTGGAGACTTCTGAACG

COL1 NM_000088 HsCOL1_F CAGCCGCTTCACCTACAGC

HsCOL1_R TTTTGTATTCAATCACTGTCTTGCC

HsCOL1_FAM CCGGTGTGACTCGTGCAGCCATC

COL2 NM_033150 HsCOL2_F GGCAATAGCAGGTTCACGTACA

NM_001844 HsCOL2_R CGATAACAGTCTTGCCCCACTT

HsCOL2_FAM CCGGTATGTTTCGTGCAGCCATCCT

COL10 NM_000493 HsCOL10_F CAAGGCACCATCTCCAGGAA

HsCOL10_R AAAGGGTATTTGTGGCAGCATATT

HsCOL10_FAM TCCAGCACGCAGAATCCATCTGA

PRG4* NM_005807 HsPRG4_F TTGCGCAATGGGACATTAGTT

HsPRG4_R AGCTGGAGATGGTGGACTGAA

- -

*SYBRGreen I assay.

Table 1
List of primers
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cycling. Taqman™ or SybrGreen™ I assays were performed on AGC1,

COL2 and COL10, MMP1, MMP3, MMP13 and transcription factor
(sex determining regionY)-box 9 (SOX9). Glyceraldehyde-3-phosphate

Data analysis

unstretched control conditions were set to 1 and stretched conditions were

Inc., Chicago, IL, USA) prior to testing stretched vs unstretched conditions

Condition Stretch level n Number
of donors

Primary chondrocytes Control 19 4

0.5% 11 4

3.0% 12 4

Expanded chondrocytes
on basal medium

Control 12 3

0.5% 9 3

3.0% 9 3

Expanded chondrocytes on
redifferentiation medium

Control 6 2

0.5% 6 2

3.0% 6 2

Table 2
Number of donors and technical repetitions for 

every experimental condition
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used for each donor, while three wells were used for 0.5% and three wells 

with expanded cells, three wells were used for unstretched controls on 
basal medium and three wells were used for unstretched controls with 

three wells per plate were used with basal medium and three wells were 

Results

Upon expansion in monolayer culture, gene expression of COL1 was 
up-regulated while SOX9 expression was down-regulated, typical for 

At the same time, COL2 is hardly expressed and COL10 expression is 

MMP3 and MMP13 were considerably lower after expansion.

Figure 1: Layout of experimental set-up

Thesis Ruud 04AUG14.indd   38Thesis Ruud 04AUG14.indd   3814.indd 38 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM



39

Chapter 2

2

3). AGC1 and COL1 were down-regulated in a response to mechanical 

Figure 2: Relative gene expression levels of unstretched primary chondrocytes 
versus expanded (P3) chondrocytes. * indicates significant difference (P< 0.05).

Figure 3: Gene expression of primary chondrocytes under strain (0.5% and 3.0%)
relative to unstrained controls. * indicates statistically significant difference with 
control (P<0.05).
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stimulation of both 0.5% and 3.0% strain levels. Gene expression of 
AGC1 was only slightly altered, a 1.8-fold down-regulation was found at 
0.5% strain and 1.6-fold change at 3.0% strain. COL1 showed a 3.8-fold 

Figure 4: i 4 Gene expression of expanded, dedifferentiated chondrocytes underG i f d d d diff ti t d h d t d
strain (0.5% and 3.0%) relative to unstrained controls. * indicates statistically 
significant difference with control (P<0.05).

Figure 5: Gene expression of expanded, dedifferentiated chondrocytes in a 
chondrogenic environment under strain (0.5% and 3.0%) relative to unstrained
controls. * indicates statistically significant difference with control (P<0.05)
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decrease in gene expression level compared to control at 0.5% strain and
a 2.1-fold decrease at 3.0% strain. COL10 was also marginally down-
regulated (2-fold) at both strain levels. Gene expression levels of COL2
remained unaltered when loaded with either 0.5% or 3.0% strain, while 

alter the gene expression of MMP1, MMP3 and MMP13, nor did it change
SOX9 expression levels.

COL2) was severely down-regulated after stretching of the cells. AGC1 

Expression levels of AGC1 were 15.6-fold lower at 0.5% when compared
to unstretched controls, while 3.0% resulted in a 11-fold decrease. COL1
was down-regulated approximately 10-fold for both 0.5% (11.9-fold)

when cells were stretched at 0.5% (5.0-fold decrease) or 3.0% (2.5-fold 
decrease). After expansion, COL2 expression was absent in chondrocytes
from one donor. In those cases where COL2 was still expressed, stretching 
downregulated its expression levels (up to 2.9-fold for 0.5% stretch).
COL10 was not expressed in any donor after expansion. In expanded 
chondrocytes, MMP1 and MMP3 were both up-regulated after stretching. 
MMP1 showed a 20-fold upregulation while MMP3 was up-regulated 
3.5-fold (at 0.5% strain) or 2.3-fold (at 3.0% strain). MMP13 was down-
regulated in response to cell straining at both 0.5% (2.8-fold) and 3.0%

and COL10, indicating a return to a more chondrogenic phenotype. COL1 

alterations in gene expression levels of matrix components by expanded

Thesis Ruud 04AUG14.indd   41Thesis Ruud 04AUG14.indddd 4411 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM



42

In-vitro expansion affects the response of chondrocytes to mechanical stimulation

expression was still up-regulated, but to a lesser extent compared to basal 

pattern was found that was similar to that found with basal expansion 

all conditions are summarized in Table 3.

Gene Condition and trend of relative expression

No stretch,

P31

Stretch,

P02

Stretch,

P33

Stretch, P3,

redifferentiation

medium4

AGC1 =

PRG4 =

COL1

COL2 = =

COL10 ND ND =

MMP1 =

MMP3 =

MMP13 = =

SOX9 = = =

1Basal gene expression in expanded chondrocytes relative to primary controls (no strain, 
Fig. 2) and strain-related changes in expression in primary2, expanded chondrocytes3 
and expanded chondrocytes stretched on redifferentiation medium4. Relative trends are 
indicated by symbols (Y, down-regulation; [, up-regulation; ¼, unchanged) with multiple 
arrows indicating stronger effects.
Single arrow: 0e10-fold change, double arrow: 10e100-fold change, triple arrow: 
100e1000-fold change. ND, not detected. 

Table 3
Summary of results
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Discussion

analysis revealed a decrease in expression of genes encoding for matrix
components as well as a rise in expression of matrix degrading enzymes 
after stretching of expanded chondrocytes. In primary chondrocytes

appeared to be tempered. This is consistent with the shift toward the
primary phenotype, since primary chondrocytes reacted only marginally 
to stretch.

The observation of up-regulation of the matrix degrading enzymes MMP1
and MMP3 after stretch is consistent with the notion that chondrocytes 

that some studies report increased (pro-)MMP expression following

degradation is also part of the remodeling process and it cannot be excluded
that the rise in expression of MMP1 and MMP3 after short-term stretch 

concurrent elevation in matrix components in case of remodeling, which is 
not seen in our experiments. Obviously, the translation of changes in gene 
expression to expression on protein level is not straightforward and short

able to interpret our results from a practical viewpoint, protein expression 
and enzymatic activity should be assessed and the consequences for 
long-term protein expression need to be established.
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Interestingly, expression levels of MMP13, the collagenase whose 

is experienced by the chondrocytes. Other than very marginal changes in 
the expression of AGC1 and COL1 and COL10, primary chondrocytes did 

of Millward-Sadler et al.[17], who found that expression levels of AGC1, 
MMP1 and MMP3 were unchanged in primary chondrocytes from OA 
patients after application of short-term cyclic stretch. The discrepancy with 
primary chondrocytes from healthy cartilage, which showed an increase 
in AGC1 expression and a decrease in MMP3 expression, was attributed 
to phenotypical alterations in OA chondrocytes. In OA chondrocytes, 
these changes might include altered expression of integrins, cytokines 

receptor integrin a5b1, are involved in mechanotransduction [34] of both 
normal and OA chondrocytes. Although the exact mechanisms by which 
this transduction occurs are not yet fully understood, they appear to 
include initiation of integrin-dependent signaling cascades. Expression 
of integrins and integrin-associated proteins is altered in chondrocytes 

between primary and expanded chondrocytes found in this study.

Our model system utilizes monolayer culture with stretching (elongation) in 
the lateral direction, whereas the three dimensional in situ loading involves 
compression of the cells embedded in a matrix that includes solid, water 
and charges that control deformation upon loading. Knight et al.[36] showed 
that compression (of alginate) leads to contralateral elongation, although 
the exact deformation of the cell depends on the mechanical properties of 
the cell relative to its surrounding [37]. Plumb and Aspden [21] found that, 
contrary to healthy bovine cartilage, cyclic compressive loading was not 
stimulatory in cartilage biopsies from human femoral heads. Lee et al.[38] 
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2al.[22] showed that, after three to four passages, healthy bovine articular
chondrocytes seeded in agarose showed reduced glucosaminoglycan 
(GAG) synthesis after dynamic compressive loading. Nugent et al.[12]

the same order of magnitude as the primary chondrocytes in our stretch 
model system. Despite these consistent responses, the model systems
never accurately represent the in vivo situation, where conditions such
as deformation and environmental parameters are actively controlled. 
This limits the interpretation for the in vivo situation, where other factors,

response.

In conclusion, this study clearly shows that expanded human chondrocytes 

regulation of both major components in articular cartilage, AGC1 and COL2, 
as well as the up-regulation of matrix degradative MMPs in the expanded
chondrocytes after stretch might be regarded as degradative, although

to be studied. If expanded chondrocytes in ACI-like procedures have a
similar expression response after in situ loading, this cell source might 
not be the optimal choice for such a procedure. Consequently, it might be

limiting deformation (e.g., by movement restricting post-surgical therapy 

chondrocytes should also become involved in remodeling of the matrix,
starting with degradation that might lead to better incorporation with 

responses, we have no information regarding the long-term consequences

therefore be regarded as a reference point for future studies that aim to
optimize protocols for tissue formation by expanded chondrocytes.
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gene expression in human osteoarthritic chondrocytes in vitro.
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Summary

and metabolic activity of human chondrocytes were independently 

expression, DNA content, protein expression, and metabolic activity were 
determined.

Linear regression analysis showed that gene expression of type I collagen 

cell function than oxygen tension, the latter showing down-regulation of 

oxygen control not only allows study of (patho)physiological changes, but 
also opens new venues in cartilage tissue engineering.
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Introduction

Compared to other cells, chondrocytes experience an acidic and hypoxic

underlying subchondral bone), oxygen tension in native cartilage is lower
than in most other tissues. Estimates put the oxygen tension in cartilage

in the deeper zones,[1, 5] although there is also evidence that this fall
is not as drastic in healthy cartilage.[6] In pathological conditions these
values can drop even further, possibly due to elevated metabolic activity

production is limited to the energy equivalents that are generated by
conversion of pyruvate to lactate. This acidic end product, in turn, lowers

for example, values below 6.5 have been measured.[8] Chondrocytes
primarily utilize an anaerobic metabolism, even when enough oxygen is
available.[9] Additionally, water expulsion during joint loading increases

Common tissue engineering approaches rely on mimicking the in vivo
situation. Mimicking this hypoxic and acidic state in vitro does not
automatically translate to improved tissue engineering results. In fact,

production is still a topic with much controversy. Low oxygen tension has

function, cytokine expression, or limit incorporation of extracellular matrix
components.[15, 16]
More than being just indicators for the state of a tissue culture, oxygen
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descriptive readout parameter to a tool to control the cell’s metabolism. 
Knowing how to manipulate a cell’s metabolism using environmental 
parameters that can be controlled in a bioreactor is invaluable in tissue 
engineering processes.

Successful cartilage tissue engineering relies on the proper balance 
between synthesis of its two prime matrix constituents (i.e., aggrecan 
and collagen type II) and their breakdown, which allows for remodeling. 
Aggrecan and collagen type II, whose transcription is in part controlled 
by transcription factor SOX9, make up the bulk of the extracellular matrix 
in healthy cartilage, while collagen type I is associated with osteoarthritic 

factor in chondrocyte survival under hypoxic conditions even in healthy 

of osteoarthritis (OA).[18] Its expression is linked to up-regulation of 
matrix-degrading matrix metallo-proteases (MMPs) in osteoarthritic 
chondrocytes[19] and bovine cartilage explants.[20]

parameters can be assessed accurately and independently in a semi 
high-throughputmanner. To understand how these parameters can 

aid in determining optimal conditions for bioreactor culture, as well as in 
understanding pathological processes in chondrocytes.

Materials and Methods

Micro-24 Bioreactor

set, maintained, or adjusted for every individual well of a custom-made 
24-well plate (cassette), multiple conditions can be tested in a single 
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experiment.

(Presens, Germany) at the bottom of every single well on the custom-
made 24-well plates, which function independent of medium composition. 
Individual well temperature is controlled through the use of a heater and 
temperature sensor, situated on the bioreactor. A hydrophobic membrane 

be controlled through one-way or two-way gas-input, depending on the 

infusion of nitrogen (N2), while air or pure oxygen is used as the counter-
gas. The pO2 setpoint is maintained with a proportional-integral-derivative 
(PID) control, whose settings for optimal accuracy and speed depend on 

An orbital shaker system, together with sparging of control gasses, ensures 
homogeneity of the medium through mixing. As a result, depending on 
the nature of the culture system, addition of an antifoam agent might be 
required. 

Figure 1: A: The micro-bioreactor. B: The complete lay-out of the sensory and control
elements of the custom 24-well cassettes.
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was used in every well and shaker speed was set to 100 rpm. The pO2 
was logged by the bioreactor at a sample rate of one measurement per 

concentration. Deviations were limited to <1% pO2 over a culture period 
of 5 days for the lowest setpoint and increased slightly to 2% for the 
highest pO2. 

pH measurements: agreement with standard reading and sensor 
drift

of a 24-well cassette. Temperature in each well was set to 37oC and 
ambient temperature under the hood of the bioreactor was kept at 35oC. 

Prism software. A strong correlation was found between the two types 

photobleaching for up to 14 days.

Cell culture
Cartilage was obtained from two patients (ages 65 and 62) undergoing 
total knee replacement surgery for osteoarthritis (after approval by the local 
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treated with 0.2% protease in physiological saline solution (Sigma-Aldrich, 

Germany). The following day, the harvested cell number was determined
using a hemocytometer. The primary chondrocytes were then seeded at 

The cells plated for expansion were cultured for three passages in basal
medium. Alginate beads were created with third passage chondrocytes in 

1.2% alginate suspension with 4 million cells per mL though a 2300 gauge
needle into a CaCl2 solution. After 10 min the beads were washed twice 
with physiological saline and once with basal medium and transferred to a

24 beads were transferred to every well of a 24-well plate, designed for 
use with a micro-24 bioreactor.

and pO2 was maintained at 5% pO2. The remaining six wells were kept 

logged every 5 min. The beads were cultured in 4 mL of chondrogenic

mL fungizone) supplemented with 20 ppm Antifoam A (Sigma-Aldrich). 
Alginate beads and medium were harvested for analysis after 5 days of 
culture, without refreshing the medium. Chondrocytes from two patients
were used and every condition was performed in triplicate per donor (total 

DNA content
Nine beads per well were digested (33 beads) overnight at 56oC in

tetraacetate [EDTA] and 5 mM L-cystein hydrochloride). The amount of 
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DNA in each papaindigested sample was determined using an ethidium 
bromide assay with calf thymus DNA (Sigma-Aldrich) as a standard.

RNA isolation and quantitative RT-PCR

55mM sodium citric acid and spun down for 8 min at 1,600 rpm at 

Gene expression analysis of aggrecan (AGC1), collagen type I (COL1), 

most stably expressed of three reference genes (data not shown), were 
calculated using the 2 method.[24] Linear regression analysis using 
GraphPad Prism software was used to determine the relation between 

pO2 were assessed with an unpaired Student’s t-test using GraphPad 
Prism software.

Immunoblotting and ELISA

Total protein was isolated by successive organic extraction and subsequent 
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protein per condition was separated by SDS-gel electrophoresis on a 10% 

Tween-20 and subsequently incubated overnight at 4oC with the primary 

Medium was spun down and supernatant stored at 80oC until analysis. 

Linear regression analysis using GraphPad Prism software was used to 

Student’s t-test using GraphPad Prism software.

Metabolic activity
Glucose and lactate concentrations in culture medium were determined 
using commercially available kits according to the manufacturer’s 

Ireland). Glucose consumption was calculated by subtracting the 
determined concentration from the initial concentration in the medium. 
Linear regression analysis using GraphPad Prism software was used to 

were assessed with an unpaired Student’s t-test using GraphPad Prism 
software.
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Results

Expression of several genes showed a clear dependence on extracellular 

5 and 20% showed similar levels. Under hypoxic conditions, there was no 

20%. Moreover, a hypoxic environment seemed to inhibit collagen type

chondrocytes. Consequently, variations between biological duplicates
were large compared to other genes and no dependency on extracellular

under both hypoxic and normoxic conditions. A hypoxic environment did
not alter gene expression compared to a normoxic environment under any

expression appeared higher at hypoxic conditions. Most interestingly, its 

level, we also examined its expression on a protein level. Additionally, the
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Figure 2: The pH-dependence of gene expression of chondrocytes in alginate beads:
Relative mRNA levels for AGC1, COL1, COL2, SOX9, HIF1A and VEGF after five days of 
culture were determined by quantitative RT-PCR and normalized to 18S rRNA. .* indicates 
p-value <0.05  (N=6).
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HIF1A Immunoblotting

shown).

VEGF ELISA

Metabolic Activity

in our experiments, indicating no excess cell death occurred during 5

The independence of oxygen is consistent with previous reports that
chondrocyte metabolism is mainly anaerobic. Consequently, the expected

5C).
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Figure 3: Relative VEGF release into the culture medium after five days at 
different pH levels and oxygen tensions, measured by ELISA.* indicates p-value
<0.01 (N=6). Values are normalised to the average of pH 7.4 / pO2 5%.

Figure 4: DNA content per culture well. DNA content (�g/well) is independent
of extracellular pH or pO2, indicating that no differences in cell death or 
proliferation occurred under these conditions. (N=3).
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Discussion

and showed that chondrocyte culture is very sensitive to changes in 

the physiological range. These results call for continuous monitoring and 

purposes.

be substantial even with small changes, which would warrant a change

production and glycosaminoglycan (GAG) synthesis were observed in

type II transcription and proliferation (data not shown), we observed an 

apparent in primary cells. In contrast to primary chondrocytes, expanded 
chondrocytes shift their expression from primarily collagen type II to more 

loads have been suggested for chondrocytes. A pivotal role has been
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ATPase exchanger[29] might also contribute. So far, it is unknown which 

expanded chondrocytes. 

determining optimal conditions for regenerative medicine applications 

Figure 5: In cultured chondrocytes, glucose consumption (A) and lactate
production (B) depend on pH, but not on oxygen tension. (C) The molar ratio of 
lactate production over glucose consumption. (N=6).
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Linear regression analysis of pH effects assessed with GraphPad Prism® software.
Linear regression coefficient R2 was determined for the pH range of 6.4-7.4 for gene
expression, VEGF release, glucose consumption and lactate production. A p-value of 
<0.05 indicates a significant correlation with extracellular pH.

Table 2
Overview of results
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a new concept, it is still a poorly understood aspect in chondrocyte 
metabolism and cartilage tissue engineering. Generally, one hypoxic 
condition is tested against the normoxic (20% pO2) and possibly anoxic 
condition. In cartilage tissue engineering, 5% pO2 is often used as the 
generic physiological, hypoxic tension experienced by chondrocytes in 
vivo. This distinction between a hyperphysiological condition (20% pO2) 
for chondrocytes and a pO2 that is used to represent the whole range 
of more physiologically relevant oxygenation levels might underestimate 

an excellent tool given its ability to accurately control pO2 over a wide 
range.

conditions may modulate vascularization and the progression of the 

Thesis Ruud 04AUG14.indd   68Thesis Ruud 04AUG14.indd 688 8/6/14   9:34 PM8/6/66/14 9:34 PMM



69

Chapter 3

3
reported in earlier studies [5][34-37] might have been masked in this study 

study this growth factor was already added to the medium to induce 

In this article we introduced a novel bioreactor for the investigation of 
environmental parameters in cell and tissue culture. This bioreactor 
allows accurate and independent control of three important environmental 

technical issues, inherent in the bioreactor design, need to be addressed. 

concentrations (above 2 mM) at which it inhibits cell proliferation,[39] 

shown). Also, addition of small amounts of a chemical antifoaming agent 
is required to prevent foam formation caused by sparging of the control 

on cell survival,[40] the amounts necessary were well below cytotoxic 
levels (data not shown).

and their underlying mechanisms can be studied in a semi high throughput 
manner by applying a range of these parameters within one experiment. 

physiological range alters chondrocyte metabolism and the expression 
of relevant genes. Depending on the way gene expression and metabolic 

process. Moreover, they might also give new insights into the underlying 
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or progression of osteoarthritis. Understanding how cells react to signals 

engineered constructs, it also aids our understanding of developmental 
and pathological processes.
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Summary

Culturing chondrocytes in oxygen tension that more closely resembles 

factor heavily implicated in matrix production, in chondrocytes under 
hypoxia.

under hypoxic (1% pO2) or normoxic (20%) conditions, using specialized 

that was upregulated under hypoxia on both gene and protein level. In 
addition, both type I receptors (ALK1 and ALK5) were upregulated under 

abrogated the hypoxia-induced COL2 expression, as did ALK5 inhibition, 
giving a strong indication that this pathway is involved in chondrocyte 
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Introduction

Articular cartilage is covering the surface of all diarthrodial joints in the body
where it provides frictionless articulation and resistance to compressive

nutrients. Consequently, articular chondrocytes reside in an environment 
that is naturally hypoxic compared to other tissues. A pO2 of 7-10% is 

cartilage, while the pO2 might be as low as 1% in the deeper zones near the 

for the generation of ATP, thereby minimizing consumption of oxygen [5].

cells to oxygen tension that far exceed physiological values. Culturing 
chondrocytes under oxygen tensions that more closely resemble their in-

on matrix synthesis. Increased proteoglycans (PG) and collagen synthesis

exact oxygen tension [6]. In healthy bovine chondrocytes, hypoxia showed

one study [7]. On the other hand, increased proteoglycan deposition and

of expanded chondrocytes, low oxygen tension also appears to increase
collagen type II immunostaining [9].

micro-environmental factors are potentially regulating the chondrocytes

further includes, among others, activins and inhibins, nodal, myostatin and 

actions on cells in vitro, they also have non-redundant functions in vivo [11,
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12]. This highly pleiotropic growth factor plays a key role in various cellular 
processes, including inhibition of cell growth, induction of apoptosis and 
production of extracellular matrix proteins.

on the transcriptional level, peaking after 48 hours [13], while in dermal 

between 0% and 5% pO2. Martin et al. [15] showed that in fresh bovine 

signaling by activating its latent form [16, 17] other parameters, such 

articular chondrocytes has been recently reviewed [20, 21] and appears 

culture method (monolayer versus 3D culture) [22] or even the phase of 

proteoglycan synthesis and cell proliferation in rabbit chondrocytes [27]. 

integrin-binding sequence in its precursor [11] and is the only isoform with 

be activated by hypoxia [28].

which, in most cells, then recruits the type I receptor activin-like kinase 5 
(ALK5). The tetrameric receptor complex subsequently phosphorylates the 

to the nucleus, regulate transcriptional activity in the target cell [29]. 
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ALK1 [30]. Signaling via this receptor leads to phosphorylation of 

are investigated on gene expression and protein level, employing

Materials and Methods

Cell culture
Cartilage biopsies of 8 patients undergoing total knee replacement surgery

Netherlands) for 90 minutes and subsequently digested overnight in basal

Germany). The following day, the harvested cell number was determined
using a haemocytometer. The primary chondrocytes were then seeded at

The cells plated for expansion were cultured for three passages. Alginate
beads were created with second passage chondrocytes in 1.2% low
viscosity alginate (Keltone LV, Kelco, Surrey, UK) by dripping a 1.2%
alginate suspension with 4 million cells per ml though a 23” gauge needle
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into a CaCl2 solution. After 10 minutes the beads were washed twice 
with physiological saline and once with basal medium and transferred a 

1% or 20% pO2 and expression levels of key chondrocyte marker COL2 
were compared to unstimulated controls.

Bioreactor culture
The bioreactor system used for hypoxic culture has been previously 
described by our group [32]. Briefly, 30 beads were transferred to every 
well of a specific 24 well cassette, designed for use with the μ24 bioreactor. 
Four milliliter of redifferentiation medium (DMEM, 4.5 g/L glucose with 
1:100 ITS+ premix, 10 ng/ml IGF-1, 25 μg/ml L-ascorbic acid and 50 μg/
ml gentamicin and 1.5 μg/ml fungizone) was added to every well. Oxygen 
tension was lowered by continuous sparging with nitrogen. Oxygen 
tension was maintained at the desired set-point (either 1%, 5% or 20% 
pO2) by using air as a counter gas. Medium pH was maintained at 7.2 
using CO2.

RNA isolation and quantitative RT-PCR
Alginate beads were produced as described earlier by our group [33, 34] 
and after dissolution cells were resuspended in 350 μL RNABee (TEL-
TEST Inc., Friendswood, TX, USA). After addition of 60 μl chloroform, 
samples were spun down for 20 minutes at 13,000xg. Total RNA was 
isolated from the supernatant using the Qiagen RNA Micro Kit according 
to the manufacturer’s instructions (Qiagen GmbH, Hilden, Germany) and 
nucleic acid content was determined spectrophotometrically (NanoDrop® 
ND1000, Isogen Life Science, IJsselstein, The Netherlands). In compliance 
with MIQE guidelines [35], good RNA integrity (RIN 8.8; BioAnalyezr
2100, Agilent Technologies, Amstelveen, Netherlands) and absence of 
PCR inhibitors (data not shown) was ensured. Reverse transcription was 
performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo 
Thermo Fisher Scientific Inc., Rockford, IL) with mixed priming (oligo-
d(T):random hexamers, 3:1 v/v) according to the supplier’s instructions. 

Thesis Ruud 04AUG14.indd   80Thesis Ruud 04AUG14.indd 800 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM



81

Chapter 4

4

Both cDNA synthesis (0.5-1 g total RNA/reaction) and real-time
quantitative PCR (10-15 ng cDNA/reaction) method, with specificity and
efficiency controls, as well as data normalization to a reference gene index
were described in detail elsewhere [36] . Briefly, the geometric mean of 
CT-values of pre-evaluated endogenous calibrators 18SrRNA, beta-2
microglobulin (B2M), ubiquitin (UBC), beta-actin (ACTB), hypoxanthine
phosphoribosyltransferase 1 (HPRT1) and beta-2 microglobulin (B2M)
[37] was used to normalize expression data. Relative expression was
then calculated using the 2- Ct method [38] as described previously by us
[36]. RT-PCR primers of ECM components (aggrecan, collagen type I and
type II, SOX9, matrix metalloproteinase-13 (MMP13), markers of hypoxia
(PHD3, VEGF, GDF10, HAS2 and COX2), TGF-  isoforms (TGF- 1, - 2
and - 3), TGF- receptors (ALK1, ALK5, TGFBR2, BGCAN and EGN)
and targets of TGF- signaling (plasminogen activator inhibitor-1 (PAI-1) 
and inhibitor of DNA binding 1 (ID1)) were also previously described [36,
39-41]. Cycling was performed on an ABI7000 (Applied Biosystems) with
60°C annealing and a standard two-step protocol.

Immunoblotting

phenol layers from three independent bioreactor experiments were dialyzed

Subsequently, dialysates were centrifuged (10,000 x g, 10min, 4°C) and

according to the manufacturer’s instructions. Polypeptide concentration

[42] and immunoblotting was performed as described elsewhere by our
group [43]. Concisely, equal amounts of polypeptides were separated
by routine SDS-PAGE, subsequently transferred by electro-blotting and

as described earlier [44], but using primary polyclonal goat anti-Col2a1,
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blot analyses, the pooled polypeptide fractions were spotted onto 0.45 

�

to controls, as reported by Caron et al. [43]. 

ALK5 inhibition
ALK5 activity was inhibited using a novel, specific ALK5 inhibitor (SB-
525334, Sigma-Aldrich; 10 μM) [45] added two hours prior to induction of 
hypoxia (1% pO2). Ten beads were harvested after 48 hours of hypoxia 
for RNA isolation as described above. Specificity of the inhibitor was 
confirmed using qRT-PCR analysis on ALK5 and ALK1 specific target 
genes PAI-1 [46, 47] and ID1 [31, 48] , respectively.

RNA interference (RNAi)
We used our established lentiviral vector technology for nontransient 
shRNA-mediated gene silencing in primary chondrocytes [36], employing 
commercially available, pre-validated shRNA clones (Sigma-Aldrich, 
MISSION shRNA library). Briefly, BamHI/MunI restriction fragments of 
the parental pLKO.1-puro vector containing one out of five different, 
sequence-verified anti-human TGF- 2 shDNAs were subcloned into
corresponding restriction sites of recipient vector pRRL.PPT.PGK.
GFPpre. Lentiviral particles were produced in HEK293T cells by transient 
transfection using a calcium phosphate protocol. Cells transduced with 
a lentiviral vector lacking the TGF 2-specific shRNA expression cassette
(CTRL) and a non-targeting scrambled shRNA sequence (SCR), which did 
not significantly differ from CTRL (not shown) [36], served as controls. 
Quantitative RT-PCR was subsequently used to determine the knockdown 
efficacies: TRCN0000033425 (RNAi-1) and TRCN0000033427 (RNAi-2) 
were selected as best performing shDNA clones, reaching 75-80% of 
NM_003238 mean knock-down efficacy at a MOI of 1.5 in HEK29T cells 
(data not shown). In subsequent experiments, P1 OAHACs from three 
donors were seeded and transduced at a MOI of 2 with RNAi-1 and RNAi-
2 for ± 18 hours as described earlier [36]. Cells were then used as passage 
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2 cells in monolayer culture (10,000 cells/cm2) and cultured under hypoxia
or normoxia for 48 hours.

Results

accepted marker genes that have been shown to be hypoxia-responsive in

hypoxia in chondrocytes [40, 52].
Next, we studied the expression levels of selected chondrocyte

COL2A1 (6-fold) itself. In contrast, collagen type I (COL1A1) expression

protein of key proteoglycan (PG) aggrecan (AGC1) after 48 hours of low
oxygen pressure.  Of note, the key chondrocyte hypertrophy marker

expression of key chondrocyte phenotype markers, SOX9 and COL2, on

and repair, we investigated its oxygen pressure-dependent regulation in
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regulated by 60% as compared to the normoxic control (20% pO2). 

(data not shown). Consequently, we further focused on comparing 1% 

in rabbit perichondrial cells cultured in alginate beads [57], but little is 

Figure 1: 
markers. Expression of accepted indicators of hypoxia in chondrocytes 

pO2, black bars) and normoxia (20% pO2, grey bars).  Molecular weight 
markers (kDa) are indicated on left and normalized quantitative data above 
respective bands. ** p<0.01, *** p<0.001.
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if this isoform would be able to also induce COL2 expression in human 
articular chondrocytes. Under normoxic conditions (20% pO2) exogenous

Figure 2

** p<0.01 *** p< 0.001.
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induction of collagen type II under low oxygen pressure in the presence of 

increase) compared to the normoxic condition. In contrast, expression 

Figure 3:

(20% pO2) as grey bars. ** p<0.01, *** p<0.001

Thesis Ruud 04AUG14.indd   86Thesis Ruud 04AUG14.indd   814.indd 866 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM



87

Chapter 4

4

TGF- signaling interference 

upon oxygen deprivation in these cells. In addition, applying exogenous

COL2A1 levels under hypoxic conditions.

and were chosen for further experiments using primary human articular

constructs 48 and 96 hours, respectively, after lentiviral transduction

about 70% (as compared to non-targeting controls, normalized to 1),

(96h) in alginate beads.

In primary human chondrocytes in alginate beads in a bioreactor culture
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dependent upregulation of COL2 expression under hypoxic conditions. 

reproducibly induced COL2 expression under hypoxic conditions, the 

Figure 4:Fi 4 ��

lentiviral shDNA vectors in primary chondrocytes (A). Suppression of hypoxia-

pO2) are shown as black bars and normoxic conditions (20% pO2) as grey bars.
* p<0.05, ** p<0.01, *** P<0.001
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dependent expression of PAI-1 [30, 31] revealed a very similar pattern to

inducible but in chondrocytes ALK1-dependent [46], was not induced by 

Discussion

In the present study, we used a sophisticated bioreactor system to
stringently feedback-control the dissolved oxygen concentration in 
culture media of 3D-cultured chondrocytes to show that hypoxia (1%

an improved phenotype by inducing the expression of key chondrocyte

shown to be most prominently regulated by sustained hypoxic culture 

as hypoxia responsive genes [40, 49-51]. Expression of vascular endothelial 

al. [40] earlier reported a rather moderate, approximately 3-fold induction, 
of this gene, which may be an underestimation due to their microarray-
based analysis or result from the fact that these authors analyzed healthy

COX-2 expression in the present study is in nice agreement with earlier

Thesis Ruud 04AUG14.indd   89Thesis Ruud 04AUG14.indd 8dd 899 8/6/14   9:34 PM8/6/14 9/6/66/14 9:34 P:34 PMM



90

TGF-Ð2 is critically involved in the preservation of the chondrogenic phenotype under hypoxic conditions

particularly important isoform, was upregulated by hypoxia in our cultures, 

also reported its positive hypoxia-dependency, although the fold change 

evaluated the hypoxia-dependency of selected other components of the 
chondrocytes’ ECM, like SOX9, collagens, key proteoglycan aggrecan 

in another study using human chondrocytes in hypoxic 3D-culture [52].  
The trend towards upregulation of AGC1 under 1% pO2 in our study was 

respond early [40]. Overall, AGC1 seems to be only moderately induced by 

in cultured human chondrocyte pellets [52] and the trend in our data may 
thus still be biological meaningful. The magnitude of hypoxia-induced fold 
changes in SOX9 and COL2A1 expression in human chondrocytes seem 
to be rather robust and similar between our data and earlier studies [40, 
52]. Therefore, we propose that these genes can be viewed as robust 

that, for tissue engineering, being able to improve COL2A1 expression may 
be more relevant than controlling AGC1. Since COL2A1 can be regarded 

of inducing collagen production in general [61] and in cartilage in 

been shown to be hypoxia-driven in other cells [13]. Subjecting human 
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region of all isoforms to regulate its transcription and translation [11]. 

�

have biological relevance, this increase can cause further downstream 

reported upregulation of one type I receptor under short term hypoxia 

chondrocytes and can form heteromeric complexes with all type I, II and 

another unexplored aspect that may have contributed to the upregulation 
of COL2 levels under hypoxia. Interestingly, it is the ratio between the 
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in chondrocytes [30, 31]. Although hypoxia upregulated both ALK1 and 

might shift that balance on cell signaling level. Additionally, EGN, which 

mediated Smad2 phosphorylation (Smad2-P) in human chondrocytes 

which would be in line with an ALK5-Smad2-P dominance between these 

of Smads in this model to elucidate the active signaling routes involved.

primary human chondrocytes, severely hypoxic conditions (1% pO2) 

to these hypoxic cells, again prominently and synergistically, increased 

of the non-targeting control. This is in line with a cell signaling model in 

inhibited and cannot reach the same level as in the untreated hypoxic 
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Also, induction of PAI-1 crucially depends on SMAD3 and SMAD4 binding 

�

[72] similar to the Smad3-responsive CAGA12-lux reporter construct [73],

�

type dependently. Interestingly, initial data suggest that cartilaginous 

on low oxygenation levels below 5% [55].

Smad2 phosphorylation, and Smad3-driven transcriptional COL2 and 
PAI-1 activation in chondrocytes. Our data support the notion that

ID-1 has been shown to be an ALK1 downstream target in endothelial
cells [48]. Interesting here is that ALK1 also stimulates MMP13 expression 

(i.e. cartilage degradation) and that this is in line with a shift from ALK5 

Thesis Ruud 04AUG14.indd   93Thesis Ruud 04AUG14.indd 933 8/6/14   9:34 PM8/6/66/14 9:34 P:34 PMM



94

TGF-Ð2 is critically involved in the preservation of the chondrogenic phenotype under hypoxic conditions

for COL2A1 expression by chondrocytes, but was not studied by us. The 

these inhibition signals, chondrocytes break quiescent state and undergo 

provide data supporting the notion that ALK5 is critically involved in this 

signaling loop by the chondrocytes.
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Summary

Chondrocytes experience a hypertonic environment compared with 

cartilage. Standard isolation of chondrocytes removes their hypertonic 
matrix, exposing them to nonphysiological conditions. During in vitro 
expansion, chondrocytes quickly lose their specialized phenotype, making 

chondrocyte phenotype.

at control tonicity (280 mOsm) or at moderately elevated, physiological 

proliferation and chondrogenic marker expression were evaluated. The 

physiological tonicity was investigated using nuclear factor of activated 

chondrocyte proliferation, while higher tonicities inhibited proliferation 
and diminished cell viability. Physiological tonicity improved expression of 

in osteoarthritic and normal (nonosteoarthritic) chondrocytes, indicating 

collagen type II expression, while suppressing type I.

phenotypical characteristics during cytokine-free isolation and in vitro 

development of improved cell-based repair strategies for chondral lesions 
and provides important insights into mechanisms underlying osteoarthritic 
progression.
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Introduction

bones in joints and is composed of specialized cells, chondrocytes that
produce a large amount of extracellular matrix. This matrix is crucial for 
the unique biomechanical properties of this tissue and is composed of 

abundant ground matrix rich in proteoglycans [1]. The glycosaminoglycan
(GAG) side chains of the proteoglycans are sulfated and responsible for a 

cations (mainly sodium). This binding determines the physiological tonicity

in vivo, but the tonicity indirectly also largely depends on the quality of 
the collagen network. Extracellular tonicity in healthy cartilage ranges 
between 350 and 480 mOsm [3, 4]. In vivo, tonicity of the extracellular 

During cartilage degeneration (that is, in osteoarthritis (OA)), the collagen
matrix degrades and the GAG concentration diminishes, resulting in a
severity-dependent decreased tonicity of between 280 and 350 mOsm
[3, 6]. Currently, chondrocyte isolation and in vitro expansion culture are 
performed in medium of nonphysiological tonicity (270 ± 20 mOsm).
Several studies have already shown that chondrocytes are tonicity 
responsive [7-9] and react with changes in matrix synthesis [4, 8, 10, 

promoter activity and GAG production.

Molecular mechanisms involved in the hypertonic response of human

[12, 13]. Cells react by a rapid uptake of ions, which increase cellular ionic

response is the activation of transporters that exchange these ions for
compatible osmolytes [16, 18]. This process is controlled by Tonicity-

transcriptional activation of these transporters [16]. Nuclear factor of 
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aquaporin channels (AQP1 and AQP2) [22], and calcium-binding proteins 

upregulated in several cell types [26-28], but the tonicity threshold and cell 

Chondral lesions from, for example, trauma or overuse, can cause joint 
pain, immobility and eventually OA. The associated high prevalence - 60% 
of all patients undergoing knee arthroscopy are diagnosed with a chondral 
lesion [30] - and loss of quality of life makes cartilage damage a major 
personal and economical burden. Treatment options for chondral lesions 
are limited, and autologous chondrocyte implantation is the currently 
most developed hyaline repair technique for the knee [31]. Characterized 
chondrocyte implantation, employing phenotypical prescreening prior to 
implantation, has recently improved structural repair [32].

monolayer culture, spherical chondrocytes will gradually convert into 

by a shift in collagen expression towards less collagen type II (COL2) 

inferior biomechanical properties due to higher collagen (especially type I) 
content and less proteoglycans compared with native hyaline cartilage [36]. 

but are labor intensive and essentially impair propagation. Chondrocyte 

ability of aging chondrocytes to produce and repair the extracellular matrix 
is compromised [37] and as COL1 is shown to be present in chondrocyte 

healthy cartilage [38].
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In the present article we report that physiological tonicity (380 mOsm)
during isolation and monolayer expansion can suppress chondrocyte

regulation of both collagen types. This study provides a simple, yet novel

lesions and contribute to our understanding of OA progression.

Materials and Methods

Cartilage and chondrocyte isolation
After informed consent was obtained, human articular cartilage was
explanted from macroscopically normal areas of the femoral condyles and 
tibial plateau of nine patients undergoing total knee replacement surgery 
for OA (medical ethical approval MEC2004-322). In addition to preparation 

(DMEM, 280 mOsm) as described by Das and colleagues [39], medium
tonicity was also adjusted to 380 mOsm, 480 mOsm or 580 mOsm by 
addition of sterile NaCl. Enzymatic digestion, removal of undigested
fragments and subsequent chondrocyte culture were all reported earlier
[39]. The 280 mOsm and 380 mOsm isolations were also performed with 
cartilage obtained from the femoral condyles and tibial plateau of two
non-OA donors (further referred to as normal donors) undergoing above-
knee amputation surgery after trauma.

Chondrocyte proliferation and DNA measurements

monolayer expanded in medium corresponding to their isolation tonicity
(280 mOsm, 380 mOsm, 480 mOsm or 580 mOsm), with an initial seeding

and DNA assay between days 2 and 6. Experiments were performed in
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were calculated from the trend line of the exponential growth phase using 

where k is the growth constant and T is the doubling time.

tonicity (280 mOsm, 380 mOsm, 480 mOsm or 580 mOsm). P0 cells 

and were cultured for an additional 5 days and 7 days before analysis of 

respectively. Experiments were performed in triplicate from four OA 

N-methyl-d-glucamine chloride (NMDG-Cl) or sucrose to adjust the 
medium tonicity to 380 mOsm.

of the parental pLKO.1-puro vector - each containing the U6 promotor 

Gene Therapy, Milan, Italy) [44, 45] and was optimized by A Schambach 
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phosphate protocol [47]. Cells transduced with a lentiviral vector lacking

experiments.

cultured for 4 days in control medium (280 mOsm). Three hours prior to
transduction, cells were deprived of antibiotics, and then were transduced

�

and antibiotics, and were washed. Cells were collected and stained with 

~1) and reanalyzed for purity (>95%) using Cell Quest Pro Software 

switched to medium of 380 mOsm or were kept on control medium for 24

described elsewhere [48]. Expression levels of AGC1, SOX9 and COL2
were studied as chondrogenic markers, while COL1 was studied as a

COL2, SOX9, AGC1 and COL1 have been reported earlier [51].
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TCTCCCAGAA. Data were normalized to an index of three reference genes 

Western blot analysis

with primary antibodies - anti-type II collagen and anti-type I collagen, 

software [54].

Statistical analysis
Statistical analysis was performed using SPSS 13.0 software (SPSS Inc., 
Chicago, IL, USA). Data were compared between groups by Kruskall-

mean ± standard deviation, and P < 0.05, P < 0.01 and P < 0.001 were 
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Results

days after seeding no viable cells were recovered. At 280 mOsm, 380
mOsm and 480 mOsm, respectively, cells did adhere but increasing

at earlier passages.

Using cell counts and DNA assays, doubling times were calculated from 

compared with cells at 280 mOsm and 380 mOsm (Table 1). In contrast,

mOsm (as high tonicity condition) and compared with 280 mOsm (control 
condition).

Chondrocyte proliferation (%)

Culture Condition Passage 0 Passage 1 Passage 2 Passage 3

280 mOsm 100 (68±28 
hours)

100 (89±54
hours)

100 (67±48 
hours)

100 (57±11 
hours)

380 mOsm 113±18 89±25 99±9 154±41
480 mOsm 675±405* 180±24* 168±28* 165±81*

Data presented as relative doubling times in percentage of cells cultured at 280 mOsm,
mean ± standard deviation. The absolute doubling time ± standard deviation in hours is

Proliferation of chondrocytes isolated and cultured at 280 mOsm, 380
mOsm and 480 mOsm
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improves their phenotype
Next, we set out to determine whether expansion culture in physiological 
tonicity improves the chondrocytic phenotype. Physiological tonicity 

culture, AGC1 levels were still higher than in unpassaged P0 chondrocytes 
cultured under the standard culture conditions (280 mOsm).

Figure 1: Hypertonic isolation and expansion of chondrocytes changes
chondrocyte morphology. Representative images (200×) of chondrocytes cultured 
for 2 days at (a) 280 mOsm, (b) 380 mOsm, (c) 480 mOsm and (d) 580 mOsm.
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Figure 2: Hypertonic isolation and expansion increased marker gene expression 
in osteoarthritis human articular chondrocytes. Relative expression of (a) AGC1,
(b) SOX9, (c) COL2 and (d) COL2:COL1 ratio in primary (P0) and passaged (P1
to P3) chondrocytes cultured at 380 mOsm compared with 280 mOsm. (e) COL2
protein expression and (f) COL1 protein expression in P0 and P1 osteoarthritis
human articular chondrocytes. Protein levels normalized to α-tubulin. Data are
mean ± standard deviation, n = 12. Differences from cells cultured at 280 mOsm
are indicated: *P < 0.05, **P < 0.01 and ***P < 0.001.
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Figure 3: Hypertonic isolation and expansion increased chondrogenic marker
expression in nonosteoarthritic human articular chondrocytes. Relative expression
of (a) AGC1, (b) SOX9, (c) COL2 and (d) COL2:COL1 ratio in primary (P0) and
passaged (P1 to P3) nonosteoarthritic human articular chondrocytes (NHACs)
cultured at 380 mOsm compared with cells cultured at 280 mOsm. (e) COL2 protein
expression and (f) COL1 protein expression in P1 and P2 NHACs, normalized to
α-tubulin. Data are mean ± standard deviation, n = 6. Differences from 280 mOsm
controls are indicated: *P < 0.05 and **P < 0.01.
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in physiological conditions throughout culture. Consequently, we found a

to 13-fold in P1 cells.

to 355-fold in expanded P3 cells. Correspondingly, COL2 protein levels 
increased under these conditions (4.8-fold in P1 cells and 2.9-fold in P2
cells), while the amount of COL1 diminished (by 4.7-fold in P1 cells and

Figure 4: Hypertonic conditions activate nuclear factor of activated T-cells 5 in
osteoarthritis human articular chondrocytes. Relative expression of (a) nuclear
factor of activated T-cells 5 (NFAT5) and its target genes (b) S100A4 and (c)
SLC6A12 in primary (P0) and passaged (P1 to P3) chondrocytes cultured at 380 
mOsm compared with 280 mOsm. Data are mean ± standard deviation, n = 12.
Differences are indicated: *P < 0.05, **P < 0.01 and ***P < 0.001.
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Hypertonicity activates NFAT5 in human articular chondrocytes

not shown).

Discussion

chondrocytes respond to tonicity with altered aggrecan and SOX9 

expanding human normal and OA articular chondrocytes at physiological 
levels (380 mOsm). In addition, we also studied collagen type II expression, 
generally acknowledged to be the most important chondrogenic marker. 
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in areas subject to frequent stress like intervertebral discs and tendon 
attachment sites, is more rich in collagen type I than is hyaline cartilage
[55]. Tonicity may thus provide a simple means to manipulate expression 
of these two collagens for broader applications than regenerative 
chondrocyte implantations (autologous chondrocyte implantation or 
characterized chondrocyte implantation) alone [56].

in the early passages, but not for COL1 expression in the later passages.

abundantly in chondrocytes throughout passages and is further induced

large transcription factor remains to be elucidated in future experiments.

2Cl- co-transport, allowing cellular accumulation of NaCl and KCl. The

used NMDG-Cl, a bulky substitute for small cations that is impermeable to

sucrose methods of tonicity alteration (data not shown).
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we aimed at eliminating interpretation bias due to the pathological state 

chondrocytes react similarly to the same order of tonicity with respect 

physiological tonicity, postulated to be around 380 mOsm for chondrocytes, 

Figure 5: Nuclear factor of activated T-cells 5 knockdown inhibits hypertonicity-Nuclear factor of activated T cells 5 knockdown inhibits hy
induced chondrogenic marker expression. (a) Relative expression of nuclear
factor of activated T-cells 5 (NFAT5) and its target genes S100A4 and SLC6A12
in transduced chondrocytes either expressing (NFAT5 shRNA) or not expressing
(control) NFAT5-specific shRNAs, 24 hours after increasing tonicity to 380 mOsm.
(b) Effects of NFAT5 knockdown on chondrogenic markers AGC1, SOX9, COL2
and COL1. Data are mean ± standard deviation, n = 6. Differences from cells
transduced with control virus are indicated: *P < 0.05 and **P < 0.01.
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spherical shape as an integral part of the chondrocytes phenotype [58, 59] 
involves cytoskeletal changes [60]. Exposing these cells to physiological 

response as compared with spherical, normal chondrocytes. Cell-based
therapies using the latter are usually restricted to younger individuals after 
traumatic insults. Autologous chondrocyte implantation employing OA 

The precise molecular mechanism by which tonicity is sensed by cells is 

as key transcription factor participating in the mammalian hypertonic

61], were induced accordingly after hypertonic challenge, underscoring

nucleotide exchange factors near the plasma membrane may be activated
through cytoskeleton changes or by changes in interactions with putative 
osmosensors at the cell membrane in other cells [62]. The sensation of 

activated protein kinase (MAPK) signaling was recently also shown to be 

[66, 67] serine-threonine protein kinase Sgk-1 [68, 69]. As p38 MAPK plays 

expression [20], further experiments employing pharmacological inhibition 

signaling cascade in chondrocytes.
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active transcription is involved, has to be addressed in other studies. 

of SOX9, an important regulator of COL2 expression, is stabilized by 
supraphysiological tonicity [70]. Therefore, 380 mOsm might also directly 

rather than elevating promoter activity. COL2 regulation could thus be an 

Interestingly, AGC1 seems to be more stably expressed in cultures 
maintained at 280 mOsm compared with 380 mOsm, with a lower overall 

have described the complexity of osmotic stress on gene expression [71, 

at 380 mOsm are rather round, cells cultured in monolayer at 280 mOsm 

both hypertonicity and hypotonicity [4, 8]. The promoter regions of both 
collagen type II and AGC1 contain a plethora of potential other binding 

the SOX9 dependency of aggrecan and collagen expression may also be 

tonicities. Interestingly, while the SOX9 dependency of COL2A1 expression 
has been unequivocally shown, it may not actually be a key regulator of 
COL2A1 promoter activity in human adult articular chondrocytes [82]. Of 
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note, the human aggrecan promoter sequence has been shown to contain

mediated aggrecan expression has recently been shown to critically

are therefore currently looking into the underlying molecular mechanisms
regulating AGC1 and COL2 expression in both conditions.

hypertonic conditions used by Tew and colleagues can be considered a 

cell numbers for cell-based repair techniques, the proliferation capacity
of the isolated chondrocytes should not be compromised. Cell numbers 
generally need to be increased during two passages (>4 to 10 times) for

(480 mOsm and 580 mOsm) clearly compromised survival rates, which is

conclude that about 380 mOsm is optimal for both isolation and in vitro 

and export sequences for its nuclear translocation [26, 88, 91]. In most

at physiological tonicity (±300 mOsm), whereas at 500 mOsm most of it 
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localizes to the nucleus [19, 26, 89].

To demonstrate that the hypertonicity-induced chondrogenic marker 

chondrogenic marker genes (COL2, AGC1, SOX9 and COL1).

Conclusions

medium of physiological tonicity (380 mOsm) improves chondrogenic 

marker expression. Our data provide valuable insights for the development 
of strategies for cellbased repair of chondral lesions, and contribute to the 
understanding of mechanisms involving OA.
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Summary

potential for regenerative medicine strategies. Knowledge of the way these 
cells respond to their environment in in-vitro culture and after implantation 
in vivo is crucial for successful therapy. Oxygen tension plays a pivotal role 
in both situations. In vivo, a hypoxic environment can lead to apoptosis, 
but hypoxic preconditioning of MSCs and overexpression of prosurvival 
genes like Akt can reduce hypoxia-induced cell death. In cell culture, 

paracrine activity of MSCs, causing upregulation of various secretable 
factors, among which are important angiogenic factors such as vascular 

important role in mobilization and homing of MSCs, primarily by its ability 

on MSCs and aims to elucidate its potential role in regenerative medicine 
strategies.
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Introduction

have been termed ‘‘mesenchymal stem cells’’ (MSCs) by Caplan et al.[6] for

terms are now in common use. The use of MSCs for tissue engineering

fat, and muscle lineages have been demonstrated, and their usefulness
for regenerative medicine approaches is clear.[7-18] MSCs might exert

and function as a new cell type, but they might also function indirectly

role. Their harvest from autologous donor sites is relatively harmless and

reimplantation.

The issue of optimal culture conditions for cells has been under
investigation for many years. An important consideration is the optimum
oxygen tension in which to culture cells. Physiological oxygen tension
varies from as much as 12% in the blood to as low as 1% in the deep zone
of cartilage regions.[19] The oxygen tension in bone marrow has been

22] In any case, the oxygen tension is considerably lower in vivo than the
atmospheric oxygen tension (21%) of standard cell culture.[23]

Culture in oxygen tension that more closely represents the in-vivo situation

rapidly in oxygen tensions that are lower than atmospheric. In their article,

cell types showed increased proliferative rates when cultured under lower
oxygen tensions. In recent years, interest in the potential of MSCs for
regenerative medicine applications and the availability of more convenient
methods to alter oxygen tension in culture have led to publication of many
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and function. The issues of tissue ischemia, for example, after cardiac 
arrest, and tissue-engineered construct failure due to lack of oxygen are 

Complementary to a recent review by Ma et al.,[22] this review focuses 

overall behavior) and addresses underlying mechanisms. This review gives 

low oxygen (pO2<10% for this review) on MSCs. This knowledge may 
help to better tailor culture conditions to achieve the desired outcome of 
a regenerative medicine approach.

Survival

An important possible clinical application of MSCs is their use in the repair 
of cardiac tissue after myocardial infarction. Unfortunately, 99% of MSCs 

The ability to survive in an environment that is deprived of both oxygen 
and nutrient supply is necessary for successful myocardial tissue repair, as 
prolonged viability is a prerequisite for angiogenesis.[35, 36] Similarly, tissue 
engineering of cell-seeded constructs above a critical size (approximately 

that cells residing deeper in the construct experience a hypoxic and 

severe in other applications (e.g., in intervertebral disk[37, 38] or cartilage 
repair[39]), for regenerative medicine approaches it is absolutely critical 
that cells survive long enough to elicit a repair response.

Under ischemic conditions, cells cannot rely on oxidative phosphorylation 
for the generation of adenosine triphosphate (ATP), because this pathway 
depends on the availability of oxygen. The glycolytic pathway, which 
functions independently of oxygen, provides a means for cells to generate 
energy under conditions where oxygen availability is limited. The ability to 
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successfully switch metabolic pathways from aerobic to anaerobic and 
the availability of abundant glucose for ATP production are key elements 
for cell survival under hypoxic conditions. This is illustrated in studies by 

to withstand hypoxia only when they were not also deprived of serum. 
Indeed, MSCs seem to employ the glycolytic pathway to maintain viability 
when faced with hypoxic challenges.[42] Consequently, it was concluded 
that serum deprivation, not hypoxia, is the main reason for apoptotic cell 

cell death after prolonged exposure. Mitochondrial dysfunction leading 
to increased Caspase-3 activation is believed to be a major contributor in 
this process.[40]

Contrary to other cell types like cardiomyocytes (which fail to survive 
hypoxia even for 4 h), MSCs can withstand hypoxia (pO2<1%) for at 
least 48 h.[43, 44] Unlike cardiomyocytes, MSCs are able to derive the 

survival is low.[43] In this scenario, the buildup of lactate due to increased 

in the long term.

Cells can respond to oxygen tension through transcription factors, most 

normoxic conditions, but stabilized under hypoxic conditions, because 

is the glucose-6-phosphate transporter, which controls the rate-limiting 
step in gluconeogenesis by glucose-6-phosphatase.[47] The increased 
availability of glucose (through upregulated gluconeogenesis) would 
help extend the survival of MSCs under hypoxic and serum-deprived 
conditions, and it is believed that this is one of the mechanisms by which 
MSCs survive a hypoxic insult.[47]
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Although MSCs are able to withstand hypoxic conditions for up to a few 
days, they need to survive longer in ischemic tissue. Priming cultured 

Figure 1: Mesenchymal stem cell response to hypoxia. Bax accumulates in 
the mitochondria, increasing the Bax/Bcl-2 ratio and causing mitochondrial
dysfunction. Subsequent activation of Caspase-3 leads to apoptosis.[40] In a survival
response, Akt and p38 phosphorylation leads to stabilization of hypoxia-inducible
factor-1α (HIF-1α)[46] and upregulation of Bcl-2.[48] Bcl-2 upregulation can
counteract the accumulation of Bax, leading to protection from apoptosis. HIF-1α
stabilization and translocation leads to induction of HIF-1α target genes, among
which are glucose-6-phosphatase transporter[47] and important angiogenic
factors such as vascular endothelial growth factor (VEGF) and IL6.[51]
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decreased caspase-3 activation.[48, 49] Additionally, proangiogenic 

stimuli, has been shown to be necessary for cell survival,[53] likely by 

engineered rat MSCs, which retrovirally expressed the prosurvival gene 

reduction in apoptosis amounted to 80% within 24 h compared with green 

and showed that in a left coronary artery ligation model (rat) conditioned 

major factors involved in MSC survival response to hypoxia and hypoxia-
induced apoptosis.

Clearly, the poor long-term viability in vivo limits the therapeutic applications 
of MSCs, but with the uncovering of signaling and apoptotic pathways 
involved in MSC survival, dedicated strategies can be developed. In an 
attempt to prolong in-vivo survival, Xu et al.[56] found that Lovastatin 
could counteract hypoxia-induced apoptosis by upregulating pAkt and 

angiogenin and found that MSC survival was enhanced in vivo compared 
with untreated MSCs. Similarly, Li et al.[59] found increased survival with 

while Tang et al.[30] used overexpression of the hypoxia-regulated heme-
oxygenase-1 gene to enhance MSC survival. Unfortunately, genetic 

process is very labor intensive and carries risks inherent to genetic 
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Proliferation

Although physiological oxygen tensions even in healthy tissue are well 
below 21% pO2, more often than not cells are cultured at this oxygen 

the rate of proliferation of various cell types.[20] Indeed, Lennon et al. 

passage compared with culture under 21% pO2.[20] The results appeared 
to persist even after passaging. Grayson et al.[60] showed that human 
MSCs also displayed enhanced proliferation under reduced oxygen 
tension (2% pO2) for seven passages, resulting in a 30-fold increase in 
cell number compared with normoxic culture.[60]
On three-dimensional substrates, which are commonly used in tissue 
engineering applications, MSCs displayed a prolonged lag phase in early 

under 2% pO2 did not display a plateau-phase, but rather continued their 
proliferation even after 23 days of culture, unlike MSCs cultured under 
21% pO2.[42]

not cause faster proliferation of MSCs, but rather extended the duration 
of their proliferation. In contrast, D’Ippolito et al. concluded that reduced 
oxygen tension decreased population-doubling time in their marrow 
isolated adult multilineage inducible cells, with a maximum at 3% pO2.[61] 
This result is more in line with other studies that found faster proliferation 

MSCs under 8% pO2.[63] The latter showed that hypoxia increased the 

increased proliferation, even short-term exposure to 1.5% pO2, to more 

expanding their human MSCs at 1% pO2 in 17% fetal bovine serum, but 
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Overall, reduced oxygen tension in the physiological range increased 
MSC number obtained after monolayer and three dimensional culture. 

doubling time is responsible appears to depend on the exact pO2 as well
as cell type and other culture conditions. The mechanisms underlying this
altered proliferation are currently unknown, but Yun et al. suggested a role

hypoxia on proliferation.

Oct-4.[60] Oct-4 is an established indicator of enhanced pluripotency[61]

Table 1

O2 ten-
sion (%)

Cell type Serum type/
concentration

Duration Proliferation Author Ref.

1 Human MSCs 17% FBS 10 days Decreased rate of 
proliferation

Hung 65

1-3 Human MSCs 
from BMA

Serum-free 18 h No effect of hypoxia 
on cell viability

Rosova 52

1, 3, 5,
and 10

MIAMI 2% FBS for expan-
sion

3, 7, 10, and 
15 days

Increase, highest at 
3% pO

2

D’Ippolito 61

1 and 50 -
brex, East 
Rutherford, NJ)

[Cambrex])
24 h 1.61-fold increase in 

viable cell number
Martin-
Rendon

64

2 Human MSCs 10% FBS Up to 6
weeks

30-fold increase Grayson 60

2 Human MSCs 10% FBS Up to 30
days

Increase after initial 
lag

Grayson 42

5 MNC from BMA 10% fetal calf 

platelet lysate

P1-4 to 90% Decreased time to Carrancio 62

5 Rat MSCs 10% FBS First pas-
sage

Mean increase 
in cell number of 
41.2%

Lennon 20

8 Murine MSCs 10% FBS 7-8 days 2.8-fold increase Ren 63

MSCs, mesenchymal stem cells; FBS, fetal bovine serum
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Differentiation

The multilineage potential of MSCs is one reason for their appeal in 

lineages could be either enhanced or diminished under hypoxic culture. 
Various groups have assessed multilineage potential either after hypoxic 

approaches are grouped in this section.

cultured cells for several passages under 5% pO2 and then either 
maintained them in 5% or 20% pO2 or switched to the opposite condition. 

pO2for the duration of the culture gave the largest osteogenic response 

5% pO2 to normoxia or culturing completely in normoxia produced less 
mineralization by comparison. Several other articles have since described 

an initial increase in mineralization after a preculture period in 2% pO2 but 

very variable results with some osteogenic genes being downregulated, 

were unable to induce mineralization in these cells normally. In contrast 

osteogenic capacity of cells cultured under hypoxia or after hypoxia. As is 
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hypoxic conditions or after a hypoxic preculture.

(chondrocytes reside in a very hypoxic environment). The general consensus

hypoxia increases chondrogenic gene expression[46, 64, 69] and other

have elucidated some of the mechanisms involved in chondrogenesis.
Upregulation of Sox9, an important transcription factor involved in

MSCs were cultured continuously at 1% pO2 for up to 21 days.[65]
In general, little work has been performed on understanding the
mechanisms behind the alterations in behavior of MSCs under hypoxic
conditions with the exceptions of a few articles. [46, 69]In conclusion,

oxygen tension, time in culture, and the use of hypoxic preculture.
It should be noted that, as presented in Table II, the results discussed apply
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immortalized human MSCs,[72] normal human MSCs,[42, 44, 60-62, 64, 
67]rat MSCs,[20, 43, 46, 73] and mouse MSCs.[63, 69, 74]

Endocrine/Paracrine role

MSCs can play an important role in various processes via secretion of 
trophic factors. This has been evidenced, among others, by their ability 

enhance wound healing,[76] and support myocardial[77] and neuronal

can be found in their immunomodulatory role by inhibiting the proliferation 
of antigen-activated peripheral blood mononuclear cells and production

contact and through soluble factors.[83, 84]

screening with microarrays. Ohnishi et al. described that many genes were
upregulated when rat MSCs were cultured for 24 h in 1% pO2 compared

describe upregulation of several molecules involved in cell proliferation 

enhancing factor 1, heparin-binding epidermal growth factor, and MMP9.

tensions and time period of hypoxia. Most genes were upregulated even 

48, and 72 h) using human MSCs at a pO2 of 3% and demonstrated that

genes were regulated after 24 h, as little as 4 h of hypoxia was reported to

[74] Also, conditioned medium of MSCs after 6 h of hypoxia appeared to
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give a larger increase in hypertrophy of cardiomyocytes than shorter or
longer periods of hypoxia.[32]

IL1 and 6, placental growth factor, transforming growth factor-b, tumor

this result in increased protein release in the medium.[87] The results of 

Potier et al.[44] cultured human MSCs with a slowly decreasing oxygen

where human MSCs were cultured for 2 days in hypoxia in a serum-free

in increased amounts in the medium.[51]

growth factor).[52] These receptors can increase MSC migration and
homing to damaged areas. Although the immunomodulatory properties

appeared to regulate the increased production of soluble factors (at

dependent mechanism,[91] which suggests that hypoxia might indeed
regulate immunoregulatory properties too.
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as well as the membrane markers associated with migration and homing
of MSCs. This suggests that hypoxic preconditioning of MSCs can be
used to improve the performance of MSCs in regenerative medicine 

of MSCs is provided by small animal experiments. Preconditioning MSCs 
for 24 h in hypoxia before implantation into myocardial infarction models
resulted in less death and a better angiogenic potential of the MSCs.[48,

improved migration of MSCs to injured brain.[89] The authors demonstrated

Recruitment and homing

The precise mechanism how MSCs are mobilized into the bloodstream 

3 weeks in a hypoxic chamber, which caused chronic hypoxia[95] and
compared this to animals housed at normoxia. This in vivo rat model for 
hypoxic MSC mobilization increased the pool of circulating MSCs 15-fold,

similar to that of MSCs. Moreover, this stimulus seemed to be relatively

local factors involved in the maintenance of MSCs. These factors can 
include altered peripheral blood concentrations of chemotactic factors

which is likely an MMP-dependent phenomenon.[74] Endothelial cells
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under hypoxic conditions have been shown to stimulate MMP-2 and 

possible role for hepatocyte growth factor and its receptor cMet, which is 
upregulated under hypoxia.[52] The ability of implanted MSCs to migrate 
to the site of damaged tissue has been shown in bone fractures and 
cartilage defects,[39] myocardial infarction,[99] and cerebral injury.[100] 
The question remains how MSCs are directed to the site of repair in vivo. 
This process of migration may involve various chemokines, cytokines, 

reported to be constitutively expressed in a wide range of tissues.[101] 

repair remain poorly understood. An elegant model of graded soft tissue 

ischemic tissue in direct proportion to reduced oxygen tensions was 

also hypoxia-inducible. The authors demonstrated that migration of green 

while the intracellular majority of this receptor may be mobilized to the cell 
surface upon hypoxic stimulation. Targeting the expression of these two 

of MSCs in regenerative medicine.
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of hypoxia on MSC behavior.[19] Unlike some cell types, MSCs can
survive hypoxic environments for several days by upregulating survival
pathways and increasing glycolytic metabolism. Cell numbers are also 
increased when proliferating under low oxygen tension. Additionally, 

various conditions like exact oxygen tension, time in culture, and the use 

role of MSCs by altered trophic factor release and it also plays an import
role in mobilizing MSCs and recruiting them to sites of injury. Clearly,
hypoxia plays a crucial role in many aspects of MSC culture and therapy,
but lack of consensus remains, especially when hypoxia is considered

choice of oxygen tension. Many researchers use atmospheric oxygen as 

of tensions (1%, 2%, 3%, 4%, and 6%) as did D’Ippolito et al. (1%, 3%, 

tension for the duration of their study.[20, 42, 43, 46, 60, 62-67, 69, 73]
Interestingly, some studies also used oxygen chelation methods or sealed
chambers, which result in continuously reducing oxygen levels until anoxia.

under hypoxic conditions or in atmospheric oxygen. Source of the 

reported to respond better to anoxia and were more capable of continuing
upregulation of angiogenic genes after reoxygenation than old MSCs.

consideration in MSC biology and application. It is important to note that
almost all pO2 measurements, if made, were in the gas phase and will not 
accurately represent the oxygen tension experienced by the cells. Due to
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determine the exact oxygen tension experienced by cells in culture. In

to reach the cells, which causes lower oxygen tensions near the cell
surface than those controlled in the incubator. This is demonstrated by

the oxygen tension was 1% in the gas phase. Similarly, the pericellular
oxygen tension was 15.1% in a culture under ambient air (21% pO2).[72]

limitations are even more severe, especially when matrix production
increases the construct’s density. Although the discrepancy between pO2
in the gas phase and liquid phase is obvious, it is important to note that
it depends on several factors like the height of the medium above the
cells, temperature, and mixing. Therefore, oxygen tension control (or at
least measurements) should be performed in the liquid phase to ensure

standard culture procedures are not performed under controlled oxygen
tension. Consequently, medium changes and passaging should be done

contribute to the variations and contradictions found within the literature.
As a result, the culture system and control method always need to be
considered when interpreting data on oxygen tension. In the future, a
standardized protocol for hypoxic culture might lead to more consensus

Conclusion

In this review we discussed the role of hypoxia on MSCs for regenerative

strategies for regenerative medicine because it can enhance proliferation

implantation and associated hypoxia-conditioned medium can improve

of MSC therapy. As the pathways involved in the various aspects of MSC
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culture are unraveled, optimal protocols for regenerative cell therapy will 
move ever closer. Manipulating cell behavior through control of oxygen 
tension will have a prominent place in these protocols. The ability to culture 

altering cell behavior on this scale without the use of additional growth 
factors, viruses, or other nonclinically relevant agents should attract the 
interest of many researchers aiming to bring regenerative medicine closer 
to the clinic.
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A successful, long-term treatment for cartilage defects and osteoarthritis is
still a major unmet clinical need. Despite numerous attempts with various
cell- and biomaterial based solutions, there currently is no treatment to truly
restore cartilage functionality. Autologous chondrocyte implantation is still
the gold standard cell-based solution, although alternatives are clinically

clinical outcome compared to microfracture [1], major advancement can
yet be made by optimizing these procedures. Any cell based approach for

their function after reimplantation. To achieve this, it is imperative that the
culture parameters in vitro are tailored to provide the best environment for

best chondrogenic potential.

The chondrocyte residing in articular cartilage has long been acknowledged
to have mechanosensitive properties [2-6]. Since cartilage is loaded and
unloaded on a daily basis, it is not surprising that chondrocytes seem to
be able to respond to deformation of their environment (and consequently
themselves). Although normal, physiological loading is thought to be a
prerequisite for the maintenance of a healthy cartilage joint [7], this is not
so apparent for chondrocytes that have an altered physiological state.
Chondrocytes from diseased joints, as well as those that have shifted their 

changes in their mechanical environment than chondrocytes from healthy
cartilage. Chapter 2 shows that expansion of human articular chondrocytes
clearly alters their response to mechanical stimulation. As a consequence,

the cells themselves need to be properly characterized to be able to put
results of loading experiments in a correct light.

mechanical environment, allowing them to simulate in-vivo processes.
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interplay of hydrostatic pressure, compressive loading and shear makes
up the mechanical environment of the chondrocyte in articular cartilage [8,

of these loading conditions, either individually or a combination, using

to be anabolic in terms in ECM production, but only where they concern
physiological loading of primary chondrocytes from healthy tissue [2], as

physiological loading even vary with the location of origin of the healthy

deeper zones of cartilage [10], which can be attributed to their exposure

within the population of healthy chondrocytes, it should not be surprising

diseased tissue.

It is well established that loading representing non-physiological, injurious
type situations can induce OA-like changes in primary chondrocytes [11-

the origin of the chondrocyte. The knee joint is loaded on a daily basis,

chondrocytes for ACI procedures are harvested from cartilage from non-
loadbearing regions of the tissue. The ability of these chondrocytes to
cope with a more challenging loading environment is further compromised
by expansion culture, as shown in Chapter 2 of this thesis. Mechanical

optimal loading protocol that results in the highest anabolic response for
such constructs, especially when that response depends so heavily on
the exact phenotype of the cell.

Looking at the literature on mechanical loading of 3D construct, it is clear
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in-vivo situation. Mechanical loading in vivo can be divided into several

a role in the daily loading of cartilage and as such should all be considered
when attempting to mimic the physiological situation using bioreactors.

A range of 7 to 10 MPa is considered to be physiological and intermittent
loading in this range has been shown to promote matrix synthesis in

found in intermittently loaded constructs that made use of osteoarthritic

studies across species and between pathological states.

Uniaxial compressive loading using bioreactor systems can mimic the

of the major weight bearing joints (such as knees and ankles), average
loadings of approximately 0.5 to 7.7 MPa and average compression
amplitudes of more than 13% have been measured during normal daily
movements [15, 17-19]. The way this loading is sensed by the cells
depends heavily on the type of material that is used to construct the 3D
environment and the way the cells interact with this material, but several
papers for both chondrocytes [3, 20, 21] and MSCs [22-24] claim a

using complex bioreactor systems that can apply several forms of loading
simultaneously. A combination of compression and shear can be used to

to establish the degree to which this loading represents in vivo processes.

plateau) vary even in the same load cycle [25, 26]. Therefore, recapitulating
in vivo loading using bioreactor technology appears too complex for

serve a purpose in predicting (patho)physiological processes using
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therapeutic applications.

The environment of the chondrocyte is not only mechanically challenging.
Chondrocytes are exposed to environmental challenges in both physiological
and pathophysiological conditions. Due to the lack of vascularization in

low even in a healthy joint. Chondrocytes are exceptionally adapted to
this hostile environment, but being able to survive in an oxygen-deprived,

be challenging in a healthy joint, joint disease such as osteoarthritis will

or because, they are challenged with an increasingly hostile environment,
chondrocytes undergo phenotypical changes that alter their ability to
cope with this environment. In this thesis we have shown how new tools

aspects of chondrocyte physiology.

ample evidence that culture at low oxygen tensions (i.e. oxygen tensions
that more closely resemble the in vivo situation than standard culture

primary chondrocytes [27, 28] and mesenchymal stem cells [29, 30].

(due to expansion) back towards a chondrocyte phenotype, which can be
used to prime cells before implantation. Again it is important to distinguish

culture [31-33], but mechanisms remain to be fully unraveled. Many

[33], but other processes occur independent of this pathway. Moreover,
several signaling pathways might work in concert. Chapter 4 of this thesis
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38], maintain articular cartilage in a prehypertrophic state by repressing

upregulated under hypoxia, resulting in increased expression of COL2
and SOX9, important markers for the chondrocyte phenotype. Clearly,
this cell signaling pathway could be manipulated using an environmental

products, but also on cell signaling pathways that govern their expression,
will reveal new avenues to enhance the outcome of (cell based) therapies.

for cell based therapies for cartilage repair that require large cell numbers.
Controlling environmental parameters during the expansion culture can

expansion culture. In addition, employing low oxygen tensions only during
the expansion phase also improves the chondrogenic potential for MSCs

interesting to examine how expansion under these altered environment

loading using bioreactor technology can be used as a screening tool to
predict the cell’s function in vivo after reimplantation, rather than a way of 
priming cells before implantation.

depend on each other. Other examples for these interactions can also
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survival and expression of ECM components in adipose derived stem

make a strong case for the need to describe the total environment during
cell culture, or when attempting to model pathophysiological conditions
in vitro. Similar to the biomechanical environment, the physiochemical

the physiochemical environment is relatively easy to manipulate. Innovative
bioreactor systems, such as those described in Chapter 3, allow for the

The ability to accurately control all relevant culture parameters individually

bioreactors have the added advantage of screening multiple conditions
within one experiment, something most bioreactors lack due to their
inherent complexity. Coupling this (semi-)high throughput screening with
Design of Experiment analytical approaches creates a powerful tool to
examine cell responses to and interactions of the various environmental
parameters.

It is clear from this work and literature that various types of stimulation can
be used to enhance the chondrogenic potential of cells that are used for

or physiochemical environment of cells in culture can direct cell function.
Elaborate systems can be envisioned that incorporate all these stimuli
into one bioreactor for an optimal pre-culture of cells before implantation.

be practicable. Consequently, logistic and regulatory considerations play
a large role in the translation of fundamental research to clinical practice.

interactions complicates both. The logistics involved in transportation
of cells and operator involvement for elaborate protocols increase cost,

causes cells produced for such therapies to be labeled as Advanced
Therapy Medicinal Products (ATMPs)). Minimizing the complexity of the
culture procedure while maximizing the chondrogenic potential favors the
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use of environmental parameter control rather than mechanical loading,
due to the intricate nature of the latter. Therefore, rather than employing
mechanical loading bioreactors as a tool to direct extracellular matrix
production, they might be used as a screening tool to predict the in vivo
function after reimplantation.

The use of environmental parameters as a method to direct cell function,
beyond chondrocytes, reveals its potential for other cell types. Chapter

proliferation and trophic factor release. Current literature does not yet give

therapy product, whatever the mechanism of action (immunomodulation,

consideration, since the use of MSCs for cell therapy applications is
becoming more wide-spread, as the number of clinical trials increases
(from clinicaltrials.gov). Since in-vitro culture, which is needed to reach
the clinical cell numbers needed for such therapies, induces phenotypical

action of the cell therapy, it might be required to recapitulate the original
stem cell niche [51], most likely using bioreactors for environmental control,

maintaining cells in physiological environments is not the only use for cell
manipulation. Stunningly, using environmental manipulation, Obokata
et al. [52, 53] showed that "epigenetic fate determination of mammalian
cells can be markedly converted in a context-dependent manner by
strong environmental cues" [52]. Their use of parameters that lie outside

to reprogram cells to a pluripotent state, truly reveals the untapped
potential of environmental stimulation. The derivation of pluripotent cells

chondrocytes, shows that fate determination can be converted. This has
obvious implications for future lines of research in which environmental

are currently only available from ethically sensitive material (embryonic
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stem cells) or through laborious manipulation (induced pluripotent stem 

could accelerate research and subsequent development of therapy.

in both experimentation, to understand (patho)physiological processes,

should lead to further optimization of parameters for (chondrocyte) cell
culture. 
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Gewrichtskraakbeen is een glad, wit weefsel dat zorg draagt voor de 

het als een schokdemper die bij belasting de krachten gelijkmatig verdeelt 
over onderliggende botten.

Gewrichtskraakbeen bestaat voor het grootste deel uit relatief weinig 
componenten. Glycosaminoglycanen zijn negatief geladen en trekken 
daarom veel water aan, wat ervoor zorgt dat het weefsel zwelt. Kraakbeen 
bestaat dan ook voor een groot deel uit water. Deze zwelling wordt 
voornamelijk tegengegaan door de aanwezigheid van collageenvezels 

celtype, de chondrocyt. Ondanks dat gewrichtskraakbeen uit zo weinig 
componenten bestaat is het lichaam niet goed in staat het te repareren. 

tissue engineering dat gebruikt maakt van een combinatie van cellen, (bio)
materialen en groeifactoren om zo buiten het lichaam een vervangend 
weefsel te produceren.

kunnen bioreactoren gebruikt worden. Met behulp van deze apparaten 
kunnen cellen mechanisch belast worden, of kan de zuurstofspanning 

behulp van deze manipulatie wordt celgedrag beïnvloed, waardoor een 
beter kweekresultaat verkregen kan worden.

In het lichaam wordt kraakbeen constant belast door dagelijkse bewegingen. 
In gezond kraakbeen helpt deze belasting bij het in stand houden van de 

structurele eiwitten (zoals proteoglycanen en type II collageen (COL2)) aan 
te maken. Chondrocyten uit osteoarthrotisch kraakbeen, of chondrocyten 
die in vitro gekweekt zijn, reageren echter anders op deze belasting. In 
hoofdstuk 2 van dit proefschift wordt op genexpressie niveau gekeken 

uit osteoarthrotisch kraakbeen opgekweekt worden en vervolgens belast, 
dan is de en expressie van de belangrijkste structurele eiwitten, AGCN en 
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COL2, verlaagd, terwijl de expressie van degraderende enzymen, MMP1 
en -3, juist verhoogd is. In tegenstelling tot primaire chondrocyten, die een 
meer anabole respons lieten zien met een opregulatie van de genexpressie 

genexpressie van AGCN en COL2 als gevolg van mechanische belasting 
minder verlaagd is. De resultaten van deze studie hebben implicaties 
voor het expansieproces dat gebruikt wordt in autologe chondrocyt 
transplantatie alsmede het behandelplan van patiënten die behandeld zijn 
met geëxpandeerde chondrocyten.

Gewrichtskraakbeen bevat geen bloedvaten voor de aanvoer van zuurstof 

omgevingsparameters hebben op chondrocyten in kweek. Met behulp van 

(6.4-7.4) kon worden aangetoond dat de expressie van enkele belangrijke 

aantoonbaar.

niveau duidelijk, ook het metabolisme van de cellen is erdoor beïnvloed. 

consumeerden chondrocyten minder glucose en produceerden ze minder 
lactaat, wat wijst op een verandering van het metabolisme (inhibitie 
van de oxydatieve phosphorylering en een toename van anaerobische 
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van omgevingsparameters te bestuderen. Dit helpt ons niet alleen bij het
beter kweken van weefsel voor regeneratieve therapieën, maar ook bij het

zoals OA.

onderzocht in hoofdstuk 4. Chondrocyten bevinden zich in het lichaam
in een omgeving van lage zuurstofspanning. Een lage pO2 wordt daarom

het chondrocyt phenotype. Een verhoogde expressie van collageen

geruime tijd bekend als een belangrijke factor in chondrogenese. In dit

receptren verhoogd onder hypoxia. Chemische inhibitie van celsignaling

voor de verhoogde COL2 expressie onder lage pO2.

De toniciteit (dwz de osmotische druk) van kraakbeen heeft eveneens een
belangrijke invloed op chondrocyten. De toniciteit van kraakbeen in het
lichaam is hoger dan dat van plasma en van standaard kweekmedium.

chondrocyten en de onderliggende mechanismen worden onderzocht in
hoofdstuk 5. Standaard kweekmedium heeft een osmolariteit van circa
280 mOsm. In dit hoofdstuk wordt aangetoond dat chondrocyten die bij
een hogere, voor chondrocyten physiologische, osmolariteit (380 mOsm)
gekweekt worden een hogere expressie van de chondrogene marker

COL1 onderdrukt wordt, vergeleken met kweken bij 280 mOsm.
De proliferatiesnelheid wordt echter niet beïnvloed door de hogere
osmolariteit, wat duidt op een beter behoud van het chondrocyt phenotype
onder 380 mOsm. Nog hogere osmolariteit is daarentegen slecht voor 
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of activated T-cells 5) blijkt een cruciale rol te spelen in dit proces. Inhibitie

expressie onder 380 mOsm, terwijl COL1 expressie verhoogd was ten
opzichte van de controle condities. Deze resultaten tonen aan dat ook
osmolariteit een krachtige parameter is die het chondrocyt phenotype
beïnvloedt in kweek.

interessant alternatief voor het gebruik van lichaamseigen cellen uit
het aangedane weefsel. Mesenchymale stamcellen (MSCs) zijn in staat

MSCs (als gevolg van het grote verschil in experimentele opzetten) lijken
deze cellen goed in staat zich aan te passen aan een omgeving met lage

en indien de zuurstofspanning niet te laag wordt lijkt het zelfs proliferatie

van cellen beïnvloeden, de onderliggende mechanismen hiervan zijn

in plaats van te vertrouwen op groeifactoren, medicijnen of genetische
manipulatie, biedt interessante mogelijkheden voor onderzoekers die de
mogelijkheden van regeneratieve geneeskunde sneller naar de kliniek
willen brengen.

factoren een sterke rol spelen in het celkweekproces. Een goede controle
van deze factoren gedurende dit proces, bijvoorbeeld door gebruik van
bioreactoren, zal ons in staat stellen om de uitkomst van het kweekproces
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beter te beheersen. Eveneens kan deze controle gebruikt worden om 
de pathogenese van multi-factoriële aandoening zoals osteoarthrose te
onderzoeken.
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Articular cartilage is a smooth, white tissue that is responsible for the 
smooth and frictionless movement of joints. It also functions as a shock 
absorber that distributes load evenly over the underlying bones.

Articular cartilage consists of relatively few main components. 
Glycosaminoglycans are negatively charged and therefore attract a lot of 
water, which causes the tissue to swell. As a result, the main component of 
cartilage is water. This swelling is mainly counteracted by the presence of 

by only one cell type, the chondrocyte. Despite the fact that articular 
cartilage has few main constituents, it is an incredibly complex tissue that 
is not able to repair itself correctly. Consequently it is a tissue that has 

combination of cells, (bio)materials and growth factors to produce ex-vivo 
generated tissues.

One of those ways is by directly altering this environment. This can be 

the culture environment. Through the use of these manipulations, cells can 

In vivo cartilage is constantly loaded due to daily movements. In healthy 

chondrocytes respond to the load by synthesizing structural proteins 
such as proteoglycans and type II collagen (COL2). Chondrocytes from 
osteoarthritic cartilage, or chondrocytes that have been cultured in 

osteoarthritic cartilage are cultured and then loaded, the expression of 
the structural proteins, AGCN and COL2, is lowered, while the expression 
of matrix degrading enzymes, MMP-1 and -3, is upregulated. In contrast, 
primary chondrocytes show a more anabolic response to loading, 
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causes a reduction in the downregulation of the gene expression of 
AGCN and COL2 in response to loading. These results have implications
for the expansion procedures that are used in autologous chondrocyte 
transplantation and for the design of treatment plans of patients treated
with cultured chondrocytes.

Articular cartilage does not contain any blood vessels for the supply of 
oxygen and the removal of waste products. Chondrocytes therefore exist 

7.4) it was shown that the expression of several important marker genes

pO2.

consumed less glucose and produced more lactate, which indicates an
inhibition of the metabolism. The use of bioreactors to accurately control
the culture environment of cells allows us to more accurately study the

studying these parameters in the pathogenesis of progressive diseases
such as OA.

examined in chapter 4. In vivo chondrocytes exist in an environment
of low oxygen tension. A low pO2 is therefore often associated with a 
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An elevated expression of collagen type II is the result. The growth factor 

crucial for elevated COL2 expression under low pO2.

The tonicity of cartilage is higher than the tonicity of plasma and standard 

process of chondrocytes and the underlying mechanisms are examined 
in chapter 5. Standard culture medium has an osmolarity of 280 mOsm. 
In this chapter it is shown that chondrocytes that are cultured at a 
higher, for chondrocytes physiological, osmolarity (380 mOsm) retain a 
higher expression of the chondrocyte marker COL2, while expression of 

in osmolarity, which indicates a better retention of the chondrocyte 
phenotype at 380 mOsm. Even higher osmolarities inhibit proliferation 
(i.e. at 480 mOsm) and 580 mOsm causes cell death. The transcription 

COL2 expression under 380 mOsm, while COL1 expression is upregulated 
compared to control conditions. These results show that osmolarity is 

culture.

for the use of autologous chondrocytes. Mesenchymal stem cells (MSCs) 

therefore especially promising as an alternative for cartilage regeneration. 
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to the large variation in experimental procedures) it appears clear that
these cells are well able to adapt to hypoxia. They can survive low oxygen
tensions for prolonged time periods and, if the oxygen tension does not
drop too low, it even appears to support their proliferation. In some cases

paracrine activity of MSCs and their recruitment to the site of injury. The 

exciting new potential for tissue engineering. The possibility of positively 
altering cell behavior on this scale without the use of additional growth
factors, drugs or genetic manipulation should attract the interest of many
researchers aiming to bring regenerative medicine closer to the clinic.

cell culture for cell-based cartilage replacement therapies. It is clear that 

control of these parameters during culture, through the use of bioreactors,
will allow us to better control the outcome of the cell culture process and

replacement. Additionally, the strict and independent control can be
employed to study the pathogenesis of multi-factorial diseases such as
osteoarthritis.
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ACI Autologous chondrocyte implantation
ACAN Aggrecan
ATP Adinosine triphosphate

cDNA Complementary DNA
COL1 Collagen type I
COL2 Collagen type II
COL10 Collagen type X
CS Chondroitin sulfate

CX3C chemokine receptor
C-X-C chemokine receptor type 4

DMEM
ECM Extracellular matrix
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay

Extracellular signal-regulated kinase

GAG Glycosaminoglycan
Glyceraldehyde-3-phosphate dehydrogenase

Gly Glycine

Abbreviations
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Insulin-like growth factor
IL Interleukin
KS Keratan sulfate
MACI Matrix-induced autologous chondrocyte

implantation
MCP Methyl-accepting chemotaxis protein
MMP Matrix metalloproteinase

MSC Mesenchymal stem cell
OA Osteoarthritis
Oct-4 Octamer-binding transcription factor 4

PID Proportional-integrative-derivative
pO2 Partial oxygen pressure

p38-MAPK p38-Mitogen activated protein kinase
Quantitative polymerase chain reaction

rpm

SOX9
Transforming growth factor
Tumor necrosis factor
Vascular endothelial growth factor
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aan de Technische Universiteit Eindhoven. Ondanks de mogelijkheid 
om een jaar later alsnog met geneeskunde te beginnen, bleef hij bij de 
keuze voor biomedische technologie, vanwege de unieke combinatie van 
het medische en technische. Tijdens een buitenlandse stage in Parijs, 
bij Prof. Christian Oddou, werd de basis voorzijn interesse in celkweek 
met bioreactoren gelegd. Na een kort intermezzo voor een master 

computermodel gekeken werd naar reorganisatie van collageenvezels in 
articulair kraakbeen, begon hij in 2005 aan zijn promotie aan de Erasmus 

centraal. Deze trend werd doorgezet, en sinds 2010 is hij werkzaam als 

wordt ontwikkeld voor het kweken van cellen voor toepassingen in de 
celtherapie.
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Daarom is het des te belangrijker dat alle jaren voorafgaand aan die laatste
keer "save as" gevuld zijn met mensen die er voor zorgen dat je de moed 
erin houdt. Of dat nu is door wetenschappelijke stimulatie, de broodnodige

stortvloed aan geklaag als het hart weer eens gelucht moet worden,
iedereen heeft eraan bijgedragen dit boekje er uiteindelijk ligt. Ergens
hoop ik dat deze dankbetuiging slechts een summiere bevestiging wordt
van wat iedereen al weet, maar eigenlijk kan je nooit te ver gaan in het

gegeven me wetenschappelijk te ontplooien. De vrijheid die je promovendi
geeft om een eigen richting te vinden heb ik zeker altijd gewaardeerd. 
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heen. Ik was altijd onder de indruk van de eindeloze stroom ideeën die
van jouw kant af kwamen en van je bijna encyclopedische moleculair 

geval een hoop biologische handvatten mee te geven voor de rest van

jouw visie te horen over hoe we een studie naar een hoger plan konden 
tillen.

Professor van Osch, beste Gerjo. Ondanks dat je slechts kort betrokken 
was bij de begeleiding van mijn promotie, is je input altijd enorm waardevol

opbeurend en ik ben daarom ook blij dat onze paden elkaar nog steeds
kruisen.
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hebben heb ik je rust en bereidheid tot helpen altijd erg gewaardeerd. 

onze hele promotie periode samen meegemaakt en dankzij jullie ook weer 
net dat beetje makkelijker. Miriam, jij mag in dit rijtje natuurlijk zeker niet 

al die tijd nog steeds contact houden. En verder wil ik iedereen die het 
lab orthopedie bevolken, of hebben bevolkt, bedanken. Sandra, Marieke, 

en alle anderen die ik onverhoopt over heb geslagen, bedankt voor alle 
steun, groot of klein. Een speciale vermelding is ook nog op z'n plaats 
voor Martijn en Marco. Martijn, bedankt voor alle keren dat ik weer bij 
je terecht kon als er weer gesleuteld moest worden aan de bioreactor. 
Marco, thanks for putting a brother up. Geweldig dat ik een maand kon 

Eric, I don’t think anyone is surprised that you’re there as my paranimf. I 
remember Gerjo telling we’d get a guest from Ireland and that we should 
make him feel at home. I do believe I can say mission accomplished. I am 
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De academische wereld is een small world after all, vandaar dat ik gelukkig 
ook kon rekenen op vrienden die daar buiten staan. Of dan toch in ieder 
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zijn! Laurens en Alwies, ook jullie twee noem ik een adem. Als laatste van 
ons drie heb ik dit boekje af, maar dan wel mede door de steun die ik 
altijd heb gehad van jullie. Ik ben blij dat we nu nog steeds bij elkaar over

contact de laatste tijd minder intensief is, zijn jullie er op de momenten

grootste escapistische bezigheid was toch wel spelen in mijn bands. 

met jullie te delen. Tenslotte moet ik hier ook zeker nog mijn collega's van

makkelijk gemaakt.

more of those together. My life is better if we can be idiotic together. Never
a dull moment!!

De laatste paragrafen zijn gereserveerd voor de belangrijkste mensen in 
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dat ook nog heel lang blijven doen. Ik ben er trots op dat je alles op alles
zet om je droom te verwezenlijken en ik ben er van overtuigd dat het gaat 
lukken.

koos voor een heel andere aanpak, maar zie maar eens waar je nu bent!

komen.
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