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Article focus
 � long-term administration of enoxaparin 

negatively affects post-operative bone 
healing.

 � Do new oral anticoagulants such as riva-
roxaban have the same effects on bone 
healing?

Key messages
 � Enoxaparin treatment increases migra-

tion and cell count of mesenchymal stem 
cells, but inhibits their osteogenic differ-
entiation capacity.

 � The new oral anticoagulant rivaroxaban 
has fewer effects on mesenchymal stromal 
cells during post-operative bone healing.

Strengths and limitations
 � Strengths: cells of eight patients were 

each evaluated during treatment with 
and without three different concen-
trations of two different anticoagulants in 
parallel.

 � limitations: as an in vitro study, our data 
may not reflect what is actually occurring 
during bone healing in vivo.

enoxaparin and rivaroxaban have different 
effects on human mesenchymal stromal 
cells in the early stages of bone healing

Objectives
Venous thromboembolism (VTe) is a major potential complication following ortho paedic 
surgery. subcutaneously administered enoxaparin has been used as the benchmark to 
reduce the incidence of VTe. However, concerns have been raised regarding the long-term 
administration of enoxaparin and its possible negative effects on bone healing and bone 
density with an increase of the risk of osteoporotic fractures. new oral anticoagulants such as 
rivaroxaban have recently been introduced, however, there is a lack of information regard-
ing how these drugs affect bone metabolism and post-operative bone healing.

Methods
We measured the migration and proliferation capacity of mesenchymal stem cells (Mscs) 
under enoxaparin or rivaroxaban treatment for three consecutive weeks, and evaluated 
effects on Msc mRnA expression of markers for stress and osteogenic differentiation.

Results
We demonstrate that enoxaparin, but not rivaroxaban, increases the migration potential of 
Mscs and increases their cell count in line with elevated mRnA expression of c-X-c  chemokine 
receptor type 4 (cXcR4), tumor necrosis factor alpha (TnFα), and alpha-B- crystallin (cryaB). 
However, a decrease in early osteogenic markers (insulin-like growth factors 1 and 2 (IGF1, 
IGF2), bone morphogenetic protein2 (BMp2)) indicated inhibitory effects on Msc differen-
tiation into osteoblasts caused by enoxaparin, but not by rivaroxaban.

Conclusions
our findings may explain the adverse effects of enoxaparin treatment on bone healing. Riva-
roxaban has no significant impact on Msc metabolism or capacity for osteogenic differentia-
tion in vitro.
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Introduction
Following major orthopaedic or trauma surgery, venous 
thromboembolism (vTE) is a severe complication that 
can lead to mortality. In patients undergoing major 
extremity orthopaedic surgery without vTE prophylaxis, 
the prevalence of deep vein thrombosis has been reported 
to be 40% to 60%1,2 and the prevalence of fatal pulmo-
nary embolism has been reported to be 2% to 12%.2,3 
The incidence of vTE in cases of fractures of the lower 
extremity has been reported to be 28%.4 current treat-
ments for the prevention of vTE include heparin and low-
molecular-weight heparin (lmWh). By using enoxaparin 
(a commonly used lmWh), the risk can be reduced to 
2%, but there are reports that long-term administration 
negatively affects bone healing and density, and increases 
the risk of osteoporotic fractures.5-10

Rivaroxaban (Xarelto, Bayer Schering Pharma aG, 
Wuppertal, Germany) is a new oral factor Xa inhibitor 
which was granted market approval in 2008 by the 
European commission as an antithrombotic drug follow-
ing hip and knee arthroplasty. It has a 10 000-fold greater 
selectivity for factor Xa than for other related serine pro-
teases, and unlike lmWhs and similar agents, rivaroxa-
ban does not require antithrombin as a cofactor and can 
inhibit free and clotted factor Xa and factor Xa bound to 
the prothrombinase complex.11,12 The clinical efficacy of 
rivaroxaban in reducing post-operative vTE has been 
proven and is comparable with that of lmWhs.13

In the post-operative process, bone healing starts with 
recruitment and cell migration to the local trauma site, 
followed by proliferation and osteogenic differentiation 
of mesenchymal stromal cells (mScs). Finally, osteoblasts 
promote the calcification of the extracellular matrix. 
although the use of rivaroxaban is increasing, there is a 
lack of information regarding the drug’s effect on post-
operative bone healing. To understand better the effect 
of rivaroxaban and enoxaparin on the early stages of 
bone healing before mScs progress towards osteogenic 
differentiation, we focused on mSc migration and prolif-
eration under rivaroxaban and enoxaparin treatment. We 
also studied the relative mRNa expression of accompany-
ing marker genes for both processes in addition to mark-
ers for the induction of osteogenic differentiation.

Materials and Methods
The study protocol was approved and authorised by the 
local Institutional Review Board according to the helsinki 
Declaration. all patients provided written informed con-
sent to participate in this study prior to surgery. During 
elective surgery, bone marrow was harvested from the 
femoral head or the iliac crest of eight patients (four male, 
four female) aged 30 years (sd 8) who presented without 
a history of bone marrow pathologies.
MSC isolation and expansion. Bone marrow mononuclear 
cells were separated by density-gradient centrifugation 
(Biocoll 1.077 g/ml, Biochrom Gmbh, Berlin, Germany) 

and seeded in DmEm (Sigma-aldrich, St. louis, missouri) 
containing 20% foetal bovine serum (FBS Superior, 
Biochrom Gmbh), 1% penicillin/streptomycin/l-gluta-
mine (Sigma-aldrich) in a humidified atmosphere at 37°c 
and 5% co2. Non-adherent cells were removed after 
five days, and the medium was changed twice weekly. 
adherent cells were passaged weekly and seeded at 
5000 cells/cm². all experiments were carried out using 
mScs of eight different donors each derived from  passage 
3. Before cells were used, the mSc character of the cul-
tures was determined and possible contamination with 
haematopoietic cells excluded by flow cytometry (⩾ 95% 
expression of cD73, cD90, and cD105, while lacking 
cD34 and cD45) as previously described.14

MSC cell count. Passage 3 mScs of the eight donors were 
cultured with three different concentrations of enoxa parin 
(2, 10, 50 µg/ml dissolved and pre-diluted in phosphate 
buffered saline (PBS)), rivaroxaban (20, 100, 500 ng/ml 
dissolved and pre-diluted in dimethyl sulfoxide (DmSo)), 
each spanning the median serum concentrations mea-
sured in vivo,15,16 and carrier controls (carrier end concen-
tration in each culture 0.1%). The cells were trypsinised 
(Trypsin-EDTa solution, Sigma-aldrich) weekly, and the 
cell count and viability were determined after seven, 14 
and 21 days.
Migration assay. after seven days of drug treatment, 
105 trypsinised mScs of eight different donors were 
res uspended in DmEm and placed in cell culture 
inserts with an 8 µm pore size (Greiner Bio-one Gmbh, 
Frickenhausen, Germany). The inserts were placed in 
12 well plates with growth medium containing 50 ng/
ml stromal cell-derived factor 1α (SDF-1α) (PeproTech, 
Rocky hill, New Jersey) as a chemoattractant. after 20 
hours of incubation in a humidified atmosphere at 37°c 
and 5% co2, cells that migrated to the lower chamber 
were trypsinised and counted using a haemocytometer.
Quantitative real-time PCR. RNa of the treated mScs 
of eight different donors was isolated using the RNeasy 
mini Kit in combination with the RNase-free DNase Set, 
and cDNa was synthesised by the QuantiTect Reverse 
Transcription Kit according to the manufacturer’s instruc-
tions (all Qiagen, hilden, Germany). ct values were mea-
sured in duplicate on a Stepone Real-Time PcR System 
using the SYBR Green PcR master mix (both applied 
Biosystems, life Technologies, carlsbad, california). 
Glyceraldehyde 3-phosphate dehydrogenase (GaPDh) 
served as the reference control, and relative gene expres-
sion levels (cXcR4, TNFa, cryaB, IGF1, IGF2, BmP2) were 
calculated by the ΔΔct method (primer sequences are 
available as supplementary material alongside this article 
online).
Statistical analysis. This was performed using GraphPad 
Prism (version 5.01, GraphPad Software Inc., San Diego, 
california). Data are given as mean and standard error 
of the mean (sem). Kolmogorov-Smirnov tests for sample 
distribution and Friedman one-way analysis of variance 
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(aNova) tests for paired samples with post hoc Dunn’s 
multiple comparison were used for statistical exami-
nation. adjusted p-values are provided in the text, and 
asterisks are used throughout the figures to indicate the 
levels of statistical significance (*p < 0.05, **p < 0.01, 
***p < 0.001).

Results
effects on MSC migration. after one week of drug treat-
ment, the migratory capacity of mScs was tested and 
compared with the respective carrier controls. In the PBS-
treated controls, of the 105 mScs in the upper chamber, 
15 570 cells (sd 3265) migrated to the lower chamber. 
as shown in Figure 1, enoxaparin treatment resulted in 
a higher number of migrating cells in a dose-dependent 
manner (2 µg/ml: 17 571 cells (sd 4131), 10 µg/ml: 
23 214 cells (sd 5648), 50 µg/ml: 24 071 cells (sd 3601); 
p = 0.018) with post hoc Dunn’s multiple comparison 
showing statistical significance between the highest 
enoxaparin dose and the PBS-treated controls. compared 
with the DmSo-treated mScs (19 971 cells (sd 2796)), 
rivaroxaban treatment did not cause significantly more 
cells to migrate to the lower chamber (20 ng/ml: 19 729 
cells (sd 3390), 100  ng/ml: 21 071 cells (sd 1968), 
500 ng/ml: 23 571 cells (sd 4499)).
effects on MSC cell count. as shown in Figure 2, PBS- and 
DmSo-treated controls, as well as cells treated with the 
lowest rivaroxaban concentration, did not differ in their 
cell count during the assay. Rivaroxaban treatment in the 
two higher concentrations lowered the cell count to 95% 
at all three time points, but without statistical significance. 
however, enoxaparin treatment, even after the first week, 
resulted in a significantly increased cell count (2 µg/ml: 
115%, 10 µg/ml: 131%, 50 µg/ml: 125%; p < 0.001). 
The same effect was seen after two weeks (116%, 125%, 
118%; all p < 0.001) and three weeks of enoxaparin 
treatment (118%, 122%, 119%; all p < 0.001) with post 
hoc Dunn’s multiple comparison showing the statistical 
significance between the two highest enoxaparin doses 
and the PBS-treated controls.
effects on MSC mRNA expression. During 21 days of cell 
culture the expression level of c-X-c chemokine receptor 
type 4 (cXcR4) increased continually in the PBS-treated 
controls, while DmSo-treated controls showed the same 
or a slightly higher expression at all time points mea-
sured. Enoxaparin treatment of the mScs for seven days 
resulted in a dose-dependent significant upregulation of 
cXcR4 (p < 0.001, Fig. 3a) while further culture with the 
drug did not cause further elevations. The same effect 
was observed in the expression of tumour necrosis fac-
tor alpha (TNFα) with a dose-dependent upregulation by 
seven days of enoxaparin treatment (p =  0.002, Fig. 3a). 
at all time points, there were statistically insignificant 
changes in cXcR4 and TNFα expression levels in the 
rivaroxaban-treated cells. We further found the expres-
sion level of alpha-B-crystallin (cryaB) to be consistently 

upregulated during enoxaparin treatment (d7: p = 0.017, 
d14: p = 0.002, d21: p = 0.006, Fig. 3a). here, the effect 
was not only dose- but also time-dependent, as the 
expression level of cryaB continually increased over the 
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mesenchymal stromal cells treated with the highest dose of enoxaparin for 
seven days showed a significantly increased migratory potential towards stro-
mal cell-derived factor 1α . Dimethyl sulfoxide (DmSo)-resolved rivaroxaban 
did not have a significant effect on migration. asterisks show significance lev-
els of Dunn’s multiple comparison post hoc tests (n = 8) (PBS, phosphate 
buffered saline).
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over three consecutive weeks in culture with different concentrations of 
enoxaparin, primary human mesenchymal stromal cells showed a signifi-
cantly increased cell count compared with phosphate buffered saline (PBS)-
treated control cells. Dimethyl sulfoxide (DmSo)-dissolved rivaroxaban 
treatment did not alter cell count at any of the time points studied. asterisks 
show significance levels of Dunn’s multiple comparison post hoc tests (n = 8).
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course of treatment. Rivaroxaban treatment, in contrast, 
resulted in a significant dose-dependent downregulation 
of cryaB expression (d14: p  = 0.012, d21: p  <  0.001, 
Fig. 3a). Furthermore, without in vitro induction of osteo-
genic differentiation, we found that the expression level 
of insulin-like growth factor 1 (IGF1), a very early marker 
for osteogenic development, was dramatically down 
regulated by enoxaparin at all time points (d7: p < 0.001, 
d14: p = 0.022, d21: p < 0.001, Fig. 3b). IGF2 levels 
were also significantly down-regulated by enoxaparin 
during the first two weeks of treatment (d7: p = 0.007, 
d14: p = 0.048, Fig. 3b) and bone-morphogenetic pro-
tein 2 (BmP2) was significantly downregulated with 
enoxaparin treatment during the first and third week (d7: 
p = 0.017, d21: p = 0.019, Fig. 3b). Rivaroxaban treat-
ment, in contrast, did not result in a significant change in 
the expression levels of these three osteogenic markers.

Discussion
heparin and lmWhs have been commonly used to pre-
vent vTE following major orthopaedic surgery. The 
adverse effects of enoxaparin (as a commonly used 
lmWh) on bone and post-operative bone healing are 

well known.17,18 In particular, osteoporosis, a significant 
reduction in strength, stiffness, and energy absorbed to 
fracture, and an increase in osteoporotic fractures have 
been reported with the use of enoxaparin.5-7,9 The com-
petitive antagonism of growth factors and heparins on 
osteoblast surface-binding proteins appear to inhibit the 
growth of osteoblasts, which plays a significant role both 
in the delay of fracture healing, and in secondary osteo-
porosis.19 although the clinical use of the new oral factor 
Xa inhibitor rivaroxaban is increasing, there have only 
been a few reports on the modulation of bone healing in 
patients treated with rivaroxaban.19-22

Bone healing is a dynamic process that is composed of 
stages of inflammation, repair, and remodeling. 
Following the initial inflammatory process, mScs are 
recruited to the trauma site, mediated by BmP7, SDF-1, 
and cXcR4.23,24 BmP2 appears to be crucial for the initia-
tion of the healing cascade and callus formation, whereas 
BmP5 and 6 have been reported to induce cell prolifera-
tion.25,26 This process is followed by differentiation of 
pluripotent mScs into osteoblasts, which is regulated by 
the Wnt family of molecules. IGF1 and IGF2, as well as 
BmP2, are upregulated in the osteoblastic differentiation 
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Enoxaparin treatment of the mesenchymal stromal cells significantly: a) upregulated the expression levels of migratory (c-X-c chemokine receptor type 4 
(cXcR4), tumour necrosis factor alpha (TNFα), proliferative (TNFα) and stress markers (alpha-B-crystallin, cryaB) as well as b) downregulated early markers for 
osteogenic development (insulin-like growth factors 1 and 2 (IGF1, IGF2) and bone morphogenetic protein (BmP2)). Following two to three weeks of rivaroxa-
ban treatment, a significant downregulation of cryaB expression was observed while other markers were not affected by rivaroxaban treatment. asterisks show 
significance levels of Dunn’s multiple comparison post hoc tests (n = 8).
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process.23,27-29 mature osteoblasts then carry out the 
remodeling process, which is initiated after three to four 
weeks in animal and human models.23

There have been previous reports of the effect of riva-
roxaban and enoxaparin on mature osteoblasts and, there-
fore, in the late stages of bone healing.20 however, there 
have been no previous reports regarding the effect of these 
drugs on the early stages in the first few weeks following 
surgery, which may be the more relevant for clinical prac-
tice. The aim of our study was to evaluate the effect of 
post-operative vTE prophylaxis on these early stages.

as the process of bone healing starts with cell migra-
tion to the trauma site, we first focused on the migratory 
potential of mScs under enoxaparin and rivaroxaban 
treatment. To our knowledge, we are the first group to 
demonstrate an increased migration of mScs treated with 
enoxaparin, whereas there was no significant effect on 
migration in the rivaroxaban-treated group. Interestingly, 
DmSo alone (as a carrier for rivaroxaban) had a positive 
impact on mSc migration, but there were no additional 
significant effects due to the addition of rivaroxaban. In 
concordance with this, we found that the expression level 
of cXcR4 - the specific receptor for stromal-derived 
 factor-1 (SDF-1) and a marker for target-oriented cell 
migration - was upregulated during the first week of treat-
ment with enoxaparin, but not by rivaroxaban. These 
results were unexpected because they were not in con-
cordance with reported delayed bone healing and osteo-
porosis, as one would expect better bone healing with an 
increased mSc migration to the trauma site.

Therefore, we focused on the second step of bone 
healing: the proliferation of the mScs at the trauma site. 
here, we found a significantly increased mSc cell count 
under enoxaparin treatment, while rivaroxaban caused a 
slight and non-statistically significant decrease. This was 
accompanied by a significant increase in the TNFα expres-
sion levels of the enoxaparin-treated cells during the first 
week of treatment. TNFα is the key regulator of the 
canonical NFκB pathway and has been shown to induce 
mSc proliferation and migration.30 Furthermore, we 
found that the small heat-shock protein cryaB, which is 
synthesised by cells in response to environmental stress 
and has positive implications for proliferation and migra-
tion,31 was upregulated in enoxaparin-treated cells dur-
ing a three-week course of treatment, but downregulated 
over time by rivaroxaban treatment. Therefore, we have 
demonstrated that enoxaparin, but not rivaroxaban, trig-
gers the migratory as well as the proliferative potential of 
mScs. In general, better bone healing is achieved when 
cell proliferation increases. Thus at first glance, these 
results (increased migration and cell count under enoxa-
parin) seem not to be in concordance with the known 
negative effects of delayed fracture healing and osteo-
porosis under treatment with enoxaparin.

however, going one step further in bone healing, local 
mScs must differentiate into mature osteoblasts to form 

new bone properly. at this stage, the cells lose their ability 
to proliferate, as proliferation and differentiation do not 
occur simultaneously.32,33 We therefore evaluated the 
effects of both drugs on the expression levels of different 
marker genes for osteogenic development. Enoxaparin, 
without the exogenous induction of osteogenic differentia-
tion, caused a dramatic downregulation of IGF1 accompa-
nied by significantly lowered IGF2 and BmP2 mRNa 
expression levels. IGF1 promotes the osteogenic differenti-
ation of mScs and regulates osteoblastic proliferation, dif-
ferentiation, survival, and the synthesis of bone matrix in 
vivo. low IGF1 levels have been found to be a risk factor for 
osteoporosis and fracture risk.27-29 conditional IGF1 knock-
out studies in early  osteoprogenitor cells also showed that 
osteoblasts are not able to differentiate normally and result 
in lower bone mass compared with wild-type controls.29,34 
Similarly, differentiation of osteoprogenitor cells is impaired 
in IGF2 knockout mice.35 In addition, the expression levels 
of IGF1 and IGF2 are dramatically upregulated by mScs as 
soon as day 1 of osteogenic differentiation, which indicates 
that these proteins are essential for very early osteogenic 
development.36 The results shown here indicate that 
enoxaparin has a positive effect on mSc migration to the 
trauma site and local proliferation, but inhibits differentia-
tion of mScs into osteoblasts, and therefore impairs normal 
bone healing. Rivaroxaban showed no significant effects on 
mSc migration, cell count or osteogenic differentiation 
markers, which indicates a more unaffected cell physiology 
with rivaroxaban than with enoxaparin.

In conclusion, we demonstrated that enoxaparin and 
rivaroxaban have differing effects on the early stages of 
human bone healing. We are the first to demonstrate that 
enoxaparin, as early as the first week of treatment, 
increases mSc potential to migrate to the trauma site and 
proliferate, however, enoxaparin also inhibits mScs to 
differentiate into osteoblasts. Rivaroxaban has minimal to 
no impact on mSc migration, proliferation or mRNa 
expression of osteogenic markers.

Supplementary material
a table showing primer sequences is available 
alongside the online version of this article at  

www.bjr.boneandjoint.org.uk
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