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In serum veritas—in serum sanitas? Cell
non-autonomous aging compromises differentiation
and survival of mesenchymal stromal cells via the
oxidative stress pathway

S Gei�ler1,2, M Textor1,2, K Schmidt-Bleek1,2, O Klein2,3, M Thiele1, A Ellinghaus1, D Jacobi1, A Ode1,2, C Perka1,2,4, A Dienelt1,2,
J Klose2,3, G Kasper1,2,5, GN Duda*,1,2,4,5 and P Strube1,5

Even tissues capable of complete regeneration, such as bone, show an age-related reduction in their healing capacity. Here,
we hypothesized that this decline is primarily due to cell non-autonomous (extrinsic) aging mediated by the systemic
environment. We demonstrate that culture of mesenchymal stromal cells (MSCs) in serum from aged Sprague–Dawley rats
negatively affects their survival and differentiation ability. Proteome analysis and further cellular investigations strongly suggest
that serum from aged animals not only changes expression of proteins related to mitochondria, unfolded protein binding or
involved in stress responses, it also significantly enhances intracellular reactive oxygen species production and leads to the
accumulation of oxidatively damaged proteins. Conversely, reduction of oxidative stress levels in vitro markedly improved MSC
function. These results were validated in an in vivo model of compromised bone healing, which demonstrated significant
increase regeneration in aged animals following oral antioxidant administration. These observations indicate the high impact of
extrinsic aging on cellular functions and the process of endogenous (bone) regeneration. Thus, addressing the cell environment by,
for example, systemic antioxidant treatment is a promising approach to enhance tissue regeneration and to regain cellular
function especially in elderly patients.
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Mesenchymal stromal (or stem) cells (MSCs) and their
progeny contribute to the regeneration of mesenchymal
tissues, and enable, among others the scarless repair of
injured bones.1,2 This specific regeneration potential arises
not only from the MSC ability to differentiate into various
mesenchymal cell types to replace cells in damaged tissues
but also from paracrine effects of the cells modulating injury or
immune responses.3–6 However, healing capacity of
mesenchymal tissues, especially of bone and muscle, has
been shown to decline with increasing age.7–9 In particular,
our previous in vivo study showed an age-related delay in the
course of bone healing, resulting in an altered microstructure
and in reduced mechanical properties of the regenerated
tissue.10,11

Based on the high relevance of MSCs for the mesenchymal
tissue regeneration, it is reasonable to presume that this aging

phenomenon is at least partially correlated to a decline in the
regenerative potential of these cells. Although along with
others, we observed no age-dependent change in the
differentiation potential of MSCs, our recent functional and
proteomic analysis of MSCs derived from young (3 weeks,
yMSCs), middle-aged (3 months, mMSCs) and aged (12
months, aMSCs) animals proved an intrinsic (cell auto-
nomous) aging.12,13 This was associated with a decline in
MSC number, reduction of their migration potential and
enhanced susceptibility toward senescence.12,14 Molecular
data strongly suggest that these effects of MSC aging are
related to an altered cytoskeleton turnover and impaired
antioxidant defense.
However, aging is amultifaceted process not only regulated

on molecular and cellular, but also on systemic level.15–17

A minor number of studies address the question of the
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Berlin, Germany. Tel: þ 49 30 450559079; Fax: þ 49 30 450559969; E-mail: Georg.Duda@charite.de
5These authors contributed equally to this work.

Received 21.8.13; revised 11.11.13; accepted 12.11.13; Edited by RA Knight

Keywords: aging; adult stem cells; cell–microenvironment interactions; tissue regeneration; oxidative stress; cellular stress response
Abbreviations: MSCs, mesenchymal stromal cells; ROS, reactive oxygen species; PD, population doublings; p21WAF1/CIP1, cyclin-dependent kinase inhibitor 1;
p16INK4A, cyclin-dependent kinase inhibitor 2A; OM, osteogenic media; AM, adipogenic media; AR, Alizarin Red; OR, Oil Red O; MS, mass spectrometry; HSP, heat
shock protein; micro-CT, microcomputed tomography; NAC, N-acetyl-L-cysteine; MTF, maximum torque at failure; TS, torsional stiffness; ETF, energy to failure; BV/TV,
bone volume fraction; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation; ANOVA, analysis of variance

Citation: Cell Death and Disease (2013) 4, e970; doi:10.1038/cddis.2013.501
& 2013 Macmillan Publishers Limited All rights reserved 2041-4889/13

www.nature.com/cddis

http://dx.doi.org/10.1038/cddis.2013.501
mailto:Georg.Duda@charite.de
http://www.nature.com/cddis


age-related influence of the systemic environment on cellular
function. Conboy et al.18,19 performed parabiotic pairing
experiments between young and aged mice. Results of these
experiments suggest that satellite cells and liver progenitor
cells of aged mice can be rejuvenated in vivo by exposure to a
young systemic milieu. Recently, it was also shown that such
heterochronic parabiosis reverses age-related cardiac hyper-
trophy.20 Thus, we hypothesize that extrinsic (cell non-
autonomous) aging has a higher impact on the function of
MSCs than intrinsic aging.
To explore potential mechanisms and consequences by

which an age-altered systemic environment affects young
and aged MSC functions, we studied concurrently cellular
and molecular changes in response to serum derived from
young and aged Sprague–Dawley rats. Our results show that
the systemic environment modulates age-dependent MSC
survival and differentiation. Our protein expression and cell
assay data identified increased intracellular (oxidative)
stress as a potential cause for the altered MSC function.
Conversely, antioxidant treatment markedly improved age-
altered MSC function and in vivo bone regeneration.
In summary, we propose that the systemic environment
crucially contributes to the age-related decline in bone
regeneration by increasing intracellular ROS levels, hence
compromising viability and function of mesenchymal (pro-
genitor) cells.

Results

Age-altered systemic environment reduces proliferation,
increases cell cycle inhibitor expression and apoptosis
of MSCs. Since our previous results indicate a gradual
decline in MSC number and function with aging,12 we used
MSCs and serum from 3 weeks (yMSCs; ySerum) to 12
months (aMSCs, aSerum) old male Sprague–Dawley rats for
in vitro investigations. To determine the influence of ySerum
and aSerum on the growth dynamics of yMSCs and aMSCs,
we assessed the number of population doublings (PD) in
short-term proliferation assays (Figure 1a). Both yMSCs and
aMSCs grown in aSerum displayed significantly reduced
proliferation rates compared with the corresponding cultures
in ySerum (yMSCs: PDaSera¼ 1.68, PDySera¼ 2.16,
P¼ 0.005; aMSCs: PDaSera¼ 1.36, PDySera¼ 1.93,
P¼ 0.016). To examine the underlying molecular causes
for the reduced cell proliferation in aSerum, the expression of
cell cycle inhibitors in yMSCs and aMSCs was analyzed by
western blot technique (Figures 1b–d). This analysis
revealed a significantly enhanced cyclin-dependent kinase
inhibitor 1 (p21WAF1/CIP1) and cyclin-dependent kinase
inhibitor 2A (p16INK4A) expression in yMSCs (3.1-fold and
2.6-fold, respectively) and aMSCs (3.0-fold (P¼ 0.004) and
3.1-fold (P¼ 0.004), respectively) cultured in aSerum com-
pared with their counterparts grown in ySerum.

Figure 1 Effects of serum from young (ySerum) and aged (aSerum) Sprague–Dawley rats on proliferation and survival of MSCs. (a) Proliferation rates were determined by
using CyQuant assay and obtained values were used to calculate the number of PD. Growth of MSCs from young (yMSCs) and aged (aMSCs) animals cultured in aSerum was
significantly lower than in parallel cultures with ySerum. (b and c) Compared with ySerum, MSC culture in aSerum caused an upregulation of the cell cycle inhibitors p21WAF1/

CIP1 and p16INK4A. Graphs illustrate quantified signal intensities relative to GAPDH and (d) shows the corresponding representative pictures of the western blot analysis.
(e) Apoptosis rates of MSCs cultured in ySerum and aSerum, respectively, were determined by caspase-Glo 3/7 Assay. Graph shows the obtained fluorescence value
normalized to total DNA content. (For (a–d), n¼ 6, *Po0.05, Mann–Whitney U-test; (e), n¼ 6, *Po0.05, #Po0.05—positive control (Etoposide) versus all other treatment
groups; ANOVA with Bonferroni correction)
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To test whether the increased cell cycle inhibitor expression
correlates with higher apoptosis rates, we determined the
caspase-3/7 activity as surrogate marker for apoptotic cell
death,21 and used 50 mM etoposide as a positive control
(Figure 1e). Caspase-3/7 activity in yMSCs and aMSCs
cultured in aSerum were 39% (P¼ 0.010) and 35%
(P¼ 0.006) higher, respectively, than in the parallel cultures
with ySerum. Notably, no significant difference in proliferation
rate, cell cycle inhibitor expression and apoptosis rate were
observed between aMSCs and yMSCs cultured in the same
serum.

Age-altered systemic environment affects MSCs osteogenic
and adipogenic differentiation capacity. To further
investigate the impact of an age-altered systemic environ-
ment on the progenitor phenotype of yMSC and aMSCs,
we compared their osteogenic and adipogenic differentiation
capacity. Osteogenic differentiation was quantified by matrix
mineralization using Alizarin Red (AR) and normalized to the
number of viable cells (Figures 2a and b). MSCs cultivated in
aSerum showed a significantly lower capability to differenti-
ate into the osteogenic lineage (yMSCs: 3.0±0.3; aMSCs:
2.0±0.1) than the parallel cultures with ySerum (yMSCs:
6.0±0.4, Po0.001; aMSCs: 3.6±0.2, Po0.001). In addi-
tion, we also found significant differences in matrix miner-
alization between aMSCs and yMSCs grown in the same
serum (ySerum: Po0.001; aSerum: P¼ 0.006).
To examine the effect of an age-altered systemic environ-

ment on adipogenic differentiation, we used Oil Red O (OR)

staining to quantify lipid vacuoles and normalized obtained
values to the number of viable cells (Figures 2c and d). A trend
of increased adipogenic differentiation was observed for
yMSCs cultured in aSerum (1.34±0.20) compared with their
counterparts in ySera (1.11±0.07, P¼ 0.112), but did not
reach statistical significance. However, aMSCs cultured in
aSerum (1.71±0.14) displayed a significantly higher adipo-
cytes/viable cell ratio compared with their corresponding
cultures in ySerum (1.14±0.08, Po0.001) as well as to all
other treatment groups. Together these results indicate that
age-related changes in the systemic environment reduce
MSC proliferation and survival, compromise their osteogenic
differentiation ability, and promote their differentiation into the
adipogenic lineage.

Age-altered systemic environment alters expression of
proteins related to mitochondria, unfolded protein
binding and stress response. In order to identify under-
lying molecular changes responsible for the observed
functional alteration in an age-altered systemic environment,
we profiled the protein expression of yMSCs and aMSCs
cultured in aSerum and ySerum, respectively. Two-dimen-
sional gel electrophoresis detected a total of 147 protein
spots to be modulated by the age-altered systemic environ-
ment in MSCs. Using mass spectrometry (MS), 105 of these
spots were identified as 89 different proteins and 16 isoforms
(Supplementary Table 1). Among the detected proteins,
49 were significantly and reproducibly upregulated and
34 downregulated in yMSCs grown in aSerum compared

Figure 2 Serum from aged animals decreases osteogenic potential of MSCs and enhances their differentiation into adipocytes. (a) Osteogenic differentiation was
determined by matrix mineralization (AR staining). Shown are representative pictures of yMSCs and aMSCs cultures with OM supplemented with ySerum or aSerum,
respectively. (b) Diagrams show optical density values of AR normalized to cell number (osteogenic differentiation index). (c) Representative pictures of MSCs cultured in
adipogenic medium supplemented with ySerum or aSerum, respectively. (d) Adipogenic differentiation was quantified by using OR staining and normalized to cell number.
(For (a–d), n¼ 6, *Po0.05, #Po0.05—negative control (neg.CTR¼ expansion medium) versus all other indicated groups; ANOVA with Bonferroni correction)
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with corresponding cultures in ySerum (Figure 3a). In aMSCs
grown in aSerum, 53 proteins were increased and 33
proteins decreased in their expression compared with the
parallel cultures with ySerum. Taken together, the expres-
sion of 80 proteins were serum-dependently modulated in
both MSC groups (nupregulated¼ 48, ndownregulated¼ 32).
Subsequently, we performed functional annotation cluster-

ing of the differentially expressed proteins according to
cellular component, biological process and pathway
(Figure 3b). Assessment of cellular component by gene
ontology analysis indicated that a large number of proteins
were part of an organelle (GO:0044422, ‘organelle part’,
n¼ 40, Po0.001), including mitochondria, endoplasmic reti-
culum and the cytoskeleton (Supplementary Table 2). Clus-
tering according to biological processes revealed that
differentially regulated proteins are also related to a ‘cellular
metabolic process’ (GO:0044237, n¼ 50, Po0.001) or
associated with the ‘response to stress’ (GO:0006950,
n¼ 19, P¼ 0.017; Supplementary Table 3).
In particular, proteins within the cluster ‘cellular metabolic

process’ are associated with the mitochondria (GO:0005739,
n¼ 19,P¼ 0.003), are involved in the ‘generation of precursor
metabolites and energy’ (GO:0006091, n¼ 11, Po0.001) or
serves as an electron acceptor–donor in the electron transport
system (GO:0009055, n¼ 5, P¼ 0.014). Analysis in respect
to the pathways revealed that seven of these proteins are part
of the glycolysis/gluconeogenesis pathway (Po0.001).
In accordance to the altered expression of proteins of the

endoplasmic reticulum (GO:0005783, n¼ 8, P¼ 0.009), the
cluster ‘cellular metabolic process’ also contains proteins
involved in unfolded protein binding (GO:0051082, n¼ 11,
Po0.001). The majority of these proteins are molecular
chaperones (n¼ 10, Po0.001). Interestingly, chaperones like

the heat shock protein (HSP) 90 kDa beta member 1
(HSP90b1), HSP70 and HSP40, which are known to be
upregulated in response to stress, are more highly expressed
inMSCs cultured in aSerum. In line with these result, we found
that the majority of proteins clustered into the biological
process ‘response to stress’ (13 out of 18) were upregulated in
response to aSerum. These results led us to assume that the
age-altered systemic environment may directly or indirectly
provoke enhanced intracellular stress, which would be
detrimental to MSC function and survival.

Age-altered systemic environment enhances intracellular
oxidative stress and thereby indirectly compromises
MSC differentiation. Exemplarily, differentially expressed
proteins involved in ‘unfolded protein binding’ were validated
by western blot of whole MSC lysates to confirm the
proteome data (Figure 4). A significant increase in the
expression of HSP90 (yMSCs: 1.3-fold P¼ 0.003; aMSCs:
1.4-fold P¼ 0.002), HSP70 (yMSCs: 1.3-fold P¼ 0.010;
aMSCs: 1.6-fold P¼ 0.030), HSP40 (yMSCs: 1.7-fold
P¼ 0.012; aMSCs: 1.8-fold P¼ 0.030) and PDI (yMSCs:
1.7-fold P¼ 0.030; aMSCs: 1.7-fold P¼ 0.014) was detected
in MSCs cultured in aSerum. In accordance with our
proteome analysis, expression of the mitochondrial chaper-
one HSP60 was significantly decreased in yMSCs (0.6-fold
P¼ 0.009) and aMSCs (0.8-fold P¼ 0.010) grown in aSerum.
To test whether this enhanced HSP/chaperone expression

is correlated with higher levels of intracellular oxidative stress,
we incubated yMSCs and aMSCs with the fluorescent ROS
indicator CM-H2DCFDA and normalized obtained values to
DNA content. MSCs pre-treated with the intracellular ROS
generator pyocyanin (500 mM) were used as positive controls
(Figures 5a and b). Cultivation of MSCs in aSerum lead to an

Figure 3 Serum-dependent proteomic changes in yMSCs and aMSCs. Two-dimensional gel electrophoresis and MS were used to analyze the protein expression pattern
of MSCs cultured in ySerum and aSerum, respectively. (a) Graph depicts the number differentially expressed proteins of MSCs cultured in aSerum compared with
corresponding cultures in ySerum. (b) Pie charts show the results of functional annotation clustering according to (left) cellular component and (right) biological process of the
serum-dependently expressed proteins. Major clusters are indicated by bold font. (At least three independent experiments with two technical replicates were carried out for all
treatment groups)
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Figure 4 MSC culture in aSerum modulates the expression of HSP and molecular chaperones. (a) Representative western blots for HSP90, HSP70, HSP60, HSP40,
protein disulfide isomerize (PDI), and the corresponding g-Adaptin control blot. (b) Quantification of western blot analysis depicting the expression level of the indicated protein
normalized to g-Adaptin and relative to corresponding MSCs in ySerum. (For (b), n¼ 6, *Po0.05; Mann–Whitney U-test)

Figure 5 Intracellular ROS concentrations and the amount of oxidatively modified proteins are increased in MSC cultures with aSerum. Both, cultures of (a) yMSCs and (b)
aMSCs with aSerum displayed higher ROS production than corresponding cultures in ySerum. Supplementation of the antioxidant NAC attenuated the aSerum-induced ROS
generation in both MSC populations. Intracellular ROS level were determined using CM-H2DCFDA and normalized to total DNA content. Cell cultures pre-treated with
pyocyanin (500mM) and a combination of pyocyanin and NAC (2 mM) served as controls. (c) Cultivation of MSCs in aSerum results in significantly higher levels of oxidatively
modified proteins. ROS-related damages to proteins were analyzed by using OxyBlot Protein Oxidation Detection Kit. Graph shows quantified signal intensities normalized to
loading control (g-Adaptin). (d) To investigate a potential relationship between oxidative stress and altered MSCs differentiation ability, yMSCs were cultured in OM with
pyocyanin (5 mM) and/or NAC (10 mM). Graph depicts quantitative analysis of the amount of AR staining normalized to cell number (osteogenic differentiation index) for each
treatment group. (For (a–c), n¼ 6, (d) n¼ 3; *Po0.05, #Po0.05—pyocyanin group versus all other treatment groups; (a, b and d) ANOVA with Bonferroni correction;
(e) Mann–Whitney U-test)
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increased accumulation of ROS compared with the corre-
sponding cells grown in ySerum, indicating enhanced
intracellular oxidative stress. Notably, supplementation of
the potent antioxidant N-acetyl-L-cysteine (NAC) attenuated
the pyocyanin-induced as well as the aSerum-induced ROS
generation. Enhanced ROS production has been previously
shown to induce global macromolecular damages in cellular
constituents like cytosolic proteins, DNA and lipids.22,23

To elucidate if the aSerum-induced ROS levels are sufficient
to cause protein damages, the levels of protein oxidation
(carbonyl groups) were determined as a surrogate marker
(Figure 5c). In line with the enhanced ROS levels in cells
cultured in aSerum, also the levels of carbonyls in yMSCs and
aMSCs were 1.7-fold (P¼ 0.013) and 2-fold (P¼ 0.038)
higher, respectively. These results strongly suggest that
growth of MSCs in aSerum promotes oxidative stress, and
further strengthen our assumption that ROS might be the
principal cause for the functional alteration in response to an
age-altered systemic environment. To validate this hypo-
thesis, we cultivated yMSCs in osteogenic media (OM)
supplemented with pyocyanin (5mM) or a combination of
pyocyanin and NAC (2mM; Figure 5d). Supplementation of
pyocyanin significantly reduced matrix mineralization
(1.9±0.3) compared with corresponding osteogenic controls
without supplements (5.5±0.4, Po0.001). Similar to the
results from the ROS measurement, the additional supple-
mentation of NAC could at least partially compensate the
pyocyanin effect (3.5±0.4, Po0.007).

Oral antioxidant treatment enhances bone regeneration
in aged animals. Our in vitro analysis suggested that the
age-altered systemic environment compromises MSC func-
tion via the induction of intracellular (oxidative) stress, which
could be (at least partially) reversed by treatment with the
antioxidant NAC. Next, we investigated whether systemic
antioxidant administration is capable to improve bone healing
in aged Sprague–Dawley rats. In parallel, we monitored NAC
therapy in middle-aged animals with suboptimal fixation
stiffness, which also delays bone regeneration despite the
presence of a biologically competent environment.24,25

Six weeks after surgery, qualitative radiologic analyses
were performed using microcomputed tomography (micro-CT;
Figures 6a–f). This analysis revealed that NAC treatment of
middle-aged and aged animals results in an increased bone
fraction volume (BV/TV) compared with the corresponding
untreated controls (P¼ 0.038 and P¼ 0.032, respectively).
On the microstructural level, NAC treatment led to a
significantly increased trabecular number (Tb.N; P¼ 0.014
and P¼ 0.009, respectively) and reduced trabecular separa-
tion (Tb.Sp; P¼ 0.010 and P¼ 0.009, respectively) compared
with the untreated controls. No difference in trabecular
thickness (Tb.Th) was observed between the regenerated
tissue of NAC-treated and untreated animals (P¼ 0.254 and
P¼ 0.520, respectively).
To investigate whether the improved mineralization or

tissue microstructure of regenerated bone after NAC treat-
ment is also accompanied by an enhanced biomechanical
tissue quality, qualitative biomechanical testing was per-
formed (Figures 6g–i). Similar to the microCT data, bio-
mechanical testing showed that NAC treatment significantly

increases maximum torque at failure (MTF¼ 36±9 (%
contralateral)), torsional stiffness (TS¼ 27±8 (%contralateral))
and energy to failure (ETF¼ 68±19 (% contralateral)) of the
regenerated bone of aged animals compared with the
untreated group (MTF¼ 12±3% P¼ 0.023; TS¼ 7±3%
P¼ 0.025; and ETF¼ 16±6% P¼ 0.013). In addition, also
in the middle-aged animal group with suboptimal fixator
stiffness, NAC treatment led to superior healing
(MTF¼ 60±10%; TS¼ 50±7%; and ETF¼ 54±10) com-
pared with the untreated controls (MTF¼ 25±4% P¼ 0.014;
TS¼ 18±4% P¼ 0.010; and EFT¼ 21±4 P¼ 0.014).

Discussion

There is evidence that tissue regeneration is impaired in aged
individuals, although details of the underlying mechanisms
remain unclear. Moreover, conventional therapies seems to
be less effective in aged than in young patients, resulting in a
clear demand for new regenerative approaches to overcome
the pathophysiological challenges in the elderly.7 Thus, the
aspect of aging represents one of the major issues in the field
of regenerative medicine. Apart from an incomplete under-
standing of the exact mechanisms by which certain adult
progenitor cells, like MSCs, contribute to regeneration, there
is a paucity of data about how growing old influences their
regenerative potential.26 In this study, we focused our
analyses on bone regeneration as this is one of the few
tissues lacking scar formation and allowing complete restora-
tion of initial structure and function under optimal biomecha-
nical and biochemical conditions.27,28 More importantly,
previous investigations showed an age-related decline in
bone regeneration, which can be traced back to a decline in
both the number and function of bone marrow MSC.12,29

However, underlying mechanisms for age-associated
decrease in MSC regeneration potential are still elusive.
In addition to intrinsic alterations, extrinsic systemical factors
seem to have an important role in stem cell aging.30

In this study, we showed that MSC proliferation and
differentiation in vitro is highly affected by the systemic
environment provided by the surrounding serum. MSCs
cultured in aSerum exhibited a decreased proliferation and
osteogenic differentiation ability and an increased differentia-
tion into adipocytes compared with cells in ySera. These
observations were independent from the intrinsic age of the
analyzed MSCs. Our results are in concordance with another
in vitro study demonstrating a decreased osteoblast differ-
entiation of human MSCs from women in aSera compared
with ySera.31

Altered proliferation and differentiation of MSCs could be
because of (a) systemic factors in ySera, which directly
promote these processes or (b) systemic factors in aSera,
which indirectly compromise these processes via increased
cellular stress. Enhanced MSC apoptosis and the higher
expression of cell cycle inhibitors in response to aSera led us
to assume the latter. These observations are in line with the
results from other studies showing an excessive in vivo and
in vitro expression of cell cycle inhibitors in satellite cells
of aged muscle fibers.8 Correspondingly, our proteome
analysis revealed altered expression of proteins associated
with the mitochondria, protein (re)folding and the general
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response to stress. Mitochondria are the major source of
endogenous ROS and mitochondrial dysfunction leads to
elevated oxidative stress levels, which compromise the overall
ability of cells to produce and maintain properly folded
proteins.32 Thus, enhanced oxidative stress results in accu-
mulation of mis-folded or damaged proteins, which induces the
unfolded protein response and enhances the production
of molecular chaperones.33–35 Under normal conditions,
molecular chaperones such as HSP90, HSP70, HSP60 and
HSP40 have numerous roles in cellular processes, including
normal protein folding during translation, refolding of accumu-
lated proteins and the regulation of protein degradation. In
response to various environmental stresses, HSPs are
upregulated to refold damaged molecules and/or to prevent
their irreversible aggregation with other proteins.36,37 Accord-
ingly, HSPs are abundantly expressed (1–2% of the total
protein) in unstressed cells but their levels increase to 4–6%

upon proteotoxic stresses.38 In this study, we observed
elevated expressions of HSP90, HSP70 and HSP40 in
response to an age-altered systemic environment, which
coincide with enhanced intracellular ROS levels and increased
amounts of oxidatively modified proteins. HSP90 and HSP70
are highly conserved proteins and represent two different
classes ofmolecular chaperone.36HSP70prevents irreversible
aggregation of unfolded proteins and catalyzes their refolding in
an energy- and HSP40-dependent reaction. HSP90 also
prevents the aggregation of intermediately folded proteins,
but lacks the ability to refold denatured proteins. In addition,
HSP90 and HSP70 exhibit anti-apoptotic functions and
promote cell survival via inhibiting caspase activation
or subsequent cleavage of their substrates.39,40 However, if
HSP response fails to restore correct protein conformation or to
degrade these proteins via the proteasomal system, it triggers
cell cycle arrest, apoptosis or senescence.34,41–43 Interestingly,

Figure 6 Oral NAC administration improved the microstructure and biomechanical quality of the regenerated tissue. NAC therapy was monitored in a rat osteotomy model
using aged animals with a rigid fixation stiffness and middle-aged animals with suboptimal (semi-rigid) fixation stiffness. (a) Representative three-dimensional microCT
reconstructions from middle-aged Sprague–Dawley with NAC (left, n¼ 8) or without NAC (right, n¼ 6) administration at 6 weeks after surgery. (b) Three-dimensional
reconstructions from microCT scans of aged rats with NAC (left, n¼ 8) or without NAC (right, n¼ 7) administration. (c–f) Shown are the results of quantitative microCT
evaluation for the indicated age groups with and without NAC treatment. Graphs depict the following morphometric parameters for bone microarchitecture: (c) BV/TV (%),
(d) Tb.N (1/mm), (e) Tb.Th (mm) and (f) Tb.Sp (mm). (g–i) Biomechanical testing was performed 6 weeks after surgery. NAC treatment significantly increases (g) MTF, (h) TS
and (i) ETF of the regenerated bone tissue of middle-aged and aged animals. (For (c–i), n¼ 6–8; *Po0.05; Mann–Whitney U-test)
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we found that the expression of HSP60 is reduced in MSCs
cultured in aSerum. A similar finding was reported by another
study, showing elevated HSP90, HSP60, HSP40 levels but
reduced expressions of HSP60 in MSCs upon temperature
stress.44 HSP60 primarily localizes to the mitochondrial matrix
and is involved in proper folding of newly translated mitochon-
drial proteins. The role of HSP60 in the process of cell death is
controversial, since pro-survival and pro-apoptotic functions
have been reported.40,45 For example, it prevents stress-
induced apoptosis of epithelial cells via direct inhibition of
caspase 3 and is upregulated in several types of cancer.40,45

On the other hand, HSP60 promotes proteolytic maturation of
caspase 3 and enhances apoptosis in HeLa and Jurkat
cells.46,47 Thus, the function of HSP60 in the process of cell
death seems to depend on the apoptotic context and the
reduced expression in response to aSera might indicate an
altered mitochondrial structure and function. Collectively,
our findings of altered HSP expressions, intracellular ROS
levels and the amount of oxidatively modified proteins in
MSCs provide further evidence for increased intracellular
oxidative stress in response to an age-altered systemic
environment, which in turn compromises MSC proliferation
and differentiation.
The causal relationship between oxidative stress and

altered MSCs differentiation ability is further supported by
the finding that acute exposure to pyocyanin, known inducer
of ROS, significantly reduced matrix mineralization, which
could be at least partially reversed by enhanced oxidative
stress protection (NAC treatment). Accordingly, other studies
also reported that enhanced oxidative stress levels inhibited
osteogenic differentiation48,49 and trigger the adipogenic
differentiation of adipose tissue-derived stem cells and
skeletal muscle precursors.50,51 Thus, our in vitro results led
us to conclude that age-related changes of the systemic
environment have a higher impact on MSCs than intrinsic
aging. Irrespective of the cell donor age, aSerum compro-
mises MSC function and survival via enhanced oxidative
stress. This mechanism might also affect other mesenchymal
cell types required for bone regeneration and may result not
only in delayed healing, but also in a limited quality of the
regenerated tissue.
Verifying this hypothesis, we subsequently investigated to

which extend a systemic antioxidant administration enhance
the in vivo bone regeneration in impaired healing situations.
We showed that oral treatment with the potent antioxidant
NAC is sufficient to improve themechanical properties and the
microstructure of the regenerated bone tissue in aged
animals. However, previous studies showed that the long-
term bone-healing outcome is not only dependent on the
animal age but also significantly influenced by local mechan-
ical conditions. A certain degree of movement within the
fracture gap is required for uneventful healing, but high
magnitudes of mechanical strain (e.g., as a consequence of a
suboptimal fixator stiffness) prolong the initial inflammation
phase and delay healing, potentially also mediated via locally
enhanced oxidative stress levels.24,25 Therefore, we used
middle-aged rats with semi-ridge fixator system and could
show that treatment with NAC is also a sufficient approach to
restore appropriate tissue regeneration in a mechanically
challenging environment. On the basis of these results,

systemic NAC administration seems to be a potent option to
prevent poor healing outcomes under both age- and
mechanically compromising conditions.
In summary, we propose that the systemic environment

crucially contributes to the age-related decline in endogenous
(bone) regeneration by increasing intracellular oxidative
stress levels, hence compromising viability and function of
mesenchymal (progenitor) cells. From the clinical perspec-
tive, our study suggests that systemic antioxidant treatment is
a promising opportunity to restore the tissue regeneration
potential, especially in elderly patients. From the research
perspective, our study prompts for the identification of age-
related changes in the serum, but the nature of the causative
factor(s), for example, whether they are proteins, peptides or
small molecules, is still elusive. We currently aim to validate
our findings in the human system and to improve our MALDI-
MS proteomic methods to elucidate biochemical alteration in
serum from young and aged human donors. Further studies
have to be performed to validate our findings in the human
system and to identify the serum factor(s) causative for the
observed cellular and molecular alterations.

Materials and Methods
Ethics statement. All experiments involving the use of animals were in
compliance with the policies and principles established by the Animal Welfare Act,
the NIH Guide for Care and Use of Laboratory Animals and the National Animal
Welfare (TierSchG) and were approved by State Office of Health and Social
Affairs Berlin (permit number: T0434/08, T0232/07 and G0091/10).

MSC and serum isolation. Bone marrow and serum were isolated from 3
weeks to 12 months old male Sprague–Dawley rats (Harlan Winkelmann, Eystrup,
Germany, www.harlan.com). The serum from 18 animals per age group was
combined in one serum pool and each pool was considered as one biological
replicate. For all in vitro assays using rat serum, a minimum of six biological
replicates in at least three technically independent experiments were performed on
separate days.

MSCs were isolated from the bone marrow of the Sprague–Dawley rats
and selected by plastic adherence. For cultivation of MSCs, Dulbecco’s modified
Eagle’s medium (DMEM; Life Technologies, Darmstadt, Germany) supplemented
with 10% fetal calf serum (Biochrom, Berlin, Germany) and 100 U/ml
penicillinþ 100mg/ml streptomycin was used (expansion medium).14 Culture
medium was substituted twice a week and cells were harvested after reaching
70–80% confluence. Cells were subcultured by trypsinization and seeded at
3300 cells/cm2 on uncoated culture dishes. Cell number and viability of trypsinized
MSCs were determined using the cell counter CASY TT (Roche, Mannheim,
Germany, www.roche-applied-science.com).

Functional assays. All assays were carried out with primary MSCs in
passages 2–4. In order to investigate the age-dependent influence of serum on
primary MSCs, functional assays were carried out as described below with 10%
serum from either young or aged rats.

Proliferation. For short-term proliferation assays, 2000 MSCs/cm2 were
seeded onto 96-well plates (96-MTP). Cell number was measured 1 and
4 days after seeding using CyQuant assay (Promega, Mannheim, Germany,
www.promega.com) according to the manufacturer’s instructions.

Differentiation. Osteogenic differentiation of confluent MSCs was induced
by using OM (DMEM, 10% rat serum, 50mM ascorbic acid, 10 mM b-glycero-
phosphate and 0.1mM dexamethasone).12 The matrix mineralization was
visualized with AR staining. Quantification was achieved by measuring the absor-
bance of AR (optical density AR) that was normalized to number of viable cells
determined by AlamarBlue (Life Technologies). If indicated, pyocyanin (5mM) and
NAC (10mM) were added to the culture medium. Adipogenic differentiation was
induced by using adipogenic medium12 (AM; DMEM, 10% rat serum, 2 mM insulin,
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100mM indomethacin, 500mM isobutylmethylxanthine and 1 mM dexamethasone)
and quantified after OR staining, which was normalized to cell number.

Capase-3/7 activity assay. For short-term proliferation assays,
2000 MSCs/cm2 were seeded onto 96-well plates (96-MTP). Capase-3/7 activity
was measured after 4 days of culture using Apo-ONE Homogeneous Caspase-3/7
(Promega) according to the manufacturer’s instructions.

Western blot. The Novex system was used according to the Invitrogen
NuPAGE protocol. Primary antibodies were mouse(a-rat CDKN2A/p16INK4a),
mouse(a-rat CDKN1A/p21WAF1/Cip1) (1 : 1000, Abcam, Cambridge, UK, www.
abcam.com) and mouse (a-rat GAPDH) (1 : 7000, Abcam). As secondary antibody
goat (a-mouse IgG) peroxidase was utilized. HSPs/chaperones expression was
determined using HSP/Chaperone Antibody Sampler Kit according to the
supplier’s protocol (New England Biolabs, Frankfurt am Main, Germany,
www.neb-online.de). Amount of total oxidized proteins was determined using
the OxyBlot Protein Oxidation Detection Kit (Merck Millipore, Darmstadt, Germany,
www.merckmillipore.de) according to the manufacturer’s instructions.
Bound secondary antibodies were detected using the chemiluminescent substrate
ECL (GE Healthcare Piscataway, NJ, USA, http://www.gelifesciences.com).
Band intensities were quantified by NIH ImageJ software package
(http://rsb.info.nih.gov/ij/).

2D gel electrophoresis and MS. MSCs were cultivated for 5 days in
expansion medium containing serum from aged and young rats, respectively.
Subsequent to washing cells with phosphate-buffered saline (PBS), they were
harvested with PBS (containing 5 mM EDTA and a phosphatase/protease inhibitor
cocktail) and by cautious scraping on ice. Cells were washed again with PBS and
the remaining buffer was quantitatively removed before shock freezing of cells in
liquid nitrogen. Seventy micrograms of protein lysates were separated by 2DE and
silver stained as described previously.52 Delta2D (Decodon, Greifswald, Germany,
http://www.decodon.com) was used for gel evaluation as earlier described.12,53

Protein spot of interest were excised from gels and subjected to in-gel tryptic
digestion. Tryptic fragments were analyzed by nanoflow high-performance liquid
chromatography (nanoHPLC; Proxeon Easy-nLC, Odense, Denmark)/electrospray
ionization—MS/MS on a LCQ Deca XP ion trap instrument (Thermo Finnigan,
Waltham, MA, USA) and MALDI TOF/TOF on Autoflex III (Bruker Daltonik,
Bremen, Germany). Mass spectra were analyzed using our in-house MASCOT
software package license version 2.2 (Matrix Science, London, UK) automatically
searching the SwissProt database for rate (SwissProt 51.8). MS/MS ion search
was performed with this set of parameters: (i) taxonomy: Rattus norvegicus,
(ii) proteolytic enzyme: trypsin, (iii) maximum of accepted missed cleavages: 1,
(iv) mass value: monoisotopic, (v) peptide mass tolerance 0.8 Da, (vi) fragment
mass tolerance: 0.8 Da and (vii) variable modifications: oxidation of methionine
and acrylamide adducts (propionamide) on cysteine. Only proteins with individual
ions scores 431 or extensive homology (Po0.05), with at least two independent
peptides identified were considered. To conduct functional categorizing, all
differentially expressed proteins were submitted to the Database for Annotation,
Visualization and Integrated Discovery.54 Proteome analysis was done in at least
two technically independent experiments with three biologically independent
replicates for each MSC/serum combination.

Reactive oxygen species (ROS) measurement. Concentrations of
ROS were determined using CM-H2DCFDA (Life Technologies) as described
previously.14 Cells were cultivated in expansion media containing either aSera or
ySera. Subsequently, cells were incubated with medium supplemented with 10 mM
CM-H2DCFDA for 20 min at 37 1C. The resulting fluorescent signal was measured
using Infinite 200Pro plate reader (Tecan, Mainz, Germany, www.tecan.com).
Cells pre-treated with 500mM pyocyanin and/or 2 mM NAC for 20 min were used
as positive or negative control, respectively. The fluorescent intensities were
normalized to the cell number determined by CyQuant.

Animal surgical procedure and NAC treatment. Operations and
postoperative care were performed according to a previously published protocol
and it used a standardized biomechanically validated external fixation device.55

The experimental model has been previously described11 and is briefly
summarized here. Sixteen aged (52 weeks) and 16 middle-aged (12 weeks)
Sprague–Dawley rats were divided into subgroups of eight animals depending
on the administration of NAC (NACþ /NAC–). Animals were not restricted in

weight bearing. Based on the mean drinking volume of 25±3 ml/day (95% CI) of
adult Sprague–Dawley rats, as evaluated in about 100 animals of our previous
studies,10,11 a high dosage of NAC56 was administered via freely available
drinking water (1.4 g/kg of body weight/day; ACC 600, Hexal AG, Holzkirchen,
Germany) in the NACþ subgroups from surgery until killing. All other animals
(NAC–) received plain water for drinking. Daily, well-being and drinking amount
were controlled.

Surgical procedure. Using an anterolateral approach, the left femur was
osteotomized at the mid-shaft, distracted to a gap of 1.5 mm and externally fixated
using a previously described fixation system.55 The distance between fixator and
bone (offset) was set to 7.5 mm in the rigid configuration (aged animals) and
15 mm in the semi-rigid (middle-aged rats) configuration. Two-weekly, in general
anesthesia, a radiographical examination was performed regarding the occurrence
of implant failures and bony consolidation. One aged (untreated group) and two
middle-aged (untreated group) animal were excluded from further analysis as a
result of infection or implant failure, respectively. Total follow-up of the study was 6
weeks. After animal killing, both femurs were harvested.

3D in vitro micro-CT. Directly after harvesting the osteotomized and
contralateral femur, the K-wires were carefully removed and the specimens were
placed in cooled (4 1C) PBS solution in acrylic custom-made batch scanning tubes.
Subsequently, bones were scanned on a Viva40 micro-CT (Scanco Medical AG,
Brüttisellen, Switzerland) and evaluated as described previously,10 except voxel
size was selected to be isotropic and fixed at 10.5mm and the fixed global
threshold was 445.5 mg HA/cm3. Using the binarized images, the following
morphometric key parameters for bone microarchitecture57 were determined:
(i) bone volume fraction (BV/TV (%)—ratio of segmented bone to total volume),
(ii) Tb.Th (mm), (iii) Tb.N (1/mm)—average number of trabeculae per unit length,
(iv) Tb.Sp (mm)—mean distance between trabeculae. All analyses were
performed on the digitally extracted callus tissue using 3D distance techniques
(Scanco Software, Scanco Medical AG).58

Biomechanical testing. Immediately after scanning, at least 4 h after killing,
both femurs were embedded with methyl methacrylate (Technovit 3040, Heraeus
Kulzer, Hanau, Germany) in custom-made casting containers leaving the fracture
zone between the inner pin holes and an equivalent zone at the contralateral
bones for torsional testing (ElectroForce TestBench LM1, Bose, Framingham, MA,
USA) under an axial pre-load of 0.3 N, an adjustment time of 0.1 N/s, and at a
torsion speed of 0.51/s until failure. The MTF, the TS and the ETF of the operated
bone was reported as percentage of intact contralaterals.59

Statistical analysis. The SPSS 18.0 software package (SPSS Inc., Chicago,
IL, USA) was used for statistical evaluation. If not stated otherwise, results from at
least six independent experiments were analyzed for statistical significance using
the Mann–Whitney U-test (two groups). Multiple pairwise comparisons were
performed by one-way analysis of variance (ANOVA, repeated measures)
and P-values were adjusted using Bonferroni’s P-value adjustment multiple
comparison procedure. Unless otherwise specified, results are presented as
mean±S.E.M. All tests were analyzed two-sided and Po0.05 was regarded as
significant.
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