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Aims
Alcoholism is a well-known detrimental factor in fracture healing. However, the underlying
mechanism of alcohol-inhibited fracture healing remains poorly understood.

Methods

MicroRNA (miR) sequencing was performed on bone mesenchymal stem cells (BMSCs). The
effects of alcohol and miR-19a-3p on vascularization and osteogenic differentiation were
analyzed in vitro using BMSCs and human umbilical vein endothelial cells (HUVECs). An in
vivo alcohol-fed mouse model of femur fracture healing was also established, and radiologi-
cal and histomorphometric analyses were used to evaluate the role of miR-19a-3p. The bind-
ing of miR-19a-3p to forkhead box F2 (FOXF2) was analyzed using a luciferase reporter assay.

Results

miR-19a-3p was identified as one of the key regulators in the osteogenic differentiation of
BMSCs, and was found to be downregulated in the alcohol-fed mouse model of fracture heal-
ing. In vitro, miR-19a-3p expression was downregulated after ethanol administration in both
BMSCs and HUVECs. Vascularization and osteogenic differentiation were independently sup-
pressed by ethanol and reversed by miR-19a-3p. In addition, the luciferase reporter assay
showed that FOXF2 is the direct binding target of miR-19a-3p. In vivo, miR-19a-3p agomir
stimulated callus transformation and improved the alcohol-impaired fracture healing.

Conclusion
This study is the first to demonstrate that the miR-19a-3p/FOXF2 axis has a pivotal role in
alcohol-impaired fracture healing, and may be a potential therapeutic target.
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Article focus
This article focuses on the role of
microRNA  (miR)-19a-3p/forkhead box
F2 (FOXF2) in alcohol-impaired fracture
healing.

role in alcohol-impaired fracture healing
and may be a potential therapeutic target.
Future clinical trials are needed to verify
the current findings.

The mechanism of miR-19a-3p on the
vascularization needs to be further

Key messages clarified.
miR-19a-3p agomir can stimulate callus
transformation and ameliorate alcohol- Introduction

Bone fractures are one of the most common
injuries of the musculoskeletal system."2

inhibited fracture healing.

Strengths and limitations
This study is the first to demonstrate that
the miR-19a-3p/FOXF2 axis has a pivotal

Failed healing, manifesting as delayed union
or nonunion, can occur in 5% to 10% of all
fractures.>* To reduce costs and improve
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fracture care in these cases, novel therapies to promote
fracture healing need to be developed.® Fracture healing
is influenced by many factors, including age, smoking,
concomitant diseases, and the energy of the injury.®?

Chronic and heavy alcohol consumption can disturb
the bone homeostasis, which may eventually lead to
an increased likelihood of fracture nonunion or delayed
union.™ An increasing number of clinical studies have
reported the detrimental effects of alcohol abuse on
fracture healing.'>"® Several animal studies on alcohol
exposure and bone health have reported similar
results."'® The mechanisms are complex and involve the
bone cells, endocrine system, pancreas, and cytokine
system.'® However, insufficient attention has been paid
to the pathogenic mechanisms and potential therapeutic
strategies.

Fracture healing requires the coordinated occurrence
of bone formation and neovascularization.>'” After the
injury, a fracture haematoma appears in the fracture
site. Immediately thereafter, granulation tissue begins
to form and hypoxia initiates the transformation of bone
marrow mesenchymal stem cells (BMSCs) into hypertro-
phic chondrocytes and the formation of soft callus.'®"
Subsequently, in situ neovascularization provides essen-
tial oxygen and nutrients, resulting in the apoptosis and
transdifferentiation of the hypertrophic chondrocytes
into osteoblasts and the activation of osteoclasts, and
directly drives the maturation and remodelling process
of bone callus.??2 In this process, the formation of new
vessels primarily facilitates oxygen and nutrient delivery.
The maturation of a soft callus into a hard callus relies on
the invasion of new blood vessels, whereas the process
of callus maturation produces sufficient vascular endo-
thelial growth factor (VEGF) to support the neighbouring
newly formed vessels.?* Clinical evidence shows that poor
vascularity at the fracture site is a risk factor for fracture
nonunion.? Chen et al* demonstrated the deteriorating
effect of alcohol on the coupling of osteogenesis and
angiogenesis in skeletal tissue, which leads to the devel-
opment of osteoporosis. Recent studies also support
the hypothesis that alcohol exposure impairs both the
osteogenic differentiation of BMSCs and the process of
neovascularization.?*?” However, the inhibiting effect
of alcohol on the bone healing process, particularly on
bone formation and neovascularization, remains insuffi-
ciently understood.

MicroRNAs  (miRNAs/miRs) are  approximately
22-nucleotide noncoding RNAs involved in a variety of
biological processes, including tumour progression,
metabolic disease development, and stem cell self-
renewal and differentiation.?®? They can inhibit gene
expression at the post-transcriptional level by imperfectly
binding to 3’-untranslated regions (3'-UTRs). Several
miRNAs play pivotal roles in regulating osteogenic
differentiation.3%-34

Methods

Cell isolation and culture. Human umbilical vein en-
dothelial cells (HUVECs) were cultured in an endothelial
cell medium (ECM) (ScienCell, USA). BMSCs were cul-
tured in minimum essential medium a (a-MEM) (Gibco
BRL, USA) containing 10% fetal bovine serum (FBS, Gibco
BRL) and 100 mg/ml penicillin and streptomycin (Gibco
BRL). Cells between passages 4 and 7 were used in the
following experiments.

miRNA sequencing. BMSCs were cultured in a-MEM
supplemented with 10% FBS, 100 mg/ml penicillin and
streptomycin, 0.1 pyM dexamethasone (Sigma-Aldrich,
USA), 50 ug/mL ascorbic acid (Sigma-Aldrich), and 10 uM
B-sodium glycerophosphate (Sigma-Aldrich) for three
and seven days. Cells cultured in complete medium were
used as controls. Total RNA was extracted using TRIzol re-
agent (Invitrogen, Thermo Fisher Scientific, USA). Single-
end sequencing (36 or 50 bp) was performed using
Illumina HiSeq 2500 (lllumina, USA).

miRNA synthesis, transfection, and small interfering RNA
transfection. HUVECs and BMSCs were cultured in six-
well plates and transfected with the overexpression se-
quence (miR-19a-3p mimic), inhibition sequence (miR-
19a-3p inhibitor), or their respective negative control (NC
mimic and NC inhibitor), according to the manufactur-
er’s instructions (Ruibo, China) for 24 hours. A chemical-
ly modified miRNA agomir (Ruibo) was used in animal
experiments. HUVECs and BMSCs were transfected with
forkhead box F2 (FOXF2) small interfering RNA (siRNA)
or NC FOXF2 siRNA with additional co-treatment for
48 hours, according to the manufacturer’s instructions
(Ruibo).

Dual-luciferase reporter assay. The FOXF2 3'-UTR frag-
ment containing the predicted potential has-miR-19a-3p
binding site was amplified using polymerase chain reac-
tion (PCR) and subcloned downstream of the luciferase
gene of the pMIR-reporter luciferase vector (Promega,
USA). Human embryonic kidney 293 T cells were cultured
in a 96-well plate and transfected with Lipofectamine
2000 (Thermo Fisher Scientific). Luciferase activity was
measured using a dual-luciferase reporter assay system
(Promega).

Cell proliferation. The proliferation of BMSCs and
HUVECs was detected using Cell Counting Kit-8 (CCK-8)
(Dojindo, Japan). Cells at a density of 5 x 103/well were
cultured in a 96-well plate. Different concentrations of
the treatment were added to the plate. On days 1, 3, and
7, CCK-8 solution was added and the cells were incubat-
ed for two hours. The absorbance of each well was meas-
ured at 450 nm using a microplate reader (Bio-Rad, USA).
Alizarin red staining. BMSCs were seeded in a 24-well
plate and cultured in osteogenic differentiation (OB) me-
dium. After 14 days, the cells were fixed with 4% para-
formaldehyde for 30 minutes, washed with phosphate-
buffered saline (PBS) three times, and stained with alizarin
red working solution (Sigma-Aldrich) for five minutes.
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Fig. 1

MicroRNA (miR)-19a-3p is a potential target in alcohol-induced delayed bone fracture healing. a) Expression of miR-19a-3p in femoral bone tissues of
ethanol-treated mice compared to control mice. The expression of miR-19a-3p was normalized to U6 (n = 4 femora for each group, p < 0.001, independent-
samples t-test). b) Fluorescence in situ hybridization (FISH) staining of miR-19a-3p on bone sections (red). Cell nuclei were visualized using 4’,6-diamidino-2-
phenylindole (blue). c) Quantitative results of FISH staining (*p < 0.001, one-way analysis of variance; n = 3). EtOH, ethanol; NC, negative control.

After washing with PBS three times, images were cap-
tured with a light microscope.

Alkaline phosphatase activity. BMSCs were seeded in a
24-well plate and cultured in OB medium. After 14 days,
the cells were fixed with 4% paraformaldehyde for
30 minutes, washed with PBS three times, and incubated
in alkaline phosphatase (ALP) staining buffer according to
the manufacturer’s instructions (Jiancheng, China). After
30 minutes of incubation, the cells were washed with
PBS and imaged under a light microscope. An ALP assay
kit was purchased for ALP activity determination. The as-
say was performed according to the manufacturer’s in-
structions (Jiancheng). The absorbance was measured at
520 nm.

In vitro vascularization assay. HUVECs were seeded in a
96-well plate coated with cold ECM gel (Sigma-Aldrich).
Thereafter, the HUVECs were treated with the indicated
supplements. Tube formation assay was performed, and
the results were examined under a microscope (Leica,
Germany) after 12 hours.

HUVECs (3 x 10%/well) were cultured in 200 pl basal
medium containing 1% FBS. The cells were then seeded
into the upper chamber of a transwell plate (Corning,
China). The lower chamber was supplemented with
basal medium containing 5% FBS and the indicated treat-
ments. After 24 hours, the upper chamber was fixed with
4% paraformaldehyde for 30 minutes, washed with PBS
three times, and stained with 0.5% crystal violet (Beyo-
time, China) for two minutes. Cell migration in the tran-
swell assay was examined using an optical microscope.

HUVECs were cultured in a six-well plate until they
reached confluence. A 200 pl sterile loading gun was used
to divide the cells to form a cell-free area in the centre
of the culture plate. PBS was used to wash the cellular
debris three times. Thereafter, the cells were cultured in
basal medium containing 1% FBS and the indicated treat-
ment. The scratch wound assay was performed immedi-
ately thereafter and 12 hours later, and the results were
observed using a microscope.
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Fig. 2

Alcohol-impaired bone fracture healing is rescued by microRNA (miR)-19a-3p. a) Radiological imaging of femora. b) Micro-CT imaging of femora. EtOH,

ethanol; NC, negative control.

Real-time PCR. Total RNA was extracted from BMSCs
and HUVECs using the TRIzol Up kit (TransGen Biotech,
China). The PCR reaction system was prepared to a total
reaction volume of 10 pl with 5 ul 2x PCR buffer, 0.2 pl
upstream primers, 0.2 yl downstream primers, 2 yl com-
plementary DNA (cDNA), and 2.6 pl double-distilled wa-
ter. The reaction conditions were as follows: 95°C for five

minutes, 95°C for ten seconds, and 60°C for 30 seconds
(a total of 40 cycles).

Western blot. Total proteins were extracted using radio-
immunoprecipitation assay buffer containing phosphate
and protease inhibitors. Proteins were separated using so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
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Fig. 3

Inhibition of microRNA (miR)-19a-3p can impair bone regeneration. a) Haematoxylin and eosin staining of fracture sites. b) Immunohistochemical staining
with COL-1. ¢) Immunohistochemical staining with matrix metalloproteinase 13 (MMP13) (left column magpnification 20x; right column magnification 60x).

EtOH, ethanol; NC, negative control.

and transferred to membranes. FOXF2 and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) antibodies
(Cell Signaling Technology, USA) and goat anti-rabbit
IgG secondary antibody (Cell Signaling Technology)
were purchased. An electrogenerated chemilumines-
cence developer solution (Millipore, USA) was used to
detect the bands.

Animal grouping and treatment. This study conformed to
the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines, and an ARRIVE checklist was com-
pleted and is included in the Supplementary Material.
The sample size was calculated on the basis of a pilot
study. A total of 60 male C57BL/6 mice were used. The
mice were randomly divided into the following groups:
1) control (NC agomir), 2) ethanol (EtOH+ NC agomir),
and 3) ethanol and agomir-19a-3p (EtOH+ agomir-19a-
3p) groups. Mice in the EtOH+ NC agomir and EtOH+

agomir-19a-3p groups were fed with water containing
10% ethanol for three weeks, as previously described.?
The mice were placed under anaesthesia. A small incision
was made near the anterior distal femur, after shaving
the fur. A 25-gauge needle was inserted through the in-
tramedullary canal to the sub- or intertrochanteric femur.
Subsequently, a mid-shaft fracture was generated, as pre-
viously described.* The cuts were closed layer-by-layer
using 5-0 silk sutures. Mice in the EtOH+ NC agomir and
EtOH+ agomir-19a-3p groups were continuously fed with
water containing 10% ethanol. The animals were killed,
and fractured femora were harvested for the subsequent
tests. To minimize potential confounders, all animals re-
ceived daily treatments simultaneously. No infections or
other complications were observed in any of the animals.
All mice were included in the data analysis.

BONE & JOINT RESEARCH



ALCOHOL-INDUCED INHIBITION OF BONE FORMATION AND NEOVASCULARIZATION CONTRIBUTES TO THE FAILURE OF FRACTURE HEALING 391

NC mimic

A miR-19a-3p mimic

EtOH (50mM)

C

NC agomir

EtOH + NC agomir

EtOH + agomir-19a-3p

NC mimic

B miR-19a-3p mimic

EtOH (50mM)

MicroRNA (miR)-19a-3p can alleviate the impaired osteogenic differentiation caused by ethanol (EtOH). a) Alizarin red staining of bone mesenchymal

stem cells (BMSCs) incubated in osteogenic differentiation (OB) medium containing the indicated treatments for 14 days (magnification 2x). b) Alkaline
phosphatase (ALP) staining of BMSCs incubated in OB medium containing the indicated treatments for 14 days (magnification 2x). c) Fluorochrome labelling
of the fracture site. Tetracycline, alizarin red, and calcein produced yellow, red, and green staining, respectively. NC, negative control.

Biomechanical testing. A three-point bending test was
performed using an axial servohydraulic testing system
with a 100 N load cell.?¢ The femoral callus was posi-
tioned at the centre, and a central load was applied at
a rate of 0.05 mm/s. Load deflection curves were plot-
ted to determine the maximum load. Intact femora from
seven untreated male C57BL/6 mice were used as blank
controls.

Radiological and micro-CT imaging. Plain radiological
images of the femora were obtained at seven, 14, and
21 days post-surgery. Image analysis was performed
using the common format (DICOM). Micro-CT was per-
formed with a micro-CT scanner (Skyscan 1176; Bruker,
Belgium) set at a 9 uym voxel size. The images were pro-
cessed and reconstructed using the CTVol software
(Bruker), as previously described. The trabecular bone
volume fraction (BV/TV), relative callus volume, trabec-
ular spacing (Tb.Sp), and bone mineral density (BMD)
were measured from the reconstructed images.
Histological and immunohistochemical analyses. Bone
specimens were decalcified with 10% ethylenediamine-
tetraacetic acid for 14 days. The bone tissue was then
embedded in paraffin and cut into 5-um-thick sections.
Haematoxylin and eosin (H&E) staining, safranin-fixed
green staining, and Masson’s trichrome staining were
performed. A Leica DM4000 microscope (Leica) was used
to capture images. Immunofluorescence staining was
performed on frozen sections, and images were acquired
using an SP8 confocal microscope (Leica). Anti-CD31,
collagen-1 (COL-1), and matrix metalloproteinase 13
(MMP13) antibodies were obtained from Abcam (China).
Fluorescence in situ hybridization (FISH) was performed

on frozen sections, and images were acquired using an
SP8 confocal microscope (Leica). The probe of miR-19a-
3p was obtained from Ruibo.

To observe dynamic bone formation, tetracycline

(25 mg/kg; Aladdin, China), alizarin red (30 mg/kg,
Aladdin), and calcein AM (10 mg/kg, Aladdin) were
injected intramuscularly at one, two, and three weeks
post-surgery. After the animal kill and specimen prepa-
ration, bone formation was observed using a confocal
laser-scanning microscope (Leica).
Statistical analysis. All data are expressed as mean and
standard deviation from at least three individual repeat-
ed experiments. Statistical analysis was performed using
SPSS 20.0 (IBM, USA). An independent-samples t-test
was used to examine significant differences between two
groups, and one-way analysis of variance was used to
examine significant differences in multiple comparisons.
Statistical significance was set at p < 0.05.

Results

miR-19a-3p is a potential target in alcohol-inhibited bone
fracture healing. MiRNAs play pivotal roles in the dif-
ferent stages of osteogenesis and fracture healing.?:*3#
BMSCs are the basic cell unit of embryonic bone forma-
tion. These cells have been widely used in regenerative
medicine because of their unique capabilities of self-
renewal and multilineage differentiation.?“° The forma-
tion of vessels can facilitate bone regeneration, which can
be evaluated using HUVECs. To identify the key miRNAs
in fracture healing, BMSCs were used as target cells for
miRNA scanning; miRNA sequencing was performed on
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Fig. 5

MicroRNA (miR)-19a-3p benefits alcohol-impaired vascularization both in vitro and in vivo. a) Tube formation by human umbilical vein endothelial cells
(HUVECGs) incubated with the indicated treatments for 12 hours in Matrigel. b) Scratch wound assay for measuring cell migration. ¢) CD31 staining of the
fracture sites (n = 3 for each group, *p < 0.001, one-way analysis of variance) (left column magnification 20x; right column magpnification 60x). EtOH,

ethanol; NC, negative control.

BMSCs treated with osteogenic differentiation medium
for three and seven days. Among the differentially ex-
pressed miRNAs, 27 were selected because of significant
changes across three timepoints (Supplementary Figure
aa). Overall, 15 of these differential miRNAs were further
validated according to whether ethanol can regulate their
expression. BMSCs were treated with 50 mM ethanol for
three days, and RT-PCR was performed (Supplementary
Figure ab). miR-19a-3p was upregulated during osteogen-
esis but was downregulated by ethanol; among the dif-
ferentially expressed miRNAs, only four were significantly
downregulated by ethanol (miR-129-5 p, miR-133a-3p,
miR-6842-3 p, and miR-19a-3p). BMSCs treated with
these four miRNAs were stained with alizarin red. Only
miR-19a-3p reversed the inhibitory effects of ethanol on
osteogenic differentiation. The miR-19a-3p expression in
the bones of ethanol-treated mice was significantly lower

than that in the bones of normal control mice (Figure 1a).
Therefore, in this study, miR-19a-3p was selected as the
target miRNA of interest in the pathogenesis of alcohol-
impaired fracture healing.

We established an alcohol-fed mouse model to observe
the process of fracture healing. FISH was performed to
evaluate the expression of miR-19a-3p in the fracture
sites of mice. As shown in Figure 1b, positive staining for
miR-19a-3p was observed in the NC agomir group. In
the EtOH+ NC agomir group, the positive staining was
significantly decreased. Administration of agomir-19a-3p
promoted the expression of miR-19a-3p. The quantitative
results are shown in Figure Tc.

Alcohol-induced delayed bone fracture healing is rescued
by miR-19a-3p. Supplementary Figure b shows a sche-
matic of the experimental design. Biomechanical test-
ing has been widely adopted in assessing the quality of
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Forkhead box F2 (FOXF2) is the direct downstream target of microRNA (miR)-19a-3p. a) Luciferase reporter genes, including a wild type FOXF2
3’-untranslated region (3'-UTR) and a FOXF2 3'-UTR containing mutant sequences of the miR-19a-3p binding site, were generated in 293 T cells (*p < 0.001,
**p = 0.006, ***p = 0.011). b) The messenger RNA expression of FOXF2 in bone mesenchymal stem cells (BMSCs) was measured using real-time polymerase
chain reaction after the indicated treatment (*p = 0.002, **p = 0.009, ***p = 0.069). c) Alizarin red staining of BMSCs incubated in OB medium containing the
indicated treatments for 14 days (n = 3 for each group, one-way analysis of variance). siRNA, small interfering RNA.

fracture healing.*"*? As shown in Supplementary Figures
ca to cb and Figure 2, both the binding rigidity and mod-
ulus of elasticity (E-modulus) were decreased after frac-
ture compared to the untreated group. The administra-
tion of ethanol significantly reduced the biomechanical
strength (p < 0.05, one-way analysis of variance). These
effects were abolished by treatment with agomir-19a-3p.
To observe dynamic bone healing, radiological imaging

was conducted at seven, 14, and 21 days post-surgery.
Mice in the NC agomir and EtOH+ agomir-19a-3p groups
had almost achieved fracture union at 21 days. However,
in the EtOH+ NC agomir group, fracture healing was not
complete at 21 days, with a hypertrophic callus remnant.
In addition, more calluses appeared in the EtOH+ NC ag-
omir group at 14 and 21 days than in the NC agomir and
EtOH+ agomir-19a-3p groups (Figure 2a). Femora were
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harvested and evaluated using micro-CT at 28 days post-
surgery (Figure 2b). The BV/TV, Tb.Sp, and BMD were de-
creased in the EtOH+ NC agomir group, and these effects
were reversed by miR-19a-3p treatment (Supplementary
Figure d). The results of H&E staining showed that the
bone fracture healed well, with few calluses remaining
in the NC agomir and EtOH+ agomir-19a-3p groups
(Figure 3a). However, abundant callus surrounded the
fracture sites in the EtOH+ NC agomir group. Masson’s tri-
chrome staining showed similar trends (Supplementary
Figure ea). Safranin-fixed green staining showed that the
calluses in the ethanol group mainly consisted of carti-
lage (Supplementary Figure eb). As shown in Figure 3b
and Supplementary Figure fa, the positive staining for
COL-1 was reduced in the EtOH+ NC agomir group
compared to the NC agomir and EtOH+ agomir-19a-3p
groups. MMP13 is a marker of chondrocyte hypertrophic
differentiation;** positive staining for MMP13 was abun-
dantly observed in the NC agomir and EtOH+ NC agomir
groups, whereas it was rare in the EtOH+ agomir-19a-3p
group (Figure 3c and Supplementary Figure fb). These
interesting findings indicate that the inhibitory effect of
ethanol on fracture healing may be ascribed to the sup-
pression of hypertrophic chondrocyte transdifferentia-
tion and, in part, apoptosis.**

miR-19a-3p overexpression reverses alcohol-impaired
bone formation. We examined the effects of miR-19a-3p
on the osteogenic differentiation of BMSCs. The CCK-
8 results indicated that miR-19a-3p had no inhibitory
or promotional effect on the proliferation of BMSCs
(Supplementary Figure g). Alizarin red staining demon-
strated that ethanol inhibited the osteogenic differentia-
tion of BMSCs, but miR-19a-3p reversed these inhibitory
effects (Figure 4a). The direct use of miR-19a-3p did not
alter the osteogenic differentiation of BMSCs compared
to that in the control group. The ALP staining results
showed similar trends (Figure 4b and Supplementary
Figure ha). The results of RT-PCR showed that eth-
anol decreased the expression of COL-1, OCN, and
ALP in BMSCs, and miR-19a-3p alleviated this effect
(Supplementary Figures hb to hd). The results of west-
ern blotting showed that the protein levels of RUNX2,
COL-1, OCN, and ALP were downregulated by etha-
nol and upregulated by miR-19a-3p (Supplementary
Figure i). These data collectively demonstrated that the
inhibited osteogenic differentiation of ethanol-treated
BMSCs in vitro was partially rescued by miR-19a-3p
overexpression. As shown in Figure 4c, numerous ar-
eas positive for tetracycline (yellow), alizarin red (red),
and calcein (green) staining were observed in the NC
agomir group. Ethanol significantly reduced the posi-
tive staining. After the administration of agomir-19a-3p,
more dynamic bone formation was observed.
miR-19a-3p benefits alcohol-impaired vascularization both
in vitro and in vive. Optimal bone repair necessitates the
coordinated regeneration of osseous and vascular struc-
tures. The maturation of soft calluses into hard calluses
relies on the invasion of new blood vessels. Therefore,

the effects of miR-19a-3p and ethanol on vasculariza-
tion were further investigated. The CCK-8 results indi-
cated that miR-19a-3p had no inhibitory or promotion-
al effect on the proliferation of BMSCs (Supplementary
Figure j). Tube formation by HUVECs was significantly
suppressed by ethanol, whereas miR-19a-3p alleviated
this effect (Figure 5a) (p < 0.001, one-way analysis of var-
iance). Scratch wound and transwell assays were used
to evaluate cell migration. As shown in Figure 5b and
Supplementary Figure k, ethanol inhibited the migration
of HUVECs. Meanwhile, miR-19a-3p increased the num-
ber of migrated HUVECs. The quantitative results of the
transwell assay are shown in Supplementary Figure |. The
results were in accordance with the scratch wound assay
results. The RT-PCR results indicated that the messenger
RNA (mRNA) level of VEGF was decreased by ethanol and
recovered by miR-19a-3p (Supplementary Figure m). The
results of CD31 staining of the fracture sites are shown
in Figure 5c. More positive staining was observed in the
NC agomir and EtOH+ agomir-19a-3p groups, whereas
only a few positive staining areas were observed in the
EtOH+ NC agomir group. The quantitative results are
presented in Figure 5 and Supplementary Figure n. These
observations indicate less blood vessel formation in the
EtOH+ NC agomir group, which may be attributed to
the suppression of vascularization in endothelial cells.
Insufficient new vascular formation hindered the matura-
tion of hypertrophic chondrocytes, which eventually led
to delayed fracture healing.

FOXF2 is the direct downstream target of miR-19a-3p. To
further investigate the underlying mechanism, online bi-
ological prediction software was used to predict the tar-
get of miR-19a-3p.* Only miRNAs conserved among the
different species that target conserved gene transcripts
were analyzed. As shown in Figure 6 and Supplementary
Figure o, we predicted that FOXF2 is the target site of
miR-19a-3p. To test whether miR-19a-3p directly targets
FOXF2, luciferase reporter genes, including a wild-type
(WT) FOXF2 3’-UTR and a FOXF2 3’-UTR containing mu-
tant sequences of the miR-19a-3p binding site (Mut),
were generated in 293 T cells. The WT or Mut luciferase
reporter was cotransfected with miR-19a-3p or the NC
mimic. The luciferase reporter activity of WT FOXF2 3'-
UTR was inhibited by miR-19a-3p. However, miR-19a-3p
only slightly inhibited the luciferase reporter activity of
Mut FOXF2 3’-UTR (Figure 6a).

To further investigate the underlying mechanism of
the effect of miR-19a-3p on ethanol-associated delayed
bone formation, specific siRNA and miRNA inhibitors
were administered to knock down the expression of
FOXF2 and miR-19a-3p. The protein level of FOXF2 was
increased in BMSCs treated with ethanol. Transfection
with miR-19a-3p antagonized the elevation of FOXF2
levels (Figure 6b and Supplementary Figure p). Alizarin
red staining showed that FOXF2 silencing recovered the
osteogenic differentiation inhibited by the miR-19a-3p
inhibitor (Figure 6c). The RT-PCR results showed similar
trends (Supplementary Figure q). Taken together, the
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inhibitory effect of ethanol on osteogenesis may be asso-
ciated with the miR-19a-3p/FOXF2 axis.

Discussion
Zhu et al* demonstrated that ethanol can impair bone
formation and vascularization in osteonecrosis of the
femoral head. Ethanol regulates the miR-136-3p/PTEN axis
in vascularization and bone formation, which can lead to
osteopenia. In this study, we showed that alcohol had a
deleterious effect on fracture repair in mice. We found
that miR-19a-3p modulates the expression of FOXF2 to
regulate bone formation and vascularization during frac-
ture healing. Therefore, miR-19a-3p is a potential thera-
peutic target in alcohol-impaired fracture healing.
Chronic and heavy alcohol consumption is a well-
recognized risk factor for osteoporosis and bone frac-
ture.*~** Numerous clinical studies have demonstrated
an association between alcohol intake and an increased
risk of fracture nonunion and delayed union.™ There-
fore, there is an urgent need to elucidate the specific
mechanisms involved. Adequate blood supply is one of
the crucial factors influencing the bone fracture healing
process. Coupled vascularization and osteogenesis is
crucial for maintaining bone homeostasis; the defining
feature of nonunion is impaired vascularization.’%3'
Thus, a strategy to enhance osteogenesis and vascular-
ization is urgently needed. HUVECs are endothelial cells
frequently used in evaluating angiogenesis.®?> In vitro
studies have shown that miR-19a-3p can promote the
migration, tube formation ability, and VEGF expression
of HUVECs. The results of CD31 staining in our study
(Figure 3) also showed that miR-19a-3p can enhance the
vascularization of fracture sites. Hypertrophic chondro-
cytes are the master regulators of endochondral ossifi-
cation. The receptor activator of nuclear factor kappa-B
ligand expressed in hypertrophic chondrocytes induces
osteoclastogenesis and maintains the balance between
bone resorption and formation.>®* Hypertrophic chon-
drocytes also express VEGF, which can induce angiogen-
esis and vascularization of the ossification centre.** We
found less positive staining for MMP13 in the EtOH+ NC
agomir group, which was in parallel with a decrease in
CD31 and vascular ingrowth. However, a significantly
higher volume of callus formation was observed in the
EtOH+ NC agomir group than in the NC agomir group (p
< 0.001, one-way analysis of variance). These seemingly
contradictory results can be attributed to the detrimental
effects of alcohol on the maturation of bone callus, which
impairs the transformation of hypertrophic chondrocytes
and the process of neovascularization. Previous studies
reported that alcohol consumption decreased the callus
volume formed in a mammalian model of femoral frac-
ture. This may be due to the difference in the alcohol
application methods in animal models. Interestingly,
some bone and cartilage formation was observed in the
EtOH+ NC agomir group. The volume of callus in the
EtOH+ NC agomir group was higher than that in the NC
agomir group, in which the callus mainly consisted of

hypertrophic chondrocytes. This might have contributed
to the lack of newly formed vessels and the subsequent
immaturity of hypertrophic chondrocytes.

Multiple miRNAs have been demonstrated to be
involved in osteogenic differentiation by regulating
related signalling pathways.32-343855 However, only a few
studies have focused on the role of miRNAs in the regu-
lation of ethanol-influenced bone formation. To investi-
gate the role of miRNAs in these processes, we performed
miRNA sequencing analysis of BMSCs and bioinformatics
analysis. Among the differentially expressed miRNAs,
miR-19a-3p alleviated the ethanol-associated impairment
of bone formation and vascularization. FISH staining
showed that the expression of miR-19a-3p in the frac-
ture sites was downregulated by ethanol. miR-19a-3p is
a member of the miR-17-92 cluster, which is involved in
the proliferation, apoptosis, and metastasis of different
malignant tumours.**>? The miR-19a-3p inhibitor can
increase the expression of p53, Bax, and caspase-3,
and decrease the expression of Bcl-2.%° In our study,
we observed that miR-19a-3p recovered the osteogenic
differentiation and vascularization capacity impaired by
ethanol. In the mouse model of femur fracture, agomir-
19a-3p promoted fracture healing, which was inhibited
by ethanol. Previous studies have demonstrated that alco-
holic liver cirrhosis was associated with lower measures of
bone strength (e.g. lower areal BMD, cross-sectional area,
and section modulus; thinner cortex; and higher buck-
ling ratio).' We also checked for liver damage. However,
H&E staining revealed no significant pathological abnor-
malities. This may be attributed to the intermediate
dosage and the timing of our treatment.®? H&E staining
of the heart, spleen, lungs, and kidneys was performed,
and no obvious changes were observed in these tissues.
As miR-19a-3p was selected from the miRNA sequencing
performed on BMSCs, which are the basic cell unit of
embryonic bone formation, the results of our study are
specific to bone tissue. The osteogenic differentiation of
BMSCs can be directly inhibited by ethanol, whereas it
can be rescued by miR-19a-3p. Meanwhile, miR-19a-3p
promotes ethanol-delayed fracture union through the
enhancement of angiogenesis, which is an indirect effect.
Taken together, miR-19a-3p reverses the ethanol-induced
delay in fracture union both directly and indirectly.

FOXF2 is a homeobox protein that maintains tissue
homeostasis. It can promote the differentiation of mesen-
chymal cells and inhibit the mesenchymal transformation
of adjacent epithelial cells. The regulation of FOXF2 can
influence the tumorigenesis, progression, and metastasis
of breast cancer and other cancer types.®*-¢° In this study,
FOXF2 was found to be the downstream target of miR-
19a-3p. The regulation of FOXF2 can influence the effect
of miR-19a-3p on osteogenic differentiation.

Long-term excessive alcohol drinking has long-
lasting effects on the bone. A decrease in BMD has been
observed at different skeletal sites, including the forearm,
spine, iliac crest, and trochanter, in individuals with an
alcohol consumption of between 100 and 200 g/day for
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many years.% Previous studies have shown that individ-
uals who suffer from alcoholism experience significantly
longer bone fracture healing times than those who do
not.%” In our study, we fed mice with alcohol both before
and after surgery, and we mainly focused on the effects
of binge alcohol exposure on fracture union. The results
showed that binge alcohol exposure can delay fracture
union in mice. In individuals with chronic heavy alcohol
consumption, abstinence for six months was associated
with an increase in bone mass, osteocalcin, and serum
vitamin D levels.®® A rapid increase in osteocalcin after
two weeks of withdrawal was reported by Pepersack et
al.%® In addition, Nyquist et al®® found that animals that
received alcohol before fracture and were placed in absti-
nence after injury had normal biomechanical properties
of the fracture callus. Considering the deleterious effects
of alcohol on the bone, patients should be advised to stop
alcohol consumption. In patients with fracture, stopping
alcohol consumption after the injury would facilitate frac-
ture healing.

In conclusion, ethanol can decrease the expression
of miR-19a-3p, which contributes to elevated levels
of FOXF2. As a result, bone formation and vasculariza-
tion both become impaired and cooperatively delay the
healing of bone fractures in mice (Supplementary Figure
r). Previous studies have mainly focused on the rela-
tionship between chronic heavy alcohol consumption
and fracture union.’®"" The results of this study showed
that excessive alcohol consumption can contribute
to the failure of fracture healing, whereas miR-19a-3p
can reverse this effect. Further studies should focus on
the changes in miR-19a-3p levels in the bone tissues of
patients with traumatic fractures who are heavy drinkers.
The miR-19a-3p/FOXF2 axis serves as the foundation of
alcohol-impaired fracture healing and may be a potential
therapeutic target.

Supplementary material
The differential microRNAs, biomechanical test-
ing, quantification of staining, other detailed ex-
perimental data, graphic abstract, and ARRIVE
checklist.
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