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Abstract
Introduction  Tetracyclines (TCs) embrace a class of broad-spectrum antibiotics with unrelated effects at sub-antimicrobial 
levels, including an effective anti-inflammatory activity and stimulation of osteogenesis, allowing their repurposing for 
different clinical applications. Recently, sarecycline (SA)—a new-generation molecule with a narrower antimicrobial spec-
trum—was clinically approved due to its anti-inflammatory profile and reduced adverse effects verified with prolonged use. 
Notwithstanding, little is known about its osteogenic potential, previously verified for early generation TCs.
Materials and Methods  Accordingly, the present study is focused on the assessment of the response of human bone marrow-
derived mesenchymal stromal cells (hBMSCs) to a concentration range of SA, addressing the metabolic activity, morphology 
and osteoblastic differentiation capability, further detailing the modulation of Wnt, Hedgehog, and Notch signaling pathways. 
In addition, an ex vivo organotypic bone development system was established in the presence of SA and characterized by 
microtomographic and histochemical analysis.
Results  hBMSCs cultured with SA presented a significantly increased metabolic activity compared to control, with an indis-
tinguishable cell morphology. Moreover, RUNX2 expression was upregulated 2.5-fold, and ALP expression was increased 
around sevenfold in the presence of SA. Further, GLI2 expression was significantly upregulated, while HEY1 and HNF1A 
were downregulated, substantiating Hedgehog and Notch signaling pathways’ modulation. The ex vivo model developed in 
the presence of SA presented a significantly enhanced collagen deposition, extended migration areas of osteogenesis, and 
an increased bone mineral content, substantiating an increased osteogenic development.
Conclusion  Summarizing, SA is a promising candidate for drug repurposing within therapies envisaging the enhancement 
of bone healing/regeneration.
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Introduction

Tetracyclines (TCs) embrace a class of broad-spectrum 
bacteriostatic antibiotics that inhibit the bacterial protein 
synthesis by binding to the 30S ribosomal subunit, being 
effective against a wide range of bacteria, including aerobic, 
anaerobic, Gram-positive, and Gram-negative pathobionts 
[1].

Of additional relevance, non-antimicrobial effects of 
TCs with potential clinical application were described, 
including anti-inflammatory properties, inhibition of 
matrix metalloproteinases (MMPs), and stimulation of 
osteogenesis, found to be effective at sub-antimicrobial 
concentrations [2]. This opened a window of opportunity 
for their repurposing, leading to their clinical application 
for different indications, as dermatoses, diabetes-related 
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complications, periodontal disease, rheumatoid arthritis, 
bowel disease, Parkinson’s disease, and enhanced bone 
healing, among others [2, 3].

Regarding the osteogenic capability of TCs, controversial 
results can be found in the literature. For instance, some 
in vitro studies reported that low TC concentrations induce 
the osteoblastic proliferation rate, enhance alkaline phos-
phatase (ALP) activity and calcium deposition, and upregu-
late the osteogenic gene program, without impairing phe-
notypic or functional activity [4, 5]. However, other studies 
reported no increase in cell proliferation neither any induc-
tion of the osteogenic program by low TCs’ concentrations 
[6, 7]. Nevertheless, using in vivo models, either indepen-
dently or conjugated with different bone-related biomateri-
als, studies tend to report overall positive results. In addition, 
substantial outcomes in clinical trials were obtained by the 
conjugation of TCs with biomaterials targeting bone healing 
in periodontal disease [8].

Most recently, a new generation of synthetic TCs (e.g., 
tigecycline, eravacycline, and omadacycline) has been devel-
oped, with its use largely restricted to community-acquired 
bacterial pneumonia and intra-abdominal infections, due to 
their retained activity against tetracycline-resistant organ-
isms as methicillin-resistant Staphylococcus aureus [9]. 
Additionally, Sarecycline (SA), also a new-generation mol-
ecule with a narrower spectrum of antimicrobial activity, 
has been approved for acne vulgaris’ treatment, due to its 
anti-inflammatory profile and absence of adverse side-effects 
associated with prolonged administrations—as gastrointes-
tinal disorders, mycotic infections, and increased potential 
of bacterial resistance [10, 11].

SA antimicrobial profile was already characterized 
in vitro and in vivo—SA presents a similar activity against 
Gram-positive bacteria, being much less effective against 
Gram-negative bacteria, when compared to early genera-
tion TCs [11]. Further, SA demonstrated a comparable anti-
inflammatory activity within an in vivo paw edema model, 
further presenting a significant reduction of inflammatory 
acne lesions in clinical trials [12]. However, little is known 
about SA osteogenic potential, as to the best of the authors’ 
knowledge, the effects of SA on bone tissue or related cell 
populations have not been addressed previously, either 
in vitro, ex vivo, or in vivo.

Accordingly, the present study is focused on the assess-
ment of the in vitro response of osteoblastic-precursor cells 
to SA, at different concentrations, addressing distinct func-
tional parameters as metabolic activity, morphology, and 
osteoblastic differentiation at the molecular level, further 
uncovering the potential modulation of Wnt, Hedgehog, 
and Notch signaling pathways. In addition, to provide an in-
depth analysis of the bone tissue to this new-generation TC, 
an ex vivo femoral organotypic system was further estab-
lished, developed, and characterized in the presence of SA.

Materials and methods

Materials

α-MEM culture medium, fetal bovine serum (FBS), penicil-
lin, streptomycin, amphotericin-B and TrypLE (all Gibco); 
Tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) (MTT kit, Sigma-Aldrich), Triton-
X, p-nitrophenyl phosphate (ALP kit, Sigma-Aldrich), Albu-
min Bovine, Alcian blue/Sirius red/von Kossa reagents (all 
Sigma-Aldrich); iTaq Universal SYBR green Supermix PCR 
Kit and primers (all Bio-Rad), Trizol reagent (Ambion Life 
technologies), NZY first-strand cDNA synthesis kit (NZY-
TECH), phalloidin-conjugated Alexa Fluor 488 (Molecular 
Probes), MitoSpy™ Red FM (Biolegend), Hoechst 33342 
(Enzo), and Quant-iT™ PicoGreen® ds-DNA kit (Invitro-
gen). Sarecycline hydrochloride (SA) was kindly donate by 
Adooq Bioscience.

In vitro assessment of sarecycline osteogenic 
potential: osteoblastic cell cultures

Sarecycline activity was characterized in vitro using human 
bone marrow-derived mesenchymal stromal cells (hBM-
SCs—Human Mesenchymal Stem Cells, Lonza, Catalog #: 
PT-2501). Cells were characterized by flow cytometry and 
found to be positive for CD105, CD73, and CD90, and nega-
tive for CD45, CD34, and CD14 markers. Cells from the 4th 
passage were used in the present experiment. hBMSCs’ cul-
tures were expanded in α-MEM culture medium, containing 
10% FBS, 100 IU/mL penicillin, 100 μg/mL streptomycin, 
and 2.5 µg/mL amphotericin-B, and were incubated at 37 °C 
and 5% CO2. At a confluence of approximately 70%, grown 
cells were detached and sub-cultured at 104 cells/cm2. After 
24 h, cultures were incubated with complete culture medium 
supplemented with 10% SA solutions (V/V), reaching final 
concentrations of 0.1, 1 and 10 µg/mL, in accordance with 
experimental conditions. For the gene expression and ALP 
activity analysis, hBMSCs cultures were incubated with 
SA at 1 µg/mL. Cultures grown in complete culture media 
devoid of SA were used as basal control condition (C-BAS).

Metabolic activity and DNA content

Metabolic activity of the cell cultures was determined by 
MTT assay. At selected time-points, MTT solution (5 mg/
mL) was added and cultures were incubated for 3 h. Follow-
ing, the supernatant was removed, crystals were dissolved 
with dimethyl sulfoxide, and the absorbance of the colored 
solution was determined at 550 nm with a microplate reader 
(Synergy HT; BioTek). In addition, DNA quantification was 
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performed as previously described [13]. Briefly, at the same 
selected time-points, cultures were treated with 0.1% Tri-
ton-X-100 for 15 min, and then, a Quant-iT™ PicoGreen® 
ds-DNA kit was employed according to the manufacturer’s 
instructions. Fluorescence was determined at 480/520 nm 
(excitation/emission) using the same microplate reader. Five 
independent experiments were performed.

Cell morphology

Cell morphology was assessed by fluorescence microscopy, 
upon staining of F-actin cytoskeleton and mitochondria, 
using phalloidin-conjugated Alexa Fluor 488 and Mito-
Spy™ Red FM, respectively, followed by a nucleus coun-
terstaining with Hoechst 33342. Representative images were 
captured using a Celena S digital imaging system (Logos 
Biosystems). Briefly, at 24 and 120 h of culture, cells were 
incubated for 30 min with MitoSpy™ Red FM, at 37 °C 
and 5% CO2. Cells were then fixed with paraformaldehyde 
3.7%, following their permeabilization with Triton-X 0.1% 
and incubation with bovine serum albumin at room tempera-
ture. Finally, cells were stained with phalloidin-conjugated 
Alexa Fluor 488 and Hoechst 33342, for F-actin and nucleus 
staining, respectively, and proceeded to microscopic analy-
sis. Images were treated using the ImageJ software v.1.53 k. 
Five independent experiments were performed.

Gene expression analysis

Total RNA was isolated from hBMSCs cultures grown for 
7 days using Trizol reagent, in accordance with the stand-
ard manufacturer’s protocol. RNA concentration and qual-
ity were assessed by absorbance reading (A260/A280) 
with NanoDrop (NanoDrop Technologies). Samples with 
A260/A280 ratio of approx. 2.0 were proceeded to cDNA 
conversion.

The conversion to cDNA was conducted with a reverse 
transcription system, normalizing the RNA’ concentration 
to 500 ng/µL, reaching a final volume of 20 µL for each sam-
ple. Conversion’ cycle was set as 10 min at 25 °C, 30 min at 
50 °C, and 5 min at 85 °C. Then, 1 µL of RNAse was added 
to each sample prior incubation at 37 °C for 20 min.

Quantitative PCR (qPCR) was performed with a CFX384 
real-time PCR system (Bio-Rad), using 5 µL of iTaq Univer-
sal SYBR green Supermix PCR Kit, 3.5 µL of DEPC water, 
0.5 µL of the primer, and 1 µL of cDNA in each well. The 
Bio-Rad cycling protocol was applied (activation—2 min at 
95 °C; 40 cycles of denaturation/annealing, 5 s at 95 °C and 
30 s at 60 °C; melt curve, 65–95 °C). DEPC water was used 
as negative control for each primer.

Quality control was checked using Bio-Rad CFX Maestro 
1.1, v.4.1.24. Samples with amplification efficiency greater 
than 110 and less than 90 were excluded, as well as samples 

with a linear standard curve (R2) less than 0.98. The relative 
quantification of each target gene was normalized using the 
housekeeping gene (GAPDH) levels and final values were 
calculated via the 2–ΔΔCt method. The references of the used 
primers are presented in Table 1. Five independent experi-
ments were performed.

Alkaline phosphatase (ALP) activity

ALP activity from 14-day cultures was determined in cell 
lysates after the treatment with Triton-X 0.1%. Quantita-
tive analysis was performed following the dissolution of 
p-nitrophenyl phosphate in an alkaline buffer solution (pH 
10.3) and the colorimetric determination of the p-nitrophe-
nol product was measured at 405 nm using a microplate 
reader (Synergy HT, BioTek). Hydrolysis was established 
for 30 min, at 37 °C. ALP levels were normalized for the 
levels of total protein, assayed by the method of Lowry, 
using a DC protein kit (Bio-Rad), and the same microplate 
reader, at 750 nm. Results were expressed in nanomoles of 
p-nitrophenol produced per min per μg of protein (nmol/min/
μg protein). Five independent experiments were performed.

Ex vivo assessment of sarecycline osteogenic 
functionality: organotypic cultures of embryonic 
chick femora

The influence of SA on bone tissue development was assayed 
within an ex vivo model—the embryonic chick femora 
organotypic culture. The experimental use for research of 
avian fetal forms within the first two-thirds of development 
is not encompassed by the current European (Directive 

Table 1   The assay ID of the used primers

Primers were purchased from Bio-Rad
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RUNX2, runt-
related transcription factor 2; SP7, Osterix; COL1A1, collagen type I 
alpha 1; BGLAP, Osteocalcin; ALPL, alkaline phosphatase; BMP2, 
bone morphogenetic protein 2; TWIST1, Twist family BHLH tran-
scription factor 1; SPARC, Osteonectin; PTCH1, Protein Patched 
Homolog 1; GLI2, Glioma-Associated Oncogene Family Zinc Fin-
ger 2; HEY1, HES-Related Repressor Protein 1; HES1, Hes Family 
BHLH Transcription Factor 1; AXIN2, axis inhibition protein 2,; 
HNF1A, Hepatocyte nuclear factor 1-alpha.

Gene Assay ID Gene Assay ID

GAPDH qHsaCED0038674 SPARC​ qHsaCID0010332
RUNX2 qHsaCED0044067 PTCH1 qHsaCEP0055042
SP7 qHsaCED0003759 GLI2 qHsaCEP0057630
COL1A1 qHsaCED0043248 HEY1 qHsaCEP0053501
BGLAP qHsaCED0038437 HES1 qHsaCED0006922
ALP qHsaCED0045991 AXIN2 qHsaCID0017930
BMP2 qHsaCID0015400 HNF1A qHsaCEP0024214
TWIST1 qHsaCED0003856
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2010/63/EU) or National (Decreto-Lei n.º 113/2013) leg-
islation, precluding the need for regulatory approval of the 
experimental procedures.

Briefly, fertilized chick eggs (Gallus domesticus) acquired 
from a certified vendor were incubated in an automatic egg 
incubator (Octagon Advance, Brinsea) until the 11th day of 
development. Then, chick embryos were euthanized and the 
femurs were dissected and carefully placed into Netwell® 
inserts (Costar 3480, 440 μm of pore diameter) in 6-well 
plates. Femurs were maintained for 24 h in α-MEM culture 
medium supplemented with ascorbic acid (50 μg/mL), peni-
cillin (100 U/mL)/streptomycin (100 μg/mL), and 2.5 μg/
mL amphotericin-B, at liquid/gas interface, in a humidified 
atmosphere of 5% CO2 in air, and 37 °C. After, the medium 
was replaced by the previously described medium, further 
supplemented with SA, at 1 or 10 µg/mL. Control femurs 
were grown in the absence of SA, with daily changes of 
the culture media, for an 11-day period. Femora were fol-
lowing characterized by microtomographic evaluation and 
histochemical analysis, as following detailed.

Morphometric analysis by micro‑computed tomography 
(µCT)

At the end of the experimental period, selected femurs 
were scanned at 40 kV, 100 μA, and an isotropic resolu-
tion of 4.5 μm, using a Skyscan 1276 Microtomographic 
System (Bruker, Belgium). The obtained projection images 
were reconstructed with NRecon software (Bruker, version 
1.7.4.2). Morphological analysis of the bone was set on 
the region of interest (ROI), obtained by the separation of 
femur samples from the background noise and the eppen-
dorf. The quantitative analysis was carried out in 900 slices 
at the diaphysis region (450 slices above and 450 below the 
mid-diaphysis) with CTAnalyser software (Bruker, ver-
sion 1.0.11), contemplating the following parameters: bone 
volume (BV), bone surface (BS), and tissue volume (TV), 
and associated ratios BV/TV, BS/BV, and BS/TV. Three-
dimensional images were generated using CTVox software 
(Bruker, version 3.3.0). Five independent experiments were 
performed.

Histochemical staining

At the end of the experimental period, selected femurs were 
fixed in 4% paraformaldehyde, embedded in paraffin blocks, 
and cut in 5 µm-thick sections. Then, sections were marked 
with Alcian blue/Sirius red (AB/SR) for the staining of 
glycosaminoglycans and collagenous matrix, respectively. 
In addition, femurs’ sections were also stained using von 
Kossa’s dyeing for calcified tissue visualization, relying on 
the replacement of calcium by silver and ultraviolet light 
exposure, producing dark metallic areas [14]. Images were 

captured using a Zeiss Axiolab 5 microscope coupled with 
an Axiocam 5 Color Camera. The percentage of collagen 
and mineralized areas of AB/SR and von Kossa’s obtained 
images, respectively, were calculated using ImageJ software 
(version 1.53 k), after setting the thresholding of images 
with Huang algorithm [15]. Three independent experiments 
were performed.

Statistical analysis

Statistical analysis and graphics were performed using the 
IBM SPSS v.26 software. The data normality was deter-
mined by the Shapiro–Wilk test. For normal datasets, one-
way ANOVA was performed, followed by multiple com-
parisons using Tukey’s test. For non-parametric datasets, 
Kruskal–Wallis test was performed, followed by multiple 
comparisons using Dunn’s tests. p values < 0.05 were con-
sidered significant. Data were presented as mean ± standard 
deviation (SD).

Results

In vitro assessment of sarecycline osteogenic 
functionality

In vitro hBMSCs’ cultures were established and grown in the 
presence and absence of selected concentrations of SA. In 
control cultures, both MTT reduction values and total DNA 
content were found to increase until day 21, a trend followed 
by cultures grown in the presence of SA 0.1 µg/mL, found 
to be significant increased from day 7 onwards regarding 
the MTT assay (Fig. 1-A). Total DNA levels for cultures 
grown in the presence of SA 0.1 µg/mL were found to be 
significantly higher at day 14 (Fig. 1-B). Cultures grown in 
the presence of SA 1 and 10 µg/mL also presented a trend 
for higher metabolic activity up to day 14—being signifi-
cantly higher than control at days 7 and 14. Similar growth 
curve can be observed in Fig. 1-B by the quantification of 
total DNA, confirming an active proliferation of hBMSCs’ 
cultures in control and experimental groups. It is noted that 
SA at 1 µg/mL presented the highest DNA amount at day 14.

Regarding the assessment of cell morphology at day 1 
(Fig. 2-A), hBMSCs’ control cultures presented a mor-
phologically homogeneous phenotype, with well-organ-
ized F-actin filamentous fibers, an elongated morphology, 
prominent nucleus, and a feeble mitochondrial staining. 
In addition, a polygonal morphology is observed, as an 
evident cytoplasmic spreading, with filopodial protrusions 
and spikes, extending and establishing direct contact with 
adjacent cells. A strong similarity is noted in cells exposed 
to SA, with mitochondrial staining mostly concentrating at 
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the perinuclear area, being suggestive of a healthy cellular 
functionality.

At day 5 (Fig. 2-B), hBMSCs’ cultures presented a 
higher cellular density areas—confirming an active pro-
liferation—with abundant intercellular contacts, as well as 
an increased mitochondria presence around the nucleus, 
for control and experimental cultures. No differences were 
observed between the control cultures and experimental 
groups.

The osteoblastic differentiation of hBMSCs was evalu-
ated through qPCR (Figs. 3 and 4), contemplating distinct 
osteogenic markers and relevant osteogenic signaling 
pathways. hBMSCs exposed to SA presented significant 
differences regarding the osteogenic gene expression in 
comparison to control. For instance, RUNX2 was upregu-
lated 2.5-fold and its downstream genes, COL1A1 and 
osteonectin (SPARC) were slightly upregulated. Impor-
tantly, ALP expression was sevenfold increased, which is 

Fig. 1   A Metabolic activity/cell viability—MTT assay; and cell proliferation—total DNA B of hBMSCs cultured with different concentrations 
of sarecycline, up to 21 days. *Significantly different to control; #significantly different to experimental groups (n = 5, p < 0.05)

Fig. 2   Representative fluorescent images of hBMSCs exposed to 
sarecycline, stained for cytoskeleton (F-actin, green) and mitochon-
dria (red), counterstained for nucleus (blue). Images representative of 

24 h (A) and 5 days (B) of culture. Scale bars correspond to 100 µm 
on first and third lines of figures and 25 µm on the second and fourth 
lines of figures, respectively. n = 5



436	 Journal of Bone and Mineral Metabolism (2023) 41:431–442

1 3

supported by a significant increase of the enzyme’s activ-
ity (Fig. 3-B). However, the experimental group presented 
some downregulation of BMP2, an important inducer of 
osteogenic differentiation and bone formation.

Further, the activation of relevant signaling pathways 
on the osteogenic differentiation—Hedgehog, Notch, and 
Wnt—were also assessed in the presence of SA. Hedge-
hog signaling was found to be stimulated, once GLI 
expression was significantly upregulated (9.5-fold), while 
PTCH1—a surface receptor that activates GLI transcrip-
tion factor expression—also presented some increased 
expression.

Substantial changes were also verified in the gene 
expression of Notch signaling—HES1 was unaltered by 
SA’s exposure; however, HEY1 was strongly downregu-
lated by SA. Finally, the Wnt signaling was assessed by 
TWIST1, AXIN2, and HNF1A expression. AXIN2 and 
TWIST1 levels were similar to control, while HNF1A/
TCF1 were massively downregulated.

Ex vivo assessment of sarecycline osteogenic 
functionality: organotypic cultures of embryonic 
chick femora

The biological response to SA was further addressed in an 
ex vivo model of the embryonic chick femora development, 
to provide an in-depth analysis of cell differentiation, miner-
alization stages, and developmental growth patterns, main-
taining the relationship of the cells within their extracellular 
matrix [16].

The first parameter analyzed was the length of the femurs 
exposed to two concentrations of SA, for 11 days (Fig. 5). 
The incubation with SA marginally increased the femurs’ 
length in comparison to control. Moreover, femurs incubated 
with SA markedly enlarged the cartilage of the epiphyseal 
region.

Second, the bone morphometric analysis was set on the 
correlation of µCT results and the histological/histochemical 
evaluation of the corresponding femurs. µCT results showed 
that the addition of SA to E11 femur cultures resulted in a 
significant increase in mineralized content, as verified by 
a higher BV/TV ratio (Fig. 6-D). In addition, bone surface 
density (BS/TV) was found to be significantly higher in the 
presence of SA. Comparing experimental groups, SA at 
1 µg/mL presented a stronger osteogenic potential in relation 
to SA at 10 µg/mL, presenting a significant increase in the 
BS/BV ratio, as well as in the bone surface density (BS/TV).

Regarding the histochemical analysis, the diaphysis 
region of control femora presented an exterior collar of col-
lagen-rich matrix stained by Sirius red, and an interior filled 
with a proteoglycan-rich matrix, dyed by Alcian blue (Fig. 7-
A). In addition, a mild reddish accent can be observed within 
the interior cartilage matrix, as well as empty spaces, sug-
gesting some cell migration and the initiation of the trabecu-
lar organization, characteristic of the expected phenotypic 
development. Experimental groups presented more extended 
cellular migration areas within the internal diaphysis, in 
addition to a significant increase in collagen thickness over 
the marginal region for both SA concentrations, verified by 

Fig. 3   A Relative expression 
of osteogenesis-related genes 
of hBMSCs cultured with SA 
at 1 µg/mL, for 7 days. Values 
were normalized by the gene 
expression values at the control 
culture. B Quantitative ALP 
activity of HBMSCs cultured 
with sarecycline at 1 µg/mL, for 
14 days. *Significantly different 
to control (n = 5, p < 0.05)

Fig. 4   Relative expression of genes associated with relevant signaling 
pathways (Hedgehog, Notch, and Wnt) of hBMSCs cultured with SA 
at 1 µg/mL, for 7 days. Values were normalized by the gene expres-
sion values at the control culture. *Significantly different to control 
(n = 5, p < 0.05)
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the quantification of collagen areas (Fig. 7-C). Moreover, the 
von Kossa staining evidenced a mineral deposition within 
the collagen outer layer at the mid-diaphysis (Fig. 7-B). 
Among samples, noticeable differences can be observed. 
Femurs exposed to SA presented abundant mineralized 
areas, with significant stronger staining, as well as thicker 
and more developed mineralized trabeculae, corroborated 
by the quantitative analysis (Fig. 7-D). In fact, the signifi-
cant increase in bone volume (BV/TV) observed within µCT 
analysis correlates with the increased collagen and mineral 
deposition observed within the diaphyseal section.

Discussion

In vitro assessment of sarecycline osteogenic 
functionality

In the present study, hBMSCs were selected as precursor 
cells to address the osteogenic differentiation potential 
of SA, given their multilineage differentiation capability, 
depending partially on external stimuli and condition of 
culture [17].

Comparing the metabolic activity and cell proliferation 
of hBMSCs’ cultures grown in the presence of SA (Fig. 1-A 
and B), with those grown in the presence of early generation 
TCs, it is noticeable that SA, even at higher concentrations 
(10 µg/mL), did not present any impairment or initial dose-
dependent inhibitory effects, as previously verified, suggest-
ing an enhanced cytocompatibility [4, 18]. For instance, in 
the study of Gomes and Fernandes (2007), the metabolic 
activity of hBMSCs cultured with doxycycline and mino-
cycline was assessed and an initial inhibitory effect was 
observed even at low concentrations (1 µg/mL)—despite the 
improvement with longer culture times, and a significant 
impairment attained with higher concentrations [4]. Similar 
results were obtained with different cell lines, demonstrating 
the inhibitory effects of TCs at concentrations higher than 
10 µg/mL [18, 19]. This enhancement of the metabolic activ-
ity may be related to the improvement of the status of energy 
coupling in mitochondria, triggered by several factors, as the 
possibility to modify the membrane potential, modulating 
the mitochondrial respiratory chain and ATP synthase activ-
ity [20]. In addition, selected second generation TCs’ con-
centrations also seem to decrease the expression of caspases 
and inhibit cytochrome-c release through specific signaling 
of Bcl-2 and XIAP, thus modulating both the intrinsic and 
extrinsic apoptotic pathways into an increased cell viability 
[21, 22].

Regarding the morphology of hBMSCs cultures (Fig. 2), 
some studies associate a rounded shape with adipogenic 
differentiation and a slower proliferative profile, while a 
polygonal-shape and the presence of a high density of filopo-
dia-like protrusions are usually correlated with an enhanced 
osteogenic differentiation of precursor populations [23, 24]. 
In addition, our findings diverge from other studies with pre-
vious generation TCs—in the study of Park (2011), osteo-
precursor cells cultured with TCs presented a reduction of 
the number of the cells at 10 µM and a more rounded shape 
and reduced attachment at 100 µM [6]. A similar pattern 
was observed in the study of Almazin et al. [25]; primary 
osteoblasts cultured with minocycline presented a rounded 
morphology and a decreased number of the cells. Gathering 
the information, our results suggest that hBMSCs’ cultures 
incubated with SA presented a morphology associated with 
a proliferative profile and the priming of the osteogenic 
activation.

The gene expression pattern of osteoblastic-related genes 
(Figs. 3 and 4) reported in the literature is similar to the 
one of the present study—RUNX2 and ALP were found to 
be upregulated when cells were cultured with low-dosage 
TCs [5, 26, 27]. RUNX2 is considered the master osteo-
genic transcription factor [28], while ALP is a known early 
osteoblastic marker, essential to catalyze the liberation of 
phosphate from various substrates allowing the formation 
of hydroxyapatite and the consequently maturation the bone 

Fig. 5   A Variation of the bone length of the femurs grown with SA. 
B Representative macroscopic images of control, SA at 1 and 10 µg/
mL, respectively. Scale bar corresponds to 5 mm (n = 5, p < 0.05). No 
statistical differences among groups were attained
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matrix [29]. Besides, COL1A1, SPARC, and BGLAP genes 
that encode collagen type I—the main protein component 
of the osteoid—osteonectin and osteocalcin, respectively—
were slightly upregulated or preserved, suggesting the main-
tenance of the bone matrix production and mineralization, at 
gene expression level, of cells exposed to SA [30, 31]. The 
maintenance of osteonectin levels can be observed in the 
other studies with doxycycline [5]. Furthermore, the down-
regulation of BMP2 by TCs is documented in the literature, 
as in the study of Muthukuru and Sun (2013), in which the 
combination of doxycycline and BMP2 hampered osteogen-
esis in periodontal ligament cells and in the study of Park 
[6], wherein three different TCs reduced the expression of 
BMP2 in osteoprecursor cells [5]. One possible reason for 
this downregulation may lie on the BMPs’ regulation—these 

glycoproteins are members of the TGF-β superfamily, 
known to play an important role regarding inflammation 
and MMPs’ upregulation, via SMADs or other intracellular 
signals. TCs present anti-inflammatory and a potent anti-
MMP activity—therefore, they seem to be able to indirectly 
decrease BMPs’ expression by downregulating the TGF-β 
signaling and the MMP production [32].

Additionally, SA upregulated the Hedgehog signaling, 
a key pathway to drive undifferentiated cells to the osteo-
blast lineage, assessed by GLI2 and PTCH1 gene expression 
(Fig. 4). GLI2 seems to function as a transcriptional activa-
tor when the Hedgehog signaling is active [33], being an 
essential factor for the endochondral ossification process as, 
in its absence, a decreased bone formation is attained [34]. 
Its increased expression seems to upregulate RUNX2, and 

Fig. 6   Representative images of µCT analysis. (A) C-BAS; (B) SA 
1 µg/mL; (C) SA 10 µg/mL. Images were created setting the defined 
volume of interest, using the maximum intensity and attenuated pro-
jection, respectively. Scale bar corresponds to 500  µm. (D) Quanti-

tative histomorphometric 3D analysis of the femurs cultured with 
SA. *Significantly different to control. #Significantly different to SA 
10 µg/mL. (n = 5, p < 0.05). BV, bone volume; BS, bone surface; TV, 
tissue volume
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subsequently the osteogenic activity via a direct physical 
interaction with the transcription factor [35]. In accordance, 
RUNX2 expression was found to be significantly increased 
(Fig. 3), relating to the SA-mediated increase of GLI2.

Notch signaling (assessed via HES and HEY gene expres-
sion) is known to be active at early stages of osteoblast dif-
ferentiation, relying on RUNX2-dependent signaling and 
known to play a significant role in bone development and 
repair [28, 36]. HES1 transcription factor is related to an 
increase of protein stability and transcriptional activity of 
RUNX2 resulting in the stimulation of osteoblast differen-
tiation [36, 37]. However, the literature seems to be con-
troversial about the timing of HES1 upregulation during 
osteogenesis, varying from a very early stage of osteoblast 
differentiation, to a later one [36, 37]. HEY1, on the other 
hand, seems to inhibit RUNX2 transcriptional activity as 

well as bone matrix mineralization, suggesting that HEY1 
counteracts RUNX2 and osteoblastic differentiation, at 
least at early differentiation stages [38]. On the contrary, 
other studies pointed out that HEY1 is associated with an 
increased osteogenic differentiation at a late stage, present-
ing significant increases at day-28 in osteoblastic-precursor 
cell cultures [36]. In addition, BMP2 is needed for the induc-
tion of HEY1 and, as described before, its expression was 
found to be decreased by SA at the 7-day time point, which 
could result in the indirect HEY1 downregulation [36, 38].

Finally, little is known about the effects of TCs on Wnt 
signaling pathway—literature is focused on its carcino-
genic potential. The study of Qin et al. [39] doxycycline 
suppressed the expression of TWIST1 in several cancer cell 
lines, while tigecycline did not alter AXIN2 expression in 
cervical squamous cell carcinoma. Moreover, the absence of 

Fig. 7   a Representative images of histochemical staining using 
Alcian Blue and Sirius Red (AB/SR) staining. Proteoglycans of the 
cartilage tissue are labeled in blue, while collagen matrix is labeled 
in red. b Representative images of von Kossa staining, with calcium 
deposits evidenced in black, in addition to a pinkish staining of the 

cells. c Quantitative analysis of the percentage of collagen area using 
the (AB/SR) stained images. d Quantitative analysis of the percentage 
of mineralized area using von Kossa dyed images. Scale bar corre-
sponds to 100 µm. *Significantly different to control. (n = 5, p < 0.05)
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HNF1A/TCF1 levels is probably due to the downregulation 
of the BMP2 gene as previously described, once HNF1A is 
also related to the BMP/TGF-β signaling pathway and may 
exist some degree of interdependency between BMPs and 
HNF1A/TCF1 activity [40]. TWIST1 is a critical modulator 
of mesenchymal cell fate that induces osteogenic differen-
tiation, while AXIN2 provides a negative feedback on the 
pathway by promoting the degradation of β-catenin, retard-
ing the osteogenic differentiation [41].

Overall, results suggest that the exposure of hBMSCs to 
SA enhanced the metabolic activity and the osteogenic dif-
ferentiation, demonstrated by cell morphology, ALP activity, 
and gene expression pattern, which showcased the multitude 
of regulatory pathways that seems to modulate the osteo-
genic differentiation process [28].

Ex vivo assessment of sarecycline osteogenic 
functionality: organotypic cultures of embryonic 
chick femora

The ex vivo embryonic chick femora model was chosen to 
evaluate the effects of SA on the developmental bone growth 
and mineralization in a more complex biological system. 
This organotypic culture provides multiple cell types, with a 
similar organization that is found in in vivo models, allowing 
the assessment of some intercellular and cell–matrix pro-
cesses without systemic interferences, easier manipulation, 
and more ethically acceptable [42].

To the best of our knowledge, it is the first time that a 
bone development ex vivo system using an air/liquid inter-
face was tested with TCs. However, other types of experi-
ments were performed, as in the study of Cole et al. [43] 
in which avian tibias were submerged in the presence of 
doxycycline, and an increase in the length was observed, at 
20 and 40 µg/mL, in line with the attained data. Additionally, 
TCs are usually associated with an improvement in miner-
alization and bone formation, as presently verified within 
assessed tissue sections, given the increased collagenous 
matrix deposition and trabecular mineralization at the mid-
diaphysis. For instance, considering in vitro cell models, in 
the study of Tham et al. [44], the quantification of mineral 
deposition in BMSCs significantly increased when cells 
were incubated with nanoparticles loaded with minocycline. 
Similar results were observed in the study of Muthukuru 
and Sun [5]—cultures incubated with 1 µg/mL doxycycline 
presented a significant increase in calcium deposition when 
compared to control or BMP2 exposure, as in the study 
of Gomes et al. [45], in which cells treated with 1 µg/mL 
doxycycline or minocycline increased the extent of matrix 
mineralization in human osteoblast cultures growing on bio-
materials. Regarding in vivo characterization, in the study 
of Silva et al. [46], a bone cement loaded with minocycline 
induced a significant higher formation of mineralized tissue, 

increasing bone outgrown over the surface of the cement 
and bone-cement contact. As other examples, nanoparticles 
loaded with tetracycline aiming osteoporosis treatment, a 
significant increase of the bone mineral density of femurs 
from ovariectomized rats, as well as nanoparticles loaded 
with tetracycline conceived to periodontitis treatment sig-
nificantly increased the percentage of new bone formation 
in dogs [47].

Conclusions

In the present study, sarecycline stimulated the proliferation 
and osteogenic differentiation of hBMSCs within in vitro 
cultures. In addition, for the first time, the relationship of 
the activation of relevant signaling pathways (i.e., Hedgehog 
and Notch) and a tetracycline was characterized. Further, 
an ex vivo embryonic chick femora development model 
exposed to sarecycline presented an increased collagenous 
deposition and mineral content, validating the enhanced 
osteogenesis. These results suggest that sarecycline might be 
suitable to other medical indications than dermatosis, and is 
a promising candidate to repurposing for bone tissue-related 
applications, promoting osteoinduction in a wider concentra-
tion’ range, in comparison to early generation TCs.
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