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A B S T R A C T   

Bisphosphonates are widely used anti-osteoporotic drugs targeting osteoclasts. They strongly inhibit bone 
resorption, but also strongly reduce bone formation. This reduced formation is commonly ascribed to the 
mechanism maintaining the resorption/formation balance during remodeling. The present study provides evi-
dence for an additional mechanism where bisphosphonates actually impair the onset of bone formation after 
resorption. The evidence is based on morphometric parameters recently developed to assess the activities 
reversing resorption to formation. Herein, we compare these parameters in cancellous bone of alendronate- and 
placebo-treated postmenopausal osteoporotic patients. Alendronate increases the prevalence of eroded surfaces 
characterized by reversal cells/osteoprogenitors at low cell density and remote from active bone surfaces. This 
indicates deficient cell expansion on eroded surfaces – an event that is indispensable to start formation. 
Furthermore, alendronate decreases the coverage of these eroded surfaces by remodeling compartment canopies, 
a putative source of reversal cells/osteoprogenitors. Finally, alendronate strongly decreases the activation fre-
quency of bone formation, and decreases more the formative compared to the eroded surfaces. All these pa-
rameters correlate with each other. These observations lead to a model where bisphosphonates hamper the 
osteoprogenitor recruitment required to initiate bone formation. This effect results in a larger eroded surface, 
thereby explaining the well-known paradox that bisphosphonates strongly inhibit bone resorption without 
strongly decreasing eroded surfaces. The possible mechanism for hampered osteoprogenitor recruitment is dis-
cussed: bisphosphonates may decrease the release of osteogenic factors by the osteoclasts, and/or bisphospho-
nates released by osteoclasts may act directly on neighboring osteoprogenitor cells as reported in preclinical 
studies.   

1. Introduction 

Bisphosphonates (BP) are currently the most commonly used phar-
macological treatment for patients who are at risk of bone fractures [1]. 
Their primary effect is inhibition of bone resorption. They are believed 
to target quite selectively the bone resorbing osteoclasts, due to their 
strong binding to the bone surface and their uptake into the osteoclast 
upon resorption [2,3]. Once internalized, they inhibit the mevalonate 
pathway. The result is impaired prenylation of small GTPases and so, 
alteration of critical functions including intra-cellular trafficking [4–6]. 

Important, BPs are also well-known to strongly decrease bone for-
mation, whether assessed through bone turnover markers [7–11], or 
through the extent of bone forming surfaces in histological sections 
(Table 1). This can be a drawback for patients who are in need of bone 
formation. This decreased bone formation is commonly ascribed to the 
decrease in resorption [2,3], because resorption and formation are 
considered always to be coupled [12]. Further confidence in this 
explanation is usually given by the observation that bone formation 
activity itself seems mostly unaffected at the bone formation sites of BP- 
treated bones, as based on the thickness of newly formed bone at sites 
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where osteoclasts have resorbed it (i.e. the wall thickness) or on the 
mineral apposition rate (Table 1). 

However, preclinical studies draw the attention on direct effects of 
BPs on osteoblast lineage cells [13–17]. Furthermore, bone sections 
from BP-treated patients show that BPs actually reduce quite strongly 
the extent of bone forming surfaces compared to their effect on the 
extent of eroded surface (Table 1). This seems difficult to reconcile with 
the view that reduced formation is the mere consequence of reduced 
resorption, and suggests additional mechanisms of inhibition of forma-
tion. Interestingly, the latter observation also gives a hint to what this 
additional mechanism could be. In reality, the extent of eroded surface 
depends on two factors: magnitude of resorption and lag time for initi-
ation of bone formation [18–20]. Thus the poor effect of BPs on eroded 
surfaces could very well indicate that BPs delay/prevent the initiation of 
bone formation (i.e. delay/prevent coupling), as already hypothesized 
by Chavassieux et al. [21]: such an effect would then inversely affect the 
decrease of the eroded surface expected from the big BP-induced drop in 
biochemical markers of bone resorption [7–11]. Still, direct assessments 
of initiation of bone formation are not included in routine evaluations of 
clinical samples. The reason is that this initiation results from so-called 
reversal phase activities that are difficult to investigate and became 
better known only recently [22]. 

To address the hypothesis of impaired coupling by BPs, we per-
formed a new morphometric analysis of the bone sections of the initial 
alendronate (ALN) phase III clinical trial performed on patients with 
postmenopausal osteoporosis [21] – and used the histological assess-
ment procedures that proved to be informative for evaluating reversal/ 
coupling in human cancellous bone in a variety of clinical situations 
[20,23–28] as well as in BP-treated rabbits [29,30]. (i) These procedures 
are first of all based on a thorough identification of all eroded surfaces, 
making sure not to overlook eroded surfaces that may resemble quies-
cent surfaces [31]. Therefore, these identifications are based on the 
detection of broken lamellae under polarized light, and not just based on 

scalloped surfaces. (ii) These eroded surfaces are quantified, discrimi-
nating surfaces covered by osteoclasts and those covered by reversal 
cells [20,26,31], which proved recently identical with osteoprogenitors 
[22]. (iii) Reversal surfaces are characterized with respect with cell 
density and distance from active bone events. As discussed elsewhere, 
the reason is that the cell density on reversal surfaces stringently con-
ditions onset of osteogenesis/coupling [22,32]. Absence of gain in 
density gives rise to long stretches of flat cells on eroded surfaces which 
are distant from any active bone surface event and which have been 
called “arrested” reversal surface [20,26,31,33]. Thus both the preva-
lence of active and arrested reversal surface need to be quantified. (iv) 
The bone remodeling compartment canopy coverage of eroded surface is 
assessed. As discussed elsewhere [18,22,28], canopies originate from 
the bone marrow envelope. They consist of a cell layer covering the 
whole bone remodeling site and proved to be local osteoprogenitor 
reservoirs. The observations supporting that the canopy is critical for 
onset of bone formation have recently been reviewed [22]. They include 
proliferation and differentiation markers, and the systematic association 
of lack of canopy and lack of onset of bone formation throughout a series 
of pathophysiological situations. Interestingly, ALN induced canopy loss 
in rabbits [30]. These parameters were never analyzed in bones of BP- 
treated patients, since reversal is usually not considered. The present 
analysis supports a direct effect of BPs on reversal cell/osteoprogenitor 
recruitment on eroded surface, thereby hampering coupling, and thus 
able to contribute to the mechanism of decreased bone formation in BP- 
treated patients. 

2. Materials and methods 

2.1. Bone sections 

The study was conducted on Goldner trichrome-stained sections 
originating from the primary phase III clinical trial of alendronate (ALN) 

Table 1 
Effect of bisphosphonates on histomorphometric bone remodeling parameters in human cancellous bone.   

Reference Years treatment ES/BS (%) MAR (μm/day) W⋅Th (μm) MS/BS (%) OS/BS (%) Ac.f (/year) 

Alendronate 
Chavassieux et al., 1997b [21] 2 i 

Chavassieux et al., 1997b [21] 3 

Bone et al. 1997b [8] 1 and 2 nd nd nd nd 

McClung et al., 1998b [7] 3 nd nd nd nd nd 

Chavassieux et al., 2000b [53] 1 nd 

Recker et al., 2005b [54] 3 nd nd nd nd nd 

Odvina et al., 2005c [55] 3–8 nd nd nd nd nd 

Stepan et al., 2007b [56] >3 nd nd nd 

Pamidronate 
Bravenboer et al., 1999a [57] 1 or 2 nd 

Ibandronate 
Recker et al., 2010c [58] 2 nd 

Risedronate 
Eriksen et al., 2002a,b [59] 3 

Dufresne et al., 2003a,b [60] 1 nd nd nd nd 

Ste-Marie et al., 2004a [9] 5 

Ste-Marie et al., 2004b [9] 5 

Qiu et al., 2010a,b [61] 1 nd nd 

Zoledronic acid 
Recker et al., 2008b [62] 3 

ES/BS: eroded surface/bone surface; MAR: mineral apposition rate; W.Th: thickness of the new bone formed; MS/BS: mineralizing surface/bone surface; OS/BS: 
osteoid surface/bone surface; Ac.f.: activation frequency of bone formation. Bisphosphonate treatment compared to abaseline, bplacebo, and creference value. : no 
significant difference; or : significantly decreased or increased by bisphosphonates (p<0,05); or : borderline significant decrease or increase by bisphosphonates 
p<0.08; nd: not determined. 

i W⋅Th at 5 mg and at the higher doses. 
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performed in 1993 [21]. They came from plastic-embedded transiliac 
crest bone biopsies with a minimal diameter of 7.5 mm. The sections 
used herein were obtained from 9 and 16 postmenopausal osteoporotic 
women treated with 10 mg/d of ALN for 2 or 3 years, respectively, and 
25 and 39 postmenopausal osteoporotic women treated with placebo for 
2 and 3 years, respectively. Before biopsy, all patients had been sub-
mitted to tetracycline double labeling with a labeling interval of 12 days. 
The trial was approved by the appropriate institutional review board/ 
ethics committee. Informed consent was obtained from all patients. The 
sections were kept at INSERM Unit 403 (now 1033) who is allowed to 
unlimitedly re-analyze them. These sections have been anonymized 
before the present analyses. 

2.2. Histomorphometry 

Histomorphometric analysis was performed in the entire cancellous 
tissue area. The standard histomorphometric parameters were assessed 
by using an eye-piece with an integrated Merz graticule with a grid of 
parallel curved line, as explained previously [20,27]: percent of bone 
surface consisting of eroded surface, which is identified through broken 
lamellae under polarized light and includes osteoclast surface and 
reversal surface; percent of osteoid surface; percent of total osteoblast 
surface and of cuboidal osteoblasts, defined as cells with a plumb or 
cuboidal shape lining osteoid. In addition to the above conventional 
parameters, we performed a refined analysis of the reversal surfaces as 
described [26]. Here reversal surfaces were subdivided into active 
reversal surfaces, defined as reversal surfaces flanked by osteoclast(s) 
and/or osteoid, or arrested reversal surfaces, defined as reversal surfaces 
without any neighboring osteoclast or osteoid [20]. Cell densities of 
bone lining cells on quiescent bone surfaces and reversal cells on active 
and arrested reversal surfaces were measured as the number of nuclear 
profiles per mm bone surface using a semiautomatic analyzer (Tab-
let’measure, Explora Nova, La Rochelle, France). The extent of canopy 
coverage was determined for all eroded surfaces, and discriminating 
between active and arrested reversal surfaces. Here canopies were 
defined as a continuous layer of elongated cells lining the bone marrow 
above the remodeling site and quantified as previously described 
[23,24,26,27]. All these parameters were measured at a total magnifi-
cation of 200×. The evaluations of mineralizing surface per bone surface 
(MS/BS), mineral apposition rate (MAR) and activation frequency (Ac.f) 
of bone formation previously reported by Chavassieux et al. [21] as 
means and standard errors, are shown herein as individual values, and 
using the same graphical format as for the other data. They were 
measured and calculated in the primary analysis as previously described 
[21]: MS/BS = double plus half single labeled surface in percent of total 
bone surface, Ac.f (/yr) = BFR/wall width with BFR calculated as MS ×
MAR. All measurements were conducted by the same blinded senior 
investigator and were validated by a second blinded senior investigator 
whenever unclear situations demanded special attention. 

2.3. Statistical analyses 

The data were tested for normality using the D’Agostino Pearson 
Omnibus test, and analyzed by using parametric statistics when they 
showed normal distributions, and by using non parametric statistics 
when they did not. The changes in ALN vs. placebo in the pooled 2- and 
3-year groups were analyzed using the unpaired t-test when data 
allowed for parametric statistics, and by the Mann-Whitney test when 
non-parametric statistics were needed. When splitting the groups ac-
cording to the treatment period, the changes between ALN and placebo 
were analyzed with the repeated measures analysis of variance 
(ANOVA) followed by a Sidak’s multiple comparison test for parametric 
statistics, and with the Kruskal-Wallis test followed by a Dunn’s multiple 
comparison test for non-parametric statistics. The overall comparison of 
nuclei profile frequency between surfaces was performed using the 
repeated measures analysis of variance (ANOVA) followed by a Tukey’s 

multiple comparison test. Correlations between different parameters 
within the same group was analyzed using the Spearman’s rank corre-
lation test. P-values lower than 0.05 were considered statistically sig-
nificant, while p-values lower than 0.06 were considered borderline 
significant. All statistical analyses were performed using GraphPad 
Prism, version 5 (GraphPad Software, Inc., La Jolla, CA). 

3. Results and discussion 

3.1. Effects of ALN on classical resorption and formation parameters 

When comparing ALN and placebo-treated patients for the classical 
resorption and formation parameters, we found the expected ALN ef-
fects. (i) The extent of bone surfaces under remodeling are decreased 
(Fig. 1a–f). (ii) However, the effect on the extent of eroded and osteo-
clast surface is milder compared with the effect on the extent of bone 
formation surfaces - whether considering osteoid, mineralizing surfaces, 
osteoblast surface or cuboidal osteoblast surface (Fig. 1a–f). Further-
more, the effect on the extent of bone formation surfaces reached 
already statistical significance after 2 years, whereas 3 years were 
necessary to get a significant difference in eroded surfaces. (iii) There is 
a marked suppression of the activation frequency (Fig. 1h) - which is a 
characteristic based on the assessment of bone formation parameters 
and actually reflects the activation of frequency of bone formation sites. 
(iv) In contrast, there is no effect on mineral apposition rate, which is an 
activity occurring at actual bone formation sites (i.e. where osteopro-
genitor recruitment was sufficient for allowing initiation of formation) 
(Fig. 1g). As explained in details elsewhere [31], eroded surfaces were 
defined as surfaces with lamellae broken by the osteoclastic bone 
resorption. They were detected by using polarized light, which renders 
the shifting collagen orientation of the lamella structure very visible. 
This strict definition of eroded surface results in an average estimate of 
14–15% eroded surface per bone surface in cancellous bone of post-
menopausal women, vs. 1–5.3% when based on classical criteria. Of note 
also, because we included osteoid seams thinner than 2.5 μm, the esti-
mated prevalence of osteoid surfaces was 2.7 times higher compared 
with the values reported earlier [21]. 

3.2. Effects of ALN on recruitment of reversal cells/osteoprogenitors onto 
eroded surfaces, and the relation of these effects with bone formation 

The present post-menopausal osteoporosis cohort shows two 
different situations of eroded surface covered by reversal cells/osteo-
progenitors, just as reported in other cohorts of postmenopausal and 
glucocorticoid-induced osteoporosis [20,26]: one showing osteoclasts 
and osteoid in the neighborhood (Fig. 2a), which we called active 
reversal surface, and one without any osteoclast or osteoid in the 
neighborhood as evaluated in 2D sections (Fig. 2b,c) – which was called 
arrested reversal surface [33], and is easily mistaken for a quiescent 
surface [31]. Arrested reversal surfaces showed significantly lower cell 
densities compared with active ones, and ALN makes them even lower 
than in placebo (Fig. 2d). 

Next, we analyzed whether ALN would affect the prevalence of 
reversal surfaces and its subtypes. We found a decrease of prevalence of 
total reversal surfaces (Fig. 3a) that parallels the changes in total eroded 
surfaces (Fig. 1a) – which is logical since reversal surface represents on 
average 84% of the eroded surface [20]. Importantly however, when 
discriminating between active and arrested reversal surfaces, we found 
that arrested reversal surfaces significantly increased (Fig. 3c) at the 
expense of active reversal surfaces (Fig. 3b), as is clearly stressed by the 
corresponding increased proportion of arrested reversal surface 
(Fig. 3d). The latter proportion was already markedly increased after 2 
years, but became statistically significant only after 3 years (Fig. 3d). 

Finally, we analyzed whether there is a link between the prevalence 
of either arrested or active reversal surfaces and the extent of bone 
formation (Table 2), as we had observed in previous postmenopausal 
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and glucocorticoid-induced osteoporosis cohorts [20,26]. We found that 
arrested reversal surfaces negatively correlated with the extent of 
osteoid and osteoblast surfaces, whereas active reversal surfaces corre-
lated positively. Of particular interest is that the activation frequency of 
bone formation sites does not correlate with the extent of arrested 
reversal surfaces, but well with the extent of active reversal surfaces, just 
as reported in another postmenopausal osteoporosis cohort [23]. This 
observation is in accordance with the view that bone formation does not 
start on arrested reversal surfaces and absolutely needs active reversal 
surfaces [20,26]. These correlations hold true whether ALN is present or 

not (Table 2), as they are intrinsic to either the arrested or active nature 
of the reversal surfaces. However, they are stronger in the presence of 
ALN, supporting that ALN affects coupling. These new observations thus 
strengthen the existence of arrested reversal surfaces characterized by a 
low density of osteoprogenitors and associated with a lower probability 
of bone formation events. It is especially worth noting that ALN leads to 
a larger proportion of these arrested reversal surfaces, thereby thus 
likely contributing to diminished bone formation. 

Fig. 1. Histomorphometric assessment of the 
response of resorption and formation to alendronate- 
treatment, compared to placebo. Bone sections from 
osteoporotic women treated with placebo or ALN for 
2 or 3 years were assessed for the extent of bone 
surface covered by eroded (ES/BS) (a), osteoclast 
(Oc.S/BS) (b), osteoid (OS/BS) (c), mineralizing (MS/ 
BS) (d), total osteoblast (total Ob.S/BS) (e), cuboidal 
osteoblast surface (C.Ob.S/BS) (f), mineral apposition 
rate (MAR) (g) and activation frequency of the bone 
formation phase (Ac.f) (h). The horizontal bars 
represent the mean (a–c and g, data normally 
distributed) or median values (d-f and h, data not 
normally distributed) of each group. The changes 
between ALN and placebo in the pooled 2 and 3-year 
groups were tested with the Mann-Whitney test (M). 
When splitting the groups according to the treatment 
period, the changes between ALN and placebo were 
tested with the repeated measures analysis of vari-
ance (ANOVA) followed by a Sidak’s multiple com-
parison test (S) for normally distributed data, and 
with the Kruskal-Wallis followed by a Dunn’s multi-
ple comparison test (D) in the other cases. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. The data 
in d, g and h were reported by Chavassieux et al. [21] 
as means and standard errors, and are detailed here 
by showing the individual values.   
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3.3. Effect of ALN on the prevalence of canopies over eroded surfaces and 
the relation of this effect with osteoprogenitor recruitment onto eroded 
surfaces and bone formation 

The prevalence of canopies in the present postmenopausal osteopo-
rosis cohort showed the same characteristics as those previously re-
ported in postmenopausal osteoporosis [23]: (i) the range of eroded 
surface covered by a canopy was wide-spread and only about 60% on 
average (Fig. 4a); (ii) canopy coverage was dramatically lower over 
arrested reversal surfaces compared with active reversal surfaces 
(Fig. 4b); (iii) there is an association between canopy coverage of eroded 
surface, extent of active (but not arrested) reversal surface, extent of 
osteoid surface per bone surfaces, extent of osteoblast surface per bone 
surface and activation frequency (Table 2). Such associations have 
contributed to propose that the canopy is a reservoir of osteoprogenitors 
to be recruited on the eroded surface and critical for initiation of bone 
formation [22,23,26,27]. As expected, these associations themselves are 
not altered by ALN as they are simply intrinsic to the mechanism leading 
to bone forming osteoblasts (Table 2). Importantly however, ALN lowers 
even more the typically low canopy coverage of eroded surface in 
postmenopausal osteoporosis patients (Fig. 4a). This effect was already 
significant after 2 years and mainly reflects a decreased coverage of 
active reversal surfaces, as the coverage of arrested reversal surfaces was 

already down to about 20% in the absence of ALN. We thus conclude 
that ALN favors a loss of canopy – and such a loss is also shown to be 
associated with lack of recruitment of osteoprogenitors on the eroded 
surface, thereby thus diminishing bone formation. 

4. General discussion 

4.1. Attention to the reversal phase is important for understanding the 
effect of BPs on bone formation 

Standard morphometry analyzes bone remodeling essentially from 
the point of view of the resorption and formation steps and presupposes 
that these are coupled [12]. The effects of bisphosphonates on bone 
remodeling have been extensively analyzed according to these princi-
ples (Table 1). However, attention to the events occurring between 
resorption and formation has recently shown that bone formation on the 
eroded surface is initiated (thus “coupled” to resorption) only if osteo-
progenitors/reversal cells are recruited on the eroded surface up to a 
threshold density [22,32]. This finding has created awareness that the 
coupling event deserves attention for itself and should not just be taken 
as granted. The present study has taken this recent knowledge into ac-
count. It shows that ALN tends to reduce the expansion of reversal cells/ 
osteoprogenitors occurring prior to bone formation, thereby delaying or 

Fig. 2. Histological appearance of active and arrested reversal surfaces and cell densities on these respective surfaces. a–c. Histological appearance of active (a) and 
arrested (b,c) reversal surfaces in Goldner’s trichrome-stained sections from an ALN-treated osteoporotic woman. a. An example of active reversal surface char-
acterized by erosion (broken lamellae in polarized light), colonization by mononucleated reversal cells (white arrows), and vicinity of osteoclasts (OC) and osteoid 
(OS). b,c. Examples of arrested reversal surfaces, also characterized by erosion and colonization by mononucleated reversal cells (white arrows) but without any 
neighboring osteoclasts or bone formation surfaces. Note also the presence of a canopy (black arrowheads) above the active reversal surfaces (a) and its absence 
above arrested reversal surfaces (b,c). Scalebars: 20 μm. d. The nuclear density of reversal cells on active and arrested reversal surfaces and that of bone lining cells on 
quiescent bone surfaces was estimated in the placebo- and ALN-treated patients. The horizontal bars represent the mean ± SD of the number of nuclear profiles per 
mm bone surface. Overall differences in the frequency of nuclear profiles on the three types of bone surfaces were analyzed by using the repeated measures analysis of 
variance ANOVA (p < 0.0001) followed by the Tukey’s multiple comparison test (Tu). To compare the frequency of nuclear profiles of ALN versus placebo on the 
respective surfaces, we used the repeated measures analysis of variance (ANOVA) followed by a Sidak’s multiple comparison test (S). **p < 0.01, ***p < 0.001. 
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preventing initiation of bone formation (Fig. 5). This failure is therefore 
likely to contribute to decreased bone formation in response to 
bisphosphonates. The evidence is discussed below and is based on 
convergent information from different endpoints, all of which have been 
associated with hampered coupling between resorption and formation 
in earlier studies: reversal cell/osteoprogenitor density on eroded sur-
face, extent of “arrested” reversal surface, canopy coverage of eroded 
surface, activation frequency of bone formation and relative extensions 
of eroded compared to bone formation surfaces. The present study 
hereby elucidates a number of observations that were poorly understood 
in bisphosphonate-treated patients as well as in preclinical studies. 

4.2. Morphometry supporting a delay in reversal cell/osteoprogenitor 
expansion and in onset of bone formation 

The basic endpoint allowing to assess the recruitment of reversal 
cells/osteoprogenitors on eroded surface, prior to bone formation, is 
their cell density. In this respect, it is of interest that two types of reversal 
surfaces have been described in cancellous bone [18,20,26]: (i) one 
characterized by cells at low density, low in osteoblast differentiation 
markers, and without any active remodeling event in the 2D neighbor-
hood, and (ii) one characterized by cells at high density, higher in 
osteoblast differentiation markers, and associated with active remodel-
ing event in the 2D neighborhood. Direct assessments of cell densities on 
eroded surface in single remodeling units [32], have recently allowed to 
ascribe the former type to remodeling cycles that aborted because of lack 
of osteoprogenitor recruitment. This explanation was already suggested 
by Parfitt in the early 80s and this type of eroded surface was therefore 
called “arrested” reversal surface [33]. 

The prevalence of this arrested type is reported to negatively corre-
late with the extent of bone forming surfaces in aging, postmenopausal 
osteoporosis and glucocorticoid-induced osteoporosis [20,26,33], sug-
gesting that poor recruitment contributes to deficient initiation of bone 
formation. Similar correlations are shown in the present study. The fact 
that ALN induces a further increase in the prevalence of arrested reversal 
surface in this postmenopausal osteoporosis cohort, while decreasing 
bone formation surfaces supports that ALN slows down local osteopro-
genitor recruitment, thereby contributing to decrease onset of bone 
formation in BP-treated patients. 

A likely critical supplier of reversal cells/osteoprogenitors to the 
eroded surface appears to be the canopy [18,22,28].The canopy has 
been characterized regarding its three dimensional structure, its origin, 
as well as its cell density, cell proliferation index, and cell differentiation 
status relative to the reversal surface [24,28,34]. A link between canopy 
coverage and coupling ability has been repeatedly stressed 
[18,22–24,26,27]: more precisely, decreased canopy coverage goes 
along with increased proportion of arrested reversal surfaces and 
decreased bone formation in situations like glucocorticoid- and 

Fig. 3. Prevalence of active and arrested reversal 
surfaces in bones from ALN- and placebo-treated 
patients. The extent of bone surface covered by 
reversal surface (Rv.S/BS) (a), active reversal surface 
(Ac.Rv.S/BS) (b), arrested reversal surface (Ar.Rv.S/ 
BS) (c), and the proportion of the total reversal sur-
face that was arrested (Ar.Rv.S/Rv.S) (d) were 
determined in the osteoporotic women treated with 
placebo or ALN for 2 or 3 years. Horizontal bars 
represent the mean (a, b, d) or the median values (c). 
The changes between ALN and placebo in the pooled 
2 and 3-year groups were tested by using the Mann- 
Whitney test (M) or the unpaired t-test (T). When 
splitting the groups according to the treatment 
period, the changes between ALN and placebo were 
tested with the repeated measures analysis of vari-
ance (ANOVA) followed by a Sidak’s multiple com-
parison test (S) for normally distributed data, 
whereas the Kruskal-Wallis test followed by a Dunn’s 
multiple comparison test (D) was used in the other 
cases. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.   

Table 2 
Correlations between reversal surface characteristics and bone formation 
parameters.    

OS/BS 
(%) 

Ob.S/BS 
(%) 

Ac.f 
(1/year) 

ES under canopy 
(%) 

Ac.Rv.S/BS 
(%) 

Placebo 0.416 
*** 

0.414 
*** 

0.293 
* 

0.893 
**** 

ALN 0.670 
*** 

0.653 
*** 

0.629 
** 

0.867 
**** 

Ar.Rv.S/BS 
(%) 

Placebo -0.260 
* 

-0.271 
* 

-0.153 
ns 

-0.083 
ns 

ALN -0.694 
*** 

-0.701 
**** 

-0.364 
ns 

-0.285 
ns 

Ar.Rv.S/Rv.S 
(%) 

Placebo -0.378 
** 

-0.386 
** 

-0.262 
* 

-0.439 
*** 

ALN -0.819 
**** 

-0.806 
**** 

-0.607 
* 

-0.736 
**** 

ES under canopy 
(%)   

Placebo 0.445 
*** 

0.441 
*** 

0.329 
**  

ALN 0.531 
** 

0.540 
** 

0.612 
*  

The table shows Spearman’s rank correlation coefficients (rs). *: p<0.05; **: 
p<0.01; ***: p<0.001; ****: p<0.00001; ns: non significant. BS: bone surface; 
OS: osteoid surface; Ob.S: osteoblast surface; ES: eroded surface; Ac.f: activation 
frequency; Ac.Rv.S: active reversal surface; Ar.Rv.S: arrested reversal surface. 
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menopausal-induced osteoporosis [23,26]. Similar correlations are 
observed in the present study. The fact that ALN induces a further 
decrease in canopy coverage over eroded surfaces while increasing the 
proportion of arrested reversal surfaces and decreasing bone formation 
surfaces, thus again supports the hypothesis that ALN slows down 
recruitment on eroded surfaces and hence, puts at risk initiation of bone 
formation/coupling. Interestingly, rabbits treated with ALN also showed 
about a 2-fold decrease in canopy coverage of osteoclasts [30]. 

A direct way to assess the activation frequency of initiation of bone 
formation events is the so-called activation frequency, as this parameter 
is only derived from bone formation parameters [12]. In the present 
study just like in other BP studies (Table 1), ALN is decreasing much 
more the activation frequency of bone formation than the extent of 
eroded surfaces. This stronger effect directly supports that bone for-
mation fails to be activated after resorption - thus reflecting hampered 
coupling. This interpretation fits the response of the classical bone for-
mation parameters to BPs: osteoid and mineralized surface per bone 
surface are strongly decreased, but wall thickness and mineral apposi-
tion rate are unaffected, showing that bone formation itself proceeds 
unaffected once it is initiated (Table 1). 

A consequence of this hampered coupling is that the strong decrease 
in activation frequency cannot be interpreted as usual, as reflecting BP- 
induced decrease in initiation frequency of bone remodeling. Thus 
initiation of bone remodeling is not decreased as strongly by BPs as 

usually claimed [35]. This milder effect fits the notion that initiation of 
resorption is a pre-requisite for the internalization of bisphosphonate 
that then allows antagonizing the mevalonate pathway [2,3], and so 
inhibition of bone resorption (see Section 4.3). 

These effects of ALN on activation frequency and resorption are 
interesting to compare to those of denosumab, a drug whose primary 
effect is also suppression of osteoclastic bone resorption and that also 
inhibits bone formation: unlike BPs, denosumab induces a drop in 
eroded surface that compares to that in activation frequency [36]. 
Therefore, the mode of action of denosumab on bone formation, unlike 
that of BPs, can be fully explained by inhibition of resorption to which 
bone formation is coupled. This difference in mode of action may 
deserve attention when evaluating the relative efficiency of ALN and 
denosumab as drugs [10,37–40]. 

Taking all the above histological features together indicates that 
inhibition of resorption is not the only cause of inhibition of bone for-
mation by ALN, as is commonly considered: one should also consider the 
contribution of delayed cell expansion of osteoprogenitors that puts 
initiation of bone formation and coupling at risk (Fig. 5). Quantifying 
the specific contribution of the latter effect to inhibition of bone for-
mation deserves further investigation. Its prevalence is likely to depend 
on factors known to be unequally distributed over the bone surface, such 
as bisphosphonate concentration [41] and vascular distribution [42], so 
that distinct remodeling units may be differently affected. Also worth 

Fig. 4. Prevalence of canopies over active and 
arrested reversal surfaces in bones from ALN- and 
placebo-treated patients. The extent of canopy 
coverage above total eroded surfaces (ES) (a), and 
above active (Ac.Rv.S) and arrested reversal surfaces 
(Ar.Rv.S) (b) was estimated in patients treated with 
placebo or ALN for 2 or 3 years. Mean (a) and median 
values (b) are indicated by the horizontal bars. The 
changes between ALN and placebo in the pooled 2 
and 3-year groups were tested by using the unpaired 
t-test (T). When splitting the groups according to the 
treatment period, the changes between ALN and 
placebo and the differences between Ac.Rv.S and Ar. 
Rv.S were tested with the repeated measures analysis 
of variance (ANOVA) followed by a Sidak’s multiple 
comparison test (S) for normally distributed data, 
whereas the Kruskal-Wallis test followed by a Dunn’s 
multiple comparison test (D) was used in the other 
cases. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.   
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noting, one cannot distinguish between delayed coupling and possible 
permanent uncoupling: all one knows is that at the time the biopsy was 
taken, the prevalence of non-coupled remodeling sites was higher in 
ALN-treated patients. 

4.3. Mechanistic insights provided by preclinical observations 

An interesting question is how bisphosphonates hamper coupling. 
Coupling is well known to depend on the secretion of osteogenic factors 
by the osteoclast [43]. As discussed elsewhere, BPs are likely to disrupt 
the secretory function of osteoclasts because they impair prenylation of 
small GTPases[4]- and disruption of transcytosis by ALN has been 
directly demonstrated [44]. One may thus expect a weakened osteogenic 
effect of osteoclasts in the presence of BPs [45]. Furthermore, a direct 
effect of BPs on osteoprogenitors should also be considered. This would 
explain the loss of canopy induced by ALN in humans (present study) 
and in rabbits [30]. In vivo evidence for a direct effect of BPs on oste-
oblasts is that BP injection into mice inhibits prenylation of small 
GTPases in the osteoblasts of their calvaria [14], just as they do in os-
teoclasts [4]. This observation is difficult to understand when one thinks 
of bone forming osteoblasts as the target cells, since these osteoblasts are 
commonly believed to appear several weeks after resorption [12], while 
acidification by the osteoclast is needed to release BPs from the bone 
[46]. The recent knowledge that osteoblast progenitors on the eroded 
surface are interspersed with osteoclasts [32,47] and internalize osteo-
clastic products [48] is interesting in this respect: one may envision that 
internalization of bisphosphonates by osteoprogenitors occurs in the 
same way. This view is strongly supported by co-culture experiments 
showing uptake of bisphosphonates in non-resorbing cells adjacent to 
the osteoclasts but not in those away of the osteoclast [46]. Interestingly 
also in this regard, excavations left by the osteoclast show higher BP 
concentrations compared to the surrounding non-eroded surface, 
because BPs prove to be recycled during resorption [46]. Thus osteo-
progenitors colonizing these excavations are exposed to rather high BP 
concentrations. Furthermore BPs proved to inhibit proliferation [14–17] 
and migration [49,50] of osteoblast lineage cells in culture, and these 
two activities are precisely those required for reaching the cell density 
on eroded surface permissive for initiation of bone formation [22,32]. 
Thus these preclinical studies provide a mechanistic insight into the 

uncoupling effect observed in histology, and in turn the histological 
findings give relevance to the in vitro data that had remained difficult to 
explain. One should especially note that the putative direct effect of ALN 
on osteoblasts is not on mature bone forming osteoblasts, and occurs 
prior to initiation of bone formation. This finding is in accordance with 
the common notion that BPs do not affect parameters measured at the 
level of bone forming surfaces (Table 1) - which is reflected in the pre-
sent study by unaffected mineral apposition rate. 

5. Conclusion and perspectives 

As commonly accepted, BPs decrease bone formation as a result of 
decreased resorption and so, less bone to be re-constructed [2,3] (Fig. 5). 
Nevertheless, the present study identifies an additional mechanism that 
consists in slowing down the recruitment of osteoprogenitors on the 
eroded surface, thereby putting at risk initiation of bone formation after 
resorption (i.e. delaying or preventing coupling) [22] (Fig. 5). However, 
these mechanistic issues and possible worries about hampered coupling 
should not outweigh the beneficial effects of BP in most clinical situa-
tions. Still, the effect of BPs on reversal is interesting to keep in mind 
when addressing poorly understood effects of BPs on bone. This includes 
the fact that BPs blunt to some extent PTH-induced bone formation 
[51,52]. This is in accordance with the fact that PTH is known to stim-
ulate osteoprogenitor recruitment on eroded surfaces, thereby abro-
gating arrested reversal surfaces [20], whereas ALN extends the 
proportion of arrested reversal surfaces and delays recruitment (present 
data). Also worth mentioning is that the present study stresses the in-
terest of including reversal in histological assessments [22,31]: key 
mechanistic issues may remain hidden if only focusing on resorption and 
formation as classically done. 
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resorption inhibitors Odanacatib and Alendronate affect post-osteoclastic events 

differently in Ovariectomized rabbits, Calcif. Tissue Int. 94 (2014) 212–222, 
https://doi.org/10.1007/s00223-013-9800-0. 

[30] P.R. Jensen, T.L. Andersen, B.L. Pennypacker, L.T. Duong, L.H. Engelholm, J.- 
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