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Chapter 1

Aging is a process that affects everybody and importantly, affects all cells and therefore all 
the tissues in our body. In the worst cases, tissue aging leads to organ failure and death; in 
other cases, the effects of aging are more subtle and less dramatic. In our tissue of choice 
– bone and the skeletal system - aging manifests in the form of osteoporosis, low bone 
mineral density and a higher risk of fractures, all contributors to a higher morbidity [1].

There are several theories applicable to the process of aging, of which the free radical 
theory of aging is one of the oldest and well-studied. This theory, first proposed by Denham 
Harman in the 1950’s, states that organisms age because cells accumulate free radical 
damage over time [2]. Free radicals are atoms or molecules that have a single unpaired 
electron in their outer shell. Many biologically relevant free radicals are highly reactive and 
can be produced by the cell’s metabolic mechanisms. Free radicals can cause intracellular 
damage to DNA and proteins. 

To limit damage caused by free radicals, which are often called reactive oxygen species 
(ROS), cells have antioxidant scavengers, which are reducing agents that limit oxidative 
damage to biological structures by scavenging free radicals (reviewed in [3]). ROS can 
function as regulators of cellular signalling and cellular processes but high levels of free 
radicals can cause oxidative damage when not regulated correctly (reviewed in [4]). 

When damage occurs, the cell has a wide variety of repair mechanisms in place in order to 
prevent damage from derailing cell function and the induction of senescence or apoptosis 
[5,6]. DNA damage is counteracted in the cells by a range of DNA repair mechanisms that 
can repair a wide variety of DNA lesions (reviewed in [7]and [8]). One of these pathways is 
the nucleotide excision repair (NER) pathway, which removes helix-distorting and bulky 
lesions, caused by exposure to UV light, ROS or chemicals like tobacco smoke [7]. 

Oxygen is a very important regulator of cell differentiation and function. Interestingly, most 
cell culture experiments are performed at oxygen tension levels that are never reached 
in vivo. In many tissues, oxygen tension drops to hypoxic levels, inducing signalling 
pathways that alter the cell’s proliferative and differentiation state [9,10,11]. More insight 
into cell signalling during low oxygen tension will be valuable in understanding in vivo cell 
functioning. 

This thesis focuses on the influence of oxygen, defective DNA repair and oxidative damage 
on bone formation, remodelling and aging.

1. Bone

The skeleton forms the supporting structure of an organism and, in humans, is made up 
out of bone and cartilage. The human skeleton has 206 bones that protect soft tissues and 
vital organs, anchor muscles and, on a cellular level, function as calcium and phosphate 
storages, maintaining the body’s serum calcium homeostasis [12]. More recently bone has 
also been described as an endocrine organ, producing regulatory factors like sclerostin 
(SOST) and fibroblast growth factor 23 (FGF23) that regulate vitamin D metabolism and 
phosphate homeostasis [13,14]. 



12 Chapter 1

Chapter 1

1.1 Bone structure
Long bones – which will be the main focus of this thesis – consist of several structural 
elements (depicted in detail in Figure 1). 

Figure 1: Structural elements of long bones. Adapted from http://training.seer.cancer.gov/
anatomy/skeletal/classification.html

The bone cortex, or cortical bone, forms the outer, compact layer of the bone. Cortical 
bone is very dense (70%- 95% bone) and accounts for about 80% of the total mass of the 
skeleton. Cortical bone is vascularised although the number of vessels is comparatively 
low compared to that of trabecular bone. Trabecular bone consists of a network of bony 
trabeculae with a high connectivity, localised within the cortical bone. The connecting 
trabeculae form a loose network with a lot of holes (90% free space) that create space for 
blood vessels and bone marrow cells. 

The trabecular network looks like a sponge, and is often called spongy or cancellous 
bone. The overall trabecular structure is dependent on outside mechanistic stress and 
can be remodelled whenever necessary to adapt to changing outside forces on the bone. 
In contrast to cortical bone, trabecular bone is metabolically very active and plays an 
important role in calcium homeostasis. 
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There are several regions within a long bone, starting with the epiphysis, which mostly 
consist of trabecular bone surrounded by a layer of cortical bone. The part of the epiphysis 
adjacent to the epiphyseal lines is also called metaphysis and contains most of the trabecular 
bone. The middle part of the bone, called diaphysis, mainly consists of cortex and contains 
much less trabecular bone on the inside. Instead, it houses the bone marrow cavity in which 
mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs) divide, differentiate 
and proliferate in order to form blood cells and mesenchymal progenitor cells that will 
enter the circulation to be transported to their target tissues. Epiphysis and diaphysis are 
separated from each other by the growth plates (physes) on either side of the long bone.

1.2 Bone development, modelling and remodelling
In humans we recognize two different ways of bone formation during early development. 
Most bones, including all long bones, are formed by a process called endochondral bone 
formation. Endochondral bone formation is characterised by the formation of a cartilage 
template, followed by ossification from several primary and secondary ossifications 
centres. Cartilage zones remain in the long bones and will later become the growth plates 
that will enable longitudinal growth of the bone. Intramembranous bone development 
on the other hand, which takes place in the flat bones of the skull, the mandible, maxilla 
and clavicles, does not make use of a cartilage template and only uses a single ossification 
centre (reviewed in [15]). 

After bone development, all bones undergo modelling and remodelling (Figure 2). Bone 
modelling takes place during growth and prevents damage to the bone by adapting bone 
structure and strength, adapting the bone to new loading requirements. Modelling is 
regulated by physiologic influences and mechanical forces on the bone, leading to gradual 
adjustment of the skeleton to the forces that it encounters. During the modelling phase 
most of the bone formed during bone development is replaced by structurally stronger 

bone. 

Figure 2: Bone remodelling within the bone multicellular unit; at the site of remodelling, osteoclasts 
resorb the old mineralised matrix after which osteoblasts produce a new bone matrix which 
mineralises. Most osteoblasts go into apoptosis, but some stay behind in the matrix and become 
osteocytes, whereas other transition into bone lining cells that will cover the bone surface. 
Adapted from http://www.york.ac.uk/res/bonefromblood/background/boneremodelling.html 
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Bone remodelling takes place throughout live and maintains the structural integrity and 
strength of the bone by removing old or damaged bone and replacing it by new, strong 
bone. Remodelling is a local process that can take place anywhere on the bone surface 
throughout the lifespan of a bone. Remodelling occurs in a temporary anatomic unit of 
osteoclasts and osteoblasts called a bone multicellular unit (BMU). The BMU is a sealed 
compartment in which bone resorption and subsequent formation are regulated. This 
coupled resorption and formation characterises and differentiates bone remodelling from 
bone modelling, in which bone resorption and formation do not have to occur at the same 
time and site. In extreme circumstances, like a fracture, the remodelling surface can be 
large and extremely active, but throughout life most of our bone surface gets renewed bit 
by bit due to remodelling [16].

1.3 The cells involved in bone formation and (re-)modelling
Independent of the kind of bone development, the type of cells involved in bone formation, 
modelling and remodelling is limited. 

1.3.1. Mesenchymal stem cells and osteoblasts

Osteoblasts, also known as bone forming cells, originate from mesenchymal stem cells 
(MSCs) that can be found in the bone marrow. MSCs can differentiate into multiple cell 
types, including osteoblasts, chondrocytes and adipocytes [17]. After receiving the right 
differentiation cues, MSCs differentiate into osteoblast precursors, who then become 
mature, matrix producing osteoblasts (Figure 3).

Figure 3: Schematic depiction of osteoblast differentiation from MSC to mature osteoblast. During 
the differentiation process several groups of transcription factors play an important role in 
driving the transition from MSC to mature osteoblast. In the early stages Wnt-signalling, BMP2 
and RUNX2 are some of the key players, whereas later on BMP2 and SP7 regulate differentiation. 

Osteoblast differentiation is regulated by a number of key players that drive the transition 
from pluripotent progenitor to pre-osteoblast and onwards to mature osteoblast. 
Important in early differentiation is bone matrix protein 2 (BMP2). Cell culture experiments 
showed that BMP2 plays a continuous role during the various transition stages, inducing 
the expression of osteoblast differentiation markers alkaline phosphatase (ALP) and 
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osteocalcin (BGLAP) [18,19]. More importantly, BMP2 can induce the expression of the 
essential osteoblast differentiation factor runt-related transcription factor 2 (RUNX2). 
In mice, a loss of Runx2 results in a complete lack of skeletal ossification due to a lack of 
osteoblast differentiation [20,21]. RUNX2 regulates the expression of osterix (SP7), an 
osteoblast-specific transcription factor that drives the transition from pre-osteoblast to 
mature osteoblast [22]. Sp7 null mice resemble Runx2 null mice, displaying an inhibition of 
osteoblast differentiation and a lack of bone formation [23]. In addition, activation of Wnt-
signalling is required for early osteoblastogenesis. Osteoblast differentiation is stimulated 
by the stabilisation and translocation of β-catenin to the nucleus, which leads to target 
gene expression (reviewed in [24]). Interestingly, during the later stages of osteoblast 
differentiation inhibitors of Wnt-signalling, like dickkopf  homolog 1 (DKK1) and dickkopf 
homolog 2 (DKK2) play an important role in osteoblast maturation and matrix mineralisation 
by inhibiting Wnt-signalling in pre-osteoblasts [25]. To determine the differentiation stage 
of an osteoblast precursor, ALP expression and activity are commonly used as osteoblast 
differentiation markers. ALP expression is low in MSCs, but gradually rises during osteoblast 
differentiation [21,26]. 

Mature osteoblasts produce and secrete matrix molecules, for example collagens (collagen 
I is the most abundant protein in bone), which are the foundations of the bone matrix. 
These mature osteoblasts ultimately undergo one of three fates during matrix formation 
and mineralization. The largest percentage of the osteoblasts goes into apoptosis [27]. A 
number of mature osteoblasts become bone lining cells at the bone surface [28]. A number 
of osteoblasts, somewhere between 10-20%, become embedded in the matrix and 
transition into osteocytes. A number of genes may play a role in this transition and later on 
in osteocyte function, including metallo-matrix proteinase 2 (MMP2), dentin matrix protein 
1 (DMP1) and matrix extracellular phosphoglycoprotein (MEPE) [29,30,31,32]. 

1.3.2. Osteocytes and bone lining cells

During matrix formation many osteoblasts undergo apoptosis, but some get buried inside 
of the matrix and transform into osteocytes [33]. Osteocytes are cells with long cytoplasmic 
extensions that extend throughout the matrix in little canals called canaliculi. Through these 
extensions the osteocytes stay in touch and communicate with each other. Osteocytes are 
thought to be involved in bone remodelling by measuring mechanic forces and pressure in 
the bones and regulating cellular signalling cascades that induce remodelling [34]. Micro 
damage occurs in our bones as a result of repetitive cyclic loading incidents. Small cracks 
accumulate in the mineralised matrix of bone in a load-dependent manner and reduce the 
strength of the bone [35,36,37,38]. Bone, however, is capable of removing accumulating 
micro damage by targeted bone remodelling [39,40,41]. Osteocyte apoptosis plays an 
important role in the initiation and localisation of the remodelling process [42]. Large-
scale osteocyte apoptosis at the site of damage recruits osteoclasts by the secretion of 
unidentified signaling factors [43]. 

In addition, osteocytes are metabolically active cells under the control of external stimuli that 
produce a number of known signaling factors including SOST and FGF23. These relatively 
new findings have changed the way bone is viewed, since it suddenly seems to have an 
endocrine function instead of just being there to provide structural support. SOST is an 
inhibitor of bone formation and a lack of SOST activity leads to an overproduction of bone 
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and sclerosteosis [44]. Binding of parathyroid hormone (PTH) to receptors on the osteocyte 
surface leads to the inhibition of SOST production and secretion and a subsequent increase 
in bone formation [13]. FGF23 plays an important role in phosphate homeostasis and, in 
excess, leads to hypophosphatemia, aberrant vitamin D metabolism, impaired growth, 
and rickets [45,46,47]. Inversely, a loss of FGF23 results in hyperphosphatemia, excess 
1,25(OH)2D3, and soft tissue calcifications [14,48].

Bone lining cells are pre-osteoblasts that cover inactive bone surfaces. Throughout life, 
these bone lining cells can be activated and subsequently differentiated into osteoblasts 
involved in bone remodelling. Whether or not they become osteoblasts depends on the 
presence of the necessary signals, which are still largely undiscovered [28]. Recent evidence 
shows that intermittent PTH treatment leads to an increase in bone formation and the 
activation of bone lining cells, both in in vivo cultures and in vitro in rats [49,50].

1.3.3. Osteoclasts

Osteoclasts are bone resorbing cells. Unlike the cell types mentioned above, they do 
not originate from MSCs but from hematopoietic stem cells (HSCs) in the bone marrow. 
Osteoblasts/osteocytes secrete receptor activator of nuclear factor-kappa B ligand (RANKL), 
which binds to receptor activator of nuclear factor-kappa B (RANK), a receptor found on the 
osteoclast membrane [51]. 

Figure 4: Osteoclast resorption pit; mature osteoclasts adhere to the bone, form a ruffled border 
and secrete hydrogen ions and lysosomal enzymes to resorb the matrix in order to form a 
resorption pit that can be filled with new bone matrix. Copyright © 2008 Elsevier Inc - www.
mdconsult.com
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Binding of RANKL to RANK drives osteoclast differentiation and subsequent bone 
resorption. Another regulating molecule secreted by osteoblasts is osteoprotegerin 
(OPG), which functions as a decoy receptor for RANKL [52]. The balance between OPG and 
RANKL determines eventually if and how much bone is resorbed [53]. Mature osteoclasts 
are multinucleated cells that produce and secrete molecules that will break down the 
mineralised bone matrix into its separate organic compounds. 

Osteoclasts usually attach themselves to an area of bone that requires modelling or 
remodelling and resorb the covered area. One of the main characteristics of a resorbing 
osteoclast is the formation of a ruffled border at the side of the cell that covers the bone. 
The actively resorbing osteoclasts form a sealed resorption pit and secrete hydrogen ions, 
cathepsin K and metallo matrix proteinases (MMPs) into this space. The hydrogen ions 
demineralize the matrix, which is then degraded by cathepsin K, a lysosomal cysteine 
proteinase, and several MMPs, including collagenases (Figure 4)[54].

In order to maintain calcium homeostasis and bone mass, it is important that the amount 
of bone formation and resorption is extremely well balanced. This is why there is a natural 
coupling between osteoclast and osteoblast activity [55]. Whenever this coupling, and 
therefore the balance between resorption and formation is disturbed, bone homeostasis is 
severely affected, which in some cases leads to diminished bone strength and an increase 
in fracture risk.

1.4 Bone matrix
Bone matrix, is a specialized protein-rich extra cellular matrix (ECM) produced by osteoblasts 
and consists out of collagens, non-collagenous proteins (NCPs), mineral and water [56]. 

The main organic component of the bone matrix is collagen type I (COL1A1), although a 
wide variety of collagens can be found throughout the matrix. A variety of NCPs such as 
osteocalcin, osteonectin and bone sialoprotein (SPP1) - are present in the bone matrix. 
Previous studies have shown that most of these proteins are either involved in osteoblast 
differentiation and maturation or might play a role in matrix mineralization, functioning as 
nucleation factors for matrix mineralization [57]. The inorganic part of the matrix mainly 
consists of carbonated hydroxyapatite crystals deposited onto the matrix. Recent proteomic 
analysis of the bone matrix showed that there are still a great number of unknown proteins 
present in the matrix that could be involved in numerous regulatory processes [58].

There is an intricate interplay between the developing bone matrix and the osteoblasts 
responsible for that formation. The osteoblasts and the mineralising matrix mutually affect 
each other. Osteoblasts can secrete factors like metallo matrix proteinases (MMPs) that 
can remodel the matrix by cleaving matrix surface molecules. MMP mediated cleavage or 
processing of matrix molecules can also release important signalling factors from the matrix 
that influence osteoblast differentiation and matrix formation [59,60,61,62,63]. Mutations 
in MMPs affect bone formation and emphasise the importance of this bidirectional cell-
matrix communication [64,65,66,67]. 

Structurally, two forms of bone matrix can be observed. In lamellar bone (matrix) collagen 
is deposited in a regular, parallel alignment of collagen sheets, which form a mechanically 
strong matrix. During the initial bone development, but also after a micro crack/fracture, 
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bone matrix is formed very rapidly. Due to the speed of this process, a woven bone matrix 
is formed, characterized by a more disorganised constellation of the collagen fibrils, which 
are not deposited in a regular, structured manner. Woven bone is weaker and easier to 
break and usually will be rapidly replaced by lamellar bone. This is why bones undergo a 
modelling phase early on in life and one of the main reasons for on-going bone remodelling 
[68,69].

1.5 Bone strength and periosteal apposition
Bone strength is highly dependent on the strictly regulated balance between bone 
formation and bone resorption. By regulating this balance, bone remodelling and bone 
repair take place in a structured and regulated fashion so that high quality bone matrix is 
formed and kept.

 a more mathematical point of view, the size of a bone is of particular importance to bone 
strength. The resistance of bone to torsional forces or bending is exponentially related to its 
diameter [70]. A small addition to the bone diameter will therefore significantly increase its 
strength. Throughout life, new cortical bone is deposited at the outside (periosteal side) of 
the cortex. This process of radial bone growth is called periosteal apposition, and is of great 
importance to maintain bone strength later on in life when endosteal bone loss increases. 
Endosteal bone loss is most obvious in post-menopausal women but in general affects 
both men and women with aging.

The mechanisms that control periosteal apposition are still largely unknown, but sex 
steroids seem to play a role. Androgens have a positive effect on periosteal apposition. 
The effect of estrogens appears to be dose dependent, with low doses being beneficial, 
whereas higher doses inhibit periosteal apposition [71,72]. Recent studies performed in 
male estrogen receptor α (ERα) knockout mice, however, showed a reduction in radial 
bone growth, suggesting that in fact, estrogens might stimulate radial growth alongside 
androgens [73].  Mechanical loading is also involved in bone strength, with an increase in 
bending stress leading to the stimulation of periosteal apposition [74].

1.6 Endocrine regulation of bone formation and resorption
Bone formation and resorption (together remodelling) are highly regulated processes. A 
wide variety of endocrine factors play a role in this regulation, many of which interact with 
each other. Three important groups of hormones are:

1.6.1 Sex steroids 

Sex steroids play an important role in bone formation and resorption. Estrogens inhibit 
bone resorption by inhibiting osteoclast function and stimulating osteoclast apoptosis 
[55,75]. They also have an anti-apoptotic effect on osteoblasts, effectively inhibiting bone 
resorption while stimulating bone formation [71]. Consequently, a loss of estrogens, 
for example during menopause, leads to an increase in bone loss. Estrogens are also 
responsible for a rise in pubertal longitudinal bone growth and subsequent closure of the 
growth plates in the long bones [76].

Testosterone affects bone in a variety of ways. It can be converted into estradiol by 
aromatase and thus can have indirect effects through estrogen on bone. On the other hand, 
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there are clear direct effects of testosterones, including stimulation of bone formation in 
both males and females as well as inhibition of bone resorption in males. The effects of 
testosterone are mainly obtained by positively regulating the lifespan of osteoblasts and 
actively stimulating of osteoclast apoptosis [77]. 

1.6.2 Calcium homeostasis regulators parathyroid hormone/ 1,25(OH)2D3 axis

The regulation of serum calcium homeostasis is of great importance to bone maintenance 
and tightly interconnected with bone remodelling. Parathyroid hormone (PTH), Vitamin 
D (1,25(OH)2D3)  and calcitonin regulate calcium homeostasis through effects on kidney, 
intestine and bone [55,74,78]. Most importantly, PTH stimulates osteoclast differentiation 
by regulating the expression of two important osteoclast growth factors, RANKL and OPG 
in osteoblasts. This leads to an increase in resorption and higher serum calcium [52]. Most 
interestingly, intermittent PTH treatment, using daily injections, is bone anabolic and is 
currently used in the clinic [79].  

Vitamin D, which is originally produced in the skin or taken up from the diet, is processed 
in the liver and kidney in order to produce the biologically active metabolite 1,25(OH)2D3, 
using 25-hydroxylase and 1α-hydroxylase, respectively. The latter enzyme is activated 
by PTH and hypocalcemia and inhibited by 1,25(OH)2D3 and hypercalcemia. 1,25(OH)2D3 
stimulates intestinal and renal calcium (re-) absorption and as a consequence increases 
serum calcium levels. Interestingly, 1,25(OH)2D3  also stimulates matrix mineralization in 
humans [80,81]. In addition, osteoblasts express 1α-hydroxylase as well, enabling local 
1,25(OH)2D3 production in human osteoblasts [82].

1.6.3 The GH/IGF axis

The GH/IGF axis plays an important role in the maintenance of bone mass and density 
and promotes skeletal development and growth. Growth hormone (GH) secretion in the 
pituitary is stimulated by growth hormone releasing hormone (GHRH) and inhibited by 
somatostatin from the hypothalamus. Estrogens and glucocorticoids modulate the effect 
of GHRH on GH secretion [83]. GH can act directly or indirectly on a number of tissues 
by stimulating insulin-like growth factor 1 (IGF1) production and secretion. IGF1 synthesis 
takes place predominantly in the liver and is regulated by insulin as well. Both GH and IGF1 
target bone and muscle, where they induce development, growth, and tissue regeneration 
as well as lipid and carbohydrate metabolism [84].

In addition, bone is a major storage reservoir for IGF1 that as such could function as a 
coupling factor between bone resorption and formation during bone remodelling. IGF1 
secretion in bone is stimulated by a number of factors, including PTH and 1,25(OH)2D3. 
The IGFs embedded in newly formed bone are released when bone is resorbed, enabling 
stimulation of new bone formation. IGFs strongly inhibit osteoblast apoptosis in vitro 
and IGF1 prevents forkhead box O1 (FOXO1) from inhibiting RUNX2 activity, thereby 
stimulating osteoblast differentiation [85,86]. It also plays an important role in stimulating 
matrix mineralization [87]. On the other hand, IGFs may increase osteoclastogenesis [88]. 
At old age a reduction of IGF1 levels may contribute to a decline in remodelling and the 
pathogenesis of osteoporosis [84,89].
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1.6.4 Leptin

Leptin is an endocrine factor produced by adipocytes that mainly acts in the hypothalamus. 
There it regulates body weight and fat mass by affecting appetite and energy expenditure 
[90]. A lack of leptin, as seen in ob/ob mice, leads to obesity and high bone mass, even 
though sex steroid levels are low, which indicates that leptin has a negative effect on bone 
[91]. More specifically, leptin can act directly on osteoblasts and osteoclasts to increase 
cortical bone mass or indirectly via the GH-IGF axis [92,93]. In addition, leptin can act 
via neuro-endocrine circuits, on one hand inhibiting bone resorption via stimulation of 
hypothalamic cocaine- and amphetamine-regulated transcript (CART) expression and 
on the other hand stimulating bone resorption and inhibiting bone formation via central 
circuits that stimulate sympathetic nervous system (SNS) function [94,95]. Recently 
published data showed that the balance between these two neuro-endocrine mechanisms 
is age-dependent, with a shift towards SNS-mediated inhibition of bone formation in older 
mice [96]. Interestingly, long bones and vertebrae are affected differently, which might be 
due to the presence or absence of trabecular bone [97].

1.7 Age-related bone loss 
Humans reach peak bone mass between 23 and 35 years of age. From that moment 
onwards, they gradually start to lose bone at a rate of approximately 0.4% a year. This is 
mostly due to the incomplete filling of resorption pits during the remodelling cycle. 

Age-related bone loss correlates with an increase in fractures, a decrease in quality of life 
and ultimately in high morbidity. Since the average age of the world population keeps 
rising, age-related health issues become an increasing burden for society, both medically 
and financially, with age-related bone loss being a typical example.

When studying age-related bone loss, a distinction should be made between men and 
women. Men only experience one stage of bone loss, which is characterised by a slow, 
gradual decline in mass that leads to approximately 20-25% loss of bone. Both cortical and 
trabecular bone are affected [98]. Women on the other hand, experience two phases of 
bone loss. They share the slow, gradual loss of bone found in men, but also undergo a stage 
of accelerated bone loss that starts during menopause and affects trabecular bone much 
more severely than cortical bone. In this accelerated phase, 20%-30% of all trabecular bone 
is lost, whereas only about 5% of cortical bone will be resorbed, before bone loss rates 
return back to the same rates as measured in aging men [98].

At a cellular level, age-related bone loss is caused by an imbalance between bone formation 
and resorption. In women, the loss of sex steroids during menopause has a positive effect 
on osteoclast activity, disrupting this balance [75]. Osteoblast apoptosis also increases 
throughout life, resulting in a shorter osteoblast life span and activity, which leads to lower 
bone formation rates. In addition, an age-related imbalance in MSC lineage divergence 
leads to an increase in adipocyte proliferation in the bone marrow, which is accompanied 
by a decrease in osteoblast differentiation. This phenomenon is also known as fatty bone 
marrow, since the marrow cavity fills up with adipocytes. This imbalance in MSC lineage 
divergence results in a decrease in bone formation, while resorption is unaffected, thereby 
further disrupting the process of coupled bone formation. 
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2. Oxygen

2.1 Oxygen tension and hypoxia
A sufficient supply of oxygen and nutrients is necessary and essential for cell survival and 
metabolism. Alterations in tissue oxygen tension have been postulated to contribute to 
numerous pathologies, including rheumatoid arthritis and chronic kidney injury [99,100]. 

Prolonged oxygen deprivation leads to cell death and is a major cause of mortality. Oxygen 
is distributed to tissues by blood vessels. Oxygen tension fluctuates around 21% in normal 
air, but in the body physiologic oxygen pressure is much lower, ranging from a maximum 
10%-13% in arteries, lungs and liver, to as low as 1% in cartilage and bone marrow 
[101,102,103,104,105,106]. Within a tissue, oxygen tension can fluctuate depending on the 
distance between the cells and the vessel.

Oxygen tension plays an important regulatory role in many cellular processes. In the 
bone marrow, oxygen tension determines the proliferation and differentiation state of 
hematopoietic stem cells [107]. Cells can sense and adapt to changes in oxygen tension 
through a complex signalling cascade in which hypoxia-inducible factor1 α (HIF1α) plays 
the role of master switch  [108]. 

HIF1α is stabilised in cells that are exposed to very low oxygen tension, a situation called 
hypoxia. Stabilisation of HIF1α leads to an upregulation of genes that orchestrate cell 
metabolism and survival under low oxygen conditions, including anaerobic glycolysis 
and blood vessel formation (see Figure 5) [109,110]. Hypoxia is not necessarily a bad or 

dangerous state to be in for cells and can be used as a regulatory switch [109,110].

2.2 Oxidative stress and antioxidant defences
Oxidative stress is characterised by an increase in the level of reactive oxygen species (ROS). 
ROS encompass a wide variety of chemical species such as  superoxide anions, hydroxyl 
radicals and hydrogen peroxide. Some of them are highly unstable (superoxide anions) 
while others are relatively stable and long-lived (hydrogen peroxide). 

ROS are generated inside of the cell, mostly during metabolic processes. The main 
source of ROS production are mitochondria, which produce ROS during the oxidative 
phosphorylation of adenosine diphosphate (ADP) to produce adenosine triphosphate 
(ATP) [111]. In vitro, mitochondria convert 1%-2% of oxygen molecules into superoxide 
anions, while further studies under more physiological conditions (i.e. in vivo isolated 
mitochondria, the use of specialised substrates) have reduced this basal value to about 0,2% 
[112,113].  At these basal rates, ROS play an important role in cellular signalling, regulating 
numerous processes, including cell metabolism, endocytosis and adhesion [114,115,116]. 

External stimuli, including UV radiation, cytokines, growth factors and hyperthermia, 
can generate extremely high levels of ROS that will disturb the normal redox balance of 
the affected cells and shift them into a state of oxidative stress. High levels of ROS cause 
oxidative damage to intracellular proteins, lipids and DNA [117]. They can cause a broad 
spectrum of oxidative DNA lesions, including 8-oxo-2’-deoxyguanosine (8-oxodG), thymine 
glycols, cyclopurines and single and double strand breaks of different nature [118].
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Figure 5: Activation of HIF1α target genes during hypoxia; under hypoxic conditions, HIF1α 
is stabilised and translocated to the nucleus where it dimerises and activates target gene 
expression. Several pro-angiogenic genes, including VEGF, are amongst HIF1α target genes. 

Several studies have shown that aging cells accumulate ROS-induced damage and 
associated complications [119,120]. To protect themselves from ROS-induced oxidative 
damage, cells counteract ROS production by an intricate antioxidant defence system. This 
defence system consists of a large number of scavengers including antioxidant enzymes 
and FoxO proteins. 

There are three classes of antioxidant enzymes (Figure 6). Superoxide dismutases (SODs) 
reduce superoxide radicals into H2O2. SOD1 is located in the cytoplasm and scavenges 
cytosolic ROS. SOD2 is located in mitochondria and scavenges at the source, preventing 
ROS diffusion into the cytoplasm. SOD3 on the other hand, is also called extra cellular SOD. 
It is secreted into the extra cellular space where it binds to the outside of the cell membrane 
where it can scavenge extracellular ROS [121,122]. Catalase (CAT) and glutathione 
peroxidases (GPXs) reduce H2O2 into H2O [123]. In addition to this enzymatic scavenging 
system there are a number of small molecules, like ascorbate and pyruvate, that scavenges 
ROS as well [124,125]. 

FoxO proteins are a subgroup of a large family of forkhead proteins and represent another 
defence mechanism against oxidative stress. Oxidative stress promotes the translocation 
of FoxO proteins into the nucleus by a mechanism that involves c-Jun N-terminal kinase 
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(JNK) activation by ROS and the phosphorylation of FoxO proteins. This is followed by 
posttranslational modifications including ubiquitylation and acetylation [126]. These 
changes lead to the activation of FoxO proteins and induce FoxO-mediated oxidative stress 
responses. These include transcriptional regulation of antioxidant enzymes (SOD2, CAT) as 
well as genes involved in cell cycle and DNA repair [126,127]. In addition FoxO proteins can 
restrict angiogenesis by directly binding HIF1α, thereby preventing expression of HIF1α 
target genes [128,129]. 

Figure 6: Antioxidant enzymes protect the cell from ROS-induced oxidative damage; three main 
groups of antioxidant enzymes reduce intracellular ROS into harmless substrates. Adapted from 
http://www.redlabs.be/red-labs/our-science/oxidative-stress.php

2.3 The role of oxygen tension in bone development, remodelling and frac-
ture healing
During development, bone formation and angiogenesis are coupled. During endochondral 
bone formation, vessel formation and bone formation coincide within the cartilaginous 
template [130]. Interruption of the blood supply has been shown to decrease bone 
mineralization [131]. The vasculature supplies the bone with oxygen, nutrients and 
endocrine factors. During bone remodelling a BMU is created in which osteoblasts, 
osteoclasts and blood vessels interact in a self-contained environment to coordinate the 
remodelling process [132,133]. 

Hypoxia is believed to be a major stimulus for the initiation of the angiogenic cascade during 
bone development and following bone injury. Under hypoxic conditions chondrocytes 
produce vascular endothelial growth factor (VEGF), which leads to angiogenesis and vessel 
growth into the cartilage templates during endochondral bone formation. Inhibition 
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of VEGF production reduces bone formation and mineralization, while the addition of 
exogenous VEGF leads to enhanced bone formation in murine fracture healing models 
[134]. Many VEGF effects on bone formation are indirect, mediated through an increase 
in vascularisation. There is some evidence however, that also direct effects of VEGF on 
osteoblast differentiation and migration may occur [135,136].

As mentioned above, hypoxia-induced effects are often regulated by the stabilisation of 
HIF1α (Figure 5). VEGF is a HIF1α target gene. Osteoblast-specific overexpression of HIF1α 
showed a progressive increase in bone volume, whereas osteoblast-specific knock down of 
HIF1α leads to a decreased bone diameter in mice. In both cases the amount of bone was 
directly proportional to the amount of vasculature found, and the upregulation of HIF1α 
led to an increase in the expression of angiogenic factors, including VEGF [109,110].

2..4 Effects of hypoxia on MSC, osteoblast and osteoclast proliferation and 
differentiation
A lot of what we know concerning MSC and osteoblast differentiation is based on cell 
culture experiments performed under standard culture conditions, which includes 20% 
oxygen tension. This is considerably higher compared to the physiological oxygen tension 
to which osteoblasts are exposed, being usually around 1%-10% [104,105,106]. 

Culturing MSCs, primary osteoblasts or osteoblast cell lines under these lower, more 
physiological conditions, is usually regarded as a state of hypoxia. Experiments using 
low levels of oxygen (2%-5%) in general show decreased osteoblast differentiation and 
mineralization in a wide range of osteoblast cell lines and MSCs. 

MSCs cultured under low oxygen tension retain their stemness and pluripotent 
characteristics, with increased proliferative ratios and an increase in colony forming 
potential but a decreased expression of osteoblast differentiation markers [137,138]. In 
addition, life span is prolonged for MSCs cultured on low oxygen [139]. MSCs circulate in 
the bloodstream, and in animals exposed to prolonged hypoxia, the amount of circulating 
MSCs drastically increases. This hypoxia-induced mobilisation is MSC-specific, with no 
concurrent increase in HSC mobilisation [140]. When comparing MSCs isolated from young 
and old rats cultured under low oxygen tension, MSCs from young rats are more responsive 
to oxygen changes and maintain their differentiation potential for a longer period of 
time, indicating that with age MSCs lose their oxygen responsiveness and differentiation 
potential [141].

Culture experiments with osteoblasts under low oxygen conditions display a decrease 
in osteoblast differentiation, characterised by a decrease in expression of numerous 
important osteoblast differentiation markers including RUNX2, ALP and BGLAP [142,143]. 
In addition, VEGF expression is upregulated and mitogen-activated kinase-like protein 
(MAPK) activated [144,145]. Hypoxia also stimulates the transformation of osteoblasts into 
osteocytes by increasing the expression of osteocyte markers, such as DMP1, MEPE, FGF23 
and connexion 43 (CX43) [146]. The effect of hypoxia on osteoblast proliferation rate is less 
conclusive, with some reporting an increase in proliferation rates, while others mention 
decreased proliferation rates [145,147]. Differences may be caused by variations in the 
differentiation state of the osteoblastic cells used for the various experiments. 
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Low oxygen tension affects osteoclast differentiation through osteoblasts. Hypoxia 
mediates the release of ATP by osteoblasts [148]. Increased extracellular ATP can have a 
positive effect on osteoclast differentiation and resorption [149]. Hypoxic bone marrow 
cultures displayed an increase in IGF2 expression by non-osteoclastic cells that stimulated 
osteoclast differentiation [150]. Direct effects of hypoxia on osteoclasts include the 
stimulation of osteoclast differentiation and an increase in osteoclast size [151,152].

2.5 Effects of oxidative stress on osteoblast differentiation, bone formation 
and resorption
Over the last decade, more and more evidence has become available that links oxidative 
status (measured by determining plasma levels of  i.e.  thiobarbituric acid-reactive substances, 
erythrocyte glutathione, and glutathione peroxidase) of an individual to osteoporotic 
status. Decreased bone mineral density (BMD) is associated with a higher oxidative stress 
index value and total plasma oxidant status (i.e. the concentrations of different oxidants 
in the plasma) in osteoporotic patients [153]. A negative correlation between plasma 
lipid oxidation and BMD values was observed when comparing osteoporotic women to a 
healthy control group [154]. Murine in vivo experiments confirm these observations, with 
a decrease in bone formation rates during aging that was accompanied by an increase in 
ROS levels [155].

Oxidative stress depends on the balance between oxidant production and anti-oxidant 
activity. Interestingly, in osteoporotic, menopausal women, GPX and CAT activity is 
decreased [156,157]. Estrogen deficiency leads to a decrease in thiol antioxidant defences, 
leading to a TNFα-mediated acceleration of bone loss with aging [158]. Last but not least, 
SOD plasma levels and activity are negatively associated with lumbar spine BMD in humans 
[159,160].

At the cellular level, ROS affect both osteoblasts and osteoclasts. ROS stimulate the formation 
and activation of osteoclasts and therefore promote bone resorption [161,162,163]. In 
fact, RANKL-induced osteoclastogenesis requires ROS production and overexpression of 
the antioxidant enzyme GPX1 – the main antioxidant scavenger in osteoclasts – prevents 
osteoclastogenesis [164,165]. In osteoblasts, increased levels of ROS lead to an increase in 
RANKL expression, indirectly stimulating osteoclastogenesis [161].

Oxidative stress inhibits osteoblast differentiation and matrix mineralization by decreasing 
the expression of ALP, RUNX2, SPP1 and COL1A1, reducing the colony forming potential 
and inhibiting the phosphorylation of RUNX2 [166,167]. Besides differentiation and 
mineralization, ROS also affect osteoblast lifespan. Overexpression of glutaredoxin 5 
(GLRX5) – which prevents ROS production – protects osteoblasts from ROS-induced 
apoptosis, through a SOD2 mediated mechanism [168]. Interestingly, osteoblasts appear 
to be less well protected against ROS than adipocytes, which can resist higher levels of 
ROS without dying [169]. ROS also affect matrix formation and mineralization. Deficient 
SOD function leads to an increase in collagenase expression and a decrease in collagen 
deposition [170]. ROS-mediated collagen degradation is reduced by SOD3 binding to 
collagen fibrils, although the production of hydrogen peroxide (H2O2) by SOD3 still leads to 
a certain amount of matrix degradation [122].

Induction of FoxO transcription factors by ROS antagonises Wnt-signalling in osteoblasts, 
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thereby inhibiting one of the essential stimuli for osteoblastogenesis. Activated FoxOs 
associate with β-catenin at the expense of Wnt-signalling, to induce FoxO target gene 
expression [171]. Conditional deletion or overexpression of FoxO genes leads to significant 
differences in bone mass. Loss of FoxO expression leads to an increase in oxidative stress 
and osteoblast apoptosis, leading to an osteoporotic phenotype. On the other hand, 
overexpression of FOXO3 decreases oxidative stress, increased osteoblast numbers and 
higher bone formation rates [172]. 

From the above it is clear that the cellular defence mechanisms are of great importance to 
maintain normal bone formation and any deficiencies will lead to a disruption of the bone 
formation - resorption balance. 

3. DNA damage and repair

3.1 DNA damage
As mentioned above, oxidative stress is one of many factors that can induce DNA damage 
which eventually will lead to apoptosis. Other factors are the intrinsic instability of our DNA, 
environmental and endogenous agents. UV light for example, gives rise to helix distorting 
cyclobutane pyrimidine dimers (CPDs) and pyrimidine –(6,4)- pyrimidone photoproducts 
(6-4PPs) (see Figure 7). 

Figure 7: Several DNA repair pathways protect the cell from the consequences of DNA damage; 
different repair pathways are in place to repair a wide variety of DNA lesions that could induce 
cell cycle arrest, apoptosis or cancer when left untreated. Adapted from www.genetex.com. 
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Environmental agents, found in polluted air or tobacco smoke induce DNA lesions like 
cross links and mono-adducts. And sometimes DNA lesions occur spontaneously, without 
the intervention of a damaging agent, leaving altered, miscoded nucleotides [173]. In 
conclusion, a wide variety of damaging factors can cause a large variety of DNA lesions.

DNA damage directly affects cell function and can have serious long term consequences. 
DNA lesions can interfere with DNA transcription and gene expression as well as DNA 
replication [174,175]. Depending on the extent of the DNA damage, this will lead to 
dysfunctional cells, which in most cases will lead to cell cycle arrest and induced controlled 
cell death, better known as apoptosis [5]. Another mechanism that deals with cellular 
dysfunction after DNA damage is the induction of cellular senescence that leads to a 
growth arrest, stopping potentially malignant cells from dividing and expanding [6]. Both 
mechanisms contribute to the process of aging [176]. If DNA lesions are not repaired and 
the dysfunctional cells are not removed, this can lead to the introduction of mutations 
which can lead to malignancies like cancer [177].

3.2 DNA repair pathways
DNA damage is counteracted by the cells by a range of DNA repair mechanisms that can 
repair the wide variety of DNA lesions which are depicted in Figure 7 (reviewed in [7]and 
[8]). Base excision repair (BER) removes base adducts from ROS, methylation, deamination 
and hydroxylation and is regarded as the main repair pathway used to repair DNA lesions 
caused by the cellular metabolism. In BER a number of glycolases recognise and remove 
non helix-distorting nucleotide modifications from the DNA [178]. In mismatch repair, 
single base-base mismatches and small insertion/deletion loops are repaired, preventing 
the formation of mutations. 

These mistakes often occur due to slipping of DNA polymerases during replication or 
recombination [179]. Cross-link repair removes toxic inter-strand cross-links, but its repair 
mechanism is not yet completely understood.  Cross-link repair seems to borrow from 
several other repair processes, combining a number of their mechanisms for its own 
purpose [180]. There are at least two double strand break repair mechanisms present in 
our cells, non-homologous end joining and homologous recombination. They repair 
double strand breaks that are formed during the replication of single strand breaks or after 
exposure to ionizing radiation, free radicals or chemicals. Non homologous end joining is 
not error free due to the fact that it simply joins two DNA ends together, sometimes using 
small homology. Homologous recombination on the other hand uses the homologous 
sequence of the sister chromatid to promote accurate repair with little chance of error 
[181].

Nucleotide excision repair (NER) removes helix-distorting and bulky lesions, caused by 
exposure to UV light, ROS or chemicals like tobacco smoke [7]. NER has two sub-pathways 
that differ in the way they recognise the lesions (depicted in Figure 8). On one side there is 
global genome NER, which employs the RAD23 homolog A or B/xeroderma pigmentosum 
complementation group C (hHR23B/XPC) complex for lesion recognition, while on the 
other hand there is transcription-coupled repair which is initiated by the blockage of 
the elongating RNA polymerase II [183]. Global genome NER repairs lesions throughout 
the genome, while transcription coupled repair removes lesions during transcription. 
Independent of the sub-pathway, recognition of the lesion is followed by the recruitment 



28 Chapter 1

Chapter 1

Figure 8: The nucleotide excision repair (NER) pathway; the NER pathway has two branches, 
global genome repair (GGR) and transcription-coupled repair (TCR). Each branch utilises a 
unique mechanism to recognise DNA damage after which they converge and both use the 
TFIIH complex to recruit the necessary proteins to locally unwind the DNA helix and excise the 
damaged piece of DNA followed by filling in of the gap and ligation to the pre-existing strand. 
Adapted from [182].
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of transcription factor IIH (TFIIH), which is build up out of ten subunits and contains 
xeroderma pigmentosum complementation group B (XPB) and xeroderma pigmentosum 
complementation group D (XPD) helicases that can unwind the DNA helix at the side of 
the lesion [184]. Xeroderma pigmentosum complementation group A (XPA) then delimits 
the area surrounding the lesion, after which the affected region is cleaved 3’ and 5’ using 
respectively xeroderma pigmentosum complementation group G (XPG) and excision 
repair cross-complementing rodent repair deficiency complementation group 1 (ERCC1)/
XPF endonucleases. The gap is filled using ordinary replication machinery and the final nick 
is sealed using ligase I or III [185].

3.3. Trichothiodystrophy
There are numerous disorders caused by mutations in DNA repair genes, including 
mutations in NER components. One of these diseases is trichothiodystrophy (TTD), which 
is caused by phenotype specific mutations in XPB, XPD, TTDA and TTD non-photosensitive 
1 protein (TTDN1), with a majority having a mutation in XPD [186,187,188]. TTD involves 
a broad spectrum of symptoms and encompasses a number of syndromes. Some of the 
most common characteristics of TTD are photosensitivity, impaired intelligence, decreased 
fertility, short stature, scaly skin and brittle hair [189]. 

Since XPD is a subunit of the TFIIH complex, it plays a dual role. TFIIH is involved in NER, 
as described above, but also during the initiation of basal transcription. When comparing 
both processes, the function of XPD is quite different however. 

In DNA repair, XPD is an essential component, necessary to unwind the DNA helix at the site 
of a lesion. In basal transcription, XPD has mostly a structural function, providing complex 
stability. Due to this functional difference, many XPD mutations lead to severe repair 
defects while they hardly affect transcription and consequently viability [174]. Still, XPD’s 
dual role should always be taken into consideration when studying complex syndromes 
like TTD. Since more than one component of the TFIIH complex can be involved in TTD, the 
link between defective basal transcription and the onset of TTD has been firmly established 
[190]. A number of skeletal abnormalities have been reported in TTD patients, including 
axial osteosclerosis, peripheral osteopenia, thoracic kyphosis and peripheral osteoporosis 
[191,192,193].

3.4. The TTD mouse model
Mice carrying a specific point mutation in their XPD gene (Arg722→Trp (R722W)), which is 
found in several patients, display partial defects in repair and transcription and adequately 
reflect the human disorder (TTD)[194,195]. Interestingly, these TTD mice develop features 
of premature aging [196]. After crossing the TTD mice into a pure C57Bl/6 background 
the overall phenotype of the mice was documented. TTD-specific characteristics were 
observed, including typical TTD skin lesions like hyperkeratosis, a general decline in 
condition, cachexia and subsequent anorectal prolapse, a frequent cause of death in 
TTD mice. A number of phenotypical characteristics pointed towards accelerated aging 
including kidney and liver abnormalities, osteoporosis, kyphosis, progressive neurological 
degeneration and a loss of hypodermal fat. Interestingly a third group of characteristics 
was identified, which pointed towards dietary restriction. This last group of characteristics 
was however not caused by a difference in food uptake between TTD and control mice 
[197].
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In TTD mice, bone development seemed to be normal, with no visible skeletal abnormalities 
in 3 month old mice. At 14 months however, prominent kyphosis and a reduction in 
the radio density of large parts of the skeleton were observed. Interestingly, the skull of 
these 14 month old mice displayed a higher radio density, an aging phenomenon called 
osteosclerosis [198]. The observed kyphosis is likely caused by osteoporosis, but further 
analysis will be required to validate this hypothesis.

4. Scope of this thesis

In order to gain more insight into the mechanisms and processes involved in effects of 
oxygen tension and oxidative stress on bone formation, remodelling and aging, we set out 
to study the effects of low oxygen tension and deficient DNA repair on bone formation, 
using cellular as well as mouse models. 

First, in chapter 2 we studied the effect of low oxygen tension on osteoblast differentiation 
and matrix mineralization and determined the effects of hypoxia on ROS production and 
anti-oxidant protection. The expression of a number of target genes was investigated 
to determine if hypoxia has a positive or negative effect on several important cellular 
processes. 

Next, in chapter 3, we studied the effect of low oxygen tension on osteoblast gene 
expression during the different stages of osteoblast differentiation, determining the most 
oxygen responsive phase of differentiation. After dividing the osteoblast differentiation 
process into three phases, we studied the effect of a variety of low oxygen regimes on 
gene expression to gain insight into which genes, signalling pathways and biological 
processes are regulated by a switch in oxygen tension. We also studied the difference 
between continuous and intermittent low oxygen treatments and their effect on the final 
differentiation and mineralisation status of the cultures. 

Then, to get more insight into the in vivo effects of increased oxidative stress on bone 
formation and aging, we extensively studied the bone phenotype observed in DNA repair 
deficient TTD mice, comparing the long bones of wild type and TTD mice throughout life. 
As described above, the processes that regulate bone formation and skeletal aging are 
often sex-specific. In order to obtain clear results and define sex specific effects of defective 
DNA repair, we separately analysed female and male mice. In chapter 4, we describe the 
observed effects of defective DNA repair on skeletal aging in female mice, which are then 
compared to those observed in male mice in chapter 5.
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Abstract 

Accumulating data show that oxygen tension can have an important effect on cell 
function and fate. We used the human pre-osteoblastic cell line SV- HFO, which forms 
a mineralizing extracellular matrix, to study the effect of low oxygen tension (2%) on 
osteoblast differentiation and mineralization. Mineralization was significantly reduced by 
60-70% under 2% oxygen, which was paralleled by lower intracellular levels of reactive 
oxygen species (ROS) and apoptosis. Following this reduction in ROS the cells switched 
to a lower level of protection by down-regulating their antioxidant enzyme expression. 
The downside of this is that it left the cells more vulnerable to a subsequent oxidative 
challenge. Total collagen content was reduced in the 2% oxygen cultures and expression 
of matrix genes and matrix-metabolizing enzymes was significantly affected. Alkaline 
phosphatase activity and RNA expression as well as RUNX2 expression were significantly 
reduced under 2% oxygen. Time phase studies showed that high oxygen in the first phase 
of osteoblast differentiation and prior to mineralization is crucial for optimal differentiation 
and mineralization. Switching to 2% or 20% oxygen only during mineralization phase 
didn’t change the eventual level of mineralization. In conclusion, this study shows the 
significance of oxygen tension for proper osteoblast differentiation, ECM formation and 
eventual mineralization. We demonstrated that the major impact of oxygen tension is in 
the early phase of osteoblast differentiation. Low oxygen in this phase leaves the cells in a 
premature differentiation state that can’t provide the correct signals for matrix maturation 
and mineralization.
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Introduction

Bone strength is heavily dependent on the quality of bone matrix formation and its 
subsequent mineralization. This specialized extra cellular matrix (ECM) is produced by 
differentiating osteoblasts and consists out of collagens, non-collagenous proteins (NCPs), 
mineral and water [1]. 

Osteoblast differentiation can be divided in three stages. First there is a rapid proliferative 
phase, followed by a matrix deposition phase and finally the matrix mineralization phase. 
Osteoblast differentiation and subsequent matrix mineralization can be influenced by the 
already deposited ECM through cell-ECM interaction and the secretion or activation of 
cell signaling molecules [2]. Collagens play an important part in this process. Without the 
deposition of a correctly structured collagen matrix, osteoblast differentiation is impaired 
[3,4,5,6]. NCPs, like osteocalcin (OC), osteopontin (OP), bone sialoprotein (BSP) and MEPE 
might also influence osteoblast differentiation [7] but seem to have an additional and more 
predominant effect on matrix mineralization. Many NCPs function as nucleation factors 
and regulate hydroxyapaptite crystal formation and size [8,9,10,11].

Most of what we know about the process of matrix maturation and mineralization has been 
investigated in cells cultured under regular (20% oxygen) culture conditions. Oxygen levels 
in the bone marrow and the surrounding bone tissue however, have been measured and 
modeled to be somewhere between 1-10% [12,13]. Oxygen tension can influence gene 
expression and modulate cell-cell interactions [14,15]. In addition low oxygen levels might 
influence cell metabolism and induce stress, modulating the levels of reactive oxygen 
species (ROS) and the scavenging mechanisms cells employ. High levels of ROS can cause 
DNA and protein damage, usually followed by the activation of regulated apoptosis [16]. 
Lower levels of ROS however play a role in intra-cellular signaling cascades [17]. In order to 
regulate ROS levels in the cell, several ROS scavenging mechanisms are in place amongst 
which a number of antioxidant enzymes. These antioxidant enzymes can be divided into 
three groups; Superoxide dismutases (SODs), Catalase (CAT) and Glutathione Peroxidases 
(GPXs). SODs reduce superoxide radicals into H2O2, which can be further reduced into H2O 
by either CAT or any of the GPXs [18]. 

Previous studies using MSCs or murine osteoblast cell lines show a decrease in ALP 
expression and a severe inhibition of mineralization in cells cultured under low oxygen 
conditions [19,20,21,22]. Little is known about what happens to the interplay between 
osteoblasts and the matrix, cell metabolism or the induction of apoptosis during low 
oxygen conditions as well as the antioxidant enzyme expression and protection against 
ROS.

We investigated the effects of low oxygen tension on osteoblast metabolism, ROS 
production, and ROS protection as well as on matrix formation and mineralization, focusing 
on a number of known regulatory mechanisms that might affect these processes in order 
to determine whether low oxygen levels affect ECM-osteoblast interactions that regulate 
osteoblast differentiation and matrix formation. 
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Material and Methods 

Cell culture: 
Human SV-HFO cells are pre-osteoblasts [23,24] and were seeded in a density of 5x103 vital 
cells/cm2 and pre-cultured for 1 week in α-MEM (GIBCO, Paisley, UK) supplemented with 
20 mM HEPES, pH 7.5 (Sigma, St. Louis, MO, USA), streptomycin/penicillin, 1.8 mM CaCl2 
(Sigma) and 10% heat-inactivated FCS (GIBCO) under standard conditions at 37°C and 5% 
CO2 in a humidified atmosphere. During pre-culture cells remained in an undifferentiated 
stage. At this point cells were seeded in a density of 1 x 104 vital cells/cm2 in the presence of 
2% charcoal-treated FCS. For induction of osteoblast differentiation and mineralization the 
basal medium was freshly supplemented with 10 mM β-glycerophosphate (Sigma) and 100 
nM dexamethasone (Sigma). The medium was replaced every 2-3 days. Cells were cultured 
at 37°C under standard conditions or in hypoxia chambers (Billups Rothenberg Inc.) gassed 
with a mixture of 2% oxygen, 5% CO2 and 93% nitrogen at days of medium refreshment.

DNA, mineralization, protein and proliferation assays: 
DNA and calcium measurements were performed as described previously [24]. Briefly, 
for DNA measurements cell lysates were incubated with heparin (8 IU/ml in PBS) and 
Ribonuclease A (50mg/ml in PBS) for 30 min at 378C. DNA was stained by adding 
ethidium bromide (25mg/ml in PBS). Analyses were performed by using a Victor2 plate 
reader (PerkinElmer Life and Analytical Science) with an extinction filter of 340 nm and an 
emission filter of 590 nm. For calcium measurements, cell lysates were incubated overnight 
with 0.24M HCl at 48C. Calcium content was determined colorimetrically with a calcium 
assay kit (Sigma) according to the manufacturer’s description. Results were adjusted for 
DNA content of the cell lysates. For Alizarin Red S staining cell cultures were fixed for 60 min 
with 70% ethanol on ice. After fixation, cells were washed twice with PBS and stained for 10 
min with Alizarin Red S solution (saturated Alizarin Red S in demineralized water adjusted 
to pH 4.2 using 0.5% ammonium hydroxide). For protein measurement 200ml of working 
reagent (50 volumes BCATM reagent A, 1 volume BCATM reagent B; PierceQ5) was added 
to 10ml of sonicated cell lysate. The mixture was incubated for 30 min at 378C, cooled 
down to room temperature and absorbance was measured, using a Victor2 plate reader at 
595 nm. Proliferation was measured using a BrdU labeling kit (Roche) to load, incorporate, 
wash and release BrdU which was measured using a plate reader (Victor2 1420 multilabel 
counter, Wallac) according to the manufacturer’s protocol.

Collagen staining and quantification: 
Cells were fixed for 1 hour using 10% formaldehyde. After fixation cells are washed with 
PBS and stained with Sirius Red Staining Solution (Direct Red, Sigma) for 1hour, followed 
by three wash steps with 0.01% HCl to get rid of excess dye. The dye was extracted and 
quantification took place using a Victor2 plate reader at 550nm.

Apoptosis assay: 
Apoptosis was measured through the binding of annexin V and the uptake of propidium 
iodide (IQ products) by flow cytometry. For analysis 10.000 cells were counted (FACS Canto 
II, BD Biosciences) and the percentage of apoptotic cells was determined by counting vital 
(unstained), early apoptotic (annexin V stained), necrotic (PI stained) and late apoptotic 
cells (double stained).  
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qPCR analysis: 
Total RNA was isolated using TRIzol reagent ( Invitrogen) according to the manufacturer’s 
protocol. RNA was isolated as previously described [24]. Total RNA amount was determined 
using a spectrophotometer (ND1000, Nanodrop). For cDNA synthesis 1 µg of total RNA was 
reverse transcribed using a cDNA synthesis kit according to the manufacturer’s protocol 
(MBI Fermentas). qPCR analysis was performed using a ABI 7500 Fats Real-Time PCR 
detection system (Applied Biosystems). Reactions were performed in 25 µl volumes using a 
qPCR core kit (for assays using a probe) or a qPCR kit for SYBR green I (for assays using SYBR 
Green) (Eurogentec). Primer and probe sets were designed using Primer Express software 
(version 2.0, Applied Biosystems).

Stress induction and ROS measurement: 
Cells were incubated with 1mM H2O2 (30%, Merck) in order to induce oxidative stress at 
various time points to induce oxidative stress. In order to visualize and measure superoxide 
radical production, cells were incubated with MitoSox Red (Invitrogen)  after which pictures 
were taken on a fluorescent microscope (Axiovert 200 MOT, Zeiss) for quantification using 
Cell Profiler cell image analysis software (http://www.cellprofiler.org, Broad Institute). Total 
ROS production was measured after incubating the cells with DCF-DA (Sigma), after which 
fluorescence was measured on a plate reader (Victor2 1420 multilabel counter, Wallac).

Statistics: 
All experiments have been performed three times with biological triplicates for each 
condition in each experiment. Differences between experimental and control conditions 
have been statistically analysed by using two-tailed t-tests. 

Results  

Osteoblast mineralization
Human pre-osteoblast SV-HFO cells were cultured for three weeks under normal (20% 
O2) or low (2% O2) oxygen conditions. SV-HFO cells undergo a three week differentiation 
and mineralization process in which the first week consists mostly out of proliferation and 
matrix production, followed by a second week of matrix maturation which is followed by 
a third week of matrix mineralization. Alizarin red staining of mineralized matrix on day 19 
of culture, showed strong reduction of matrix mineralization by 2% O2 (Figure 1A). Staining 
quantification showed that mineralization still occurred but to a significantly reduced 
extent (Figure 1B). 

ROS production
We assessed the ROS production of cells cultured under high or low O2. Total ROS production 
was significantly lower in cells cultured under 2% O2 (Figure 2A). Next we determined the 
amount of superoxide radicals produced in both cell systems using the specific fluorescent 
stain mitosox red (Figure 2B). Quantification showed a significant decrease of superoxide 
radicals in cells cultured under 2% O2, indicating reduced mitochondrial activity and a 
down-scaled cellular metabolism (Figure 2C). 
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Figure 1: Inhibition of osteoblast matrix mineralization by 2% oxygen. Cell cultures grown under 
2% O2 mineralize to a lesser extend compared to cells cultured under 20% O2. (A) Alizarin Red 
staining (ARS) of SV-HFO cultures on day 19, cultured under 2% (upper panel) or 20% O2 (lower 
panel) (B) Quantification of ARS on day 19 cells cultured under 2% (white) or 20% O2 (black). * 
p<0.05 20% versus 2%  

Since ROS production was strongly decreased, we examined the state of the cell’s protection 
mechanism against oxidative stress. We determined the expression levels of several 
antioxidant enzymes in cells cultured under high or low O2 levels at day 12, around the 
onset of mineralization (Figures 2D and 2E). Both cytoplasmic (SOD1) and mitochondrial 
(SOD2) SOD expression was significantly down-regulated in cells cultured under 2% O2, 
suggesting a down-scaled protection mechanism. This was supported by the significantly 
down-regulated expression of the H2O2 radical scavenger catalase under low oxygen 
conditions (Figure 2D). Surprisingly, SOD3, which is localized extracellular to scavenge ROS 
in the ECM [25,26], was significantly up-regulated. Expression of the various GPX genes was 
not significantly altered by O2 (Figure 2E).

Proliferation and apoptosis
Next, we examined the effects of oxygen tension on proliferation and apoptosis. For both 
conditions, proliferation significantly decreased between day 3 and day 10. At day 3 of 
culture the proliferation rate of cells cultured under 2% O2 was significantly lower compared 
to cells cultured under 20% O2. However, at day 10 of culture the situation was reversed, 
with higher proliferation rates in cells cultured under low oxygen tension. This shows that 
cells cultured under low oxygen condition retained a higher proliferative capacity while 
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Figure 2: Effect of 2% and 20% oxygen on ROS production and gene expression of antioxidants. 
(A) Total radical production on day 12 of culture in cells cultured on high (black) or low (white) 
oxygen. (B) Pictures of mitosox red super oxide radical staining in day 12 cells cultured on high 
(lower panel) or low (upper panel) oxygen. (C) Quantification of mitosox red super oxide staining 
on day 12 in cells cultured on high (black) or low (white) oxygen. (D-E) Relative gene expression 
levels of anti oxidant scavengers, corrected for GAPDH. * p<0.05 20% versus 2%. 
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under high oxygen tension their proliferative capacity decreased with about 50% (Figure 
3A).Up to the onset of mineralization at day 12 of culture there was no significant difference 
in apoptosis between 2% and 20% O2 cultured osteoblasts. A strong and significant increase 
in apoptotic cells and a concomitant decrease in living cells was observed after culture for 
19 days under 20% but not under 2% O2 (Figure 3B). This difference in apoptosis was also 
reflected in the difference in expression of apoptosis-related genes. Both the caspases 3 
and 6 as well as cytochrome C were significantly lower in the 2% O2 condition while BAX 
expression stayed the same (Figure 3C). 

Induced oxidative stress
Next, we investigated the effect of induced oxidative stress on the osteoblasts cultured 
under either 2% or 20% O2, and having different levels of radical protection. To this end we 
induced oxidative stress by treatment with 1mM H2O2 for 24 hours followed by analyses of 
apoptosis. In line with the reduced expression of antioxidant enzymes, cells cultured under 
2% O2 had an increased susceptibility to oxidative stress as demonstrated by the significant 
decrease in living and increase in apoptotic cells (Figure 4B). This was supported by gene 
expression levels showing a significant increase in cytochrome C and caspase 3 expression 
in cells cultured under 2% O2 (Figure 4C,D). Cells cultured under 20% O2 displayed a smaller 
but significant increase in caspase 3 levels as well, but lacked a response in cytochrome C 
levels (Figure4C, D). ROS formation and increased apoptosis have been linked to increased 
matrix mineralization and may explain the increased mineralization seen for 20% oxygen 
(Figure 1) [27] [28,29,30]. Therefore, we questioned whether the reduced antioxidant 
enzymes expression (Figures 2D and 2E) and increased apoptosis (Figure 4B) after H2O2 
treatment in the 2% O2 condition would lead to enhanced mineralization. In order to test 
this, we induced oxidative stress using 1mM H2O2 at the onset of mineralization (day 12) in 
osteoblasts cultured on either 2% (Figure 4E) or 20% O2 (Figure 4F). Although we measured 
increased levels of apoptosis in 2% O2 cultured cells (Figure 4B), this had no effect on 
mineralization as measured on day 19 (Figure 4E). Most interestingly, induction of oxidative 
stress by H2O2 significantly enhanced mineralization in 20% O2 osteoblast cultures (Figure 
4F). This implicates that there must be additional differences in the 2% and 20 % O2 cultures 
in osteoblast differentiation which are important to explain the differences in matrix 
mineralization. Strong induction of oxidative stress by continuous treatment with H2O2 
from the start of osteoblast differentiation was detrimental for mineralization, irrespective 
of O2 regimen (Figures 4E and 4F).

Matrix production and turnover
To study effects on the collagenous ECM we performed Sirius Red Collagen staining on 
day 19 after culture under 2% O2 or 20% O2. Osteoblasts cultured under 2% O2 showed 
less collagen staining (Figure 5A) which was confirmed by extraction and quantification 
demonstrating a significant decrease in the total amount of collagen (Figure 5B).  In 
contrast, expression of various collagen genes, including COL1A1, was significantly 
increased on day 5 and day 19 in the 2% oxygen condition (Figure 5C). Next we examined 
the expression of matrix-metalloproteinases (MMPs) and their inhibitors, tissue-inhibitor-
of-metallo-proteinases (TIMPs), which both are involved in breakdown of ECM and can 
regulate cell differentiation and apoptosis [31,32]. MMP1 and MMP23B were expressed by 
the human osteoblasts and were reduced in the low oxygen condition at day 19, but not 
at day 5 (Figure 5D). The expression levels of TIMP3 were significantly lower in the 2% O2 
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cultured osteoblasts at day 19. TIMP1 expression was slightly but not significantly lower 
as well (Figure 5D). These data demonstrate that oxygen tension is of significance for the 
formation and turnover of the ECM.

Figure 3: Effects of 2% and 20% oxygen on osteoblast cell proliferation and apoptosis. (A) Cell 
proliferation on day 3 and day 10 of culture, measured by BrdU incorporation in cells cultured 
on high (black) or low (white) oxygen. (B) FACS analysis of cells cultured on high or low oxygen 
tension on day 12 (left) or day 19 (right). Cells are sorted in living cells (white), apoptotic cells 
(black) and necrotic cells (grey). (C) Relative gene expression levels corrected for GAPDH 
of apoptosis related genes measured in cells cultured on high (black) or low (white) oxygen 
tension. * p<0.05 20% versus 2% ; # p<0.05 day 3 versus day 10. 

A

B

C

0

0.05

0.1

0.15

0.2

0.25

CYCS BAXre
la

tiv
e 

ex
pr

es
si

on
 (G

A
P

D
H

 c
or

re
ct

ed
)

2%

20%

2% 20%

DAY 19

60%

70%

80%

90%

100%

2% 20%

%
 o

f t
ot

al
 c

el
ls

 c
ou

nt
ed

live cells necrosis apoptosis

0

0.5

1

1.5

2

2.5

3 10culture (days)

pr
ol

ife
ra

tio
n 

(O
D

)
2%

20%

DAY 12

0

0.002

0.004

0.006

0.008

0.01

0.012

CASP3 CASP6re
la

tiv
e 

ex
pr

es
si

on
 (G

A
P

D
H

 c
or

re
ct

ed
)

*
#

#*

*

*

*

*



50

Chapter 2

Chapter 2

Osteoblast differentiation
Changes in ECM composition, could lead to a delay in differentiation, leaving the cells 
in an immature stage at the onset of mineralization. We investigated cell differentiation 
throughout the entire culture period by measuring alkaline phosphatase (ALP) activity 
in the cells. In the 20% O2 condition, ALP activity peaked at the onset of mineralization 
after which it declined. In the osteoblasts cultured under 2% oxygen, we saw a similar 
pattern, with a peak at day 12 albeit that at all stages of differentiation the ALP levels were 
significantly reduced in 2% O2 osteoblasts (Figure 6A). This was supported by the significant 
reduction in ALP gene expression levels (Figure 6B). Inhibition of osteoblast differentiation 
was further demonstrated by reduced RUNX2 expression (Figure 6C). These data show that 
differences in O2 may cause differences in osteoblast differentiation already at an early 
stage. 

To further test this we cultured osteoblasts for various periods during differentiation on 
either 2 % or 20% oxygen and then switched the percentage oxygen (see Figure 6D left 
panel for schematic representation). These analyses demonstrated that 20% O2 in the first 
week of osteoblast differentiation is crucial to observe the increased mineralization after 
3 weeks compared to 2% O2 (Figure 6D). Longer incubation with 20% O2 didn’t result in 
any further increase in mineralization. These data corroborate the observations on early 
changes in ALP activity and expression and RUNX2 expression (Figures 6A-C) and that the 
effect of oxygen on eventual mineralization originates in the early phase of osteoblast 
differentiation.

Discussion

The current study demonstrates the significance of oxygen tension for osteoblast 
proliferation, differentiation, apoptosis and mineralization as well as the level of ROS 
production and the expression of antioxidant enzymes. Low oxygen tension inhibits 
osteoblast-mediated mineralization due to an inhibition of osteoblast differentiation. 
Time phase studies demonstrated that this inhibition is time dependent and caused by 
effects in the early phase of osteoblast differentiation. We propose that oxygen tension 
affects osteoblast differentiation via effects on genes like RUNX2 and ALP and alters 
osteoblast differentiation via changes in the ECM composition. We observed changes 
in ECM and genes involved in ECM production and turnover in cells cultured under low 
oxygen. These would lead to alterations in matrix formation and may eventually inhibit 
osteoblast differentiation and matrix mineralization. It has been shown that osteoblast 
differentiation and subsequent matrix mineralization can be influenced by the already 
deposited ECM through cell-ECM interaction and the secretion or activation of cell 
signaling molecules [2]. Collagens play an important part in this process. Without the 
deposition of a correctly structured collagen matrix, osteoblast differentiation is impaired 
[3,4,5,6]. In parallel with the decrease in differentiation, under low oxygen tension the 
osteoblasts retain a more proliferative phenotype while high oxygen tension decreased 
the proliferation rate by 50 % in the first 10 days of culture. This is in line with the general 
observation that low levels of ROS are associated with cells in a proliferative state [33]. 

Our current observations on low oxygen and osteoblast differentiation are in line with 
previous studies on osteoblast cell lines and human MSCs [19,21,22,34]. We extent these 
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Figure 4: Effect of oxygen radical challenge on cells cultured under 2% and 20% oxygen. (A,B): FACS 
analysis of (A) living (left panel) and (B) apoptotic (right panel) cells, 24h after stress induction 
(1mM H2O2) cultured on high or low oxygen. (C,D): Relative gene expression levels corrected for 
GAPDH measured 24h after stress induction (1mM H2O2) of apoptosis related genes measured 
in cells cultured under 2 or 20% oxygen. In parts A-D the open bars indicate vehicle and the 
solid bars 1mM H2O2 treatment. E,F: The effect of continuous (days 0 -19) or timed (days 12 – 19 
= mineralization phase) induction of apoptosis (1mM H2O2) on matrix mineralization measured 
on day 19 in cells cultured under 2% (E) or 20% (F) oxygen. # p<0.05 20% versus 2% , * p<0.05 
control versus H2O2. 
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observations by demonstrating that the oxygen sensitivity for regulating differentiation 
and ECM mineralization is limited to the early phase of osteoblast differentiation. Also 
we provide for the first time data about the impact of oxygen tension on the metabolic 
state with respect to ROS production. We focused on ROS production and scavenging 
mechanisms and were interested in their production and expression in relation to osteoblast 
differentiation and ECM mineralization. ROS are produced by mitochondria and play a role 
in numerous cellular signaling pathways like the Pi3K pathway, FOXO signaling and TNFα 
mediated cell death [35]. ROS levels in the cell can determine its fate, from proliferation 
to immediate cell death [36]. The cellular response to hypoxia requires the mitochondrial 
generation of ROS to propagate signaling events that regulate transcription, calcium 
stores, and energy stores at the cellular level [36,37]. We observed a decrease in total ROS 
production as well as a reduction in super oxide radicals under 2% O2. This indicates that 
the osteoblasts do not necessarily recognize this 2% level of oxygen tension as a severe 
state of hypoxia.

The reduced ROS production in cells cultured under 2% O2 is followed by a decrease in gene 
expression of the protective antioxidant enzymes SOD1 and SOD2 and CAT. This indicates a 
decrease in ROS and H2O2 radical scavenging in cells cultured on low oxygen tension. This 
would be an expected adjustment in line with the cell’s decreased oxygen consumption 
and metabolic state. In other words the osteoblasts switch from using energy for a high 
protection state to a low protection state. At the same time safeguarding a minimum level 
of ROS needed for cell survival and proliferation. Although there might be a trend towards 
lower levels, the GPX subfamily of scavengers was never significantly different between 
2 and 20% oxygen. A drawback of this switch to lower ROS protection under low oxygen 
condition is that this leaves the cells vulnerable to oxidative stress and ROS challenges, 
leading to increased apoptosis as shown by the H2O2 studies. An interesting observation 
from an ECM and bone formation perspective is the fact that, in contrast to SOD1 and 2, 
SOD3 expression is significantly up-regulated in osteoblasts cultured under low oxygen 
tension. A major difference with SOD1 and 2 is that these SODs are located intracellular, 
while SOD3 is excreted and can be found in extracellular fluids [38]. After secretion it can 
bind heparin sulphate proteoglycans found on cell surfaces or in the ECM from where it 
can scavenge radicals in the extracellular environment [39]. Little is known about its role 
in bone formation, but there is a direct link between SOD3 levels and the occurrence 
of osteoarthritis [40], which suggests that SOD3 in the extracellular space is involved in 
skeletal processes. It is interesting to link this difference in SOD3 expression under 2% O2 to 
the changes in ECM and ECM metabolizing enzymes and thereby osteoblast differentiation 
as discussed above. The concept that ECM, ECM turnover and SOD3 play a role in the control 
of osteoblast differentiation is subject to ongoing studies. 

ROS levels also affect cell survival. High levels can activate signaling pathways that lead to 
the induction of apoptosis [16]. Here we show that a decrease in ROS levels is accompanied 
by a decrease in apoptotic cells and a down regulation of the expression of apoptotic 
genes. In vivo, osteoblast apoptosis occurs frequently and plays a role in controlling bone 
metabolism [41]. Apoptosis has also been shown to be actively involved in mineralization 
[42]. We also recently provided evidence that an increase in apoptosis leads to enhanced 
matrix mineralization [27]. Here we show that the osteoblast cultures with the highest level 
of apoptosis (20%) produce more mineralized matrix than cultures with less apoptotic cells 
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(2%). To test the relationship between 2% and 20% oxygen, apoptosis and mineralization 
we increased ROS and induced apoptosis by adding H2O2. In this experiment, an increase 
in apoptosis was, however, not sufficient to overrule the inhibition of matrix mineralization 
in cells cultured under 2% O2 (Figure 4E). An explanation for this might be that in the 2% O2 
condition the cells are not properly differentiated and ECM maturation is inappropriate to 
lead to full mineralization. 

Figure 5: Impact of oxygen on collagen production and ECM-related genes. (A) Amount of collagen 
in the ECM is lower in 2% (upper panel) compared to 20% (lower panel) oxygen cultured 
osteoblasts as assess by Sirius red staining at day 19 cells (B) Quantification of the Sirius red 
staining of cells cultured on 20% (black) or 2% (white) oxygen. (C) Relative expression levels of 
several collagen genes corrected for GAPDH on day 5 and day 19 of culture for cells cultured on 
high (solid squares) or low (open squares) oxygen. (D) Relative gene expression levels on day 5 
and day 19 corrected for GAPDH for a number of MMPs and TIMPs produced by the cells when 
cultured on high (black) or low (white) oxygen. * p<0.05 20% versus 2%. 
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Following this we focused on matrix formation. Overall collagen protein analyses in the 
ECM demonstrated a significant decrease in the 2% oxygen condition. However, 2% oxygen 
led to a significant increase in the expression of various collagen genes, an observation that 
fits with data found in rat calvarial osteoblasts after Northern analysis [43]. A discrepancy 
between protein and gene expression is not unique and has been described before. These 
observations on collagen may be related to a negative auto-feedback system. In other 
words the level of collagen protein may regulate the expression of the collagen gene [44]. 
Alternatively, it has been reported that intracellular collagen fragments suppress collagen 
gene expression [44,45] but yet a definitive explanation for the protein – mRNA discrepancy 
remains elusive.

We hypothesized that an explanation for the differences in ECM between 2 and 20% oxygen 
may lie in differences in collagen metabolism. MMPs are the major enzymes involved in 
matrix remodeling and collagen break down and influence a great number of signaling 
processes. While degrading matrix, MMPs may release bioactive breakdown products, such 
as stored pools of growth factors, and disrupt matrix adherence.  [46,47,48,49] In addition, 
they also can act directly on cell surfaces by releasing bioactive cell surface molecules [50,51] 
or cleaving surface signaling molecules [52,53]. MMP expression was significantly reduced 
by 2% O2 indicating that it is highly unlikely that the difference in ECM mineralization can 
be explained by increased ECM turnover in the 2% O2 condition. 

Alternatively, it is tempting to speculate that MMP activity limited ECM turnover, is important 
for maturation of ECM and thereby mineralization. Thereby a reduction in MMP expression 
might partially contribute to the inhibition of bone formation and mineralization. This is 
supported by data from several MMP knock out models [54,55,56,57]. Also mutations in 
the human MMP2 gene have been linked to multicentric osteolysis with arthritis (MOA), 
an osteolytic bone disease [58]. All these data indicate that a decrease in MMP expression 
can have a negative influence on matrix formation and mineralization as observed in the 
2% oxygen condition. Activity of MMPs is regulated by TIMPs. These proteins have been 
reported to inhibit MMPS by binding their catalytic domain [59], but also to activate MMPs 
[60,61] and having growth promoting activity [62]. Interestingly, TIMP-3 may contribute 
to the increased apoptosis in the 20% oxygen condition as its expression is significantly 
higher in this condition and TIMP-3 has been shown to induce apoptosis of osteoblasts [63].

The studies shown in Figure 6D are important for understanding the overall effect 
of oxygen on bone formation and mineralization. These data demonstrate that the 
oxygen concentration in the first week of osteoblast differentiation is crucial for a proper 
differentiation and eventual mineralization after 3 weeks. In other words, at low (2%) oxygen 
tension osteoblast differentiation is delayed compared to high (20%) oxygen tension 
leading to diminished mineralization after 3 weeks. This is supported by the observations 
on RUNX2 and alkaline phosphatase activity. Under 2% O2 cells have not reached a certain 
state of differentiation, produced the correct proteins, and created the proper environment 
to jump start mineralization at the correct point in time. It appears that cultures that have 
been switched back from 2% in the first week of culture to 20% O2 thereafter try to catch 
up but they don’t reach the full mineralization as seen when they were exposed to 20% in 
the first week. 
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Figure 6: Effect of oxygen on ALP, RUNX2 and timing of effects on mineralization. Low oxygen 
tension inhibits osteoblast differentiation. A: ALP activity corrected for DNA amount measured 
on day 5, 12 and 19 of culture grown on high (black) or low (white) oxygen tension. B,C: Relative 
gene expression levels corrected for GAPDH of ALP throughout the culture and Runx2 on 
day 5 in cells cultured on high (black) or low (white) oxygen. D: Schematic representation of 
oxygen tension (left part) during culture and matrix mineralization measured as the amount of 
calcium corrected by DNA (corresponding right part). Cells were cultured on low (white squares 
in the schematic) or high (grey squares in the schematic) oxygen for varying amounts of time 
during the three week culture period each depicted by another color. Striped bars depict matrix 
mineralization in cells cultured on 20% oxygen for varying amounts of time. * p<0.05 20% versus 
2%, # p<0.05 versus the 2%-2%-2% condition. 
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In conclusion, this study shows the significance of oxygen tension for proper osteoblast 
differentiation, ECM formation and eventual mineralization. Low oxygen tension affects 
the interplay between osteoblast differentiation and matrix formation at multiple levels, 
changing key players in the process. It affects apoptosis as well as matrix production, 
but also directly influences osteoblast differentiation and gene expression. We have 
demonstrated that the major impact of oxygen tension is in the early phase of osteoblast 
differentiation. 

Finally, induction of oxidative stress at non toxic levels leads to a much higher increase 
in apoptosis in cells cultured under 2% O2 and having reduced antioxidant enzymes 
protection compared to those cultured on 20% O2 (Figure 4B). These observations hold 
implications for human tissue regeneration, where cells are often moved from the body 
(low O2) into a laboratory culture environment (high O2) and back into the body (low O2). 
This might affect not only their chances of survival but also their capacity to differentiate 
and form qualitative bone matrix.
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Abstract

Oxygen tension plays an important role in the regulation of cellular processes. During 
hematopoietic stem cell (HSC) differentiation, HSCs migrate from one stem cell niche to 
the next, each with a different oxygen tension that determines which signalling pathways 
are on and off, determining the differentiation stage of the cell. Oxygen tension influences 
osteoblast differentiation and mineralization. Low oxygen levels inhibit matrix formation 
and mineralization. We were interested in the regulatory mechanisms that underlie this 
inhibition and wondered whether a switch in oxygen tension could have varying effects 
depending on the differentiation phase of the osteoblasts. We performed an oxygen 
tension switch phase study in which we switched osteoblasts from high to low oxygen 
tension during their three week differentiation and mineralization process. We performed 
microarray expression profiling on samples collected during this three week period and 
analyzed biochemical and histo-chemical endpoint parameters to determine the effect of 
a switch in oxygen levels on mineralization. We found that low oxygen tension has the 
most profound impact on mineralization when administered during the period of matrix 
maturation. Additionally, a large set of genes was regulated by oxygen, independent of the 
differentiation phase. These genes were involved in cell metabolisms and matrix formation. 
Our study demonstrates that variation in oxygen tension strongly affects gene expression 
in differentiating osteoblasts. The magnitude of this change for either expression levels or 
the number of regulated probes, depends on the osteoblast differentiation stage, with the 
phase prior to the onset of mineralization being most sensitive.
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Introduction

Oxygen is an important regulatory factor in numerous cellular processes, from stem cell 
differentiation to pancreatic development and cardiomyogenesis [1,2,3]. In the bone 
marrow environment, oxygen tension plays an important role regulating hematopoietic 
(HSC) and mesenchymal stem cell (MSC) differentiation [4,5].

The oxygen level in the bone marrow and its surrounding bone tissue ranges somewhere 
between 1% and 10% under normal in vivo conditions and can be as low as 0.1% at fracture 
sites [6,7]. MSC and osteoblast differentiation has been extensively studied in cell culture 
experiments performed under traditional culture conditions, using 20% O2. More recently 
performed studies show that hypoxic culture conditions cause a delay in osteoblast 
differentiation and mineralization, leaving the cells in a more stem-like state [8,9,10,11].  In 
addition, hypoxic conditions are often found at the side of fractures and inside the callus 
during repair [12,13]. Here they play an important role in repair, since a hypoxic state leads 
to the activation of VEGF expression, initiating essential vessel formation in the affected 
region [14], which in the end leads to re-oxygenation. Prolonged hypoxia at fracture sites 
leads to a decrease in fracture healing rates [15]. More recently it has also been shown 
that hypoxia responsive MSCs have a greater differentiation potential than unresponsive 
MSCs [16]. This indicates that hypoxia can be used to improve fracture repair rates and 
bone healing. More detailed knowledge about the regulatory processes underlying these 
hypoxic conditions, which potentially mimic in vivo conditions more closely, will provide 
novel insights into the processes that regulate MSC and osteoblast differentiation and the 
role of oxygen in those processes. This knowledge will be of invaluable use in the field 
of fracture healing and tissue engineering, but also provides us with new insights and 
possibilities when studying bone marrow stem cells niches and MSC-HSC interaction. In 
a previous study, we used our human pre-osteoblast SV-HFO model to study osteoblast 
differentiation under low oxygen tension and concluded that low oxygen tension decreases 
matrix mineralization by inhibiting osteoblast differentiation at an early stage [17]. SV-HFO 
cells undergo a three week differentiation and mineralization process that can be divided 
into three phases; a differentiation phase (day 0-5; Phase 1), the matrix maturation phase in 
which matrix is produced (day 5-12; Phase 2) and the mineralization phase that results in a 
mineralized matrix (day 12-19; Phase 3).

We hypothesized that the impact of oxygen tension on osteoblast differentiation is 
dependent on the stage of osteoblast differentiation. Following this hypothesis, the aim 
of the current study was to investigate the impact of oxygen tension on gene expression 
against the backdrop of osteoblast differentiation.  In order to study this, we performed 
oxygen switch experiments during the 3 phases of osteoblast differentiation. We collected 
data from cells that were continuously cultured under 20% (high) or 2% (low) oxygen to 
determine long term effects, as well as data from cells that were switched to low oxygen 
during their last phase of culture. We analyzed these data in parallel for phenotypic 
differentiation and mineralization endpoints, and used gene expression profiling to identify 
the genes, molecular functions and processes that are under oxygen control.
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Materials & Methods
 
Cell culture: 
Human SV-HFO cells are pre-osteoblasts [18,19] and were seeded in a density of 5x103 vital 
cells/cm2 and pre-cultured for 1 week in α-MEM (GIBCO, Paisley, UK) supplemented with 20 
mM HEPES, pH 7.5 (Sigma, St. Louis, MO, USA), streptomycin/penicillin, 1.8 mM CaCl2 (Sigma) 
and 10% heat-inactivated FCS (GIBCO) under standard conditions at 37C, 20% O2 and 5% 
CO2 in a humidified atmosphere. During pre-culture cells remained in an undifferentiated 
stage. At this point cells were seeded in a density of 1 x 104 vital cells/cm2 in the presence 
of 2% charcoal-treated FCS. For induction of osteoblast differentiation and mineralization 
the basal medium was freshly supplemented with 10 mM β-glycerophosphate (Sigma) 
and 100 nM dexamethasone (Sigma). The medium was replaced every 2-3 days. Cells were 
cultured at 37°C under standard conditions (20% oxygen) or in hypoxia chambers (Billups 
Rothenberg Inc., Delmar, CA, USA) gassed with a mixture of 2% oxygen, 5% CO2 and 93% 
nitrogen at days of medium refreshment.

DNA, protein, alkaline phosphatase activity and mineralization assays: 
DNA, protein, alkaline phosphatase (ALP) activity and calcium measurements were 
performed as previously described [20].

Collagen staining and quantification: 
Cells were fixed for 1 hour using 10% formaldehyde. After fixation cells were washed with 
PBS and stained with Sirius Red Staining Solution (Direct Red, Sigma) for 1 hour, followed 
by three wash steps with 0.01% HCl to remove excess dye. The dye was extracted and 
quantification took place using a Victor2 (Wallac, Waltham, MA, USA) plate reader at 550nm 
and a collagen (Sigma) standard calibration curve.  

Illumina gene chip-based gene expression profiling:
Illumina HumanHT-12 v3 BeadChip (Illumina, Inc.) human whole-genome expression 
arrays were used. RNA integrity of isolated RNA was assessed by RNA 6000 Nano assay on 
a 2100 Bioanalyzer (Agilent Technologies). The RNA of three biological replicates for each 
condition was analyzed.  RNA amplification of each sample was carried out using Illumina 
TotalPrep RNA Amplification Kit (Ambion) according to manufacturer’s instructions. In 
short, T7 oligo(dT) primer was used to generate single stranded cDNA followed by a second 
strand synthesis to generate double-stranded cDNA. In vitro transcription using T7 RNA 
polymerase was done to synthesize biotin-labeled cRNA. The cRNA was column purified 
and checked for quality by RNA 6000 Nano assay. A total of 750 ng of cRNA was hybridized 
on each array using standard Illumina protocol. Hybridized transcripts were detected with 
streptavidin-Cy3 (GE healthcare) and microarrays were scanned on an iScan and analyzed 
using GenomeStudio (both from Illumina, Inc.). 

Microarray analysis: 
Raw data was background subtracted using GenomeStudio (V2010.1, Illumina)), and 
processed using the Bioconductor R2.10.1 lumi-package [21].   Data was variance 
stabilization transformed and quantile normalized. Probes that were at least 3 times 
present in the experiments (detection p-value <0.01), were considered to be expressed 
and further analyzed. Differential expressed probes were identified using Bioconductor 
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package ‘limma’, with a q-value (FDR) < 0.01[22]. Selected Illumina IDs (logFC >2 and a 
q-value < 0.01) were analyzed through the use of gene ontology analyses using DAVID 
(http://david.abcc.ncifcrf.gov/) [23,24].

Statistics:
At least three separate experiments were performed to obtain the histochemical and 
biochemical cell culture data shown. For statistical analysis we performed students t-tests 
(p<0.05). 

Results 

We divided the osteoblast differentiation and mineralization period into three phases as 
previously described [20]; the differentiation phase in which the pre-osteoblasts proliferate 
and start to differentiate (day 0-5; Phase 1), the matrix maturation phase in which 
extracellular matrix is produced and deposited (day 5-12; Phase 2) and the mineralization 
phase in which the extracellular matrix is mineralized (day 12-19; Phase 3).

Figure 1: Experimental set up of the oxygen phase switch experiment. (A) Alizarin Red stained 
SV-HFO cells throughout the 19 day long culture period. Depicted are the three phases of 
osteoblast differentiation and mineralization in cells cultured under 20% oxygen. Phase 1 is the 
differentiation stage, phase 2 is the matrix formation and maturation stage and phase 3 is the 
mineralization stage (respectively days 5, 12 and 19 of culture). (B) Cells were cultured for a 
three week period of time, divided in three phases of 1 week. Cells were cultured under low (2% 
-white boxes) or high (20% -grey boxes) oxygen tension in several combinations. Cultures were 
stopped after phase 1 (day 5), phase 2 (day 12) and phase 3 (day 19).

Phase 1 Phase 2 Phase 3

A

B
Condition

1 20% -  20% - 20%
2 20% -  20% - 2%
3 2% -  2% - 2%
4 20% -  20%
5 20% -  2%
6 2% -  2%
7 20%
8 2%

Phase 1 2 3

20% Oxygen
2% Oxygen

Oxygen regime
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These 3 phases are illustrated in Figure 1A which shows the osteoblast differentiation 
as reflected by mineralization. Figure 1B displays the experimental layout showing the 
different combinations of 2% and 20% oxygen according to the osteoblast differentiation 
phase mentioned. There are three conditions (conditions 1-3) that have been cultured for 
the entire three phases on different combinations of oxygen concentrations. In addition, 
cultures were included that were analyzed after the second phase (conditions 4-6) and 
after the first phase (conditions 7 and 8).

First, we phenotypically analyzed the cultures to assess the impact of the various oxygen 
regimes on total DNA, total protein, ALP activity, collagen content and mineralization at the 
end of each respective culture period (i.e. conditions 1-8; Figure 2). 

Figure 2: Biochemical and histochemical analysis on endpoint parameters. We performed histo-
chemical and biochemical analysis on cell culture samples collected on day 5, 12 or 19 of culture 
at the end of each phase. (A) DNA content, (B) protein content, (C) ALP activity, (D) calcium con-
tent, (E) ARS quantification of mineral content, (F) Sirius red quantification of collagen content. * 
t-test p<0,05 – compared to condition 1 (20%-20%-20%), 4 (20%-20%) or 7 (20%). 
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DNA (Figure 2A):  When comparing the 20%-20%-20% oxygen regime to the 20%-20%-
2% and the 2%-2%-2% oxygen regimes, we observed a significant decrease in the DNA 
content as soon as cells were cultured on 2% oxygen, which increased with the duration 
of the 2% culture period (comparing conditions 1-3). The same was observed at the end 
of phase 2 (conditions 4-6); cells cultured on a 20%-2% oxygen regimen had significantly 
lower DNA content than cells cultured on a 20%-20% oxygen regimen.  An additional and 
significant decrease in DNA content was observed in cells cultured on a 2%-2% oxygen 
regimen (comparing conditions 4-6). A significant difference in DNA content was also ob-
served when cells were cultured for one week on 20% or 2% oxygen (comparing conditions 
7 and 8).

Protein (Figure 2B): For total protein content, we observed the same differences as for 
DNA content. The conditions that received low oxygen tension have the lowest total pro-
tein content independent of the differentiation phase. 

ALP activity (Figure 2C): In standard 20% oxygen cultures, ALP activity peaks around 
day 12 and then decreases [17]. This peak can still be observed in 20% cultures when com-
paring conditions 7, 4 and 1.  In cells cultured exclusively on 2% oxygen (conditions 8, 6 and 
3) phase 2 peak activity was also observed, but overall ALP activity as well as peak activity 
was significantly lower than in 20% cultures. In general, a significant decrease in ALP activ-
ity was observed during all three phases when a period of 2% oxygen was included. 

Mineralization (Figure 2D and 2E): We determined mineralization of the cultures us-
ing biochemical analyses and Alizarin Red staining in day 19 (end of phase 3) samples. 
Mineralization was significantly reduced in cells continuously cultured under 2% oxygen 
(condition 3) compared to those continuously cultured under 20% oxygen (condition 1) 
(Figure 2D). Alizarin Red Staining, and quantitative analyses (Figure 2E) supported the bio-
chemically analyses that mineralization is significantly reduced under 2% oxygen. Interest-
ingly, also a single phase of low oxygen during mineralization (the 20%-20%-2% regimen 
(condition 2) resulted in a significant decrease in mineralization, suggestive for a direct role 
of oxygen tension in the mineralization process (Figures 2D and E). 

Collagen (Figure 2F): Collagen production was significantly decreased in osteoblasts 
cultured under 2% oxygen (compare conditions 1 and 3 in Figure 2F). Collagen production 
was also significantly affected by 2% oxygen only during the mineralization period; the 
20%-20%-2% regimen (condition 2).

In conclusion, low oxygen tension had an inhibitory effect on osteoblast differentiation 
and mineralization.  Analyses of the two- and three-weeks culture regimens demonstrated 
that a single week of low oxygen already reduced differentiation and mineralization but 
that longer exposure to low oxygen had a stronger effect. 

Gene expression profiling
In order to identify the molecular processes underlying the observed differences in 
oxygen regulation, we performed unbiased, gene expression profiling analysis. First we 
documented the impact of oxygen tension on the expression of several known osteoblast/
bone genes (Figure 3A). Alkaline phosphatase (ALPL) was expressed significantly lower in 
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cells cultured under continuous 2% oxygen conditions after phase 1 and 3 and reduced 
expression was observed in phase 2, albeit not significant. On the other hand, Collagen 
(COL1A1) was significantly higher expressed during phase 2 and 3 in cultures cultured 
under 2% oxygen. RUNX2 expression was not affected, with similar levels in cultures 
cultured under 20% or 2% oxygen. To determine whether cells cultured under 2% oxygen 
do initiate a hypoxic response, we documented the expression pattern of three well known 
HIF1α target genes (Figure 3B). We observed a higher expression during all three phases for 
target genes VEGF, SLC2A1, and BNIP3 in cells cultured under 2% oxygen.

Figure 3: Expression pattern of osteoblast markers and HIF1α target genes. Expression patterns of 
selected genes in cells continuously cultured under 20% (black) or 2% (white). (A) Osteoblast 
differentiation and marker genes; Alpl, Col1A1 and Runx2. (B) HIF1α target genes; Vegfa, Slc2A1, 
Bnip3. * t-test p<0,05.

Next in an unbiased approach, we assessed the number of probes differentially expressed 
when comparing osteoblasts continuously (i.e. without oxygen switch) cultured under 
2% or 20% oxygen (Figure 4A).  The highest number of differentially regulated probes was 
found in phase 2, the matrix maturation phase. In phase 1 (comparing condition 8 with 7), 
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a total of 111 probes were differentially expressed, compared to 263 in phase 2 (comparing 
condition 6 with 4), and 132 probes when the switch was made in phase 3 (comparing 
condition 3 with 1). In all three phases more probes were significantly higher expressed 
than lower expressed in 2% compared to 20% oxygen (Figure 4A). 

Figure 4: Differentially expressed probes regulated by a switch in oxygen tension. Cells were cultured 
on low oxygen continuously (A) or only during the last phase of culture (B). Depicted is the total 
number of probes regulated during each phase, as well as the direction of the regulation (fold/
qvalue) e.g. higher (white) or lower (black) in 2% oxygen compared to 20 % oxygen. 

Next we constructed a heatmap based on the comparison of expression within each phase, 
i.e. comparison of condition 8 with 7, condition 6 with 4, and condition 3 with 1 (lanes 1, 
2, and 3 in Supplemental Figure 1, respectively). Included in the heatmap were all probes 
that were significantly different expressed in at least one of the three comparisons (2-fold 
regulated, q< 0.01). 

We first analyzed the probes that were expressed higher in cells cultured under 2% oxygen 
compared to cells cultured under 20% oxygen. Heatmap representation of the differentially 
expressed genes identified a number of interesting subsets of probes (Supplemental Figure 
2). The first subset we analyzed (Figure 5A), consisted of probes that were differentially 
expressed in both phase 2 and 3 but not in phase 1. The top 5 overrepresented GO terms 
are depicted in the table in Figure 5B. Both in Molecular Function and Cellular Processes, 
GO-terms related to collagen and the regulation of extracellular matrix formation, are 
highly significantly overrepresented. Genes underlying these processes included a range of 
collagen genes such as COL1A1, COL1A2, COL4A1, COL4A2, COL5A1 and COL8A1. In addition 
we observed an important role for the regulation of vascularisation (COL1A1, COL1A2, 
COL5A1, EDN1, LEPR, and THBS1) and growth factor binding (COL1A1, COL1A2, COL4A1, 
COL5A1, THSB1). 

The next subset we analyzed consisted of probes that were expressed higher in all three 
phases when comparing 2% cultures to 20% cultures (Supplemental Figure 2, subset 2). 
These probes were mainly involved in the regulation of the cell’s glucose metabolism, 
including glycolysis, hexose- and monosaccharide metabolism (ENO2, ALDOA, ALDOC, GPI, 
IRS2 and LDHA) (Figure 5C). The third subset contained probes that were expressed higher 
in phase 1 and 2 of 2% oxygen cultures compared to 20% oxygen cultures, but not or to a 
lesser extend in phase 3 (Supplemental Figure 2, subset 3). 
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Figure 5: Functional analysis of differentially expressed probes in continuous cultures. Functional 
GO analysis was performed on subsets of probes extracted from the heatmap (312 probes). (A) 
Example of a subset, extracted from the heatmap. Depicted are differentially expressed probes 
of the following comparisons; phase 1 = 2%/20% (conditions 7 and 8), phase 2 = 2%-2%/20%-
20% (comparisons 4 and 6) and phase 3 = 2%-2%-2%/20%-20%-20% (conditions 1 and 3). Phase 
1 data are obtained by comparing cells cultured under 20% and 2% oxygen during phase 1, 
which could be seen as a switch at the start of culture. (B-E) Depicted are the top 5 significantly 
(p<0.05) overrepresented GO terms for biological processes (BP), cellular compartments 
(CC) and molecular functions (MF) regulated for each analyzed subset, the number of genes 
represented by those probes in each process and the p-value for each process. P-values are 
Bonferroni corrected.  (B) Subset 1, 35 probes – probes regulated in phase 2 and 3 but not in 
phase 1, (C) Subset 2, 58 probes – genes regulated in all three phases, (C) Subset 3, 61 probes 
– genes regulated in phase 1 and 2, but not or less in phase 3, (E) Subset 4, 23 probes – genes 
regulated in phase 1 and 2 but not in phase 3. 

A B

 

Category Process # genes p-value 
BP hexose metabolic process 12 2.07E-07  
 monosaccharide metabolic process 12 1.01E-08  
 glycolysis 8 2.87E-07  
 glucose catabolic process 8 1.34E-08  
 glucose metabolic process 10 1.89E-09  
MF L-ascorbic acid binding 4 0.005 
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 Category Process # genes p-value 
MF ATP binding 9 0.036 
 adenyl ribonucleo�de binding 9 0.039 
 adenyl nucleo�de binding 9 0.050 
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Category Process # genes p-value 
BP glucose metabolic process 

 

7 0.001 
 hexose metabolic process 7 0.005 
 genera�on of precursor metabolites  8 0.006 
 monosaccharide metabolic process 7 0.012 
MF monosaccharide binding 4 0.007 

Category Process # genes p-value 
BP Blood circula�on 6 0.042 
 Circulatory system proces 6 0.042 
 Regula�on of blood pressure 5 0.050 
CC Collagen 6 2.55E-10 
 Extracellular matrix part 6 0.001 
 Sheet-forming collagen 3 0.016 
 Extracellular matrix 7 0.019 
 Extracellular region part 10 0.038 
MF Platelet derived growth factor binding 4 1.65E-12 
 Extracellular matrix structural cons­tuent 5 0.003 
 Growth factor binding 5 0.007 
 Structural molecule ac­vity 8 0.023 
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This set of probes turned out to be involved in the regulation of cell metabolism, including 
glucose metabolic process and monosaccharide binding (GYS1, HK2, PFKP, PFKL) (Figure 5D).
The number of probes that were expressed lower in 2% cultures compared to 20% cultures 
was relatively small, thereby limiting the power to identify overrepresented GO-terms in 
subsets of expressed probes similar to that performed for the probes that were expressed 
higher. The only subset of probes identifying significantly overrepresented GO-terms was 
that representing lower expressed probes in phase 1 and 2 but not or to a lesser extend in 
phase 3 (Supplemental Figure 2, subset 4). This subset of probes was significantly linked 
to ribonucleotide binding, more specifically ATP binding (ASNS, WARS, MARS, OAS1 and 
OAS2). Although the induction of an interferon response did not show up in the analyses, 
we noticed a number of interferon related genes in this subset, including IFIT1, IFIT2, IFIT3 
and IRF1 (Figure 5E and supplemental figure 2, subset 4). 

Phase 2 was most sensitive to low oxygen in terms of number of genes changed in 
expression when comparing cells continuously cultured under 2% oxygen to cells cultured 
under 20% oxygen (Figure 4A). Previously we have shown that low oxygen in phase 1 
is crucial for inhibition of osteoblast differentiation. We asked the question whether 2% 
oxygen in the first phase is essential for the gene expression changes observed in the 
second week. In order to address this we designed an experiment in which the cells were 
cultured under 20% oxygen in the first phase and switched to 2% in the second phase 
(Figure 1B, condition 5) and compared them to cells cultured under 2% oxygen in both 
phases (Figure 1B, condition 4). In addition, we performed a similar experiment with 
an oxygen switch in phase 3 (Figure 1B, conditions 1 and 2). In line with the analyses of 
cells cultured continuously under either 2% or 20% oxygen, the matrix maturation phase 
(phase 2) was the most sensitive to lowering oxygen tension as assessed by the number of 
probes changed in expression. Switching in phase 2 from 20% to 2% oxygen (comparing 
conditions 5 and 4) led to significant change in expression of 314 probes.  An oxygen switch 
in the third phase (comparing conditions 2 and 1) led to change in expression of only 116 
probes (Figure 4B and Supplemental Table 1). Similar to the initial analyses comparing 
cultures continuously cultured on high or low oxygen (Figure 4A) more probes were higher 
expressed than lower expressed in the 2% oxygen condition. We compared the probes 
regulated in phase 2 after continuous culture under 2% oxygen (2%-2%, 263 probes) with 
those found in phase 2 after culturing under 2% oxygen during phase 2 only (20%-2%, 
314 probes).  Figures 6A and B depict the outcomes of a GO analysis on both sets of genes. 
There was a wide overlap between the significant GO terms found. 

In order to get more insight into the differences between the two sets, we determined 
the overlap in probes between the two sets. 214 probes were overlapping between the 
two sets, with 100 specific probes for the 20%-2% probe set and 49 specific probes for the 
2%-2% probe set (Figure 6C). GO analysis on the two sets of specific genes didn’t reveal 
any significantly overrepresented GO terms. Figure 6D depicts the top 5 process (all not 
significantly overrepresented) for each GO category for each set of specific probes. Cells 
that received 20% oxygen in phase 1 before being switched to 2% oxygen in phase 2 
expressed specifically regulated probes that were involved in ligase activity (GCLM, PSMD1, 
PSMB9) as well as the regulation of apoptosis (EGFR, FOXO3, GCLM, IFI16, VEGFA, VEGFB, and 
ZBTB16).  
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Figure 6: Regulation of expression in phase 2 is partially dependent on the situation in phase 1. 
Phase 2 probe sets from cells cultured continuously on 2% (2%-2%) and cells cultured on 20% 
in phase 1 and 2% in phase 2 (20%-2%) were compared to determine the influence of phase 
1 on the regulation of expression in phase 2. (A) Functional GO analysis of the phase 2 probe 
set of cells continuously cultured under 2% (2%-2%). (B) Functional GO analysis of the phase 2 
probe set of cells cultured under 2% during phase 2 but not phase 1 (20%-2%). (C) Venn diagram 
depicting the overlap between the two probe sets. (D) GO analysis for both condition specific 
probe sets (2%-2% specific and 20%-2% specific).

2%-2% Process # genes p-value 
BP response to organic substance 36 1,94E-08 

 response to endogenous s�mulus 26 9,89E-08 
 hexose metabolic process 18 3,07E-10 
 glucose metabolic process 16 6,97E-09 
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20%-2% Process # genes p-value 

BP response to organic substance 34 1,40E-12 
 hexose metabolic process 17 1,90E-12 
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 response to endogenous s�mulus 24 4,08E-10 
 response to virus 13 4,14E-12 
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Cellular compartments in which these probes can be found were vesicles and the 
proteasome complex. In addition probes were involved in threonine-type peptidase and 
protein dimerization activities (PSMA3, PSMA4, PSMB9, CENPF, EGFR, HSP90AA2, THRA). Cells 
continuously cultured under 2% on the other hand expressed a specific set of probes 
involved in adipocyte differentiation (PPARγ, SOD2, TGFβ1I1), hormone receptor binding 
(OASL, TGFβ1I1, PPARγ) and transcription factor binding (PIR, TRIB3, OASL), processes located 
inside of membrane enclosed lumens. In addition, they also were involved in the regulation 
of apoptosis (GREM1, HSPE1, NGF) and autophagy (SQSTM1 and VCP).

Finally, using the data depicted in Figure 4B, we constructed a Venn diagram to determine 
the overlap in regulated probes between the three phases as well as phase specific 
regulation of gene expression (Figure 7A and Supplemental Table 1). Of the 111, 314 and 116 
probes that were differentially regulated after a switch to low oxygen in phase 1, phase 2 or 
phase 3, respectively, 64 probes were regulated in the same direction in all three the phases 
upon the switch from 20% to 2% oxygen. GO analysis of these 64 probes showed their 
involvement in cell metabolism related processes as glycolysis and glucose metabolism, 
which were significantly overrepresented Biological Processes (ALDOA, ALDOC, ENO2, HK2, 
IRS2) (Figure 7B). Many of these probes were also found in our gene expression profiling 
studies of cells continuously cultured on high or low oxygen (Figure 4). There were 12, 18 
and 195 probes specifically regulated in phase 1, 2 and 3, respectively. The phase specific 
probes didn’t reveal any significant GO-terms (data not shown).

Discussion 

The current study describes for the first time the impact of oxygen on the gene expres-
sion dynamics against the backdrop of human osteoblast differentiation.  Changes in 
oxygen tension can have profound effects on a wide variety of cellular processes by in-
fluencing their underlying gene regulation. Although several studies have looked at the 
effect of low oxygen tension on specific osteoblast marker genes and signalling cascades, 
little is known about the effects of changing oxygen tension on the different osteoblast 
differentiation stages [11,25,26,27]. We demonstrate that the impact of changes in oxygen 
tension depends on the osteoblast differentiation stage. The matrix maturation phase, 
including the onset of mineralization (phase 2), is most sensitive to differences in oxygen 
tension in terms of the number of probes changed in expression but also the overall mag-
nitude of that change in expression. This is seen when osteoblast are cultured permanent-
ly from the start under different oxygen tensions as well as when oxygen was switched to 
2% in the specific phases.

In line with previous observations by us and others the current study demonstrates a 
decrease in osteoblast differentiation and mineralization whenever cells are cultured under 
low oxygen tension [10,11,17].  The current study shows that a single phase of 2% oxygen 
during differentiation (condition 2) is sufficient to reduce mineralization, demonstrating 
a direct impact of oxygen on the mineralization process. However, in a previous study we 
have demonstrated that low oxygen tension in the first phase of osteoblast differentiation, 
preceding the matrix formation, also leads to decreased mineralization [17]. It should 
therefore be concluded that oxygen affects eventual mineralization by effects at various 
stages of osteoblast differentiation positioning oxygen as an important regulator of 
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osteoblast function and bone formation. 

Our current gene expression profiling analyses were designed to gain insight into the genes 
and processes affected by oxygen during the various stages of osteoblast differentiation. 
These profiling studies show a clear impact of oxygen tension on gene expression, and 
that one single phase of low oxygen already leads to clear differences in gene expression. 
Focussing on three known HIF1α target genes showed increased expression of these genes 
by 2% oxygen in all phases of osteoblast differentiation. This is in line with previous studies 
showing that activation of HIF1α target genes during periods of low oxygen tension is 
involved in osteogenesis, indicating that these are indeed direct effects of the drop in 
oxygen tension [28]. 

The unbiased heatmap analyses (Supplemental figure 1) identified several specific 
probe subsets based on regulation during osteoblast differentiation. GO-annotation 
analyses of the probes that were regulated in all phases of differentiation (subset 2; 
figure 5C) or predominantly in the first 2 phases (subset 3; Figure 5D) revealed that 2% 
oxygen significantly impacted on the cell’s energy metabolism, in particular carbohydrate 
metabolism. Most interestingly in this respect is that osteoblast differentiation consists of 
several high energy demanding processes including matrix production, maturation, and 
mineralization, which is coordinated by a switch from glycolysis to respiration that involves 
increased mitochondrial biogenesis [29,30]. We’ve previously shown that low oxygen 
tension impacts on mitochondrial activity and downscales cell metabolism, whereas 
high oxygen tension leads to a higher metabolism, accompanied by differentiation and 
mineralization [17]. Further support for an important role of energy metabolism and 
control of energy metabolism in osteoblast differentiation is one of our previous studies 
which demonstrated a role for peroxisome proliferator-activated receptor-γ in osteoblast 
differentiation and mineralization [31]. In general more probes were higher expressed in 
2% than in 20% oxygen but one set of probes (subset 4) contained probes that were lower 
expressed under 2% oxygen in phase 1 and 2, but not in phase 3. 

These probes were annotated to the molecular function of ribonucleotide binding and 
more specifically in ATP binding. Obviously, the regulation of ATP binding loops back into 
the regulation of the cell’s metabolism, but interestingly, ATP has also been shown to be 
directly involved in matrix mineralization [32] as well as in osteoblast differentiation [33]. 
This suggests that changes in ATP binding, caused by low oxygen tension, can directly affect 
osteoblast differentiation and mineralization and contribute to the observed decrease 
in differentiation and mineralization. Overall, current gene expression profiling analyses 
demonstrates that low oxygen directly impacts on energy metabolism and thereby controls 
osteoblast differentiation and the energy-demanding processes of matrix formation and 
mineralization. These findings substantiate the important role of energy metabolism and 
optimal energy control in bone formation.A specific subset of probes consisted of those 
increased in expression only during phases 2 and 3 (subset 1). GO-annotation analyses of 
these genes revealed different biological processes, cellular components and molecular 
functions than those directly related to energy metabolism. Interestingly, and supportive 
for a role in osteoblast differentiation and bone formation, were the terms collagen, 
extracellular matrix and growth factor binding. Numerous collagen genes are expressed 
to a higher extend in cells cultured continuously on 2%, including COL1A1, the main 
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component of bone matrix. This is in contrast with findings in chondrocytes, which showed 
a down regulation of collagen type I expression [34] and could indicate osteoblast specific 
regulation of collagen expression during low oxygen tension. In addition, important 
hydroxylases including PLOD1, PLOD2 and P4HA2, essential for collagen fibril formation, 
are higher expressed as well. This corresponds with previous findings in vascular smooth 
muscle cells and is most likely a direct response to HIF1α induction, caused by the drop in 
oxygen tension [35]. 

Figure 7: Functional analysis of differentially expressed probes after a phase specific switch. Cells 
were cultured on low oxygen during the last phase of culture, after which data were collected 
and analyzed. Differentially regulated probes for all three phases were compared for overlapping 
probes by means of a Venn diagram.  The following comparisons were used for analysis; phase 1 
= 2%/20% (conditions 7 and 8), phase 2 = 20%-2%/20%-20% (comparisons 4 and 5) and phase 
3 = 20%-20%-2%/20%-20%-20% (conditions 1 and 2). Phase 1 data are obtained by comparing 
cells cultured under 20% and 2% oxygen during phase 1, which could be seen as a switch at the 
start of culture. (A) Venn diagram depicting the overlap between differentially expressed probes 
of all three phases. 64 probes were differentially regulated in all three phases. (B) Depicted are 
the top 5 significantly (p<0.05) overrepresented biological processes (BP), cellular compartments 
(CC) and molecular functions (MF) regulated for the 64 probes that were differentially regulated 
in all three phases. Depicted are the processes, the number of genes represented by the probes 
in each process and the p-value for each process. P-values are Bonferroni corrected. 

These current findings on collagen gene expression are in apparent contradiction with the 
observed reduced collagen staining in the extracellular matrix. However, this discrepancy is 
in line with an earlier observation [17] and indicates that extracellular matrix components 
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are still expressed, even though biochemical analysis showed that matrix mineralization is 
inhibited and the total collagen content of the matrix is reduced in cells cultured under low 
oxygen tension. Further studies will be necessary to explain these initially counterintuitive 
findings, but it is likely that there are changes in translation and fibril formation caused 
by the reduced oxygen levels. Together these analyses demonstrate that oxygen can also 
regulate bone formation via changes in extracellular matrix gene expression and probably 
also at the level of extracellular matrix assembly. In addition to extracellular matrix-related 
GO-terms this set of oxygen-regulated probes is also linked to the biological process 
terms circulatory system and blood circulation. This is intuitively logical in view of the link 
between oxygen tension and angiogenesis [28,36] and is supportive of an involvement of 
angiogenesis in bone formation and fracture repair [37].

Focussing on a specific phase of osteoblast differentiation it is clear that the matrix 
maturation phase (phase 2) is most responsive. In cells cultured under 20% oxygen tension 
cell proliferation decreases, ALP expression peaks and the production and secretion of 
matrix components becomes important during this phase and mineralization is initiated 
[20]. It’s interesting to see that in this intermediate stage of differentiation, while the cells 
gear up for matrix maturation and mineralization, the switch in oxygen tension has the 
most profound effect on gene regulation in terms of numbers and dynamics. We detected 
195 probes that were specifically regulated in phase 2 after a switch to 2% oxygen at the 
end of phase 1, while only 18 probes were changed in expression specifically in phase 3 
after a switch to 2 % oxygen. These 195 probes are linked to energy metabolism-related 
GO terms substantiating the link between oxygen and cellular energy control. Furthermore 
it is strongly suggestive that this osteoblast differentiation stage of matrix formation and 
the start of mineralization is the most energy demanding stage. Since we have previously 
shown the impact of low oxygen in the first phase of osteoblast differentiation [17], we 
assessed the impact of either 2 % or 20% of oxygen in the first phase followed by 2% in 
the second phase (conditions 5 and 6).  This comparative analysis shows that the number 
of probes regulated in phase 2 was higher for cells that had previously received 20% 
oxygen in phase 1 (compare bars of phase 2 in Figure 4A and 4B, 263 and 314 probes, 
respectively). Additional processes have to be regulated compared to cells continuously 
cultured on 2% oxygen. However, 81 % of the 263 regulated probes in the 2%-2% condition 
(condition 6) overlapped with those regulated in the 20%-2% condition (condition 5) and 
were linked to largely the same biological processes and cellular components including 
cell metabolism-related biological processes and extracellular matrix-related cellular 
components. Functional annotation of the 100 specific probes of the 20%-2% condition as 
well as the 49 specific probes of 2%-2% condition didn’t identify any significant biological 
process or cellular components. Amongst the 100 specific probes for the 20%-2% 
condition, where both VEGFA and VEGFB, strengthening the link we’ve observed between 
hypoxia and angiogenesis which is at least in part regulated by osteoblasts expressing 
these important regulators of angiogenesis. The list of 49 probes specifically regulated 
in the 2%-2% condition contained several important genes related to bone metabolism. 
Among these were collagens and collagen-related proteins as well as PPAR which we have 
recently shown to regulate osteoblast differentiation [31]. Most interestingly it contained 
the authophagy-related genes sequestosome 1 (SQSTM1) and vasolin containing peptide 
(VCP). Interestingly, both these genes are linked to Paget’s disease of bone [38,39]. These 
data are also in line with and support the role of autophagy in bone metabolism [40]. 
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Thereby these data further demonstrate an effect of oxygen on genes/processes related 
to bone metabolism and suggests a role for other genes on this list in bone metabolism. 
Moreover these bone-related genes in the group of 2%-2% specific regulated genes 
stresses that 2% oxygen in the first phase is essential to observe these effects and holds 
interesting clues for the early stage effects of low oxygen on osteoblast differentiation and 
bone formation [17].

In conclusion, the current study demonstrates that variation in oxygen tension strongly 
affects gene expression in differentiating osteoblasts. The magnitude of the change in both 
expression level and number of regulated probes depends on the osteoblast differentiation 
stage, with the phase just prior to the onset of mineralization being the most sensitive. 
The unbiased gene expression profiling analyses pinpoints the inhibition of osteoblast 
differentiation and mineralization by lowering oxygen to two main processes. First, changes 
in energy metabolism in genes and processes such as glycolysis and hexose metabolic 
processes, thereby further substantiating the significance of these processes for the energy 
demanding process of osteoblast differentiation and bone formation. Secondly, it affects 
expression of extracellular matrix proteins. These analyses thereby identify processes and 
genes to target and control for optimal osteoblast differentiation and bone formation in 
situations of changing oxygen tension such as fracture repair and regenerative medicine.
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Abstract

Trichothiodystrophy (TTD) is a rare, autosomal recessive Nucleotide Excision Repair (NER) 
disorder caused by mutations in components of the dual functional NER/basal transcription 
factor TFIIH. TTD mice, carrying a patient-based point mutation in the Xpd gene, strikingly 
resemble many features of the human syndrome and exhibit signs of premature aging. To 
examine to which extent TTD mice resemble the normal process of aging, we thoroughly 
investigated the bone phenotype. Here we show that female TTD mice exhibit accelerated 
bone aging from 39 weeks onwards as well as lack of periosteal apposition leading to 
reduced bone strength. Prior to 39 weeks long bones of wild type and TTD mice are identical 
excluding a developmental defect. Albeit that bone formation is decreased, osteoblasts in 
TTD mice retain bone-forming capacity as in vivo PTH treatment leads to increased cortical 
thickness. In vitro bone marrow cell cultures showed that TTD osteoprogenitors retain the 
capacity to differentiate into osteoblasts.  However, after 13 weeks of age TTD females 
show decreased bone nodule formation. No increase in bone resorption or the number 
of osteoclasts was detected. In conclusion, TTD mice show premature bone aging, which 
is preceded by a decrease in mesenchymal stem cells/osteoprogenitors and a change in 
systemic factors, identifying DNA damage and repair as key determinants for bone fragility 
by influencing osteogenesis and bone metabolism.
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Introduction

TTD is a rare, autosomal recessive DNA repair disorder in which patients present an array 
of symptoms, including Photosensitivity, Ichthyosis, Brittle hair and nails (hallmark feature), 
Impaired intelligence, Decreased fertility, short stature (hence the acronym PIBIDS) and a 
severely reduced life span [9]. In addition, skeletal abnormalities, i.e. osteopenia in long 
bones and osteosclerosis in vertebrae, have been described [1,2,3,4,5,6,7,8,9]. A significant 
proportion of TTD patients exhibit marked photosensitivity, due to impaired repair of UV-
induced DNA lesions. Complementation analysis of UV-sensitive TTD patients revealed 
the involvement of three repair genes (XPB, XPD and TTDA), encoding subunits of the dual 
functional DNA repair/basal transcription factor TFIIH [10]. This 10-subunit protein complex 
is involved in the Nucleotide Excision Repair (NER) pathway, as well as in the initiation of 
transcription by RNA polymerases I and II. [11,12,13,14,15,16]. NER consists of a complex 
‘cut-and-patch’ type reaction involving ~30 proteins and is comprised of 2 sub-pathways, 
differing in the initial steps of DNA damage recognition [17].  Global genome NER removes 
a wide class of helix-distorting DNA damage (e.g. UV-induced photoproducts) from the 
overall genome [18]. This pathway is primarily important for preventing DNA damage-
induced mutations and thereby for preventing cancer. The second sub-pathway called 
transcription-coupled NER focuses on the preferential excision of lesions in the transcribed 
strand of active genes that actually block transcription elongation, to allow rapid resumption 
of arrested gene expression and thereby promoting cell survival after genotoxic stress 
[19,20,21]. This sub-pathway is thought to counteract the cytotoxic consequences of DNA 
damage. TFIIH is as DNA helix opener implicated in both NER sub-pathways as well as in 
transcription initiation by promoter opening to allow the RNA polymerase to get hold of 
the transcribed strand for transcription elongation. 

We have generated a mouse model in which we precisely mimicked a causative point 
mutation in the essential XPD gene of a TTD patient (TTD1BEL, mutation at the protein 
level R722W) [22]. TTD mice have a phenotype that strikingly resembles the symptoms 
of TTD patients and they were found to exhibit several premature aging-like features. 
Although TTD was not recognized as a segmental premature aging syndrome, some of 
the features observed in the mouse model were also incidentally reported in patients: 
deterioration of renal, liver and heart tissues, lymphoid depletion, reduced hypodermal fat, 
aortic sarcopenia, skeletal abnormalities and an (in patients strongly, in mice moderately)  
reduced life span [1,2,3,4,5,6,7,8,23,24,25]. Concerning skeletal aging, Price and co-workers 
reported a patient who at the age of 7 years showed decreased bone density in the distal 
bones on roentgenographic examination [7].  Chapman reported a 5-year old child who 
exhibited decreased bone density in the distal limbs and osteopenia in the most distal 
parts [6]. 

Recent studies suggest that aging and the associated increase in reactive oxygen species 
(ROS) may account for the increased bone resorption associated with the acute loss of 
estrogens or androgens rather than estrogen deficiency per se ([26] and references therein). 
Loss of these hormones decreases defence against oxidative stress in bone while ROS greatly 
influence the generation and survival of osteoclasts, osteoblasts, and osteocytes ([26] and 
references therein). Forkhead box O (FoxO) transcription factors defend against oxidative 
stress by activating genes involved in free radical scavenging and apoptosis. Recently, it 
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was shown that loss of FoxO transcription factors leads to an increase in oxidative stress 
and consequently osteoblast apoptosis with an osteoporotic phenotype characterized by 
decreased bone mass at both cancellous and cortical sites as a result [27] and specifically 
deletion of FoxO1 in osteoblasts decreased osteoblast numbers, bone formation rate, and 
bone volume [28]. 

Thus the TTD mouse could be a model for bone fragility, which is observed in both 
aging women and men. Whereas postmenopausal women show an accelerated loss 
of predominantly trabecular bone, due to increased number and activity of osteoclasts, 
in bone fragility both women and men show a slow continuous phase of decrease in 
bone mass in which the density of trabecular bone reduces and cortical bone thins 
[29,30,31,32,33]. This is partly counteracted by increased periosteal apposition [34], i.e. 
bone formation on the outside of the bone (periosteum), a critical process that continues 
throughout life [31,32,35]. Periosteal apposition is thought to be a response to the loss 
of trabecular bone as well as endosteal resorption and aims to maintain bone strength 
by increasing the bone perimeter [36]. The mechanisms underlying these age-related 
changes are poorly understood. 

To assess the contribution of deficiencies in DNA repair/basal transcription in skeletal aging 
and to determine to which extent the progeroid features in the mouse and human disorder 
truly reflect bona fide aging we decided to thoroughly examine the skeletal aging as this 
process has been amply characterized in normal aging. The TTD mouse model may provide 
a unique tool to study aging and bone metabolism and to assess the impact of DNA repair 
on skeletal aging.  

Materials & Methods 

Mice and bones
The cohort of wild type and TTD mice included 8 female animals per age group per 
genotype. Mice were sacrificed at 13-week intervals up to an age of 104 and 78 weeks for 
wild type and TTD mice respectively. All mice were on a C57BL/6J background, maintained 
on a 12:12 h light-dark cycle and fed ad libitum with ‘rat and mouse breeder and grower 
diet’ from Special Diet’s Services (minimal 0.5% Ca and 0.3% Pi). The animals were injected 
intra-peritoneal with calcein (10 μg /g body weight) 10 and 3 days before sacrifice in order 
to study the bone formation occurring in one week. After anaesthetization with isoflurane, 
blood was collected by an orbital puncture; subsequently the mice were killed by cervical 
dislocation. Femurs and tibiae were isolated and were either used immediately for bone 
marrow isolation, snap frozen in liquid nitrogen and stored at -80ºC or fixed in Burkhardt, 
which was replaced by 70% ethanol after 3 days. There was no significant difference in 
bone length between wild type and TTD mice (data not shown). As required by Dutch law, 
formal permission to generate and use genetically modified animals was obtained from 
the responsible local and national authorities. All animal studies were approved by an 
independent Animal Ethical Committee (Dutch equivalent of the IACUC).

Micro-computed tomography 
Fixed tibiae from wild type and TTD mice of different ages (n = 4-6 per group) were 
scanned by micro-computed tomography (μCT) from proximal end to mid-diaphysis 
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using the SkyScan 1072 microtomograph (SkyScan, Antwerp, Belgium) with a voxel size 
of 8.82 μm. The reconstructed data sets were segmented using an automated algorithm 
based on local thresholds [57]. Three-dimensional (3D) morphometric analysis of the 
bone was performed using subsequent software packages, including Nrecon, CT-analyze 
and Dataviewer (http://www.skyscan.be/products/downloads.htm) and freely available 
software of the 3D-Calculator project (http://www.erasmusmc.nl/orthopaedie/research/
labor/downloads). For all mice a standardized metaphyseal – diaphyseal area (3.7-6.9 mm 
from the proximal end; mainly consisting of cortical bone) and a metaphyseal area (100 
sections starting 30 sections below our offset landmark within the epiphyseal growth 
plate; including more trabecular bone) were selected for analysis. It was previously shown 
that murine femur length does not increase after 26 weeks of age [58]. We determined 
the following parameters: cortical bone volume, 3D thickness distribution [59], cortical 
thickness, periosteal perimeter, endocortical volume, trabecular bone volume fraction 
(BV/TV), trabecular number and trabecular thickness.  Polar moment of inertia (measure 
of the geometrical distribution and a proxy for mechanical stiffness and strength per 
transverse cross-section) was determined to analyse the consequence of differences in 
geometry. The 3D thickness distribution graph is similar to a usual frequency distribution, 
only with infinitely small bins. It is a continuous equivalent, similar to a probability density 
distribution in statistics. While with discrete bins the y-axis would show volume (fraction), 
this continuous case narrows it down to volume density (volume/um).

Histomorphometric analysis
To assess dynamic histomorphometric indices, mice received intraperitoneal injections 
with calcein 10 days and 3 days prior to sacrifice. One tibia of each mouse was dehydrated 
in ascending alcohol concentrations and embedded in poly-methylmetacrylate (PMMA) 
as described previously [60]. Sections of 5 µm were cut in the sagittal plane defined by 
the frontal aspect of the tibia and the fibula on a Microtec rotation microtome (Techno-
Med GmbH, Munich, Germany). Consecutive serial sections are cut in this plane and 
the section with the widest diameter is used for analysis, thereby minimizing potential 
artifacts. Subsequently the sections were stained by toluidine blue, van Gieson/von Kossa 
and Giemsa procedures as described [60].  

Parameters of static and dynamic histomorphometry were quantified on these 
undecalcified proximal tibia sections. For each animal, the bone formation rate was 
determined by fluorochrome (calcein) measurements using two non-consecutive 12µm-
sections per animal. 

Analysis of osteocyte number per bone area (per mm2), osteoblast number per bone 
perimeter (per mm), osteoclast number per bone perimeter (per mm), osteoid volume 
per bone volume (percentage), osteoid surface per bone surface (percentage) was carried 
out according to standardized protocols [61] using the OsteoMeasure histomorphometry 
system (Osteometrics Inc., Atlanta, Georgia, USA). 

Mechanical testing 
Defrosted femurs from 13, 26, 52 and 78-week old wild type and TTD females as well as 
from 104-week-old wild type females (5-8 mice/group) were excised from the soft tissues. 
Femurs were tested in a three-point bending assay using a Lloyd LRX mechanical test 
frame, constructed with 3mm hemi-cylindrical supports with a 9 mm total span. The 
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femurs were aligned such that the neutral axis was parallel to the sagittal plane (i.e. the 
femoral head was in the horizontal plane and the posterior aspect of the condyles were 
facing down). The lesser trochanter was used as a reference point and aligned with one of 
the two supports. All samples were preconditioned for 5 cycles to 2N at a rate of 0.01 mm/s 
before testing to failure at a rate of 0.02mm/s. 

Backscatter Scanning Electron Microscopy
Processing and analyses were done as described previously [62]. In short, from each group 
(i.e. 26, 52 and 78-week-old wild type and TTD mice) the distal halves of the femurs used 
for mechanical testing were embedded in blocks of MMA, such that each block contained 
one distal femur from each genotype and age group. Within a block, all femurs were placed 
within a plane, such that the longitudinal lateral-medial plane of the femurs coincided with 
the plane of embedding. Embedding several samples in one block enabled us to image 
these samples within one scanning electron microscopy (SEM) session, thus decreasing the 
variance in the measurements. After embedding, the blocks were cut in two on an electric 
band saw (Exakt, Norderstedt, Germany), resulting in a slab of plastic with two parallel 
surfaces, parallel to the plane of embedding of the femurs. Starting from the posterior side 
of the bones, material was removed using an automatic grinding system (Buehler Phoenix 
4000) with p400 grid paper until an interior surface, halfway between the ventral and dorsal 
external surfaces, was exposed. To reduce the roughness of the surface the blocks were 
ground with p1200 paper followed by polishing using 3 µm diamond paste with polishing 
paper (Buehler Texmet 1000). The resulting surface had a roughness (Ra) smaller than 0.05 
µm. The blocks were cleaned, sonicated and sputter coated with a thin layer of carbon (Bio-
Rad Temcarb Carbon Coater, Bio-Rad Microscience Division) to enable conduction of the 
electron beam to the sample surface.

Backscatter SEM images were taken of trabecular bone of the metaphyseal and epiphyseal 
regions of each bone sample, and of the cortex using methods described in detail previously 
[62]. The images were taken at an accelerating voltage of 25 kV, a working distance of 17 
mm and 50x magnification. Before and after imaging calibration images were taken of an 
aluminum standard embedded in each block and of the MMA material. The equivalent 
Z-value (atomic number) of the MMA was obtained by calibration with aluminum (Z=13) 
and carbon (Z=6) standards (Micro Analysis Consultants).From each image the histogram 
of equivalent Z-values was calculated of which the mean value represented the mean 
mineralization of the bone tissue [63].

Tartrate-resistant acid phosphatase assay
Bone resorption was determined by measuring serum tartrate resistant acid phosphatase 
(TRAP) levels using the TRAP assay purchased from SBA Sciences (Turku, Finland).

Bone marrow isolation, cell culture and cell culture staining 
Bone marrow was collected by spinning down the bone marrow into an eppendorf tube 
at 5000rpm for 2 min immediately after obtaining the bones from the mice. Erythrocytes 
were lysed using erylysis buffer (1.55M NH4Cl, 0.1M KHCO3, 1mM EDTA (10x)) and cells were 
washed and seeded at 1.000.000 cells/well (12 wells) for osteoblasts, 100.000 cells/well 
(96 wells) for osteoclasts and 750.000 cells/well, for adipocytes (24 wells). For osteoblast 
cultures the cells were cultured in phenol-red free α-minimal essential medium (GIBCO/
BRL), supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin (Life Technologies, 
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Breda, The Netherlands), 250 ng/ml amphotericin B (Sigma), 20 mM Hepes, 1.8 mM CaCl2, 
and 15% (vol/vol) heat-inactivated FCS (GIBCO/BRL), pH 7.5. From day 3 onward, the culture 
medium was supplemented with 50 μM vitamin C (Sigma) and 10 mM β-glycerophosphate 
(Sigma). At days 14 and 21 of culture cells were fixed in 70% ethanol and stained for alkaline 
phosphatase (ALP) and alizarin red, respectively. For ALP staining, cells were incubated in 
Tris·HCL (pH 9.5) containing 50 mM MgCl2, 0.6 mg/ml bromo-chloro-indoryl phosphate 
(Sigma), and 150 μg/ml nitro blue tetrazolium (Sigma) for 20 min and washed with PBS. 
Alizarin red staining was performed, incubating the cells for 10 min in a saturated alizarin 
red S solution in distilled water (pH 4.2), after which the cells were washed with distilled 
water. Osteoblast colony forming potential and mineralisation potential were determined 
as previously described after respectively 14 and 21 days of culture [64]. Colonies were 
counted by eye, plates were scanned and colony surface area was determined by computer 
analysis (Bioquant software). Alizarin Red staining was quantified after extraction and 
measured at 405 nm on a plate reader.

Osteoclasts were cultured as previously described [64]. Shortly, cells were cultured for 
6 days in the presence of 30 ng/ml recombinant M-CSF (R & D Systems) and 20 ng/ml 
recombinant murine RANKL-TEC (R & D Systems), and the media were refreshed at day 3. 
At the end of the human and murine cultures, cells were washed with PBS, fixed in PBS-
buffered paraformaldehyde (4% vol/vol) or formalin (10% vol/vol), respectively, and stored 
at 4°C for tartrate-resistant acid phosphatase (TRACP) staining and immunocytochemistry. 
Bone resorption was analysed using the resorption pit assay. Osteoclasts were cultured on 
bovine cortical bone slices, after 6 days of culture the cells were lysed in water and the bone 
slices were sonicated in 10% (vol/vol) ammonia (Merck) for 10 min. After extensive washing, 
the cells were incubated in filtered potassium aluminum sulfate (Sigma) for 10 min and 
subsequently stained with filtered Coomassie brilliant blue (Phastgel Blue R; Amersham 
Pharmacia Biotech) for 5 s. Osteoclast number and resorption capacity were determined 
as previously described [64] and analysed using freely available Image J software ( version 
1.41; http://rsbweb.nih.gov/ij/).

Adipocytes were cultured on adipogenic (D-MEM (GIBCO, Paisley, UK) supplemented with 
P/S, amphotericin B (250 ng/ml,Sigma) and 15% heat-inactivated FCS (GIBCO)) medium. 
Adipogenesis was induced after a 3-week expansion phase by adding insulin (0.1µg/
ml, Sigma), indomethacin (1mM, Sigma) and dexamethasone (1*10-7M, Sigma) for two 
weeks.Adipocyte cultures were fixated O/N with 10% formaline, washed with 60% IPOH 
and stained with Oil-Red O solution (60-40 dilution of Oil-Red O stock solution (Clin-Tech 
limited) in H2O) after which the total amount of adipocytes per well was determined.

PTH treatment
Twenty TTD females were weighed at the age of 45 weeks and randomly divided into the 
following two groups (n=10 per group): subcutaneous injection with human parathyroid 
hormone(1-34) (Bachem, Germany) (40 µg/kg body weight) in a weekly alternating regimen 
(PTH); or subcutaneous injection with phosphate buffered saline in a weekly alternating 
regimen (VEH). Animals were weighed at the start of every injection week. At 65 weeks of 
age animals were sacrificed and femurs were prepared for µCT scanning. 
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Statistics 
Micro-CT parameters, histomorphometric data, femur length, ultimate load, bone 
resorption and mineralization data and parameters of cell culture analyses were compared 
between the age groups (significance compared to 13 or 26 weeks of age) of both 
genotypes separately using one-way ANOVAs with Tukey post-hoc test (Graph Pad InStat 
version 3.05: Graph Pad Software, San Diego California, USA, www.graphpad.com). In 
addition, the micro-CT parameters, histomorphometric data, femur length, ultimate load, 
bone resorption data, and parameters of cell culture analyses were compared between 
genotypes for all age groups separately using two-tailed unpaired t-tests. 

Results

To study the bone phenotype in normal and premature aging female TTD mice, we 
performed a systematic cohort study including 8 mice per age group per genotype. A 
previous study, performed on a hybrid C57BL/6J 129ola genetic background, showed 
that TTD mice live shorter than wild type mice [23]. In the present study, we were able 
to analyse 13, 26, 39, 52, 65 and 78 weeks-old wild type and TTD mice in a homogeneous 
C57Bl/6 genetic background. For wild type control mice we could in addition analyse 91 
and 104 weeks old mice. 

Bone geometry 
First, 3D thickness distribution was analyzed using micro-computed tomography (μCT). 
In tibiae from wild type mice, a gradual progressive decline in 3D thickness distribution 
was observed with age (Figure 1A). In TTD mice this process was accelerated with a severe 
decrease in 3D thickness distribution after 39 weeks of age (Figure 1B). Already at 52 weeks 
of age, 3D thickness distribution in TTD tibiae reached a level that in wild type mice was 
only reached at 91 weeks of age (Figure 1C). Thus age-related decrease in bone mass 
occurred earlier in TTD mice than in wild type mice.

To study this difference in onset of decrease in bone mass in more detail, we analysed 
specific µCT parameters. In wild type mice, cortical bone volume gradually decreased with 
age, only reaching significance at 104 weeks of age at which time a 12% decrease in bone 
volume compared to 26-week-old wild type bones was observed (Figure 1D).  At 26 and 39 
weeks of age, tibiae of TTD mice had a bone volume similar to that of wild type mice (Figure 
1D). However, in the period thereafter, bone volume rapidly decreased to 31% (78-week-
old TTD mice dropping to 69% of the bone volume of 26-week-old TTD mice), which 
was significantly lower than the 9% decline in age-matched wild type mice at 78 weeks 
of age (Figure 1D). Already at 52 weeks of age TTD mice reached a cortical bone volume 
comparable to that of 104-week-old wild type mice (Figure 1D). In line with cortical bone 
volume, wild type tibiae maintained their cortical thickness up to 78 weeks of age and 
showed a decrease thereafter while TTD tibiae already displayed a rapid drop in cortical 
thickness after 39 weeks of age resulting in a significantly thinner cortex in TTD mice 
(Figure 1E). Next, we analyzed the bone perimeter. As depicted in Figure 1F, tibiae from 
young mice had a similar perimeter (at 26-weeks: 5,80 mm in wild type and 5,96 mm in TTD 
mice), again indicating normal bone development in TTD mice. From 52 weeks onwards, 
wild type tibiae showed a progressive increase in perimeter reaching 6,33 mm at 78 weeks 
(9% increase) and 6,78 mm at 104 weeks (17% increase). In contrast, TTD mice failed to 
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show an increase in perimeter (5,88 mm at 78 weeks). In 78 week-old wild type mice the 
perimeter is significantly higher compared to TTD mice (Figure 1F).  Thus, TTD mice lack the 
age-related increase in perimeter as seen in wild type tibiae (Figure 1F). 

Figure 1: Thickness distribution and cortical bone parameters in wild type and TTD mice. Cortical 
thickness distribution in aging wild type (A) and TTD mice (B) with the arrow indicating the 
direction of change with aging. Comparison of thickness distribution in 52-week-old TTD mice 
(dotted line) compared to 91-week-old wild type mice (solid line) (C). Bone parameters in aging 
wild type mice (solid triangles) and TTD mice (open triangles): cortical bone volume (D), cortical 
thickness (E), perimeter (F) and endocortical volume (G).  TTD mice compared to wild type 
animals: # p<0.05, ## p<0.01, ### p<0.001; TTD mice and wild type animals compared to their 
26 week time point: * p<0.05, ** p<0.01, *** p<0.001; error bars represent SEM.
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The endocortical volume was larger in TTD than in wild type mice in the early phase of life 
but later in life endocortical volume in wild type mice increased and becomes equal to 
that of TTD mice (Figure 1G). The temporal dynamics in endocortical volume in wild type 
mice, showing an increase after 52 weeks, match that observed for perimeter, showing an 
increase from 52 weeks of age onwards. However, periosteal apposition could no longer 
match the endocortical bone loss in wild type mice after 78 weeks of age leading to a 
decrease in cortical thickness (Figure 1E).

Next we analyzed trabeculae in the metaphyseal area. Aging wild type mice showed a 
gradual decrease in both BV/TV and trabecular number (Figure 2A and B) while trabecular 
thickness showed a mild increase with aging (Figure 2C). Overall no significant differences 
between wild type and TTD mice were observed. In contrast to wild type mice, the 

Figure 2: Trabecular bone parameters in wild type and TTD mice. Bone parameters measured in 
100 crossections in the metaphysis of aging wild type mice (solid triangles) and TTD mice (open 
triangles): trabecular bone volume fraction (BV/TV; A), trabecular number (B) and trabecular 
thickness (C).  Wild type animals compared to their 26 week time point: *p<0.05; error bars 
represent SEM.  
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trabecular bone in TTD mice showed a remarkable dynamic pattern around 39 weeks of 
age as exemplified by a transient non-significant increase in BV/TV, trabecular number and 
trabecular thickness (Figure 2A-C). 

Histomorphometric analysis 
In order to analyze the lack of periosteal expansion in TTD mice in more detail, we exam-
ined endosteal and periosteal bone apposition by double labeling studies. In wild type 
mice both periosteal and endosteal bone formation were present throughout life (Figure 
3A). In contrast, in TTD mice endosteal apposition was present whereas periosteal apposi-
tion was virtually absent in older TTD mice (Figure 3A). 

Quantitative analyses revealed no significant difference in endosteal bone formation 
between 13-week old wild type and TTD mice (Figure 3B). At 39 weeks of age, endosteal 
bone formation was significantly decreased in TTD mice compared to wild type mice, but 
after 39 weeks of age endosteal bone formation decreased in wild type mice as well (Figure 
3B). 

At 78 weeks of age, wild type and TTD mice showed a 20-25% decrease in endosteal 
bone formation when compared to 13-week-old animals. At 13 weeks of age, periosteal 
apposition showed no significant difference between wild type and TTD mice (Figure 3C).  
However, after 13 weeks of age, TTD mice showed a dramatic and significant decrease in 
periosteal apposition compared to wild type mice (Figure 3C). Only at 78 weeks of age, 
when periosteal apposition in wild type mice decreased as well, there was no significant 
difference compared to TTD mice anymore (Figure 3C). At that time, however, TTD mice 
exhibited a 60% decrease in periosteal apposition compared to a 25% decrease in wild type 
mice when compared to 13-week-old animals. 

Osteocytes in cortical sections of tibiae of wild type and TTD mice were measured to 
assess whether a reduced number of osteocytes in TTD mice could play a role in impaired 
periosteal apposition. However, no significant difference in the number of osteocytes was 
found between wild type and TTD mice or in aging animals (data not shown). In addition, 
we analyzed the number of osteoblasts, osteoclasts and osteoid volume. The number of 
osteoblasts did not show a significant difference between wild type and TTD tibiae at the 
analyzed ages (Figure 3D). However, regression analyses showed a significant (p<0.01) 
lower number of osteoblasts in TTD mice over life. No significant difference in the number 
of osteoclasts was observed between wild type and TTD mice or in aging animals (Figure 
3E). 

Osteoid volume seemed to decrease with age in both wild type and TTD tibiae, but at none 
of the ages osteoid volume was significantly different between wild type and TTD mice 
(Figure 3F). Osteoid surface showed similar results (data not shown). These osteoid data 
exclude that the differences observed by μCT are due to a mineralization defect. This is 
further supported by Quantitative Backscatter Scanning Electron Microscopy showing no 
significant differences in degree of mineralization (Figure 3G).

Mechanical testing of bone strength 
The overall picture that emerges is that compared to wild type mice, aging TTD mice show 
an accelerated decrease in bone mass, which initiated between weeks 39 and 52, and that 
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TTD mice lack the age-related increase in perimeter. To analyze the consequence of these 
geometric changes, we calculated the polar moment of inertia, which is a measure of the 
geometrical distribution and a proxy for mechanical stiffness and strength per transversal 
cross-section. 

Figure 3: Histomorphometric analysis and Backscatter Scanning Electron Microscopy of wild type 
and TTD mice. Calcein double labeling of endosteal and periosteal bone formation in wild type 
and TTD mice (A). Quantified endosteal apposition (B), quantified periosteal apposition (C), 
number of osteoblasts (D), number of osteoclasts (E) and osteoid volume (F) and mineralization 
status (G) in wild type (solid symbols) and TTD (open symbols) mice.  TTD mice compared to wild 
type mice: # p<0.05, ### p<0.001; TTD mice compared to their 13 week time point: * p<0.05, ** 
p<0.01, *** p<0.001; error bars represent SEM. 
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This demonstrated that tibiae from wild type mice maintained polar moment of inertia at 
a constant level throughout life, even at 91 and 104 weeks of age when bone volume and 
cortical thickness were reduced (Figure 4A). In contrast, TTD tibiae failed to maintain the 
polar moment of inertia and even showed a progressive decrease throughout life starting 
at 39 weeks of age (Figure 4A), i.e. 78-week old TTD mice showed a 65% decrease in moment 
of inertia compared to 39-week old TTD mice whereas the moment of inertia in 78-week 
old wild type mice showed a 106% increase compared to 39-week old wild type mice.

Figure 4: Mechanical testing and TRAP assay in wild type and TTD mice. Polar moment of inertia in 
tibiae (A), ultimate load applied on femurs (B), serum TRAP levels (C), of wild type (solid symbols) 
and TTD (open symbols) mice. TTD mice compared to wild type animals: # p<0.05, ### p<0.001; 
TTD and wild type mice compared to their 26 week time point: * p<0.05, *** p<0.001; error bars 
represent SEM. 
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Using a three-point bending assay, we tested whether the differences in polar moment 
of inertia and lack of periosteal apposition in TTD mice resulted in a difference in bone 
strength. Femurs from wild type and TTD mice showed a comparable and increasing 
ultimate fracture load up to 26 weeks of age (Figure 4B). After 26 weeks there was a 
progressive decrease in ultimate fracture load in both genotypes but this was clearly more 
prominent and significant in TTD mice showing a 50% decline compared to a 25% decline 
in wild type mice (Figure 4B). Femurs of TTD mice fractured at a lower ultimate load than 
femurs of wild type mice, which reached significance in 52 and 78 weeks old animals.

Bone resorption
In wild type and TTD mice the levels of tartrate resistant acid phosphatase (TRAP) were 
measured to assess whether differences in bone resorption could explain the observed 
morphometric differences. As expected, bone resorption seemed to increase with aging in 
both wild type and TTD mice (Figure 4C). In addition, TTD seemed to have higher levels of 
TRAP.  However, no significant differences were observed between genotypes or with age.   

Bone marrow cell cultures 
To assess whether the differences in bone phenotype in TTD mice are due to an impaired 
osteoblast and/or osteoclast differentiation, we performed bone marrow cultures and 
assessed the capacity to form osteoblasts and adipocytes from mesenchymal stem cells 
as well as osteoclasts from hematopoietic stem cells for wild type and TTD mice of various 
ages. The number of TRAP-positive osteoclasts was similar in 13-weeks-old wild type and 
TTD cultures (Figure 5A). 

In the following period wild type but not TTD mice showed a significant decline in the 
number of osteoclasts resulting in a significant higher number of osteoclasts at 26 weeks 
of age in TTD mice. At later ages the number of osteoclasts was similar in wild type and 
TTD mice (Figure 5A). The amount of resorption by mature osteoclasts was not significantly 
different between wild type and TTD (Figure 5B). At 13 weeks of age, the number of bone 
nodules was similar for wild type and TTD mice (Figure 5C). However, the number of bone 
nodules in TTD mice showed a rapid decline resulting in significantly lower numbers 
of bone nodules at 26 and 39 weeks of age compared to wild type mice (Figure 5C). 
Subsequently, the number of bone nodules in wild type mice also declined resulting in 
similar numbers as in 45-week old TTD mice (Figure 5C). There was no significant difference 
in bone nodule size between wild type and TTD mice at any age (Figure 5D). Both wild 
type and TTD nodules mineralized but no significant differences between the genotypes 
could be detected at any age (data not shown). Similarly, both wild type and TTD mice were 
able to form adipocytes but no significant differences between the genotypes could be 
detected at any age (Figure 5E). 

PTH treatment 
Albeit with an accelerated decrease in bone nodule formation the bone marrow cultures 
of TTD mice retained their capacity to generate osteoblasts and form bone. To investigate 
whether this bone forming capacity is still present and can be stimulated in vivo as well, 
we analyzed the effect of intermittent PTH treatment on bone structure in TTD mice. PTH 
treatment was started at 45 weeks of age, i.e. after the accelerated bone loss has started. 
Cortical bone volume showed an increase after 20 weeks intermittent PTH treatment as 
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can be seen from the right-shift in the 3D-thickness distribution (Figure 6C). PTH treatment 
significantly increased trabecular bone volume fraction, trabecular thickness as well as 
cortical thickness suggesting that osteoblasts in TTD mice can still be stimulated to increase 
bone formation (Figure 6A, B and D). 

Figure 5: Stem cell cultures of wild type and TTD mice. Analyses of osteoclast, osteoblast and adi-
pocyte differentation capacity in bone marrow cell cultures in wild type (solid bars) and TTD 
mice (open bars). Number of TRAP-positive osteoclasts (A), resorption surface per mature oste-
oclast (B), number of alkaline phosphatase-positive bone nodules (C), size of alkaline phospha-
tase-positive bone nodules (D) and number of adipocytes (E). TTD mice compared to wild type 
animals: # p<0.05, ### p<0.001; error bars represent SEM. 

Discussion

TTD mice display features of premature aging in many organs and tissues [23,25], but the 
progeroid symptoms do not affect all tissues to the same extent. In fact, paradoxically, a de-
tailed, systematic large cohort analysis revealed that some organs and tissues even exhibit 
features resembling caloric restriction and delayed aging. For instance, the occurrence of 
cataract in the eyes in TTD mice was found to be significantly less compared to the isogenic 
wild type control mice kept under the same conditions [25]. This extends the notion that 
all human progeroid syndromes are segmental [37], i.e. that multiple organs suffer from 
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rapid aging, yet others seem relatively unaffected and as shown by TTD mice may even age 
slower than wild type controls. Microarray expression analysis of various accelerated aging 
mice revealed a strong parallel with expression profiles of normal aging [38,39]. To examine 
at the level of physiology, whether TTD mice are indeed a bona fide model for aging and to 
rule out that it is a developmental disorder, we examined in great detail the effect of aging 
on bone parameters of female wild type mice as well as progeroid TTD mice. The system-
atic analysis uncovered the consequence of a defect in DNA repair and basal transcription 
on the velocity of age-related skeletal changes and assessed to which extent the skeletal 
abnormalities reflect normal bone aging.

Figure 6: PTH treatment in TTD mice. Trabecular bone volume fraction (BV/TV; A), trabecular 
thickness (B), cortical thickness distribution (C) and cortical thickness (D) in femora from 
PTH treated (PTH) and control (VEH) TTD mice. * p<0.05, ** p<0.01; error bars represent 
SEM. 

Normal skeletal development but accelerated skeletal aging in progeroid TTD mice
It should be emphasized that by all parameters measured bone develops normally in TTD 
female mice, i.e. bone volume, cortical thickness and perimeter are similar in wild type and 
TTD mice up to 39 weeks of age. In addition, similar numbers of osteoblasts and osteo-
clasts in bone marrow cultures as well as periosteal apposition are present up to at least 
13-weeks of age. This observation excludes a developmental defect as explanation for the 
TTD phenotype and is in line with other studies on TTD mice [25]. After 39 weeks of age 
profound accelerated decrease in bone volume is observed in TTD mice. The decrease in 
bone volume and cortical thickness in TTD mice is almost 40 weeks ahead of that in wild 
type mice. This accelerated form of natural bone aging strongly underlines the premature 
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aging phenotype of TTD mice. Notably, the decrease in bone volume is paralleled by an 
accelerated decrease in bone strength in TTD mice after 26 weeks of age; i.e. an ultimate 
fracture load as observed in 52-week-old TTD mice was only noticed in 104-week-old wild 
type mice (Figure 4B). An important mechanism underlying the accelerated decrease in 
bone strength is that in TTD mice the larger endocortical volume is not compensated by an 
increase in age-related periosteal apposition and perimeter as seen in wild type mice. The 
accelerated decrease in bone strength can not be explained by a change in mineralization 
grade of the matrix as assessed by quantitative Backscatter Scanning Electron Microscopy 
analyses or increased bone resorption as assessed by measurement of serum TRAP. 

Lack of periosteal apposition as a cause of decreased bone strength in TTD mice
The lack of effective periosteal apposition in TTD mice is intriguing as it is a localized 
phenomenon. Despite the important role of periosteal apposition in establishing structural 
strength during growth and in maintaining strength during aging, little is known about the 
mechanism and control of periosteal apposition [40]. Currently, it is tempting to speculate 
that, with aging, increased bending stress on the outer surface of bone (due to endosteal 
bone loss and subsequent cortical thinning) leads to the stimulation of periosteal bone 
apposition [41,42,43]. The force of mechanical bending and torsion varies linearly with 
the distance from the neutral axis and therefore bending stress is larger on the periosteal 
side of the bone [44]. Mechanical loading could thus influence periosteal apposition and 
a change in mechanical loading could consequently affect this process. In wild type mice 
we see the natural link between thinning of the cortex, increase in endocortical volume, 
the presence of periosteal apposition and increase in perimeter. In TTD mice this increase 
in perimeter is absent. As TTD mice, in contrast to wild type mice do not accumulate fat 
with aging, the difference in weight [25] might contribute to the difference in periosteal 
apposition. However, we could not detect an obvious correlation between body weight 
and perimeter (unpublished observations). Moreover, in mice a relationship between body 
weight and femur, vertebral and phalangeal bone parameters has not been found [45]. 
TTD mice may provide an excellent tool to study periosteal apposition and to unravel the 
underlying mechanisms. 

DNA repair defect and bone marrow stem cells in TTD mice 
With regard to the accelerated decrease in bone formation and bone mass, the deficiency 
of DNA damage repair is very likely to have a causative effect. DNA lesions e.g. induced by 
free radicals, which are a byproduct of normal metabolism, are incompletely repaired by 
DNA-repair deficient TTD mice [23]. The increased damage load will lead to dysfunctional 
senescent cells or will cause apoptosis [46]. Indeed, TTD mice appear to exhibit a 
decreased spontaneous tumor formation rate likely at least in part by an increased rate 
of apoptosis [25,47], which protects from cancer but at the same time likely accelerates 
aging. An increased rate of apoptosis can therefore be expected to cause accelerated 
depletion of stem cells or early progenitor cells leading to a disturbed osteoblasts and 
adipocyte differentiation from mesenchymal stem cells and osteoclasts derived from 
the hematopoietic stem cell lineage. A decrease in mesenchymal stem cell number or 
disturbed differentiation is suggested by the fact that TTD mice lack abdominal fat mass 
[48]. As the structural differences in bone became apparent after 39 weeks we analyzed 
bone marrow mesenchymal and hematopoietic stem cell differentiation in the period 
around this age starting at 13 weeks of age. Osteogenic analyses of the bone marrow 
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cultures demonstrated an accelerated decrease in bone nodule formation implicating an 
accelerated reduction in the number of mesenchymal stem cells that can differentiate into 
osteoblasts that precedes the decrease in bone mass. The absence of differences in size 
of the bone nodules shows that the proliferative capacity of the stem cells present is not 
changed in TTD mice. 

Histomorphometric analyses showed that the number of osteoblasts in vivo was lower in 
tibia of TTD mice throughout life. These data suggest that DNA damage levels in TTD mice 
reach a critical threshold in (mesenchymal) stem cells between 13 and 26 weeks, which 
translates into reduced numbers of differentiated osteoblasts and a bone phenotype. 
Although we only studied bone marrow cultures up to 45 weeks, bone nodule formation 
in wild type mice seems to decrease starting at 45 weeks of age, which is in line with 
the observed significant decrease in the number of osteoblasts in wild type tibiae at 52 
weeks of age. It was shown previously that old mice had significantly fewer stem cells with 
osteogenic potential than young animals [49,50]. In humans, the number of stem cells with 
osteogenic potential was shown to decrease already at young age [51,52,53]. 

Only at 26 weeks of age a drop in the number of osteoclasts observed in wild type mice 
leads to a significant difference in in vitro osteoclast formation between wild type and TTD 
mice while no significant differences in resorption capacity were observed. The decreased 
osteoblast differentiation at 26 weeks of age may explain the decrease in bone volume 
and structure as first observed after 39 weeks. Obviously, definite proof that the observed 
accelerated decrease in mesenchymal stem cells in TTD mice is due to accumulation 
of DNA damage as a consequence of deficient DNA repair is lacking and with current 
technology very difficult to obtain. However, the most plausible scenario is that loss of DNA 
repair indeed leads to accumulation of otherwise repaired DNA lesions, which triggers cell 
death and cellular senescence. In the case of bone metabolism this results in an accelerated 
decrease in mesenchymal stem cells, suppression of growth and differentiation, deranged 
bone metabolism and inevitably premature loss of bone strength. 

Although there is an accelerated decrease in bone nodule formation, the current data 
show that TTD bone marrow mesenchymal stem cells retain bone forming capacity. This is 
further substantiated by the in vivo intermittent PTH treatment studies. Intermittent PTH 
administration to TTD mice demonstrated an increase in cortical thickness implicating 
that the stem cells/osteoblasts can still be stimulated to form bone. Considering the above 
mentioned relationship between DNA repair and apoptosis, it is interesting to note that 
PTH has been reported to inhibit osteoblast apoptosis [54,55]. The PTH effect on cortical 
thickness in TTD mice appears to be the result of increased endosteal bone formation 
and not periosteal apposition, as perimeter was not significantly changed. Interestingly, 
a recent study showed differences in mechanism by which intermittent PTH treatment 
increases bone formation at the endosteal and at the periosteal surface [56]. The increase 
in endocortical osteoblasts after intermittent PTH treatment is predominantly due to 
attenuated osteoblast apoptosis [56]. 

In periosteal bone where the rate of osteoblast apoptosis is low, PTH does not increase the 
number of osteoblasts by attenuating apoptosis, but by exerting pro-differentiating and/
or pro-survival effects on post-mitotic pre-osteoblasts [56]. These data are suggestive for 
different age-related mechanisms at the endosteal and periosteal level and in line with 
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our hypothesis that increased apoptosis of osteoprogenitors contributes to the decreased 
periosteal apposition in TTD mice. The adipocyte cultures support the fact that the intrinsic 
differentiation capacity of mesenchymal stem cells is not affected. In vivo TTD mice lack 
fat accumulation, but in vitro normal adipocyte differentiation is observed. Overall these 
observations point to an altered systemic environment in TTD mice. Currently, it should 
be concluded that the observed accelerated skeletal aging observed in TTD mice is the 
result from a combination of an accelerated decline in the number of osteogenic stem cells 
together with altered systemic influences. 

In conclusion, we demonstrate that the increased and accelerated decrease in bone mass 
in DNA repair-deficient TTD mice is a premature aging feature, which implies that the other 
aging-like features in TTD mice and patients may also represent bona fide premature aging 
symptoms and which in a broader context substantiates the importance of DNA repair in 
healthy aging. The TTD mouse mutant constitutes a valid model for bone aging and the 
absence of periosteal apposition provides for identification of new targets for maintaining 
bone strength with aging.
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Abstract

Accumulation of DNA damage caused by oxidative stress is thought to be one of the main 
contributors of human tissue aging. Trichothiodystrophy (TTD) mice have a mutation in the 
Ercc2 DNA repair gene, resulting in accumulation of DNA damage and several features of 
segmental accelerated aging. We used male TTD mice to study the impact of DNA repair 
on bone metabolism with age. Analysis of bone parameters, measured by micro-computed 
tomography, displayed an earlier decrease in trabecular and cortical bone as well as a loss 
of periosteal apposition and a reduction in bone strength in TTD mice with age compared 
to wild type mice. Ex vivo analysis of bone marrow differentiation potential showed an ac-
celerated reduction in the number of osteogenic and osteoprogenitor cells with unaltered 
differentiation capacity. Adipocyte differentiation was normal. Early in life osteoclast num-
ber tended to be increased while at 78 weeks it was significantly lower in TTD mice. Our 
findings reveal the importance of genome stability and proper DNA repair for skeletal ho-
meostasis with age and support the idea that accumulation of damage interferes with nor-
mal skeletal maintenance, causing reduction in the number of osteoblast precursors that 
are required for normal bone remodeling leading to a loss of bone structure and strength. 

Introduction 
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Osteoporosis, caused by a natural loss of estrogens, has been the main focus of the bone 
field for many years. However, recently a growing body of evidence supports a more gen-
eral, age-related form of bone loss, which occurs independent of changes in sex steroid 
hormone levels and starts at an early age [1]. Epidemiological studies pin-point the onset 
of this age-related bone loss right after obtaining peek bone mass in humans [2,3]. Ad-
ditionally, early onset and gradual bone loss has also been found in several mouse strains 
independent of a sudden loss of estrogens starting 2-3 months after birth [4,5]. This age-
related bone loss is characterised by a slower, more gradual decline in bone mass than in 
case of post menopausal bone loss [6].

Oxidative stress has been postulated as one of the contributing mechanisms behind age-
related bone loss [1]. Oxidative stress is induced by reactive oxygen species (ROS) formed 
as by-products of mitochondrial aerobic metabolism and fatty acid oxidation [7]. ROS at 
basal levels play an important role in a broad spectrum of signalling pathways [8]. An in-
crease in ROS production in response to external stimuli can induce oxidative stress which 
causes DNA and protein damage that can lead to apoptosis [9]. All cells have a battery 
of defence mechanisms to prevent ROS-induced damage. Anti-oxidant enzymes scavenge 
ROS and reduce them to an inactive state. Additionally, ROS activate proteins, including 
forkhead box protein O (FOXO) transcription factors that regulate anti-oxidant enzyme ex-
pression and activate DNA repair pathways [10,11]. Besides ROS, cellular metabolism also 
produces various other reactive chemical species, with a tendency to damage DNA such as 
alkylating agents and reactive nitrogen species. Recent studies showed the importance of 
FOXO-mediated oxidative stress defence for osteoblast function and skeletal homeostasis 
[12,13]. Cells contain several DNA repair pathways. The global genome nucleotide excision 
repair (GG-NER) pathway removes helix-distorting damage anywhere in the genome, thus 
mainly preventing mutagenesis and consequently carcinogenesis. Transcription coupled 
repair (TCR) eliminates lesions in the transcribed strand of active genes when transcription 
is arrested by DNA damage, to allow rapid resumption of the vital transcription process. 
This repair system mainly promotes cell survival and prevents DNA damage induced cell 
death and senescence [14,15]. Both repair processes share a number of components, in-
cluding the 10-subunit transcription factor II H (TFIIH) complex [16]. TFIIH opens up the 
DNA helix using the helicases xeroderma pigmentosum complementation group B (XPB) 
and D (XPD) after damage detection in global genome as well as transcription-coupled 
repair [17]. This allows damage verification and excision by dual incision of the damaged 
strand at some distance from the lesion, followed by gap-filling DNA synthesis and final 
ligation to the pre-existing strand [18]. 

Mutations in the NER pathway helicase XPD, cause -among several other inherited 
syndromes- a disease called Trichothiodystrophy (TTD) which is a rare, autosomal recessive 
DNA repair disorder presenting a wide range of characteristic features like photosensitivity, 
brittle hair and nails, impaired intelligence, short stature, infertility and a severely reduced 
lifespan. Additionally, skeletal abnormalities have been described [19]. An XPD mouse 
model was generated, using murine homologue Ercc2, which precisely mimics a causative 
point mutation in the essential Xpd gene of a TTD patient, causing a single amino acid 
substitution (R722W) in the ERCC2 (XPD) helicase. Although mice were significantly lighter 
and smaller, radiographs of 2- to 4- month old TTD mice did not show any skeletal 
abnormalities, but those of 14 month old mice displayed kyphosis and a reduction in 
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radiodensity of the long bones, both hallmarks of human aging [20]. In addition, TTD mice 
in a C57BL/6J background, have strikingly similar symptoms and show several premature 
aging-like features [21].

We used the TTD mouse model, which lacks one of the basic defense mechanisms against 
DNA damage and undergoes accelerated aging, to study the impact of DNA-repair in 
maintaining bone metabolism with aging. Previous studies using TTD mice have shown 
that early TTD development progresses normally when compared to wild type mice. Clear 
changes between the two groups start to develop after 26 weeks of age when TTD mice 
start to lag behind in gaining body weight and develop their characteristic features [22]. 
Early bone development was not affected and no changes in bone length were measured 
in male or female bones at any of the time points studied (data not shown).  In this study 
we investigated bone architecture, gene expression and mesenchymal and hematopoietic 
stem cell differentiation potential.

Material and Methods
 
Ethics Statement
As required by Dutch law, formal permission to generate and use genetically modified 
animals was obtained from the responsible local and national authorities. All animal 
studies were approved by the Dutch equivalent of the Institutional Animal Care and Use 
Committees, Erasmus MC Dier Ethische Commissie.

Mice and bones
All mice had a C57BL/6J background and all mice within one cohort were kept under equal 
conditions. For micro-computed tomography (µCT) analysis 8 wild type and TTD mice 
were sacrificed at various ages (13 – 104 weeks). Because of their reduced lifespan [22] 
TTD mice within the µCT cohort were not available for the last time point of wild type mice 
(104 weeks) and therefore were only analyzed till 78 weeks. Mice were killed by cervical 
dislocation. Femurs and tibiae were isolated and were either snap frozen in liquid nitrogen 
and stored at -80 °C or fixed in Burkhardt, which was replaced by 70% ethanol after 3 days. 
For bone marrow isolation 10 wild type and TTD mice were sacrificed after which bones 
were isolated and used for bone marrow isolation or fixed in 10% formalin for further 
testing. 

Micro-computed tomography 
Fixed tibiae from wild type and TTD mice (n = 4-6) were scanned by μCT from proximal end 
to mid-diaphysis using the SkyScan 1072 microtomograph (SkyScan, Antwerp, Belgium) 
with a voxel size of 8.82 μm. Bone parameters were quantified using the following software 
packages, Nrecon, CT-analyze and Dataviewer and MatLab (The Mathworks. Natick, 
MA,USA) (http://www.skyscan.be/products/downloads.htm)  . For all mice, a metaphyseal 
(100 sections) and a diaphyseal (50 sections) area were selected for analysis starting 
respectively 30 or 400 sections below our offset landmark within the epiphyseal growth 
plate. We determined the following parameters; trabecular bone volume fraction (BV/
TV), metaphyseal endocortical volume (metaphyseal Ec.V.), trabecular number (Tb.N), 
trabecular thickness (Tb.Th.), cortical thickness (Ct.Th.), cortical volume, (Ct.V) diaphyseal 
endocortical volume (diaphyseal Ec.V)., polar moment of inertia (MOI) and perimeter (Pm.) 
[46]. In addition, 3D thickness distribution was determined, using a larger standardized area 
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located 3.7-6.9 mm from the proximal end of the bones [47].For additional analysis proximal 
tibiae from male wild type and TTD mice at 13 weeks of age were scanned in the Skyscan 
1076 in vivo X-ray microtomograph (Skyscan, Kontich, Belgium) as previously described 
[48]. Two regions were analyzed using the CTAnalyser software package (Skyscan): cortical 
thickness (Ct.Th.) and cortical porosity were determined in 20 cross sections of the mid-
diaphysis of the tibia, and bone volume fraction (BV/TV), trabecular thickness (Tb.Th.) and 
cortical thickness (Ct.Th.) were measured in 50 cross sections of the proximal metaphysis, 
starting directly underneath the growth plate.”

Histomorphometric analysis
To assess dynamic histomorphometric indices, mice received intraperitoneal injections 
with calcein (10 μg/g body weight) 10 and 3 days prior to sacrifice. Tibiae and sections 
were processed and stained as described previously [49]. Parameters of static and dynamic 
histomorphometry were quantified on not decalcified proximal tibia sections.  For each 
animal, the bone formation rate was determined by fluorochrome (calcein) measurements 
using two non-consecutive 12µm-sections per animal. Additional histomorphometric 
analysis was performed on 13 and 78 week old wild type and TTD bones as previously 
described [50].

Mechanical testing 
Defrosted femurs were disposed of residual soft tissue and tested in a three-point bending 
assay using a Lloyd LRX mechanical test frame, constructed with 3 mm hemi-cylindrical 
supports with a 9 mm total span. The femurs were aligned such that the neutral axis was 
parallel to the sagittal plane. The lesser trochanter was used as a reference point and 
aligned with one of the two supports. All samples were preconditioned for 5 cycles to 2 N 
at a rate of 0.01 mm/s before testing to failure at a rate of 0.02 mm/s. We measured ultimate 
load (N), energy (Nmm) and stiffness (N/mm).

Backscatter Scanning Electron Microscopy
Processing and quantitative backscatter scanning electron microscopic analyses were 
done as described previously [51]. From each image the histogram of equivalent Z-values 
was calculated, its mean value representing the mean mineralization of the bone tissue 
[24].

Bone marrow isolation, cell culture and cell culture staining 
Bone marrow was collected immediately after the bones were obtained by spinning 
down the bone marrow into an Eppendorf tube at 5000rpm for 2 min. Erythrocytes were 
lysed using erylysis buffer (1.55M NH4Cl, 0.1M KHCO3, 1mM EDTA (10x)) and cells were 
washed and seeded at 1.000.000 cells/well (12 wells) for osteoblasts, 100.000 cells/well 
(96 wells) for osteoclasts and 750.000 cells/well, for adipocytes (24 wells). Osteogenic and 
osteoclastogenic cultures were performed as previously described [52]. Adipocytes were 
cultured on adipogenic (D-MEM (GIBCO, Paisley, UK) supplemented with P/S, amphotericin 
B (250 ng/ml, Sigma, Zwijndrecht, NL) and 15% heat-inactivated FCS (GIBCO) medium. 
Adipogenesis was induced after a 3-week expansion phase by adding insulin (0.1 µg/ml, 
Sigma), indomethacin (1 mM, Sigma) and dexamethasone (1*10-7M, Sigma) for two weeks. 
Osteoblast colony forming potential and mineralization potential were determined as 
previously described after respectively 14 and 21 days of culture [52]. Colonies were counted 
by eye, next plates were scanned and colony surface area was determined by computer 



110 Chapter 5

Chapter 5

analysis (Bioquant software, Nashville, TN, USA). Alizarin Red staining was extracted and 
quantified by absorptiometry at 405 nm on a plate reader (Victor2 1420 multilabel counter, 
Wallac, Perkin Elmer, Waltham, MA, USA). Osteoclast number and resorption capacity 
were determined as previously described [30] and analyzed using freely available Image J 
software (version 1.41;http://rsbweb.nih.gov/ij/). Adipocyte cultures were fixated O/N with 
10% formalin, washed with 60% IPOH and stained with Oil-Red O solution (60-40 dilution 
of Oil-Red O stock solution (Clin-Tech limited, Guiltford, UK) in H2O) after which the total 
amount of adipocytes per well was determined.

RNA isolation and qPCR analysis
After removing tibiae from the mice, we removed the bone marrow and immediately 
homogenized the tissue into Trizol using a Tissuelyser (Qiagen, Venlo, NL). RNA was isolated 
and purified using a Qiagen RNeasy kit (Qiagen). Total RNA amount was determined using 
a spectrophotometer (ND1000, Nanodrop, Thermo Scientific, Wilmington, DE, USA). For 
cDNA synthesis 1 µg of total RNA was reverse transcribed using a cDNA synthesis kit 
according to the manufacturer’s protocol (MBI Fermentas, Thermo Scientific, Wilmington, 
DE, USA). qPCR analysis was performed using a ABI 7500 Fats Real-Time PCR detection 
system (Applied Biosystems, Carlsbad, CA, USA). Reactions were performed in 25 µl 
volumes using a qPCR core kit (for assays using a probe) or a qPCR kit for SYBR green I 
(for assays using SYBR Green) (Eurogentec, Maastricht, NL). Primer and probe sets were 
designed using Primer Express software (version 2.0, Applied Biosystems).

Statistics
We performed 2-way ANOVA statistical analysis on all datasets to determine any 
interactions between age and phenotypes, as well as additional unpaired t-tests with two-
tailed P-values to determine significant difference at each time point (Graph Pad Software, 
San Diego, CA, USA, www.graphpad.com

Results

Bone architecture
In order to analyze bone dynamics in wild type and TTD mice throughout life we analyzed 
trabecular bone parameters in the metaphysis by µCT analysis. The trabecular bone volume 
fraction (BV/TV) gradually but significantly decreased over time in wild type mice, dropping 
75% between 13 and 104 weeks of age. Albeit that at 13 weeks the BV/TV in TTD mice 
was already half of that in wild type mice, BV/TV decreased as well further throughout life, 
losing about 50% between 26 and 78 weeks of age (Fig.1A). At all time points measured, 
BV/TV was significantly lower between wild type and TTD mice, with the largest difference 
observed at the first point measured at 26 weeks of age. No significant interaction between 
genotype and age was observed.  

The endocortical volume (Ec.V.), also known as the total volume contained by the endosteal 
surface of the cortical bone, was significantly lower in 13 weeks old TTD mice compared to 
wild type mice of the same age. Ec.V. decreased between 13 and 26 weeks in both wild 
type and TTD mice after which it stabilized in wild type mice. Ec.V. increased again In TTD 
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Figure 1: Age-related trabecular bone loss in male TTD mice. Trabecular bone parameters (A-
D) were studied in aging wild type (solid) and TTD (open) tibial metaphyses. (A) Trabecular 
bone volume fraction (BV/TV), (B) Endocortical volume (Ec.V.), (C) Trabecular number (Tb.N.), 
(D) Trabecular thickness (Tb.Th.). 100 cross-sections were measured in the metaphysis of 
TTD and wild type mice. Representative cross-sections of 26 week old, male, wild type (E) 
and TTD mice (F) depict the loss of trabecular bone, the decrease in trabecular number and 
increase in endocortical volume. Statistics: a= student t-test; p<0.05 wild type vs. TTD, b-d 
= 2 way ANOVA; p<0.05. b= significant difference between wild type and TTD with aging, 
c= signifcant difference with aging within a genotype, d= a significant interaction between 
age and genotype. Error bars represent SEM.

mice, ending up significantly higher at 52 and 78 weeks of age compared to wild type 
mice (Fig.1B). For Ec.V. there was a significant interaction between genotype and age, 
which means that age is a determinant of the difference between wild type and TTD mice. 
Trabecular number (Tb.N.) which decreased in wild types throughout life, is significantly 
lower in TTD mice, with the biggest difference observed at 13 weeks when TTD mice have 
about half the number of trabecules found in wild type mice of the same age (Fig.1C). 
Trabecular thickness (Tb.Th.) however, was the same for both genotypes and did not 
change throughout life (Fig.1D). In summary, TTD mice (Fig.1F) displayed a reduction in 
trabecular bone compared to age-matched wild type mice (Fig.1E) as shown in the sample 
cross-sections in Figure 1E and F. In addition, both wild type and TTD exhibited age-related 
decline. Cortical thickness (Ct.Th.) significantly decreased throughout life in wild type mice, 
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losing approximately 20% between 13 and 104 weeks. The same gradual and significant 
decline was observed in TTD mice, which had thinner cortices compared to wild type mice 
at all time points measured, significantly so at 26 and 78 weeks (Fig.2A). 

Figure 2: Age-related cortical bone loss in male TTD mice. Cortical bone parameters (A-D) were 

studied in aging wild type (solid) and TTD (open) tibial diaphyses.(A) Cortical thickness (Ct.
Th.), (B) cortical volume (Ct.V.), (C) endocortical volume (Ec.V.), (D) 3D thickness distribution. 
Figures E and F depict the significant decrease in cortical thickness when comparing 26 
week old wild type (E) and TTD (F) mice.  Statistics: a= student t-test; p<0.05 wild type vs. 
TTD, b-d = 2 way ANOVA; p<0.05. b= significant difference between wild type and TTD with 
aging, c= signifcant difference with aging within a genotype, d= a significant interaction 
between age and genotype. Error bars represent SEM.

Cortical volume (Ct.V.) increased between 13 and 26 weeks after which it remained initially 
relatively stable in wild type mice, but rapidly and significantly dropped between 78 and 
104 weeks of age reaching a level that is already obtained in TTD mice at 52 weeks. In TTD 
mice, Ct.V. also increased in the first time period, but less than in wild type mice, after which 
it stabilized throughout life but was significantly lower at all time points compared to wild 
type mice of the same age (Fig.2B). Statistical analysis showed a significant interaction 
between age and genotype, which translated into a significant decrease in Ct.V. over time 
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in TTD mice compared to wild type mice. Endocorital volume (Ec.V) followed a similar 
pattern in time as Ct.V (Fig.2C). After the initial increase TTD mice have a relatively stable 
but significantly increased endocortical volume compared to wild type mice throughout 
their entire life. Ec.V. is stable up to 78 weeks of age in wild type mice after which it rapidly 
and significantly increases, reaching TTD levels (Fig.2C). Analysis of the 3D thickness 
distribution within the diaphysis demonstrated a shift towards thinner bone fragments as 
well as a drop in the number of fragments when comparing young and old wild type as well 
as TTD mice. This is depicted for wild type mice in Figure 2D. Importantly, an accelerated 
age-related shift towards thinner fragments was observed in TTD mice when compared to 
wild type mice (Fig.2D). In general, at the age of 6 months, TTD mice (Fig.2F) already have 
much thinner cortices and less cortical bone compared to age-matched wild type mice 
(Fig.2E). 

Data of histomorphometric analyses on 13 and 78 week old wild type and TTD tibiae 
are shown in Table 1. None of the eleven studied histomorphometric parameters were 
significantly different at 13 weeks (Table 1). In contrast in 78 week old mice, several 
parameters were significantly lower in TTD mice, including Tb.N, Tb.Th. and BV/TV, 
supporting the μCT findings, while trabecular spacing (Tb.Sp) was significantly higher 
in TTD mice. For most parameters a significant interaction between age and the TTD 
genotype was shown (Table 1). 

Bone strength
Structural changes in bone architecture, like differences in cortices and alterations in matrix 
deposition can lead to changes in bone strength. To address this, we performed 3-point 
bending tests on wild type and TTD femurs. We measured three parameters; energy to 
failure, ultimate load and stiffness[23]. The amount of energy needed to break the bone – 
energy to failure – is with aging significantly lower in TTD that in wild type, but there was 
no significant interaction between genotype and age (Fig. 3A)

Wild type bones showed a gradual decrease in ulitmate force, reflecting general integrity 
of the bone structure, dropping from 18 N to 15.5 N over a period of 65 weeks (Fig. 3B). 
Ultimate force was similar in wild type and TTD mices at 13 weeks of age, consistent with 
the idea that initial bone development in TTD is not significantly affected. At 26 weeks, 
however, a drop to about 12.5 N was observed, which is in line with the differences found 
with other parameters at this age between TTD and wild type males. Bone stiffness was 
significantly decreased from 13 weeks onwards, with the exception of 26 week old bones 
(Fig. 3C). Quantitative backscatter scanning electron microscopic analysis of wild type and 
TTD femurs displayed no significant differences in mineralization of the cortex between 
genotypes or with aging (Fig.3D). Two µCT parameters related to bone strength, moment 
of inertia (MOI) and perimeter (Pm.), did not show significant differences between wild 
type and TTD mice throughout life and followed similar patterns (Fig.3E and Fig.3F). MOI 
decreases gradually during life in both wild type and TTD mice as expected, since older 
bones usually become more fragile. Although the difference is not significant, TTD mice 
have consistently lower MOI values compared to wild type mice up to 78 weeks. In wild type 
mice in which an additional time point of 2 years was available, we observed a significant 
increase in perimeter after 78 weeks. 
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Table 1: Histomorphometric analyses. Histomorphometric parameters were measured in 
13 and 78 week old wild type and TTD tibiae (N=5). T-tests were performed at each time 
point, p-values are depicted in the table in the columns “p-value”. Interaction between the 
age and phenotype of the mice was determined by performing 2-way ANOVA’s, p-values 
are depicted in the table in the column “Interaction”. * = significant difference between wild 
type and TTD bones, p<0.05.

Periosteal apposition
An increase in bone perimeter at an older age is a distinctive feature of periosteal 
apposition, which generally takes place in aging bones in order to maintain bone strength 
by depositing new bone on the outside (periosteal) of the cortex in order to compensate 
for the intrinsic bone loss on the inside (endosteal). To address this further we measured 
periosteal bone formation rates using calcein labeling in wild type and TTD mice (Fig.4A 
and Fig.4B). Periosteal apposition was significantly reduced in old but not in young TTD 
mice (Fig.4C). Endosteal bone formation was stable and unaffected throughout life (Fig.4D). 

Serum osteocalcin measurements demonstrated that at 52 weeks but not yet at 13 weeks 
of age TTD mice a have significant lower level of this bone formation parameter (Figure 
4E). A characteristic phenotype of TTD mice is that they lack development of adipose 
tissue with aging [20]. This is reflected by the significant difference we measured in the 
adipocyte-derived cytokine leptin (Figure 4F). Irrespective of this strong difference the TTD 
were able to control their serum glucose level and maintain similar levels as the wild type 
mice (Figure 4G). 

Gene expression
 In order to gain more insight into the effects of a mutated Ercc2 (Xpd) gene on transcription 
in general and bone formation and remodeling specifically, we isolated RNA from tibiae and 
measured the expression levels of a number of osteoblast and osteoclast specific genes. 
Osteocalcin (Bglap) and collagen (Col1A1) were expressed at similar levels in wild type and 
TTD tibiae, both at 13 and 52 weeks. However, from 13 to 52 weeks of age, expression 
levels significantly decreased (Figs.5A and B). Two well known osteoclast markers tartrate-
resistant acid phosphatase (TRAP/ACP5) and cathepsin K (CTSK) were expressed at equal 
levels in wild type and TTD tibiae at both ages analyzed (Figs 5C and D). Similar as for the 
osteoblast markers, both Trap and Ctsk expression significantly decreased from 13 to 52 
weeks of age. Recently, the importance of the FOXO-mediated oxidative stress defence 
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for osteoblast function and skeletal homeostasis has started to become clear [12,13].  We 
studied the expression patterns of three Foxo genes as well as those of the three superoxide 
scavengers, Sod1, Sod2 and Sod3. Foxo1 was significantly lower at 13 weeks in TTD mice, 
whereas Foxo3 and Foxo4 were expressed at similar levels as in wild type tibiae. In 52 week 
old tibiae however, Foxo3 and Foxo4 expression was significantly decreased in TTD mice 
whereas Foxo1 expression was similar in both genotypes (Fig.5C). Both Foxo1 and Foxo4, 
but not Foxo3, levels dropped when comparing 13 weeks old mice to 52 weeks old mice 
(Figs.5C-E). 

Figure 3: Decreased bone strength in TTD mice. Bone strength, mineralization, perimeter, MOI 
and bone formation rates in long bones of aging wild type (solid bars or symbols) and TTD 

males (open bars or symbols). (A) Energy to failure (B) Ultimate load (C) Bone stiffness, (D) bone 
mineralization, (C) MOI and (D) perimeter (Pm.). Statistics: a= student t-test; p<0.05 wild type 
vs. TTD, b-d = 2 way ANOVA; p<0.05. b= significant difference between wild type and TTD 
with aging, c= signifcant difference with aging within a genotype, d= a significant interaction 
between age and genotype. Error bars represent SEM.

All 3 Sod genes were expressed at similar levels in wild type and TTD mice throughout 
life. Sod3 expression decreased from 13 to 52 weeks of age, whereas Sod1 and Sod2 
expression remained at the same level in older mice (Fig.5D). Next we analyzed the 
expression of pro- and anti-apoptotic genes in wild type and TTD mice at various ages. No 
significant difference in expression was observed at 13 and 52 weeks indicating that the 
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observed skeletal phenotype in TTD mice is independent of apoptosis. At 104 weeks of 
age no consistent expression was observed supporting increased or decreased apoptosis. 
Pro-apoptotic genes were either higher (Casp7 and Casp9) or lower (Casp3 and Casp6) 
expressed in TTD tibiae (Figure S1).

Figure 4: Periosteal apposition, bone formation and hormone levels. TTD mice lack periosteal 

apposition at 78 weeks whereas endosteal apposition is not affected. Calcein labelling at 
sites of periosteal apposition in 78-week-old (A) wild type and (B) TTD mice. Quantitative 
analyses of (C) periosteal and (D) endosteal apposition at 13 and 78 weeks. Serum 
measurements of bone formation markers and hormones; (E) osteocalcin, (F) leptin, (G) 
glucose at 26 and 52 weeks. Statistics: student t-test a = p<0.05 wild type vs. TTD. Error bars 
represent SEM. 

Bone marrow differentiation potential
Besides a decrease in bone strength and a lack of periosteal apposition, older TTD mice also 
have a lack of body fat [21,22,24]. This could possibly be due to impairment in the number 
and/or differentiation capacity of mesenchymal stem cell (MSC), the common precursor 
of osteoblasts and adipocytes. In order to study this we isolated bone marrow containing 
MSCs and osteogenic and adipogenic progenitors from 26, 42 and 78 week old wild type 
and TTD mice and analyzed differentiation into osteoblasts and adipocytes in ex vivo 
cultures. In addition, we examined the osteoclastogenesis in these bone marrow samples. 
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The number of alkaline phosphatase (ALP) positive colonies formed in TTD mice showed a 
significant age-dependent decrease and was at 42 and 78 weeks significantly lower than in 
wild type mice (Fig.6A). No significant changes in colony size were measured with aging in 
wild type and TTD cells, and no significant differences between wild type and TTD cultures 
were observed indicating that at least in vitro proliferative potential was unaffected by 
aging and the TTD repair defect (Fig.6B). Both wild type and TTD colonies mineralized to 
the same extent implicating unaffected mineralization in TTD mice (data not shown). In 
contrast to the number of osteoblast colonies, we did not observe a significant decrease 
in adipocyte differentiation potential as assessed by the number of lipid-vesicle-forming 
adipocytes in in vitro cultures (Fig.6C). 

Osteoclastogenesis analyses showed that the total number of TRAP+ (ACP5+) osteoclasts 
found in these in vitro cultures was stable throughout life in wild type mice up to the age of 
78 weeks but significantly decreased in TTD mice (Fig.6D). When focusing on multinucleated 
osteoclasts (>2 nuclei), no significant differences were observed between wild type and TTD 
mice although TTD cultures showed a significant trend towards a decline in multinucleated 
osteoclasts with aging (Fig.6E). Additionally, osteoclasts were cultured on bone slices to 
analyze osteoclast resorption. Only mature osteoclasts are capable of resorbing bone, so 
we calculated the average size of a pit formed by a multinucleated osteoclast (Fig.6F). For 
both wild type and TTD mice we observed a trend towards a decrease in resorption with 
aging, both of which did not reach significance (Fig.6F). No significant differences were 
observed between wild type and TTD mice although at both 26 and 42 weeks, the resorbed 
area seemed about twice the size in TTD mice while at 78 weeks it was smaller (Fig.6F). 

Discussion

The presented data reveal the significance of proper DNA repair and limiting DNA damage 
for bone metabolism and maintaining bone strength with aging. The TTD mice with 
impaired DNA repair display loss of bone structure and strength.  Mice deficient in DNA 
repair are partially unprotected against DNA damage induced by ROS and other types of 
endogenous agents as has been shown in previous studies [25] and thereby the current 
study supports the concept of DNA damage-induced skeletal aging [1]. 

Our findings in aging wild type mice are in line with those presented in other studies that 
investigated male mice [4,5]. Age-related bone loss in humans has been stipulated to be 
mostly restricted to cortical bone [6]. We do, however, see a clear decrease in trabecular 
bone volume (BV/TV) and trabecular number along side the decrease in cortical thickness 
and cortical volume that was expected. This suggests that not only cortical but also 
trabecular bone is subjected to age-related bone loss. These data correspond with those 
found in other studies [5]. Analyses of the 13 weeks old mice demonstrated a temporal 
difference in skeletal changes with age between trabecular and cortical bone. μCT analyses 
demonstrated already significant differences at trabecular bone sites between wild type 
and TTD mice while at cortical bone sites no differences were found. On basis of the 
trabecular data we cannot exclude that in male TTD mice the observed bone phenotype 
is partially the result of a developmental disturbance. Nevertheless, viewing our current 
histomorphometric analyses and the cortical data of 13 weeks old mice, we propose that 
the skeletal phenotype in male TTD mice is predominantly an age-related phenomenon 
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instead of a developmental disorder. 

We postulate that up to a certain age, somewhere between 13 and 26 weeks, the still func-
tional DNA repair mechanisms in the TTD mice are able to limit accumulation of DNA dam-
age. This limits cellular malfunctioning and premature cell death, and prevents skeletal al-
terations. However, this fails with progressing age, leading to premature skeletal aging. In 
addition, the fact that clear changes between TTD and wilt type only start to develop after 
26 weeks of age is inherent to the fact that there is an important temporal component in 
the process from altered bone cell function to altered bone turnover and eventual overt 
skeletal structural changes.

Figure 5: Regulation of gene expression levels in tibiae. Expression levels measured in RNA extrac-
ted from tibiae of 13 and 52 week old wild type and TTD mice; (A) osteoblast marker genes Bglap 
and Col1A1. (B) Osteoclast marker genes Acp5 and Ctsk, (C) stress regulated genes Foxo1, Foxo3 
and Foxo4, (D) antioxidant enzyme scavengers Sod1, Sod2 and Sod3. Statistics: student t-test a = 
p<0.05 wild type vs. TTD, b = p<0.05 time point x vs. time point 13 weeks within one genotype. 
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The large difference in trabecular bone volume and cortical thickness in 26 weeks old male 
TTD mice may partially explain the reduction in bone strength that is already apparent 
at that age in TTD mice compared to wild type mice as we do not detect any significant 
changes in bone perimeter. In addition, decreased stiffness has previously been correlated 
with a loss in ultimate strength and an increased fracture risk [26].  In view of these data, 
we would also expect a decrease in MOI in these young mice, which appears not to be the 
case in our µCT analysis. However, MOI in these analyses is only a computational proxy 
for bone strength and does not take into account bone composition, making three point 
bending tests the more reliable measure. An interesting observation with respect to main-
taining bone strength with aging is the profound lack of periosteal apposition in TTD mice. 
Bone is added to the outside of the cortex in order to compensate loss at the endocortical 
side and to maintain bone strength as long as possible [27,28]. Disturbances in periosteal 
apposition and lack to compensate endocortical bone loss will lead to decreased bone 
strength and increased fracture risk. Involvement of estradiol, with opposite roles for es-
trogen receptors α and ß, testosterone and mechanical loading in the control of periosteal 
apposition have been reported [3]. However, the precise mechanisms underlying these 
age-related changes in bone and periosteal apposition are still poorly understood. Even 
though the current data do not yet provide a mechanism behind the lack of periosteal 
apposition, TTD mice might prove an excellent model to further unravel this important 
skeletal process with aging. 

We did not observe an effect on endosteal apposition, whereas periosteal apposition id 
severely reduced. This might be explained by the segmental nature of the TTD phenotype, 
which has been previously observed. Where several organs and tissues in TTD mice are 
exposed to extremely accelerated aging, others are not affected at all [21,22,29]. These seg-
mental effects might be due to differences between cell types, differences in timing and 
differences in intracellular metabolic stress levels. In the case of periosteal and endosteal 
apposition, timing might be the most important factor. Endosteal apposition is an impor-
tant process early on in life, when redundant DNA repair mechanisms may still be able 
to limit the DNA damage. However, with aging periosteal osteoblast activity is the most 
important process to compensate for the age-related increased endosteal bone loss. This 
allows greater impact of DNA damage on periosteal than on endosteal apposition with 
aging. 

The observed reduction in bone volume and perimeter throughout life in wild type and 
TTD mice will lead to a loss of bone strength. Up to 78 weeks of age there is a small de-
crease in perimeter which is in line with previous reports on cross-sectional area up to 20 
months of age in male wild type mice [4]. Apparently, an increase in perimeter is not im-
portant to maintain bone strength up to this point in life. However, after 78 weeks wild 
type mice demonstrate the known age-related increase in perimeter due to periosteal ap-
position. Unfortunately, perimeter data on TTD mice over 78 weeks of age could not be 
obtained. Nonetheless, as TTD mice show a strong decrease in periosteal apposition at 78 
weeks, it is unlikely that they would have shown an increase in perimeter as seen in wild 
type mice. This implicates that with progressing age and improper DNA repair a further 
and stronger decrease in bone strength will occur. The observed age-related difference in 
serum osteocalcin is supportive for a decreased periosteal bone formation.  
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Figure 6: Mesenchymal and hematopoietic stem cell differentiation. Mesenchymal and 
hematopoietic stem cell differentiation in aging wild type (solid bars) and TTD males (open bars). 
(A) Average number of ALP+ colonies in ex vivo bone marrow cultures after 14 days of culture. 
(B) Average colony size at day 14 of culture. (C) The average number of adipocytes per well. (D) 
Average number of TRAP+ positive cells per picture. (E) Average number of mature osteoclasts 
per picture. (F) Average percentage resorption surface per osteoclast pit per mature osteoclast. 
Statistics: a= student t-test; p<0.05 wild type vs. TTD, b-d = 2 way ANOVA; p<0.05. b= significant 
difference between wild type and TTD with aging, c= signifcant difference with aging within a 
genotype, d= a significant interaction between age and genotype. Error bars represent SEM. 

Since TTD mice carry a specific defect in TCR combined with a partial GG-NER deficiency 
they are predicted to suffer more from the consequences of cellular DNA damage notably 
an increase in senescent or apoptotic cells. Indeed it has previously been observed that TTD 
mice even have a decreased spontaneous tumor formation rate. However, overprotection 
from cancer likely caused by enhanced death of cells with DNA damage may at the same 
time trigger accelerated aging [15,22,30,31]. In order to get a first tentative look at how TTD 
cells might be affected by accumulating damage, we studied the mRNA expression of a 
number of oxidative stress related genes. FOXO proteins play an important role in the cell’s 
defense against oxidative stress and accumulating damage. In addition, FOXO1 can control 
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bone mass. Osteoblast lineage specific deletion of Foxo1 leads to a decrease in osteoblast 
number, bone formation rate and bone volume [13]. Interestingly we already observed 
a significant decrease in Foxo1 expression in 13 weeks old TTD mice. This indicates that 
already at this young age, one of the fundamental mechanisms that protect the cells 
against stress is decreased and potentially contributing to decrease in bone structure in 
TTD mice. 

Further support for a role of the FOXO proteins is provided by the reduced expression of 
Foxo3 and Foxo4 at 52 weeks in TTD mice.  Our analysis current analyses didn’t reveal a major 
difference in the expression of three Sod genes. To address these antioxidant mechanisms, 
additional detailed analyses at protein and functional level are needed but these were 
beyond the scope of our current study. The analysis of apoptosis genes in whole tibae 
suggest that the skeletal phenotype observed in TTD mice is independent of apoptosis. 
Up to 52 weeks no significant differences between wild type and TTD mice were observed 
while at 104 weeks pro-apoptotic genes were both down- and up-regulated in TTD mice. 
As these analyses are based on expression in whole tibae differences in apoptotic gene 
expression in specific subsets of cells (e.g. osteoblasts, osteoclasts, bone marrow cells 
including hematopoietic en mesenchymal stem cells) might have been missed and will be 
part of future studies to unravel the role of apoptosis. An increase in damage and apoptosis 
can lead to a decrease in the number of stem and progenitor cells and or change their 
differentiation potential. Bone marrow harbors both mesenchymal and hematopoietic 
stem cells and their differentiation is tightly regulated in order to maintain a balance 
between the number of osteoblasts and osteoclasts [32,33,34]. Furthermore, the balance 
between osteoblast and adipocyte formation within the mesenchymal lineage is known 
to be regulated and can be tipped either way by disrupting one of the differentiation 
pathways [35]. The age-related decrease in wild type osteoblast colony formation potential 
we describe is in line with previous data [36].

Our current ex vivo TTD bone marrow cultures, as well as the histomorphometric data, 
showed a reduction in the capacity to form bone nodules and a trend towards reduced 
osteoclast activity with age. Taking into account that systemic factors might even increase 
the effect of this significant reduction in osteoblasts and osteoclasts, this could cause a 
reduction in bone turnover capacity and thereby a reduced capacity to maintain healthy 
bone. It is tempting to conclude that this is part of the mechanism underlying the observed 
early onset of skeletal aging and decrease in bone strength, although the observed effects 
are too small to be the only contributing factor. In addition, earlier in life, at 26 and 42 
weeks of age, the number of multinucleated osteoclasts and resorbed area are higher in 
TTD mice than in wild type mice, which may also contribute to the increase in bone loss 
and increased endocortical volume earlier in life. This effect on osteoclasts is supported by 
preliminary FACS analysis of wild type and TTD bone marrow (data not shown) showing a 
shift in HSC differentiation towards the myeloid lineages in TTD mice. 

Overall, these effects on osteogenic and osteoblast precursors and on osteoclastogenesis 
in TTD mice may contribute to accelerated bone aging and loss of bone strength in case 
of compromised DNA repair and accumulation of DNA damage. Although the effects on 
osteoblast and osteoclast formation are relatively mild, they are present for a prolonged 
time, which might expand and accumulate their final impact on bone formation. 
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Additionally in vivo systemic processes are most likely involved in causing the observed 
changes in bone formation. Hormone levels, cytokines and growth factors may change 
with age [37] and previous studies on TTD and other DNA repair deficient mice show that 
they play an important role in causing the accelerated aging phenotype observed in these 
mice. For example the growth hormone/insulin-like growth factor cascade is impaired 
in other murine DNA repair deficient mouse models (Csb/Xpa and Xpf/Ercc1 mice) and 
a significant downregulation of the IGF axis was measured in TTD livers, indicating that 
this might well be the case in TTD mice as well [25,38,39]. Downregulation of this axis 
will skew the cells towards survival instead of differentiation pathways. Another study 
using TTD mice has shown a disturbed PPAR target gene regulation, which can have wide 
ranging systemic effects. This might well explain the discrepancy between the results from 
our ex vivo adipocyte cultures and our in vivo observations on adipocyte tissue formation. 
PPAR target genes play an important role in regulating adipocyte differentiation  and  a 
disrepancy in their regulation might very well be the cause of the characteristic lack of fat 
deposition in the TTD mice[30].  The lack of adipose tissue in TTD mice disturbs their energy 
metabolism and has a profound effect on the leptin levels that are found in TTD serum. 
Leptin levels, which regulate appetite and subsequently food intake, are not significantly 
different in young wild type and TTD mice. At 52 weeks however, there is a profound and 
significant difference between wild type and TTD mice. Several studies have shown that 
leptin directly affects bone formation, reducing trabecular bone while stimulating cortical 
bone formation [40,41].  Logically, a lack in leptin would cause a loss of cortical bone, 
which fits our observations and might be one of the underlying factors for the observed 
decrease in cortical bone and loss of periosteal apposition. However, this would not fit our 
current observations on trabecular bone implicating that, once again, additional factors 
are involved. 

In conclusion, accumulation of DNA damage induces skeletal aging in DNA repair deficient 
male TTD mice. This effect does not seem be sex specific. Recent observations in female 
mice by our group also show accelerated skeletal aging and loss of bone strength [42]. 
Considering the effect of ROS in DNA damage and aging [1,43,44,45]our study supports 
the importance of proper anti-oxidant defence mechanisms and optimal DNA repair for 
skeletal maintenance and maintaining bone. 
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Aging is a complex and multi-faceted process, driven by numerous players that differ from 
organ to organ. This is clearly depicted by many human progeroid syndromes that display 
segmental accelerated aging, with a number of organs that age very rapidly while other 
organs are seemingly unaffected [1]. In this thesis we have focused on several factors 
that might influence skeletal aging and may underlie age-related skeletal diseases like 
osteoporosis.

The effects of low oxygen tension on osteoblast differentiation and mineralisation

Part of the research in this thesis focuses on the more basal effects of oxygen and oxida-
tive stress on osteoblast differentiation and bone matrix formation and mineralization. To 
date, the most enduring theory of aging stipulates that oxidative stress related damage is 
the major determinant of aging and lifespan. It is also the cause of several age-associated 
diseases including osteoporosis [2,3,4]. Aging seems to be accompanied by an increase in 
ROS, which cause oxidative stress related damage followed by senescence or cell death [5]. 
Formation of ROS is an inescapable consequence of life in an oxygen-rich environment and 
occurs primarily in the mitochondria during aerobic metabolism which is fueled by nutri-
ents such as glucose and is responsible for the formation of ATP [4,6]. Osteoblasts are meta-
bolically active cells that have to produce great amounts of matrix components while form-
ing bone. Osteoblast differentiation consists of several highly energy-demanding phases 
including matrix production, maturation, and mineralization, which are coordinated by a 
switch from glycolysis to respiration that involves increased mitochondrial biogenesis [7,8]. 
By being metabolically active they produce a high amount of ROS and might be more sus-
ceptible to oxidative damage induced aging than cells that are metabolically less active. 

One of the regulatory factors that can affect cell metabolism and ROS production is oxygen 
tension. In MSCs, low oxygen tension plays a role in maintaining stemness, inhibiting 
differentiation and mineralization [9]. Low oxygen tension is also involved in the regulation 
of cell metabolism, by limiting the available mitochondrial oxidants, necessary to induce 
metabolic pathways [10]. Importantly, almost all in vitro data on osteoblast proliferation, 
differentiation and aging, are obtained from standard culture experiments using 20% 
oxygen. Physiological oxygen tension never reaches these levels, especially in the bone 
marrow where oxygen tension can be even as low as 1% [11,12,13]. Knowledge on how 
low oxygen tension affects osteoblast proliferation and differentiation, and the effect of 
induced oxidative stress on these processes is therefore of great importance, in order to 
understand the impact of oxidative stress on osteoblasts and bone metabolism. In addition 
these experiments will provide us with important information that can be applied to 
related fields of research, including fracture healing and stem cell mediated medicine and 
repair. During a severe bone fracture, oxygen levels often drop to extremely low levels due 
to ruptured blood vessels at the fracture site [14,15]. This suggests that at least the initial 
repair stages, including the recruitment of pre-osteoblasts to the fracture site and their 
differentiation into matrix producing osteoblasts, take place under extremely low oxygen 
conditions until blood flow to the fracture site is adequately restored.  In addition, novel 
tissue engineering approaches are often based on the transplantation of MSC loaded 
scaffolds into a fracture site [16]. These MSCs would undergo a change in oxygen tension 
upon transplantation, which could affect their further behavior. A better understanding of 
MSC and osteoblasts behavior under low oxygen conditions will be necessary to understand 
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the exact mechanisms that are studied in these processes and can be beneficial to the 
future application of tissue engineering approaches in patients. 

Effects of low oxygen tension on cell metabolism, ROS production and induction of 
apoptosis

As mentioned above, low oxygen tension cultures mimic the physiologic environment of 
MSCs and osteoblasts more accurately than commonly used culture conditions. For the 
studies reported in this thesis we cultured cells under 2% oxygen tension. We observed a 
decrease in osteoblast differentiation, matrix formation and mineralization in low oxygen 
tension cultures. This was in accordance with previous studies on the effects of low oxygen 
tension [9,17]. As regulators of matrix formation and mineralization, differentiation state, 
apoptosis rates and matrix composition and modification were studied (chapter 2). Cells 
cultured under low oxygen tension displayed a reduction in free radical content, including 
a decrease in super oxide radical levels (chapter 2, Figure 2B). Super oxide radicals are 
formed during cell energy metabolism, which is the main intracellular source for radicals 
[6]. These findings as well as a reduction in cell proliferation rates, suggest a downregulation 
of cell metabolism due to low oxygen tension levels. Lower radical levels turned out to 
be beneficial for cell survival, significantly reducing apoptosis rates in osteoblast cultures. 
However, this is accompanied by a decline in differentiation potential and a decrease in the 
cell’s anti-oxidant defense mechanisms. This leaves the cells in a pre-differentiation state 
and more vulnerable to induced oxidative stress (chapter 2, Figure 4B). 

These are interesting findings because they show that low oxygen tension can be beneficial 
and detrimental at the same time. In tissue engineering for example, it might be beneficial 
to transplant MSCs cultured under low oxygen tension. Due to their oxidative priming these 
MSCs may have a better differentiation potential since they maintained their stemness and 
have lower apoptosis rates due to their lowered metabolism and radical levels. On the other 
hand the cells would also be primed to be more vulnerable to external oxidative stress 
cues that could trigger massive amounts of apoptosis. This puts forward the significance of 
finding the right balance between oxidative priming and cellular oxidative stress protection 
in order to facilitate maximal differentiation potential as well as cell survival.

A specific factor that was affected by low oxygen tension is collagen expression and 
production. While collagen expression levels were upregulated, total collagen levels 
in the matrix were reduced. More interestingly we measured significant changes in the 
expression levels of a number of proteins that regulate collagen modifications in the matrix 
(chapter 2, Figure 5D). MMPs are the major enzymes involved in matrix remodeling and 
collagen break down and they can influence a large number of signaling processes. While 
degrading matrix, MMPs can release bioactive breakdown products and disrupt matrix 
adherence [18,19,20,21]. It is tempting to speculate that MMP activity limits ECM turnover. 
This is important for the maturation and subsequent mineralization of ECM. A reduction 
in MMP expression may therefore contribute to the inhibition of bone formation and 
mineralization. This is supported by data from several MMP knock out models [22,23,24,25]. 
Additionally, mutations in the human MMP2 gene that disrupt MMP2 substrate binding 
and catalytic activity have been linked to multicentric osteolysis with arthritis (MOA), an 
osteolytic bone disease [26]. All these data indicate that a decrease in MMP expression can 
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have a negative influence on matrix formation and mineralization as observed in the 2% 
oxygen condition. MMP activity is regulated by TIMPs. These proteins have been reported 
to inhibit MMPS by binding their catalytic domain [27] but can also activate MMPs [28,29] 
and possess growth-promoting activity [30]. Interestingly, TIMP-3 may contribute to the 
observed increase in apoptosis in the high (20%) oxygen condition as its expression is 
significantly higher in this condition (chapter 2, Figure 5D) and TIMP-3 has been shown to 
induce apoptosis of osteoblasts  [31]. 

Our findings indicate that the matrix formed under low oxygen tension has a different 
composition than the matrix formed under high oxygen tension. More in depth studies 
into collagen production and secretion, collagen modification and matrix content and 
composition as well as its impact on cell function are needed to yield a detailed view on 
how low oxygen tension modifies matrix composition and eventual mineralization.  Future 
experiments should include a comparison of the protein content of both matrices as well 
as a more detailed overview of MMP and TIMP activity under both oxygen conditions. 
It will be important to study differences in cell-matrix communication between the two 
oxygen conditions. Elegant work by Discher et al and others has shown the significance of 
extracellular matrix composition and rigidity for cell function [32,33]. It will be interesting 
to assess if the matrix formed under low oxygen conditions has different effects on 
osteoblast differentiation than a matrix formed under high oxygen conditions, especially 
since differentiation status turned out to be the most important factor affecting matrix 
formation and mineralization.

Effects of low oxygen tension on gene expression during different stages of 
osteoblast differentiation

We assessed that the expression levels of several genes (collagens, antioxidant enzymes 
and MMPs) differed between 20% oxygen cultures and 2% oxygen cultures. These findings 
only gave a limited view of the impact of oxygen on gene expression. Therefore we 
designed experiments to get a more complete and unbiased view of the impact of oxygen 
on gene expression during osteoblast differentiation. Gene expression profiling studies 
were performed against the backdrop of osteoblast differentiation and 2 % or 20% oxygen 
(chapter 3). We performed a large and intricate gene expression profile analysis on a wide 
variety of high and low oxygen combinations during osteoblast culture, but focused on the 
conditions described in chapter 2 for this thesis.

First, cells were cultured continuously under either 2% (low) or 20% (high) oxygen for the 
three week differentiation and mineralization process. The differentiation processes can 
be divided into three phases; the differentiations phase, the pre-mineralization phase and 
the matrix maturation and mineralization phase (Chapter 3, figure 1). RNA was collected 
at the end of each of these three characterized differentiation phases. Unbiased heatmap 
analyses (chapter 3, Supplemental figure 1) identified specific probe subsets based on 
regulation during the three osteoblast differentiation phases. GO-annotation analyses 
of the probes that were regulated in all phases of differentiation (chapter 3, subset 2; 
figure 5C) or predominantly regulated in the first 2 phases (chapter 3, subset 3; Figure 
5D) revealed that 2% oxygen significantly impacted on the cell’s energy metabolism, in 
particular on the carbohydrate metabolism. Most interestingly in this respect is that 
osteoblast differentiation consists of several highly energy-demanding phases including 
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matrix production, maturation, and mineralization, which are coordinated by a switch 
from glycolysis to respiration that involves increased mitochondrial biogenesis [7,8]. 
This is consistent with the results discussed above and supported by another study that 
demonstrates a role for PPARγ in osteoblast differentiation and mineralization in which 
oxygen radicals and antioxidant levels play an eminent role [34]. 

Another specific subset consists of probes increased in expression during phase 2 and 3 
of differentiation (chapter 3, subset 1). GO-annotation analyses of these genes revealed 
different biological processes, cellular components and molecular functions than those 
directly related to energy metabolism. Interestingly, and supportive for a role in osteoblast 
differentiation and bone formation, were the GO-terms collagen, ECM and growth factor 
binding. Numerous collagen genes are expressed to a higher extent in cells cultured 
continuously on low oxygen tension, including COL1A1, the main component of bone 
matrix. This is in contrast with findings in chondrocytes, which showed a down regulation 
of collagen type I expression and could indicate osteoblast-specific regulation of collagen 
expression during low oxygen tension[35]. In addition, important hydroxylases including 
PLOD1, PLOD2 and P4HA2, essential for collagen fibril formation, are higher expressed. This 
corresponds with previous findings in vascular smooth muscle cells and is most likely a 
direct response to HIF1α induction, caused by the drop in oxygen tension [36]. 

As shown in chapter 2, low oxygen tension in the first differentiation phase had a large 
impact on osteoblast differentiation and the final rate of matrix mineralization. To 
determine if low oxygen tension in this first phase had an effect on gene expression in 
the second phase, cells cultured under 2 % or 20% oxygen in the first phase followed by 
2% in the second phase were studied.  This comparative analysis showed that the number 
of probes regulated in phase 2 is higher for cells that previously received 20% oxygen in 
phase 1 (chapter 3, Figure 4A and 4B). The regulation of an additional number of genes 
might lead to the regulation of additional biological processes when compared to the 
processes regulated in cells continuously cultured on 2% oxygen. However, 81 % of the 
263 regulated probes in the 2%-2% condition overlapped with those regulated in the 
20%-2% condition and were linked to largely the same biological processes and cellular 
components including the cell metabolism-related biological processes and ECM-related 
cellular components mentioned above. Functional annotation of the 100 specific probes 
of the 20%-2% condition and the 49 specific probes of 2%-2% condition didn’t identify any 
significant biological process or cellular components. However, amongst the 100 specific 
probes for the 20%-2% condition, where both VEGFA and VEGFB, strengthening the link 
we’ve observed between hypoxia and angiogenesis which is at least in part regulated by 
osteoblasts expressing these important regulators of angiogenesis [37]. The list of 49 probes 
specifically regulated in the 2%-2% condition contained several important genes related to 
bone metabolism. Among these were collagens and collagen-related proteins as well as 
PPARγ which we have recently shown to regulate osteoblast differentiation [34]. Moreover 
the presence of these bone-related genes in the group of 2%-2% specific regulated genes, 
stresses that 2% oxygen in the first phase is essential to observe these effects and are in 
line with the observation in Chapter 2. These gene profiles thereby hold interesting clues 
for the early stage effects of low oxygen on osteoblast differentiation and bone formation.

In conclusion, the osteoblast cell culture data and the unbiased gene expression profiling 
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analyses indicate that the inhibition of osteoblast differentiation and mineralization is 
due to two main processes. First, changes in genes and processes that affect the energy 
metabolism such as glycolysis and hexose metabolic processes, substantiating the 
significance of these processes for the energy demanding osteoblast differentiation 
and bone formation. Second, differentiation and mineralization are affected by changes 
in the expression levels of the genes encoding ECM proteins. These analyses thereby 
identify processes and genes that can be targeted and controlled for optimal osteoblast 
differentiation and bone formation in situations with a change in oxygen tension such as 
fracture repair and regenerative medicine.

Effects of deficient DNA repair on skeletal aging in mice

Besides results obtained in in vitro cell culture experiment, the link between skeletal aging 
and an increase in ROS-induced damage was studied in vivo for this thesis. We studied 
female and male cohorts of TTD mice, which have previously shown features of premature 
aging, and carried out a detailed comparison of the effects of defective DNA repair on 
skeletal aging in comparison to aging wild type mice (chapter 4 and 5) [38,39]. To assess a 
possible underlying developmental defect, mice as young as 13 weeks old were included in 
our experiments. Data analysis showed that at such young age most bone parameters did 
not differ between wild type and TTD mice which is in line with results found in previous 
studies [39].

The first obvious and detrimental signs of accelerated aging can be observed after 26 
weeks in male TTD mice. They display a significant decrease in trabecular and cortical bone 
volume accompanied by a significant decrease in bone strength around the same point in 
time (chapter 5, Figures 1-3). Female TTD mice display a similar decrease in cortical bone 
and bone strength but with a later onset, which lies after week 39 (chapter 4, Figure 1 and 
3). At 52 weeks the decline in cortical bone volume of both male and female mice precedes 
a similar rate of decline in wild type mice by approximately 50 weeks. There are several 
factors that may underlie the observed difference in the onset of the bone phenotype in 
male and female mice. This might include a difference in circulating hormone levels but 
also the fact that male mice reach a higher peak bone volume than female mice [40]. In 
order to attain their higher peak bone volume, male mice will have to produce more bone 
matrix in the same amount of time, increasing the metabolic activity of their osteoblasts. 
This might lead to an increase in oxidative stress induced DNA damage in male osteoblasts 
that could significantly accelerate the aging process in male osteoblasts when compared 
to female osteoblasts.

Two processes underlying the decrease in bone volume and bone strength are the observed 
the change in mesenchymal stem cell (MSC) numbers and differentiation potential and the 
lack of periosteal apposition. 

MSC proliferation and differentiation potential and the importance of systemic 
signaling factors

Mesenchymal stem cells give rise to a number of cell lineages, including osteoblasts, 
chondrocytes and adipocytes. Like all other cells, stem cells are affected by aging, resulting 
in a loss of their self-renewal capacity and the number of active MSCs. This is reflected 
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in a loss of differentiation and proliferation potential, an increasing number of senescent 
MSCs, and a loss of in vivo bone formation [41,42,43]. For example, the balance in MSC 
differentiation shifts in favor of adipocyte differentiation at the expense of osteoblast 
differentiation with aging. This results in reduced bone formation and an increased risk 
for osteogenic disorders like osteoporosis in humans and animals [44]. MSC aging can be 
affected by intrinsic (intracellular) and extrinsic (extracellular, circulating) factors. The effect 
of intrinsic accumulation of intracellular DNA damage was studied as part of this thesis, 
whereas the effects of extrinsic factor like circulating hormones and growth factors are 
shown in studies that used serum from aging rats to induce Wnt-signaling mediated MSC 
senescence [45].

Data from wild type and TTD bone marrow cultures support the decline in proliferation 
potential (chapter 4 and 5). Bone nodule formation decreased with time in both wild 
type and TTD mice. Although bone nodule formation decreased faster in TTD mice, 
their bone forming capacity remained intact. In addition, in vitro adipogenesis was not 
affected. Interestingly, in vivo TTD mice show both a lack of fat and a loss of bone while 
aging, which nicely illustrates the importance of extrinsic factors in regulating MSC 
proliferation and differentiation. The severe lack of body fat could be due to a loss of MSC 
differentiation potential or skewing of the adipocyte-osteoblast differentiation balance. A 
more likely cause however, is a lack of the correct extrinsic signaling cues. Additionally, 
in vivo intermittent PTH treatment had a positive effect on the long bones of female TTD 
mice (chapter 4, figure 6D). We observed a significant increase in cortical thickness which 
demonstrates that bone formation is functional and MSC differentiation can be stimulated 
in TTD mice. As mentioned before, PTH is an inhibitor of osteoblast apoptosis. It is therefore 
tempting to speculate that PTH can delay osteoblast apoptosis caused by defective DNA 
repair, thereby stimulating additional bone formation in TTD mice [46]. 

These results also suggest that systemic factors - or the lack thereof - must play an important 
role in causing the TTD bone phenotype. Further investigations are needed to determine 
their exact influence on the observed accelerated skeletal aging. It is well documented 
that a number of hormone levels decline with age and negatively affect bone formation 
as a result. During menopause estrogen levels drop, which results in an accelerated phase 
of bone loss in females [47]. In addition, aging also affects the GH/IGF1 axis, lowering 
the amount of circulating GH and IGF1. This leads to an increase in adipose tissue and an 
accompanying loss of bone [48]. Recently published data show that leptin deficiency leads 
to a decrease in cortical and trabecular bone and that these effects are at least partially 
age dependent [49].  Leptin is produced by adipocytes and regulates body weight and 
fat mass by affecting appetite and energy expenditure [50]. The lack of adipose tissue in 
TTD mice most likely caused the drop in leptin levels observed in male TTD mice (chapter 
5, Figure 4G). This drop in leptin levels could have a negative effect on bone formation. A 
number of studies using other DNA repair deficient mouse models show that they exhibit 
a systemic downregulation of important regulatory axes, including the GH-IGF1 axis [51]. 
Additionally, preliminary data from female TTD mice show a drop in estradiol levels, which 
might also negatively affect bone formation, mimicking menopause. Further investigations 
are needed to determine the exact effects of systemic factors on bone formation and 
resorption in TTD mice.  
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It will also be important to study bone marrow composition in more detail, with specific 
focus on age-related changes in the hematopoietic stem cell lineages and osteoclast 
formation. FACS analysis of hematopoietic stem cell lineages in a very limited number of 
young and old wild type and TTD mice displayed a shift in precursor populations in older 
TTD mice. This could point towards an increase in osteoclast formation thereby having 
additional effects on the balance between bone formation and degradation in TTD mice. 
It will be interesting to assess if transplantation of wild type bone marrow can at least 
partially rescue the observed accelerated skeletal aging in TTD mice. Preliminary results on 
the effects of bone marrow transplantation showed a positive effect on mesenchymal stem 
cell numbers and differentiation potential. A larger, more controlled study with a longer 
follow up and data on bone architecture would be required to come to an appropriate 
conclusion on the rescue effects of bone marrow transplantation.

An interesting and intriguing observation is that despite of their accelerated aging, TTD 
mice ultimately maintained a low but stable cortical and trabecular bone volume for 
an extended period of time. These levels coincide with the levels of bone volume that 
are reached in wild type mice at a very old age. This indicates that with aging mice are 
apparently able to maintain a minimum level of bone volume, needed to remain mobile 
and alive. Whether this holds for other vertebrates remains to be assessed. Despite 
maintenance of a bare minimum of bone volume to be at least mobile, bone strength is 
severely compromised. This is in line with observations in other vertebrates, for example 
humans. In humans this is accompanied by an increased fracture risk, which at older age is 
linked to increased mortality. 

Periosteal apposition

Periosteal apposition, or radial bone growth, is an essential mechanism to maintain 
bone strength at a later age when endosteal bone formation rates decline and endosteal 
resorption continues at a regular rate.  The lack of periosteal apposition and ongoing 
endosteal resorption in older male and female TTD mice is a major contributor to the 
observed decrease in bone strength. Since periosteal apposition is regulated by sex steroids 
it is tempting to speculate about their role in the observed lack of periosteal apposition 
[52,53]. As mentioned above, preliminary results show a decrease in estradiol levels in 
female TTD mice. Using TTD mice as a model system, detailed research into changes in 
hormone levels and their effects on radial bone growth could provide us with more decisive 
insights into the mechanisms underlying the regulation of periosteal apposition. 

Many questions concerning the effects of defective DNA repair on skeletal aging still 
remain. In direct relation to our hypothesis it will be of great value to truly visualize and 
compare the amount of DNA damage as well as the rate of apoptosis in wild type and TTD 
MSCs. However this is still hampered by some technical limitations. For example, isolating 
a pure MSC population is currently impossible due to a lack of MSC specific markers. 
There are however techniques that utilize marker specificity and adherence properties to 
isolate MSC-like cell populations. Such a pool of MSC-like cells could be used to gather 
more information, especially concerning apoptosis rates. Also, direct measurement of DNA 
damage in cells, including MSCs, is currently not possible. A method that could measure 
spontaneous or induced DNA damage rates in MSCs, would provide us with direct proof 
that defective DNA repair does indeed lead to an increase in DNA damage, which might 
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increase throughout the live of a mouse. 

Bone formation is an energy-demanding process that requires a high cell metabolism 
in order to produce all necessary bone matrix components and eventual mineralization. 
Changes in metabolism can affect ROS production and will have an effect on the amount of 
damage that will be caused. This suggests that TTD osteoblasts might be more susceptible 
to accelerated aging than other tissues, which is supported by the observed segmental 
aging of tissues in TTD mice [38]. As discussed in chapter 2, low oxygen tension lowers 
cell metabolism and ROS levels, which leads to a reduction in prospective DNA damage 
and a decrease in osteoblast apoptosis. In relation to this work, it might be interesting to 
investigate the effects of low oxygen tension on the data gathered from in vitro TTD MSC 
cultures. Low oxygen tension may positively affect bone nodule formation by TTD MSCs, 
although low oxygen tension inhibits matrix formation and mineralization [54]. These type 
of experiments are needed to take the current observations further and to tie together 
the potential mechanisms, the involvement of oxygen, ROS and energy metabolism put 
forward by our current studies. 

In conclusion, we hypothesize that defective DNA repair leads to the accumulation of DNA 
damage in MSCs. Once this DNA damage reaches critical conditions, cells will undergo 
apoptosis or cellular senescence. This will lead to a reduction of the available osteoblast 
precursor pool and a subsequent decline in bone formation. Our findings support this 
theory and strongly indicate that the remaining precursors are capable of osteoblast 
differentiation and bone formation in vitro (MSC cultures) and in vivo (increased cortical 
thickness after PTH treatment (chapter 4, Figure 6D) when the correct differentiation cues 
are available. Finally, these findings indicate that there is an interplay between intrinsic 
(accumulating intracellular damage) and extrinsic (absence of circulating hormones or 
growth factors) factors that cause the observed phenotype of accelerated skeletal aging.

Final remarks

In conclusion, we have gathered valuable new information on the effects of oxygen ten-
sion, oxidative stress and defective DNA repair on osteoblast differentiation, bone forma-
tion and skeletal aging. The low oxygen tension studies demonstrated that variation in oxy-
gen tension strongly affects gene expression in differentiating osteoblasts in a differentia-
tion stage dependent manner. The pre-mineralization stage is most sensitive to changes in 
oxygen tension. Cell culture experiments and unbiased gene expression analysis showed 
that inhibition of osteoblast differentiation and mineralization by low oxygen tension is 
achieved by regulating two processes in the osteoblasts. First, a change in oxygen tension 
leads to a change in the osteoblast energy metabolism by changing the expression levels 
of genes and the biological processes they are involved in, e.g. glycolysis and the hexose 
metabolism. These findings underline the significance of these processes for the energy 
demanding osteoblast differentiation and bone formation. Secondly, low oxygen tension 
affects the expression levels of extracellular matrix proteins and matrix modification pro-
teins. The analysis identified genes and processes that target and control optimal osteo-
blast differentiation and bone formation in situations of changing oxygen tension. These 
provide new insights and leads for research in the fields of fracture repair and regenerative 
medicine, both of which have to deal with changing oxygen environments.
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Deficient DNA repair leads to an increased and accelerated decrease in bone mass in TTD 
mice. This is a feature of premature aging and implies that the other aging-like features 
observed in TTD mice and patients may also represent bona fide premature aging symptoms. 
In a broader context this substantiates the importance of DNA repair in healthy aging. The 
obtained results support furthermore that TTD mice can be used as a valid model for bone 
aging. Especially the absence of periosteal apposition provides an excellent starting point 
for the identification of new targets that are of importance to maintain bone strength while 
aging. In addition, TTD mice can provide valuable in vivo information on the influence of a 
number of systemic factors on osteoblast differentiation and bone formation.  
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Summary

With an ever increasing average age of the world population, age related disorders become 
more frequent and take up an increasing part of the health care related costs. One of these 
age-related disorders is osteoporosis, which manifests as a decrease in bone mineral density 
and an increase in fracture risk, which in the long run lead to an increase in morbidity.

The free radical theory of aging states that organisms and their tissues because cells 
accumulate free radical induced damage to their DNA and proteins over time. Taking this 
theory as a starting point, we set out to study a number of parameters that could possibly 
affect the amount of damage that accumulates in bone cells and influence the rate of 
skeletal aging.

In chapter 2 the effects of low oxygen tension on bone formation and matrix mineralization 
were studied. Low oxygen tension cultures (i.e.  2% oxygen) mimic the physiologic state 
of the cells in the body more accurately than the more commonly used 20% oxygen 
cultures. In our SV-HFO pre-osteoblast cell line, low oxygen tension inhibits osteoblast 
differentiation and mineralization, but also lowers the amount of ROS present in the cells, 
protecting the osteoblasts against oxidative damage and significantly reducing osteoblast 
apoptosis. In addition, the defense mechanisms that protect the cells against oxidative 
stress are downregulated, leaving them more susceptible to unexpected oxidative stress. 
Last, but not least, low oxygen tension has an effect on the expression of a number of 
matrix modification proteins. This suggests that the matrix produced under low oxygen 
tension might have a different composition than the mineralizing matrix found in cells 
cultured under 20% oxygen.

Since the expression levels of many of the genes studied in chapter 2 were affected by 
a switch in oxygen tension, global gene expression profiling studies were performed as 
described in chapter 3, comparing cells cultured under 20% oxygen with those cultured 
on 2% oxygen. The changes in gene expression in each of the three predetermined 
differentiation stages were studied to determine which of the phases is most susceptible 
to 2% oxygen. The highest number of differentially regulated probes was found in phase 
2, the pre-mineralization phase. Further analysis into the processes and functions behind 
the differentially regulated probes indicated that low oxygen tension affects osteoblast 
differentiation and matrix mineralization in two ways. First, they affect cell metabolism, 
lowering the metabolic state of the osteoblasts which drives them towards staying in an 
undifferentiated state.  Secondly low oxygen tension changes the expression levels of 
genes involved in collagen matrix production and modification. Collagen expression and 
modification are severely affected by changes in oxygen tension. This fits with the results 
obtained in chapter 2.

In chapters 4 and 5, we moved away from cell lines and studied in vivo bone formation 
in DNA repair defective TTD mice. TTD is a rare autosomal recessive nucleotide excision 
repair disorder, caused by a mutation in XPD, a component of the basal transcription 
factor TFIIH, which is a major component of the nucleotide excision repair pathway. TTD 
mice, carrying a patient based mutation, resemble many of the features observed in the 
human TTD syndrome, including a range of skeletal abnormalities. The results, obtained 
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in female (chapter 4) and male (chapter 5) mice, display an accelerated skeletal aging, 
due to defective DNA repair. Both male and female mice undergo accelerated bone loss, 
affecting both cortical and trabecular bone. This loss in bone volume goes accompanied 
by a decrease in bone strength and a lack of periosteal apposition. When comparing 
wild type and TTD in vitro bone marrow cultures, we observed an age-related decrease 
in bone nodule formation, which was accelerated in TTD mice. Adipocyte differentiation 
was not affected in vitro. This is remarkable, since TTD mice display a severe lack of body 
fat. In conclusion, these data suggest that defective DNA repair leads to an increase in 
oxidative damage that leads to a decrease in the number of mesenchymal stem cells and a 
subsequent decrease in bone formation. In addition, the absence of the necessary systemic 
factors to drive osteoblast and adipocyte differentiation also contributes to the observed 
TTD phenotype.

In conclusion, oxygen tension plays an important role in regulating osteoblast cell 
metabolism, the production of ROS and protection against oxidative damage. While 
low oxygen tension inhibits osteoblast differentiation and mineralization, it also more 
accurately mimics physiologic circumstance in our bodies. Results might be of interest to 
the fields of fracture healing and MSC based tissue repair in which cells are exposed to very 
low concentrations of oxygen and still have to form bone. Defective DNA repair leads to 
accelerated skeletal aging in both male and female TTD mice. An accumulation of damage 
leads to a decrease in bone volume and strength as a result of a reduction in the number 
of MSCs present in the bone marrow of DNA repair deficient mice. TTD mice displayed a 
number of skeletal abnormalities, including a severe lack of periosteal apposition, which 
makes them an excellent tool to study the regulatory mechanisms that underlie bone 
formation and skeletal aging. Finally, the results obtained with the TTD mouse model 
underline the importance of optimal DNA repair for healthy aging and the maintenance 
of bone strength. 
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Samenvatting

De afgelopen decennia is de gemiddelde leeftijd van de wereldbevolking gestaag 
gestegen. Een van de gevolgen van een steeds ouder wordende populatie is een groei in 
het aantal mensen dat leidt aan een verouderingssyndroom en de steeds groter wordende 
financiële last die dat met zich mee brengt. Eén van deze syndromen is osteoporose, in 
de volksmond beter bekent als botontkalking. Osteoporose wordt gekenmerkt door een 
verlaging van de mineraaldichtheid van het bot en een verhoogd risico op botbreuken, in 
het bijzonder in de heup, pols en wervelkolom.

De vrije radicalen theorie stelt dat veroudering wordt veroorzaakt doordat de cellen in ons 
lichaam gedurende het leven schade aan eiwitten en DNA ophopen. Deze schade wordt 
veroorzaakt door vrije radicalen die worden geproduceerd door de cellen zelf. Een groot 
deel van deze schade wordt meteen gerepareerd, maar gedurende het leven verzamelt 
een cel toch de nodige beschadigde eiwitten en DNA moleculen waardoor de cellen 
uiteindelijk gedwongen worden om dood te gaan. Dit kan dan op latere leeftijd leiden 
tot orgaanfalen en de dood van een organisme. Met deze theorie als uitgangspunt is in 
dit proefschrift onderzoek gedaan naar een aantal factoren dat de hoeveelheid schade in 
botcellen kan beperken en zodoende botveroudering zou kunnen vertragen.

In hoofdstuk 2 zijn de effecten van lage zuurstofspanning op botvorming en 
matrixmineralisatie bestudeerd. Normaal gesproken is de zuurstofspanning voor 
celkweken 20%. Een lage zuurstofspanning (in dit geval 2% zuurstof )benadert de 
fysiologische condities waarin botcellen zich in ons lichaam bevinden echter veel beter. 
In SV-HFO pre-osteoblasten leidt een lage zuurstofspanning tot een vertraagde osteoblast 
differentiatie en matrixmineralisatie, een verlaging van het aantal te detecteren vrije 
radicalen en een vermindering in osteoblast apoptose. Verder wordt er een vermindering 
in de bescherming tegen vrije radicalen waargenomen, waardoor de cellen uiteindelijk 
vatbaarder zijn voor schade veroorzaakt door onverwachte externe stimuli. Als laatste zijn 
er een aantal veranderingen waargenomen in de expressiepatronen  van een aantal genen 
die matrixmodificatie eiwitten coderen. Dit suggereert dat de opbouw van de botmatrix 
die in lage zuurstofkweken wordt geproduceerd anders is dan die van de botmatrix die bij 
20% zuurstof wordt geproduceerd.

Naar aanleiding van de waargenomen veranderingen in genexpressie in hoofdstuk 
2, is er verder onderzoek gedaan naar het effect van lage zuurstof op de genexpressie 
van osteoblasten met behulp van micro-array expressie analyse. De resultaten van deze 
analyse, waarin lage en hoge zuurstofkweken met elkaar vergeleken worden, staan 
beschreven in hoofdstuk 3. Een van de doelstellingen was om te bepalen welke van de 
drie bekende differentiatiestadia het meest vatbaar is voor veranderingen veroorzaakt 
door een daling in zuurstofspanning. Het grootste aantal differentieel gereguleerde probes 
werd gevonden in het tweede differentiatiestadium, de pre-mineralisatie fase. Verdere 
analyse van de data leverde een aantal belangrijke biologische processen en functies 
op die beïnvloed worden door de verlaging van de zuurstofspanning. Aan de hand van 
deze analyses werd geconcludeerd dat een lage zuurstofspanning osteoblastdifferentiatie 
op twee manieren beïnvloed. Om te beginnen verlaagd een lage zuurstofspanning het 
celmetabolisme waardoor de cellen hun pre-differentiatiestatus behouden. Vervolgens 
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beïnvloedt lage zuurstofspanning de productie van een aantal matrixcomponenten, 
waaronder een groot aantal collagenen en de productie van eiwitten die collagenen in de 
matrix kunnen modificeren. Zowel collageenproductie als collageenmodificatie wordt dan 
ook sterk beïnvloed door een lage zuurstofspanning. Dit komt overeen met de resultaten 
met betrekking tot matrixcompositie beschreven in hoofdstuk 2. 

In hoofdstuk 4 en 5 word vervolgens overgegaan van het bestuderen van cellijnen op het 
bestuderen van in vivo botvorming in muizen met een defect DNA-reparatiemechanisme, 
zogenaamde TTD muizen. TTD is een zeldzaam autosomaal recessief syndroom, veroorzaakt 
door een mutatie in XPD, een component van het basale TFIIH transcriptiefactorcomplex 
dat een belangrijke rol speelt in DNA reparatie. De TTD muizen dragen een bestaande 
mutatie in hun XPD gen - gekopieerd uit een patiënt - en vertonen een groot aantal aan het 
syndroom gerelateerde kenmerken waaronder een aantal botafwijkingen. De resultaten, 
die zijn behaald in vrouwelijke (hoofdstuk 4) en mannelijke (hoofdstuk 5) muizen, tonen 
aan dat er sprake is van een versnelde botveroudering als gevolg van het defecte DNA-
reparatiemechanisme. Er is een versnelde afname in trabeculair en corticaal bot in TTD 
mannetjes en vrouwtjes en dit gaat gepaard met een verlies in botsterkte en een complete 
afwezigheid van periostale appositie. Vergelijking van mesenchymale stamcelkweken 
uit het beenmerg van TTD en controle muizen toont aan dat er een leeftijdsafhankelijke 
afname in botkolonieformatie optreedt, die versnelt plaatsvindt in het beenmerg van TTD 
muizen. In vitro vetcel productie is opmerkelijker wijs niet aangedaan, ondanks het feit 
dat TTD muizen in vivo bijna geen vetcellen produceren. Deze data suggereren dat een 
defectief DNA-reparatiemechanisme leidt tot een toename in oxidatieve schade, die op zijn 
beurt weer leidt tot een afname in het aantal mesenchymale stamcellen en de hoeveelheid 
bot die uiteindelijk geproduceerd kan worden. Verder lijkt er ook nog een rol weggelegd 
voor een aantal, in TTD muizen ontbrekende, circulerende factoren die normaalgesproken 
het differentiatieproces reguleren.

Uit de resultaten, besproken in dit proefschrift, valt te concluderen dat zuurstofspanning 
een belangrijke rol speelt in de regulatie van het celmetabolisme, de productie van vrije 
radicalen en de bescherming tegen oxidatieve schade. De onder lage zuurstofspanning 
verkregen resultaten geven een beter inzicht in de processen die zich afspelen in ons lichaam 
tijdens botvorming. Aangezien de zuurstofspanning bij een botbreuk bijvoorbeeld erg laag 
is, kunnen deze resultaten ook makkelijk toegepast worden in andere onderzoeksgebieden. 
Verder wordt er aangetoond dat een defectief DNA-reparatiemechanisme kan leiden tot 
een versnelde botveroudering. Ophoping van oxidatieve schade leidt tot een afname in 
het botvolume en de botsterkte van TTD muizen als gevolg van een afname in het aantal 
mesenchymale stamcellen in het beenmerg dat botcellen kan vormen. TTD muizen 
lijken verder een zeer geschikt onderzoeksmiddel om de regulatie van botvorming en 
botresorptie gedurende het leven te bestuderen.
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List of abbreviations
1,25(OH)2D3		  1,25-dihydroxyvitamin D3

6-4PP			   Pyrimidine-(6,4)-pyrimidine adducts
8-oxodG			  8-oxo-2’-deoxyguanosine
ADP			   Adenosine diphosphate
ALP			   Alkaline phosphatase
ATP			   Adenosine triphosphate
BCL2			   B-cell lymphoma 2
BER			   Base excision repair
BGLAP			   Osteocalcin
BMD			   Bone mineral density
BMU			   Bone multicellular unit
C57Bl/6			   C57 black 6		
CAT			   Catalase
COL1A1			   Collagen 1α1
CPD			   Cyclobutane pyrimidine dimers
CX43			   Connexin 43
DMP1			   Dentin matrix acidic phosphoprotein 1
DNA			   Deoxy ribonucleic acid
ECM			   Extracellular matrix
ER			   Estrogen receptor
ERCC1			   DNA excision repair protein ERCC-1
FGF23			   Fibroblast growth factor 23
FoxO			   Forkhead box protein O
GGR			   Global genome repair
GH			   Growth hormone
GHRH			   Growth hormone releasing hormone 
GPX			   Glutathione peroxidase
H2O			   Water
H2O2			   Hydrogen peroxide
hHR23B			   UV excision repair protein RAD23 homolog B
HIF1α			   Hypoxia inducible factor 1α
HSC			   Hematopoietic stem cells
IGF			   Insuline-like growth factor
JNK			   c-Jun terminal kinase
MAPK			   Mitogen activated protein kinase
MEPE			   Matrix extracellular phosphoglycoprotein
MMP2			   Matrix metalloproteinase 2
MSC			   Mesenchymal stem cell
NCP			   Non -collagenous protein
NER			   Nucleotide Excision Repair
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OPG			   Osteoprotegerin
PTH			   Parathyroid hormone
RANK			   Receptor activator of nuclear Factor κ B
RANKL			   Receptor activator of nuclear factor kappa-B ligand
RNA			   Ribonucleic acid
ROS			   Reactive oxygen species
RUNX2			   Runt-related transcription factor 2
SOD			   Superoxide dismutase
SOST			   Sclerostin
SPP1			   Bone sialoprotein
TCR			   Transcription coupled repair
TFIIH			   Transcription factor II H complex
TTD			   Trichothiodystrophy
TTDN1			   TTD non-photosensitive 1 protein
UV			   Ultraviolet
VEGF			   Vascular endothelial growth factor
VHL			   Von Hippel-Lindau tumor suppressor
XPA			   Xeroderma pigmentosum complementation group A
XPB			   Xeroderma pigmentosum complementation group B
XPC			   Xeroderma pigmentosum complementation group C
XPD			   Xeroderma pigmentosum complementation group D
XPG			   Xeroderma pigmentosum complementation group G
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Supplementary Data

Supplemental Figure 1: Heatmap of differentially expressed probes from cells continuously 
cultured under 20% or 2% oxygen. Depicted are differentially expressed probes of the following 
comparisons; phase 1 (conditions 7 and 8), phase 2 (comparisons 4 and 6) and phase 3 
(conditions 1 and 3). Higher expressed genes in 2% oxygen are depicted in red, lower expressed 
genes in 2% are depicted in green. Inclusion criteria: logFC >2 and q < 0,01.
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Supplemental Figure 2: Specific subsets of differentially expressed probes from cells continuously 
cultured under 20% or 2% oxygen. Subset 2-3: higher expressed probes, Subset 4: lower 
expressed probes. For a more detailed description see legend Figure 4.

Subset 2 Subset 3 Subset 4
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Phase 1 Phase 2 Phase 3 Overlap Phase 1 only Phase 2 only Phase 3 only
ILMN_1653292 ILMN_1651254 ILMN_1653292 ILMN_1653292 ILMN_1661599 ILMN_1651254 ILMN_1656628
ILMN_1654609 ILMN_1652246 ILMN_1654609 ILMN_1654609 ILMN_1703617 ILMN_1652246 ILMN_1668629
ILMN_1658494 ILMN_1652287 ILMN_1656628 ILMN_1659027 ILMN_1720373 ILMN_1652287 ILMN_1672650
ILMN_1659027 ILMN_1653292 ILMN_1658289 ILMN_1663866 ILMN_1751028 ILMN_1653432 ILMN_1689088
ILMN_1661366 ILMN_1653432 ILMN_1659027 ILMN_1666733 ILMN_1763011 ILMN_1654639 ILMN_1691731
ILMN_1661599 ILMN_1654609 ILMN_1661366 ILMN_1667791 ILMN_1763382 ILMN_1656413 ILMN_1697363
ILMN_1663866 ILMN_1654639 ILMN_1663866 ILMN_1676629 ILMN_1766010 ILMN_1657111 ILMN_1704753
ILMN_1664516 ILMN_1656413 ILMN_1665510 ILMN_1679797 ILMN_1789909 ILMN_1657683 ILMN_1727633
ILMN_1665510 ILMN_1657111 ILMN_1666733 ILMN_1682176 ILMN_1799819 ILMN_1657871 ILMN_1743078
ILMN_1666503 ILMN_1657683 ILMN_1667791 ILMN_1685714 ILMN_1815184 ILMN_1658247 ILMN_1752510
ILMN_1666733 ILMN_1657871 ILMN_1668629 ILMN_1693334 ILMN_2329914 ILMN_1658926 ILMN_1775327
ILMN_1667791 ILMN_1658247 ILMN_1672650 ILMN_1695880 ILMN_2335718 ILMN_1660111 ILMN_1776788
ILMN_1668861 ILMN_1658289 ILMN_1674063 ILMN_1701789 ILMN_1662358 ILMN_1777220
ILMN_1676629 ILMN_1658494 ILMN_1676629 ILMN_1718866 ILMN_1663575 ILMN_1784871
ILMN_1679797 ILMN_1658926 ILMN_1679797 ILMN_1718961 ILMN_1664802 ILMN_1819854
ILMN_1682176 ILMN_1659027 ILMN_1680738 ILMN_1720048 ILMN_1665887 ILMN_2195821
ILMN_1685714 ILMN_1660111 ILMN_1680874 ILMN_1720282 ILMN_1666757 ILMN_2400935
ILMN_1691884 ILMN_1662358 ILMN_1682176 ILMN_1723486 ILMN_1667966 ILMN_2410924
ILMN_1692938 ILMN_1663575 ILMN_1685714 ILMN_1724658 ILMN_1668345
ILMN_1693334 ILMN_1663866 ILMN_1689088 ILMN_1725139 ILMN_1669390
ILMN_1695880 ILMN_1664516 ILMN_1691731 ILMN_1726928 ILMN_1669523
ILMN_1701789 ILMN_1664802 ILMN_1693334 ILMN_1736700 ILMN_1669572
ILMN_1703617 ILMN_1665887 ILMN_1695880 ILMN_1742618 ILMN_1670037
ILMN_1707312 ILMN_1666503 ILMN_1697363 ILMN_1744963 ILMN_1671046
ILMN_1712888 ILMN_1666733 ILMN_1697491 ILMN_1746085 ILMN_1671703
ILMN_1713037 ILMN_1666757 ILMN_1701731 ILMN_1755749 ILMN_1672350
ILMN_1718866 ILMN_1667791 ILMN_1701789 ILMN_1755974 ILMN_1674985
ILMN_1718961 ILMN_1667966 ILMN_1702301 ILMN_1756417 ILMN_1675947
ILMN_1720048 ILMN_1668345 ILMN_1704753 ILMN_1757877 ILMN_1676728
ILMN_1720282 ILMN_1668861 ILMN_1706505 ILMN_1758164 ILMN_1676899
ILMN_1720373 ILMN_1669390 ILMN_1712998 ILMN_1760727 ILMN_1678842
ILMN_1720998 ILMN_1669523 ILMN_1713037 ILMN_1761260 ILMN_1679093
ILMN_1723486 ILMN_1669572 ILMN_1718866 ILMN_1764090 ILMN_1679476
ILMN_1724658 ILMN_1670037 ILMN_1718961 ILMN_1765796 ILMN_1681703
ILMN_1725139 ILMN_1671046 ILMN_1720048 ILMN_1767556 ILMN_1683792
ILMN_1726928 ILMN_1671703 ILMN_1720282 ILMN_1770922 ILMN_1684114
ILMN_1727271 ILMN_1672350 ILMN_1723486 ILMN_1772876 ILMN_1684391
ILMN_1733421 ILMN_1674063 ILMN_1724658 ILMN_1775708 ILMN_1685763
ILMN_1736670 ILMN_1674985 ILMN_1725139 ILMN_1776602 ILMN_1687978
ILMN_1736700 ILMN_1675947 ILMN_1726928 ILMN_1777499 ILMN_1689318
ILMN_1742618 ILMN_1676629 ILMN_1727633 ILMN_1779258 ILMN_1691097
ILMN_1744963 ILMN_1676728 ILMN_1729216 ILMN_1779448 ILMN_1691364
ILMN_1746013 ILMN_1676899 ILMN_1736700 ILMN_1789507 ILMN_1691376
ILMN_1746085 ILMN_1678842 ILMN_1739428 ILMN_1789702 ILMN_1692219
ILMN_1747759 ILMN_1679093 ILMN_1741148 ILMN_1793990 ILMN_1692865
ILMN_1751028 ILMN_1679476 ILMN_1742618 ILMN_1798249 ILMN_1694075
ILMN_1755749 ILMN_1679797 ILMN_1743078 ILMN_1800659 ILMN_1694140
ILMN_1755974 ILMN_1680738 ILMN_1744963 ILMN_1803647 ILMN_1698419
ILMN_1756417 ILMN_1680874 ILMN_1745374 ILMN_1809931 ILMN_1699574
ILMN_1757877 ILMN_1681703 ILMN_1746085 ILMN_1827736 ILMN_1699651
ILMN_1758164 ILMN_1682176 ILMN_1749892 ILMN_1843198 ILMN_1699856
ILMN_1760727 ILMN_1683792 ILMN_1752510 ILMN_2083469 ILMN_1699980
ILMN_1761260 ILMN_1684114 ILMN_1755749 ILMN_2098126 ILMN_1701308
ILMN_1763011 ILMN_1684391 ILMN_1755974 ILMN_2106902 ILMN_1701461
ILMN_1763382 ILMN_1685714 ILMN_1756417 ILMN_2148527 ILMN_1701613
ILMN_1764090 ILMN_1685763 ILMN_1757387 ILMN_2148913 ILMN_1701875
ILMN_1765796 ILMN_1687978 ILMN_1757877 ILMN_2184373 ILMN_1702837
ILMN_1766010 ILMN_1689318 ILMN_1758164 ILMN_2186061 ILMN_1703650
ILMN_1767556 ILMN_1691097 ILMN_1760727 ILMN_2207504 ILMN_1703791
ILMN_1768534 ILMN_1691364 ILMN_1761260 ILMN_2216852 ILMN_1707695
ILMN_1770922 ILMN_1691376 ILMN_1764090 ILMN_2308903 ILMN_1708375
ILMN_1772876 ILMN_1691884 ILMN_1765796 ILMN_2313901 ILMN_1709623
ILMN_1775708 ILMN_1692219 ILMN_1767556 ILMN_2338038 ILMN_1710937
ILMN_1776602 ILMN_1692865 ILMN_1769787 ILMN_2396875 ILMN_1711289
ILMN_1777499 ILMN_1692938 ILMN_1770338 ILMN_1714567
ILMN_1779258 ILMN_1693334 ILMN_1770922 ILMN_1715748
ILMN_1779448 ILMN_1694075 ILMN_1772876 ILMN_1717490
ILMN_1784110 ILMN_1694140 ILMN_1775327 ILMN_1718182
ILMN_1789507 ILMN_1695880 ILMN_1775708 ILMN_1718977
ILMN_1789702 ILMN_1697491 ILMN_1776602 ILMN_1719695
ILMN_1789909 ILMN_1698419 ILMN_1776788 ILMN_1719938
ILMN_1793543 ILMN_1699574 ILMN_1777220 ILMN_1723048
ILMN_1793990 ILMN_1699651 ILMN_1777499 ILMN_1723846
ILMN_1796417 ILMN_1699856 ILMN_1779258 ILMN_1723912
ILMN_1797372 ILMN_1699980 ILMN_1779448 ILMN_1724686
ILMN_1798249 ILMN_1701308 ILMN_1784871 ILMN_1724994
ILMN_1799139 ILMN_1701461 ILMN_1786612 ILMN_1726327
ILMN_1799819 ILMN_1701613 ILMN_1789507 ILMN_1726981
ILMN_1800659 ILMN_1701731 ILMN_1789702 ILMN_1727184
ILMN_1803647 ILMN_1701789 ILMN_1792356 ILMN_1728570
ILMN_1805737 ILMN_1701875 ILMN_1793990 ILMN_1729749
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ILMN_1807106 ILMN_1702301 ILMN_1795778 ILMN_1730670
ILMN_1808238 ILMN_1702837 ILMN_1798249 ILMN_1733110
ILMN_1809931 ILMN_1703650 ILMN_1799139 ILMN_1734486
ILMN_1814305 ILMN_1703791 ILMN_1800659 ILMN_1734833
ILMN_1815184 ILMN_1706505 ILMN_1803647 ILMN_1736729
ILMN_1827736 ILMN_1707312 ILMN_1807106 ILMN_1740415
ILMN_1839019 ILMN_1707695 ILMN_1808238 ILMN_1740604
ILMN_1843198 ILMN_1708375 ILMN_1809931 ILMN_1742534
ILMN_1892403 ILMN_1709623 ILMN_1812995 ILMN_1745242
ILMN_2051684 ILMN_1710937 ILMN_1819854 ILMN_1745397
ILMN_2083469 ILMN_1711289 ILMN_1827736 ILMN_1747067
ILMN_2086095 ILMN_1712888 ILMN_1843198 ILMN_1748124
ILMN_2098126 ILMN_1712998 ILMN_1892403 ILMN_1751161
ILMN_2106902 ILMN_1714567 ILMN_2083469 ILMN_1752333
ILMN_2148527 ILMN_1715748 ILMN_2098126 ILMN_1752968
ILMN_2148913 ILMN_1717490 ILMN_2106902 ILMN_1754220
ILMN_2156172 ILMN_1718182 ILMN_2111187 ILMN_1754795
ILMN_2184373 ILMN_1718866 ILMN_2148527 ILMN_1756992
ILMN_2186061 ILMN_1718961 ILMN_2148913 ILMN_1760493
ILMN_2207504 ILMN_1718977 ILMN_2173451 ILMN_1760849
ILMN_2216852 ILMN_1719695 ILMN_2184373 ILMN_1761247
ILMN_2308903 ILMN_1719938 ILMN_2186061 ILMN_1761968
ILMN_2313901 ILMN_1720048 ILMN_2195821 ILMN_1762899
ILMN_2315979 ILMN_1720282 ILMN_2207504 ILMN_1763260
ILMN_2329914 ILMN_1720998 ILMN_2216852 ILMN_1763638
ILMN_2335718 ILMN_1723048 ILMN_2307903 ILMN_1764320
ILMN_2338038 ILMN_1723486 ILMN_2308903 ILMN_1768595
ILMN_2361862 ILMN_1723846 ILMN_2313901 ILMN_1773352
ILMN_2390227 ILMN_1723912 ILMN_2322498 ILMN_1780671
ILMN_2396875 ILMN_1724658 ILMN_2338038 ILMN_1781373

ILMN_1724686 ILMN_2374036 ILMN_1787461
ILMN_1724994 ILMN_2376403 ILMN_1788462
ILMN_1725139 ILMN_2396875 ILMN_1788547
ILMN_1726327 ILMN_2400935 ILMN_1789338
ILMN_1726928 ILMN_2410924 ILMN_1789492
ILMN_1726981 ILMN_1789627
ILMN_1727184 ILMN_1789733
ILMN_1727271 ILMN_1790689
ILMN_1728570 ILMN_1790741
ILMN_1729216 ILMN_1792679
ILMN_1729749 ILMN_1795325
ILMN_1730670 ILMN_1796339
ILMN_1733110 ILMN_1796712
ILMN_1733421 ILMN_1796762
ILMN_1734486 ILMN_1797001
ILMN_1734833 ILMN_1797342
ILMN_1736670 ILMN_1797728
ILMN_1736700 ILMN_1798081
ILMN_1736729 ILMN_1798975
ILMN_1739428 ILMN_1802252
ILMN_1740415 ILMN_1802380
ILMN_1740604 ILMN_1802603
ILMN_1741148 ILMN_1804929
ILMN_1742534 ILMN_1808707
ILMN_1742618 ILMN_1809364
ILMN_1744963 ILMN_1810100
ILMN_1745242 ILMN_1813314
ILMN_1745374 ILMN_1837428
ILMN_1745397 ILMN_1844692
ILMN_1746013 ILMN_1846922
ILMN_1746085 ILMN_1881909
ILMN_1747067 ILMN_1898518
ILMN_1747759 ILMN_1909156
ILMN_1748124 ILMN_2061435
ILMN_1749892 ILMN_2079786
ILMN_1751161 ILMN_2082209
ILMN_1752333 ILMN_2084059
ILMN_1752968 ILMN_2099301
ILMN_1754220 ILMN_2103547
ILMN_1754795 ILMN_2104295
ILMN_1755749 ILMN_2130838
ILMN_1755974 ILMN_2139396
ILMN_1756417 ILMN_2139761
ILMN_1756992 ILMN_2146761
ILMN_1757387 ILMN_2172174
ILMN_1757877 ILMN_2181892
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ILMN_1758164 ILMN_2195482
ILMN_1760493 ILMN_2196097
ILMN_1760727 ILMN_2198376
ILMN_1760849 ILMN_2201678
ILMN_1761247 ILMN_2211065
ILMN_1761260 ILMN_2216637
ILMN_1761968 ILMN_2231928
ILMN_1762899 ILMN_2234956
ILMN_1763260 ILMN_2239754
ILMN_1763638 ILMN_2248970
ILMN_1764090 ILMN_2294762
ILMN_1764320 ILMN_2304512
ILMN_1765796 ILMN_2305407
ILMN_1767556 ILMN_2308849
ILMN_1768534 ILMN_2311537
ILMN_1768595 ILMN_2318011
ILMN_1769787 ILMN_2318568
ILMN_1770338 ILMN_2319326
ILMN_1770922 ILMN_2336781
ILMN_1772876 ILMN_2337655
ILMN_1773352 ILMN_2340052
ILMN_1775708 ILMN_2355168
ILMN_1776602 ILMN_2363658
ILMN_1777499 ILMN_2364022
ILMN_1779258 ILMN_2371911
ILMN_1779448 ILMN_2375879
ILMN_1780671 ILMN_2376108
ILMN_1781373 ILMN_2380163
ILMN_1784110 ILMN_2381697
ILMN_1786612 ILMN_2383305
ILMN_1787461 ILMN_2387553
ILMN_1788462 ILMN_2389876
ILMN_1788547 ILMN_2390974
ILMN_1789338 ILMN_2402392
ILMN_1789492 ILMN_2404135
ILMN_1789507 ILMN_2408572
ILMN_1789627 ILMN_2410826
ILMN_1789702 ILMN_2415748
ILMN_1789733
ILMN_1790689
ILMN_1790741
ILMN_1792356
ILMN_1792679
ILMN_1793543
ILMN_1793990
ILMN_1795325
ILMN_1795778
ILMN_1796339
ILMN_1796417
ILMN_1796712
ILMN_1796762
ILMN_1797001
ILMN_1797342
ILMN_1797372
ILMN_1797728
ILMN_1798081
ILMN_1798249
ILMN_1798975
ILMN_1800659
ILMN_1802252
ILMN_1802380
ILMN_1802603
ILMN_1803647
ILMN_1804929
ILMN_1805737
ILMN_1808707
ILMN_1809364
ILMN_1809931
ILMN_1810100
ILMN_1812995
ILMN_1813314
ILMN_1814305
ILMN_1827736
ILMN_1837428
ILMN_1839019
ILMN_1843198
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ILMN_1844692
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Supplemental Table 1: Illumina IDs of probes found to be differentially regulated after a switch 
from high to low oxygen in phase 1,2 or 3. Data were used for analysis in Figure 4B and 7. Lane 1-3; 
complete sets of regulated probes for phase 1, phase 2 and phase 3. Lane 4; overlapping probes, 
found to be regulated in all three phases. Lane 5-7; phase specific probes found to be specific for 
respectively phase 1, phase 2 and phase 3.

CHAPTER 5

Figure S1: Expression of apoptosis related genes in wild type and TTD tibiae at various ages. 
Expression levels of anti- and pro-apoptotic genes were measured in RNA extracted from tibiae 
of 13, 52 and 104 week old wild type and TTD mice; (A-G) pro-apoptotic genes; Cycs, Bax, Casp3, 
Casp6, Casp7, Casp9 and Diablo (H-I) Anti-apoptotic genes; Bcl2 and Birc4. Statistics: student 
ttest a = p<0.05 wild type vs. TTD.
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Dankwoord

Ik dacht altijd dat dit dankwoord lang voor de rest van dit boekje af zou zijn, zo ergens 
tegen de tijd dat ik mijn papers af had, maar nog geen zin had om aan mijn introductie 
te beginnen. Maar soms lopen de dingen anders dan gedacht en zoals wel vaker begin ik 
gewoon graag aan het begin en eindig ik met het einde. 

Ondanks het feit dat het schrijven van een proefschrift uiteindelijk  iets is dat je zelf moet 
doen, is het ontstaan van een proefschrift het werk van vele handen. Zonder velen van 
jullie had dit eindresultaat er nooit gelegen en aan mij dus de eer om jullie van harte te 
bedanken.

Ik wil graag beginnen met het bedanken van Hans van Leeuwen, die niet alleen één 
van mijn promotoren is, maar mij ook van het begin tot het einde begeleid heeft bij dit 
onderzoek. Beste Hans, ik herinner mij nog goed dat jij tijdens mijn sollicitatiegesprek 
informeerde of ik ook af en toe eigenwijs kon zijn. Ik antwoordde toen heel diplomatiek 
dat ik alleen eigenwijs ben als dat nodig is. Ik hoop dat ik mij aan mijn eigen woorden heb 
gehouden. Bedankt voor alle advies, inzichten en commentaar, maar vooral ook voor je 
eeuwige optimisme tegenover mijn altijd aanwezige vorm van resultaten pessimisme en 
het feit dat ik altijd kon en mocht zeggen wat ik ergens van vond. 

Ook Jan Hoeijmakers en Bert van der Horst van de afdeling Genetica wil ik graag bedanken 
voor de goede begeleiding, het advies met betrekking tot de TTD muizen en de snelle 
commentaren op dit boekje. 

Viola en Joep, bedankt dat jullie mijn paranimfen wilden zijn. Nu dat dit boekje af is beloof 
ik er echt nooit meer over te klagen. Ook jullie moeten straks even op het linkje klikken (zie 
beneden). Lieve Viola, heel erg bedankt voor de leuke tijd die wij samen hebben gehad in 
en buiten Rotterdam. Zonder jouw waren de afgelopen vijf jaar niet half zo leuk geweest. 
En het hielp het afgelopen jaar heel erg mee dat jij een paar weken op mij voorliep en 
dus alles maar meteen voor twee mensen uitzocht. Er staat straks een fles wijn met onze 
naam klaar om te toosten op proefschriftvrije jaren. Joep, ondanks het feit dat ik ooit, heel 
lang geleden, als eerste aan ons ambitieuze PhD avontuur begon, ben ik nou toch nog als 
laatste klaar. Crikey! Gelukkig hebben we na 13 jaar gedeeld wetenschappelijk leed nog 
steeds geen Nature paper op onze naam staan. Wat zou er anders wel niet van ons terecht 
komen. Bedankt voor je altijd effectieve, stress reducerende Amsterdamse perspectief op 
de zaak, het heerlijke Belgische bier en natuurlijk Kate en Oskar. Jullie gaan gemist worden 
maar gelukkig heb ze in Australië ook gewoon Skype.

Karin, mijn onderzoek borduurde voort op jouw werk en uiteindelijk hebben we er samen 
twee papers van weten te maken. Bedankt voor de prettige samenwerking en je snelle 
reacties wanneer ik data, commentaar of figuren nodig had. 

Al mijn collega’s op het ‘botten’ lab; Bram, Marco, Viola, Rodrigo, Martijn, Sander, Yvonne, 
Nadia, Claudia, Marjolein, Marijke, Bianca, Ksenia, Ruben, Jeroen en al onze studenten, 
bedankt voor alle gezelligheid en hulp op het lab. 

Al mijn andere collega’s bij Inwendige Geneeskunde op de vijde verdieping, bedankt 
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voor jullie vragen en inzichten tijdens de werkbesprekingen, de hulp bij verschillende 
experimenten en de gezelligheid en goede raad tussen de bedrijven door.  

Al mijn collega’s bij Genetica, DNAge en het RIVM; Irene, Ingrid, Lieke en Susan, bedankt 
voor jullie hulp met het opzetten van de TTD beenmergstudies en het delen van jullie 
muizen. Irfan en Janto, bedankt voor alle hulp tijdens de vele donderdagmiddagen waarop 
we als een geoliede machine tissues hebben lopen verzamelen. 

Bram en Rodrigo, het was mij een waar genoegen om een kantoor met jullie te delen. We 
waren het in ieder geval meestal wel eens over de temperatuur in ons hokje, dus dat was 
weer meegenomen. Bram, bedankt voor het delen van al je kennis en kunde ondanks het 
feit dat ik officieel niet jouw AIO was. Zonder jou was er van heel veel dingen die nu in dit 
boekje staan niets terecht gekomen en had ik het moeten doen zonder heel veel goede 
raad. Rodrigo, ik bedank je gewoon in het Nederlands voor alle gezellige ritjes Utrecht CS 
-Rotterdam CS (soms kort, soms heel erg lang), voor al die keren dat jij mijn vouwfiets de 
trap op en af hebt gedragen  en voor alle weggekletste uren op kantoor. Obrigado.

Jeroen, bedankt voor alle hulp met de arrays, de analyses en het daarbij behorende hoofdstuk 
en voor de Utrechtse lab roddels, stoere poezenfoto’s en de beste schouwburgtips.

Marco, de lijst is lang en als ik alles opschrijf moet ik nog een katern extra kopen, maar 
in ieder geval bedankt voor alle gezelligheid binnen en buiten het lab. Naar Rotterdam 
verhuizen was niet half zo leuk geweest als ik niet gewoon jouw oude appartement had 
kunnen krijgen. Ik denk niet dat ik ooit de HAS had gevonden zonder jou, laat staan dat ik 
een fervent kapsalon liefhebber zou zijn geworden. En mochten we nog een keer samen 
op een gipsvlucht terecht komen, dan zal ik ervoor zorgen dat je in ieder geval een broodje 
krijgt voordat je door de regen naar huis mag fietsen. 

Bianca en Marijke, bedankt voor alle ondersteuning, de invalbeurten als ik weer eens op 
reis was en onze nooit overtroffen ladies nights. Ik zal jullie nooit meer meenemen naar 
de Notenkraker van het Scapino en nog vele pogingen doen om van de heren te winnen 
tijdens het pokeren om onze eer hoog te houden.

Annelies, heel erg bedankt voor alle handtekeningen die je het afgelopen jaar voor mij 
hebt verzameld. Zonder jou zou alles twee keer zo langzaam zijn gegaan.

Lieve Miriam, Marlieke en Dineke, bedankt dat jullie al 13 jaar mijn beste vriendinnetjes 
zijn en dus verplicht naar mijn geklaag moeten luisteren. Het is dan eindelijk af! Bedankt 
voor jullie last minute contributies aan dit boekje, waardoor er toch nog iets van jullie in 
zit. Ik ging een geweldig passend lied voor jullie citeren maar ik denk niet dat Mir in één 
zin genoemd wil worden met het oeuvre van Guus Meeuwis. Jullie moeten dan ook thuis 
maar even achter de computer kruipen, de volgende link in typen en het geluid lekker 
hard aan zetten: http://www.youtube.com/watch?v=6sYW5TPYN5M.  Moniek, Jilles en Ton 
jullie horen hier natuurlijk ook thuis. Bedankt voor de gezellige middagen/avonden vol 
met spelletjes en het lekkere eten. Mijn surprise wordt dit jaar helaas met enige zekerheid 
gewoon weer een ingepakte doos, ik stel voor dat jullie daar allemaal maar weer mee leren 
leven.
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Erwin, proefschrift coach extraordinair….bedankt voor alle aanmoedigingen en de 
proefschrift ontwijkende BBQs in het Vroesepark. Dat het maar gauw weer BBQ weer mag 
worden nu ik weer alle tijd heb om te komen.

Het grootste deel van dit proefschrift is geschreven terwijl ik al weer hard aan het werk was 
bij Evers + Manders. Ik wil dan ook al mijn ‘nieuwe collega’s’ bedanken voor al hun interesse, 
de achterliggende statistiek voor stelling 11 en een luisterend oor wanneer ik weer eens 
moest klagen over het één of ander. Jullie weten waarschijnlijk ondertussen allemaal meer 
over promoveren dan je lief is. Marco, heel erg bedankt voor al je werk aan de omslag, ik 
had het zelf nooit zo mooi voor elkaar gekregen.  Annelies, bedankt voor de Nederlandse 
spelcheck, nu maar afwachten of we niets over het hoofd hebben gezien.  Johan en Paul, 
bedankt voor al jullie steun, ook bij het tot stand brengen van dit boekje. Ik kwam binnen 
als bijna gepromoveerd, maar dat bijna liet nog even op zich wachten. Nu is het alleen nog 
maar wachten op die nieuwe visitekaartjes!

Papa en mama, Carla en Alexandra, bedankt voor alle weekendjes in Limburg die ervoor 
zorgden dat ik weer fris en uitgerust aan een nieuwe week vol met proefschriftperikelen 
kon beginnen. Ondanks het feit dat ik er niet zo vaak ben, is toch een significant deel van dit 
proefschrift gewoon geschreven achter papa’s bureau. Of dat ligt aan de frisse Limburgse 
buitenlucht of het feit dat mama erg goed is in het uitbannen van proefschrift ontwijkend 
gedrag zullen we maar in het midden houden. Ik beloof in ieder geval dat ik in 2013 de 
computer gewoon in Amersfoort zal laten als ik kom logeren. 
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