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1  | INTRODUC TION

Fracture nonunion occurs in 5%-10% of bone fractures, resulting in 
additional surgeries, prolonged patient recovery time and substan-
tial healthcare costs.1-3 Therefore, the primary goal following a frac-
ture is reducing the risk of fracture nonunion. Several risk factors, 

such as high body mass index, smoking and alcohol abuse increase 
the risk of a fracture progressing to a nonunion.1,4 Alcohol abuse 
is a risk factor of particular interest as clinical studies have found 
that nearly half of orthopaedic trauma patients have elevated blood 
alcohol at the time of injury.5,6 Additionally, previous studies in ro-
dent models have found that binge alcohol consumption results in 
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Abstract
Nearly half of orthopaedic trauma patients are intoxicated at the time of injury, 
and excess alcohol consumption increases the risk for fracture nonunion. Previous 
studies show alcohol disrupts fracture associated Wnt signaling required for nor-
mal bone fracture repair. Intermittent parathyroid hormone (PTH) promotes bone 
growth through canonical Wnt signaling, however, no studies have investigated the 
effect of PTH on alcohol-inhibited bone fracture repair. Male C57BL/6 mice received 
two-3 day alcohol binges separated by 4 days before receiving a mid-shaft tibia frac-
ture. Postoperatively, mice received PTH daily until euthanasia. Wnt/β-catenin sign-
aling was analyzed at 9  days post-fracture. As previously observed, acute alcohol 
exposure resulted in a >2-fold decrease in total and the active form of β-catenin and 
a 2-fold increase in inactive β-catenin within the fracture callus. Intermittent PTH 
abrogated the effect of alcohol on β-catenin within the fracture callus. Upstream 
of β-catenin, alcohol-treated animals had a 2-fold decrease in total LRP6, the Wnt 
co-receptor, which was restored with PTH treatment. Alcohol nor PTH had any sig-
nificant effect on GSK-3β. These data show that intermittent PTH following a tibia 
fracture restores normal expression of Wnt signaling proteins within the fracture 
callus of alcohol-treated mice.
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delayed fracture healing and reduced biomechanical strength of 
the callus tissue.7-9 Thus, there is a need for adjunctive therapies to 
promote bone healing in patients deemed high risk for nonunion or 
those showing radiographic signs of delayed union.

Parathyroid hormone (PTH) administered intermittently pro-
motes bone growth and increases bone mass.10 Teriparatide, re-
combinant human PTH [1-34], is currently FDA approved for the 
treatment of osteoporosis.11 There is also clinical interest for the 
use of PTH as an adjunct to fracture healing. Indeed, several animal 
studies have demonstrated the benefits of PTH on fracture callus 
size and biomechanical properties.12-14 A randomized controlled 
trial demonstrated PTH administration lead to significantly reduced 
healing time and improved functional status in osteoporotic pelvic 
fractures.15 However, the effect of PTH on fracture healing in alco-
hol-treated animals has yet to be described.

Canonical Wnt signaling is important for bone development, homeo-
stasis and fracture repair.16 Activation of the Wnt receptor results in the 
activation and stabilization of downstream effector, β-catenin.16 Activated 
β-catenin translocates to the nucleus and promotes the transcription of 
genes involved in bone formation and regeneration.16 Canonical Wnt/ 
β-catenin signaling tightly regulates the differentiation of mesenchy-
mal stem cells into bone (osteoblasts)- and cartilage (chondrocytes)- 
producing cells that initiate repair and make up the fracture callus.17-19 
Our laboratory has previously shown that alcohol exposure in rodents 
prior to a fracture promotes the phosphorylation of β-catenin, targeting 
the protein for degradation and reduces total β-catenin in the fracture 
callus.20 As a result, alcohol inhibits callus formation and decreases the 
biomechanical strength of the fracture callus.20 Interestingly, intermit-
tent PTH has been shown to activate Wnt signaling and promote differ-
entiation of mesenchymal stem cells into osteochondral lineages.21,22

Based on this information, the goal of this study was to inves-
tigate whether intermittent PTH administration can be used as a 
targeted molecular therapy to counteract the deleterious effects of 
alcohol on fracture callus formation. We hypothesize that intermit-
tent PTH administration following a fracture would counteract the 
effect of alcohol on fracture healing by restoring Wnt/β-catenin sig-
naling during fracture repair.

2  | METHODS

All animal procedures were approved by the Institutional Animal 
Care and Use Committee of Loyola University Chicago (Maywood, 

IL, USA) and compiled with the US National Research Council's 
Guide for the Care and Use of Laboratory Animals, the US Public 
Health Service's Policy on Humane Care and Use of Laboratory 
Animals, and Guide for the Care and Use of Laboratory Animals.

2.1 | Binge alcohol model

A total of 23 male C57BL/6 mice 6-7 weeks of age were obtained 
from Jackson Laboratory (Bar Harbor, Maine) and acclimated to 
the facility for one week. The animal facility is a ventilated environ-
ment with a 12hour:12hour light-dark cycle at a constant tempera-
ture of 21°C and the animals had unrestricted access to food and 
water. Animals were then randomly assigned to one of four treat-
ment groups: Saline/Saline (n = 6), Alcohol/Saline (n = 5), Saline/PTH 
(n = 6), and Alcohol/PTH (n = 6). The nomenclature for each group 
corresponds to the pre-fracture treatment (Saline or Alcohol) fol-
lowed by the post-fracture treatment (Saline or PTH). The treatment 
paradigm is summarized in Figure 1. Briefly, animals received 3 con-
secutive daily intraperitoneal injections of a 20% (vol/vol) ethanol/
saline solution at a dose of 2 g/kg or equivalent volume of saline. 
Following 4 days of abstinence, the alcohol binge regimen was re-
peated to simulate a binge drinking pattern.9 At the time of fracture 
injury (1 hour after the last injection), blood alcohol average approxi-
mately 200 mg/dL.23

2.2 | Fracture surgery protocol

One hour after receiving the final alcohol or saline injection, animals 
were administered an induction dose of anesthesia (0.5-0.75 mg/kg  
ketamine and 0.06-0.08  mg/kg xylazine, Patterson Veterinary, 
Greeley, CO) to facilitate hair removal from the left hind limb. 
Following hair removal, animals received subcutaneous prophylactic 
gentamycin (5 mg/kg, Patterson Veterinary, Greeley, CO) and were 
then placed on 1%-2% vaporized isoflurane (Patterson Veterinary, 
Greeley, CO) for the duration of the fracture surgery. Under sterile 
conditions, a longitudinal incision was made over the left stifle and 
the patellar tendon exposed (Figure 2A). The tibia was reamed with 
a 27-gauge needle (Figure 2B) prior to inserting a 0.25 mm stainless 
steel insect pin down the length of tibial canal (Figure 2C). A com-
plete mid-diaphyseal tibial fracture was created using angled bone 
scissors (Figure 2D) (Fine Science Tools, Foster City, CA). All animals 

F I G U R E  1   Binge alcohol paradigm and post-operative treatment timeline. In a representative experiment, 5-6 mice/group were 
administered saline or alcohol as shown before receiving a stabilized midshaft tibia fracture. Post-operatively, animals received daily saline or 
parathyroid hormone until euthanasia
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received 1mg/kg long acting buprenorphine (Patterson Veterinary, 
Greeley, CO) by subcutaneous injection for post-operative pain 
relief.

2.3 | Post-fracture PTH administration

All animals received daily intraperitoneal injections of human (1-34) 
PTH (Bachem Inc, Bubendorf, Switzerland) or an equivalent volume 
of saline beginning at postoperative day (POD) one until euthanasia. 
The dose of 40 μg/kg PTH was selected based on published rodent 
PTH dosing regimens.24 Animals were humanely euthanized with 
CO2 and tibia specimens collected for molecular analysis on POD 9.

2.4 | Molecular analysis

Tibia specimens were flash frozen in liquid nitrogen and stored at 
−80°C until use. Fracture callus tissue was separated from uninjured 
bone using a Dremel tool (Dremel Inc, Racine, WI, USA) and pulver-
ized in lysis buffer (RIPA buffer, Halt phosphatase inhibitor cocktail 
[Sigma Aldrich, St. Louis, MO]) using a freezer mill (SPEX CertiPrep 
Inc, Metuchen, NJ). Total protein was measured using a Pierce BCA 
Protein Assay kit (Thermo Fisher Scientific Inc, Waltham, MA). 
Twenty micrograms of total protein from each sample was resolved 
on a 4%-20% mini-protean TGX Stain-Free precast gel (Bio-rad Inc, 
Hercules, CA). The total protein loaded was visualized using UV ac-
tivation of the gel and analyzed with Image Lab software (Bio-Rad, 
Inc, Hercules, CA), then transferred to PVDF membranes (Bio-rad 
Inc, Hercules, CA). Membranes were probed with rabbit anti-mouse 
total β-catenin (Millipore 07-1653, Billerica, MA), non-phospho 
β-catenin (Cell Signaling #19807, Danvers, MA), phospho-β-catenin 
(Cell Signaling #4176, Danvers, MA), total LRP6 (Cell Signaling 
#3395, Danvers, MA), total GSK-3β (Abcam #131356, Cambridge, 
UK), phospho-GSK-3β (Ser9) (Cell Signaling #9336S, Danvers, MA) 

and phospho-GSK-3β (Y219) (Abcam #75745, Cambridge, UK). 
Visualization of bound antibodies was possible via secondary goat 
anti-rabbit IgG (Abcam #ab6721, Cambridge, United Kingdom) and 
developed with SuperSignal West Pico chemiluminescent substrate 
(Thermo Fisher Scientific Inc, Waltham, MA, USA). Densitometric 
analysis was carried out utilizing the Image Lab software (Bio-Rad, 
Inc, Hercules, CA, USA). Detected protein signals were normalized 
against the total protein concentration determined by Stain-Free 
signal.

2.5 | Statistical analysis

All data is expressed as the mean ± SEM and was analyzed using the 
SAS Version 9.4 (Cary, NC) statistical program. A Kruskal-Wallis test 
was used to assess for overall variability in the ratio among the four 
experimental groups for each analysis set. A P-value ≤.05 was noted 
as statistically significant.

3  | RESULTS

3.1 | Effects of binge alcohol and parathyroid 
hormone on the activation state of β-catenin

Canonical Wnt signaling is propagated through downstream ef-
fector protein β-catenin. We have previously reported that  
alcohol-treated animals have reduced fracture callus total 
β-catenin compared to saline-treated animals.20 In agreement with 
our previous studies, we observed callus total β-catenin decreased 
50% in alcohol-treated animals as compared to saline-treated ani-
mals (Figure 3A-B). Parathyroid receptor activation has also been 
reported to stabilize β-catenin and promote differentiation of mes-
enchymal stem cells into osteochondral lineages.22 Postoperative 
administration of PTH significantly increased callus total β-catenin 

F I G U R E  2   Anatomic illustrations depicting the stabilized mid-shaft tibia fracture model. Figure modified from Bratton, et al52 A. 
Illustration showing the left hind stifle of C57BL/6 mouse. (A) small midline skin incision was made distal to the knee. Skin is manually 
adjusted to expose the knee joint and patellar tendon. (B) A 27-gauge needle is slide behind the patellar tendon and inserted into the tibial 
plateau. Using a twisting motion, the needle reams through into the intramedullary canal. (C) The needle is removed and replaced with a 
steel insect pin that is inserted down the length of the tibia. (D) The insect pin is trimmed flushed with the tibia plateau. The skin incision 
is then manually adjusted to reveal the midshaft of the tibia. Using angled bone cutters, a complete fracture is made through both cortices 
of the diaphyseal bone while not damaging the intramedullary stabilizing pin. The incision is then suture closed after verifying the injury is 
complete and properly stabilized
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in both saline- and alcohol-treated animals (Figure 3B, P = .017 and 
P = .016, respectively).

β-catenin is regulated by phosphorylation. Hypophosphorylated 
β-catenin is activated, promoting translocation of the protein to 
the nuclear to activate transcription, where hyperphosphorylated 
β-catenin is inactive and targeted for degradation through the pro-
teasome. In agreement with our previous findings, alcohol-treated 
animals have a statistically significant reduction in callus hypophos-
phorylated β-catenin (Figure 3C, P = .008) and a significant increase 
in hyperphosphorylated β-catenin as compared to saline-treated 
animals (Figure 3D, P = .03).20 Postoperative PTH treatment alone 
did not significantly increase hypophosphorylated β-catenin when 
compared to saline-treated animals (Figure  3C), however, levels 
of hypophosphorylated β-catenin were restored to control lev-
els in alcohol-treated animals with postoperative PTH (Figure 3C, 
P  =  .010). In agreement with our past studies, alcohol-treated 
animals had a significant increase in callus hyperphosphory-
lated β-catenin as compared to saline-treated animals (Figure 3D, 
P = .03).20 However, postoperative PTH did not significantly reduce 

hyperphosphorylated β-catenin in the fracture callus of alco-
hol-treated animals (Figure 3D).

3.2 | Effects of binge alcohol and parathyroid 
hormone on the total LRP6

Low-density lipoprotein receptor-related protein 6 (LRP6) is 
a co-receptor and key component in canonical Wnt receptor 
activation and signal propagation.25 We found that alcohol-
treated animals had a significant reduction in callus associated 
LRP6 as compared to saline-treated animals (Figure 4A P = .01). 
Several studies have reported that LRP6 acts as a co-receptor 
for the PTH receptor (PTHr).22,25,26 Binding of PTH to PTHr pro-
motes the formation of PTHr/LRP6 complexes, which leads to 
rapid phosphorylation of LRP6 and activation of downstream 
β-catenin signaling.25 To this end, we assessed whether PTH 
treatment restored LRP6 expression in the fracture callus 
of alcohol-treated animals. We found that intermittent PTH 

F I G U R E  3   β-catenin protein 
expression in callus tissue with or 
without intermittent parathyroid 
hormone treatment. (A) Representative 
hematoxylin and eosin stained histological 
samples from each treatment group. 
Fracture site is marked by a dashed black 
line. Western blot of (B) total β-catenin; 
(C) hypophosphorylated (active) β-catenin; 
and (D) hyperphosphorylated (inactive) 
β-catenin. Corresponding quantification 
is graphed underneath each plot. Data 
are mean ± SEM are represented as the 
densitometric ratio of each experimental 
group relative to the saline-treated 
animals. n = 5-6, P < .05, Kruskal-Wallis 
test. Groups not sharing a letter (eg a, b) 
are significant. Groups sharing a letter (eg 
a, a) are not significantly different
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administration rescued LRP6 expression in alcohol-treated 
animals.

3.3 | Effects of binge alcohol and parathyroid 
hormone on the activation state of GSK-3β

Glycogen synthase kinase 3 beta (GSK-3 β) through substrate- 
mediated hyperphosphorylation of β-catenin, is the principal nega-
tive regulator of canonical Wnt signaling.27 As shown in Figure 4B-D, 
total GSK-3β, inactive GSK-3β (Phospho-GSK-3β (Ser9)) and active 
GSK-3β (Phospho-GSK-3β (Y216)) were not significantly altered in 
the fracture callus of any treatment group.

4  | DISCUSSION

Alcohol abuse has been implicated as a major risk factor for de-
layed fracture healing and nonunion in fracture repair.4,8,28,29 
This is of particular importance, as it is estimated that between 
25%-50% of orthopaedic trauma patients present acutely 

intoxicated.5,6 Current options for treating fracture nonunion in-
clude internal and external fixation and autogenous or allogenic 
bone graft, however, each option has serious limitations. Thus, 
there is a significant need for adjunct therapeutics to surgical 
intervention which can support and promote fracture healing in 
individuals with an increased risk for nonunion. Intermittent PTH 
treatment has been reported to be well tolerated in animal and 
clinical studies, with supporting evidence for its role in fracture 
healing.30-34 The current investigation explored whether inter-
mittent PTH could counteract the negative effects of alcohol on 
canonical Wnt/β-catenin signaling in a binge alcohol model of 
deficient fracture repair. The Wnt/β-catenin signaling pathway 
plays a pivotal role in fracture healing as it is required for the dif-
ferentiation of mesenchymal stem cells into cartilage- and bone- 
producing cells.35 Furthermore, it has been reported that β-catenin 
signaling is tightly regulated in the early phases of fracture healing 
and alterations to β-catenin signaling can have positive or nega-
tive effects on fracture healing.35 In this study, we found that 
intermittent PTH rescued several key components of callus as-
sociated canonical Wnt/β-catenin signaling that were perturbed 
in alcohol-treated animals.

F I G U R E  4   LRP6 and GSK-3β protein 
expression in callus tissue with or without 
intermittent parathyroid hormone 
treatment. Western blot of (A) low-density 
lipoprotein receptor-related protein 
6 (LRP6); (B) total Glycogen synthase 
kinase 3 beta (GSK-3β); (C) inactive 
GSK-3β (phospho-S9); and (D) active 
GSK-3β (phospho-Y216). Corresponding 
quantification is graphed underneath 
each plot. Data are mean ± SEM are 
represented as the densitometric ratio 
of each experimental group relative 
to the saline-treated animals. n = 5-6, 
P < .05, Kruskal-Wallis test. Groups not 
sharing a letter (eg a, b) are significant. 
Groups sharing a letter (eg a, a) are not 
significantly different
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Parathyroid hormone acts as an anabolic bone agent when de-
livered intermittently and several randomized controlled trials have 
been performed to determine its effect on fracture healing and 
spinal arthrodesis.15,36-40 The results thus far have been equivocal. 
Peichl and Aspenberg et al. found PTH accelerated pelvic and dis-
tal radius fracture healing respectively15,36 while Bhandari et al. and 
Johansson studying femoral neck and proximal humerus fractures 
did not find a benefit to union or improvement in patient reported 
outcomes, respectively.38,39 Ebata et al. found weekly PTH injections 
significantly improved lumbar fusion rates in patients undergoing in-
terbody fusion.40 Given the encouraging basic science and transla-
tional literature supporting PTH, the lack of significant side effects 
and the varied success in clinical investigations, interest in the drug 
as a tool to augment fracture healing remains strong.

Prior studies have shown that PTH activates Wnt signaling by 
increasing LRP6 receptor activation, β-catenin activation and Wnt 
gene transcription,21 thereby activating differentiation of mesenchy-
mal stem cells towards the osteochondral lineage.22,41 Conversely, 
our laboratory has demonstrated that alcohol inhibits fracture cal-
lus formation and bone-associated Wnt signaling, thus negatively 
affecting stem cell differentiation, osteoblast activity and bone 
formation.20,42-44 Based on this information, we hypothesized that 
intermittent PTH treatment would normalize the effects of alcohol 
on Wnt signaling during fracture healing. We carried out our analysis 
on postoperative day 9 fracture callus tissue, which has been deter-
mined to be peak cartilaginous callus formation.45,46 In agreement 
with our previous findings, we found that alcohol decreased fracture 
callus hypophosphorylated β-catenin and increased hyperphosphor-
ylated β-catenin.9,20,47 These comparisons were used to experimen-
tal validate our present study. Alcohol-treated animals receiving 
PTH had 65-fold increase in hypophosphorylated, active β-catenin 
as compared with animals treated with alcohol alone. These results 
are in agreement with prior studies that show PTH activates β- 
catenin, and suggests that intermittent PTH stimulation can prevent 
the negative effects of alcohol on Wnt/β-catenin signaling.21 When 
our alcohol-treated mice were given PTH, we observed a recovery of 
total and hypophosphorylated β-catenin expression in the fracture 
callus. These data suggests that the administration of PTH amelio-
rates the effect of alcohol on β-catenin signaling in fracture callus of 
alcohol-treated animals.

Administration of intermittent PTH has been found to stimulate 
bone formation.24,31 Binding of PTH to the PTHr leads to PTHr and 
LRP6 complex formation on the cell surface.22,25,26 Previous stud-
ies have found that complex formation between PTHr and LRP6 
leads to rapid activation of LRP6 and activation of downstream β- 
catenin.25 Due to its role in stabilizing β-catenin, LRP6 is of particu-
lar importance in the fracture repair pathway.48 Importantly, phos-
phorylated LRP6 has been found to be upregulated acutely during 
fracture healing.35 In our investigation we found a statistically sig-
nificant decrease in the amount of LRP6 in alcohol-treated animals 
as compared to the saline-treated animals. To date, no prior studies 

have described the effect of alcohol on LRP6 expression within the 
fracture callus. We have previously reported that alcohol decreases 
LRP5 in the bones of alcohol-treated mice.49 Combined with our 
current findings, our observations suggest that alcohol downregu-
lates LRP5/6, which is elevated acutely in a fracture, inhibiting Wnt/ 
β-catenin signaling. When alcohol-treated animals are administered 
intermittent PTH, we observed a 2-fold increase in callus LRP6 as 
compared to alcohol-treated animals. These findings suggest that 
one mechanism by which intermittent PTH might rescue β-catenin 
signaling within the fracture callus of alcohol-treated animals is by 
upregulation of LRP6 expression. The observation that intermittent 
PTH does not further increase LRP6 expression in saline-treated an-
imals may suggest that LRP6 is already maximally expressed within 
the fracture callus during normal fracture healing.

β-catenin is negatively regulated by the APC, axin and GSK-3β 
complex by hyperphosphorylation, which targets β-catenin to the 
proteasome for degradation.50 Within that complex, active GSK-3β 
(phospho-Y216) phosphorylates β-catenin. Phosphorylated LRP6 
has been shown to bind GSK-3 complexes, inhibiting GSK-3 phos-
phorylation of β-catenin.51 We have previously reported that ac-
tive GSK-3β (phospho-Y216) is increased in the fracture callus of 
alcohol-treated animals, and that these effects were mitigated 
with post-operative treatment with GSK-3β inhibitor lithium chlo-
ride.47 We observed a similar trend in levels of active GSK-3β (phos-
pho-Y216, p=0.07)* in our alcohol-treated animals as compared to 
saline-treated animals. Further studies need to be done to determine 
if intermittent PTH reduces active GSK-3β (phospho-Y216) within 
the fracture callus of alcohol-treated animals.

In a process that resembles endochondral ossification, mesen-
chymal stem cell-derived chondrocytes and osteoblasts create a 
fracture callus following bone fracture. Previous studies show that 
intermittent PTH improves and accelerates fracture healing in part 
by increasing the size and improving the biomedical strength of the 
fracture callus,12-15,30,34 suggesting intermittent PTH is directly stim-
ulating chondrocyte and osteoblast activity. Indeed, several lines of 
evidence show that intermittent PTH enhances chondrogenesis and 
osteogenesis within the fracture callus.22,34,41 In our present study, 
we show that intermittent PTH rescues β-catenin signaling in the 
fracture callus of alcohol treated rodents. Taken together, we hy-
pothesize that impaired fracture callus healing in alcohol treated 
rodents can be rescued by intermittent PTH by enhancing chon-
drogenesis and osteogenesis with the fracture callus. Further stud-
ies are necessary to determine the effect of intermittent PTH on 
chondrogenesis and osteogenesis within the fracture callus of alco-
hol-treated rodents.

The present study has its limitations. Most notably, this study was 
meant to serve as a preliminary study to determine whether inter-
mittent PTH improved Wnt/β-catenin signaling within the fracture 
callus of alcohol-treated animals. Further research will be required 
to determine if the differences seen on the molecular level correlate 
to functional differences in the histology and biomechanics of the 

*[Correction added on 15 May 2020, after first online publication: The p-value has been added].  
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callus that forms during fracture healing. Additionally, this study was 
limited by the relatively small sample size of mice, leading to some 
of the variability in the dataset. Finally, the results of all the analyses 
are at a single time point in the complex process of fracture heal-
ing. Previous research show β-catenin expression remains elevated 
for weeks after fracture, however, levels in a fracture callus reach 
maximal expression on post-injury day 9.35 Having multiple post-in-
jury time points would have allowed for a temporal analysis into the 
effects of intermittent PTH on the fracture callus of alcohol-treated 
animals.

In summary, the current work adds new information about the 
effects of intermittent PTH on Wnt/β-catenin signaling within 
the fracture callus of alcohol-treated animals. Intermittent PTH 
should continue to be investigated as a useful adjunct to frac-
ture union given the scarcity of other clinically available systemic 
therapies.

5  | CONCLUSIONS

Alcohol exposure inhibits Wnt signaling within the fracture callus. 
Administering intermittent PTH following a tibia fracture in alcohol-
treated mice restores normal expression of Wnt signaling proteins 
within the fracture callus.
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