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1 General introduction

1.1 Bone remodeling

Bone is a highly dynamic tissue that is permanently remodeled as an intrinsic mechanism

to regenerate bone during life, to accomplish longitudinal growth, and to generate new bone

during fracture repair. As bone formation must match closely the amount of bone that is

resorbed at each site, bone remodeling is controlled by the coupled actions of osteoclasts

and osteoblasts [1–3]. Osteoblasts control the formation and activity of osteoclasts that are

responsible for the initiation and execution of resorption at remodeling sites. The bone re-

sorbed by osteoclasts is replaced through the differentiation and activity of osteoblasts. This

coupling of the two processes is essential for bone balance. Due to age, sex hormone status,

cancer and a variety of diseases associated with an activation of the immune system, the bal-

ance between bone resorption and formation can be shifted leading to local or systemic bone

loss that ultimately results in osteoporosis [4]. Osteoporosis is a prevalent skeletal disorder

in the elderly that is characterized by impaired bone strength and increased fracture risk. It

is associated with reduced life quality and increased mortality [5, 6]. On the other hand, ex-

cessive bone formation can give rise to sclerosing bone disorders that include many rare and

often hereditary osteochondrodysplasias (e.g. osteopetrosis, Van Buchem disease and scle-

rosteosis), but can also be caused by a variety of dietary, metabolic, endocrine, hematologic,

infectious or neoplastic disorders [7–9].
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1 General introduction

1.2 Extracellular matrix mineralization

Bone quality is determined by its material composition. Extracellular matrix proteins provide

bone its flexibility, whereas the mineral content is responsible for its mechanical strength

[10, 11]. Variations in the amount of mineral and collagen affect the properties and quality

of bone. Bone with a low mineral content may not provide sufficient supportive function,

whereas a very high mineral content may result in micro cracks and eventually a complete

fracture due to impaired flexibility of the bone. Osteoblasts as bone forming cells are pri-

marily responsible for the mineralization process. They first produce a non-mineralized

extracellular matrix that predominantly consists of collagen type 1. Mineralization of this

matrix then occurs by the deposition of hydroxyapatite that eventually forms hydroxyap-

atite crystals. The osteogenic differentiation marker alkaline phosphatase (ALPL) hydrol-

yses organic phosphate substrate to release free inorganic phosphate [12]. ALPL is highly

expressed in matrix vesicles together with several phosphate and calcium transporters that

increase local phosphate and calcium concentrations and thereby initiate the mineralization

process [13–15]. For mineral deposition to proceed, a tight balance is required between the

levels of free inorganic phosphate and pyrophosphate. Inorganic pyrophosphate antagonizes

the ability of free inorganic phosphate to crystallize with calcium to form hydroxyapatite and

thereby suppresses hydroxyapatite crystal propagation. Three molecules have been identi-

fied as central coordinate regulators of extracellular free pyrophosphate and phosphate levels:

tissue-nonspecific alkaline phosphatase (TNAP) that hydrolyzes pyrophosphate, nucleotide

pyrophosphatase phosphodiesterase 1 (NPP1) that generates pyrophosphate from nucleoside

triphosphates, and the multiple-pass transmembrane protein ANK that mediates intracellular

to extracellular channeling of pyrophosphate [16]. Therefore, the currently held doctrine

posits that ANK and NPP1 function to suppress mineralization by increasing the extracel-

lular concentration of pyrophosphate while TNAP promotes the mineralization process by

2



1.2 Extracellular matrix mineralization

reducing pyrophosphate levels and increasing the concentration of the mineralization stim-

ulator inorganic phosphate [16]. Mineralization of the extracellular matrix is not unique

for bone tissue as demonstrated by ectopic calcification in pathological conditions [17].

Vascular mineralization (pathological mineralization) is a prominent feature of advanced

atherosclerosis [18]. Although atherosclerosis and vascular mineralization are currently con-

sidered to form separate genetic entities, mineralization contributes to the overall morbidity

of atherosclerosis by causing an increased risk for myocardial infarction [19–22]. The latter

is caused by, at least in part, a decreased elasticity of the vessels [23, 24]. Bone-associated

proteins such as osteonectin, osteocalcin, and matrix Gla protein have been detected in min-

eralized vascular tissues. Vascular mineralization has been considered to be an organized and

highly regulated process that is similar to mineralization in bone tissue. Vascular smooth

muscle cells (VSMCs) are currently considered as being responsible for the formation of

vascular mineralization in vivo. In more detail, mechanical and inflammatory redox signals

from the aortic vasculature have emerged as secretagogues for BMP that leads to activa-

tion of endothelial NADPH oxidases and subsequent generation of reactive oxygen species

(ROS) [25–27]. These paracrine signals augment aortic myofibroblast Msx2-Wnt signaling

and matrix turnover and promote osteoblast-like differentiation of VSMCs [28–33]. Fur-

thermore, oxidation of vascular LDL cholesterol generates oxysterols that trigger Runx2

activity via hedgehog pathways [32]. Interestingly, apoptosis of VSMCs appears to be an

additional key factor in vascular mineralization [34–36]. After an extracellular matrix has

been formed, VSMC apoptosis is sufficient to accelerate atherosclerosis, to promote plaque

mineralization and medial degeneration, to prevent expansive remodeling and to promote

stenosis in atherosclerosis [37–39].
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1 General introduction

1.3 Mesenchymal stem cell lineage skewing as

burden for osteoblast differentiation

Bone strength is negatively correlated with bone marrow adipogenesis in aging and patients

with osteoporosis. Furthermore, the recently observed reduced bone mass and increased risk

of peripheral fractures in thiazolidinedione (TZD)-treated patients are suggested to result

from bone marrow adipogenesis that is caused by a switch of mesenchymal stem cells (MSC)

into the adipogenic lineage [40, 41]. Pluripotent MSCs in the bone marrow surround trabec-

ular elements of the skeleton. They can enter amongst others the osteoblastic and adipocytic

lineages upon regulation through specific endocrine, paracrine or autocrine signals. It is cur-

rently hypothesized that there is a competitive balance between osteoblasts and adipocytes

that underlies a cross-talk between complex signaling mechanisms inducing one’s cell fate

and ultimately suppressing the alternative lineage (recently reviewed in [42]). At least par-

tially, MSC lineage commitment is regulated at the transcriptional level [43]. Herein, runx2

and osterix are considered as important osteoblast-specific transcription factors whereas acti-

vation of peroxisome proliferator-activated receptor γ (PPAR-γ) is suggested to cause the en-

try of MSCs into the fat lineage that leads indirectly to suppression of osteogenesis [44–50].

1.4 Signal transduction networks controlling

osteoblast differentiation

The differentiation from mesenchymal stem cells towards the osteogenic lineage is con-

trolled by several endocrine and paracrine factors (e.g. Hedgehogs, bone morphogenic pro-

teins, TGF-β , PTH, WNTs, and interleukins) that regulate the expression of cell lineage-

specific sets of transcription factors [51–60].
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1.4 Signal transduction networks controlling osteoblast differentiation

1.4.1 Peroxisome proliferator - activated receptor γ (PPAR-γ)

PPAR-γ belongs to the nuclear receptor superfamily of transcription factors [61]. Its main

function is to regulate fatty acid uptake and storage (reviewed in [62–64]). Activation of

PPAR-γ occurs upon binding to a variety of ligands which can be nutritionally derived

endogenous polyunsaturated fatty acids and eicosanoids [65–67] or synthetic compounds

including thiazolidinediones (reviewed in [68]). The latter are pharmaceutical compounds

with insulin-sensitizing function. The single PPARG gene undergoes alternative splicing and

promoter usage giving rise to two proteins: PPAR-γ1 and PPAR-γ2. The latter contains an

additional N-terminal exon that results in a higher ligand-independent transactivation capac-

ity when compared to PPAR-γ1 [69]. Expression of PPAR-γ2 is mainly limited to adipocytes

whereas PPAR-γ1 is found ubiquitously expressed [70, 71].

Rosiglitazone (trade name Avandia, GlaxoSmithKline) is a synthetic PPAR-γ agonist

belonging to the thiazolidinedione class of compounds. It improves insulin sensitivity and

lowers blood glucose and lipid levels. Despite these beneficial metabolic actions, serious

cardiovascular side effects have been reported for rosiglitazone in recent epidemiological

studies [40, 72–75]. In more detail, rosiglitazone treatment has been linked to an increased

risk for myocardial infarction [72, 73]. Rosiglitazone and other PPAR-γ agonists have been

shown earlier to induce apoptosis of human and rodent VSMCs via PPAR-γ - dependent

and - independent mechanisms [76–80]. Also unwanted skeletal side-effects have been doc-

umented. A vast number of recent studies have revealed an increased risk of peripheral

fractures in TZD-treated patients [40, 81–85]. Currently proposed mechanisms include a di-

rect suppression of bone formation and a stimulation of bone resorption resulting in reduced

bone mass and quality. Putative underlying mechanisms include rosiglitazone - mediated

suppression of bone formation and stimulation of bone resorption caused by: a) a stimula-

tion of osteoclast differentiation from hematopoietic precursor cells [86]; b) a preferential
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1 General introduction

differentiation of mesenchymal stem cells into adipocytes at the expense of osteoblasts in

the bone marrow [41, 45, 87, 88]; or c) the modulation of hormone levels and/or sensitivity

that are important for bone metabolism, e.g. leptin [89], insulin [90, 91], insulin-like growth

factor I [92], or estrogen [93]. Following the reported side-effects of rosiglitazone, its use

has decreased dramatically since it was first released in 1999. Adverse effects alleged to

be caused by rosiglitazone were the subject of over 13,000 lawsuits against GSK, and as of

July 2010, GSK has agreed to settlements of more than 11,500 suits [94]. In Europe, the

European Medicines Agency (EMA) recommended in September 2012 that rosiglitazone be

suspended from European market because the benefits of rosiglitazone no longer outweighed

the risks [95]. Rosiglitazone was withdrawn from the market in the UK and India in 2010,

and in New Zealand and South Africa in 2011 [96].

1.4.2 Vitamin D receptor

By being one of the major factors in calcium homeostasis vitamin D is essential for the de-

velopment and maintenance of healthy bones. 1α ,25-dihydroxyvitamin D3 (1,25D3), the

biologically most active vitamin D receptor (VDR) agonist, is produced by subsequent vi-

tamin D 25-hydroxylase (CYP2R1) and 25-hydroxyvitamin D-1α-hydroxylase (CYP27B1)

hydroxylation steps in the liver and kidney, respectively [97]. The main function of 1,25D3

is to maintain calcium homeostasis. It is of crucial importance for proper physiology that

serum calcium is maintained within a narrow range. Bone formation is indirectly influenced

by 1,25D3 since it controls calcium uptake in the intestine and reabsorbs calcium in the

kidneys. Also direct effects of 1,25D3 on osteoblasts are established: in vitro 1,25D3 stim-

ulates mineralization of osteoblast cultures [98, 99] and 1,25D3-mediated gene expression

modifications of various osteoblast differentiation and mineralization-related genes such as

alkaline phosphatase (ALPL), osteocalcin (BGLAP) and osteopontin (SPP1) has been re-
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1.5 Aim of this thesis

ported [98, 100, 101]. 1,25D3 also enhances matrix vesicle maturation [102]. To prevent ex-

cessive mineralization and consequential pathologies such as bone marble disease, 1,25D3

is associated to several control systems. For example, 1,25D3 stimulates its own degradation

by up-regulating the expression of 1,25-hydroxyvitamin-D3-24-hydroxylase (CYP24A1),

an enzyme catalyzing the initial step for 1,25D3 degradation [98, 103]. Both VDR and

PPAR-γ are nuclear receptors and both form a heterodimer with retinoid X receptors. More-

over, recent studies have revealed evidence for a molecular cross-talk between VDR and

PPAR-γ involving a stimulatory effect of 1,25D3 on PPAR expression that is dependent on

VDR [104, 105].

1.5 Aim of this thesis

The PPAR-γ activators of the thiazolidinedione (TZD) class have recently been identified

as risk factors for osteoporosis and cardiovascular disease [40, 72–75]. In order to better

understand the underlying mechanisms that may facilitate the development of strategies to

prevent the actions of these risk factors in the future, this thesis has aimed to characterize

the cell intrinsic functional roles and consequences of perturbed PPAR-γ signaling in bone

metabolism and pathological mineralization. Human mesenchymal stem cells, various hu-

man osteoblast cell lines, and human vascular smooth muscle cells served as model systems

to study cell-intrinsic mechanisms controlled by PPAR-γ signaling. The latter was perturbed

in these models by using both genetic and pharmacological approaches. The fact that the

cell models used follow a well-characterized differentiation program with robust molecular

markers being available allowed to study the influence of perturbed PPAR-γ signaling on

the precise dynamics of the differentiation processes. The data obtained from biochemical,

microscopic, and gene expression studies were always complemented with the information

regarding the differentiation process. The experimental work of this thesis is divided into the
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1 General introduction

following chapters: In Chapter 2, the expression and regulation mechanisms of PPAR-γ were

investigated in all models described above. This work was then followed by the functional

characterization of the consequences of perturbed PPAR-γ signaling in mesenchymal stem

cells differentiating into either osteoblasts or adipocytes in Chapter 3. A potential cross-talk

between PPAR-γ and VDR signaling in differentiating osteoblasts was investigated in Chap-

ter 4. And finally, the last two results sections in Chapters 5 and 6 studied the impact of

PPAR-γ signaling on pathological mineralization using combined biochemical and bioinfor-

matics approaches. Comprehensive integrated analyses of the obtained data and additional

publicly available datasets have revealed new concepts underlying the detrimental effects

of thiazolidinedione - activated PPAR-γ signaling on bone and vascular health that provide

promising strategies to prevent thiazolidinedione-induced bone loss and cardiovascular com-

plications in the future.
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2 Evidence for multiple Peroxisome

proliferator-activated receptor γ

transcripts in bone

2.1 Abstract

The expression, regulation and functional significance of multiple Peroxisome proliferator-

activated receptor γ transcript variants in bone were studied. PPARG transcripts giving rise

to PPAR-γ1 protein were expressed in human osteoblasts, whereas PPARG-2 transcript and

protein remained virtually absent. PPARG expression underwent homologous regulation,

was upregulated during differentiation and directly induced by the osteogenic hormone dex-

amethasone, suggesting a role of PPAR-γ1 for osteogenesis. Differences between the sta-

bilities of PPARG-1, -3 and -4 were observed. We hypothesize that cell-specific expression

patterns of multiple PPARG transcript variants encoding for the same protein but differing in

mRNA stabilities enable a fine-tuning of PPARG action, which eventually supports a well-

Claudia Bruedigam, Marijke Koedam, Marco Eijken, Johannes P.T.M. van Leeuwen: Evidence for multiple
Peroxisome proliferator-activated receptor γ transcripts in bone: fine-tuning by hormonal regulation and mRNA
stability; 2008; 582(11):1618-24; FEBS Letters
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2 Evidence for multiple Peroxisome proliferator-activated receptor γ transcripts in bone

adjusted signal transduction between the cell and its environment.

2.2 Introduction

Peroxisome proliferator-activated receptor γ (PPARG) is a nuclear transcription factor that

plays roles in the control of proliferation, differentiation and survival of various cell types

(reviewed in [106]). The single PPARG gene undergoes alternative splicing and promoter us-

age giving rise to two proteins: PPARγ-1 and PPAR-γ2 (Figure 2.1; [107]. PPAR-γ2 contains

an additional N-terminal exon that results in a higher trans-activation capacity compared to

PPAR-γ1 [69]. Besides this functional difference at protein level, there is an additional com-

plexity at its transcript level. Interestingly, PPAR-γ1 protein can be translated from the three

PPARG transcripts PPARG-1, -3 and -4 that only differ in their 5’-untranslated region [108].

The existence of multiple transcript variants encoding for the same protein has been re-

ported for other genes as well [109], but its functional significance has not been revealed

yet. PPAR-γ1 protein is expressed in many cell types, whereas the expression of PPAR-γ2

is mainly limited to adipocytes [70, 71, 110]. Also, it has been reported that PPAR-γ1 is

expressed in a murine pre-osteoblastic cell line [88, 111].

Figure 2.1
Exon - intron structures of multiple PPARG transcripts. Exons are depicted as grey squares
and separated from each other by intronic sequences (black lines). The positions and
sizes do not match real scale. Sequences underlying this figure were received from the
NCBI database (received on 05, 05, 2015 from the NCBI on-line database/Entrez Gene,
http://www.ncbi.nlm.nih.gov).
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2.3 Materials and methods

In this study we investigated the differential expression of the four PPARG transcript

variants in human pre-osteoblast and osteoblast-like cells, and in human mesenchymal stem

cells (MSCs) that were driven to differentiate towards the osteoblastic lineage. Furthermore

the effect of the osteoblast differentiation - inducing hormone dexamethasone (DEX) and

the PPAR-γ agonist rosiglitazone (ROSI) on PPARG expression in human osteoblasts were

investigated.

2.3 Materials and methods

2.3.1 Cell culture

SV-HFO cells [112], normal human osteoblasts (NHOST, Cambrex Bio Science CC-2538,

East Rutherford, NJ, USA), human vascular smooth muscle cells (VSMC, Cambrex Bio

Science, CC-2583) and human mesenchymal stem cells (MSC, Cambrex Bio Science) were

cultured as described previously [113].

2.3.2 Short-term incubation studies with dexamethasone,

RU-486 or rosiglitazone

Medium was supplemented with 10 µM ROSI (Cayman Europe, Tallin, Estonia), 100 nM

DEX in the absence or presence of 2 µM of the glucocorticoid receptor antagonist RU-486

(Sigma) at specific time points (3, 6, 12, 24 and 48 h) before harvest at day 7 of culture.

For short-term ROSI incubations, SV-HFO cells were grown in medium as described above.

For short-term DEX and RU-486 incubations, SV-HFO cells were grown in the medium as

described above with the exception that DEX was not continuously added.
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2 Evidence for multiple Peroxisome proliferator-activated receptor γ transcripts in bone

2.3.3 Quantification of PPARG transcript expression

RNA isolation and cDNA synthesis have been carried out as described recently [114] except

that the total amount of RNA was quantified spectrophotometrically using NanoDrop tech-

nology (Bancroft Building Wilmington, DE 19810, USA) according to the manufacturer’s

instructions. Quantitative real time-PCR (Q-RT-PCR) was either based on FAM/TAMRA

or SYBR Green detection. FAM/TAMRA - based Q-RT-PCR was performed as described

previously [114] with the exception that reaction mixes contained 8 instead of 20 ng cDNA.

SYBR Green - based Q-RT-PCR was carried out using an ABI 7700 sequence detection sys-

tem (Applied Biosystems, Foster City, CA). Reactions were performed in 25 µl volumes

using qPCR core kit for SYBR Green I (Eurogentec, Seraing, Belgium). Reaction mixes

contained 8 ng cDNA, 3.5 mM MgCl2, 200 µM dNTPs, and 0.025 U/µl Hot GoldStar en-

zyme. Primer and probe sequences as well as their concentrations are listed in Table 2.1.

2.3.4 Actinomycin D treatment

SV-HFO cells were cultured as described above until day 7 of culture. At 6, 12, 24 and 48

hours before harvesting, actinomycin D (2 µg / ml; Sigma) was added to the cultures. Then

RNA was isolated and Q-RT-PCR was performed as described above.

2.3.5 Western blotting

Cells were solubilized in lysis buffer (M-PER Mammalian extraction kit, Pierce Rockford,

IL 61105, USA). Total protein concentrations were quantified using BCA protein assay kit

(Pierce). 50 µg of total protein extract were loaded on an SDS-polyacrylamide gel consisting

of a 5% (w/v) stacking and a 10% (w/v) running gel. After electrophoretic separation, sam-

ples were transferred to Nitrocellulose blotting membrane (Hybond, Amersham Pharmacia,

UK). Unspecific binding sites were blocked using 4% skim milk in TBS without Tween for

12
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Table 2.1
Primer and probe concentrations and sequences

GAPDH
300 nM Forward 5’-ATGGGGAAGGTGAAGGTCG-3’
300 nM Reverse 5’-TAAAAGCAGCCCTGGTGACC-3’
150 nM Probe 5’-FAM-CGCCCAATACGACCAAATCCGTTGAC-TAMRA-3’

PPARG 1 (NM 138712)
50 nM Forward 5’-GTGGCCGCAGATTTGAAAGAAG-3’
50 nM Reverse 5’-TGTCAACCATGGTCATTTCG-30-3’

PPARG 2 (NM 015869)
50 nM Forward 5’-CAAACCCCTATTCCATGCTGTT-3’
50 nM Reverse 5’-AATGGCATCTCTGTGTCAACC-3’

PPARG 3 (NM 138711)
50 nM Forward 5’-AGAAGCCTGCATTTCTGCAT-3’
50 nM Reverse 5’-TGGCCTTGTTGTATATTTGTGGTT-3’

PPARG 4 (NM 005037)
50 nM Forward 5’-GTGGCCGCAGAAATGACCATG-3’
50 nM Reverse 5’-GAGAGATCCACGGAGCTGAT-3’

ANGPTL4
50 nM Forward 5’-GACAAGAACTGCGCCAAGAG-3’
50 nM Reverse 5’-AGTACTGGCCGTTGAGGTTG-3’

FABP4
50 nM Forward 5’-TACTGGGCCAGGAATTTGAC-3’
50 nM Reverse 5’-GGACACCCCCATCTAAGGTT-3’

ADFP
50 nM Forward 5’-CAGAAGCTAGAGCCGCAAAT-3’
50 nM Reverse 5’-AGCCCCTTACAGGCATAGGT-3’

over-night at 4◦C. Then, the membrane was incubated in primary antibody solution (primary

antibody diluted in TBS with 0.1% TBS-Tween and 1% skim milk) for 1 h at room tem-

perature on a roller bank. The dilution for rabbit polyclonal antibody against PPARG was

1:1,000 (Cat. 600-401-419, Rockland Gilbertsville, PA 19525 USA). Mouse monoclonal

antibody against GAPDH (Cat. MAB374; Millipore) was used as an internal calibrator in

a dilution of 1:20,000 and incubated for 30 min at room temperature. The membrane was

washed four times in 0.1% (v/v) TBS-Tween and incubated in a diluted secondary antibody

solution (secondary antibody diluted in TBS with 0.1% TBS-Tween and 1% skim milk) for

1 h at room temperature. The secondary antibodies, anti-rabbit IgG conjugated with IRDye
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800CW (Cat. 17122; Rockland) and anti-mouse IgG conjugated with Alexa Fluor 680 (Cat.

A21057, Invitrogen) were used in a 1:10,000 dilution for 1 h at room temperature to de-

tect the respective primary antibody. After washing the membrane four times in 0.1% (v/v)

TBS-Tween and having removed residual Tween by washing in TBS only, fluorescence was

detected and analyzed using LI-COR Infrared Imaging System (Odyssey Lincoln, NE USA).

2.3.6 Statistics

Data presented are the results of at least two independent experiments performed in at least

triplicate. Values are the means ± S.E. Significance was calculated using the Students t-test.

2.4 Results

2.4.1 Expression of PPARG and its primary target genes

The cell models used all proceed through a differentiation process resulting in the production

of a mineralized extracellular matrix in a 2 - 3 week period [113]. PPARG expression was

demonstrated during the differentiation of the two human pre-osteoblast cell lines SV-HFO,

NHOST and MSCs that were differentiated towards the osteoblast lineage (Figure 2.2). In

addition, PPARG expression was demonstrated in mineralizing VSMC that are an exper-

imental model of arthrosclerosis (Figure 2.2). The expression levels of the four PPARG

transcript variants PPARG-1,-2, -3 and -4 at various time points during culture were quan-

tified by Q-RT-PCR. Expression levels of PPARG-1, -3 and -4 were significantly increased

during differentiation and mineralization of all the four cell models. PPARG-2 expression,

however, was virtually absent in SV-HFO, NHOST and VSMC and significantly lower com-

pared to PPARG-1 in MSCs (Figure 2.2). Interestingly, PPARG expression levels were vir-

tually absent and did not increase in the non-mineralizing condition, i.e. when cells were not
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stimulated with DEX to differentiate towards a mineralized matrix - producing osteoblast

(Figure 2.2). Finally, the presence of PPAR-γ1 protein and its increase during differentiation

(from day 3 to 14 of SV-HFO culture) was confirmed by western blotting (Figure 2.2). In

addition, expression levels of the confirmed primary PPAR-γ targets ANGPTL4, ADFP and

FABP4 [115, 116] increased during differentiation of SV-HFO (Figure 2.3).

2.4.2 Direct regulation of PPARG expression by DEX

Short-term treatment with the synthetic cortisol analog DEX during early differentiation

of SV-HFO (day 12) showed already after 3 h significant increases in expression levels of

PPARG transcripts-1, -3 and -4 (Figure 2.4). The expression further increased when DEX

was added to the medium for 6, 24 and 48 h before harvest. Induction of PPARG-1, -3 and -4

expression levels was completely blocked by the glucocorticoid receptor antagonist RU-486

(Figure 2.4). In addition, blocking de novo protein biosynthesis using cycloheximide did not

affect the stimulatory action of DEX on PPARG-1, -3 and -4 expression (Figure 2.5).

2.4.3 Homologous regulation of PPARG

ROSI is a well-studied PPARG agonist and stimulates PPARG signalling in several target

tissues (reviewed in [117]). We found that, after short-term treatment with ROSI, PPARG-1,

-3 and -4 transcript levels were significantly increased (Figure 2.6). PPARG-4 transcript was

already significantly induced after 3 h of treatment compared to control, and increases in

PPARG-3 and -1 expression levels reached significance after 6 or 12 h, respectively. How-

ever, PPARG-2 expression was not induced upon ROSI-treatment (data not shown).
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2 Evidence for multiple Peroxisome proliferator-activated receptor γ transcripts in bone

2.4.4 Differential dynamics for expression of PPARG splice

variants

By analyzing the stabilities of the PPARG transcripts using the RNA polymerase II blocker

actinomycin D in a timecourse experiment, we observed that the stabilities surprisingly dif-

fered between the PPARG transcripts 3 and 1/4 (Figure 2.7). The half-life of the PPARG

transcripts-1 and -4 was about 24 h. The PPARG-3 transcript had about a 6-fold shorter

half-life of 4 h.

2.5 Discussion

The aim of the current study was to assess the expression and regulation of PPARG in human

osteoblasts. They are bone-forming cells and have the unique function to produce and min-

eralize an extracellular protein matrix. Osteoblasts undergo several developmental phases

through their lifetime: early commitment to organic-matrix production, mineralization and

apoptosis or terminal differentiation into an osteocyte. The complex developmental process

is orchestrated by the timely activation of specific transcription factors that regulate the ex-

pression of their target genes and thus define the osteoblast phenotype (reviewed in [118]).

The current study demonstrates increasing expression of the three PPARG transcripts-1, -

3 and -4 giving rise to PPAR-γ1 protein but not PPARG-2 encoding for PPAR-γ2 protein

during differentiation of the two human pre-osteoblast cell lines SV-HFO and NHOST. We

furthermore found that PPARG expression was increased during mesenchymal stem cell dif-

ferentiation towards the osteoblastic lineage. And, finally the observations in the osteoblasts

were confirmed in a VSMC-based model for artherosclerosis that mimics matrix formation

and mineralization by the osteoblasts. In the absence of differentiation towards matrix pro-

ducing and mineralizing cells, the PPARG transcript levels are virtually absent and do not
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increase during culture time. Together these data show a clear coupling between PPAR-γ1

expression and extracellular matrix synthesis and mineralization indicating a role for PPAR-

γ1 signalling in these processes.

Presence of DEX is crucial for all cell models examined to develop into a mineraliz-

ing condition [119]. Our short-term DEX incubation studies demonstrated that PPARG ex-

pression is directly stimulated by DEX. Inhibition by the glucocorticoid receptor antagonist

RU-486 suggests that PPARG is a direct glucocorticoid receptor target gene. Our hypothesis

is underlined by in silico searches for putative glucocorticoid receptor response elements

(GRE) in the promoter region of the PPARG gene, which revealed several hits closed to the

transcription start sites (Tatjana Degenhardt, personal communication). However, the iden-

tification of functional GRE in the PPARG gene is necessary to better understand PPARG

regulation at chromatin level. In addition, our data do not exclude an indirect osteoblast

differentiation - driven expression of PPARG because PPARG-1 expression also increases in

a DEX-independent differentiating murine osteoblast cell model [111].

We demonstrate for the first time in human osteoblasts the presence and regulation of the

two additional PPARG transcripts 3 and 4. Moreover, we show that these transcripts as well

as PPARG-1 are homologously upregulated. Interestingly, the magnitude of transcriptional

regulation by both rosiglitazone and DEX is different between PPARG-1, -3, and -4. This

points to a high order of complexity in promoter usage and transcriptional control for these

transcripts. An even higher order of control of transcript levels of these PPARG transcripts is

demonstrated by the mRNA stability analyses. Both at transcriptional control and stability,

the PPARG-3 transcript is the most sensitive. Overall these data support the significance of

a precise fine-tuning of PPARG expression in the cell for an optimal function in metabolism.

Finally, the differences in stabilities for the three PPARG transcripts -1, -3 and -4 are mecha-

nistically intriguing and yet unexplained. Transcript stability is usually dedicated to the 3’-,

but not the 5’-UTR in which these transcripts differ. Thereby the current data suggest also a
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2 Evidence for multiple Peroxisome proliferator-activated receptor γ transcripts in bone

role for this part of the transcript in stability control.

In conclusion, the current study demonstrates that 1) PPARG-1, -3 and -4 transcript levels

encoding for PPAR-γ1 protein increase during differentiation of all four cell models that

were used in this study, 2) PPARG expression is directly regulated by DEX, and 3) PPARG

regulates its expression itself by an auto-regulatory mechanism. We suggest from this that

cell-specific PPARG transcript variant ratios, due to their specific transcriptional regulation

and stabilities, enable a fine-tuning of PPARG receptor-level regulation supporting a well-

adjusted signal transduction between the cell and its environment.
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A B

C D

E F

Figure 2.2
Expression levels of multiple PPARG transcripts encoding for PPAR-γ1 protein increase
during differentiation of human osteoblasts and osteoblast-like cells. Q-RT-PCR of PPARG
transcripts 1 - 4 in the human pre-osteoblast cell lines SV-HFO (A) and NHOST (B), human
bone marrow - derived mesenchymal stem cells differentiated towards osteoblasts MSC (C),
human vascular smooth muscle cells VSMC (D) and SV-HFO grown on medium lacking the
osteogenic differentiation factor DEX (E). Expression levels are relative to the housekeeping
gene GAPDH. Values are the mean of at least three biological replicates ± S.E. Western
blotting of PPAR-γ1 (upper band) in SV-HFO at day 3 and 14 of culture (F). GAPDH (lower
band) was used as loading control. 3, 14: SV-HFO culture days 3 and 14, respectively; L:
protein standard.
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A B

C

ANGPTL4 ADFP

FABP4

Figure 2.3
Expression levels of primary PPAR-γ target genes increase during osteoblast differentiation.
Q-RT-PCR of ANGPTL4 (A), ADFP (B) and FABP4 (C) in the human osteoblast cell line
SV-HFO at multiple time points during differentiation. Expression levels are relative to the
housekeeping gene GAPDH. Values are the mean of at least three biological replicates ±
S.E.
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A PPARG1

B PPARG3

C PPARG4

Figure 2.4
Glucocorticoid receptor-regulated expression of PPARG. SV-HFO cells were short-term in-
cubated with the cortisol analog DEX and/or the glucocorticoid receptor antagonist RU-486
at day 12 of culture. Transcript levels were measured using Q-RT-PCR. Values are relative
to the housekeeping gene GAPDH and the mean of at least three biological replicates ± S.E.
Asterisks (*) denote values that were determined to be significantly (P ≤ 0.05) different from
those of control.
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Figure 2.5
De novo protein biosynthesis is not required for induction of PPARG expression by dex-
amethasone. SV-HFO cells were short-term incubated with the DEX and/or the protein
synthesis inhibitor cycloheximide. Transcript levels were measured using Q-RT-PCR. Val-
ues are relative to the housekeeping gene GAPDH and the mean of at least three biological
replicates ± S.E. Asterisks (*) denote values that were determined to be significantly (P ≤
0.05) different from those of control.

Figure 2.6
Homologous regulation of PPARG. Rosiglitazone was added to the SV-HFO cultures at dis-
tinct time points before harvest at day 7. Transcript levels were measured using Q-RT-PCR.
Values are relative to the housekeeping gene GAPDH and the mean of at least three biologi-
cal replicates ± S.E. Asterisks (*) denote values that were determined to be significantly (P
≤ 0.05) different from those of control.
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2.5 Discussion

Figure 2.7
Differential stabilities of the three PPARG transcripts PPARG-1, -3 and -4 encoding for
PPAR-γ1 protein. The polymerase II inhibitor actinomycin D was added at 6, 12, 24 and
48 h before harvest at day 7. Data have been obtained by Q-RT-PCR. Values are expression
levels relative to GAPDH and normalized to control.
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3 A new concept underlying

mesenchymal stem cell lineage

skewing

3.1 Abstract

Bone-marrow adipogenesis is an aging-related phenomenon and is correlated with osteo-

porosis. The latter is a prevalent bone disease in the elderly leading to increased fracture

risk and mortality. It is widely hypothesized that the underlying molecular mechanism in-

cludes a shift in the commitment of mesenchymal stem cells (MSCs) from the osteogenic

lineage to the adipogenic lineage. Lineage skewing is at least partially a result of tran-

scriptional changes. The nuclear transcription factor peroxisome proliferator - activated re-

ceptor γ (PPAR-γ) has been proposed as a major decision factor in MSC lineage commit-

ment, promoting adipogenesis at the expense of osteogenesis. Here we found that PPAR-γ

acted unexpectedly to stimulate osteoblast differentiation from human bone marrow - de-

Claudia Bruedigam, Marco Eijken, Marijke Koedam, Jeroen van de Peppel, Ksenja Drabek, Hideki Chiba, Jo-
hannes P.T.M. van Leeuwen: A new concept underlying stem cell lineage skewing that explains the detrimental
effects of thiazolidinediones on bone; 2010; 28:916-927; Stem Cells
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rived MSCs. Both rosiglitazone - mediated activation and overexpression of PPAR-γ caused

acceleration of osteoblast differentiation. Conversely, shRNAi-mediated PPAR-γ knock-

down diminished osteoblast differentiation. MSCs that were treated with rosiglitazone did

not preferentially differentiate into adipocytes. However, the rosiglitazone - mediated ac-

celeration of osteoblast differentiation was followed by increased accumulation of oxygen

species and apoptosis. In contrast to the osteogenic lineage, cells of the adipogenic lineage

were protected from this. Our data support a new concept on bone health that adds to the

explanation of the clinically observed suppressive action of activated PPAR-γ on bone and

the associated phenomenon of bone marrow adipogenesis. This concept is based on a higher

susceptibility of the osteogenic than the adipogenic lineage to oxidative stress and apoptosis

that is preferentially triggered in the osteoblasts by activated PPAR-γ .

3.2 Introduction

Osteoporosis is a prevalent skeletal disorder in the elderly that is characterized by impaired

bone strength and increased fracture risk. It is associated with reduced life quality and in-

creased mortality [5,6,120]. Bone strength is negatively correlated with bone marrow adipo-

genesis in aging and patients with osteoporosis. Furthermore, the recently observed reduced

bone mass and increased risk of peripheral fractures in thiazolidinedione (TZD) - treated

patients are suggested to result from bone marrow adipogenesis that is caused by a switch of

mesenchymal stem cells (MSCs) into the adipogenic lineage [40, 41].

Pluripotent MSCs in the bone marrow surround trabecular elements of the skeleton. They

can enter, among others, the osteoblastic and adipocytic lineages upon regulation through

specific endocrine, paracrine, or autocrine signals. It is currently hypothesized that there is a

competitive balance between osteoblasts and adipocytes that underlies a cross-talk between

complex signaling mechanisms inducing one’s cell fate and ultimately suppressing the al-
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ternative lineage (recently reviewed in [42]). At least partially, MSC lineage commitment is

regulated at the transcriptional level [43]. Herein, runx2 and osterix are considered as impor-

tant osteoblast- specific transcription factors, whereas activation of peroxisome proliferator-

activated receptor γ (PPAR-γ) is suggested to cause the entry of MSCs into the fat lineage

that leads indirectly to suppression of osteogenesis [44–50].

PPAR-γ belongs to the nuclear receptor superfamily of transcription factors. Its main

function is to regulate fatty acid uptake and storage (reviewed in [62–64]). Activation of

PPAR-γ occurs upon binding to a variety of ligands that can be nutritionally derived endoge-

nous polyunsaturated fatty acids and eicosanoids [65–67] or synthetic compounds including

TZDs (reviewed in [68]). The latter are pharmaceutical compounds with insulin - sensitiz-

ing function that are frequently prescribed to type II diabetic patients. The single PPARG

gene undergoes alternative splicing and promoter usage, giving rise to two proteins: PPAR-

γ1 and PPAR-γ2. The latter contains an additional N-terminal exon that results in a higher

ligand-independent transactivation capacity when compared to PPAR-γ1 [69]. Expression

of PPAR-γ2 is mainly limited to adipocytes, whereas PPAR-γ1 is found to be ubiquitously

abundant [70, 71]. We have recently demonstrated dynamic expression patterns of PPAR-

γ1 protein variant in osteoblasts and osteogenic hMSCs. Expression levels increase during

the differentiation process and reach a plateau during the late phase that is defined by the

onset of extracellular matrix mineralization [121]. This has suggested a role of PPAR-γ in

osteogenesis besides the reported role in adipogenic MSC commitment.

In the current study, we investigated the impact and identity of PPAR-γ - regulated pro-

cesses in osteoblast differentiation. We used both direct and indirect approaches to perturb

PPAR-γ signaling in various human MSC and osteoblast models and analyzed the long-term

osteoblastic phenotype outcome. In a condition of increased PPAR-γ activity, a first phase

of accelerated differentiation was followed by a second phase of increased accumulation of

reactive oxygen species (ROS) and apoptosis. Cells from the adipogenic lineage were pro-
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tected from rosiglitazone - induced ROS accumulation and apoptosis and revealed a stronger

expressed oxidative stress response network when compared to the osteogenic lineage. The

results of the current study lead to a new concept of PPAR-γ action that challenges the role

of PPAR-γ as MSC lineage decision maker and direct suppressor of osteoblast differentia-

tion. This new concept is based on (1) evidence for a stimulatory role of PPAR-γ in both

osteoblast and adipocyte differentiation from MSCs and (2) the revealed differential suscep-

tibilities of osteogenic and adipogenic lineages to PPAR-γ ligand - induced ROS stress and

apoptosis. Resistance of adipocytes but not osteoblasts to TZD - induced ROS and apopto-

sis builds the molecular basis for the new concept that adds to the explanation of clinically

observed bone marrow adipogenesis, diminished bone formation, and increased fracture rate

in TZD-treated patients.

3.3 Materials and methods

3.3.1 Cell culture

SV-HFO preosteoblasts [112], normal human osteoblasts (NHOst; Lonza, Basel, Switzer-

land, http://www.lonza.com), and human bone marrow-derived mesenchymal stem cells

(hMSC; Lonza) were cultured as described previously [119]. MSCs were derived from two

different donors, and passages 6 and 7 were used for the experiments. Adipogenic dif-

ferentiation was induced by culturing confluent hMSCs in differentiation medium that was

supplemented with 100 nM dexamethasone, 500 µM 3-isobutyl-1-methylxanthine (IBMX),

and 60 µM indomethacin.
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3.3.2 Human tissues

The tissues used in this publication were provided by Erasmus MC Tissue Bank (Dr. Rieg-

man, Erasmus MC, Rotterdam, The Netherlands, http://www.tubafrost.org). Total RNA was

isolated as described below.

3.3.3 Constructs

PPAR-γ1 expression construct containing PPAR-γ1 open reading frame in pCMV6-XL4

vector was purchased from Origene (Rockville, MD, http://www.origene.com), and PPAR-

γ2 expression construct was kindly provided by Prof. J. Auwerx (Institut Clinique de la

Souris, Strasbourg, France, http://www.ics-mci.fr). Sh-RNAi constructs targeting PPAR-γ

were obtained from TRC library TRC-Hs1.0 (human) via OpenBiosystems.

3.3.4 Transfection studies

SV-HFO and hMSC were cultured as described above until 60% confluency was reached.

Transfection was achieved by electroporation using the appropriate Amaxa nucleofector kit

according to the manufacturer’s recommendations (Lonza).

3.3.5 Quantification of mRNA expression

RNA isolation, cDNA synthesis, and quantitative real-time polymerase chain reaction (Q-

RT-PCR) were carried out as described recently [121]. Primer and probe sequences and

concentrations are shown in Table 3.1. QRT- PCR efficiencies were similar and about 100%

for all reactions.

29



3 A new concept underlying mesenchymal stem cell lineage skewing

3.3.6 DNA, protein, alkaline phosphatase activity, and

mineralization assays

Alkaline phosphatase (ALPL), DNA, protein, and calcium measurements were performed as

described previously [119].

3.3.7 Quantification of lipid vesicle formation

Cells were fixed in 10% formaline/phosphate-buffered saline (PBS), washed with 60% (v/v)

isopropanol, and subsequently incubated with Oil red O working solution (Sigma, St. Louis,

http://www.sigmaaldrich.com; 60% (v/v) Oil red O in deionized water). Staining solution

was removed by washing with deionized water. Then culture plates were dried and remaining

stain was dissolved in igepal working solution (Sigma; 4% (w/v) igepal in isopropanol).

Absorbance was measured photometrically at 490 nm.

3.3.8 Measurement of reactive oxygen species

Total reactive oxygen species were measured using the cell-permeable non-fluourescent

probe 20-70-dichlorofluorescin diacetate (DCF-DA; Sigma), which is de-esterified intracel-

lularly and turns into highly fluorescent 20,70-dichlorofluorescin upon oxidation. Culture

medium was replaced with 10 µM DCF-DA in modified ringer buffer (125 mM NaCl, 5 mM

KCl, 1.2 mM KH2PO4, 25 mM Hepes, 6 mM glucose, 1.2 mM MgSO4, and 1 mM CaCl2;

pH 7.4) and incubated for 1 hour at 37◦C in the dark. Cultures were washed with PBS and

supplemented with differentiation medium, and the fluorescence signal was subsequently

quantified. Superoxide radicals were measured using Mitosox red mitochondrial superox-

ide indicator (Molecular Probes Inc., Eugene, http://probes.invitrogen.com) according to the

manufacturer’s instructions. Microscopic images were processed using Cell profiler software

(http://www.cellprofiler.org).
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3.3.9 Apoptosis measurement

Apoptotic cells were counted by fluorescent-activating cell sorting using FacsCanto II ap-

paratus (BD Biosciences, San Diego) after staining with 1 µg/ml FITC-labeled annexin-V

(IQ-Products, Groningen, The Netherlands) and 0.25 µg/ml propidium iodide (Nexins Re-

search, Netherlands) according to the manufacturers’ instructions.

3.3.10 Statistics

Data presented are the results of at least two independent experiments performed in at least

triplicate. Values are the means ± S.E. Significance was calculated using the Student’s t-test.

3.4 Results

3.4.1 PPAR-γ1 is the predominant expressed isoform in

osteoblasts

The three PPAR isoforms, α , β /δ , and γ , share high structural and physiological homol-

ogy. We investigated expression levels of PPAR-α , β /δ , and γ in osteoblasts and adipocytes.

Primer pairs were designed to detect all mRNA molecules that encode the ligand-binding do-

main of each PPAR isoform. Because the PPARG gene gives rise to PPAR-γ1 and PPAR-γ2

splice variants that differ only in their N-terminal region but contain identical ligand-binding

domains, an additional primer pair was designed to detect the PPARG2-specific exon. Total

PPAR-γ was between 2- and 500-fold higher expressed than PPAR-α or -β /δ in human os-

teoblasts, osteogenic hMSCs, and human bone tissue samples (Figure 3.1 A and B). PPAR-γ

was the predominant expressed isoform in human adipocytes and human fat tissue as well

(Figure 3.1 C). The splice variant PPAR-γ1 accounted for more than 99% of total expressed

PPAR-γ in bone (Figure 3.1 A and B). In fat, both PPAR-γ variants were expressed, which
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3 A new concept underlying mesenchymal stem cell lineage skewing

is consistent with the data reported by others (Figure 3.1 C) [71, 122]. We had shown ear-

lier that PPAR-γ1 expression level was dynamically regulated during osteogenic differenti-

ation [121]. Functionality of endogenous PPAR-γ signaling in osteoblasts and osteogenic

hMSCs was shown by dose-dependent induction of expression of the primary PPAR target

gene ANGPTL4 within 3 hours after treatment with the specific PPAR-γ agonist rosiglita-

zone in SV-HFO and hMSCs at day 3 of differentiation (Figure 3.1 D).

3.4.2 Activated PPAR-γ stimulates both adipocyte and

osteoblast differentiation from human mesenchymal stem

cells

To test whether activation of PPAR-γ results in a switch from osteoblastic towards adipocytic

lineage commitment, hMSC cultures were grown in rosiglitazone - supplemented osteogenic

Figure 3.1 (following page)
PPAR isoform expression in human bone and fat. Expression levels of PPAR isoforms
PPAR-α , β /δ , and γ were determined by quantitative real-time polymerase chain reac-
tion (Q-RT-PCR). To discriminate between both PPAR-γ splice variants, a PPARG2-specific
primer pair was used (red bars). (A): Human pre-osteoblast model SV-HFO and osteogenic
hMSCs, (B) human bone tissue from sternum and crista supraepicondylaris, and (C) adi-
pogenic hMSCs and human fat tissue. (D): Functionality of PPAR-γ in SV-HFO and os-
teogenic hMSC. Expression levels of the primary PPAR target gene ANGPTL4 were ana-
lyzed by Q-RT-PCR in SV-HFO and osteogenic hMSC at day 3 of differentiation that were
incubated for 3 hours with control, 1, or 10 µM rosiglitazone. SV-HFO and hMSC ex-
periments were independently repeated. Data points represent means of three biological
replicates ± S.E. Asterisks (*) denote values that were determined to be significantly dif-
ferent (p ≤ 0.05) from those of controls. Q-RT-PCR data from bone and fat tissue are the
mean of two technical replicates. To provide an idea about absolute expression levels of
the three PPAR isoforms in cells, Ct values of osteogenic hMSCs at day 3 are provided: Ct
(PPARA) = 26.18 ± 0.38; Ct (total PPARG) = 23.69 ± 0.04; Ct (PPARG2) = not detected;
Ct (PPARD) = 26.63 ± 0.25. The following Ct values were detected in adipogenic hMSC at
day 3 of differentiation: Ct (PPARA) = 27.81 ± 0.18; Ct (total PPARG) = 22.06 ± 0.22; Ct
(PPARG2) = 28.23 ± 6 0.26; Ct (PPARD) = 28.19 ± 0.23. Abbreviations: hMSC, human
mesenchymal stem cell; PPAR, peroxisome proliferator-activated receptor.
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3 A new concept underlying mesenchymal stem cell lineage skewing

or adipogenic medium. Rosiglitazone stimulated mineralization in osteogenic hMSCs (Fig-

ure 3.2 A) as well as in SV-HFO and NHOst osteoblast cultures (data not shown). In

adipogenic hMSCs, extensive formation of adipocytes was detected that was enhanced by

rosiglitazone (Figure 3.2 B).

3.4.3 Rosiglitazone stimulates osteoblast differentiation in a

PPAR-γ - dependent manner

To further elucidate the role of PPAR-γ in osteoblast differentiation, the effects of continu-

ous rosiglitazone supplementation on expression levels of osteoblast differentiation markers

RUNX2, collagen type IA1 (COL1A1), osteopontin (SPP1), osteocalcin (BGLAP), activat-

ing transcription factor 4 (ATF4), and FOS-like antigen 1 (FOSL1 or FRA1) and alkaline

phosphatase (ALP) activity were analyzed in osteogenic hMSC cultures. Expression lev-

els of all osteoblast differentiation markers were elevated in rosiglitazone - supplemented

cultures in a differentiation stage - dependent manner. RUNX2 and COL1A1 expression

levels were significantly higher in rosiglitazone - treated hMSCs when compared to respec-

Figure 3.2 (following page)
Effect of rosiglitazone on adipocyte and osteoblast differentiation from human mesenchy-
mal stem cells (hMSCs). MSC cultures were differentiated with dexamethasone and β -
glycerophosphate into the osteogenic or with dexamethasone, indomethacin, and 3-isobutyl-
1-methylxanthine into the adipogenic lineage and continuously supplemented with control,
0.1, 1, or 10 µM rosiglitazone and analyzed at day 15 for (A) extracellular matrix miner-
alization by Alizarin red staining and (B) lipid vesicle formation by Oil red O staining. In
panel A in the Alizarin red staining of the adipo + control and adipo + 10 µM rosi condition,
light pink aspecific staining can be observed. This is not mineralization but adipocytes, as
can be clearly seen from the accumulation of lipid droplets. The experiment was repeated
with a second sample of MSCs from the same donor, and data were confirmed in a second
MSC donor as well. Data points from staining semiquantification plots below represent the
mean of four biological replicates ± S.E. Asterisks (*) denote values that were determined
to be significantly different (p ≤ 0.05) when compared to respective controls. Abbreviations:
adipo, adipogenic; osteo, osteogenic.
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3 A new concept underlying mesenchymal stem cell lineage skewing

tive controls during the early phase of differentiation (day 3; Figure 3.3 A). Expression levels

of ATF4, FOSL1, BGLAP, and SPP1 were significantly elevated by rosiglitazone in hMSCs

at day 15 (Figure 3.3 A). ALP activity was dynamically regulated in control condition and

reached its peak at day 15 of culture. Treatment with rosiglitazone caused an accelerated

ALP activity pattern (Figure 3.3 B) and resulted in increased mineralization (Figure 3.3 C).

Rosiglitazone had similar effects on the differentiation of the human pre-osteoblast cell line

SV-HFO and NHOst (data not shown). Rosiglitazone treatment resulted in a significant

upregulation of the primary PPAR target gene ANGPTL4 (Figure 3.3 A) and a significant

increase in PPARG1 expression levels, whereas PPARG2 expression remained absent (data

not shown).

In order to assess the involvement of PPAR-γ , hMSCs were transfected with shRNAi

constructs targeting mRNA sequences that encode the ligand-binding domain of PPAR-γ .

Expression of PPARG was significantly downregulated and ALPL expression was signifi-

cantly reduced in PPAR-γ-shRNA cultures when compared to controls five days after trans-

fection (Figure 3.3 D). Interestingly, PPARA expression levels were higher in both PPAR-γ-

shRNA cultures when compared to controls (Figure 3.3 D). A similar observation in regard

to the inversed relationship between PPARA and PPARG expression was described earlier by

Patel et al. [123]. However, it is unlikely that this PPARA expression will compensate for the

knockdown of PPARG because the expression of the primary PPAR target gene ANGPTL4

was diminished in PPAR-γ-shRNA cultures (Figure 3.3 D). To investigate the impact of in-

creased PPAR-γ expression, hMSC cultures were transfected with PPAR-γ expression con-

structs under the control of pCMV promoter. ALP activity levels were significantly higher in

PPAR-γ overexpressing cells (Figure 3.3 E). Interestingly, both PPAR-γ1 and PPAR-γ2 over-

expression resulted in higher ALP activity when compared to empty vector controls (Figure

3.3 E).
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3.4.4 The pro-differentiative effect of rosiglitazone is followed

by enhanced PPAR-γ - dependent apoptosis and ROS

accumulation

We investigated the effect of rosiglitazone on osteoblast apoptosis, ROS accumulation, and

expression of genes involved in mitochondrial dysfunction. The chosen concentration of

10 µM rosiglitazone is well within the range measured in TZD treated patients [124–127].

DNA content was significantly lower in rosiglitazone - treated osteogenic hMSC cultures

when compared to control during the late differentiation phase (Figure 3.4 A). The reduc-

tion in DNA content was paralleled by increased apoptosis (Figure 3.4 B). Similar effects

of rosiglitazone treatment on DNA and apoptosis were confirmed in SV-HFO and NHOst

Figure 3.3 (following page)
Role of rosiglitazone - activated PPAR-γ in osteoblast differentiation. (A): Expression lev-
els of osteogenic differentiation marker genes RUNX2, COL1A1, ATF4, FOSL1, BGLAP,
and SPP1 and primary PPAR target gene ANGPTL4 were quantified in continuously 10 µM
rosiglitazone- or control-treated hMSC cultures at multiple time points during osteoblast
differentiation (induced by dexamethasone and β -glycerophosphate) by quantitative real-
time polymerase chain reaction (Q-RT-PCR). (B): ALP activity and (C) extracellular ma-
trix mineralization was quantified in hMSC cultures that were continuously supplemented
with 10 µM rosiglitazone- or control-treated hMSC cultures at multiple time points dur-
ing culture. (D): hMSC cultures were transfected with shRNAi constructs targeting PPARG
ligand-binding domain or scrambled control. Total PPARG, PPARG2, PPARA, PPARD,
ANGPTL4, and ALPL expression levels were quantified 5 days after transfection by Q-RT-
PCR. (E): hMSC cultures were transfected with PPARG1 of PPARG2 expression constructs
or empty vector control. Total PPARG, PPARG2, and ALPL expression levels were quanti-
fied 3 days after transfection by Q-RT-PCR. Data from panels (A) - (C) were reproduced in
an independent experiment with a second sample of cells from the same MSC donor. The
experiment of panels (D) and (E) was repeated independently in a second MSC donor. Data
points represent means of four biological replicates ± s.e.m. Asterisks (*) denote values
that were determined to be significantly different (p ≤ 0.05) when compared to respective
controls. Abbreviations: ALP, alkaline phosphatase; ATF4, activating transcription factor
4; BGLAP, osteocalcin; COL1A1, collagen type IA1; FOSL1, FOS-like antigen 1; hMSC,
human mesenchymal stem cell; PPAR, peroxisome proliferator-activated receptor; SPP1,
osteopontin.
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(data not shown). Overexpression of PPAR-γ1 or PPAR-γ2 resulted in increased apoptosis

that was further enhanced by supplementation with rosiglitazone (Figure 3.4 C). Conversely,

the pro-apoptotic effect of rosiglitazone was reduced in hMSCs that were transfected with

PPAR-γ-shRNAi constructs (Figure 3.4 D). To assess whether expression of genes involved

in apoptosis is affected by rosiglitazone, mRNA levels of apoptosis-related cysteine pep-

tidases caspase 3 (CASP3) and caspase 6 (CASP6) were quantified. Expression levels of

both genes showed a tendency to increase or were stable during osteogenic differentiation

of hMSCs, and continuous rosiglitazone treatment significantly increased expression levels

in a differentiation-dependent manner (Figure 3.4 E). Superoxide radical levels were signifi-

cantly elevated in rosiglitazone - treated cultures during late differentiation phase (Figure 3.4

F). We further investigated the expression of genes involved in mitochondrial dysfunction.

Bcl2-associated X protein (BAX), cytochrome C (CYCS), apoptotic peptidase activating

factor 1 (APAF1), voltage-dependent anion channel 1 (VDAC1), and mitochondrial solute

carrier family 25 member 4 (SLC25A4) were quantified. Expression levels of all genes were

elevated in rosiglitazone - supplemented hMSC cultures at the onset of mineralization when

compared to respective controls (Figure 3.4 G). We investigated the role of PPAR-γ in mi-

tochondria - dependent apoptosis by overexpression and knockdown studies and subsequent

analysis of CYCS and BAX expression. PPAR-γ overexpression revealed modest increases

in CYCS and BAX expression levels (Figure 3.4 H), whereas downregulation of PPAR-γ

resulted in significantly reduced CYCS and BAX transcript levels (Figure 3.4 I).

3.4.5 Differential robustness of adipocytes and osteoblasts to

rosiglitazone - induced oxidative stress and apoptosis

Taken together so far, the data above provide evidence for an involvement of PPAR-γ in

osteogenic differentiation from hMSCs. The lack of evidence for a direct lineage switch
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3 A new concept underlying mesenchymal stem cell lineage skewing

towards the adipogenic lineage away from the osteogenic lineage gives rise to the ques-

tion of how the commonly reported reduced number of osteoblasts and increased number

of adipocytes is caused in models of stimulated PPAR-γ activity. Alternatively to a direct

suppressive action of PPAR-γ on osteoblast differentiation, age-related shifts in stem cell

commitment may be secondary to lineage-specific differences in susceptibility to oxidative

stress and apoptosis, as has been hypothesized by Warren and Rossi for the hematopoietic

system [128].

In order to test this hypothesis, we measured the percentage of apoptotic cells in os-

Figure 3.4 (following page)
Role of rosiglitazone - activated peroxisome proliferator-activated receptor γ (PPAR-γ) in
osteoblast apoptosis and mitochondrial dysfunction. (A): DNA content and (B) apoptosis
measured as a percentage of annexinV-FITC-positive cells in hMSC cultures that were con-
tinuously supplemented with 10 µM rosiglitazone or control. Apoptosis was quantified in
a similar manner in (C) hMSC cultures transfected with PPARG1 or PPARG2 expression
constructs at day 15 of culture and in (D) hMSC cultures transfected with shRNAi con-
structs targeting PPARG ligand-binding domain at day 5 of culture. (E): Expression levels
of CASP3 and CASP6 were determined by quantitative real-time polymerase chain reaction
(Q-RT-PCR) at multiple time points in hMSC cultures that were supplemented continuously
with 10 µM rosiglitazone or control. (F) Levels of superoxide radicals were determined by
Mitosox staining (white spots in top panels), and data displayed are from mineralization on-
set at day 15 of culture. Total reactive oxygen species were semi-quantified at culture days
1, 7, and 14. (G) Expression levels of markers of mitochondrial dysfunction BAX, CYCS,
APAF1, VDAC1, and SLC25A4 were measured by Q-RT-PCR in hMSC cultures supple-
mented with 10 µM rosiglitazone or controls at multiple time points. Q-RT-PCR based anal-
ysis of BAX and CYCS expression in hMSC cultures that were transfected with PPARG1 or
PPARG2 expression constructs (H) or shRNAi constructs targeting PPARG ligand-binding
domain (I). Data from panels (A), (B), (G), (E), and (F) were reproduced in an indepen-
dent experiment with cells from the same MSC donor. The experiments of panel (C), (D),
(H), and (I) were repeated independently in MSCs from a second donor. Data points rep-
resent means of at least three biological replicates ± S.E. Asterisks (*) denote values that
were determined to be significantly (p ≤ 0.05) different when compared to respective con-
trols. Abbreviations: APAF1, apoptotic peptidase activating factor 1; BAX, Bcl2-associated
X protein; CASP, caspase; CYCS, cytochrome C; DCFDA, 20-70-dichlorofluorescin diac-
etate; hMSC, human mesenchymal stem cell; rosi, rosiglitazone; SLC25A4, mitochondrial
solute carrier family 25 member 4; VDAC1, voltage-dependent anion channel 1.
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teogenic and adipogenic cultures that were continuously supplemented with increasing con-

centrations of rosiglitazone during several time points of differentiation. Interestingly, only

the osteogenic but not the adipogenic lineage revealed dose-dependent increases in apoptosis

upon stimulation with rosiglitazone (Figure 3.5 A). Also, the amount of superoxide radicals

was increased only in the osteogenic lineage upon rosiglitazone treatment, whereas the adi-

pogenic lineage was protected from this (Figure 3.5 B). To further investigate whether the

observed difference in rosiglitazone - induced apoptosis between both lineages is a result of

transcriptional differences in oxidative stress response genes, we compared mRNA levels of

well characterized genes involved in oxidative stress response, in particular, genes encoding

proteins with antioxidant capacity, phase I and II metabolizing enzymes, and components of

the nuclear factor (erythroid-derived 2)-like 2 (NFE2L2)-mediated oxidative stress response

signaling pathway, in osteogenic and adipogenic cultures at several time points during dif-

ferentiation. Interestingly, genes encoding the antioxidant proteins catalase (CAT), heme

oxygenase 1 (HMOX1), and mitochondrial superoxide dismutase 2 (SOD2) were signifi-

cantly higher expressed in adipocytes (Figure 3.5 C). Also transcripts encoding the phase

I and II metabolizing enzymes epoxide hydrolase 1 (EPHX1), microsomal glutathione S-

transferase 1 (MGST1), and glutamate cysteine ligase, modifier subunit (GCLM) were more

strongly expressed in adipocytes than in osteoblasts throughout the differentiation process

(Figure 3.5 C). On the other hand, glutathione S-transferase alpha 4 (GSTA4), glutathione

S-transferase kappa 1 (GSTK1), and NAD(P)H dehydrogenase, quinone 2 (NQO2) transcript

levels were only significantly higher expressed in adipocytes at later time points during cul-

ture but did not reveal any differences during early differentiation (Figure 3.5 C). Smooth

muscle gamma 2 subunit of actin (ACTG2) and protein kinase C, alpha (PRKCA) are com-

ponents of the nuclear factor NFE2L2- mediated oxidative stress response signaling pathway

and were significantly higher expressed in the adipogenic compared to the osteogenic lin-

eage (Figure 3.5 C). Interestingly, mitogen-activated protein kinase kinase kinase 5 that is
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also known as apoptosis signal regulating kinase 1 (MAP3K5) was more strongly expressed

in the osteogenic compared to the adipogenic lineage. This observation is in line with the

findings above, because activation of MAP3K5 has been shown to mediate activation of

mitogen-activated protein kinase 14, also known as p38 MAPK (MAPK14), which would

lead to inhibition of phosphorylated NFE2L2 [129]. In summary, the NFE2L2-mediated

oxidative stress response signaling network was more strongly expressed in the adipogenic

compared to the osteogenic lineage, suggesting that the osteogenic lineage is more suscep-

tible to oxidative stress and apoptosis. These data support a role for DNA damage and

genomic maintenance in lineage skewing of hMSCs in aging and aging-related diseases that

are associated with suppressed osteogenesis, in particular in TZD-induced bone loss.

Figure 3.5 (following page)
Differential analysis of apoptosis, superoxide levels, and oxidative stress response gene ex-
pression in osteogenic and adipogenic lineages. (A): Apoptosis measured as a percentage
of annexinV-FITC-positive cells in hMSC cultures that were differentiated towards the os-
teogenic or adipogenic lineage and continuously supplemented with control, 0.1, 1, or 10 µM
rosiglitazone. (B): Superoxide levels were quantified by Mitosox staining and subsequent
Cell profiler image analysis software in hMSC cultures that were differentiated towards the
osteogenic or adipogenic lineage and continuously supplemented with control, 0.1, 1, or 10
µM rosiglitazone. (C): Expression levels of oxidative stress response genes were determined
in hMSC cultures that were differentiated towards osteogenic or adipogenic lineage and con-
tinuously supplemented with control, 0.1, 1, or 10 µM rosiglitazone by quantitative real-time
polymerase chain reaction analysis at multiple time points during culture. Data from panels
(A) and (B) were independently repeated in an experiment with a second sample of cells
from the same MSC donor. The experiment from panel (C) was repeated with MSCs from
a different donor. Data points are means of at least three biological replicates ± S.E. As-
terisks (*) denote values that were determined to be significantly different (p ≤ 0.05) when
compared to respective controls. Abbreviations: ACTG2, smooth muscle gamma 2 subunit
of actin; adipo, adipogenic; CAT, catalase; EPHX1, epoxide hydrolase 1; GCLM, gluta-
mate cysteine ligase, modifier subunit; GSTA4, glutathione S-transferase alpha 4; GSTK1,
glutathione S-transferase kappa 1; HMOX1, heme oxygenase 1; MAP3K5, apoptosis sig-
nal regulating kinase 1; MGST1, microsomal glutathione S-transferase 1; NFE2L2, nuclear
factor (erythroid-derived 2)-like 2; NQO2, NAD(P)H dehydrogenase, quinone 2; osteo, os-
teogenic; PRKCA, protein kinase C, alpha; SOD2, superoxide dismutase 2.
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3.5 Discussion

The current study has revealed three major findings. First, we have shown that activation

of PPAR-γ unexpectedly accelerates human osteoblast differentiation by using a variety of

direct and indirect perturbation studies in several osteoblast cell models. The finding that

knockdown of PPAR-γ diminishes osteoblast differentiation is particularly significant as

many studies to date approach the improvement of osteogenesis by blocking PPAR-γ ac-

tion. The second major finding is that the observed acceleration of osteoblast differentiation

by activated PPAR-γ is ultimately followed by mitochondrial dysfunction, oxidative stress,

and apoptosis. This shows that well-balanced PPAR-γ expression and ligand concentrations

are important for proper osteoblast differentiation and thereby optimal bone formation. Our

third major finding is the observed differential susceptibility of adipocytes and osteoblasts

to PPAR-γ-induced oxidative stress that favors osteoblast apoptosis but does not derogate

adipocyte survival. On the basis of these findings, we propose a new concept of TZD-

mediated mesenchymal stem cell lineage skewing that is shown in Figure 3.6. This new

concept adds to the explanation of the reciprocal relationship between osteogenic and adi-

pogenic lineages that is associated with bone loss in a variety of disease and aging models

(recently reviewed by [130]).

A vast number of mechanistic studies have provided insight into TZD action on bone.

Putative mechanisms include suppression of bone formation and stimulation of bone resorp-

tion that are caused by (a) preferential differentiation of MSCs into adipocytes at the expense

of osteoblasts in the bone marrow [41, 45, 87, 88], (b) modulation of hormone levels that are

important for bone metabolism, such as, leptin [89], insulin [90,91], insulin-like growth fac-

tor I [92], or estrogen [93], and (c) stimulation of osteoclastogenesis by regulation of c-fos

expression [86].

The evidence for a preferential differentiation of MSCs into adipocytes at the expense of
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osteoblasts is, to date, based on mechanistic studies in murine osteoblastic cells that report

a suppression of runx2 expression and promoter activity [41,45,87,88]. The observed stim-

ulation of RUNX2 expression by activated PPAR-γ in human MSCs and osteoblasts in the

current study is, therefore, in contrast to the reported data in murine osteoblastic cells at first

sight. But interestingly, we have found that RUNX2 expression is time-dependently affected

by rosiglitazone. During early osteogenesis, expression levels are elevated in rosiglitazone -

supplemented hMSCs and SV-HFO when compared to respective controls. However, during

later differentiation stage, RUNX2 expression is diminished by rosiglitazone and PPAR-

γ expression is increased in parallel. At first glance, this observation may be interpreted

as transdifferentiation from the osteogenic towards the adipogenic lineage. However, it is

well established that RUNX2 possesses a dual role in osteogenic differentiation with a pos-

itive role in osteogenic lineage commitment and a suppressive action on osteoblast matu-

ration [131, 132]. The fact that expression levels of two well-known osteoblast maturation

factors FOSL1 and ATF4 are upregulated at the same time point while RUNX2 levels are

decreased suggests that rosiglitazone treatment causes stimulation of osteoblast maturation

but not necessarily a transdifferentiation from an osteoblastic towards an adipocytic cell phe-

notype.

The involvement of PPAR-γ in adipogenesis is well established [122,133,134]. We have

confirmed a dose-dependent pro-adipogenic effect of rosiglitazone in human MSCs that have

been supplemented with dexamethasone, IBMX, and indomethacin to differentiate into the

adipogenic lineage. However, supplementation of osteogenic medium (dexamethasone and

β -glycerophosphate) with rosiglitazone is not sufficient to induce adipogenesis in hMSC

cultures, as we have shown in two different donors.

We have described earlier that endogenous PPAR-γ1 expression is dynamically regu-

lated during the differentiation process of human osteoblasts and osteogenic hMSCs whereas

PPAR-γ2 expression is limited to adipocytes [121]. Rosiglitazone treatment results in homol-
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ogous upregulation of PPAR-γ1 expression levels, but PPAR-γ2 expression remains virtually

absent in the human osteoblast models SV-HFO [121], NHOst, and osteogenic hMSCs (data

not shown). Therefore, the supplementation of osteoblast and osteogenic hMSC cultures

with rosiglitazone is likely to reflect a condition of increased PPAR-γ1 activity. However,

we have not observed any differences between PPAR-γ1- and PPAR-γ2 - overexpressing

cells in regard to their osteoblastic phenotype. Therefore, these data do not provide unam-

biguous evidence for a PPAR-γ variant-specific effect. Future detailed analysis of PPAR-γ

variant-specific interactions with the transcription initiation machinery as well as primary

PPAR-γ variant-specific target genes in osteoblasts will be necessary to definitively clarify

this aspect.

Our finding that rosiglitazone supplementation stimulates osteogenic differentiation from

hMSCs, osteoblast maturation, and extracellular matrix mineralization reveals an unexpected

role of PPAR-γ in osteogenic differentiation. Detailed analysis of the osteoblastic pheno-

type at multiple time points shows an acceleration of osteoblast development by activated

PPAR-γ as shown by the early stimulation of RUNX2 and COL1A1 expression, ALP ac-

tivity, and mineralization. We speculate here about a role of PPAR-γ as energy sensor and

signaling component for the osteoblastic developmental process. This view is supported by

the differentiation phase - dependent upregulation of PPAR-γ reaching the highest expres-

sion levels during mineralization onset [121]. The osteoblast differentiation process consists

of several highly energy-demanding phases including matrix production, maturation, and

mineralization [135], which is coordinated by a switch from glycolysis to respiration that

involves increased mitochondrial biogenesis [136]. A role of PPARs in mitochondrial ener-

getics has been demonstrated recently in a mouse model of mitochondrial myopathy [137]

and T-cells [138]. Mitochondrial function of T-cells is improved when the concentrations

of PPAR-γ agonists used are just in the sufficient range to induce transcriptional activity of

PPAR-γ , whereas higher concentrations result in T-cell death [138]. In addition, high con-
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centrations of PPAR-γ ligands induce mitochondrial dysfunction in human hepatocarcinoma

cells [139] and astrocytes [140]. Mitochondrial dysfunction leads to partial reduction of oxy-

gen that causes the formation of reactive oxygen species [141]. The latter activate signaling

cascades, resulting in apoptosis [142].

Alternatively to a direct suppression of transcriptional networks involved in osteoblast

differentiation, age-related shifts in mesenchymal stem cell commitment may be secondary

to lineage - specific differences in susceptibility to oxidative stress and apoptosis, as has been

hypothesized by Warren and Rossi for the hematopoietic system [128]. Our findings that

rosiglitazone - stimulated PPAR-γ results in increased expression levels of genes involved

in mitochondrial dysfunction, the generation of reactive oxygen species, and apoptosis of

the osteogenic lineage but not the adipogenic lineage may explain the reduced number of

fully differentiated osteoblasts in vivo. This reduction of mature osteoblasts due to prema-

ture death is likely to cause an immature or non-optimal bone matrix with lower quality.

Further evidence for an apoptotic mechanism in PPAR-γ - mediated bone loss has been pro-

vided recently by Elbaz and co-workers. The authors have shown that fatty acids, which

are natural PPAR-γ agonists, are released by adipocytes and cause osteoblast lipotoxicity by

an apoptotic mechanism in a co-culture system consisting of normal human osteoblasts and

pre-adipocytes [143]. In addition, Jung et al. have reported a caspase-dependent mecha-

nism of troglitazone- induced apoptosis that is associated with downregulation of ERK and

upregulation of p38 in the murine osteoblastic cell model MC3T3-E1 [144]. Kim and co-

workers have published earlier the involvement of a MAPK signaling pathway upstream of

mitochondria - dependent mechanism in ciglitazone-induced MC3T3 apoptosis [144]. Our

data are also supported by the in vivo work of Soroceanu and co-workers, who have found

decreased osteoblast number and activity due to increased apoptotic death of osteoblasts and

osteocytes in five-week-old male non-diabetic C57BL/6 mice that have been treated an ad-

ditional 90 days with rosiglitazone [145]. Furthermore, bone of these mice is histologically
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characterized by decreased trabecular bone volume and increased marrow space with no sig-

nificant change in bone marrow adipocity [145]. In contrast to this, Ali et al. have described

bone loss associated with an increase in marrow adipocytes with no significant change in

osteoblast lifespan in five-month-old Swiss Webster mice that have been treated with rosigli-

tazone for 28 days [47]. Divergent skeletal responses to rosiglitazone treatment have been

observed more recently in a study with adult female mice from four different inbred strains

(C3H/HeJ, DBA/2J, C57BL/6J, and A/J) [146]. It is, therefore, likely that multiple mech-

anisms contribute to TZD - induced bone loss and that, in mice studies, those are strongly

dependent on the genetic background.

The new concept that derives from this study and explains TZD-induced bone loss stresses

the importance of mitochondrial dysfunction, oxidative stress, and apoptosis in mesenchy-

mal stem cell lineage skewing and bone loss. The involvement of oxidative stress in os-

teoblast apoptosis and bone loss has been shown in C57BL/6 mice with advancing age [147].

In these mice, an increase in the prevalence of apoptotic osteoblasts and a corresponding

decrease in osteoblast number and bone-formation rate are accompanied by increased ox-

idative stress and diminished Wnt signaling, a critical regulator of bone formation [147]. A

β -catenin-dependent mechanism of oxidative stress - induced PPAR-γ expression and sup-

pressed Wnt3a signaling has been described recently by the same group [148]. Interestingly,

despite increased PPAR-γ expression, oxidative stress, diminished Wnt signaling, and re-

duced osteoblast number in vertebrae of aged C57BL/6 mice, marrow adipocytes are not

increased at this site [148]. Therefore, the diversion of MSCs to adipocytes may not be an

obligatory part of the oxidative stress - induced anti-osteogenic cascade.

Human osteoblast cell models require glucocorticoids for proper initiation of differentia-

tion and extracellular matrix (ECM) mineralization [119]. However, glucocorticoid - treated

male Swiss Webster mice exhibit an increase in osteoblast apoptosis in vertebrae and show

apoptosis in 28% of the osteocytes in metaphyseal cortical bone [149]. Increased osteoblast
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and osteocyte apoptosis is also found in patients with glucocorticoid - induced osteoporo-

sis [149]. Taken together, the actions of glucocorticoids and TZDs appear to have similari-

ties, and it is conceivable that both nuclear receptors (glucocorticoid receptor and PPAR-γ)

interact on common transcriptional networks that play a role in osteoblast apoptosis. In sup-

port of this, we have shown recently that PPAR-γ expression is directly induced by the syn-

thetic glucocorticoid dexamethasone in human osteoblasts [121]. This suggests that PPAR-γ

is a component of the glucocorticoid-mediated apoptosis pathway in bone.

In conclusion, our findings provide a new concept for TZD-induced bone loss and bone

marrow adipogenesis. This concept is based on differences between osteogenic and adi-

pogenic lineages in the susceptibility to oxidative stress, mitochondrial dysfunction, and

apoptosis that is triggered by activated PPAR-γ . Therefore, improving mitochondrial func-

tion may be a successful strategy to prevent aging-related and TZD-induced bone loss.
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Table 3.1
Primer and probe concentrations and sequences

Gene Concentration (pmol/rct) Sequence (5’-3’)

ALPL 7.5 Forward GACCCTTGACCCCCACAAT
7.5 Reverse GCTCGTACTGCATGTCCCCT

1.25 Probe TGGACTACCTATTGGGTCTCTTCGAGCCA

COL1A1 2.5 Forward CAGCCGCTTCACCTACAGC
2.5 Reverse TTTTGTATTCAATCACTGTCTTGCC
7.5 Probe CCGGTGTGACTCGTGCAGCCATC

RUNX2 6.25 Forward ACGTCCCCGTCCATCCA
6.25 Reverse TGGCAGTGTCATCATCTGAAATG

2.5 Probe ACTGGGCTTCCTGCCATCACCGA

BGLAP 25 Forward CAGGAGGGCAGCGAGGTA
25 Reverse TGGGGCTCCCAGCCA

5 Probe TGATACAGGTAGCGCCTG

SSP1 12.5 Forward CTCAGGCCAGTTGCAGCC
12.5 Reverse CAAAAGCAAATCACTGCAATTCTC

5 Probe AAACGCCGACCAAGGAAAACTCACTACC

ATF4 1.25 Forward GTCCCTCCAACAACAGCAAG
1.25 Reverse TCCATTTTCTCCAACATCCA

FOSL1 1.25 Forward AACCGGAGGAAGGAACTGAC
1.25 Reverse CTGCAGCCCAGATTTCTCAT

CYCS 1.25 Forward GTCAGGCCCCTGGATACTCT
1.25 Reverse CTCCCCAGATGATGCCTTT

BAX 1.25 Forward CTGAGCAGATCATGAAGACAGG
1.25 Reverse CTGCTCGATCCTGGATGAAA

CASP3 1.25 Forward TGGAATTGATGCGTGATGTT
1.25 Reverse TGGCTCAGAAGCACACAAAC

CASP6 1.25 Forward TGATGTGCAGCAATACAACAAG
1.25 Reverse CGCCTGTTTCAGGGATTCT

VDAC1 1.25 Forward AAGTGAACAACTCCAGCCTGA
1.25 Reverse CACCAGCATTGACGTTCTTG

SLC25A4 1.25 Forward CTGGTGTCCTACCCCTTTGA
1.25 Reverse CAGTCAACTGTCCCCGTGTA

SOD2 1.25 Forward CAAATTGCTGCTTGTCCAAA
1.25 Reverse ACACATCAATCCCCAGCAGT

APAF1 1.25 Forward TGATGGCATTCCTGTTGTCT
1.25 Reverse GGTACTCCACCTTCACACAGG

PPARA 1.25 Forward GAAGCTGTCCTGGCTCAGAT
1.25 Reverse GAAGCTGGTGAAAGCGTGTC
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Total PPARG 1.25 Forward AGGCGAGGGCGATCTTG
1.25 Reverse CCCATCATTAAGGAATTCATGTCAT

PPARG2 1.25 Forward CAAACCCCTATTCCATGCTGTT
1.25 Reverse AATGGCATCTCTGTGTCAACC

PPARD 1.25 Forward GAAGACAGATGCACCAACGA
1.25 Reverse GTCTGAACGCAGATGGACCT

ANGPTL4 1.25 Forward GACAAGAACTGCGCCAAGAG
1.25 Reverse AGTACTGGCCGTTGAGGTTG

FABP4 1.25 Forward TACTGGGCCAGGAATTTGAC
1.25 Reverse GGACACCCCCATCTAAGGTT

CAT 1.25 Forward GGAGCACAGCATCCAATATTCTG
1.25 Reverse AATGCCCGCACCTGAGTAAC

HMOX1 1.25 Forward AGACTGCGTTCCTGCTCAAC
1.25 Reverse GCTCTGGTCCTTGGTGTCAT

EPHX1 1.25 Forward CACCTGGACCAATACGGAAT
1.25 Reverse CCAGGGAGAACTTCCTTTCC

MGST1 1.25 Forward CGAACAGATGACAGAGTAGAACG
1.25 Reverse AATATTTTCAAGGTCATTCAGGTG

GCLM 1.25 Forward AGCTGTTGACTCACAATGATCC
1.25 Reverse TCCTGAAGAGCTTCTTGGAAA

GSTA4 1.25 Forward CATGGCCCAGAAGGCTATAA
1.25 Reverse GCAAGGCTCAGCTGATTACC

GSTK1 1.25 Forward TCCAGATTCCCATCCACTTC
1.25 Reverse GCATGGCAGACAAACTTCCT

NQO2 1.25 Forward GAGGGCCACAGACAAAGATA
1.25 Reverse TTGTAGGCTTCGTGGGTTTC

ACTG2 1.25 Forward CTGCCCTGAGACCCTCTTC
1.25 Reverse TCATGAATTCCAGCGGACTC

PRKCA 1.25 Forward AGATCCAGCCACCATTCAAG
1.25 Reverse TGTTAAGACGGGCTGTCCTC

MAP3K5 1.25 Forward TGGGAAACTCGACTTTGGAG
1.25 Reverse ATCTCCACCACCGCAATATC
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Figure 3.6
Schematic representation of the new concept derived from this study that adds to the explana-
tion of thiazolidinedione (TZD)- induced bone loss. TZD-mediated activation of peroxisome
proliferator- activated receptor γ (PPAR-γ) accelerates osteoblast differentiation as indicated
by the line graph illustrating the shift in time. Concomitantly there is a stimulation of adipo-
genesis from MSCs. The phase of accelerated osteoblast differentiation, energy expenditure,
and reactive oxygen species production is ultimately followed by increased osteoblast apop-
tosis, whereas the survival of adipocytes is not affected by TZDs. Therefore, osteogenic
and adipogenic lineages reveal differential susceptibilities to TZD-induced apoptosis. This
concept builds the molecular basis for the clinically observed bone marrow adipogenesis,
diminished bone formation, and increased fracture rate in TZD-treated patients. Abbrevia-
tions: MSC, mesenchymal stem cell.
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4 Physiological interactions of

1α,25-dihydroxyvitamin D3 and

rosiglitazone

4.1 Abstract

Both vitamin D receptor (VDR) and peroxisome proliferator-activated receptor γ (PPAR-

γ) are ligand - activated nuclear transcription factors that are instrumental for bone health.

While 1α ,25-dihydroxyvitamin D3 (1,25D3), the ligand for VDR, is essential for the de-

velopment and maintenance of healthy bone, PPAR-γ agonists cause detrimental skeletal

effects. Recent studies have revealed evidence for a cross-talk between 1,25D3- and PPAR-

α/δ ligand - mediated signaling but there is a current lack of knowledge regarding cross-talk

between signaling of 1,25D3 and the PPAR-γ ligand - mediated signaling. In this study,

we investigated the cross-talk between 1,25D3- and PPAR-γ agonist rosiglitazone - medi-

ated signaling in human osteoblasts. 1,25D3 slightly but significantly induced expression of

Viola J. Woeckel, Claudia Bruedigam, Marijke Koedam, Hideki Chiba, Bram C.J. van der Eerden, Johannes
P.T.M. van Leeuwen: 1α25-dihydroxyvitamin D3 and rosiglitazone synergistically enhance osteoblast-mediated
mineralization; 2013; 512:438-443; Gene
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the primary PPAR-γ target gene ANGPTL4 but did not influence FABP4. 1,25D3 did not

change rosiglitazone regulation of ANGPTL4 and FABP4. The other way around, rosigli-

tazone reduced CYP24A1 gene expression but this did not change CYP24A1 induction by

1,25D3. The findings regarding CYP24A1 gene expression are in line with the observation

that 1,25D3 levels in medium were not affected by rosiglitazone. Furthermore, rosiglitazone

significantly inhibited 1,25D3-induction of BGLAP while rosiglitazone alone did not change

BGLAP. Additionally, 1,25D3 and rosiglitazone increased osteoblast alkaline phosphatase

activity and synergistically stimulated extracellular matrix mineralization. In conclusion,

these data provide evidence for a cross-talk between rosiglitazone- and 1,25D3-mediated

signaling leading to an acceleration of extracellular matrix mineralization. The data suggest

that the reduction of the mineralization inhibitor BGLAP and the increased differentiation

status underlie the increased mineralization.

4.2 Introduction

Being one of the major factors in calcium homeostasis, vitamin D is essential for the develop-

ment and maintenance of healthy bones. 1α ,25-dihydroxyvitamin D3 (1,25D3), the biologi-

cally most active vitamin D receptor (VDR) agonist, is synthesized by subsequent vitamin D

25-hydroxylase (CYP2R1) and 25-hydroxyvitamin D-1α-hydroxylase (CYP27B1) activity

in the liver and kidney, respectively [97]. Bone formation is indirectly influenced by 1,25D3

since it promotes calcium uptake in the intestine and promotes calcium reabsorption in the

kidneys. Also direct effects of 1,25D3 on osteoblasts have been established. 1,25D3 stimu-

lates mineralization of human osteoblast cultures [99,150] and modulates gene expression of

various osteoblast differentiation - and mineralization - related genes such as alkaline phos-

phatase (ALPL), osteocalcin (BGLAP) and osteopontin (SPP1) [97, 98, 100, 101]. 1,25D3

also enhances osteoblast-produced matrix vesicle maturation [102]. To prevent uncontrolled
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1,25D3 action and potentially hypercalcemia, 1,25D3 stimulates its own degradation by up-

regulating the expression of 24,25D3-hydroxylase (CYP24A1) [98, 103].

The synthetic peroxisome proliferator-activated receptor γ (PPAR-γ) agonist rosiglita-

zone belongs to the thiazolidinediones (TZD) and is an insulin sensitizer. Recent clini-

cal studies have revealed detrimental effects of rosiglitazone on the aging skeleton [40].

Underlying mechanisms include rosiglitazone - mediated suppression of bone formation

and stimulation of bone resorption caused by a) stimulation of osteoclast differentiation

from hematopoietic precursor cells [86], b) increased osteoblast and osteocyte apoptosis

[143–145,151,152], c) preferential differentiation of mesenchymal stem cells into adipocytes

at the expense of osteoblasts in the bone marrow [41, 45, 87, 88], or d) modulation of hor-

mones important for bone metabolism, e.g. leptin [89], insulin [90, 91], insulin-like growth

factor I [92], or estrogen [93]. Recently, we published a pro-apoptotic effect of rosiglita-

zone causing a premature onset of mineralization in human osteoblasts and vascular smooth

muscle cells [151].

Both VDR and PPAR-γ are nuclear receptors that form heterodimers with the retinoid

X receptor (RXR). Moreover, recent studies have revealed evidence for a cross-talk be-

tween 1,25D3- and PPAR-α/-δ - ligand - mediated signaling involving a stimulatory effect

of 1,25D3 on PPAR expression that is dependent on VDR [104, 105]. However, there is a

current lack of knowledge regarding cross-talk between 1,25D3- and PPAR-γ-ligand - medi-

ated signaling. In this study, we therefore investigated the interaction between 1,25D3- and

PPAR-γ-ligand - mediated signaling in the context of osteoblast differentiation and mineral-

ization.
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4.3 Materials and Methods

4.3.1 Cell culture

The human pre-osteoblast cell line SV-HFO [112] was cultured as described previously

[113]. To induce osteoblast differentiation, medium (αMEM; Gibco BRL, Life Technolo-

gies) was supplemented with freshly added 10 mM β -glycerophosphate (Sigma-Aldrich)

and 100 nM dexamethasone (Sigma-Aldrich) and replaced every 2 or 3 days. As supple-

ments 10 nM 1,25D3 (Leo Pharmaceuticals), 100 nM rosiglitazone (Cayman Chemicals)

or a combination of both were used. Cells were harvested at different time points during

culture.

4.3.2 Quantification of mRNA expression

Cultures continuously treated with control, 10 nM 1,25D3, 100 nM rosiglitazone or a com-

bination were harvested during the pre-mineralization period (day 5 or 7) and at the onset of

mineralization (day 9 or 12, depending on the experiment). RNA isolation, cDNA synthe-

sis and PCR reactions were performed as described previously [102, 121]. Oligonucleotide

primer pairs, all being either on exon boundaries or spanning at least one intron, were pur-

chased from Sigma-Aldrich. Sequences and concentrations used are displayed in Table 4.1

Gene names and symbols were used as provided by the HUGO Gene Nomenclature Com-

mittee [153].

4.3.3 Quantification of 1,25D3 levels

SV-HFO conditioned medium samples from the cultures at the onset of mineralization (day

9 or 12, respectively of experiment) were analyzed for 1,25D3 concentration by using 1,25-

dihydroxyvitamin D RIA (IDS; immunodiagnostic systems) according to the manufacturer’s
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Table 4.1
Primer and probe concentrations and sequences

Sequence (5’-3’) Concentration (pmol/rct)

GAPDH Forward ATGGGGAAGGTGAAGGTCG 3.75
Reverse TAAAAGCAGCCCTGGTGACC 3.75
Probe CGCCCAATACGACCAAATCCGTTGAC 3.75

CYP24A1 Forward CAAACCGTGGAAGGCCTATC 15
Reverse AGTCTTCCCCTTCCAGGATCA 15
Probe ACTACCGCAAAGAAGGCTACGGGCTG 7.5

BGLAP Forward CAGGAGGGCAGCGAGGTA 25
Reverse TGGGGCTCCCAGCCA 25
Probe TGATACAGGTAGCGCCTG 5

SPP1 Forward CTCAGGCCAGTTGCAGCC 12.5
Reverse CAAAAGCAAATCACTGCAATTCTC 12.5
Probe AAACGCCGACCAAGGAAAACTCACTACC 5

COL1A1 Forward CAGCCGCTTCACCTACAGC 2.5
Reverse TTTTGTATTCAATCACTGTCTTGCC 2.5
Probe CCGGTGTGACTCGTGCAGCCATC 7.5

ALPL Forward GACCCTTGACCCCCACAAT 7.5
Reverse GCTCGTACTGCATGTCCCCT 7.5
Probe TGGACTACCTATTGGGTCTCTTCGAGCCA 1.25

PPARG Forward AGGCGAGGGCGATCTTG 1.25
Reverse CCCATCATTAAGGAATTCATGTCAT 1.25

ANGPTL4 Forward GACAAGAACTGCGCCAAGAG 1.25
Reverse AGTACTGGCCGTTGAGGTTG 1.25

FABP4 Forward TACTGGGCCAGGAATTTGAC 1.25
Reverse GGACACCCCCATCTAAGGTT 1.25

instructions.

4.3.4 Statistics

The data provided are based on multiple independent experiments derived from four inde-

pendent cultures. Values are means ± S.E. Significance was calculated using the Student’s

t-test and 2-way ANOVA. P-values ≤ 0.05 were considered as statistically significant.
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4.4 Results

4.4.1 1,25D3 effects on primary PPAR-γ target genes

We investigated the effects of 1,25D3 on endogenous osteoblastic PPAR-γ signaling by mea-

suring transcript levels of established primary PPAR-γ target genes in rosiglitazone, 1,25D3

and 1,25D3 / rosiglitazone co-treated human osteoblasts during the pre-mineralization period

and at the onset of mineralization. At both time points, rosiglitazone increased expression

levels of the primary PPAR-γ target genes angiopoietin-like 4 (ANGPTL4; Figure 4.1 A and

C) and fatty acid binding protein 4 (FABP4; Figure 4.1 B and D). 1,25D3 induced ANGPTL4

expression during the pre-mineralization period and during the onset of mineralization (Fig-

ure 4.1 A and C). Treatment with 1,25D3 did not change expression levels of FABP4 (Figure

4.1 B and D) and co-treatment with rosiglitazone did not reveal any significant interactions

on both PPAR-γ targets (Figure 4.1 A - D).

4.4.2 Rosiglitazone effects on CYP24A1 expression and activity

To investigate the effects of rosiglitazone on endogenous osteoblastic 1,25D3 signaling, we

measured the transcript levels of the well-established primary 1,25D3 target gene CYP24A1

in SV-HFO cultures treated with rosiglitazone, 1,25D3 or a combination of rosiglitazone /

1,25D3 during the pre-mineralization period and at the onset of mineralization. CYP24A1

expression was significantly increased by 1,25D3 at both time points (Figure 4.2 A and

B). Interestingly, rosiglitazone reduced basal but not 1,25D3-induced CYP24A1 expression

during pre-mineralization (Figure 4.2 A) but not at the onset of mineralization (Figure 4.2

B). To determine whether rosiglitazone affects 1,25D3 levels as has been reported before

in vitro and in vivo [105, 154], we analyzed conditioned medium collected at the onset of

mineralization from cultures treated with rosiglitazone, 1,25D3 and the combination thereof.
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We found the expected increase in 1,25D3 levels in cultures treated with 1,25D3 but the

presence of rosiglitazone didn’t affect these levels (Figure 4.2 C).

4.4.3 Rosiglitazone effects on BGLAP, SPP1 and COL1A1

expression

BGLAP and SPP1 are well-established 1,25D3 target genes, which have been reported as

inhibitors of mineralization [155–158]. We investigated the rosiglitazone and 1,25D3 ef-

fects on BGLAP and SPP1. BGLAP expression was increased by 1,25D3 during pre-

mineralization and mineralization (Figure 4.3 A and B). Rosiglitazone did not affect BGLAP

expression during the pre-mineralization period (Figure 4.3 A) but significantly reduced the

1,25D3-induced BGLAP expression at the onset of mineralization (Figure 4.3 B). SPP1 ex-

pression was increased in the pre-mineralization phase only in 1,25D3 / rosiglitazone treated

osteoblasts, whereas during mineralization SPP1 expression was increased in all condi-

tions, being 2-fold up-regulated by 1,25D3 and rosiglitazone and 4-fold up-regulated by co-

treatment of both agents (data not shown). We also studied the effects of 1,25D3 and rosigli-

tazone on COL1A1. Rosiglitazone reduced COL1A1 expression in the pre-mineralization

phase but during mineralization neither 1,25D3 nor rosiglitazone affected COL1A1 expres-

sion (data not shown).

4.4.4 Rosiglitazone and 1,25D3 enhance ALPL activity and

synergistically enhance mineralization of human

osteoblast cultures

We investigated the effects of rosiglitazone and 1,25D3 and their combination on the pheno-

type of human pre-osteoblasts. DNA content was similar between 1,25D3 - treated cultures

and controls and was significantly reduced in all cultures treated with rosiglitazone (Figure
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4.4 A). Both 1,25D3 and rosiglitazone increased ALPL activity and combination treatment

showed an additive effect on ALPL activity (Figure 4.4 B), which was confirmed by gene

expression (data not shown). Finally, 1,25D3 as well as rosiglitazone increased mineraliza-

tion in SV-HFO cultures (Figure 4.4 C). Furthermore, the combination of both compounds

showed a synergistic stimulation of mineralization (Figure 4.4 C).

4.5 Discussion

The current study demonstrates for the first time that the PPAR-γ agonist rosiglitazone

and the VDR ligand 1,25D3 synergistically stimulate extracellular matrix mineralization

by human osteoblasts. Although rosiglitazone is a known inhibitor of mineralization, it

also causes pro-apoptotic effects leading to a premature onset of mineralization in human

osteoblasts [151, 159]. Thereby, both rosiglitazone and 1,25D3 enhance mineralization in

human SV-HFO [99, 150]. The current observations demonstrating synergism suggest that

VDR and PPAR-γ - mediated stimulation of mineralization share common mechanisms. It is

likely that these compounds target common transcriptional networks underlying these phys-

iological processes. VDR and PPAR-γ share the retinoid X receptor (RXR) as a common

heterodimeric partner. RXR could have been a limiting factor in case of concomitant acti-

vation of VDR and PPAR-γ but the observed synergism suggests that RXR is not a limiting

factor.

The precise mechanisms shared by VDR and PPAR-γ to stimulate mineralization remain

yet to be delineated. However, an interesting gene and potential mechanism for the regula-

tion of mineralization by 1,25D3 and rosiglitazone is BGLAP. In humans, 1,25D3 strongly

induces BGLAP expression [160], which inhibits de novo mineralization by delaying nucle-

ation of hydroxyapatite [157, 158]. In addition, BGLAP deficient mice have a bone mineral

maturation defect [161]. A reduction of BGLAP activity increases the 1,25D3 potency to
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stimulate mineralization (Woeckel et al., in preparation). Here we show that rosiglitazone

reduces 1,25D3-induced BGLAP expression during the onset of mineralization but not dur-

ing the pre-mineralization period which is expected considering the role of BGLAP during

the process of mineralization. This is also in line with studies reporting inhibitory effects

of PPAR signaling on BGLAP expression. For example, TZD treatment of bone marrow

stromal cells which stably express PPAR-γ showed suppression of BGLAP expression [41].

Additionally, murine bone marrow cells from PPAR-γ-deficient heterozygous mice exhibited

increased BGLAP expression and a reintroduction of PPAR-γ suppressed BGLAP expres-

sion [49]. In contrast to BGLAP, SPP1 gene expression, encoding osteopontin as another

inhibitor of mineralization [155, 156], was increased in 1,25D3 / rosiglitazone treated os-

teoblasts. This is not in line with our observation that mineralization is increased in 1,25D3

/ rosiglitazone - treated osteoblasts. However, it appears that SPP1- mediated inhibition of

mineralization is strongly related to the phosphorylation status of osteopontin [54] indicat-

ing that increased SPP1 gene expression does not directly implicate increased inhibition of

mineralization.

Based on literature and our osteoblast mineralization studies, it is tempting to speculate

that the synergistic stimulation of 1,25D3-induced mineralization by rosiglitazone is partly

based on the reduction of 1,25D3-induced BGLAP expression. Additionally, the enhanced

differentiation status of co-treated osteoblasts, as assessed by ALPL activity, could play a

role in the observed enhanced mineralization. Furthermore, it has been shown that apoptosis

is actively involved in mineralization [34]. We have recently shown in osteoblasts that low

oxygen (2%) led to reduced apoptosis and decreased mineralization [162]. In line with

this we have also demonstrated that rosiglitazone increased apoptosis in osteoblasts which

was accompanied by enhanced mineralization [151]. Both rosiglitazone and 1,25D3 induce

apoptosis and can have anti-proliferative effects [151,163,164], which can be another shared

mechanism with regard to enhanced mineralization. Unraveling potential interactions at the
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level of apoptosis are subject to further studies.

We also studied regulation of CYP24A1 expression as a potential level of interaction.

CYP24A1 encodes for the enzyme 24-hydroxylase, the rate limiting step in 1,25D3 degra-

dation and thereby limiting the 1,25D3 activity [165]. 1,25D3 is the most potent inducer of

CYP24A1 but we found that in the absence of 1,25D3 rosiglitazone is also able to reduce

CYP24A1 expression in human osteoblasts during the pre-mineralization phase, which is a

crucial period for 1,25D3-stimulated mineralization [102]. Observations regarding CYP24A1

expression have been reported in melanoma cells, in which the non-specific PPAR ligands

bezafibrate and alpha-linolenic acid reduced the 1,25D3-mediated elevation of CYP24A1

[105]. We noted that the inhibitory effect of rosiglitazone was minute compared to the

strong induction by 1,25D3, which was confirmed by unaltered 1,25D3 levels. Neverthe-

less, these data suggest that rosiglitazone is able to modify 1,25D3 metabolism. This was

demonstrated by Chakreeyarat et al. who recently reported increased circulating levels of

25-hydroxyvitamin D3 in postmenopausal women treated with TZDs [154]. Whether the

observed elevated 25-hydroxyvitamin D3 also led to increased levels of 1,25D3 was not in-

vestigated. Taken together, further studies have to be completed to identify mechanisms of

rosiglitazone - mediated modification of 1,25D3 metabolism in osteoblasts. However, al-

though rosiglitazone can affect CYP24A1 mRNA expression the current data exclude that

reduced 1,25D3 metabolism explains the increased mineralization.

Finally, we demonstrate that 1,25D3 can regulate primary PPAR-γ target gene ANGPTL4

suggesting that PPAR-γ signaling is targeted by 1,25D3. This small effect of 1,25D3 on

PPAR-γ signaling is in line with recent studies that showed no or minor effects of 1,25D3

treatment on PPAR-γ expression and signaling in various melanoma cell lines and other cell

lines not derived from the skin [105, 166]. Whether the regulation of ANGPTL4 plays a

role in the synergistically enhanced mineralization, seems unlikely as in the combination

treatment the effect of PPAR-γ activation by rosiglitazone is dominant. Nevertheless, the
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1,25D3 effect on ANGPTL4 together with the rosiglitazone effect on CYP24A2 expres-

sion further points to cross-regulation of PPAR-γ - and VDR transcriptional cascades. In

summary, we show that rosiglitazone and 1,25D3 synergistically increase mineralization by

human osteoblasts. In these osteoblasts we observed an advanced differentiation status, re-

duced BGLAP and increased SPP1 expression. These data demonstrate interplay between

two nuclear hormone receptor signaling cascades that share at least dimerization with RXR

in the control of osteoblast activity.

65



4 Physiological interactions of 1α ,25-dihydroxyvitamin D3 and rosiglitazone

Author's personal copy

3.2. Rosiglitazone effects on CYP24A1 expression and activity

To investigate the effects of rosiglitazone on endogenous osteo-
blastic 1,25D3 signaling, we measured the transcript levels of the
well-established primary 1,25D3 target gene CYP24A1 in SV-HFO
cultures treated with rosiglitazone, 1,25D3 or a combination of
rosiglitazone/1,25D3 during the pre-mineralization period and at
the onset of mineralization. CYP24A1 expression was significantly in-
creased by 1,25D3 at both time points (Figs. 2A and B). Interestingly,
rosiglitazone reduced basal but not 1,25D3-induced CYP24A1 expres-
sion during pre-mineralization (Figs. 2A) but not at the onset of
mineralization (Fig. 2B). To determine whether rosiglitazone affects
1,25D3 levels as has been reported before in vitro and in vivo
(Chakreeyarat et al., 2011; Sertznig et al., 2009a), we analyzed condi-
tioned medium collected at the onset of mineralization from cultures
treated with rosiglitazone, 1,25D3 and the combination thereof. We
found the expected increase in 1,25D3 levels in cultures treated
with 1,25D3 but the presence of rosiglitazone didn't affect these
levels (Fig. 2C).

3.3. Rosiglitazone effects on BGLAP, SPP1 and COL1A1 expression

BGLAP and SPP1 are well-established 1,25D3 target genes, which
have been reported as inhibitors of mineralization (Boskey et al.,
1993, 2002; Hunter et al., 1996; Romberg et al., 1986). We investigated
the rosiglitazone and 1,25D3 effects on BGLAP and SPP1. BGLAP expres-
sion was increased by 1,25D3 during pre-mineralization and minerali-
zation (Figs. 3A and B). Rosiglitazone did not affect BGLAP expression
during the pre-mineralization period (Fig. 3A) but significantly reduced
the 1,25D3-induced BGLAP expression at the onset of mineralization
(Fig. 3B). SPP1 expression was increased in the pre-mineralization
phase only in 1,25D3/rosiglitazone treated osteoblasts, whereas
during mineralization SPP1 expression was increased in all conditions,
being 2-fold up-regulated by 1,25D3 and rosiglitazone and 4-fold
up-regulated by co-treatment of both agents (Table 2).We also studied
the effects of 1,25D3 and rosiglitazone on COL1A1. Rosiglitazone

reduced COL1A1 expression in the pre-mineralization phase but during
mineralization neither 1,25D3 nor rosiglitazone affected COL1A1
expression (Table 2).

3.4. Rosiglitazone and 1,25D3 enhance ALPL activity and synergistically
enhance mineralization of human osteoblast cultures

We investigated the effects of rosiglitazone and 1,25D3 and their
combination on the phenotype of human pre-osteoblasts. DNA content
was similar between 1,25D3-treated cultures and controls and was sig-
nificantly reduced in all cultures treated with rosiglitazone (Fig. 4A).
Both 1,25D3 and rosiglitazone increased ALPL activity and combination
treatment showed an additive effect on ALPL activity (Fig. 4B), which
was confirmed by gene expression (data not shown). Finally, 1,25D3
as well as rosiglitazone increased mineralization in SV-HFO cultures
(Fig. 4C). Furthermore, the combination of both compounds showed a
synergistic stimulation of mineralization (Fig. 4C).

4. Discussion

The current study demonstrates for the first time that the PPAR-γ
agonist rosiglitazone and the VDR ligand 1,25D3 synergistically
stimulate extracellular matrix mineralization by human osteoblasts.
Although rosiglitazone is a known inhibitor of mineralization, it also
causes pro-apoptotic effects leading to a premature onset of mineral-
ization in human osteoblasts (Bruedigam et al., 2010, 2011). Thereby,
both rosiglitazone and 1,25D3 enhance mineralization in human
SV-HFO (Miyahara et al., 2002; van Driel et al., 2006b). The current
observations demonstrating synergism suggest that VDR and PPAR-γ
mediated stimulation of mineralization share common mechanisms. It
is likely that these compounds target common transcriptional networks
underlying these physiological processes. VDR and PPAR-γ share the
retinoid X receptor (RXR) as a common heterodimeric partner. RXR
could have been a limiting factor in case of concomitant activation of
VDR and PPAR-γ but the observed synergism suggests that RXR is not
a limiting factor.
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Fig. 1. 1,25D3 on primary PPAR-γ target genes in human osteoblasts. SV-HFO cells were harvested in the 1st week of differentiation (A and B) and at the onset of mineralization
(C and D) to isolate RNA. mRNA expression of ANGPTL4 (A and C) and FABP4 (B and D) cells were determined by qPCR. Expression is relative to GAPDH and depicted in fold change
to control. *pb0.05, **pb0.01, and ***pb0.001 significantly different from control cultures.
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Figure 4.1
The effects of 1,25D3 on primary PPAR-γ target genes in human osteoblasts. SV-HFO cells
were harvested in the 1st week of differentiation (A and B) and at the onset of mineralization
(C and D) to isolate RNA. mRNA expression of ANGPTL4 (A and C) and FABP4 (B and
D) cells were determined by q-RT-PCR. Expression is relative to GAPDH and depicted in
fold change to control. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 significantly different from
control cultures.
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4.5 Discussion

Figure 4.2
Rosiglitazone effects on CYP24A1 expression and activity. SV-HFO cells were harvested
in the 1st week of differentiation (A) and at the onset of mineralization (B) and RNA was
isolated. mRNA expression of CYP24A1 was determined by q-RT-PCR. Expression is rela-
tive to GAPDH and depicted in fold change to control. C) SV-HFO cells were cultured until
the onset of mineralization with control, 1,25D3, rosiglitazone or a co-treatment of rosiglita-
zone / 1,25D3. At this time point medium was collected and 1,25D3 levels were quantified
by 1,25-dihydroxyvitamin D3 RIA. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 significantly
different from control cultures.
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4 Physiological interactions of 1α ,25-dihydroxyvitamin D3 and rosiglitazone

Figure 4.3
Rosiglitazone effects on BGLAP expression. SV-HFO cells were harvested in the 1st week
of differentiation (A) and at the onset of mineralization (B) and RNA was isolated. mRNA
expression of BGLAP was determined by q-RT-PCR. Expression is relative to GAPDH and
depicted in fold change to control. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001 significantly
different from control cultures. Interaction effects determined by 2-way ANOVA resulted in
a p-value of 0.058.

68



4.5 Discussion

Author's personal copy

can be another shared mechanism with regard to enhanced mineral-
ization. Unraveling potential interactions at the level of apoptosis are
subject to further studies.

We also studied regulation of CYP24A1 expression as a potential
level of interaction. CYP24A1 encodes for the enzyme 24-hydroxylase,
the rate limiting step in 1,25D3 degradation and thereby limiting the
1,25D3 activity (Sakaki et al., 2005). 1,25D3 is the most potent inducer
of CYP24A1 but we found that in the absence of 1,25D3 rosiglitazone
is also able to reduce CYP24A1 expression in human osteoblasts
during the pre-mineralization phase, which is a crucial period for
1,25D3-stimulated mineralization (Woeckel et al., 2010). Observations
regarding CYP24A1 expression have been reported in melanoma cells,
in which the non-specific PPAR ligands bezafibrate and alpha-linolenic
acid reduced the 1,25D3-mediated elevation of CYP24A1 (Sertznig et
al., 2009a). We noted that the inhibitory effect of rosiglitazone was
minute compared to the strong induction by 1,25D3, which was con-
firmed by unaltered 1,25D3 levels. Nevertheless, these data suggest
that rosiglitazone is able to modify 1,25D3 metabolism. This was dem-
onstrated by Chakreeyarat et al. who recently reported increased circu-
lating levels of 25-hydroxyvitamin D3 in postmenopausal women
treated with TZDs (Chakreeyarat et al., 2011). Whether the observed
elevated 25-hydroxyvitamin D3 also led to increased levels of 1,25D3
was not investigated. Taken together, further studies have to be com-
pleted to identify mechanisms of rosiglitazone-mediated modification
of 1,25D3 metabolism in osteoblasts. However, although rosiglitazone
can affect CYP24A1 mRNA expression the current data exclude that
reduced 1,25D3 metabolism explains the increased mineralization.

Finally, we demonstrate that 1,25D3 can regulate primary PPAR-γ
target gene ANGPTL4 suggesting that PPAR-γ signaling is targeted by
1,25D3. This small effect of 1,25D3 on PPAR-γ signaling is in line with
recent studies that showed no or minor effects of 1,25D3 treatment
on PPAR-γ expression and signaling in various melanoma cell lines
and other cell lines not derived from the skin (Sertznig et al., 2009a,
2009b). Whether the regulation of ANGPTL4 plays a role in the syner-
gistically enhanced mineralization, seems unlikely as in the combina-
tion treatment the effect of PPAR-γ activation by rosiglitazone is
dominant. Nevertheless, the 1,25D3 effect on ANGPTL4 together with
the rosiglitazone effect on CYP24A2 expression further points to
cross-regulation of PPAR-γ and VDR transcriptional cascades.

In summary, we show that rosiglitazone and 1,25D3 synergistically
increase mineralization by human osteoblasts. In these osteoblasts
we observed an advanced differentiation status, reduced BGLAP and
increased SPP1 expression. These data demonstrate interplay between
two nuclear hormone receptor signaling cascades that share at least
dimerization with RXR in the control of osteoblast activity.
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Fig. 4. Rosiglitazone and 1,25D3 increase osteoblast differentiation and synergistically
enhance mineralization. SV-HFO osteoblasts were cultured until the onset of mineraliza-
tion followed by analyses of A) DNA content as a measure of cell growth, B) ALPL activity
as read-out for differentiation and C) calcium measurement reflecting mineralization.
Values represent fold-changes to respective controls from two independent experiments.
**pb0.01 and ***pb0.001 significantly different from control cultures. #pb0.05 signifi-
cantly different from 1,25D3 cultures. $$pb0.01 and $$$pb0.001 significantly different
from rosiglitazone cultures. I) pb0.05 for 2-ANOVA significance of interaction.
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Figure 4.4
Rosiglitazone and 1,25D3 increase osteoblast differentiation and synergistically enhance
mineralization. SV-HFO osteoblasts were cultured until the onset of mineralization followed
by analyses of A) DNA content as a measure of cell growth, B) ALPL activity as read-out
for differentiation and C) calcium measurement reflecting mineralization. Values represent
fold-changes to respective controls from two independent experiments. **p ≤ 0.01 and ***p
≤ 0.001 significantly different from control cultures. #: p ≤ 0.05 significantly different from
1,25D3 cultures. $$: p ≤ 0.01 and $$$: p ≤ 0.001 significantly different from rosiglitazone
cultures. i: p ≤ 0.05 for 2-way ANOVA significance of interaction.
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5 Opposing actions of rosiglitazone

and resveratrol on mineralization

5.1 Abstract

Arteriosclerotic vascular disease is a major cardiac health problem in westernized coun-

tries and the primary cause of mortality in diabetic patients. Recent data have raised se-

rious safety concerns with the antidiabetic rosiglitazone, a thiazolidinedione with peroxi-

some proliferator-activated receptor γ (PPAR-γ) agonistic activity, in regard to cardiovas-

cular risks. A common feature of atherosclerosis is vascular mineralization. The latter is

formed by vascular smooth muscle cells (VSMC) through complex processes that are similar

to mineralization in bone. The aim of the current study was to investigate the effect of rosigli-

tazone on mineralization in cultured human VSMCs. We found that rosiglitazone stimulated

mineralization by, at least in part, induction of caspase-dependent apoptosis. Furthermore,

rosiglitazone-induced oxidative stress was correlated with stimulated osteoblast-like differ-

entiation of VSMCs. Treatment of rosiglitazone-supplemented VSMC cultures with the

Claudia Bruedigam, Marco Eijken, Marijke Koedam, Hideki Chiba, Johannes P.T.M. van Leeuwen: Oppos-
ing actions of rosiglitazone and resveratrol on mineralization in human vascular smooth muscle cells; 2011;
51(5):862-71; Journal of Molecular and Cellular Cardiology
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5 Opposing actions of rosiglitazone and resveratrol on mineralization

caloric restriction mimetic and antioxidant resveratrol diminished rosiglitazone-induced ox-

idative stress, osteoblast-like differentiation and mineralization. In conclusion, this study

reveals novel insights into the relationship of rosiglitazone and cardiovascular events by

providing a model that links rosiglitazone-induced osteoblast-like differentiation, oxidative

stress and apoptosis with mineralization in VSMCs. In addition, we position resveratrol

in this model acting to reduce rosiglitazone-induced oxidative stress, osteoblast-like VSMC

differentiation and mineralization.

5.2 Introduction

Vascular mineralization is a prominent feature of advanced atherosclerosis. Although athero-

sclerosis and vascular mineralization are currently considered to form separate genetic en-

tities, mineralization contributes to the overall morbidity of atherosclerosis by causing an

increased risk for myocardial infarction [19–22]. The latter is caused by, at least in part, a de-

creased elasticity of the vessels [23,24]. Bone-associated proteins such as osteonectin, osteo-

calcin, and matrix Gla protein have been detected in mineralized vascular tissues. Therefore,

vascular mineralization has been considered to be an organized and highly regulated pro-

cess that is similar to mineralization in bone tissue. Vascular smooth muscle cells (VSMCs)

are currently considered as being responsible for the formation of vascular mineralization in

vivo. In more detail, mechanical and inflammatory redox signals from the aortic vasculature

have emerged as secretagogues for BMP that leads to activation of endothelial NADPH oxi-

dases and subsequent generation of reactive oxygen species (ROS) [25–27]. These paracrine

signals augment aortic myofibroblast Msx2-Wnt signaling and matrix turnover and promote

osteoblast-like differentiation of VSMCs [28–31, 33]. Furthermore, oxidation of vascu-

lar LDL cholesterol generates oxysterols that trigger RUNX2 activity via hedgehog path-

ways [32]. Interestingly, apoptosis of VSMCs appears to be an additional key factor in
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5.2 Introduction

vascular mineralization [34–36]. VSMC apoptosis is sufficient to accelerate atherosclerosis,

to promote plaque mineralization and medial degeneration, to prevent expansive remodeling

and to promote stenosis in atherosclerosis [38, 39, 167]. Rosiglitazone is a synthetic perox-

isome proliferator-activated receptor γ (PPAR-γ) agonist belonging to the thiazolidinedione

class of compounds and is currently prescribed as an antidiabetic drug. It improves insulin

sensitivity and lowers blood glucose and lipid levels. Despite these beneficial metabolic

actions, serious cardiovascular side effects have been reported for rosiglitazone in recent

epidemiological studies [72–75, 168]. Most interestingly for this study, rosiglitazone treat-

ment has been linked to an increased risk for myocardial infarction [72, 73]. Rosiglitazone

and other PPAR agonists have been shown earlier to induce apoptosis of human and rodent

VSMCs via PPAR- dependent and - independent mechanisms [76–80]. However, despite

this evidence for rosiglitazone - induced VSMC apoptosis and the established key role of

apoptosis in VSMC mineralization, there is a current lack of knowledge in regard to the

direct role of rosiglitazone in VSMC-mediated vascular mineralization.

In the current study, we investigated the effect of rosiglitazone on mineralization in hu-

man VSMCs. We found that rosiglitazone increased mineralization by combined stimulatory

actions on osteoblast-like differentiation, oxidative stress and caspase-mediated apoptosis of

human VSMCs. The caloric restriction mimetic and antioxidant resveratrol counteracted

this by reducing rosiglitazone-induced oxidative stress, apoptosis and osteoblast-like VSMC

differentiation.
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5.3 Materials and Methods

5.3.1 Cell culture

Human coronary artery smooth muscle cells (VSMC; Lonza CC-2583) were cultured as de-

scribed in [113]. Culture conditions were chosen based on those standard conditions for op-

timal osteoblast-like differentiation of human VSMCs [169]. In more detail, the differentia-

tion medium contained DMEM with high glucose (25 mM D-glucose), 10% heat-inactivated

FCS, 0.1 µM dexamethasone and 10 mM β -glycerophosphate.

The human pre-osteoblast cell line SV-HFO was cultured as described previously [113].

The differentiation medium contained α-MEM with 2% charcoal-stripped FCS, 0.1µM dex-

amethasone and 10 mM β -glycerophosphate.

Rosiglitazone (Cayman Europe) was added to the cultures every 2-3 days when medium

was refreshed. At time of medium refreshment, caspase inhbitor Z-VAD-FMK (Promega)

and resveratrol (Sigma Aldrich) were added to the cultures in order to block apoptosis and

scavenge radicals, respectively.

5.3.2 DNA, protein, alkaline phosphatase activity and

mineralization assays

ALPL, DNA, protein and calcium measurements were performed as described previously

[113]. In addition, extracellular calcium and hydroxyapatite were stained using calcein

(Sigma-Aldrich). Culture medium was replaced with calcein solution (1.7 µM calcein, 1 mM

KOH) in osteogenic differentiation medium and incubated for 2 h at 37◦C. Cultures were

washed with PBS and supplemented with differentiation medium. Microscopic images were

acquired immediately and processed using Cell profiler software (http://www.cellprofiler.org).
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5.3 Materials and Methods

5.3.3 Measurement of reactive oxygen species

Superoxide radicals were measured using Mitosox red mitochondrial superoxide indicator

(Molecular Probes, Invitrogen) according to the manufacturer’s instructions. Microscopic

images were processed using Cell profiler software (http://www.cellprofiler.org). Total re-

active oxygen species were measured using the cell-permeable non-fluorescent probe 2’-

7’- dichlorofluorescin diacetate (DCF-DA; Sigma) which is de-esterified intracellularly and

turns into highly fluorescent 2’,7’-dichlorofluorescin upon oxidation. Culture medium was

replaced with 10 µM DCF-DA in modified ringer buffer (125 mM NaCl, 5 mM KCl, 1.2

mM KH2PO4, 25 mM Hepes, 6 mM glucose, 1.2 mM MgSO4 and 1 mM CaCl2, pH 7.4)

and incubated for 1 h at 37◦C. Cultures were washed with PBS, supplemented with differ-

entiation medium and the fluorescence signal was quantified using Victor2 1420 multilabel

counter (Wallac, MA).

5.3.4 Apoptosis measurement

Apoptotic cells were counted by fluorescent-activating cell sorting using FacsCanto II appa-

ratus (BD Biosciences) after staining with 1 µg/ml FITC-labelled annexin-V (IQ-Products)

and 0.25 µg/ml propidium iodide (Nexins research) according to the manufacturer’s instruc-

tions.

5.3.5 Quantification of mRNA expression

RNA isolation, cDNA synthesis and quantitative RT-PCR (QPCR) have been carried out as

described recently [121]. Primer and probe sequences and concentrations are displayed in

Table 5.1
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5.3.6 Statistics

Data presented are the results of at least two independent experiments performed in at least

triplicate. Values are the means ± S.E. Significance (p ≤ 0.05) was calculated using the

Student’s T-test and displayed in the Figures with asterisks (*). Two-way ANOVA were

carried out using SPSS statistics software. Significant interaction effects (p ≤ 0.05) were

displayed in the Figures with hash symbols (#).

5.4 Results

5.4.1 Rosiglitazone induces mitochondrial dysfunction and

apoptosis in VSMC cultures

Human vascular smooth muscle cells were induced with dexamethasone and β -glycero-

phosphate to differentiate in an osteoblast-like manner and to produce and mineralize an

extracellular matrix formed in a three-week time period [170]. Using this model of vascular

mineralization, we showed that treatment with rosiglitazone resulted in a significant higher

percentage of apoptotic cells in a time window that started three days prior to the onset of

ECM mineralization (Figure 5.1 A). The chosen concentration of 10 µM for rosiglitazone

is well within the range measured in the serum of rosiglitazone-treated patients (i.e. rosigli-

tazone at 8 mg yields a maximum serum concentration of 598 ± 117 ng / ml or 1.67 µM;

Avandia package insert). In addition, rosiglitazone-supplemented cultures contained signif-

icantly higher ROS levels during that period (Figure 5.1 B). To investigate whether this was

correlated with increased mitochondrial dysfunction, we measured the expression of marker

genes in control and rosiglitazone - supplemented conditions. Interestingly, expression of

all mitochondrial dysfunction marker genes analyzed was increased in rosiglitazone - sup-

plemented VSMC cultures (Figure 5.1 C). These changes were correlated with increased
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PPAR-γ signaling as shown by increased PPAR-γ expression and transcription of its well-

confirmed primary target gene ANGPTL4 (Figure 5.1 D).

5.4.2 Rosiglitazone stimulates extracellular matrix

mineralization of VSMCs

VSMCs were cultured in the continuous presence of 10 µM rosiglitazone and the mineral-

ization process was subsequently investigated and compared to control cultures. As shown

in Figure 5.2 A, rosiglitazone stimulated ECM mineralization, and this effect was dose-

dependent (Figure 5.2 B). The osteoblast-like differentiation process leading to mineralizing

VSMCs was characterized by changes in cell patterns (Figure 5.2 B). Interestingly, Garfinkel

and co-workers had described earlier such VSMC pattern changes in mineralizing VSMC

cultures mathematically using a reaction-diffusion model based on the known kinetics of

BMP2 and matrix carboxyglutamic acid protein (MGP), an inhibitor of BMP2 [171].

5.4.3 Rosiglitazone - mediated induction of mineralization partly

depends on apoptosis

We studied the localization of mineralization spots and areas containing accumulated super-

oxide anion radicals microscopically. Interestingly, spots with accumulated superoxide anion

Figure 5.1 (following page)
Rosiglitazone induces ROS and apoptosis in VSMCs. A) Apoptosis was quantified by flu-
orescence - activated cell sorting (FACS) of annexin-V-FITC - labeled cells from 10 µM
rosiglitazone - supplemented VSMC cultures (white bars) and controls (black bars) at differ-
ent timepoints of culture. B) Superoxide anion radicals were quantified by Mitosox staining
at day 18 of culture. Q-RT-PCR based analysis of expression of marker genes for C) mito-
chondrial dysfunction at day 18 of VSMC culture and of D) PPAR target gene ANGPTL4 at
multiple timepoints of VSMC culture. Expression levels are relative to GAPDH. Asterisks
(*) denote values that were determined to be significantly different from respective controls
(p ≤ 0.05).
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[h]
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Figure 5.2
Rosiglitazone stimulates extracellular matrix mineralization. A) Mineralization was quan-
tified in control (black bars) and 10 µM rosiglitazone - supplemented (white bars) VSMC
cultures during several timepoints of culture. B) Mineralization was determined and semi-
quantified by Alizarin red staining in VSMC cultures treated with different concentrations
of rosiglitazone or control at day 18 of culture. Asterisks (*) denote values that were deter-
mined to be significantly different from respective controls (p ≤ 0.05).

radicals were found in overlay or in close proximity to mineralization sites in VSMC cul-

ture dishes. In more detail, we found after automatic image processing that 93 percent of the

identified calcifying spots co-localized with mitosox - stained spots (Figure 5.3 A). To inves-

tigate whether apoptosis plays a functional role in the observed rosiglitazone-stimulated min-

eralization, we perturbed the apoptotic pathway using caspase inhibitor V-ZAD-FMK. The

compound significantly reduced basal apoptosis and virtually abolished the pro-apoptotic

effect of rosiglitazone (Figure 5.3 B). Mineralization was reduced in cultures that were sup-

plemented with caspase inhibitor alone (Figure 5.3 C). Furthermore, inhibition of apoptosis

diminished the stimulatory effect of rosiglitazone on mineralization (Figure 5.3 C). We ob-

served similar effects using the human pre-osteoblast differentiation model SV-HFO (data

not shown). Interestingly, mineralization in the cultures treated with both rosiglitazone and

caspase inhibitor was not completely abolished suggesting that a) rosiglitazone - mediated

79



5 Opposing actions of rosiglitazone and resveratrol on mineralization

stimulation of mineralization is only partly dependent on apoptosis and b) rosiglitazone af-

fects multiple pathways rather than apoptosis alone resulting in increased mineralization.

5.4.4 Resveratrol diminishes rosiglitazone - mediated

stimulation of mineralization, apoptosis and expression of

mitochondrial dysfunction marker genes

We aimed to further investigate whether oxidative stress plays a direct role in the observed

rosiglitazone - mediated stimulation of mineralization. Oxidative stress can cause mitochon-

dria - dependent apoptosis and has been suggested as pro-mineralizing signal in the develop-

ment of atherosclerosis [28,29,36,172–174]. We aimed to perturb oxidative stress signaling

with the phytoalexin resveratrol. The latter possesses antioxidant activity and confers a diver-

sity of health benefits [175–177]. We assessed the effects of resveratrol on oxidative stress,

apoptosis and mineralization in control and rosiglitazone - treated VSMC cultures. The

resveratrol concentrations used approximate physiological concentrations present in natural

Figure 5.3 (following page)
Rosiglitazone-mediated induction of mineralization is partly dependent on apoptosis. A) Co-
localization of superoxide anion radical and mineralization spots. VSMC were cultured until
day 18 of culture. Accumulation of superoxide anions was visualized using mitosox staining
(upper left Panel). Mineralized extracellular matrix (ECM) was stained with calcein (lower
left Panel). Stained spots were automatically identified using Cell Profiler software. Then
spots with dual staining were identified automatically (right Panel). The overlay was quanti-
fied in 20 different pictures demonstrating 93.4 ± 4.0% of calcifying spots co-localized with
mitosox spots. Arrows indicate an example of overlapping mitosox and calcein spots. B)
Blocking endogenous apoptosis diminishes the stimulatory effect of rosiglitazone on miner-
alization. VSMC cultures were supplemented with rosiglitazone, caspase inhibitor V-ZAD-
FMK (fmk) or both. The percentage of apoptotic cells was quantified by annexin-V-FITC -
based FACS at day 18 of VSMC culture. C) Mineralization was determined quantitatively
at day 18 of VSMC culture. Asterisks (*) denote values that were determined statistically
significant according to Student’s T-test, p ≤ 0.05. Hash symbols (#) designate significant
interaction effects according to two-way ANOVA, p ≤ 0.05.
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products [178, 179]. We found that treatment with resveratrol did not affect basal mineral-

ization in VSMC cultures, however, resveratrol diminished the stimulatory effect of rosigli-

tazone on mineralization in a dose-dependent manner (Figure 5.4 A). Moreover, resveratrol

did not affect basal apoptosis, but the addition of resveratrol to rosiglitazone - supplemented

VSMC cultures diminished the stimulatory effect of rosiglitazone on apoptosis (Figure 5.4

B). Similar results were obtained for the expression of mitochondrial dysfunction marker

genes cytochrome C (CYCS) and caspase 9 (CASP9; Figure 5.4 C). Interestingly, resvera-

trol treatment revealed a significant reduction in superoxide anion radicals in VSMCs (Figure

5.4 D). These changes were, however, independent of rosiglitazone treatment, i.e. two-way

ANOVA analysis did not reveal any significant interaction effect between rosiglitazone and

resveratrol conditions (Figure 5.4 D).

Figure 5.4 (following page)
Resveratrol diminishes rosiglitazone - mediated stimulation of mineralization, apoptosis and
expression of mitochondrial dysfunction marker genes. A) VSMC were cultured in the con-
tinuous presence of rosiglitazone or control and continuously supplemented with different
concentrations of resveratrol or control. Mineralization was quantified spectrophotometri-
cally. B - D) VSMC were supplemented continuously with control, 10 µM rosiglitazone,
10 µM resveratrol or both 10 µM rosiglitazone and 10 µM resveratrol. Apoptosis was
measured as percentage of annexin-V-FITC positive cells (B), expression of mitochondrial
dysfunction marker genes CYCS and CASP9 were determined by quantitative RT-PCR (C),
and superoxide anion radical levels were determined by mitosox staining (D) at day 18 of
culture. Asterisks (*) denote values that were determined statistically significant between
two groups linked by a line according to Student’s T-test, p ≤ 0.05. When not connected by
a line, asterisks designate values determined statistically different from controls (no rosigli-
tazone and no resveratrol) according to Student’s T-test, p ≤ 0.05. Dollar symbols ($) denote
values that were determined statistically significantly different from rosiglitazone conditions
(no resveratrol) according to Student’s T-test, p ≤ 0.05. Hash symbols (#) designate signifi-
cant interaction effects according to two-way ANOVA calculations, p ≤ 0.05.
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5.4.5 Resveratrol interferes with rosiglitazone - modulated

osteoblast-like differentiation of VSMCs and BMP

signaling

In order to investigate whether rosiglitazone and resveratrol affect osteoblast-like differentia-

tion of VSMCs, we studied the activity and expression of confirmed osteoblast differentiation

marker genes in cultures supplemented with rosiglitazone and resveratrol. We found that the

activity of alkaline phosphatase, an enzyme important for the initiation of mineralization,

was significantly enhanced in rosiglitazone - treated VSMCs (Figure 5.5 A). This increase in

ALP activity was independent of apoptosis because supplementation with caspase inhibitor

did not show any effects (data not shown). Resveratrol did not affect ALP activity (Fig-

ure 5.5 A), but addition of resveratrol to rosiglitazone - supplemented cultures decreased

ALP activity in a dose-dependent manner (Figure 5.5 A). Interestingly, the expression of the

well-characterized osteogenic differentiation marker gene runt related transcription factor

2 (RUNX2) was significantly increased by rosiglitazone (Figure 5.5 B). Resveratrol treat-

ment alone did not show any effects, but addition of resveratrol to rosiglitazone - treated

cultures blocked the stimulatory effect of rosiglitazone on RUNX2 expression (Figure 5.5

B). In order to investigate potential underlying mechanisms linking oxidative stress with the

observed osteoblast-like differentiation phenotype, we studied the effects of rosiglitazone on

bone morphogenic protein (BMP) pathway. Both bone morphogenic protein 2 (BMP2) and

bone morphogenic protein 4 (BMP4) expression are regulated by oxidative stress [180,181].

We found that BMP2 expression was significantly increased upon treatment with rosiglita-

zone (Figure 5.5 C). Mono-treatment with resveratrol did not affect BMP2 expression, but

the addition of resveratrol to rosiglitazone-treated cultures blocked the stimulatory effect

of rosiglitazone on BMP2 expression (Figure 5.5 C). Interestingly, BMP4 expression was

lower in rosiglitazone - supplemented cultures compared to controls (Figure 5.5 C). In oppo-
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site to the observed rosiglitazone effects, resveratrol treatment stimulated BMP4 expression

(Figure 5.5 C). Moreover, expression of the BMP signaling inhibitor SMAD family mem-

ber 6 (SMAD6) was increased by resveratrol alone (Figure 5.5 C), and in combination with

rosiglitazone the increase in SMAD6 expression was even stronger (Figure 5.5 C). The ex-

pression of another BMP inhibitor, SMAD family member 7 (SMAD7), was not affected by

rosiglitazone or resveratrol (Figure 5.5 C).

5.5 Discussion

The current study has revealed three novel findings. First, rosiglitazone directly stimulated

mineralization in cultured human VSMCs, an in vitro model for vascular mineralization.

This effect was at least partly caused by induction of caspase - dependent apoptosis. Sec-

ond, rosiglitazone induced oxidative stress that was correlated with increased osteoblast-like

differentiation and mineralization of VSMCs. And third, the caloric restriction mimetic

and antioxidant resveratrol diminished rosiglitazone - induced oxidative stress, apoptosis,

osteoblast-like differentiation and mineralization. These findings are summarized in a model

depicted in Figure 5.6.

The identified rosiglitazone / apoptosis / mineralization cascade envisions a novel mech-

anism that may serve as a new explanatory model for the clinically observed increased risk

for myocardial infarction in rosiglitazone-treated diabetic type 2 patients [72,73]. In support

of this, Pro12Ala and C161T loss of function mutations of PPARG in humans are asso-

ciated with a lower incidence of myocardial infarction and angiographically documented

atherosclerotic heart disease [182, 183]. However, studies with PPAR-γ ligand - treated

transgenic animals and type 2 diabetic patients indicate an antiatherogenic role of PPAR-γ

based on morphometric analyses of plaque area from tissue sections and carotid wall thick-

ness [152, 184–189]. Although plaque area and carotid wall thickness are considered as
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being good markers of atherosclerosis burden, several other factors contribute to determine

the state of this disease, e.g. elasticity of vessels or plaque stability. Importantly, vascular

calcification is considered to contribute to the overall morbidity of atherosclerosis including

an increased risk for myocardial infarction by, at least in part, decreasing the elasticity of the

vessels [23, 24, 190–193]. While calcification is a common feature of advanced atheroscle-

rosis, the formation of atherosclerotic plaque and its calcification are likely to be regulated

independently from each other since they form separate genetic entities [194]. We specu-

late here that activated PPAR-γ may exert opposing effects on these two distinct entities /

hallmarks of atherosclerosis, i.e. plaque formation and vascular mineralization. This may

place different patients treated with rosiglitazone into groups with highly distinct cardiovas-

cular risks. Future more detailed clinical and experimental studies are necessary to verify

this. Amongst those, it will be crucial to analyze the mineralization status of VSMCs in

rosiglitazone versus sulfonylurea- or metformin-treated type 2 diabetic in vivo models.

The finding of the current study that rosiglitazone induced mitochondrial dysfunction

and ROS in human hyperglycaemic VSMCs is novel but supported by several studies in

other cell types including N1S1 rat hepatoma cells [195], preadipocytes [196], mouse my-

oblasts [197] and osteoblasts [151]. In contrast to this, rosiglitazone was shown in various

in vivo studies to exert antioxidant activities in the vasculature [198, 199]. This may be due

to beneficial systemic metabolic effects. However, it remains to be studied in the future

whether rosiglitazone is capable to exert antioxidant activities as well in late stage type 2

Diabetes when antioxidant capacity is generally declined [200–202]. Whether rosiglitazone

stimulated oxidative stress is mediated by activated PPAR-γ signaling or a result of mito-

chondrial dysfunction that is triggered independently of PPAR-γ is still under debate [203].

Most in vitro studies including the current work have used concentrations of rosiglitazone

that exceed the Kd for PPAR-γ . Interestingly, these high concentrations are within the range

measured in the serum of rosiglitazone - treated patients (i.e. rosiglitazone at 8 mg yields a
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maximum serum concentration of 598 ± 117 ng / ml or 1.67 µM; Avandia package insert).

In addition to the observed stimulatory role of rosiglitazone in apoptosis - mediated min-

eralization that is correlated with increased oxidative stress, the current data show a second

mechanism that is a direct stimulation of osteoblast-like differentiation of VSMCs. In sup-

port of this, our group has shown recently that rosiglitazone - activated PPAR-γ accelerates

osteogenic differentiation from human mesenchymal stem cells that is ultimately followed

by increased oxidative stress and mitochondria - dependent apoptosis leading to a prema-

ture onset of extracellular matrix mineralization and a reduced number of osteoblasts [151].

The apoptotic effect of rosiglitazone is not limited to the osteoblasts but also affects os-

teocytes that are important mediators of bone turnover through various mechanosensory

mechanisms [145, 204]. As bone is continuously remodeled throughout life by the action

of bone-forming osteoblasts and bone-resorbing osteoclasts, rosiglitazone treatment shifts

the balance towards bone resorption leading to a reduced bone mass in vivo [40]. In compar-

ison to the mineralization of bone tissue, atherosclerotic plaque mineralization is likely to

underlie less sophisticated regulatory mechanisms. Although recent work by Tseng and co-

workers has revealed a stimulatory effect of VSMCs on osteoclast differentiation from the

monocytic preosteoclast cell line RAW264.7 in a PKA - dependent manner [205], osteoclas-

tic cells may be rare in the vasculature [206]. Therefore, the rosiglitazone - mediated shift

in the balance of bone turnover towards increased resorption leading to a reduced amount

of mineralized tissue may not apply to vascular mineralization. Taken together, the data of

the current study suggest that, once atherosclerotic plaque has been formed, rosiglitazone

accelerates the mineralization process leading to an increase in calcified vascular lesions.

Because of the suggested dual effect of rosiglitazone on vascular health (i.e. pro-calcifying

but anti-atherogenic), detailed future studies are necessary to verify these observations in

vivo.

The observed resveratrol - mediated inhibition of rosiglitazone - stimulated osteoblast-
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like differentiation of VSMCs as shown by a reduction in the activity of the well-characterized

osteogenic differentiation marker enzyme alkaline phosphatase (ALP) and expression of

RUNX2 is novel. In addition, we found that resveratrol decreased basal ALP activity. The

latter is in contrast to the data reported from studies in the murine pluripotent mesenchy-

mal cell line ST2 [207], murine induced pluripotent stem cells [208], human bone marrow-

derived mesenchymal stem cells [209] and murine osteoblastic MC3T3-E1 cells [210]. The

observed opposing effects of resveratol on ALP activity from pre-osteoblastic cells or mes-

enchymal stem cells versus VSMCs differentiating in an osteoblast-like manner may result

from divergent effects of resveratrol due to the osteoblast differentiation stage. In support

of this, osteoblast differentiation - dependent effects have been documented for RUNX2 and

WNT signaling [131, 132, 211]. Whereas the latter stimulate pre-osteoblast differentiation

from mesenchymal progenitors, they inhibit osteoblast maturation and osteocyte differenti-

ation. However, the detailed molecular mechanism underlying this differences in resveratrol

effects needs to be identified in future studies.

The stimulatory effect of rosiglitazone-activated PPAR-γ on BMP2 expression in os-

teogenic VSMCs reported in this study is novel but supported by observations in osteoblasts.

In more detail, Siddhivarn et al. found that delta-12-prostaglandin J2 which is a precursor

of an endogenous PPAR-γ ligand, 15-deoxy-delta-12,14-prostaglandin J2, induces BMP2

expression and bone nodule formation in the murine osteoblast cell line MC3T3-E1 [212].

The diminishing effect of rosiglitazone on BMP4 expression observed in this study is novel

as well. Interestingly, Zhou and co-workers have shown recently that BMP4 expression is

reduced in cardiomyocytes subjected to nicotine-induced oxidative stress suggesting a di-

minishing effect of oxidative stress on BMP4 expression [213]. The stimulatory effects of

the antioxidant resveratrol on expression of BMP4 and the BMP inhibitor SMAD6 observed

in this study are in line with these findings suggesting BMP2 signaling is induced whereas

BMP4 signaling is diminished by oxidative stress.
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In which manner the reported resveratrol - mediated effects exactly translate into an

in vivo situation is still under debate and may depend on additional determinants like nu-

tritional conditions and possibly metabolic status. In support of this, resveratrol supresses

atherosclerosis in hypercholesterolemic mice (lacking both apolipoprotein E and LDL recep-

tor) on a high fat diet [214] and exerts beneficial effects in male Wistar rats on high-fat diet

but not on standard diet (e.g. ox-LDL, decreased serum and hepatic oxidative stress) [215].

The concentrations of resveratrol used in this study approximate physiological concentra-

tions present in natural products [178, 179]. However, resveratrol is rapidly metabolized

in vivo [216, 217]. Despite the relatively low concentrations of un-metabolized resvera-

trol found in plasma, it has remained unknown so far whether some tissues are capable

of converting resveratrol metabolites back to resveratrol, and possible biological actions of

resveratrol metabolites have not been investigated yet. Therefore, a possible application of

resveratrol as antioxidant and anti-calcifying compound in vivo needs to be tested in future

studies.

In conclusion, the current study provides new insights into the relationship of rosiglita-

zone and cardiovascular events by providing a model that links rosiglitazone - induced ox-

idative stress, apoptosis and osteoblast-like differentiation of VSMCs with mineralization.

These data are particularly interesting in regard to the clinically observed increased risk for

myocardial infarction in rosiglitazone - treated diabetic type 2 patients [72, 73]. Finally,

we position resveratrol in this model acting to reduce osteoblast-like VSMC differentiation,

rosiglitazone - induced oxidative stress and mineralization.
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Table 5.1
Primer and probe concentrations and sequences

Gene Sequence (5’-3’) Concentration (pmol/rct)

GAPDH Forward ATGGGGAAGGTGAAGGTCG 3.75
Reverse TAAAAGCAGCCCTGGTGACC 3.75
Probe CGCCCAATACGACCAAATCCGTTGAC 3.75

CYCS Forward GTCAGGCCCCTGGATACTCT 1.25
Reverse CTCCCCAGATGATGCCTTT 1.25

BAX Forward CTGAGCAGATCATGAAGACAGG 1.25
Reverse CTGCTCGATCCTGGATGAAA 1.25

CASP3 Forward TGGAATTGATGCGTGATGTT 1.25
Reverse TGGCTCAGAAGCACACAAAC 1.25

CASP9 Forward TTACCCCAGTGGTGCTCAGACCA 10
Reverse GGTCTTTCTGCTCGACATCACCAA 10

VDAC1 Forward AAGTGAACAACTCCAGCCTGA 1.25
Reverse CACCAGCATTGACGTTCTTG 1.25

SLC25A4 Forward CTGGTGTCCTACCCCTTTGA 1.25
Reverse CAGTCAACTGTCCCCGTGTA 1.25

APAF1 Forward TGATGGCATTCCTGTTGTCT 1.25
Reverse GGTACTCCACCTTCACACAGG 1.25

PPARG Forward AGGCGAGGGCGATCTTG 1.25
Reverse CCCATCATTAAGGAATTCATGTCAT 1.25

ANGPTL4 Forward GACAAGAACTGCGCCAAGAG 1.25
Reverse AGTACTGGCCGTTGAGGTTG 1.25

RUNX2 Forward ACGTCCCCGTCCATCCA 6.25
Reverse TGGCAGTGTCATCATCTGAAATG 6.25
Probe ACTGGGCTTCCTGCCATCACCGA 2.5

COL1A1 Forward CAGCCGCTTCACCTACAGC 2.5
Reverse TTTTGTATTCAATCACTGTCTTGCC 2.5
Probe CCGGTGTGACTCGTGCAGCCATC 7.5

BMP2 Forward ACGGACTGCGGTCTCCTAA 1.25
Reverse GGAAGCAGCAACGCTAGAAG 1.25

BMP4 Forward GCTTCCACCACGAAGAACAT 1.25
Reverse AAAGAGGAAACGAAAAGCAGA 1.25

SMAD6 Forward ACAAGCCACTGGATCTGTCC 1.25
Reverse TGATGAGGGAGTTGGTAGCC 1.25

SMAD7 Forward CTTAGCCGACTCTGCGAACT 1.25
Reverse AAATCCATCGGGTATCTGGA 1.25

90



5.5 Discussion

Figure 5.5
Resveratrol interferes with rosiglitazone - modulated osteoblast-like differentiation of
VSMCs and BMP signaling. A) VSMC were cultured in the continuous presence of rosigli-
tazone or control and continuously supplemented with different concentrations of resveratrol
or control. ALP activity was measured at day 18 of culture. B and C) VSMC were supple-
mented continuously with control, 10 µM rosiglitazone, 10 µM resveratrol or both 10 µM
rosiglitazone and 10 µM resveratrol. The expression of the osteogenic differentiation marker
gene RUNX2 (B) and of BMP signaling components BMP2, BMP4, SMAD6 and SMAD7
(C) were quantified by q-RT-PCR at day 18. Asterisks (*) denote values that were deter-
mined statistically significant between two groups linked by a line according to Student’s
T-test, p ≤ 0.05. When not connected by a line, asterisks designate values determined sta-
tistically different from controls (no rosiglitazone and no resveratrol) according to Student’s
T-test, p ≤ 0.05. Dollar symbols ($) denote values that were determined statistically signifi-
cantly different from rosiglitazone conditions (no resveratrol) according to Student’s T-test,
p ≤ 0.05. Hash symbols (#) designate significant interaction effects according to two-way
ANOVA calculations, p ≤ 0.05.
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Figure 5.6
Schematic representation of the actions of rosiglitazone and resveratrol on mineralization.
The presence of calcified vascular lesions in advanced atherosclerosis is a result of the for-
mation of mineralized bone-like extracellular matrix (ECM) by vascular smooth muscle cells
(VSMCs). Under pathological conditions, VSMCs are triggered to differentiate into a bone-
like matrix - producing cell with an osteoblast-like phenotype. Apoptosis and the subsequent
release of apoptotic bodies initiate ECM mineralization. Rosiglitazone stimulates miner-
alization by increasing osteoblast-like differentiation and induction of caspase-dependent
apoptosis of VSMCs. Resveratrol counteracts rosiglitazone - stimulated mineralization by
diminishing osteoblast-like differentiation and apoptosis of VSMCs. Furthermore, resvera-
trol exhibits direct effects on VSMCs. It reduces alkaline phosphatase activity and oxidative
stress.
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6 Rosiglitazone - targeted

transcriptional networks in

mineralization

6.1 Abstract

Clinical studies have recently revealed detrimental skeletal and vascular effects of the in-

sulin sensitizer rosiglitazone. At the cellular level, we have shown earlier that rosiglitazone

accelerates osteoblast differentiation from human mesenchymal stem cells (hMSC) at the

expense of increased oxidative stress and apoptosis. In calcifying human vascular cells,

rosiglitazone stimulates pathological mineralization, an effect that was diminished by the

antioxidant resveratrol. In order to elucidate the transcriptional networks underlying the

rosiglitazone - enhanced mineralization phenotype, we performed genome-wide transcrip-

tional profiling of osteogenic hMSCs treated with rosiglitazone for short-term periods of 1

up to 48h during the first two days of culture time, a phase that we show is sufficient to

Claudia Bruedigam, Jeroen van de Peppel, Johannes P.T.M. van Leeuwen: Rosiglitazone-targeted transcriptional
networks as gene expression signature of physiological and pathological mineralization - a top-down approach
to identify novel targets for bone and vascular health; submitted
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mediate the stimulatory effect of rosiglitazone on mineralization. Microarray-based mRNA

expression analysis revealed 190 probes that were differentially expressed in at least one

condition compared to vehicle - treated control. This rosiglitazone gene signature contained

confirmed primary PPAR targets and was also endogenously regulated during osteogenic

differentiation from hMSCs and osteoblast-like differentiation of vascular smooth muscle

cells (VSMCs) into calcifying vascular cells (CVCs). Further comparative analysis revealed

rosiglitazone targets that were commonly enriched in osteoblasts and CVCs or specifically

enriched in either osteoblasts or CVCs. Finally, we compared the expression patterns of

CVC - specific genes with patient expression data from carotid plaque versus intact adjacent

tissue, and identified five rosiglitazone targets that were differentially regulated in CVCs

and carotid plaque but not osteoblasts when compared to their respective non-mineralizing

counterparts. These targets, i.e PDK4, SDC4, SPRY4, TCF4 (also commonly referred to as

’E2-2’), and DACT1 may specifically control extracellular matrix mineralization in vascular

cells and hence provide interesting candidates for further investigations to improve vascular

health.

6.2 Introduction

Rosiglitazone is a synthetic peroxisome proliferator-activated receptor γ (PPAR-γ) agonist

belonging to the thiazolidinedione class of compounds with insulin - sensitizing, and blood

glucose and lipid lowering activities. Despite these beneficial metabolic actions, serious car-

diovascular side effects and also detrimental skeletal effects have been reported for rosiglita-

zone in recent epidemiological studies [40,72–75]. We have shown earlier that rosiglitazone

accelerates osteoblast differentiation from human mesenchymal stem cells (hMSCs) being

ultimately followed by increased oxidative stress and apoptosis leading to a reduced num-

ber of fully differentiated osteoblasts but increased extracellular matrix mineralization [151].
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Moreover, in an in vitro model of pathological mineralization we found that rosiglitazone fur-

ther enhanced extracellular matrix mineralization that was diminishable by the addition of

the anti-oxidant resveratrol [159]. Although these observations have revealed novel insights

into the relationships between rosiglitazone and cardiovascular events as well as the clini-

cally observed reduced bone quality, the underlying molecular mechanisms have remained

elusive.

Human MSCs and also VSMCs follow a well-defined differentiation program in vitro.

Under the influence of dexamethasone and β -glycerophosphate, hMSCs and VSMCs differ-

entiate into mineralizing osteoblasts or calcifying vascular cells (CVCs), respectively, within

a program of two to three weeks. Physiological phases in osteoblast and osteoblast-like dif-

ferentiation have been described recently: proliferation and basic matrix formation are ini-

tiated during phase 1; formation of calcifying matrix occurs during phase 2; apoptosis and

mineralization start during phase 3 [119]. Several key transcription factors have been de-

scribed that are necessary for the occurrence of osteoblast and osteoblast-like differentiation

phases [218–223].

In this study, we aimed to 1) investigate whether a specific differentiation phase is critical

for initiating the rosiglitazone - accelerated osteoblast differentiation phenotype, 2) identify

the molecular networks underlying the observed rosiglitazone - accelerated osteoblast dif-

ferentiation phenotype, and 3) compare the revealed rosiglitazone - mediated changes in the

transcriptome with endogenous osteogenic and osteoblast-like patterns of gene expression.

Comprehensive bioinformatics analyses were used to link the obtained results to osteoblast-

like differentiation of VSMC and cardiovascular events.
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6.3 Materials and Methods

6.3.1 Cell culture

Human bone marrow - derived mesenchymal stem cells (hMSC; Lonza) were cultured as

described previously [119]. MSCs were derived from two different donors and passages six

and seven were used for the experiments. Adipogenic differentiation was induced by cultur-

ing hMSCs (5000 cell/cm2) in differentiation medium that was supplemented with 100 nM

dexamethasone, 500 µM 3-isobutyl-1-methylxanthine (IBMX) and 60 µM indomethacin.

6.3.2 Mineralization and DNA assays

Calcium and DNA measurements were performed as described previously [119].

6.3.3 Quantification of mRNA expression

RNA isolation, cDNA synthesis and quantitative RT-PCR (Q-RT-PCR) were carried out as

described recently [121].

6.3.4 Illumina gene chip - based gene expression

Illumina HumanHT-12 v3 BeadChip (Illumina, Inc.) human whole-genome expression ar-

rays were used. RNA integrity of isolated RNA was assessed by RNA 6000 Nano assay on a

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The RNA of two biologi-

cal replicates for each condition was analyzed. The Illumina TotalPrep RNA Amplification

Kit (Ambion, Austin, TX, USA) was used for RNA amplification of each sample accord-

ing to the 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 was done to synthesize biotin-labeled cRNA using T7 RNA
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polymerase. The cRNA was column purified and checked for quality by RNA 6000 Nano

assay. A total of 750 ng of cRNA was hybridized for each array using standard Illumina pro-

tocol with streptavidin-Cy3 (GE healthcare) being used for detection. Slides were scanned

on an iScan and analyzed using GenomeStudio (both from Illumina, Inc.). Raw data was

background subtracted using GenomeStudioV2010.1 (Gene expression module 1.6.0), and

processed using the Bioconductor R2.10.0 lumi-package. Data was variance stabilization

transformed and quantile normalized. Differentially expressed probes were identified using

Bioconductor package ’limma’.

6.3.5 Data analyses

Publicly available gene expression datasets were downloaded from Gene Expression Om-

nibus (www.ncbi.nlm.nih.gov/geo/) under the accession number GSE37558 for calcifying

vascular smooth muscle cells and osteoblasts, and GDS5083 for carotid artery atheroma

datasets. The rosiglitazone gene expression dataset has been deposited into GEO under ac-

cession number GSE67518. For gene ontology (GO) analysis, selected official gene symbols

were analyzed using the Database for Annotation, Visualization and Integrated Discovery

(DAVID) 2008 hosted by the National Institute of Allergy and Infectious Diseases (NIAID),

NIH (http://david.abcc.ncifcrf.gov/) using p ≤ 0.1 as cut-off. Unsupervised hierarchical

clustering of the log2 fold changes of expression intensities of probes was carried out us-

ing Genepattern (http://genepattern.broadinstitute.org/gp/). Dendrograms are displayed next

to the respective rows and columns, and data shown by the colours were row-normalized.

Principal component analysis was carried out using Genepattern as well. As input, log2

expression changes of the rosiglitazone signature (190 probes) were used compared to MSC

d0 condition.

Genepattern was also used to perform gene set enrichment analysis (GSEA). Normal-
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ized gene expression intensities without filtering were used, and each probe was collapsed

into a single vector per gene that was then identified by its official gene symbol. For each

GSEA, 1000 permutations were performed. Based on PCA analyses [224] for GSEA of os-

teoblast differentiation, d0 and d2 were grouped (group1, ’undifferentiated’) and compared

with osteoblasts from all later timepoints (group 2, ’differentiated’). For GSEA of patholog-

ical mineralization, VSMCs at d0 (group 1, ’undifferentiated’) were compared with CVCs

from all timepoints available (group 2, ’differentiated’). An FDR q-value of ≤ 0.1 was used

to define statistically significant enrichment.

Ingenuity pathway analysis (IPA) was used to perform upstream regulator analysis, and

to generate gene regulatory networks around potential key genes. For upstream regulator

analysis, activation z-scores of +2 and -2 were used as cut-offs for predicted activators or

inhibitors, respectively. For generated gene regulatory networks, direct up- and downstream

connections were generated from an expression data set filtered based on differential ex-

pression with p ≤ 0.05. Quantitative expression changes were overlayed with upregulation

shown in red, and downregulation shown in green.

Connectivity map was used as independent compound prediction analysis (CMAP;

www.broadinstitute.org/cmap/). This approach uses data from about 6,000 microarray ex-

periments to correlate gene expression levels with about 1,300 different drugs tested in four

human cell lines (i.e. HL60, MCF7, SKMEL5, and PC3). The rosiglitazone clusters 1 and 2

were used as UP signature, and clusters 3 and 4 as DOWN signature. The obtained results

were filtered based on p ≤ 0.05.

Hypergeometric probability test was carried out using GeneProf software

(www.geneprof.org/). All other statistical analyses were carried out using Graphpad Prism

v6. Comparisons with p ≤ 0.05 determined by Student’s t test were defined as statistically

significant.
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6.4 Results

6.4.1 Rosiglitazone - mediated acceleration of mineralization is

initiated during the early osteoblast differentiation phase

We investigated whether a particular osteogenic differentiation phase is important for medi-

ating the stimulatory effect of rosiglitazone on mineralization. Human MSC cultures were

supplemented with 10 µM rosiglitazone or respective control for an interval of each three

days during different phases of osteogenic differentiation (Figure 6.1 A). ECM mineraliza-

tion was quantified at day 15 of culture. Interestingly, rosiglitazone treatment during the first

three days was already sufficient to stimulate ECM mineralization to a level similar to that

observed by continuous treatment (Figure 6.1 B). Rosiglitazone treatment from day 3 until

day 6 revealed a similar effect, whereas treatment during any time interval from day 6 until

day 15 did not lead to any changes in ECM mineralization (Figure 6.1 B). The increased

mineralization levels were not a result of increased cell numbers (Figure 6.1 C). PPARG1

and PPARG2 expression levels were significantly increased upon continuous rosiglitazone

treatment, whereas short-term rosiglitazone incubations showed only transient stimulatory

effects on PPARG expression (Figures 6.1 D, E).

6.4.2 Rosiglitazone regulates well-characterized PPAR-γ target

genes during the early osteoblast differentiation phase

In order to identify rosiglitazone - targeted transcriptional networks, we performed genome

wide transcriptional profiling of 10 µM rosiglitazone and control - supplemented hMSC

cultures during the initially observed important early (0-3 days) phase. The detailed exper-

imental layout is depicted in Figure 6.2 A. Human MSC cultures were supplemented with

rosiglitazone for 1, 3, 6, 24 or 48h directly before harvest during the first 48h of Stage 1 as
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Figure 6.1
The stimulatory effect of rosiglitazone on mineralization is dependent on the early osteoblast
differentiation phase. A) Graphical representation of the rosiglitazone incubation protocol.
Human bone marrow - derived MSCs were cultured in osteogenic differentiation medium
supplemented with 10 µM rosiglitazone during the timepoints as displayed on the x-axis.
B) Quantification of mineralization and C) DNA content during the various differentia-
tion stages, continuous or vehicle - treated control conditions as depicted on the y-axis.
Quantitative-RT-PCR analysis of D) PPARG1 and E) PPARG2. * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; 6 replicates from two independent experiments. Statistics according to Stu-
dent’s T test of the respective rosiglitazone condition compared to vehicle from the same
timepoint.

shown in Figure 6.2 A. This narrow time window was already sufficient for rosiglitazone to

significantly enhance mineralization (Figure 6.2 B). This stimulation of mineralization was

not the result of increased proliferation (Figure 6.2 C). We found that the expression intensi-

ties of 190 probes, representing 185 genes, were significantly different from vehicle-treated

control (q ≤ 0.05) during at least one timepoint (Table 6.1). Five genes were represented

by two different probes each (PTGS2, IL8, GADD45A, ASS1, ALDH1A3). Thus in to-

tal, expression levels of 185 genes were changed significantly upon rosiglitazone treatment.

Confirmed primary PPAR target genes were included in this gene signature, and detailed

analysis of expression fold changes in the different rosiglitazone versus control conditions re-

100



6.4 Results

vealed distinct PPAR target expression patterns (Figure 6.2 D). The expression levels of fatty

acid binding protein 4 (FABP4), stearoyl-CoA desaturase (SCD), aldo-keto reductase family

1 member C2 (AKR1C2), heme oxygenase 1 (HMOX1), and angiopoietin 4 (ANGPTL4)

were increased with extended rosiglitazone incubation time compared to vehicle controls,

whereas the expression levels of serum / glucocorticoid regulated kinase 1 (SGK1), and

prostaglandin-endoperoxide synthase 2 (PTGS2) were reduced upon prolonged incubation

time with rosiglitazone (Figure 6.2 D). The observed expression pattern of ANGPTL4 was

confirmed by quantitative RT-PCR (Figure 6.2 E). In order to further investigate whether the

revealed rosiglitazone gene signature has been associated with stimulated PPAR signaling in

a broader range of biological contexts, we applied two different bioinformatics approaches.

Firstly, we performed upstream regulator analysis using Ingenuity Pathway Analysis soft-

ware. We found that rosiglitazone, an additional thiazolidinedione, pioglitazone, and the

PPAR agonists fenofibrate and daidzein were amongst the upstream predicted regulatory

molecules with the strongest positive activation z-scores (Figure 6.2 F). Most upstream reg-

ulators with activation z-scores of 2 or higher included chemicals whereas biomolecules

represented only a minor part (Figure 6.2 G). These upstream regulators are mainly an-

notated as MAPK signaling inhibitors, corticosteroids and insulin sensitizers. In contrast,

upstream regulators with negative activation z-scores of less than -2 predicting inhibition

are mainly comprised of biomolecules including transcription regulators, cytokines, kinases,

and growth factors (Figure 6.2 H). Finally, we compared the revealed rosiglitazone gene

signature from the current study with publicly available data sets using ’Connectivity Map’.

The identified compounds with p ≤ 0.01 and positive enrichment included the thiazolidine-

dione and PPAR agonist troglitazone, as well as compounds from other classes including

antihistamines (diphenhydramine), beta blocker (nadalol), serotonin receptor antagonists

(quipazine), non-steroidal anti-inflammatories (NSAID; naproxen), antibiotics (benzathine

benzylpenicillin, metronidazole), and monoamine oxidase inhibitors (amantadine, iproni-
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azid) (Table 6.2). Interestingly, the compound with the strongest negative CMAP score was

identified as a potent MAPK activator, and most significant correlations were revealed with

MCF7-derived gene expression signatures (Table 6.2).

In summary so far, genome - wide expression profiling of rosiglitazone - treated os-

teogenic human MSC cultures has revealed a distinct gene signature that contains well -

characterized PPAR target genes and is associated with PPAR stimulation in a broad range

of biological systems. Furthermore, compounds with high similarity to the effects of rosigli-

tazone on gene expression were identified although these results were not cross-validated

between the two independent bioinformatics approaches used.

Figure 6.2 (following page)
Rosiglitazone regulates well-characterized PPAR-γ target genes during the early osteoblast
differentiation phase. A) Graphical display of the rosiglitazone incubation protocol. Os-
teogenic human bone-marrow derived MSCs were cultured in osteogenic medium and sup-
plemented with 10 µM rosiglitazone during the time as depicted on the x-axis. The control
condition was treated with vehicle for 1 h before harvest. B) Mineralization and C) DNA
content of the cultures incubated with rosiglitazone for 48 h (d0-2) compared to vehicle
control analyzed on day 15. D) Heatmap displaying the microarray-based expression fold
changes of well-characterized PPAR target genes in the rosiglitazone treated hMSC condi-
tions compared to controls as described above. E) Quantification of the expression of the
confirmed PPAR-γ target gene ANGPTL4 by q-RT-PCR analysis in samples from 2 inde-
pendent experiments generated similarly as described above. * p ≤ 0.05. N = 6. Expression
levels were calculated relative to GAPDH. F) Upstream regulator analysis of the rosigli-
tazone - regulated gene signature (q ≤ 0.05) using Ingenuity Pathway Analysis software
(IPA). Heatmap displays activation z-scores. Compound names are displayed on the right
of the corresponding heat block. Only compounds with a positive enrichment score (> 2)
are shown. Classification and distribution of the identified positive (G) and negative (H)
upstream regulators into chemicals (dark blue) and biomolecules (red).
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6.4.3 Rosiglitazone target genes cluster into separate

expression pattern groups that underlie discrete upstream

regulatory processes

In order to gain further insights into the nature and dynamics of rosiglitazone - induced

changes of the transcriptome in osteogenic human MSCs, we performed hierarchical cluster-

ing analysis of the identified rosiglitazone targets based on their fold changes of expression

in each rosiglitazone incubation condition compared to vehicle control. We observed great

similarity between 3 and 6, or 24 and 48 h time-points, respectively (Figure 6.3 A). Unsu-

pervised hierarchical clustering revealed a separation of expression patterns into four major

groups (Figure 6.3 A). Expression patterns of transcripts in cluster 1 were overall increased

compared to vehicle controls reaching a plateau during 3 and 6 h of incubation with rosiglita-

zone (Figure 6.3 B). Transcript expression patterns in cluster 2 revealed an upregulation that

was particularly pronounced during 24 and 48 h of incubation with rosiglitazone (Figure 6.3

C). In total, clusters 1 and 2 were comprised of 65 genes. Expression levels of rosiglitazone

target genes were reduced compared to control conditions in both clusters 3 and 4 (Figure

6.3 D, E). Expression levels were reduced during 3, 6, 24 and 48 h of rosiglitazone treatment

compared to controls in cluster 3 (Figure 6.3 D), whereas transcripts belonging to cluster 4

showed remarkable down-regulation after 48 h of rosiglitazone incubation (Figure 6.3 E). In

order to investigate whether clustering of targets according to their expression patterns would

reveal cluster-specific transcription factors orchestrating rosiglitazone - initiated responses,

we performed upstream regulator prediction analysis using Ingenuity pathway analysis (Fig-

ure 6.3 F). Activation of TGF-β signalling and activation of CEBPA, CEBPB, MED1, PGR

and TP53 signalling were predicted transcription factors for cluster 1 and cluster 2, respec-

tively (Figure 6.3 F). Cluster 3 containing transcripts down-regulated upon rosiglitazone

treatment were predicted to result from the activation of AP-1 signalling and inhibition of a
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large number of transcription factors including SMAD, STAT, NfkB, E2F, WNT and FOXO

signalling (Figure 6.3 F). Finally, NFAT signalling was predicted to be inhibited resulting in

the down-regulation of targets allocated to cluster 4 (Figure 6.3 F). In summary, we iden-

tified distinct clusters of rosiglitazone target genes based on their expression patterns that

were reflecting distinct gene regulatory modules.

6.4.4 Rosiglitazone target clusters are annotated with distinct

cellular compartments, molecular functions and biological

processes

In order to investigate whether the revealed gene regulatory modules would also reflect some

functional distinction, we performed gene ontology analysis using DAVID functional anno-

tation tool. Regarding cellular compartments, we found that cluster 1 was enriched for insol-

uble or membrane fraction, and cluster 2 for cytosol and endoplasmic reticulum (Figure 6.4

A). Clusters 3 and 4 were enriched for nucleus-associated compartments, and cytoskeleton

or cell junctions, respectively (Figure 6.4 A). Regarding biological processes, we observed

strong enrichment of positive regulation of angiogenesis in cluster 1 and metabolic pro-

cesses including brown fat differentiation in cluster 2 (data not shown). Apoptotic pathways

were enriched in cluster 3, and glycoprotein synthesis was strongly enriched in cluster 4

(data not shown). Regarding molecular functions, metabolic activity was remarkably en-

riched in cluster 2 including 3-alpha hydroxysteroid dehydrogenase (A-specific; AKR1C4)

followed by trans-1,2-dihydrobenzene-1,2-diol dehydrogenase activity (dihydrodiol dehy-

drogenase; DHDH), NAD oxidoreductase, phosphatidylinositol binding and lipid binding

(Figure 6.4 B). In cluster 3, gene expression regulatory pathways were mainly enriched in-

cluding processes involving AU-rich element binding, MAP kinase tyrosine/serine/threonine

phosphatase, and double-stranded DNA binding processes (Figure 6.4 B). Cell adhesion
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molecule binding was enriched in cluster 4 (Figure 6.4 B). We next investigated whether

similar relationships between the individual clusters and their subcellular localization and

molecular function described above could be validated by an independent bioinformatics

approach using Ingenuity Pathway analysis. Similarly to the results obtained from DAVID,

gene products from clusters 1 and 2 were mainly located within the cytosol and cell mem-

brane with a fewer number of gene products located within the extracellular space or nucleus

(Figure 6.5). The subcellular localization of the gene products from clusters 3 and 4 showed

a great shift towards the nucleus in line with the results obtained from DAVID (Figure 6.6).

In summary, we demonstrated that the distinct rosiglitazone target modules were annotated

with distinct subcellular localizations and functions demonstrating an overall suppression of

gene expression involved in direct transcriptional regulation, and an overall stimulation of

gene expression involved in metabolism.

6.4.5 The rosiglitazone gene signature can discriminate

differentiating hMSC and VSMC cultures based on their

differentiation status

In order to further investigate whether the identified rosiglitazone gene signature would be

important for osteogenic and osteoblast-like differentiation processes of hMSC or VSMC

cultures, respectively, we performed principal component analysis of the rosiglitazone gene

signature on previously published gene expression datasets from hMSC and VSMC cultures

differentiating into osteoblasts or calcifying vascular cells (CVCs), respectively [224]. All

185 genes comprising the rosiglitazone signature were found to be present in these hMSC

and VSMC datasets. We found that the undifferentiated MSC and VSMC cultures showed

a clear difference as indicated by the long distance between them on the two-dimensional

PCA plot showing the first and second principal component describing each 67% or 16%,
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respectively (Figure 6.7 A). Interestingly, both differentiating osteoblasts and CVCs diverged

from their non-mineralizing counterparts into the same direction, and the most differentiated

osteoblast and CVC cultures showed greater similarity as indicated by the reduced distance

from each other (Figure 6.7 A). The first principal component thus describes the differen-

tiation, and the second principal component describes the cell type. The differentiation of

osteoblasts or CVCs results in a more similar profile. We then added GSEA in order to

learn about the directionality of gene expression changes of rosiglitazone targets during en-

dogenous osteogenic differentiation. We found that the upregulated genes (clusters 1 and 2;

Figures 6.3 B and C) were significantly enriched in osteogenic differentiation (i.e comparing

the differentiated osteoblasts with undifferentiated gene expression profiles; Figures 6.7 B,

C) whereas no significant enrichment was found for the downregulated genes (clusters 3 and

4; Figures 6.3 D and E; data not shown for enrichment). During osteogenic differentiation

of VSMCs into CVCs we found a borderline significant enrichment of rosiglitazone targets

from clusters 1 and 2 (Figures 6.7 D, E), and also here no significant enrichment for clusters

3 and 4 was observed (data not shown). In summary, these analyses have provided evidence

for the presence of the upregulated rosiglitazone signature during endogenous osteogenic

differentiation of MSC and VSMC suggesting that rosiglitazone targets may be important

components for the induction of both physiological and pathological mineralization.

6.4.6 Identification of commonly and specifically enriched

rosiglitazone targets during physiological and

pathological mineralization

In order to investigate whether the rosiglitazone targets may be enriched specifically in ei-

ther osteoblasts or CVCs, we generated a VENN diagram from the significantly enriched

genes determined by GSEA as shown above (Figure 6.8 A). This analysis revealed that the
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majority, i.e 30 genes, were found to be commonly enriched in both physiological and patho-

logical mineralization (Figure 6.8 B), whereas only a small number of 14 and 5 genes were

found to be specifically enriched in osteoblasts or CVCs, respectively (Figures 6.8 C, D).

We finally aimed to investigate whether the identified rosiglitazone gene signature would be

detectable in patient-derived carotid plaque tissue [225]. From the 185 genes rosiglitazone

signature 148 were present in the carotid artery atheroma datasets. We found that 85 out of

these 148 genes from the rosiglitazone signature showed a significant (p ≤ 0.05) difference

in expression in carotid plaque tissue compared to intact adjacent tissue, a number that is

well above chance according to hypergeometric probability test (p ≤ 1.6e-12; Figure 6.9

A). We next performed unsupervised hierarchical clustering and divided the differentially

expressed genes into an upregulated and a downregulated cluster (Figure 6.9 A). Next, com-

parative analysis of rosiglitazone genes (i.e. carotid plague versus intact tissue; differentiated

osteoblasts versus undifferentiated MSCs, and CVCs versus VSMCs) was performed. Com-

parative analysis of the upregulated cluster revealed that one gene was also enriched specifi-

cally in CVCs while 10 genes were also enriched in both osteoblasts and CVCs (Figure 6.9

B). For the downregulated cluster, we identified 4 genes that were also specifically enriched

in VSMC, and 4 additional genes that were also enriched in both VSMCs and MSCs (Figure

6.9 C). The gene found to be specifically upregulated in pathological (VSMC) mineraliza-

tion was identified as PDK4 encoding for pyruvate dehydrogenase kinase isoform 4, and the

genes identified to be downregulated exlusively in carotid plaque and CVC but not physi-

ological mineralization were identified as TCF4, SDC4, SPRY4, and DACT1 encoding for

transcription factor 4, syndecan 4, sprout homolog 4 (Drosophila), and dishevelled binding

antagonist of beta-catenin 1, respectively (Figure 6.9 D). Finally, we investigated whether

these five candidate genes identified for rosiglitazone - stimulated pathological mineraliza-

tion were key components of gene regulatory networks. We therefore performed Ingenuity

Pathway Analysis - based generation of gene regulatory networks starting from the 5 key
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genes and overlayed the revealed connected up- and downstream molecules with the gene

expression data from carotid plaque versus adjacent intact tissue (Figure 6.10). We found

overall that the 5 key candidates identified were well connected with differentially regulated

genes in carotid plaques and hence may provide promising candidates to develop targeted

therapies to improve vascular health.

6.5 Discussion

The current study has revealed three major findings. Firstly, short-term rosiglitazone treat-

ment during the early phase of osteogenic hMSC differentiation is already sufficient to accel-

erate osteoblast differentiation and bone matrix mineralization that is observed two to three

weeks later during culture. Secondly, a rosiglitazone gene signature targeted during the ob-

served important early phase can discriminate osteogenic and osteoblast-like cultures from

their undifferentiated hMSC or VSMC counterparts, respectively. And thirdly, a majority of

the rosiglitazone gene signature is dysregulated in carotid plaque compared to intact tissue.

Comprehensive comparative analyses have revealed 5 rosiglitazone targets that are specifi-

cally dysregulated in pathological mineralization providing a rationale for these targets to be

validated in further studies to improve vascular health.

The data from the current study demonstrating that rosiglitazone initiates its acceleratory

effects on differentiation during the initial phase of osteoblast differentiation are novel and

suggest that early proliferation or basic matrix formation processes are particularly suscep-

tible to PPAR stimulation enabling a fine-tuned orchestrated cellular response to environ-

mental conditions during this early stage. In line with this hypothesis, a particularly high

susceptibility of the early osteoblast differentiation phase to environmental perturbations has

been demonstrated recently in regard to oxygen tension [162,226], 1α ,25-dihydroxyvitamin

D3 [102], and interferon-β [227]. Also RUNX2 and WNT effects are time-dependent and
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particularly important during the early phase of osteoblast differentiation [211, 228].

The finding that PPARG expression was low during the stages when rosiglitazone treat-

ment initiated the strongest effects demonstrates that the level of receptor expression is not

directly correlated with the effects of rosiglitazone on osteoblast differentiation and miner-

alization. This suggests that a low expression level of PPARG is already sufficient to medi-

ate the rosiglitazone - initiated effects on differentiation and mineralization, or that at least

parts of the effects may be mediated PPARG-independently. PPARG independent effects

of thiazolidinediones have been described earlier [203] , however, we have shown recently

that knockdown of PPARG1 expression diminished, and overexpression of PPARG1 fur-

ther increased osteoblast differentiation [151]. It is therefore conceivable that a low level

of receptor is already sufficient, and that the timing of the rosiglitazone perturbation is of

highest importance with early proliferation or basic matrix formation processes being par-

ticularly sensitive to environmental inputs during this early differentiation stage. In support

of this hypothesis, we have demonstrated by using independent bioinformatics analyses that

the gene networks regulated by rosiglitazone during the early osteoblast differentiation stage

contain well-characterized PPAR target genes and are also associated with PPAR stimulation

in a broad range of other biological systems.

The compounds identified by upstream regulator prediction or connectivity map - based

analysis of the rosiglitazone signature include, besides rosiglitazone itself, well-characterized

PPAR agonists such as the additional thiazolidinediones pioglitazone and troglitazone, as

well as natural PPAR ligands including fenofibrate and daidzein. Hence these data confirm

the sanity of the chosen approach to identify novel compounds with potential PPAR agonistic

activity or similar working mechanisms, and may provide a starting point for drug reposi-

tioning [229]. The identified drugs represent various compound classes derived from natural

or synthetic origins, and the large variety of structures and functional annotations is in line

with the role of PPARs as low-affinity nuclear receptors orchestrating a wide range of cellular
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processes including fatty acid catabolism, inflammatory responses, cell proliferation, apop-

tosis and differentiation by direct or indirect modes of gene expression regulation [230,231].

Intriguingly, most of the compounds identified by connectivity map - based analysis had

been tested in experiments involving the bone metastatic breast cancer cell line MCF-7. We

hypothesize that, in the context of PPAR signaling, the response of the MCF-7 transcriptome

to rosiglitazone may be most similar to the response of osteogenic MSCs. In support of this,

earlier studies have revealed a mimicry of skeletal cellular phenotypes by bone metastasizing

breast cancer cells [232–236].

The separate clusters of co-expressed transcripts revealed by hierarchical clustering anal-

ysis of rosiglitazone - induced transcript changes are functionally annotated with distinct

cellular compartments, molecular functions and biological processes, and are also predicted

to underlie discrete upstream regulatory processes. In line with these data, Stuart and co-

workers have demonstrated earlier the existence of co-expressed genes forming genetic mod-

ules that showed functional relation across the conservation over multiple species [237].

Additional GSEA of the identified rosiglitazone target clusters have revealed that particu-

larly targets from the upregulated clusters are strongly enriched during both osteogenic and

osteoblast-like differentiation. One of the major networks (Figure 6.5) includes genes with

essential roles in steroid and fatty acid metabolism that are annotated as downstream tar-

gets of CCAT/enhancer binding protein (C/EBP) alpha (CEBPA). Moreover, CEPBA itself

as well as the glucocorticoid-induced leucine zipper (TSC22D3), aldo-keto reductase family

1 member C3 (AKR1C3), argininosuccinate synthase 1 (ASS1), stearoyl-CoA desaturase

(SCD), and phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) have been described

as dexamethasone targets in a broad range of biological systems [238–244]. The identifica-

tion of a dexamethasone-regulated network associated with enhanced mineralization that is

already stimulated endogenously during osteogenic and osteoblast-like differentiation is in

line with the essential role of glucocorticoid metabolism for human osteoblast differentiation
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and mineralization [119,245,246]. Cortisol triggers the production of a mature extracellular

matrix that eventually becomes mineralized upon precipitation and attachment of hydroxya-

patite crystals, a process mediated at least partially by alkaline phosphatase (ALPL) [12].

The observed overlap between rosiglitazone- and dexamethasone mediated gene regulation

provides further evidence for a role of rosiglitazone - activated PPAR-γ in glucocorticoid

- mediated signaling in extracellular matrix mineralization. In support of this, we have

shown earlier that PPARG expression is directly induced by dexamethasone in human os-

teoblasts [121]. The observed additional stimulation of expression of dexamethasone targets

by rosiglitazone suggests that osteoblast-, osteoblast-like differentiation - and mineraliza-

tion processes are susceptible to these environmental inputs in a dose-dependent manner,

and that the addition of rosiglitazone to the dexamethasone - containing differentiation con-

dition can further amplify those essential glucocorticoid - regulated processes resulting in

an accelerated and enhanced physiological or pathological mineralization phenotype. High

pharmacological levels of glucocorticoids for longer periods frequently result in osteoporo-

sis, and metabolic syndrome that is a constellation of metabolic risk factors including in-

sulin resistance, dyslipidemia, hypertension and central obesity that significantly increases

the risks of Type 2 diabetes and cardiovascular disease [247]. It is therefore conceivable that

rosiglitazone may amplify glucocorticoid signaling above a physiological level causing an

accelerated onset of the adverse effects clinically seen by excess glucocorticoid signaling on

bone and vascular health.

The fact that differentiated osteoblasts and CVCs show remarkable similarity based on

their reduced distance by principal component analysis using the rosiglitazone gene signa-

ture is striking as Alves and co-workers found that, despite some similarities, the transcrip-

tomes of osteoblasts and CVCs were overall different, and the degree of difference did not

change during the time course of differentiation [224]. The rosiglitazone gene signature

can discriminate osteoblasts from MSCs and CVCs from VSMCs based on their differ-
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entiation status. Differentiated CVCs and osteoblasts are more similar to each other than

undifferentiated MSCs and VSMCs. These results suggest that the rosiglitazone gene signa-

ture contains important regulators of extracellular matrix production and mineralization that

are common between physiological and pathological conditions. Despite the great overlap

identified, we have focused our efforts on the identification of CVC-specific rosiglitazone

targets considering the serious cardiovascular side effects that have been reported for rosigli-

tazone [72,73,168] and as those may provide the most promising candidates to target patho-

logical mineralization. We were able to identify five key genes differentially expressed in

CVCs compared to VSMCs and also differentially expressed between carotid plaque tissue

compared to the respective adjacent intact tissue, showing the same directionality of gene ex-

pression change: PDK4, SDC4, SPRY4, TCF4, and DACT1. PDK4 is upregulated in CVCs

and also overexpressed in carotid plaques. In line with this finding, the pyruvate dehydro-

genase complex has been described as an emerging target for the treatment of metabolic

syndrome. To maintain a steady-state level of adenosine triphosphate during the feed-fast

cycle, cells need to utilize fatty acid and glucose efficiently that is controlled by the pyruvate

dehydrogenase complex. Lee et al. have mentioned recently an important role for PDK4

in vascular mineralization including an upregulation of PDK4 and phosphorylation of the

pyruvate dehydrogenase complex in cultured VSMCs and calcified vessels of patients with

atherosclerosis [248]. In their mentioned unpublished work, PDK4 promoted osteogenic dif-

ferentiation of VSMCs by phosphorylating SMAD1/5/8 and enhancing bone morphogenic

protein 2 signaling [248].

The remaining 4 key genes identified (SDC4, TCF4, DACT1, and SPRY4) are downreg-

ulated in CVCs and also under-expressed in carotid plaques. SPRY4 is a member of the Spry

protein family that can serve as feedback modulator of receptor tyrosine kinases, PI3K/Akt,

and MAPK/ERK signaling mechanisms. Interestingly, SPRY4 has been described recently

as a suppressor of VSMC differentiation by antagonizing both MAPK/ERK and Akt signal-
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ing in vitro [249]. The downregulation of SPRY4 may facilitate the differentiation process

of VSMCs that may, together with other stimuli, facilitate the differentiation into CVCs.

DACT1 is a member of the Dact protein family of multi-domain adaptor proteins that serve

as a nodal point in regulating many cellular activities by regulating Wnt and Tgf-β signal-

ing [250]. However potential roles of DACT1, SDC4 and TCF4 in pathological mineraliza-

tion have not yet been described.

In conclusion, the current study provides evidence for a particularly high susceptibility

to rosiglitazone - mediated perturbation of the osteoblast transcriptome during the early dif-

ferentiation phase leading to accelerated osteoblast differentiation and mineralization. The

identified rosiglitazone gene signature can discriminate non-mineralized VSMC, MSC and

early osteoblast cultures from differentiated and mineralized osteoblast and CVC cultures,

and is associated with an increased mineralization phenotype. Comprehensive comparative

analyses have revealed five rosiglitazone targets that are differentially regulated exclusively

in pathological mineralization and hence serve as promising candidates to improve vascular

health.
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Table 6.1
The rosiglitazone gene signature

Gene symbol Entrez ID Gene symbol Entrez ID Gene symbol Entrez ID

ABCA1 19 FOXC2 2303 PPP1R3C 5507
ACADVL 37 FRAT2 23401 PSCD2 9266
AFAP1L1 134265 FTHL2 2497 PTGER2 5732
AGTR1 185 GADD45A 1647 PTGS2 5743
AHNAK 79026 GADD45B 4616 PTPLAD2 401494
AK025332 0 GDE1 51573 PTTG2 10744
AKR1B10 57016 GNAQ 2776 PVRL3 25945
AKR1C2 1646 HBEGF 1839 RASD1 51655
AKR1C3 8644 HES1 3280 RCAN1 1827
ALDH1A3 220 HEYL 26508 RHOB 388
ALG6 29929 HMOX1 3162 RNF13 11342
ANGPTL4 51129 HNRPA1L-2 664709 RRBP1 6238
ANKRD1 27063 HNRPAB 3182 SCD 6319
APOL3 80833 HRASLS3 11145 SDC4 6385
ASS1 445 HSPA1A 3303 SERPINE1 5054
AXUD1 64651 ID1 3397 SERTAD1 29950
BAX 581 ID2 3398 SERTAD4 56256
BCYRN1 618 IER5 51278 SF3B1 23451
BHLHB2 8553 IL10 3586 SGK1 6446
C10orf10 11067 IL8 3576 SHROOM3 57619
C13orf15 28984 ISG20L1 64782 SLC25A25 114789
C14orf24 283635 JUN 3725 SLC2A3 6515
C18orf17 125488 JUNB 3726 SLC40A1 30061
C1QTNF1 114897 KIAA1199 57214 SNAI2 6591
C20orf149 79144 KLF10 7071 SPHK1 8877
C21orf55 54943 KRCC1 51315 SPRY2 10253
C2orf33 56947 KRTAP1-1 81851 SPRY4 81848
CCDC80 151887 KRTAP1-3 81850 STC1 6781
CD276 80381 KRTAP1-5 83895 STK38 11329
CDC14B 8555 LAMA4 3910 SUCLG1 8802
CDC42EP2 10435 LATS2 26524 TCF4 6925
CDC42SE1 56882 LOC134997 134997 TDG 6996
CDKN1A 1026 LOC387763 387763 THBS3 7059
CEBPA 1050 LOC407835 407835 TIPARP 25976
CFD 1675 LOC63920 63920 TKT 7086
CIDEC 63924 LRRC41 10489 TMEM101 84336
CKAP2 26586 LTBR 4055 TMEM135 65084
CLOCK 9575 LYSMD2 256586 TMEM16C 63982
CRYAB 1410 MAFF 23764 TNC 3371
CTNNB1 1499 MANBAL 63905 TOB1 10140
CYGB 114757 MAP3K6 9064 TRIB1 10221
DAB2 1601 MCL1 4170 TRRAP 8295
DACT1 51339 MEF2D 4209 TSC22D3 1831
DBC1 1620 MIDN 90007 UNG 7374
DDIT4 54541 MMD 23531 WRNIP1 56897
DDR2 4921 MYC 4609 XM 371243 na
DEPDC6 64798 MYLIP 29116 XM 375558 na
DHCR7 1717 NFIC 4782 XM 925863 na
DIAPH3 81624 NM 001024646 na XM 927528 na
DUSP1 1843 NM 032794 na XM 930284 na
DUSP5 1847 NOV 4856 XM 930995 na
DYRK2 8445 NPSR1 387129 XM 936937 na
EDG3 1903 NR2F1 7025 XM 942223 na
EGFLAM 133584 NUAK1 9891 XM 944429 na
EGR1 1958 OSBPL6 114880 YRDC 79693
EGR2 1959 PANK1 53354 ZC3H12A 80149
EGR3 1960 PDK4 5166 ZFP36 7538
EPHX1 2052 PICALM 8301 ZFP36L1 677
ERP29 10961 PIK3R1 5295 ZNF281 23528
FABP4 2167 PIM1 5292 ZNF581 51545
FAM46B 115572 PPAP2A 8611 ZNF682 91120
FOSB 2354 PPP1R15A 23645
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6 Rosiglitazone - targeted transcriptional networks in mineralization

Table 6.2
Connectivity map analysis of rosiglitazone targets in osteogenic hMSCs
Compound Cell line Enrichment P

diphenhydramine MCF7 0.99 0.00012
nadolol MCF7 0.982 0.0006
quipazine MCF7 0.98 0.0007
benzathine benzylpenicillin MCF7 0.974 0.00109
amantadine MCF7 0.967 0.00181
iproniazid MCF7 0.964 0.00217
methoxamine MCF7 0.955 0.0035
khellin MCF7 0.95 0.00455
adiphenine MCF7 0.937 0.00769
metoprolol MCF7 0.935 0.00797
trimethobenzamide MCF7 0.933 0.00849
metronidazole MCF7 0.928 0.00972
troglitazone HL60 0.9 0.0001
naproxen MCF7 0.838 0.00107
CP-320650-01 PC3 0.821 0.00179
PHA-00745360 MCF7 0.802 0.0029
tanespimycin MCF7 -0.392 0.00006
prochlorperazine MCF7 -0.518 0.00899
monorden MCF7 -0.53 0.00118
chlorpromazine PC3 -0.798 0.00328
fluocinonide MCF7 -0.833 0.00923
rottlerin MCF7 -0.836 0.00877
lanatoside C MCF7 -0.852 0.00647
ethotoin MCF7 -0.873 0.00409
helveticoside MCF7 -0.9 0.00192
beta-escin MCF7 -0.912 0.00118
alsterpaullone PC3 -0.931 0.00984
parbendazole MCF7 -0.933 0.00924
azacitidine MCF7 -0.942 0.0073
papaverine MCF7 -0.946 0.00634
disulfiram PC3 -0.954 0.00453
clioquinol MCF7 -0.957 0.00022
8-azaguanine MCF7 -0.959 0.00372
benfluorex MCF7 -0.962 0.00322
camptothecin MCF7 -0.97 0.00191
methylbenzethonium chloride PC3 -0.972 0.00161
sulconazole MCF7 -0.974 0.00139
mebendazole MCF7 -0.985 0.00048
helveticoside PC3 -0.985 0.0005
lanatoside C PC3 -0.989 0.00026
quinisocaine MCF7 -0.997 0.00004
anisomycin MCF7 -0.998 0.00004
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Figure 6.3
Rosiglitazone-target genes cluster into separate expression pattern groups that underlie dis-
crete upstream regulatory processes. A) Heatmap displaying the results obtained from hier-
archical clustering analysis. Probesets included were selected based on q ≤ 0.05 in at least
one condition compared to control. Blue: low expression fold change; Red: high expression
fold change compared to controls; row-normalized. The data were generated from 3 wells
in duplicate for each condition. B - E) Average expression patterns of the four clusters. Data
represented are mean ± S.E. log fold change of each rosiglitazone condition compared to
controls. F) Upstream regulator analysis of the four individual clusters using Ingenuity path-
way analysis. Transcription regulators were selected; activation and inhibition predication
z-score cut-off was +2.00 or -2.00, respectively.
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6 Rosiglitazone - targeted transcriptional networks in mineralization

Figure 6.4 (following page)
Rosiglitazone-target clusters are annotated with distinct cellular compartments, molecular
functions and biological processes. DAVID gene functional classification tool - based gene
ontology analysis of the four individual clusters according to A) cellular compartments, and
B) molecular function. Annotations were selected based on p ≤ 0.1.
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6 Rosiglitazone - targeted transcriptional networks in mineralization

Figure 6.5
Rosiglitazone-target clusters are annotated with distinct cellular compartments, molecular
functions and biological processes. Subcellular localization of clusters 1 and 2 by Ingenuity
Pathway Analysis. Direct connections were added between the genes with curated regulatory
interactions.
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6.5 Discussion

Figure 6.6
Rosiglitazone-target clusters are annotated with distinct cellular compartments, molecular
functions and biological processes. Subcellular localization of clusters 3 and 4 by Ingenuity
Pathway Analysis. Direct connections were added between the genes with curated regulatory
interactions.
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6 Rosiglitazone - targeted transcriptional networks in mineralization

Figure 6.7 (following page)
A rosiglitazone-targeted gene signature can discriminate differentiating hMSC and VSMC
cultures based on their differentiation status. A) Principal component analysis (PCA) of the
rosiglitazone signature in osteoblasts differentiating from hMSCs and CVCs differentiating
from VSMC cultures. B-E) GSEA of clusters 1 and 2 from the rosiglitazone signature com-
paring differentiated osteoblasts with MSC and early (d2) osteoblast cultures (B, C), and
comparing CVCs with VSMCs (D, E). Heatmaps in B) and D) show expression changes
of the upregulated rosiglitazone targets (i.e cluster 1 and 2 genes) in osteoblasts from dif-
ferent timepoints compared to MSC d0; data were row-normalized. C, and E show GSEA
results. The obtained negative enrichment scores indicate an enrichment of the cluster 1 and
2 signature in the differentiated groups in both osteogenic MSC and VSMC-CVC analy-
ses. Statistical parameters for MSC - osteoblast GSEA were determined as the following:
normalized enrichment score (-1.266), nominal p-value (0.02), FDR q-value (0.03), FWER
p-value (0.03). For VSMC - CVC GSEA, the following statistical parameters were quanti-
fied: normalized enrichment score (-1.244), nominal p-value (0.07), FDR q-value (0.058),
FWER p-value (0.055).
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6 Rosiglitazone - targeted transcriptional networks in mineralization

A

B Commonly enriched genes

C Osteoblast speci�cally enriched genes

D CVC speci�cally enriched genes
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Figure 6.8
Identification of commonly and specifically enriched rosiglitazone targets during physiolog-
ical and pathological mineralization. A) VENN diagram of cluster 1 and 2 genes identified
to be significantly enriched by GSEA analyses of osteoblasts versus MSCs and of CVCs
versus VSMCs. Heatmaps displaying expression patterns of the genes identified by GSEA
and found to be B) commonly enriched in osteoblasts and CVCs, C) specifically enriched in
osteoblasts, and D) specifically enriched in CVCs. All data were row-normalized.
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6.5 Discussion

Figure 6.9
Identification of rosiglitazone targets in atherosclerosis. A) Heatmap of the 85 rosiglitazone
targets differentially expressed between carotid plaque and intact tissue from atherosclerotic
patients. Data were row-normalized. Venn diagrams of the genes from the upregulated
carotid plaque cluster, and clusters 1 and 2 in osteoblasts and CVCs (B), and of the genes
from the downregulated carotid plaque cluster and clusters 3 and 4 in osteoblasts and CVCs
(C). D) Pairwise carotid plaque versus intact tissue expression changes of the identified 5
pathological mineralization - specific rosiglitazone targets PDK4, TCF4, SDC4, SPRY4, and
DACT1. Data from each atherosclerotic patient are represented ± 95% confidence interval.
E) Ingenuity pathway analysis generated gene expression regulatory networks around the
5 key targets identified with overlayed expression changes from the patient dataset (carotid
plaque versus intact tissue, cut-off p ≤ 0.05).
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6 Rosiglitazone - targeted transcriptional networks in mineralization

Figure 6.10
Identification of rosiglitazone targets in atherosclerosis. Ingenuity pathway analysis gener-
ated gene expression regulatory networks around the 5 key targets identified with overlayed
expression changes from the patient dataset (carotid plaque versus intact tissue, cut-off p ≤
0.05).
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7 General discussion

The PPAR-γ activators of the thiazolidinedione (TZD) class have recently been identified as

risk factors for osteoporosis and cardiovascular disease [40,72–75]. This thesis has aimed to

characterize the functional role and consequences of TZD - stimulated PPAR-γ signaling in

bone metabolism and pathological mineralization in order to achieve a better understanding

that may facilitate the development of strategies to prevent the actions of these risk factors

in the future. The studies presented in this thesis have revealed three major findings. Firstly,

PPAR-γ signaling is functional and endogenously upregulated in differentiating osteoblast

and osteoblast-like cells (Chapter 2) and can operate synergistically with established os-

teoblast differentiation stimulators such as dexamethasone and 1,25-dihydroxyvitamin D3

(Chapters 2 and 4). Secondly, activation of PPAR-γ signaling by the TZD rosiglitazone

accelerates osteoblast differentiation at the expense of increased oxidative stress and apop-

tosis explaining the widely observed reduction in bone mass and quality in TZD - treated

patients (Chapter 3). The adipogenic lineage is protected from this providing an alternative

concept of aging - related lineage skewing (Chapter 3). Thirdly, the antioxidant resveratrol

diminishes rosiglitazone - mediated actions in osteoblast and osteoblast-like differentiation

suggesting that reducing rosiglitazone - stimulated oxidative stress may prevent the detri-

mental effects of TZDs on bone and cardiovascular health (Chapter 5). Finally, genome-

wide expression analyses in human mesenchymal stem cells differentiating into osteoblasts

and vascular smooth muscle cells differentiating into calcifying vascular cells revealed five
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7 General discussion

target gene candidates (PDK4, SDC4, SPRY4, TCF4 (also referred to as E2-2), and DACT1)

that may specifically control extracellular matrix mineralization in vascular cells and hence

provide interesting candidates for further investigations to improve vascular health (Chapter

6).

7.1 Presence and upregulation of classical ’fat cell’

markers in differentiating osteoblasts

The unexpected presence and upregulation of PPAR-γ during osteoblast differentiation was

initially discovered by unbiased transcriptome profiling of the human pre-osteoblastic cell

line SV-HFO during dexamethasone - induced differentiation in vitro (Eijken et al.; data un-

published). The data presented in Chapter 2 have confirmed increasing expression levels of

the three PPARG transcripts-1, -3 and -4 giving rise to PPAR-γ1 protein but not PPARG-2

encoding for PPAR-γ2 protein during the differentiation of two human pre-osteoblast cell

lines SV-HFO and NHOST, during human MSC differentiation towards the osteoblastic

lineage, and finally in a VSMC-based model for vascular calcification that mimics matrix

formation and mineralization by the osteoblasts. In the absence of differentiation towards

matrix - producing and mineralizing cells, PPARG transcript levels are virtually absent and

do not increase during culture time. In addition, transcript levels of three confirmed primary

PPARG target genes ANGPTL4, FABP4 and ADFP increase during osteoblast differentia-

tion, which correlates with the changes in expression levels of PPARG transcripts-1, -3 and

-4. Together these data demonstrate a clear coupling between PPAR-γ1 expression and ex-

tracellular matrix synthesis and mineralization. Alves et al. have recently demonstrated high

abundance of the PPAR-γ target FABP4 in human trabecular bone samples using large-scale

mass spectrometry-based proteomic analyses. FABP4 belonged to the top 20 ranked proteins
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7.2 Molecular cross-talk between PPAR-γ and other nuclear receptors

according to expression with a higher abundance compared to some of the classical bone

proteins BGN, MGP, SPARC, ALPL and SPP1 [251]. Moreover, the transcriptional upregu-

lation of PPAR-γ signaling during osteoblast differentiation has been confirmed recently by

Staines and co-workers who performed microarray analyses on murine calvarial osteoblasts

cultured under conditions that permit both physiological extracellular matrix mineralization

via the formation of discrete nodules and terminal differentiation of osteoblasts into osteo-

cytes [252].

7.2 Molecular cross-talk between PPAR-γ and other

nuclear receptors

7.2.1 Glucocorticoid receptor

The short-term dexamethasone incubation studies in Chapter 2 have revealed that PPARG

expression is directly stimulated by dexamethasone. Addition of the glucocorticoid receptor

antagonist RU-486 blocks the dexamethasone effect demonstrating glucocorticoid receptor

dependence. Finally, in silico searches for putative glucocorticoid receptor response ele-

ments (GRE) in the promoter region of the PPARG gene have revealed several hits close to

the transcription start sites, and blocking de novo protein biosynthesis using cycloheximide

does not change the stimulatory action of dexamethasone on PPARG expression demonstrat-

ing that PPARG is a direct glucocorticoid receptor target gene. Despite clear stimulation

of bone formation by glucocorticoids in vitro, pharmacological levels exceeding the physi-

ological concentrations of glucocorticoids for longer periods can cause detrimental skeletal

effects. In support of this, glucocorticoid-treated male Swiss Webster mice exhibit an in-

crease in osteoblast apoptosis in vertebrae and show apoptosis in 28% of the osteocytes

in metaphyseal cortical bone [149]. Increased osteoblast and osteocyte apoptosis is also
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found in patients with glucocorticoid-induced osteoporosis [149]. These findings suggest

that PPAR-γ is a component of the glucocorticoid - mediated apoptosis pathway in bone.

We hypothesize that activation of the increased pool of PPAR-γ by its endogenous or syn-

thetic ligands can further amplify the detrimental effects of glucocorticoids on bone.

7.2.2 Vitamin D receptor

The vitamin D receptor (VDR) is important for bone health and osteoblast differentiation,

and is expressed in osteoblasts where it interacts directly with the key transcription factor

for osteoblast differentiation RUNX2 in the regulation of osteocalcin and osteopontin ex-

pression (for review, see [253]). Bosetti and co-workers have revealed recently a stimulatory

effect of 1,25-dihydroxyvitamin D3 on proliferation and expression of osteogenic markers as

well as human MSC differentiation into osteoblasts demonstrating improved osteoinductiv-

ity and osteoconductivity of a poly-L-lactide acid scaffold for bone tissue engineering [254].

A large amount of evidence has accumulated demonstrating extensive molecular cross-talk

between VDR and other members of the nuclear receptor superfamily in the control of

bone metabolism that is mediated via interaction with a multitude of transcription factors

and DNA and histone - modifying proteins (for review, see [255]). In melanoma cells,

1,25-dihydroxyvitamin D3 stimulates PPAR-α/δ expression [104] while in breast cancer

cells PPAR-γ binds VDR and represses its transcriptional activity possibly by competing for

RXR heterodimerization [256]. Kapil et al. have shown recently that molecular cross-talk

between PPAR-γ and VDR can improve protection against ischemia reperfusion - induced

acute kidney injury in vivo [257]. The studies from this thesis in Chapter 4 have revealed a

partial suppressive effect of rosiglitazone on 1,25-dihydroxyvitamin D3 - mediated stimula-

tion of the mineralization inhibitor BGLAP that is correlated with excessive mineralization.

This mechanism may form an additional component of a molecular cross-talk between VDR
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and PPAR-γ signaling in human osteoblast mineralization suggesting that TZD - activated

PPAR-γ may partly diminish the regulatory function of VDR in the control of excessive

mineralization.

7.3 An alternative model underlying the detrimental

consequences of PPAR-γ on bone

The studies from this thesis in Chapter 3 have revealed an acceleration of osteoblast dif-

ferentiation by activated PPAR-γ that is ultimately followed by mitochondrial dysfunction,

oxidative stress and apoptosis. In line with our findings, rosiglitazone was associated with

small reductions in femoral neck, total hip and lumbar spine bone mineral density (BMD)

and significantly increased bone turnover markers compared with metformin in a recent

randomized, double-blinded study in postmenopausal women with type 2 diabetes melli-

tus [258]. The observed differential susceptibility of adipocytes and osteoblasts to PPAR-γ

- induced oxidative stress that favors osteoblast apoptosis but does not derogate adipocyte

survival provides a new concept for TZD - induced bone loss and bone marrow adipoge-

nesis that is, unlike earlier models [41, 45, 87, 88, 259], in accordance with uncoupled os-

teoblast and adipocyte differentiation from their common progenitor, the MSC. In support of

this concept, recent studies have provided evidence for an independence of osteoblast from

adipocyte differentiation processes and vice versa. Rahman et al. have recently demon-

strated a downstream mechanism of rosiglitazone - activated PPAR-γ2 involving β -catenin.

β -catenin signaling is an important stimulator of osteoblast differentiation. In PPAR-γ2 ex-

pressing U-33 cells that are primed to differentiate into adipocytes, rosiglitazone treatment

lead to a rapid proteolytic degradation of β -catenin. Interestingly, the attempt to rescue

this phenotype by stabilizing β -catenin expectedly suppressed the PPAR-γ2 pro-adipogenic
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function but to the authors’ surprise, osteoblastogenesis was not restored [259]. Moreover,

Yoshiko and co-workers have demonstrated that rosiglitazone - enhanced nuclear translo-

cation of PPAR-γ in rat calvaria cells isolated within the osteoblast lineage developmental

hierarchy increased CFU-ALP colonies and bone nodule formation despite increasing adi-

pogenesis in these cultures at the same time [260]. Interestingly, in a 14-week prospective,

double-blind, randomized, placebo-controlled trial, rosiglitazone treatment has resulted in

significantly reduced spine fat besides the expected decreases in femoral neck and lumbar

spine BMD [261]. Together these data provide evidence for a new concept on bone health

that adds to the explanation of the clinically observed suppressive action of activated PPAR-γ

on bone and the widely but not obligatory observed associated phenomenon on bone mar-

row adipogenesis. This concept is based on a higher susceptibility of the osteogenic than

the adipogenic lineage to oxidative stress and apoptosis that is preferentially triggered in the

osteoblasts by activated PPAR-γ .

7.4 Rosiglitazone as accelerator of pathological

mineralization

In Chapter 5 of this thesis, direct stimulatory effects of rosiglitazone on mineralization of

cultured human VSMCs, an in vitro model of vascular mineralization, are demonstrated.

The stimulatory effect on mineralization is at least partly caused by induction of caspase

- dependent apoptosis. In addition, rosiglitazone increases osteoblast-like differentiation

that is correlated with the stimulation of oxidative stress and mineralization. The findings

presented in Chapter 5 are supported by the studies described in Chapter 6 in which a rosigli-

tazone gene signature is correlated with osteoblast-like differentiation and mineralization of

VSMCs into CVCs. The identified rosiglitazone / differentiation / apoptosis / mineralization
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cascade envisions a novel mechanism that may serve as explanatory model for the clinically

observed increased risk for myocardial infarction in rosiglitazone - treated diabetic type 2 pa-

tients [72,73]. In support of this, Pro12Ala and C161T loss of function mutations of PPARG

in humans are associated with a lower incidence of myocardial infarction and angiographi-

cally documented atherosclerotic heart disease [182,183]. Taken together, the findings from

this thesis regarding the influence of rosiglitazone on pathological mineralization suggest

that, once atherosclerotic plaque has been formed, rosiglitazone accelerates the mineraliza-

tion process leading to an increase in calcified vascular lesions. We have shown that the

caloric restriction mimetic and antioxidant resveratrol diminished rosiglitazone - induced

oxidative stress, apoptosis, osteoblast-like differentiation and mineralization. Therefore, im-

proving mitochondrial function and the antioxidant protection system may be a successful

strategy to prevent aging - related and TZD - induced bone loss and vascular calcification.

7.5 Preventing the risks of TZDs in bone loss and

cardiovascular disease

The novel concept defined in this thesis provides a rationale for using antioxidants or other

agents to improve mitochondrial function in order to prevent the clinically observed detri-

mental effects of TZDs in bone and cardiovascular health. In support of this concept re-

garding cardiovascular health, the caloric restriction mimetic and antioxidant resveratrol

suppresses atherosclerosis in hypercholesterolemic mice (lacking both apolipoprotein E and

LDL receptor) on a high fat diet [214] and exerts beneficial effects in male Wistar rats on

high-fat diet but not on standard diet (e.g. ox-LDL, decreased serum and hepatic oxida-

tive stress) [215]. In line with the suggested stimulatory action of rosiglitazone on reactive

oxygen species being at least partially responsible for the clinically observed detrimental
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7 General discussion

skeletal effects, Nishikawa and co-workers have demonstrated aging - related bone loss that

was associated with ROS and activated PPAR-γ - mediated reduction in Maf expression and

rescued by the antioxidant N-acetylcysteine in a murine model in vivo [262]. A study con-

ducted by Liu and co-workers has demonstrated protective effects of resveratrol against bone

loss induced by estrogen deficiency [263]. Moreover, Hernandez-Vallejo and co-workers

have demonstrated improved osteoblastic potential by the antioxidant pravastatin in an in

vitro study of HIV protease inhibitor treated MSCs [264]. Furthermore, Singh reported

an inhibition of collagen type I, osteopontin, and bone sialoprotein formation by 2,3,7,8,-

tetrachlorodibenzo-p-dioxin from cigarette smoke, and these effects were antagonized by

resveratrol [265]. Also direct stimulatory actions of resveratrol on osteoblastogenesis have

been reported previously. Kupisiewicz and co-workers described a resveratrol - mediated

activation of osteoblastic activity in vitro by transcription of core binding factor α-1 (Cbfa-

1; [266]). Su et al. reported that resveratrol induces bone morphogenic protein-2 through

Src kinase-dependent estrogen receptor activation [267].

7.6 Conclusion

In conclusion, this thesis provides new insights into the relationships between rosiglitazone,

adverse cardiovascular events and osteoporosis by providing a new concept that links rosigli-

tazone - accelerated osteoblast or osteoblast-like differentiation, oxidative stress, and apop-

tosis with premature mineralization. Reducing rosiglitazone - stimulated oxidative stress

may prevent this detrimental cascade. We position PPAR-γ signaling in this model acting

downstream of glucocorticoid signaling capable of amplifying the adverse effects of excess

glucocorticoids on bone and cardiovascular health.
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7.7 Future perspectives

7.7 Future perspectives

Future studies will be important to evaluate the potential of antioxidant therapy and ap-

proaches to improve mitochondrial function in combating the detrimental effects of TZDs

on bone and vascular health in diabetic patients. Evidence for the protective effects of an-

tioxidants has been presented in experimental, clinical and epidemiological studies that have

demonstrated that antioxidants might be helpful in treating diabetes and its complications

(for review, see [268–271]). However, the results of the majority of the prospective random-

ized controlled antioxidant trials have failed to demonstrate a significant benefit in the pre-

vention of cardiovascular events, of antioxidant supplementation in primary patients without

clinical evidence of cardiovascular disease, or in secondary patients with clinical evidence

of cardiovascular disease [272–281]. In future studies it will be important to stratify clinical

outcomes comparing the effects of antioxidants or agents to improve mitochondrial function

on basis of the insulin sensitizer prescribed, and also to adjust for baseline oxidative stress

levels. These studies will be necessary to evaluate the potential of antioxidant therapy and

approaches to improve mitochondrial function in combating the detrimental effects of TZDs

on bone and vascular health in diabetic patients who exhibit insufficient antioxidant systems

or impaired mitochondrial function to deal with the metabolic challenge of increased cellular

influx of glucose during insulin - sensitizing therapy.
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Summary

The general aim of this thesis was to study the role of PPAR-γ signaling in bone formation

and pathological mineralization processes. Human mesenchymal stem cells, osteoblast cell

lines and vascular smooth muscle cells under osteogenic stimuli served as model systems

as described in the Appendix. We performed detailed analyses of the expression dynam-

ics of PPAR-γ during the osteoblast differentiation processes in Chapter 2. Here we found

that PPAR-γ expression levels increased during osteoblast differentiation, and were directly

stimulated by the osteogenic differentiation compound dexamethasone, suggesting an in-

volvement of PPAR-γ signaling in osteoblast differentiation. In Chapter 3, we investigated

the involvement of PPAR-γ signaling in the differentiation of osteoblasts from human mes-

enchymal stem cells. We found that activation of PPAR-γ signaling caused an acceleration

of osteogenic differentiation that was subsequently followed by oxidative stress and a prema-

ture onset of apoptosis and mineralization. We also compared the osteogenic and adipogenic

lineage regarding their susceptibilities to oxidative stress and found that cells from the adi-

pogenic lineage were protected from oxidative stress and apoptosis that was preferentially in-

duced in cells from the osteogenic lineage by activated PPAR-γ signaling. In Chapter 4, we

studied a potential cross-talk between PPAR-γ and VDR signaling. We revealed a synergistic

effect of rosiglitazone and 1,25-dihydroxyvitamin D3 combination treatment resulting in ex-

cessive mineralization that was associated with a suppressive effect of rosiglitazone on 1,25-

dihydroxyvitamin D3 - mediated stimulation of the mineralization inhibitor BGLAP. This
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may suggest that TZD-activated PPAR-γ diminishes the regulatory function of VDR in the

control of excessive mineralization and may provide an additional mechanism underlying the

concerning risk of TZDs in bone and cardiovascular disease. In Chapter 5 of this thesis, di-

rect stimulatory effects of rosiglitazone on mineralization of cultured human vascular smooth

muscle cells (VSMCs), an in vitro model of vascular mineralization, were demonstrated. The

stimulatory effect on mineralization was at least partly caused by the induction of caspase-

dependent apoptosis. In addition, rosiglitazone increased osteoblast-like differentiation (i.e.

calcifying vascular cells (CVCs)) that was correlated with the stimulation of oxidative stress

and mineralization. The identified rosiglitazone / differentiation / apoptosis / mineralization

cascade envisions a novel mechanism that may serve as explanatory model for the clini-

cally observed increased risk for myocardial infarction in rosiglitazone-treated diabetic type

2 patients. In addition, we demonstrated that the caloric restriction mimetic and antioxidant

resveratrol diminished rosiglitazone-induced oxidative stress, apoptosis, osteoblast-like dif-

ferentiation and mineralization suggesting that improving mitochondrial function may be a

successful strategy to prevent aging-related and TZD-induced bone loss and vascular calci-

fication. Finally, in Chapter 6, we performed large-scale transcriptomic profiling in order

to identify PPAR-γ - targeted gene regulatory networks underlying the observations from

above. The obtained rosiglitazone-regulated networks contained confirmed primary PPAR

targets and were also endogenously regulated during osteogenic differentiation from hMSCs

and osteoblast-like differentiation of VSMCs into CVCs. Further comparative analysis re-

vealed rosiglitazone targets that were commonly enriched in osteoblasts and CVCs or specif-

ically enriched in either osteoblasts or CVCs. Finally, we compared the expression patterns

of CVC-specific genes with patient expression data from carotid plaque versus intact adja-

cent tissue, and identified five rosiglitazone targets that were differentially regulated in CVCs

and carotid plaque but not osteoblasts when compared to their respective non-mineralizing

counterparts. These targets, i.e PDK4, SDC4, SPRY4, TCF4 (also commonly referred to as
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’E2-2’), and DACT1 may specifically control extracellular matrix mineralization in vascular

cells and hence provide interesting candidates for further investigations to improve vascular

health. In conclusion, the studies presented in this thesis have elucidated the functional con-

sequences of thiazolidinedione-activated PPAR-γ signaling in bone formation and vascular

calcification. Based on the results obtained from these studies, new concepts underlying the

detrimental actions of thiazolidinediones on skeletal and vascular health have been formu-

lated. These concepts are based on acceleratory actions of thiazolidinediones on osteoblast

and osteoblast-like differentiation processes being ultimatively followed by increased accu-

mulation of reactive oxygen species, apoptosis, and enhanced mineralization. When compar-

ing the osteogenic with the adipogenic lineage that both originate from the same progenitor,

the mesenchymal stem cell, we demonstrated a higher susceptibility of the osteogenic than

the adipogenic lineage to oxidative stress and apoptosis that was preferentially triggered in

the osteoblasts by thiazolidinedione-activated PPAR-γ , providing an alternative explanation

for the widely associated bone marrow adipogenesis phenomenon.
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Samenvatting

Dit proefschrift beschrijft de rol van de transcriptie factor PPAR-γ in de signaaltransductie

tijdens de vorming van bot en pathologische mineralisatie processen. Osteogeen gestimu-

leerde humane mesenchymale stamcellen, osteoblast cellijnen en vasculaire gladde spiercel-

len dienden als model systemen en zijn beschreven in Bijlage 1. Hoofdstuk 2 beschrijft

een gedetailleerde analyse van PPAR-γ expressie veranderingen tijdens de differentiatie van

osteoblasten. Hier hebben we gevonden dat PPAR-γ expressie verhoogd is tijdens de dif-

ferentiatie van osteoblasten en rechtstreeks gestimuleerd wordt door dexamethason en sug-

gereert dat PPAR-γ signaaltransductie betrokken is tijdens osteogene differentiatie. Vervol-

gens hebben we in Hoofdstuk 3 onderzocht of PPAR-γ signaaltransductie betrokken is in

de differentiatie van osteoblasten uit menselijke mesenchymale stamcellen. De activatie van

PPAR-γ signaaltransductie veroorzaakt een versnelling van osteogene differentiatie. Deze

wordt gevolgd door oxidatieve stress en een voortijdig begin van apoptose en mineralisatie.

Vervolgens vergelijken we de gevoeligheid voor oxidatieve stress in osteogeen en adipogeen

differentiërende cellen. Deze experimenten laten zien dat differentiërende adipocyten be-

schermd zijn tegen oxidatieve stress en apoptose en geïnduceerd worden in differentiërende

osteoblasten door de activatie van PPAR-γ . In Hoofdstuk 4 onderzoeken we de commu-

nicatie tussen PPAR-γ en VDR. Hier laten we zien dat er een synergistisch effect bestaat

tussen deze twee transcriptie factoren en een behandeling van zowel rosiglitazon en 1,25-

dihydroxyvitamine D3 leidt tot een excessieve mineralisering. Dit was geassocieerd met een
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onderdrukkend effect van rosiglitazon op de 1,25-dihydroxyvitamine-D3-gemedieerde sti-

mulatie van de mineralisatie inhibitor BGLAP en suggereert dat de regulerende functie van

VDR in de controle van buitensporige mineralisatie verminderd wordt door rosiglitazon-

geactiveerde PPAR-γ . In Hoofdstuk 5 van dit proefschrift demonstreren wij dat rosiglitazon

een stimulerend effect heeft op de mineralisatie van gekweekte humane vasculaire gladde

spiercellen (VSMC’s), een in vitro model van vasculaire mineralisatie. Het stimulerende

effect op de mineralisatie wordt gedeeltelijk veroorzaakt door de inductie van een caspase-

afhankelijke apoptose. Daarnaast verhoogt rosiglitazon een osteoblast-achtige differentiatie

(bijvoorbeeld verkalkende vasculaire cellen (CVC)) en is deze gecorreleerd met de stimula-

tie van oxidatieve stress en mineralisatie. De geïdentificeerde rosiglitazon / differentiatie /

apoptose / mineralisatie cascade suggereert een nieuw mechanisme dat een verklaring kan

geven voor het verhoogde risico op een myocardinfarct in rosiglitazon behandelde diabe-

tes type 2 patiënten. De antioxidant resveratrol kan de rosiglitazon-geinduceerde oxidatieve

stress, apoptose, osteoblast-achtige differentiatie en mineralisatie verminderen en suggereert

dat een verbetering van de mitochondriale functie een succesvolle strategie kan zijn voor het

TZD-geïnduceerde botverlies en de vasculaire calcificatie. Tenslotte hebben we in Hoofd-

stuk 6 genoomwijde expressieprofielen gemaakt van PPAR-γ - gereguleerde signaaltrans-

ducties in osteoblast differentiërende mesenchymale stamcellen. De verkregen-rosiglitazon

gereguleerde netwerken bevatten bekende PPAR gereguleerde genen die ook gereguleerd

worden tijdens de osteogene differentiatie van hMSCs en osteoblast-achtige differentiatie

van VSMCs in CVC. In een vergelijkende analyse van differentierende osteoblasten en CVC

laten we zien dat rosiglitazon-gereguleerde genen verrijkt zijn. Tenslotte hebben we de ex-

pressie van CVC-specifieke genen vergeleken met gen-expressie profielen van arterosclerose

patiënten en vinden vijf rosiglitazon targets die differentieel gereguleerd zijn in CVCs en ca-

rotis plaque maar niet in osteoblasten in vergelijking met niet-mineraliserende osteoblasten.

Deze genen (PDK4, SDC4, SPRY4, TCF4 en DACT1) zijn specifiek voor extracellulaire
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matrix mineralisatie in vasculaire cellen en bieden dus interessante kandidaten voor ver-

der onderzoek om de vasculaire gezondheid te verbeteren. De studies in dit proefschrift

hebben de functionele gevolgen opgehelderd van thiazolidinedion-geactiveerde PPAR-γ sig-

naaltransductie tijdens de vorming van bot en vasculaire calcificatie. Naar aanleiding van

de resultaten van deze studies hebben we nieuwe concepten geformuleerd over de nade-

lige werking van thiazolidinedionen op de gezondheid van het skelet en vaatstelsel. Deze

concepten zijn gebaseerd op de remmende werking van thiazolidinedionen op osteoblast en

osteoblast-achtige differentiatieprocessen die worden gevolgd door verhoogde accumulatie

van reactieve zuurstof radicalen, apoptose en verbeterde mineralisatie. Bij de vergelijkin-

gen van de osteoblast en adipocyte differentiëren mesenchymale stamcellen, laten we zien

dat osteoblast differentiërende cellen gevoeliger zijn voor oxidatieve stress en apoptose die

geactiveerd zijn door thiazolidinedion-geactiveerde PPAR-γ . Dit concept levert een alterna-

tieve verklaring voor de vervetting van het beenmerg.
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Zusammenfassung

Zielstellung dieser Arbeit war, die Rolle der Peroxisom-Proliferator-Aktivierter-Rezeptor

γ (PPAR-γ) - Signaltransduktionskaskade während der Knochenbildung und Gefäßmine-

ralisierung zu untersuchen. Menschliche mesenchymale Stammzellen, Osteoblastzelllinien

und glatte Gefäßmuskelzellen unter osteogener Stimulierung dienten als Modellsysteme, wie

im Anhang beschrieben. Das zweite Kapitel beschreibt detaillierte Analysen der Expressi-

onsdynamik von PPAR-γ während des Osteoblastdifferenzierungsprozesses. Die Expression

von PPAR-γ war während des Osteoblastendifferenzierungsprozesses erhöht, und wurde di-

rekt durch das Hormon Dexamethason stimuliert. Im dritten Kapitel untersuchten wir die

Beteiligung der PPAR-γ - Signaltransduktionskaskade während des Differenzierungsprozes-

ses von menschlichen mesenchymalen Stammzellen in Osteoblasten. Wir fanden, dass die

Aktivierung der PPAR-γ - Signaltransduktionskaskade eine Beschleunigung der osteogenen

Differenzierung bewirkt, die erhöhte oxidative Stresslevel und einen vorzeitigen Beginn der

Apoptose und Mineralisierung zur Folge hatte. Wir verglichen auch die osteogene und adi-

pogene Zellreihe in Bezug auf ihre Anfälligkeit für oxidativen Stress und haben festgestellt,

dass Zellen der adipogenen Zellreihe vor oxidativem Stress und Apoptose geschützt wa-

ren, die vorzugsweise in Zellen der osteogenen Zellreihe von PPAR-γ induziert wurden. Im

vierten Kapitel untersuchten wir eine potenzielle Kopplung zwischen den PPAR-γ und Vit-

amin D Rezeptor - Signaltransduktionskaskaden. Wir zeigten eine synergistische Wirkung

einer Kombinationsbehandlung mit Rosiglitazon und 1,25-Dihydroxyvitamin D3 die zu ei-
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ner übermäßigen Mineralisierung führte. Diese Wirkung war mit einem unterdrückenden

Effekt von Rosiglitazon auf die von 1,25-Dihydroxyvitamin D3 vermittelte Stimulierung

des Mineralisierungshemmers BGLAP verbunden. Dieses Ergebnis deutet auf eine hem-

mende Wirkung von Rosiglitazon auf die regulatorische Funktion des VDR in der Kontrolle

von übermäßiger Mineralisierung hin, und bildet daher einen zusätzlichen Mechanismus

bezüglich des Risikos von Rosiglitazon in Osteoporose und Herz-Kreislauf-Erkrankungen.

Im fünften Kapitel dieser Arbeit untersuchten wir die direkte stimulierende Wirkung von

Rosiglitazon auf die Mineralisierung von kultivierten menschlichen glatten Gefäßmuskel-

zellen, einem Zellkulturmodell der Gefäßmineralisierung. Die stimulierende Wirkung auf

die Mineralisierung wurde zumindest teilweise durch die Induktion von Caspase-abhängiger

Apoptose verursacht. Zusätzlich erhöht Rosiglitazon osteoblastenähnliche Differenzierung,

die mit der Stimulierung von oxidativem Stress und Mineralisierung korreliert war. Die

identifizierte Rosiglitazon- / Differenzierungs- / Apoptose- / Mineralisierungskaskade bil-

det ein neues Erklärungsmodell für das klinisch beobachtete erhöhte Risiko für Myokardin-

farkt in mit Rosiglitazon behandelten Diabetis Mellitus Patienten. Darüber hinaus haben

wir gezeigt, dass die Behandlung mit Resveratrol, einem kalorischen restriktionsmimeti-

schen und antioxidativen Molekül, Rosiglitazon-induzierten oxidativen Stress, Apoptose,

osteoblastenähnliche Differenzierung und Mineralisierung verhindern kann. Dies deutet dar-

auf hin, dass die Verbesserung der Funktion der Mitochondrien eine erfolgreiche Strategie

für die Prävention von alterungsbedingten und Rosiglitazon - induziertem Knochenverlust

und Gefäßverkalkung darstellen kann. Schließlich haben wir im sechsten Kapitel eine ge-

nomweite Transkriptionsanalyse durchgeführt um die Zielgene der PPAR-γ - Signaltrans-

duktionskaskade zu identifizieren. Die erhaltenen Genregulationsnetzwerke bestätigten ei-

ne primäre Rolle der PPAR-γ - Signaltransduktionskaskade während der endogenen Osteo-

blastendifferenzierung und Gefäßmineralisierung. Weitere vergleichende Analysen ergaben

Rosiglitazon-Zielgene, die häufig in Osteoblasten und Gefäßmineralisierung angereichert
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waren, oder aber spezifisch in entweder Osteoblasten oder Gefäßmineralisierung. Schließ-

lich verglichen wir die Expressionsmuster der erhaltenen gefäßmineralisierungsspezifischen

Gene mit Patientenexpressionsdaten von Karotis Plaque und intaktem benachbarten Gewebe.

Wir fanden fünf Rosiglitazon-Zielgene, die als spezifische Marker für das Gefäßmineralisie-

rungsmodell und Karotis Plaque dienten. Diese Zielgene (PDK4, SDC4, SPRY4, TCF4 und

DACT1) bieten interessante Kandidaten für weitere Untersuchungen, um neue Therapien für

Knochenstoffwechsel- und Herz-Kreislauf-Erkrankungen zu schaffen.

Zusammenfassend haben die Untersuchungen in dieser Arbeit zur Aufklärung der funk-

tionellen Konsequenzen der Rosiglitazon-aktivierten PPAR-γ - Signaltransduktionskaskade

während der Knochenbildung und Gefäßverkalkung beigetragen. Auf der Basis der aus die-

sen Untersuchungen erhaltenen Ergebnisse sind neue Konzepte entstanden, welche die nach-

teiligen Wirkungen von Rosiglitazon auf den Knochenstoffwechsel und das Herz-Kreislauf-

System erklären. Diese Konzepte basieren auf einer beschleunigenden Wirkung von Ro-

siglitazon auf Osteoblasten- und osteoblastenähnliche Differenzierungsprozesse welche an-

schließend durch erhöhte Akkumulation von reaktiven Sauerstoffspezies, Apoptose und er-

höhter Mineralisierung gefolgt werden. Beim Vergleich der osteogenen mit der adipoge-

nen Zellreihe, welche aus dem gleichen Vorläufer, der mesenchymalen Stammzelle, her-

vorgehen, haben wir gezeigt dass die adipogene Zellreihe weniger anfällig für oxidativen

Stress und Apoptose ist, was vorzugsweise in der osteogenen Zellreihe von der Rosiglitazon-

aktivierten PPAR-γ - Signaltransduktionskaskade ausgelöst wird. Dieses Konzept liefert eine

alternative Erklärung für das häufig beschriebene Phänomen der Knochenmarkadipogenese.
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8 Protocol: Basic techniques in human

mesenchymal stem cell cultures

8.1 Abstract

This unit describes basic techniques in human mesenchymal stem cell (hMSC) cultures. It includes pro-

tocols for the differentiation of hMSCs into osteogenic and adipogenic lineages, genetic perturbations,

and phenotypic analyses. hMSCs can be differentiated with dexamethasone and β -glycerophosphate

into mineralizing osteoblasts within 2 to 3 weeks, or with dexamethasone, indomethacin, and 3-

isobutyl-1-methylxanthine into lipid vesicle-containing adipocytes within 1 to 2 weeks. Phenotypic

changes during those highly dynamic differentiation processes can be detected by biochemical and

histological assays and gene expression analyses of differentiation markers. In addition, this unit de-

scribes an electroporation method that allows the transient genetic perturbation of hMSCs.

Claudia Bruedigam, Marjolein van Driel, Marijke Koedam, Jeroen van de Peppel, Bram C.J. van der Eerden,
Marco Eijken, Johannes P.T.M. van Leeuwen: Basic techniques in human mesenchymal stem cell cultures:
differentiation into osteogenic and adipogenic lineages, genetic perturbations, and phenotypic analyses; 2011;
1H.3.1-1H.3.20; Current Protocols in Stem Cell Biology
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8.2 Introduction

This unit describes basic techniques in human mesenchymal stem cell (hMSC) culture. It includes

protocols for the differentiation of hMSCs into osteogenic and adipogenic lineages, for the analysis of

genetic perturbations, and for phenotypic analyses. hMSCs can be differentiated with dexamethasone

and β -glycerophosphate into mineralizing osteoblasts within 2 to 3 weeks [113], or with dexametha-

sone, indomethacin, and 3-isobutyl-1-methylxanthine into lipid vesicle - containing adipocytes within

1 to 2 weeks [151]. Phenotypic changes during those highly dynamic differentiation processes can be

detected by biochemical and histological assays [119] and gene expression analyses of differentiation

markers [121, 151]. In addition, this unit describes an electroporation method that allows the transient

genetic perturbation of hMSCs [151].

This unit begins with a method for the in vitro differentiation of hMSCs into osteogenic and adi-

pogenic lineages (Basic Protocol 1). An electroporation method to transiently transfect hMSCs with

expression vector constructs or short hairpin RNAi constructs is provided in Basic Protocol 2. Bio-

chemical assays and histology methods for the analysis of osteoblastic and adipocytic phenotypes are

summarized in Basic Protocols 3-7. The method for gene expression analysis of osteogenic and adi-

pogenic differentiation markers is described in Basic Protocol 8.

NOTE: All cell culture incubations are performed in a humidified 37◦C, 5% CO2 incubator unless

otherwise specified.

NOTE: All solutions and equipment coming into contact with live cells must be sterile, and proper

aseptic technique should be used accordingly.

8.3 Differentiation of hMSCs into osteogenic and adipogenic

lineages

This protocol is used for the in vitro differentiation of hMSCs into osteogenic and adipogenic lineages.

hMSCs are cultured in the presence of dexamethasone and β -glycerophosphate to induce osteogenic

differentiation resulting in mineralizing osteoblasts within two to three weeks [113]. hMSC differenti-

ation into lipid vesicle - containing adipocytes is achieved when hMSC cultures are supplemented with

164



8 Protocol: Basic techniques in human mesenchymal stem cell cultures

dexamethasone, indomethacin, and 3-isobutyl-1-methylxanthine [151]. The kinetics of osteogenic and

adipogenic differentiation can vary between different donors.

Materials

hMSC medium (see recipe), prewarmed (37◦C)

Human bone marrow - derived mesenchymal stem cells (tested for surface antigens CD105+, CD166+,

CD29+, CD44+, CD14-, CD34-, and CD45-; 750,000 cells per vial; expanded to passage 6; e.g.,

Lonza)

0.4% (w/v) trypan blue (e.g., Invitrogen)

Phosphate - buffered saline (PBS; pH 7.4; e.g., Invitrogen), prewarmed (37◦C)

0.05% (w/v) trypsin (e.g., Invitrogen, cat. no. 15400-054), prewarmed (37◦C)

Ethanol, absolute (e.g., Fisher Scientific)

1 mM dexamethasone (see recipe)

2 M β -glycerophosphate (see recipe)

30 mM indomethacin (see recipe)

250 mM 3-isobutyl-1-methylxanthine (IBMX; see recipe)

PBS/Triton (see recipe)

50-ml conical polypropylene centrifuge tubes (e.g., BD Falcon)

Serological pipets (2-ml, 5-ml, 10-ml, and 25-ml volume) with motorized serological pipet filler

Centrifuge with swing-out rotor and adaptors for 50 ml Falcon tubes

Microcentrifuge tubes (0.5 ml volume)

Bright-field microscope

Burker glass slide chamber or electric field multichannel cell counting system, e.g., CASY cell counter

(Roche Diagnostics)

175-cm2 cell culture flasks (preferably with angled neck)

12-well cell culture clusters (22.1 mm diameter) including lids with individual condensation rings

Cell scraper (15-mm, slim blade)

Polypropylene cylindrical test tubes (PP tubes; 3 ml, 4 ml or 5 ml volume), or optionally microcen-
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trifuge tubes (2 ml volume)

NOTE: The procedures described in Basic Protocols 1 and 2 are performed in a Class II biological

hazard flow hood or a laminar-flow hood.

Expand hMSCs in pre-culture

1. Add 20 ml of hMSC medium to a 50-ml tube using a 25-ml pipet.

2. Draw up 1 ml of preheated hMSC medium into a 2-ml pipet with, then release the medium very

slowly into the vial that contains frozen cells and mix by gently pipetting up and down until the cell

suspension is thawed.

3. Pipet the cell suspension (1 vial) quickly into the 50-ml tube with hMSC medium prepared in step 1

and mix by gently pipetting up and down 5 times.

4. Add hMSC medium to the tube up to 45 ml with a 25 ml pipet and mix by slowly pipetting up and

down ten times.

5. Centrifuge for 5 min at 300 x g, room temperature.

6. Resuspend the cell pellet in 2 ml hMSC medium.

:To do this, remove the supernatant by using the aspiration device first, then rub the bottom side

of the tube against the ventilation grid of the clean bench with one quick movement. Add 2 ml hMSC

medium with a 2-ml pipet and pipet up and down until no clumps of cells are visible. If the ventilation

grid on the bench is not conveniently located, other objects with rough surfaces can be used, e.g., racks

for microcentrifuge tubes.

7. Transfer three samples of 10 µl each to a microcentrifuge tube and mix each with 90 µl of 0.4%

trypan blue. Count dead (blue stained) and viable (unstained) cells under the microscope in a Burker

glass slide chamber. Count at least 100 cells for each replicate and calculate the percentage of viable

cells in the total cell suspension.

Optionally, cells can be counted using an automated cell counter according to the manufacturer’s

instructions. The percentage of viable cells should be at least 65%.

8. Seed 0.75-1 x 106 viable cells per 175-cm2 culture flask in 20 ml hMSC medium.

9. Distribute cells evenly by moving the flask quickly according to a cross-like pattern.
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10. Transfer flask into a CO2 incubator (37◦C, 5% CO2).

11. Replace hMSC medium every 3 to 4 days. Keep the cells in pre-culture for 5 to 7 days until

confluency is reached.

Start the hMSC experimental culture

12. Remove medium from flask carefully using the aspiration device.

13. Add 10 ml preheated PBS carefully using a 10-ml pipet. Make sure not to add the solution directly

onto the cell layer but instead hold the flask with the side wall down, and drop the PBS there. Gently

move the flask back so that the solution will cover the bottom completely.

14. Remove PBS from flask carefully using the aspiration device.

15. Add 1.5 ml 0.05% (1x) trypsin with a 2-ml pipet dropwise on top of the cell layer. Try to distribute

the drops over the complete cell layer.

16. Move the flask. Check after 2 min under the microscope whether cells have already detached from

the bottom of the flask.

To do this, tap the bottom of the flask once against a surface and subsequently monitor the cell

movements under the microscope. All cells should be moving. If not, put the flask into the incubator

(37◦C) and check again after 2 min.

17. Add 5 ml hMSC medium to the flask, move the flask gently, and transfer the cell suspension to a

fresh 50-ml tube. Repeat this with another 5 ml of hMSC medium.

The addition of high amounts of serum proteins in this step is important to protect cells from

undesired trypsin-mediated protein digestion that would compromise cell function and viability.

18. Centrifuge for 5 min at 300 x g, room temperature.

19. Resuspend cell pellet in 2 ml hMSC medium.

20. Transfer three samples of 10 µl each to a microcentrifuge tube and mix each with 90 µl of 0.4%

(w/v) trypan blue. Count viable (white) and dead (blue stained) cells under the microscope in a Burker

glass slide chamber. Count at least 100 cells for each replicate and calculate the percentage of viable

cells in the total cell suspension.

Optionally, cells can be counted using an automated cell counter according to the manufacturer’s
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instructions. The percentage of viable cells should be at least 90%.

21. Fill each well of a 12-well plate with 600 µl of hMSC medium.

22. Dilute the cell suspension with hMSC medium to a final concentration of 2 x 105 cells/ml. Resus-

pend cells thoroughly by pipetting up and down 12 to 20 times.

23. Seed 20,000 cells per well of the 12-well plate by adding 100 µl of cell suspension using a repeti-

tive pipettor. Seed a maximum of four plates each time, working quickly. Then, empty the remaining

cells in the pipettor carefully back into the 50-ml tube, mix again by pipetting up and down five times

using the same repetitive pipettor, and fill the pipettor up again with the cell suspension. Repeat this

step until all plates have been filled.

24. Move the plates in a maximum stack of three plates each according to a crosslike pattern to evenly

distribute the cells in each well, and check this under the microscope.

25. Incubate the plates for 2 days in a CO2 incubator (37◦C, 5% CO2).

Induce osteogenic or adipogenic differentiation

26a. For osteogenic differentiation: Supplement prewarmed hMSC medium by adding 1 mM dexam-

ethasone at a 1:10,000 dilution for a final concentration of 0.1 µM and 2 M β -glycerophosphate at a

1:200 dilution for a final concentration of 10 mM.

26b. For adipogenic differentiation: Supplement prewarmed hMSC medium by adding 1 mM dexam-

ethasone for a final concentration of 0.1 µM, 30 mM indomethacin for a final concentration of 60 µM,

and 250 mM IMBX for a final concentration of 0.5 mM. If additional treatments are desired, dilute

these compounds in the appropriate solvent.

The final ethanol concentration in the medium should not exceed 1%. Always include control con-

ditions that contain ethanol at an identical concentration to that used under the treatment conditions.

27. Remove medium from wells carefully by using the aspiration device and add 700 µl of osteogenic

or adipogenic differentiation medium to each well using a repetitive pipet (preferably automatic).

Carefully add the medium into each well by touching the well’s side wall with the pipet. If using

an automatic pipet, use a low speed for emptying. Do not let wells get dry. Work quickly and handle a

maximum of two plates at a time.
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28. Replace the medium every 3 or 4 days.

Prepare cell extracts

29. Wash the wells once with PBS on ice.

30. Add 500 µl PBS/Triton to each well on ice.

31. Scrape the cells and pipet the suspension into a tube (preferably PP tube) on ice.

32. Rinse each well with 500 µl PBS/Triton and add it to the respective tube.

33. Store the cell extracts at - 80◦C.

This protocol allows the preculture and differentiation of osteogenic or adipogenic hMSCs in vitro.

One vial (750,000 cells) will yield 2,500,000 cells after expansion that can be seeded into 125 wells

in total (12-well format). From each well, cell lysates can be obtained for subsequent biochemical

analyses (i.e., DNA content, ALP activity, and quantitative mineralization assays), fixation can be

performed for subsequent histological assays (i.e., lipid vesicle staining or mineralization), or RNA

can be isolated for subsequent gene-expression analysis.

8.4 Transient transfection of hMSCs by electroporation

DNA such as expression constructs or vector-based short hairpin constructs can be introduced into

hMSCs by electroporation. This is a process that involves the repositioning of plasma membrane lipid

molecules, leading to the creation of nanometer-scale waterfilled holes in the plasma membrane, when

an electrical field is applied. This increases the electrical conductivity and permeability of the plasma

membrane, allowing the introduction of large and highly charged molecules such as DNA that would

not cross the hydrophobic bilayer under physiological conditions.

Materials

Plasmid DNA (2 µg of expression vector constructs or shRNAi constructs in a concentration of at least

0.4 µg/ml; e.g., Origene, and MISSION shRNA library, Sigma)

hMSCs in flasks (confluency of 60%; see Basic Protocol 1)
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Human MSC Nucleofector Kit (Lonza)

hMSC medium (see recipe), prewarmed (37◦C)

Amaxa nucleofector system (Lonza) with Amaxa cuvettes

(http://www.lonzabio.com/)

Additional reagents and equipment for hMSC cell culture (see Basic Protocol 1)

NOTE: The procedures described in Basic Protocols 1 and 2 are performed in a Class II biological

hazard flow hood or a laminar-flow hood.

Transient transfection of hMSCs using electroporation

1. Add 2 µg of plasmid DNA (in a maximum volume of 5 µl) per cuvette.

2. Trypsinize hMSCs according to Basic Protocol 1 (steps 13 to 19).

3. Resuspend hMSC pellet in nucleofector solution (from nucleofector kit). Final hMSC concentration

in nucleofector solution: 5 x 106 cells per 1 ml solution.

4. Pipet 100 µl of resuspended cells into the first cuvette with plasmid DNA.

5. Immediately apply electrical field using Amaxa nucleofector system (U-23 nucleofector program).

6. Add 500 µl of pre-warmed hMSC medium to the cuvette.

7. Transfer the transfected cells into the tube with prewarmed hMSC medium and resuspend carefully.

Final hMSC concentration in hMSC medium: 3 x 104 cells in 700 µl medium.

8. Repeat steps 4 to 7 until all cuvettes have been prepared.

9. Seed cells (i.e., 30,000 cells in 700 µl medium) into each well of a 12-well plate and incubate.

Monitor fluorescence and viability of GFP controls under microscope.

10. Refresh medium and induce differentiation 24 hr after transfection according to Basic Protocol 1

(steps 28 to 30).

8.5 Quantification of alkaline phosphatase (ALP) activity

ALP activity can be quantified by the method of Bessey et al. in which the rate of the formation of

p-nitrophenol (p-NP) produced by hydrolysis of p-nitrophenylphosphate (p-NPP) in alkaline solution
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at 37◦C is measured spectrophotometrically at 405 nm [282]. ALP activity is expressed as enzyme

units (U), which is the amount of enzyme catalyzing the conversion of 1 µmol p-NPP per min at 37◦C.

Materials

Cellular extracts of interest (Basic Protocol 1)

10 U/ml alkaline phosphatase (from bovine kidney, e.g., Sigma)

PBS/Triton (see recipe)

p-nitrophenylphosphate (p-NPP; see recipe)

0.1 M sodium hydroxide

Sonicator (e.g., Soniprep 150, Sanyo)

Microcentrifuge tubes (1.5 ml volume)

5-ml polypropylene cylindrical test tubes (PP tubes)

96-well clear polystyrene flat-bottom microtiter plates (e.g., Corning)

Microplate reader (with filter for absorbance detection at 405 nm; e.g., Wallac 1420 Victor 2)

Measure alkaline phosphatase activity

1. Thaw the cellular extracts on ice.

2. Sonicate the samples until they have become homogeneous and all visible precipitates have disap-

peared.

In the authors’ experience, sonication for 10 sec at sonication force 10 (Soniprep 150, Sanyo) is

sufficient to achieve homogenous cell lysates. When there is a lot of matrix and calcium in the samples

(progressed stage of mineralization), increase duration to 15 sec and sonication force to 15.

3. Prepare a set of standards (diluted in PBS/Triton) in 1.5-ml microcentrifuge tubes according to Table

1.

4. Pipet samples in duplicate into 5-ml PP tubes: For standards: 100 µl each standard dilution For

samples: 10 µl sample + 90 µl PBS/Triton.

5. Take one tube and add 100 µl p-NPP. Vortex the tube and incubate in water bath at 37◦C. After 10

sec, take the second tube and continue. After exactly 10 min, take the first tube and stop the reaction
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by adding 250 µl of 0.1 M sodium hydroxide and place the tube on ice. Then after 10 sec, the second

tube and continue.

Table 1
Standards for determining alkaline phosphatase activity

ALP [µl] PBS-Triton [µl] ALP activity [U/ml]

A 15 µl stock (10 U/ml) 1485 0.1
B 250 µl A 250 0.05
C 250 µl B 250 0.025
D 250 µl C 250 0.0125
E 250 µl D 250 0.00625
F 0 500 0

In this way, every tube will have been incubated at 37◦C for exactly 10 min.

6. Pipet 200 µl of each standard or sample into a 96-well microtiter plate.

7. Measure the absorbance at 405 nm on a plate reader.

8.6 Quantification of DNA content

DNA content correlates well with the cell number of nonsynchronized hMSC cultures. Thus, it is a

suitable parameter to correct ALP activity values in order to establish the ALP activity level per cell.

DNA content can be quantified with ethidium bromide after release from its complexes by heparin.

Ethidium bromide is an intercalating agent that emits light at 590 nm when excited, with ultraviolet

light intensifying about two-fold after binding to double-stranded DNA. Cell lysates need to be initially

treated with ribonuclease because ethidium bromide also binds to highly abundant RNA molecules

folded into double-stranded secondary structures.

Materials

Cellular extracts of interest (Basic Protocol 1)

DNA standard (see recipe)

Heparin solution (see recipe)

RNase solution (see recipe)
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Ethidium bromide solution (see recipe)

Sonicator (e.g., Soniprep 150, Sanyo)

96-well clear polystyrene flat-bottom microtiter plates (e.g., Corning)

Fluorescence microplate reader (e.g., Wallac 1420 Victor 2)

1. Thaw the cellular extracts on ice.

2. Sonicate the samples until they have become homogeneous and all visible precipitates have disap-

peared.

This step is not necessary if the samples have been sonicated on the same day already. In the

authors’ experience, sonication for 10 sec at sonication force 10 (Soniprep 150, Sanyo) is sufficient to

achieve homogenous cell lysates. When there is a lot of matrix and calcium in the samples (progressed

stage of mineralization), increase duration to 15 sec and sonication force to 15.

3. Prepare a set of standards (diluted in PBS/Triton) in a 96-well microtiter plate according to Table 2.

4. Pipet 50 µl of each sample in duplicate into wells of a 96-well microtiter plate.

5. Add 100 µl/well of heparin solution and 50 µl/well of RNase solution to the standards and the

samples.

Table 2
Standards for calculation of DNA content

DNA standard (0.025 mg/ml) [µl] PBS/Triton [µl] DNA [µg]

A 0 50 0
B 2.5 47.5 0.0625
C 5 45 0.125
D 10 40 0.25
E 25 25 0.625
F 40 10 1
G 50 0 1.25

6. Incubate 30 min at 37◦C.

7. Add 50 µl/well of ethidium bromide solution to each standard and sample.

If you cannot proceed immediately, keep the plate in the dark for a maximum of 30 min.

8. Measure fluorescence on a plate reader.
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Use a protocol with an excitation wavelength of 340 nm and an emission wavelength of 590 nm.

8.7 Quantification of mineralization

Mineralization content can be quantified by a modified version of the method of Connerty and Briggs

(1966) in which o-cresolphthalein complexone binds to calcium ions to form a chromophore in an

alkaline medium that is measured spectrophotometrically around 570 nm. 8-hydroxyquinoline is added

to reduce any interference by magnesium.

Materials

Cellular extracts of interest (Basic Protocol 1)

6 M hydrochloric acid

PBS/Triton/HCl (see recipe)

Calcium chloride standard solution in PBS/Triton/HCl (see recipe)

Calcium assay reagent 1 (see recipe)

Calcium assay reagent 2 (see recipe)

Sonicator (e.g., Soniprep 150, Sanyo)

1.5-ml microcentrifuge tubes

96-well clear polystyrene flat-bottom microtiter plates (e.g., Corning)

Microplate reader (with filter for absorbance detection at 595 nm; e.g., Wallac 1420 Victor 2)

Quantify mineralization

1. Thaw the cellular extracts on ice.

2. Sonicate the samples until they have become homogeneous and all visible precipitates have disap-

peared.

This step is not necessary if the samples have been sonicated on the same day already. In the

authors’ experience, sonication for 10 sec at sonication force 10 (Soniprep 150, Sanyo) is sufficient to

achieve homogenous cell lysates. When there is a lot of matrix and calcium in the samples (progressed

174



8 Protocol: Basic techniques in human mesenchymal stem cell cultures

stage of mineralization) increase duration to 15 sec and sonication force to 15.

3. Transfer 95 µl of sample into a 1.5-ml microcentrifuge tube and add 5 µl of 6 M hydrochloric acid.

Table 3
Standards for quantification of mineralization

CaCl2 PBS/Triton/HCl [µl] Ca2+ [mM]

A 100 µl stock (3.6 mM) 0 3.6
B 100 µl stock (3.6 mM) 100 1.8
C 100 µl B 100 0.9
D 100 µl C 100 0.45
E 100 µl D 100 0.225
F 100 µl E 100 0.1125
G 0 100 0

4. Vortex and incubate overnight at 4◦C.

5. Prepare a set of calcium standards (in PBS/Triton/HCl) in 1.5-ml microcentrifuge tubes according

to Table 3.

6. Pipet 10 µl/well of each standard dilution and sample in duplicate into a 96-well microtiter plate.

7. Prepare the calcium assay working solution by mixing equal volumes of reagent 1 and reagent 2.

You will need enough working solution for 100 µl per sample. Overcalculate by one or two samples

to allow for pipetting error/variation.

8. Add 100 µl of working solution to each well.

9. Measure the absorbance on a plate reader at 595 nm.

8.8 Histology and semi-quantification of mineralization

Mineralized ECM can be visualized using Alizarin Red S staining. The anthraquinone derivative forms

a complex with calcium, manganese, barium, strontium, and iron ions in a chelation process. Under

normal hMSC culture conditions, only calcium ions reach a sufficient level for staining.
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Materials

Cultures of hMSC in 12-well plates (Basic Protocol 1)

Phosphate-buffered saline (PBS; pH 7.4; e.g., Invitrogen), prewarmed (37◦C)

10% (v/v) formalin (1:10 dilution of 37% formaldehyde in PBS)

Alizarin Red S solution (see recipe)

10% (v/v) acetic acid

Ammonium hydroxide

Bright-field microscope with photocamera

Plate shaker

Cell scraper (15 mm slim blade)

85◦C heat block

Microcentrifuge for 1.5-ml microcentrifuge tubes allowing 20,000 x g

Microplate reader (with filter for absorbance detection at 405 nm; e.g., Wallac 1420 Victor 2)

Visualize ECM mineralization

1. Wash wells once with PBS.

2. Fix cultures by adding 700 µl of 10% formalin and incubating at room temperature for 15 min.

3. Wash wells twice with Milli-Q water.

4. Stain with 500 µl/well of ARS solution for 20 min.

5. Wash four times, each time for 5 min, with Milli-Q water.

Pipet and aspirate very carefully and slowly when staining samples from the progressed miner-

alization stage, because the ARS-stained mineralized ECM can become brittle and detach from the

bottom of the well.

6. Store in Milli-Q water to take pictures, or proceed with semi-quantification.
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Semi-quantify ECM mineralization

7. Remove Milli-Q water and add 400 µl 10% acetic acid per well.

8. Incubate for 30 min at room temperature on a plate shaker.

9. Scrape cells and transfer lysate from each well into a separate 1.5-ml microcentrifuge tube.

10. Vortex the tubes for 30 sec.

11. Incubate tubes for 10 min on a heat block at 85◦ C.

12. Cool tubes on ice for 5 min.

13. Microcentrifuge 15 min at speed, room temperature.

14. Pipet 100 µl of the supernatant into a 96-well microtiter plate.

15. Add 50 µl ammonium hydroxide to each well in order to neutralize and to bring back the red color.

16. Measure absorbance on a plate reader at 405 nm.

8.9 Histology and semi-quantification of lipid vesicles

Lipid droplets can be visualized with Oil Red O, a lysochrome diazo dye that stains neutral triglyc-

erides, lipids, and lipoproteins.

Materials

Cultures of hMSC in 12-well plates (Basic Protocol 1)

Phosphate-buffered saline (PBS; pH 7.4; e.g., Invitrogen), prewarmed (37◦C)

10% (v/v) formalin (1:10 dilution of 37% formaldehyde in PBS)

60% (v/v) 2-propanol in PBS

Oil Red O working solution (see recipe)

Igepal working solution: 4% (v/v) Igepal (Sigma) in 2-propanol

Microscope with photocamera

Plate shaker

96-well clear polystyrene flat bottom microtiter plates (e.g., Corning)

Microtiter plate reader capable of reading at 490 nm)
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Stain lipid vesicles

1. Wash wells twice with PBS. 2. Add 700 µl of 10% formalin to each well.

3. Store plates at 4◦C overnight or longer.

4. Wash wells once with 60% 2-propanol.

5. Incubate with 500 µl/well Oil Red O working solution for 10 to 30 min.

Check under microscope presence of stained lipid vesicles. Consider an additional, empty plate

for background staining from now on.

6. Wash wells three times with water and keep them in water.

7. Take pictures using microscope with photocamera.

8. Store plates at 4◦C overnight or longer.

Semi-quantify lipid vesicles

9. Dry wells.

For this, carefully remove water by using an aspiration device and incubate the plates without lid

in a dry incubator at 37◦C. Check after 1 hr whether the surface of each well is completely dry.

10. Add 250 µl Igepal working solution to each well and shake for 30 min on a plate shaker.

11. Transfer 100 µl of each well into a 96-well microtiter plate.

12. Measure absorbance on a plate reader at 490 nm.

8.10 Gene expression analysis of osteogenic and adipogenic

differentiation markers

The expression levels of osteogenic and adipogenic differentiation markers can be determined at tran-

script level by quantitative reverse transcriptase polymerase chain reaction (quantitative RT-PCR) in

which a specific sequence of a complementary DNA (cDNA) molecule is simultaneously amplified

and quantified as the number of copies relative to stably and abundantly expressed genes (i.e., ’house-

keeping’ genes). The detection is based on nonspecific fluorescent dyes that intercalate with any

double-stranded DNA, or sequence-specific DNA probes consisting of oligonucleotides that are la-
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beled with a fluorescent reporter which permits detection only after hybridization of the probe with

its target sequence. cDNA can be synthesized from mature mRNA by reverse transcriptase, which

adds pair-wise complementary deoxyribonucleotides onto a free 3’ hydroxyl group. The initial free

3’ hydroxyl group is provided by hybridization of an oligo-T oligonucleotide primer onto the poly(A)

tail of the mature mRNA template, or by random hexamer primers that hybridize to their complemen-

tary sequences anywhere else on the mRNA template. The mRNA templates can be obtained from

cell lysates by phenolchloroform extraction [283]. The latter is a liquid-liquid extraction technique in

which a mixture of equal volumes of an aqueous sample (i.e., cell lysate) and a solution containing

water-saturated phenol, chloroform, and a chaotropic denaturing compound (guanidium thiocyanate)

is separated into three different phases by centrifugation. While DNA and protein partition in the in-

terphase and organic phase, respectively, RNA accumulates in the upper aqueous phase. RNA is then

recovered by precipitation with 2-propanol. An additional purification step with EDTA and lithium

chloride becomes necessary when a lot of mineralized ECM is present in the hMSC cultures.

Materials

Cultures of hMSC in 12-well plates (Basic Protocol 1)

Phosphate-buffered saline (PBS; pH 7.4; e.g., Invitrogen), cold TRIzol (Invitrogen) or equivalent

Chloroform

2-propanol

Ethanol, absolute (e.g., Fisher Scientific)

1 M EDTA (RNase-free; e.g., Invitrogen)

8 M lithium chloride (RNase-free; e.g., Ambion)

70% ethanol prepared with RNase-free H2O

RevertAid First Strand cDNA Synthesis Kit (Fermentas)

RNase-and DNase-free water (e.g., Invitrogen)

RT-PCR master mix stock (see recipe)

Primer mix (2.5 µM forward primer + 2.5 µM reverse primer; primer sequences for the detection of

osteoblast, adipocyte differentiation and housekeeping genes described in [151]
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Cell scraper (15 mm slim blade)

Microcentrifuge tubes (0.5 ml and 1.5 ml volume)

Refrigerated microcentrifuge allowing 20,000 x g

Microvolume spectrophotometer (e.g., NanoDrop)

25◦C, 42◦C, 65◦C, and 70◦C water baths or heat blocks 96-well PCR plates (compatible to thermal

cycler system; e.g., Bioplastics)

Thermal cycler with fluorescence detection system (excitation wavelength of 495 nm and an emission

wavelength of 520 nm; e.g., ABI PRISM 7500 sequence detector, Applied Biosystems)

Note: The solutions and equipment used for the RNA isolation and cDNA synthesis techniques

described below need to be RNase-free.

Isolate total RNA from hMSC cultures

1. Wash wells once with cold PBS.

2. Add 400 µl of TRIzol to each well using a repetitive pipettor.

3. Scrape cells from the bottom of each well and transfer into a 1.5-ml microcentrifuge tube.

4. Store samples at -20◦C or proceed immediately.

5. Thaw cell lysates on ice.

6. Add 80 µl of chloroform to each tube and mix immediately by inverting the tube 15 times.

Handle a maximum of four tubes at the same time. Do not vortex, or you will shear genomic DNA.

7. Incubate samples for 10 min on ice.

8. Centrifuge samples at maximum speed at 4◦C for at least 20 min.

This step leads to the separation of the sample into the pink-colored lower organic phase containing

protein, the white interphase containing DNA, and the transparent upper aqueous phase that contains

the desired RNA.

9. Transfer the upper phase into a fresh 1.5-ml microcentrifuge tube.

Pipet carefully and do not touch the interphase or lower phase. It is better to not transfer the upper

phase completely than to risk any contamination with the interphase or organic phase.

10. To each tube, add a volume of 2-propanol equal to the volume of upper phase solution in the tube
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and vortex vigorously.

This volume amounts to 200 to 240 µl.

11. Precipitate samples by incubation at -20◦C overnight.

12. Microcentrifuge at least 30 min at 20,000 x g, 4◦C.

13. Wash RNA pellet once with absolute ethanol.

For this, add 600 µl ethanol, microcentrifuge 10 min at maximum speed, 4◦C, and quickly remove

supernatant by decanting. Quickly dry lid of each tube with a clean tissue.

14. Let RNA pellets dry at room temperature.

The pellet dries in about 5 to 15 min. Do not leave pellets at room temperature longer than neces-

sary. The characteristic ethanol odor will have been volatilized when the pellet is dry.

Purify RNA extracts

15. Add 80 µl of 0.1 M EDTA to each tube and dissolve RNA pellets by pipetting up and down 12

times, then vigorously vortexing.

Increase EDTA volume to 160 µl when extracting RNA from cultures of progressed mineralization

stage.

16. Add 80 µl of 8 M lithium chloride to each tube and vortex immediately. Handle only one tube

each time.

Increase the volume of lithium chloride to 160 µl when extracting RNA from cultures of progressed

mineralization stage.

17. Precipitate RNA by incubating tubes at -20◦C overnight.

18. Microcentrifuge at least 30 min at maximum speed, 4◦C.

19. Wash RNA pellet three times with 600 µl of 70% ethanol.

For this, add 600 µl of ethanol, microcentrifuge 10 min at maximum speed, 4◦C, and quickly

remove supernatant. It is handy to use an aspiration device for this. Leave centrifuge spinning while

handling a maximum number of 10 samples at the same time.

20. Wash RNA pellet once with absolute ethanol.

21. Dry RNA pellet.
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22. Resuspend RNA pellet in 12 µl of water.

23. Proceed to RNA quantification or store samples at -80◦C.

Quantify RNA

24. Thaw samples on ice.

25. Measure the concentration of RNA in 0.75 µl of each sample using a microvolume spectropho-

tometer.

The RNA concentration is measured spectrophotometrically at 260 nm, at which single-stranded

RNA molecules have an average extinction coefficient of 0.02 (µg/ml)−1 cm−1. The contamination

of RNA extracts with proteins can be estimated by the 260:280 absorption ratio, since the aromatic

groups present in aromatic amino acids absorb light at 280 nm. The 260:280 absorption ratio for

pure RNA is 2. Contamination with phenol is indicated by absorption of light at 270 nm. The 260:270

absorption ratio for pure RNA is 1.2. Thiocyanates and phenolate ion absorb light at 230 nm, and the

260:230 absorption ratio for pure RNA amounts to 2.

Synthesize cDNA

26. Pipet 1 µg of RNA in a total volume of 10 µl water into a 0.5-ml microcentrifuge tube.

If the concentrations of RNA in the extracts are lower than 100 ng/µl, lower amounts of RNA may

be used. It is important that the same amount of RNA be used for all samples that will be comparatively

analyzed. In the authors’ experience, the lowest possible input of RNA is 150 ng.

27. Add 1 µl of oligo-T oligonucleotide primers (100 µM or 0.5 µg/µl oligo(dT)18 primer stock) and

1 µl of hexamer primers (100 µM or 0.2 µg/µl random hexamer primer stock) to each sample.

These items are provided with the first-strand cDNA synthesis kit from Fermentas.

28. Vortex, and then microcentrifuge briefly to bring solution to the bottom of the tube.

29. Incubate at 65◦C for 5 min.

30. Chill on ice, then microcentrifuge briefly to bring solution to the bottom of the tube.

31. Add 4 µl reaction buffer, 2 µl of 10 mM dNTP mix, 1 µl of 20 U/µl RNase inhibitor, and 1 µl of

200 U/µl M-MuLV reverse transcriptase to each tube.
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These items are part of the first-strand cDNA synthesis kit from Fermentas. Prepare a master mix

instead of pipetting all compounds individually.

32. Vortex, and then microcentrifuge briefly to bring solution to the bottom of the tube.

33. Incubate at 25◦C for 5 min, then at 42◦C for 60 min, and subsequently at 70◦C for 5 min.

34. Chill samples on ice and spin down.

35. Add 230 µl of DNase-free water to each tube.

If the input of RNA was lower than 1 µg, reduce the amount of water to be added in this step

accordingly. The lowest possible volume of added water is 130 µl, because too high concentrations of

kit components might otherwise interfere with subsequent analyses.

Perform quantitative RT-PCR

36. Prepare RT-PCR master mix according to the following scheme per sample:

9.5 µl RNase-free water

12.5 µl master mix stock

1 µl primer mix.

This recipe is suitable for the analysis of 2 µl of cDNA sample per well. However, if high Ct values

(i.e., above 27) are anticipated, it is advisable to use a higher volume of cDNA sample and to reduce

the volume of water accordingly. The cDNA input can be increased to a maximum volume of 5% (v/v)

of the initial volume of cDNA synthesis product - i.e., if 130 µl of water have been added to the cDNA

synthesis product in step 35, a maximum volume of 7.5 µl cDNA sample can be used per RT-PCR

reaction (25 µl reaction volume).

37. Pipet 23 µl of RT-PCR master mix per well into a 96-well PCR plate.

38. Add 2 µl of cDNA sample per well.

39. Run quantitative RT-PCR on thermal cycler according to the following protocol:

1 cycle: 2 min 50◦C
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1 cycle: 10 min 95◦C

40 cycles: 15 sec 95◦C

1 min 60◦C.

The third step is repeated 40 times. For detecting SYBR or FAM, use optical filters that allow an

excitation wavelength of 495 nm and an emission wavelength of 520 nm.

When using nonspecific, fluorescent dyes for detection (i.e., SYBR), it is advisable to perform a dis-

sociation run subsequently to each completed RT-PCR run. During the dissociation run, the amplified

RT-PCR samples are heated up slowly to 95◦C while the fluorescence signal is detected continuously.

The fluorescence signal drops when double-stranded DNA molecules separate into single-stranded

DNA molecules according to their specific melting temperature. The dissociation curve displays the

derivative of fluorescence signal as function of temperature. Thus, the dissociation curve gives rise to

a peak at the melting point of the desired PCR product if it has been amplified during the RT-PCR.

8.11 Reagents and solutions

For culture recipes and steps, use sterile tissue culture - grade water. For other purposes, use deionized,

distilled water or equivalent in recipes and protocol steps.

Alizarin Red S solution

Dissolve 3 g of Alizarin Red S in 500 ml Milli-Q water and adjust pH to 4.2 with ammonium hydroxide.

Store up to 1 year at 4◦C.

β -Glycerophosphate (2 M)

Dissolve 100 g of β -glycerophosphate (e.g., Sigma) in 231.5 ml Milli-Q water. Filter-sterilize, aliquot,

and store up to 1 year at 4◦C.
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Calcium assay reagent 1

Dilute 6 ml ethanolamine (e.g., Merck) in 100 ml of Milli-Q water and adjust pH to 10.6 with 6 M

HCl. Store reagent at 4◦C (stable for 40 days).

Calcium assay reagent 2

Dissolve 22.81 mg o-cresolphthalein purple (e.g., Sigma) and 287.42 mg 8-hydroxyquinoline (e.g.,

Merck) in 80 ml of Milli-Q water. Add 5 ml of 6 M hydrochloric acid and make up the volume with

Milli-Q water to 100 ml. Store at 4◦C (stable for 40 days).

Calcium chloride standard solution in PBS/Triton/HCl (3.6 mM)

Dissolve 26.5 mg calcium chloride (e.g., Sigma) in 50 ml PBS/Triton/HCl (see recipe) and store up to

6 months at 4◦C.

The resulting solution contains 3.6 mM calcium.

Dexamethasone (1 mM)

Dissolve 100 mg of dexamethasone (e.g., Sigma) in 255 ml absolute ethanol and store in aliquots up

to 1 year at -20◦C.

Diethanolamine buffer

Dissolve 9.5 ml diethanolamine (e.g., Merck) and 20 mg magnesium chloride in 100 ml Milli-Q water.

Adjust pH to 9.8 using 6 M HCl.

DNA standard

Dissolve 1 mg of deoxyribonucleic acid sodium salt (e.g., from calf thymus; Sigma) in 40 ml of

PBS/Triton (see recipe). Prepare 0.5-ml aliquots and store up to 1 year at - 20◦C.
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Ethidium bromide solution

Dissolve 1 g of ethidium bromide (e.g., 95% HPLC, Sigma) in 200 ml of Milli-Q water and store 1-ml

stock aliquots up to 5 years at -20◦C, protected from light.

Dilute stock aliquot 1:200 in PBS (e.g., Invitrogen) prior to the assay.

Heparin solution

Dilute a 5000 IU/ml stock (e.g., LEO Pharma, http://www.leo-pharma.com/; store up to 6 months at

4◦C) 1:600 in PBS (e.g., Invitrogen).

hMSC medium

Combine the following:

440 ml α-MEM (without phenol red and calcium chloride; e.g., Invitrogen)

10 ml penicillin-streptomycin (50,000Uof penicillin and 50,000Uof streptomycin; e.g., utilizing peni-

cillin G sodium salt and streptomycin sulfate in 0.85% saline, Invitrogen)

2.39 g HEPES (molecular biology grade; e.g., Promega)

900 µl of 1 M calcium chloride (CaCl2 .2H2O)

Adjust to pH to 7.5 with 10 M sodium hydroxide

Add 50 ml fetal bovine serum (FBS: Invitrogen; heat-inactivate 1 hr at 56◦C)

Sterilize through a 0.2 µm filter

Indomethacin (30 mM)

Dissolve 5 g indomethacin (e.g., Sigma) in 467.3 ml ethanol. Store in aliquots up to 1 year at - 20◦C.

3-Isobutyl-1-methylxanthine (IBMX; 250 mM)

Dissolve 100 mg of 3-isobutyl-1-methylxanthine (IBMX; e.g., Sigma) in 1 ml Milli-Q water, then add

50 µl of 5 M sodium hydroxide solution. If solution is not clear yet, add another 10 µl of 5 M sodium
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hydroxide solution. Add Milli-Q water up to a volume of 1.8 ml, filter-sterilize, aliquot, and store up

to 1 year at - 20◦C.

Oil Red O working solution

Mix 3 parts of saturated Oil Red O solution (e.g., Clin-Tech, http://www.clintech.co.uk) with 2 parts

of Milli-Q water and filter through 0.2-µm filter or Whatman filter paper. Prepare fresh.

PBS/Triton (0.1%)

Mix 1 ml of Triton X-100 with 1 liter of PBS (e.g., Invitrogen) and store up to 1 month at 4◦C

PBS/Triton/HCl

Add 1.6 ml HCl (6 M) to 40 ml PBS/Triton (see recipe) and store up to 1 month at 4◦C

p-NPP (20 mM)

Dissolve 742 mg 4-nitrophenylphosphate disodium salt hexahydrate (e.g., Fluka) in 100 ml diethanolamine

buffer (see recipe), prepare 50-ml aliquots, and store up to 6 months at - 20◦C, protected from light.

RNase solution

Dissolve 100 mg of ribonuclease A (e.g., from bovine pancreas, Sigma) in 20 ml PBS (e.g., Invitrogen)

and prepare stock aliquots of 0.5 ml. Store up to 5 years at - 20◦C. Dilute stock aliquot 1:100 in PBS

prior to the assay.

RT-PCR master mix stock

Combine the following items from the qPCR core kit for SYBR Green I (Eurogentec, cat. no. RT-

SN10-05):

7.5 ml 10x reaction buffer (containing KCl, Tris-HCl, and a passive reference)

5.25 ml 50 mM magnesium chloride
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3 ml 5 mM dNTP mix

2.25 ml SYBR dye

19.125 ml of DNase-free water

Prepare aliquots of 6.25 ml and store up to 6 months at - 20◦C.

To prepare a working stock, thaw the master mix stock prepared above and add 62.5 ml of PCR enzyme

(5 U/µl, e.g., HotGoldStar from qPCR core kit for SYBR Green I, Eurogentec).

This RT-PCR master mix working stock can be stored protected from light at 4◦C for up to 2 weeks.

8.12 Commentary

Background information

Bone marrow-derived hMSCs are progenitor cells from a rare population in bone marrow that are ca-

pable of differentiation into bone, cartilage, fat, muscle, tendon, and marrow stroma [284]. A set of cell

surface markers that would characterize a pure hMSC population has not been identified to date. Cur-

rently, hMSCs are defined as the nonhematopoietic plastic adherent cells in the bone marrow that are

positive for the surface antigens CD105, CD166, CD29, and CD44, and negative for CD34 and CD45.

In vitro, hMSCs can be induced to differentiate into mineralizing osteoblast cultures and lipid vesicle

- containing adipocyte cultures upon stimulation with the respective differentiation compounds. Dex-

amethasone is essential for proper human osteoblast differentiation and ECM mineralization, and β -

glycerophosphate is required as phosphate donor for the mineralization process. Adipogenic differen-

tiation can be induced by supplementation of hMSC cultures with dexamethasone, indomethacin, and

3-isobutyl-1-methylxanthine [151]. Additional adipogenic differentiation compounds include rosigli-

tazone and insulin. However, although the addition of these compounds can increase the number of

lipid vesicles in adipogenic cultures, supplementation with these additional differentiation compounds

has not been shown to successfully combat heterogeneity in the cultures. Heterogeneity is a widely ob-

served phenomenon in differentiating hMSC cultures in vitro [284–287].With regard to the osteogenic
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and adipogenic conditions described in this unit, the extent of ECM mineralization and lipid vesicle ac-

cumulation differs between positions within a culture well (Figure 1. A). Intriguingly, the quantitative

or semi-quantitative values for mineralization or lipid vesicles from complete wells usually show high

similarities (i.e., the differences are within biological variability of less than 10%) when compared

with different wells from a specific condition (Figure 1 A). Whether heterogeneity is just an unde-

sired stochastic phenomenon that results from nonoptimal selection due to a current lack of definitive

hMSC markers, or whether it even possesses functional significance for differentiation processes, is an

important topic of current research.

The osteogenic and adipogenic differentiation process in hMSC cultures can be monitored by his-

tological, biochemical, or gene expression analyses of differentiation markers. Alkaline phosphatase

(ALP) is a classical marker for osteoblast differentiation. Its activity levels change dynamically during

the osteogenic differentiation process according to a specific pattern. ALP activity is virtually absent

in undifferentiated hMSCs; it increases rapidly during osteogenic differentiation until its peak level is

reached during mineralization onset, and it subsequently decreases again (Figure 1 B). However, ALP

is an important enzyme that is, despite its high expression in bone, present ubiquitously throughout

the body. It dephosphorylates nucleotides, proteins, and alkaloids most effectively in an alkaline en-

vironment. Recently, ALP activity has been shown to correlate with fat storage during preadipocyte

maturation as well [288]. Thus, ALP needs to be considered as a marker of differentiation of hMSCs

into both lineages, although its expression and activity patterns are lineage-specific.

ECM mineralization is a process that occurs during bone formation in which calcium-based min-

erals are formed within cells and tissues. In vitro, the formation and deposition of minerals result from

a non-physiological process during the late osteoblast differentiation phase in which extracellular ALP

releases inorganic phosphate from ester phosphates such as β -glycerophosphate at neutral pH. The lo-

cal increase in inorganic phosphate then promotes rapid mineral deposition onto a collagen-rich ECM

that has been produced by the osteoblasts before. Mineralization content is thus an endpoint marker of

the metabolic activity of osteoblasts (i.e., energy metabolism, extracellularmatrix synthesis, and matrix

vesicle biogenesis). Mineralization occurs specifically in the osteogenic condition (it remains absent

when β -glycerophosphate is added to the adipogenic differentiation cocktail), and is thus considered
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as a specific osteoblast differentiation marker (Figure 1 B).

Adipogenic differentiation can be assessed by histology of lipid-containing vesicles. Adipocytes

from human bone marrow contain considerable cytoplasm with lipid droplets scattered throughout. The

accumulation of lipid droplets starts between 5 and 10 days of adipogenic differentiation, depending

on the donor. A negligible number (<0.1%) of lipid droplets occurs sporadically in the osteogenic

condition, possibly due to the presence of preadipocytes in the initial heterogeneous hMSC population.

Classical osteogenic and adipogenic differentiation markers include ALPL, RUNX2, COL1A1, and

BGLAP for the osteogenic lineage, and PPARG and FABP4 for the adipogenic lineage. Expression

levels of these genes change in a specific pattern during the time course of differentiation, and are

therefore suitable for phenotyping. However, depending on the time point of analysis, expression

levels of osteogenic markers are not always absent in the adipogenic lineage and vice versa, although

their expression levels follow a specific pattern that is distinct from the other lineage (Figure 1 C).

The kinetics of all differentiation markers (ALP activity, mineralization, lipid vesicles, and gene

expression values) are donorspecific, and thus need to be determined in an initial control experiment

for each hMSC batch.

Critical parameters and troubleshooting

Transient transfection using electroporation: Too large a size of plasmids, too much salt in plasmid

preparations, and too low or too high confluency of cells before trypsinization can lead to poor trans-

fection efficiency.

Mineralization assays: ECM mineralization is strongly influenced by the volume of culture medium

used. During incubation, evaporation of medium in culture plates differs between wells, i.e., medium

evaporates faster from wells at outer than inner position. In fact, up to 15% of medium can evaporate

during 2 days of incubation, and the volume of evaporated medium can differ up to 10% between wells.

Therefore, a randomized plate layout or different plate layouts between independent experiments are

necessary.

When osteogenic cultures are harvested at a progressed mineralization stage, it can become difficult

to scrape the compact mineralized cell layer from the well, and the resulting quantitative mineralization
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data may vary strongly. Therefore, it is advisable to incubate each well from this condition with 500

µl of PBS/Triton/HCl overnight at 4◦C after scraping, and to subsequently measure mineralization in

these samples. The values can then be added to the results obtained from the cell lysates.

Anticipated results

This unit contains protocols for the differentiation of hMSCs into the osteogenic or adipogenic lin-

eage, genetic perturbation, and histological, biochemical, and gene expression analyses of the obtained

phenotypes. The differentiation kinetics depend on the hMSC donor, and, thus, need to be determined

in an initial pilot experiment for each hMSC batch. In general, osteogenic differentiation of hMSCs

results in mature osteoblasts and ECM mineralization after 15 to 25 days in culture. Adipocytes with

accumulated lipid vesicles occur earlier in the adipogenic condition, after about 7 to 12 days in culture.

With regard to the transient transfection protocol described, transfection efficiencies of about 40% to

60% are expected.

Time Considerations

The expansion of hMSCs should take about 1 week until the required confluency has been reached.

Then it should take about 2 to 3weeks to differentiate hMSCs into osteoblast cultures with mineralized

ECM, or 1 to 2 weeks to differentiate hMSCs into adipocytes. Histological and biochemical assays

can be accomplished within 1 to 3 days, depending on the number of samples. The isolation of RNA,

cDNA synthesis, and quantitative RT-PCR for gene expression analyses require approximately 5 to 7

days, also depending on the number of samples. Taken together, the time needed to be considered

for the accomplishment of the expansion and differentiation of hMSCs and subsequent phenotypic

analyses amounts to approximately 5 to 6 weeks.
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Figure 1 (following page)
Histological, biochemical, and gene expression analysis of osteoblast and adipocyte differ-
entiation markers. (A) Alizarin Red S (upper left panel) and Oil RedO staining (lower left
panel) of osteogenic and adipogenic hMSCs at day 15 of differentiation. Semi-quantification
of Alizarin Red S (upper right panel) and Oil Red O staining (lower right panel). (B)
Quantification of ALP activity (left panel) and mineralization (right panel) in osteogenic
and adipogenic hMSCs during different time points of differentiation. (C) Quantitative RT-
PCR analysis of osteoblast and adipocyte differentiation marker genes in osteogenic and
adipogenic hMSCs during different time points of differentiation.
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Figure 1H.3.1 Histological, biochemical, and gene expression analysis of osteoblast and
adipocyte differentiation markers. (A) Alizarin Red S (upper left panel) and Oil Red O staining (lower
left panel) of osteogenic and adipogenic hMSCs at day 15 of differentiation. Semi-quantification
of Alizarin Red S (upper right panel) and Oil Red O staining (lower right panel). (B) Quantification
of ALP activity (left panel) and mineralization (right panel) in osteogenic and adipogenic hMSCs
during different time points of differentiation. (C) Quantitative RT-PCR analysis of osteoblast and
adipocyte differentiation marker genes in osteogenic and adipogenic hMSCs during different time
points of differentiation.
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