
Chondrogenesis of Mesenchymal Stem Cells
in an Osteochondral Environment

Is Mediated by the Subchondral Bone

Marloes L. de Vries–van Melle, MSc,1 Roberto Narcisi, PhD,1 Nicole Kops, BSc,1 Wendy J.L.M. Koevoet, BSc,2

P. Koen Bos, MD, PhD,1 J. Mary Murphy, PhD,3 Jan A.N. Verhaar, MD, PhD,1

Peter M. van der Kraan, PhD,4 and Gerjo J.V.M. van Osch, PhD1,2

In articular cartilage repair, cells that will be responsible for the formation of repair tissue are often exposed to an
osteochondral environment. To study cartilage repair mechanisms in vitro, we have recently developed a bovine
osteochondral biopsy culture model in which cartilage defects can be simulated reproducibly. Using this model,
we now aimed at studying the chondrogenic potential of human bone marrow-derived mesenchymal stem cells
(hBMSCs) in an osteochondral environment. In contrast to standard in vitro chondrogenesis, it was found that
supplementing transforming growth factor beta (TGFb) to culture medium was not required to induce chon-
drogenesis of hBMSCs in an osteochondral environment. hBMSC culture in defects created in osteochondral
biopsies or in bone-only biopsies resulted in comparable levels of cartilage-related gene expression, whereas
culture in cartilage-only biopsies did not induce chondrogenesis. Subcutaneous implantation in nude mice of
osteochondral biopsies containing hBMSCs in osteochondral defects resulted in the formation of more carti-
laginous tissue than hBMSCs in chondral defects. The subchondral bone secreted TGFb; however, the observed
results could not be attributed to TGFb, as either capturing TGFb with an antibody or blocking the canonical
TGFb signaling pathway did not result in significant changes in cartilage-related gene expression of hBMSCs in
the osteochondral culture model. Inhibition of BMP signaling did not prevent chondrogenesis. In conclusion, we
demonstrate that chondrogenesis of hBMSCs is induced by factors secreted from the bone. We have strong
indications that this is not solely mediated by members of the TGFb family but other, yet unknown, factors
originating from the subchondral bone appeared to play a key role.

Introduction

Human bone marrow-derived mesenchymal stem cells
(hBMSCs) are widely used for tissue-engineering ap-

proaches because of their multi-lineage differentiation po-
tential and expandability in vitro.1,2 For cartilage tissue
engineering, hBMSCs can provide a more favorable cell
source than articular chondrocytes, as the availability and
in vitro expandability of chondrocytes are limited.3,4 In
cartilage repair strategies based on either autologous
chondrocytes or hBMSCs, the repair tissue formed is often
of a fibro-cartilaginous nature, having inferior mechanical
properties than native articular cartilage.5–7 Therefore,
tissue-engineering strategies could provide a more suc-
cessful solution for the regeneration of damaged cartilage.8

To eventually achieve this, more insight is required in the
complex mechanisms involved in the chondrogenesis of
hBMSCs.

Transforming growth factor beta (TGFb) is generally
recognized as a key regulator of in vitro chondrogenesis of
hBMSCs: Without supplementing TGFb to the specific
differentiation media, hBMSCs will not differentiate to-
ward cartilage.9–11 Environmental factors such as oxygen
concentration, mechanical stimulation, or coculture with
other cell types, such as chondrocytes, have been recog-
nized to affect chondrogenesis of hBMSCs.12–14 In addition,
differential activation of signaling pathways in hBMSCs
affects the quality of the generated cartilaginous tissue
in vitro.15 Thus, the micro-environment in which hBMSCs
reside influences the chondrogenic potential of the cells.
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Several in vivo studies involving orthotopic cartilage de-
fects have demonstrated that implantation of hBMSCs
without treatment of chondrogenesis-related growth factors
before implantation results in the formation of cartilaginous
tissue.16–19 Contrastingly, on ectopic implantation of
hBMSCs, bone formation is reported, even when hBMSCs
were stimulated to differentiate chondrogenically before
implantation.20,21 These distinct responses of hBMSCs placed
in different environments demonstrate that the micro-
environment plays an important role in the induction and
direction of differentiation of hBMSCs both in vitro and in vivo.

In an orthotopic cartilage defect, the surrounding carti-
lage, the subchondral bone, and the synovial fluid affect the
local micro-environment. However, the specific effects that
each joint tissue can have on the regeneration of cartilage are
currently still unknown. We aimed at investigating the
mechanisms involved in chondrogenesis of human hBMSCs
in a simulated joint-like environment in vitro. Therefore, we
used a bovine osteochondral biopsy model that was recently
developed and validated.22 This enables us to study cartilage
repair mechanisms in a well-characterized osteochondral
environment in vitro.

In sharp contrast to the general hypothesis that TGFb is
essential for chondrogenesis of hBMSCs, we found that
chondrogenesis of hBMSCs in this osteochondral environment
was not dependent on the addition of TGFb to the culture
system. We identified the subchondral bone as the main
source of secreted factors for chondrogenesis of hBMSCs.
Subcutaneous implantation in nude mice of osteochondral
biopsies with hBMSCs resulted in more newly formed carti-
laginous tissue in osteochondral defects than in chondral de-
fects, confirming the importance of the subchondral bone.
Since TGFb was our main candidate to induce chondrogen-
esis, we measured the presence of TGFb in the culture media.
Subsequently, we captured TGFb secreted by subchondral
bone using an antibody against TGFb and blocked the ca-
nonical TGFb signaling pathway by prevention of Smad2/3
phosphorylation. Neither of these strategies resulted in inhi-
bition of chondrogenesis of hBMSCs. Altogether, our findings
demonstrate that chondrogenesis of hBMSCs is stimulated by
the bone and this is not solely mediated by TGFb.

Materials and Methods

hBMSC isolation and expansion

Bone marrow aspirates from healthy donors and patients
undergoing total hip replacement surgery after informed
consent was obtained: For the healthy donors, all procedures
for the collection of marrow have been approved by the
Clinical Research Ethical Committee at the University College
Hospital, Galway, Ireland (Ref: 2/08), and by the Institutional
National University of Ireland Galway Research Ethics
Committee (reference: 08/May/14); for the donors undergo-
ing total hip replacement, all procedures have been approved
by the local ethics committee of the Erasmus MC, University
Medical Center Rotterdam (MEC 2004-142). Heparinized
bone marrow aspirates were seeded at a density of 2–5 · 105

cells/cm2 in minimum essential medium—alpha (MEM-a;
Gibco, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS; Lonza, Verviers, Belgium), 50mg/mL gentami-
cine (Gibco) and 1.5mg/mL fungizone (Gibco), 1 ng/mL fi-
broblast growth factor 2 (FGF2; AbD Serotec, Kidlington,

United Kingdom), and 25mg/mL ascorbic acid-2-phosphate
(Sigma-Aldrich, St. Louis, MO). Nonadherent cells were wa-
shed off after 24 h, and adherent cells were further expanded.
At subconfluence, hBMSCs were trypsinized and replated at a
density of 2300 cells/cm2. Medium was refreshed twice per
week. Passage 3 or 4 hBMSCs were used for experiments.

Osteochondral culture model

Cartilage defects were created in bovine osteochondral
biopsies as previously described.22 In short, osteochondral
biopsies that were 8 mm in diameter and 5 mm in length
were created using a hollow drill (Synthes, Oberdorf, Swit-
zerland) from the four proximal sesamoı̈d bones of fresh
metacarpal phalangeal joints of 3- to 8 month-old calves
(Fig. 1A). Biopsies were incubated overnight in Dulbecco’s-
modified Eagle’s medium with Glutamax (DMEM-HG;
Gibco) supplemented with 10% FBS, 50mg/mL gentamicine,
and 1.5 mg/mL fungizone. Using a 6 mm-diameter dermal
biopsy punch (Stiefel Laboratories, Durham, NC) and scal-
pel, cartilage defects were created of chondral, subchondral,
and osteochondral nature as previously described.22 Biopsies
were placed in 2% low-gelling agarose (gelling temperature
37�C–39�C; Eurogentec, Liege, Belgium) in such a way that
the cartilage was above the agarose surface. By cutting the
cartilage from the bone, we created cartilage-only explants
and bone-only explants. To exclude cartilage remnants on
the bone-only explants, about 1 mm of the subchondral bone
was removed. In the bone-only and cartilage-only explants,
6 mm defects were also created.

hBMSCs in alginate in the osteochondral culture model

To culture hBMSCs in alginate inside the simulated sub-
chondral cartilage defects in the osteochondral culture
model, hBMSCs were resuspended in 1.2% low viscosity
alginate (Keltone, San Diego, CA) in physiological saline at a
density of 10 · 106 cells/mL. Simultaneously, 50 mL of algi-
nate cell suspension and 50mL 102 mM CaCl2 were added to
the simulated cartilage defects, enabling in-situ gelation.
Equal amounts of alginate cell suspension were used in all
conditions. To study the roles of bone and cartilage, hBMSCs
in alginate were cultured in defects in osteochondral biop-
sies, bone-only explants, or cartilage-only explants (Fig. 2A).
To determine whether either living cells present in the os-
teochondral biopsies or factors released from the bone matrix
affect the behavior of hBMSCs, biopsies were snap frozen in
liquid nitrogen and stored at - 80�C. Subsequently, six
freeze-thaw cycles were performed, using a 60�C water bath
and liquid nitrogen. hBMSCs in alginate were cultured in
defects in these devitalized osteochondral biopsies. Unless
stated otherwise, samples were cultured for 28 days at 37�C
and 5% CO2 in 1.5 mL incomplete chondrogenic medium
(ICM) per biopsy, consisting of DMEM-HG supplemented
with insulin, transferrin, and selenium (ITS + 1; B&D
Bioscience, Bedford, MA), 40mg/mL L-proline (Sigma-
Aldrich), 1 mM sodium pyruvate (Gibco), 1.5mg/mL fungizone,
50mg/mL gentamicin, 25mg/mL ascorbic acid-2-phosphate,
and 10 - 7 M dexamethasone (Sigma-Aldrich). When 10 ng/
mL TGFb1 (R&D Systems, Minneapolis, MA) was added to
this medium, it was referred to as complete chondrogenic
medium (CCM). To evaluate whether induction of chon-
drogenesis in ICM was due to endogenously produced
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TGFb, 1.5 mg/mL pan specific anti-TGFb1,2,3 (anti-TGFb,
MAB1835; R&D Systems) was used to capture produced
TGFb. This dosage was determined based on previous
measurements of TGFb1 levels in used culture medium of
osteochondral biopsies, combined with the manufacturer’s
instructions to use 0.25–1.25 mg/mL to neutralize 1 ng/mL
TGFb. To prevent phosphorylation of Smad2/3 (pSmad2/3)
and activation of the canonical TGFb signaling pathway,
10 ng/mL SB-505124 (Sigma-Aldrich) was added to ICM.
About 10 ng/mL dorsomorphin (Biomol International, Exe-
ter, United Kingdom) was added to ICM to prevent phos-
phorylation of Smad1/5/8 (pSmad1/5/8) and activation of
the BMP-associated signaling pathway. The dosage of SB-
505124 and dorsomorphin was based on previous research.15

Medium was refreshed thrice per week. Used medium was
stored once per week at - 80�C for later analysis of the
concentration of TGFb1 using an ELISA kit for human
TGFb1 (R&D Systems) according to the manufacturer’s in-

structions. Samples were cultured for 28 days before har-
vesting the hBMSCs for mRNA isolation or biochemical
assays. For western blot, samples were harvested 1.5 h after
refreshing the medium after 4 days of culture.

hBMSCs in alginate beads as controls

As controls for hBMSCs cultured in the osteochondral
biopsy model, hBMSCs were cultured in alginate beads.
hBMSCs were resuspended in alginate at a density of 10 · 106

cells/mL. The alginate-cell suspension was pressed through
a 22-gauge needle in 102 mM CaCl2. Beads were washed
twice in physiological saline and once in ICM. 100mL me-
dium was used per alginate bead, and 10 to 12 beads were
cultured per well in 24-well plates. hBMSCs in alginate beads
were cultured in CCM or ICM. Anti-TGFb, SB-505124, or
dorsomorphin was added to CCM as controls for the
hBMSCs cultured in alginate in the osteochondral biopsy

FIG. 1. hBMSCs differentiate chondrogenically in an osteochondral environment in vitro without supplementing TGFb to the
culture media. (A) Schematic representation of the bovine osteochondral biopsy model with a simulated subchondral defect
containing hBMSCs in alginate; (B) Collagen type 2 and aggrecan gene expression relative to GAPDH after 7 or 28 days of culture of
hBMSCs from one donor in alginate in simulated subchondral defects with or without supplementing TGFb (n = 6, mean with
standard deviation, Student’s t-test); (C) TGFb1 secretion measured in culture medium used for 72 h of osteochondral biopsies
(n = 3, mean with standard deviation) after 7, 14, or 21 days in culture to which no exogenous TGFb was supplemented; (D) mg of
GAGs normalized to mg of DNA measured either in hBMSCs from one donor cultured for 28 days in alginate beads with or without
TGFb or in alginate in simulated subchondral defects without TGFb (n = 6, mean with standard deviation, Student’s t-test); (E)
Collagen type 2, aggrecan and collagen type X gene expression relative to GAPDH of hBMSCs from five different donors (n = 6 for
MSC donor 1 and 2, n = 3 for MSC donors 3, 4, and 5, generalized estimated equations model with correction for multiple testing).
hBMSCs, human bone marrow-derived mesenchymal stem cells; TGFb, transforming growth factor beta; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; GAG, glycosaminoglycan. Color images available online at www.liebertpub.com/tea
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system. Medium was refreshed thrice per week. Samples
were cultured for 28 days before harvesting for mRNA iso-
lation or biochemical assays.

mRNA isolation and qRT-PCR

After 28 days of culture, alginate beads were dissolved
using 55 mM sodium citrate (150 mL/bead; Sigma-Aldrich) in
20 mM ethylene diamintetraacetate (EDTA; Sigma-Aldrich).
hBMSCs in alginate cultured in the osteochondral model,
bone-only and cartilage-only explants were removed using a
spatula and dissolved in 450mL sodium citrate in EDTA. All
samples were incubated at 4�C while rotating and subse-
quently centrifuging for 8 min at 1200 rpm. The supernatant
was removed, and the samples were resuspended in 150mL/
bead or 500 mL/sample RNABee (TEL-TEST, Friendswood,
TX). Chloroform (Sigma-Aldrich) was added at a quantity of
200 mL/mL RNABee. Further RNA isolation was performed
using the RNeasy Microkit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions, including on-
column DNAse treatment. RNA concentration and quality
was measured using a NanoDrop ND1000 UV-VIS spectro-
photometer (Isogen Life Science, de Meern, the Netherlands).
cDNA was prepared using RevertAid First-Strand cDNA
Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany) ac-
cording to the manufacturer’s instructions. qRT-PCR was
performed in 20 mL reactions on an ABI Prism 7000 system
(Applied Biosystems, Foster City, CA) using either Taqman
Universal PCR mastermix (Applied Biosystems) or Sybr-
Green (Eurogentec). The expression of the cartilage-related

genes collagen type 223 and aggrecan24 and the hypertrophy-
related gene collagen type X23 was determined. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH23) was selected
as a reference gene after comparison with two other house-
keeping genes (data not shown). Relative gene expression was
calculated using the 2-DCT method25.

Glycosaminoglycan content

After 28 days of culture, alginate was digested overnight
at 56�C in 200 mg/mL papain in 50 mM EDTA supplemented
with 5 mM L-cystein (Sigma-Aldrich). The amount of gly-
cosaminoglycans (GAGs) was determined using di-
methylmethylene blue (DMB) assay; the protocol was
modified for measurements in alginate as previously re-
ported: The pH of the DMB reagent was lowered to 1.75
using formic acid.26,27 A spectrophotometer (VersaMax;
Molecular Devices, Sunnyvale, CA) was used to measure the
metachromatic reaction of GAGs with DMB at 540 and
595 nm. Chondroitin sulfate C (Sigma-Aldrich) was used as a
standard. The DNA content in papain-digested samples was
determined after RNAse (Sigma) treatment using ethidium
bromide (Gibco). Using a spectrofluorometer (Wallac 1420
Victor 2; Perkin-Elmer, Wellesley, MA), the extinction and
emission were measured at 340 and 590 nm, respectively.
Calf thymus DNA (Sigma-Aldrich) was used as a standard.

Western blot

After 4 days of preculture to enable stabilization of cul-
ture conditions, hBMSCs that were cultured in alginate

FIG. 2. Chondrogenic differentiation of hBMSCs in an osteochondral environment in vitro is mediated by the subchondral
bone. (A) Schematic representation of bovine cartilage-only and bone-only biopsies with a simulated defect containing
hBMSCs in alginate; (B) Collagen type 2 and aggrecan gene expression relative to GAPDH of hBMSCs from two different
donors in alginate cultured in bone-only biopsies, cartilage-only biopsies, or simulated subchondral defects in osteochondral
biopsies (n = 6 per hBMSC donor, generalized estimated equations model with correction for multiple testing); (C) TGFb1
secretion of bone-only, cartilage-only, or osteochondral biopsies measured in culture medium used for 72 h after 28 days of
culture in total (n = 3, mean with standard deviation); (D) Collagen type 2 and aggrecan gene expression relative to GAPDH of
hBMSCs from one donor cultured for 28 days in alginate beads with or without supplementing TGFb or in alginate in
simulated subchondral defects in osteochondral biopsies (norm.) or in devitalized osteochondral biopsies (dead) (n = 6, mean
with standard deviation, Student’s t-test). Color images available online at www.liebertpub.com/tea
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beads were stimulated with TGFb1 alone, TGFb1, and anti-
TGFb or TGFb1 and SB-505124. Alternatively, hBMSCs
cultured in alginate in the osteochondral biopsy model were
stimulated with TGFb1, anti-TGFb, and SB-505124 or left
untreated as control. After 1.5 h of stimulation, alginate was
dissolved and removed using cold sodium citrate and
centrifugation as described in the mRNA isolation section.
M-PER Protein extraction reagent (Thermo Scientific,
Rockford, IL) with 1% protease inhibitor (Roche Diag-
nostics, Basel, Switzerland) was added. Total protein con-
tent was determined using a bicinchoninic acid assay kit
(BCA assay; Pierce, Rockford, IL). Per sample, 10 mg of total
protein lysate was subjected to gel electrophoresis using a
10% sodium dodecyl sulphate polyacryl amide gel and
transferred to polyvinylidene fluoride membranes. Mem-
branes were treated for 2.5 h with a blocking buffer con-
sisting of 0.1% Tris/Tween (TBS-T) supplemented with 5%
dried milk powder, washed in TBS-T, and incubated over-
night at 4�C with the primary antibody anti-a-tubulin
(1:1000; Cell Signaling Technology, Danvers, MA) or the
primary antibody anti-pSmad2 (1:1000; Cell Signaling
Technology). Subsequently, membranes were incubated for
1.5 h at room temperature with anti-horseradish peroxi-
dase-conjugated secondary antibody (1:1000; Cell Signaling
Technology). Blots were visualized using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific, Dur-
ham, NC) according to the manufacturer’s instructions. For
anti-a-tubulin, exposure time was 1–5 s and for anti-
pSmad2, exposure time was 2–4 min.

In vivo implantation of osteochondral biopsies
with hBMSCs in alginate

Passage 3 hBMSCs from three healthy donors were re-
suspended in 1.2% alginate, which was solidified in simu-
lated chondral or osteochondral defects in osteochondral
biopsies (n = 3 per donor per defect type) as described earlier
for the in vitro experiments. Equal amounts of alginate cell
suspension were used in all conditions: 50 mL of alginate per
defect containing 10 · 106 hBMSCs/mL. Alginate without
cells was solidified in both defect types (n = 3 per defect type)
as a control. Biopsies were cultured overnight to allow sta-
bilization of the system. Simultaneously, osteochondral bi-
opsies with hBMSCs from all three donors in both defect
types in alginate were cultured in vitro as controls (n = 3 per
donor per defect type) as described earlier and harvested for
mRNA isolation after 28 days. Four osteochondral biopsies
were implanted subcutaneously per female NMRI nu/nu
mouse (Charles River, Wilmington, MA) under isoflurane
anesthesia. The osteochondral biopsies were covered using
an 8 mm-diameter Neuro-Patch membrane (Braun, Melsun-
gen, Germany) to prevent in-growth of host tissue. Before
surgery and 6–10 h after surgery, mice received 0.05 mg/kg
bodyweight of Temgesic (Reckitt Benckiser, Slough, United
Kingdom). During surgery, mice received 9 mg/kg body-
weight of Ampi-dry (Dopharma, Raamsdonksveer, The
Netherlands). After 12 weeks, mice were euthanized by
cervical dislocation. Osteochondral biopsies were explanted
and fixed in 4% formalin. After at least 1 week of fixation,
biopsies were decalcified using 10% formic acid (Sigma-Al-
drich) for 3 weeks. Subsequently, biopsies were embedded in
paraffin, sectioned in 6 mm sections, and subjected to his-

tology. Animal experiments were conducted with approval
of the animal ethics committee (EMC2353, protocol number
116-11-06).

Histology and quantification

For safranin-O staining, paraffin sections were first stained
with 0.1% light green for 8 min, subsequently washed in 1%
acetic acid, and stained with 0.1% safranin-O (Fluka, St.
Gallen, Switzerland) for 12 min. Newly formed tissue was
discriminated visually from native tissue. The surface area of
the simulated cartilage defect was measured, and the surface
area of newly formed safranin-O-positive tissue was deter-
mined using ImageJ software (National Institutes of Health,
Bethesda, MA).

Data analysis

Unpaired data were analyzed using Student’s t-test.
Normality of paired data was verified with Kolmogorov–
Smirnov and Shapiro–Willk normality tests using SPSS 15.0.
When necessary, logarithmic transformation was performed
to obtain normal distribution of the data. For paired data that
were normally distributed, a generalized estimated equa-
tions model was used. Correction for multiple testing was
performed using the false discovery rate. If paired data were
not normally distributed, a Kruskal–Wallis test was per-
formed followed by the Mann–Whitney U test. For all sta-
tistical analyses, differences were considered statistically
significant for p < 0.05.

Results

hBMSCs differentiate in the osteochondral model
without the addition of TGFb

After 28 days of culture in CCM (with TGFb) or ICM
(without TGFb), chondrogenesis of hBMSCs in alginate in
simulated subchondral defects was assessed. Interestingly,
chondrogenesis of hBMSCs in subchondral defects was ob-
served after culture in ICM. Both after 7 and 28 days of
culture, no significant differences were observed between
hBMSCs in alginate in simulated subchondral defects cul-
tured in CCM or ICM in terms of collagen type 2 and aggrecan
gene expression as well as in GAG production (Fig. 1B, D).
Throughout culture, TGFb1 secretion by the osteochondral
biopsies was measured in culture medium, and it was found
that about 600 pg/mL TGFb1 was secreted by the biopsies in
72 h (Fig. 1C). For hBMSCs from five different donors, no
significant differences were observed in collagen type 2 and
aggrecan gene expression between culture in alginate beads
in CCM and culture in alginate in simulated subchondral
defects in ICM (Fig. 1E). Collagen type X gene expression was
significantly lower in hBMSCs cultured in alginate in simu-
lated subchondral defects than in hBMSCs cultured in algi-
nate beads (Fig. 1E). Based on these findings, for further
experiments, ICM was used for hBMSCs cultured in alginate
in osteochondral biopsies.

Subchondral bone and not cartilage stimulates hBMSC
chondrogenesis

To assess the specific roles of bone and cartilage in the
osteochondral biopsy model, bone-only and cartilage-only
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explants were prepared. hBMSCs were cultured for 28 days in
alginate in simulated defects in osteochondral biopsies, bone-
only, or cartilage-only explants (Fig. 2A). Collagen type 2 and
aggrecan gene expression levels in hBMSCs cultured in bone-
only explants or osteochondral biopsies were found to be
comparable, where the levels in hBMSCs cultured in cartilage-
only explants were significantly lower ( p £ 0.001, Fig. 2B).
Significantly more TGFb1 was produced by osteochondral
biopsies and bone-only biopsies versus cartilage-only explants
in 72 h after 28 days of culture ( p = 0.03, Fig. 2C).

The stimulating role of subchondral bone in chondrogen-
esis of hBMSCs was confirmed by the results of the in vivo
experiment: Subcutaneous implantation of osteochondral

biopsies with hBMSCs from three different donors in algi-
nate in chondral defects resulted in the formation of signifi-
cantly less cartilaginous repair tissue than hBMSCs in
osteochondral defects ( p = 0.004, Fig. 3B–E). The newly
formed tissue by hBMSCs in osteochondral defects appeared
more cartilage like in terms of intensity of safranin-O stain-
ing as well as in cell morphology than the newly formed
tissue in chondral defects (Fig. 3B, C). This was also reflected
in gene expression levels of accompanying in vitro controls:
The expression of collagen type 2 ( p < 0.001) and aggrecan
( p < 0.001) was significantly higher in hBMSCs cultured in
alginate in osteochondral defects than in hBMSCs cultured in
alginate in chondral defects (Fig. 3A).

FIG. 3. Chondrogenic differ-
entiation of hBMSCs in a sim-
ulated osteochondral
environment in vivo is also
mediated by subchondral
bone. (A) Collagen type 2 and
aggrecan gene expression rela-
tive to GAPDH of hBMSCs
cultured in vitro in alginate
beads in complete chondro-
genic medium or in alginate in
osteochondral biopsies with
simulated chondral or os-
teochondral defects without
supplementing TGFb for 28
days (hBMSCs from 3 donors,
n = 3 per donor, generalized
estimated equations model
with correction for multiple
testing); (B–D) Osteochondral
biopsies with hBMSCs in algi-
nate in simulated osteochon-
dral (B) or chondral (C) defects
or controls with osteochondral
defects filled with alginate
without cells (D) were im-
planted subcutaneously in
nude mice for 12 weeks. Re-
presentative safranin-O stained
sections, scale bars in upper
pictures represent 3 mm, scale
bars in magnified pictures
represent 400mm. M, Neuro-
Patch membrane; NC, native
bovine cartilage; NT, newly
formed tissue; SB, subchondral
bone. GAGs have been lost
from the NC during the ex-
periment, most likely due to
lack of mechanical stimulation;
(E) Quantification of newly
formed safranin-O-positive tis-
sue relative to the defect area
(hBMSCs from 3 donors, n = 3
per donor, generalized esti-
mated equations model with
correction for multiple testing);
Color images available online
at www.liebertpub.com/tea
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Chondrogenesis is partly caused
by actively produced factors

When hBMSCs were cultured in alginate in osteochondral
biopsies that were devitalized by subjecting them to six re-
peated freeze-thaw cycles, chondrogenesis was partly in-
hibited (Fig. 2D): Collagen type 2 gene expression was
significantly higher than in hBMSCs cultured in alginate
beads without supplementing TGFb and significantly lower
than in hBMSCs cultured in alginate in normal osteochondral
biopsies. This implies that a part of the factors that were
responsible for the chondrogenesis of hBMSCs in the os-
teochondral biopsies were released from the subchondral
bone matrix and that a part of it was actively produced or
activated by cells in the osteochondral biopsies.

Inhibition of TGFb signaling does
not block chondrogenesis

Anti-TGFb was used to capture TGFb secreted by the os-
teochondral tissue. Strikingly, even though the anti-TGFb
captured about 80% of the produced TGFb (Fig. 4B), no
significant differences were observed in collagen type 2 and
aggrecan gene expression as well as GAG production of
hBMSCs cultured in alginate in the osteochondral biopsy
model (Fig. 4A, E). Controls in which hBMSCs in alginate
beads were cultured in the presence of both anti-TGFb and
TGFb demonstrated the effectiveness of the antibody: Col-
lagen type 2 ( p < 0.0001) and aggrecan ( p < 0.0001) gene ex-
pression and GAG production ( p = 0.01) were significantly
lower when the antibody was used (Fig. 4A, E). Western blot
for pSmad2 was in line with these results: A decrease in
pSmad2 was observed when hBMSCs in alginate beads were
stimulated with both anti-TGFb and TGFb (Fig. 4F). When
the canonical TGFb signaling pathway was blocked by pre-
vention of Smad2/3 phosphorylation using SB-505124,
chondrogenesis of hBMSCs cultured in alginate in the os-
teochondral biopsies remained unchanged (Fig. 4C, E). This
was confirmed by western blot for pSmad2: When hBMSCs
in alginate in the osteochondral biopsies were treated with
SB-505124, no pSmad2 was detected, indicating that the ca-
nonical TGFb pathway was successfully blocked (Fig. 4F).
Controls in alginate beads cultured in CCM reflected the
effectiveness of SB-505124 by significantly decreasing colla-
gen type 2 ( p = 0.04) and aggrecan ( p < 0.001) gene expression
as well as GAG production ( p < 0.001).

Apart from TGFb, the bone is known to contain high
levels of other members of the TGFb family, BMPs. To verify
whether signaling of BMPs played a role in chondrogenesis
of hBMSCs in an osteochondral environment, the BMP-as-
sociated signaling pathway was blocked via prevention of
pSmad1/5/8 using dorsomorphin. This did not affect
chondrogenesis of hBMSCs in alginate in osteochondral bi-
opsies (Fig. 4C, E). The secretion of TGFb increased when
dorsomorphin was added to the ICM of the osteochondral
biopsies (Fig. 4D).

Discussion

Cartilage defects heal poorly due to the low intrinsic re-
pair capacity of articular cartilage. Therefore, solutions that
stimulate repair and help prevent the development of oste-
oarthritis (OA) are a major research topic in orthopedics. As

a part of this process, hBMSCs are exhaustively investigated
as a potential cell source for cartilage tissue-engineering
purposes based on their multipotency, expandability in vitro,
and the possibility to use autologous cells. When hBMSCs
are cultured in a 3D in vitro setting, for example in pellets or
in alginate beads, TGFb is essential to induce chondrogen-
esis.9–11,15 In the present study, we have found that when
hBMSCs were cultured in alginate in an osteochondral en-
vironment, chondrogenesis is induced independent of TGFb.

We initiated this study by culturing hBMSCs in alginate in
simulated subchondral defects in a bovine osteochondral
biopsy model with and without the addition of TGFb to the
culture media, hypothesizing that TGFb would be required
to induce chondrogenesis. Strikingly, in the osteochondral
culture system, chondrogenesis of hBMSCs was present even
when no TGFb was supplemented. The osteochondral
culture model appeared to provide a favorable micro-
environment for chondrogenesis of hBMSCs. This finding
corresponds with clinical outcomes of the microfracture
procedure: A bone marrow clot fills a cartilage defect and
hBMSCs, either present or recruited, are held responsible for
the spontaneous generation of cartilaginous repair tissue,
without the supplementation of any exogenous factors.28,29

This led to our renewed hypothesis: TGFb secreted by the
osteochondral biopsies themselves was responsible for the
induction of chondrogenesis in the hBMSCs. This was sup-
ported by measurements of significant TGFb1 levels in the
culture media throughout culture.

To study whether the induction of chondrogenesis could
be addressed to a specific part of the osteochondral culture
system, the separate roles of bone and cartilage were studied
by culturing hBMSCs in alginate in simulated defects in
bone-only or cartilage-only biopsies. The findings that the
subchondral bone played the most important role and also
produced the majority of the TGFb1 fitted the hypothesis.
Again, this corresponds with the clinical outcomes of the
microfracture procedure, as it is known that careful removal
of the calcified cartilage layer before puncturing the sub-
chondral plate is required.30 This implies that both in our
culture system as well as in a clinical setting, the subchondral
bone plays an important role in the generation of repair
tissue.

To validate our findings, osteochondral biopsies contain-
ing hBMSCs in alginate in either osteochondral or chondral
simulated defects were implanted subcutaneously in nude
mice. More newly formed cartilage-like tissue was observed
in osteochondral defects than in chondral defects. This vali-
dates our culture model, and it also confirms the in vitro
finding that subchondral bone plays a critical role in the
stimulation of chondrogenesis of hBMSCs in an osteochon-
dral environment. These findings correspond with recent
clinical and animal studies in which autologous hBMSCs
were injected in the knee joints of patients or animals with
OA. These studies showed a decrease in the size of cartilage
lesions and enhanced regeneration of the cartilage using
hBMSCs with exposure to growth factors before or after
implantation.19,31,32 This is in contrast with other studies,
suggesting that treatment with growth factors before or after
implantation is required to achieve regeneration of os-
teochondral defects by hBMSCs.33,34 Despite the fact that
hBMSCs were shown to undergo chondrogenic differentia-
tion, we cannot exclude the fact that other cells might have
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contributed to the formation of repair tissue. It is possible
that cells from the subchondral bone of the osteochondral
biopsy or from the murine host contributed to the formed
repair tissue, as it is known that hBMSCs can secrete trophic
factors which can recruit other cells.41 Either way, the pres-
ence of hBMSCs was crucial for the formation of cartilagi-

nous repair tissue, as in control defects with alginate without
hBMSCs, no formation of safranin-O positive repair tissue
was observed.

To study whether the factor(s) that induce chondrogenesis
in the osteochondral culture system are actively produced by
cells or secreted from the matrix of the subchondral bone

FIG. 4. Chondrogenic differentiation of hBMSCs in an osteochondral environment in vitro is not solely mediated by TGFb.
(A) Collagen type 2 and aggrecan gene expression relative to GAPDH of hBMSCs from two different donors cultured for 28
days in alginate beads with or without TGFb and anti-TGFb or in simulated subchondral defects with or without anti-TGFb
(n = 6 per MSC donor, mean with standard deviation, Kruskal–Wallis test followed by the Mann–Whitney U test); (B) TGFb
secretion of osteochondral biopsies cultured with or without anti-TGFb measured in medium used for 72 h (n = 3, mean with
standard deviation); (C) Collagen type 2 and aggrecan gene expression relative to GAPDH of hBMSCs from two different
donors cultured for 28 days in alginate beads with or without TGFb or in simulated subchondral defects without TGFb.
Samples were cultured with the pSmad2/3 inhibitor SB-505124 or the pSmad1/5/8 inhibitor DM (n = 6 per MSC donor, mean
with standard deviation, Kruskal–Wallis test followed by the Mann–Whitney U test); (D) TGFb secretion of osteochondral
biopsies measured in medium used for 72 h with or without the pSmad2/3 inhibitor SB-505124 or the pSmad1/5/8 inhibitor
DM (n = 3, mean with standard deviation); (E) GAG production relative to DNA concentration of hBMSCs from one donor
cultured in alginate beads with or without TGFb or in alginate in simulated subchondral defects without TGFb. Samples were
cultured with anti- TGFb, SB-505124, or DM (n = 6, mean with standard deviation, Student’s t-test); (F) western blot for a-
tubulin and phosphorylated Smad 2 (pSmad2) on hBMSCs cultured for 4 days in alginate beads or in alginate in simulated
subchondral defects harvested after 1.5 h of stimulations with or without TGFb, anti-TGFb, and/or SB-505124. DM, dorso-
morphin. Color images available online at www.liebertpub.com/tea
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during culture, hBMSCs in alginate were cultured in devi-
talized osteochondral biopsies. The results from this experi-
ment suggest that not only a part of the factor or factors
involved were secreted by the bone matrix, but also they
were at least partly, actively produced by the cells present in
the subchondral bone of the osteochondral biopsies.

After these observations, we aimed at confirming whether
TGFb was actually the key player behind the observed effect,
as among the possible factors that can be released by the
bone, TGFb is the most likely candidate to induce chon-
drogenesis, whereas BMPs and vascular endothelial growth
factor (VEGF), for example, are more associated with bone
formation.35 To achieve this, an antibody against TGFb was
used, which resulted in the majority of the secreted TGFb
being captured. Surprisingly, chondrogenesis of hBMSCs in
alginate in simulated subchondral defects remained un-
changed, which was in sharp contrast to our hypothesis.
Even though levels were low, the possibility remained that
the residual TGFb was responsible for the observed chon-
drogenesis. To rule out this option, we aimed at inhibiting
TGFb signaling.

Earlier, we demonstrated that when canonical TGFb sig-
naling is blocked by prevention of Smad2/3 phosphorylation
using the inhibitor SB-505124 in hBMSCs in pellet culture in
the presence of TGFb, chondrogenesis was inhibited.15 The
use of an antibody against TGFb to capture the majority of
the produced TGFb did not prevent chondrogenesis of
bMSCs in osteochondral defects. However, the use of the
antibody against TGFb resulted in some remaining Smad2
phosphorylation, indicating that we might not have blocked
TGFb signaling pathways sufficiently. Therefore, we used
SB-505124, which resulted in a complete prevention of
Smad2 phosphorylation, where chondrogenesis remained
uninhibited, thus indicating that chondrogenesis was medi-
ated by factors other than TGFb. When the canonical BMP
signaling was inhibited via prevention of Smad1/5/8 phos-
phorylation by dorsomorphin in our culture system, the
situation remained the same as observed earlier: Chon-
drogenesis of hBMSCs was uninhibited. These findings
suggest that chondrogenesis of hBMSCs in our osteochon-
dral culture system is not solely mediated by TGFb and that
the effect is also not addressable to BMPs.

It is known that apart from TGFb and BMPs, other
growth factors reside in the extracellular bone matrix, such
as insulin-like growth factor (IGF), and that various growth
factors, such as FGF, IGF, platelet-derived growth factor
(PDGF), epidermal growth factor, and VEGF, can be pro-
duced by different cell types residing in the bone.36,37

During healing of bone fractures, it is known that a variety
of growth factors are released by the extracellular bone
matrix or produced by cells residing in the bone: For ex-
ample, as an acute response to a fracture, interleukin (IL)-1,
IL-6, TGFb, and PDGF are released.38,39 In the homeostasis
of bone, many of these and other factors are required to be
present in a delicate balance, as bone is continuously re-
modeled. It is known, for example, that sclerostin, an in-
hibitor of Wnt signaling, is important in generating bone
tissue, where its production by osteocytes can be inhibited
by oncostatin M.40 Since all of these factors are likely to be
present in our osteochondral culture system, the observed
chondrogenesis might be attributed to one of these factors
or a combination of multiple factors.

The bovine biopsies used in the osteochondral culture
system originate from 3- to 8 month-old calves. It is obvious
that this young and healthy material is likely to provide a
different environment than old and/or diseased material,
such as osteoarthritic biopsies. Apart from degeneration of
the cartilage, in OA, the subchondral bone undergoes major
changes. The effects of these changes on cartilage repair
mediated by bMSCs are difficult to predict and will require
further studies. Altogether, our study stresses that chon-
drogenesis of hBMSCs in an osteochondral environment is a
complex process. Conventional culture systems such as pel-
let culture or alginate beads might not be sufficiently repre-
sentative to truly reach an understanding of the complexity
of the differentiation process. Using an osteochondral culture
model, we not only have identified the subchondral bone as
a key player in cartilage regeneration by hBMSCs, but also
that the commonly recognized in vitro regulator of chon-
drogenesis TGFb is not solely responsible for the observed
effects. It is evident that more studies are required to truly
identify the now unidentified key players in the induction of
chondrogenesis of hBMSCs not only in a healthy, but also in
a diseased osteochondral environment, for example, in OA.
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