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Bone regeneration after injury is a complex but well-orchestrated process that evolves in three major
stages. As ‘hallmarks’ of this process can be considered i) hematoma formation at the site of injury,
ii) hypoxia, iii) inflammation and innate immune response in the early initial stage, iv) periosteal
response, v) formation of cartilaginous callus, vi) its mineralization and replacement by primary bone
in the reparative, healing or anabolic stage, and vii) cartilage resorption, viii) angiogenesis, revascular-
ization, and ix) formation of secondary bone with regeneration of the original structural features and
reestablishment of marrow space and hematopoietic tissue in the remodeling or catabolic stage [1].
Since an intensive scientific examination of fracture healing and bone regeneration both in humans
and in animals has been started early in the last century, with, exemplarily, only mentioning the work
of August Bier [2-4], knowledge of the capillarization, the cell types and the panoply of biochemical
mediators involved has grown tremendously [1, 5]. This in turn has stimulated intensive research into
new methods of improving fracture healing by adjuvant use of molecular stimuli addressing cells,
signaling pathways and crosstalks. In this regard, widely examined therapeutical approaches use bone
morphogenetic proteins and parathyroid hormone [1]. Other strategies focus on the development and
exploration of novel osteoconductive and osteoinductive small molecule drugs for adjuvant therapeutic
approaches for both local and systemic application. Among other things, this led to a more critical
examination of the effects of drugs that are used specifically to treat pain after bone fractures. More-
over, targeted and pleiotropic effects of approved and widely used drugs, for example those used for
treatment of chronic diseases such as hypertension, diabetes or lipid disorders as well as anticancer
agents also were considered more intensively [6]. Most recently, selectively targeted drugs, hybrid
compounds, drug combinations, and biomaterial-based drug delivery systems became a specific focus
of interest.

In this issue, a self-contained series of three review articles comprehensively deals with recent
trends and perspectives in adjuvant drug-assisted bone healing, with emphasis on critical bone defects.
The latter lead to a high socio-economic burden and their successful treatment poses a particular
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clinical challenge. The authors have critically analyzed recent preclinical and clinical work on the
use of inflammation-, angiogenesis- and metabolism-modulating small molecule agents as adjuvants
to improve bone healing [7-9]. Therefore, literature was selected from a PubMed database search
using the key words and phrases agonists, anabolic, angiogenesis, antagonists, anti-resorptive, drugs,
inflammation, inhibitors, local, small molecule compounds, and systemic linked to the key words
critical bone defect, fracture, and healing. Taken together, these articles highlight current concepts
attempting to use small molecule drugs and intelligent drug delivery methods to enhance osteogenesis
and bone healing. The main conclusions result in an evaluation of the modulation of angiogenesis and
microcirculation as a very promising concept. The modulation of inflammation, on the other hand,
has been assessed as critical with respect to the beginning and duration of therapy, whereby targeted
modulation of bone metabolism, use of bi-functional or hybrid compounds, suitable drug combinations
and delivery systems are expected to provide novel solutions.

References

[1] EinhornTA, Gerstenfeld LC. Fracture healing: Mechanisms and interventions. Nat Rev Rheumatol. 2015;11:45-54. DOIL:
10.1038/nrrheum.2014.164

[2] Bier A. Die Bedeutung des Blutergusses fiir die Heilung des Knochenbruches. Heilung von Pseudarthrosen und von
verspateter Callusbildung durch Bluteinspritzung. Med Klinik. 1905;1:6-7.

[3] Bier A. Beobachtungen liber Regeneration beim Menschen. XI. Abhandlung 1). Spezieller Teil. Regeneration der
Knochen. Dtsch med Wochenschr. 1918;44:281-284. DOI: 10.1055/s-0028-1134316

[4] Bier A. Beobachtungen iiber Regeneration beim Menschen. XII. Abhandlung. Regeneration der Knochen. 2. Die Pseu-
darthrose. Dtsch med Wochenschr. 1918;44:425-428. DOI: 10.1055/s-0028-1134388

[5] Grineboom A, Hawwari I, Weidner D, et al. A network of trans-cortical capillaries as mainstay for blood circulation in
long bone. Nature Metabolism. 2019;1:236-250. DOI: 10.1038/s42255-018-0016-5

[6] Carbone EJ, Rajpura K, Jiang T, Laurencin CT, Lo KWH. Regulation of bone regeneration with approved small molecule
compounds. Advances in Regenerative Biology. 2014;1:1. DOI: 10.3402/arb.v1.25276

[7] Rothe R, Schulze S, Neuber C, Hauser S, Rammelt S, Pietzsch J. Adjuvant drug-assisted bone healing: Part I - Modulation
of inflammation. Clin Hemorheol Microcirc. 2019;73(3):381-408. DOI: 10.3233/CH-199102

[8] RotheR, Schulze S, Neuber C, Hauser S, Rammelt S, Pietzsch J. Adjuvant drug-assisted bone healing: Part Il - Modulation
of angiogenesis. Clin Hemorheol Microcirc. 2019;73(3):409-438. DOI: 10.3233/CH-199103

[9] Rothe R, Schulze S, Neuber C, Hauser S, Rammelt S, Pietzsch J. Adjuvant drug-assisted bone healing: Part III — Further
strategies for local and systemic modulation. Clin Hemorheol Microcirc. 2019;73(3):439-488. DOI: 10.3233/CH-199104



