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Abstract

Background: During bone fracture repair, resident mesenchymal stem cells (MSCs) differentiate
into chondrocytes, to form a cartilaginous fracture callus, and osteoblasts, to ossify the collagen
matrix. our laboratory previously reported that alcohol administration led to decreased cartilage
formation within the fracture callus of rodents and this effect was mitigated by postfracture
antioxidant treatment. Forkhead box protein O (FoxO) transcription factors are activated in
response to intracellular reactive oxygen species (ROS), and alcohol has been shown to increase
ROS. Activation of FoxOs has also been shown to inhibit canonical Wnt signaling, a necessary
pathway for MSC differentiation. These findings have led to our hypothesis that alcohol exposure
decreases osteochondrogenic differentiation of MSCs through the activation of FoxOs.

Methods: Primary rat MSCs were treated with ethanol (EtOH) and assayed for FoxO expression,
FoxO activation, and downstream target expression. Next, MSCs were differentiated toward
osteogenic or chondrogenic lineages in the presence of 50 mM EtOH and alterations in
osteochondral lineage marker expression were determined. Lastly, osteochondral differentiation
experiments were repeated with FoxO1/3 knockdown or with FoxO1/3 inhibitor AS1842856 and
osteochondral lineage marker expression was determined.

Results: EtOH increased the expression of FoxO3a at mMRNA and protein levels in primary
cultured MSCs. This was accompanied by an increase in FoxO1 nuclear localization, FoxO1
activation, and downstream catalase expression. Moreover, EtOH exposure decreased expression
of osteogenic and chondrogenic lineage markers. FoxO1/3 knockdown restored proosteogenic and
prochondrogenic lineage marker expression in the presence of 50 mM EtOH. However, FoxO1/3
inhibitor only restored proosteogenic lineage marker expression.
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Conclusions: These data show that EtOH has the ability to inhibit MSC differentiation, and this
ability may rely, at least partially, on the activation of FoxO transcription factors.
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BONE FRACTURE HEALING is the result of a complex series of molecular and cellular
events in and around the fracture. Although most fractures heal without complications,
fracture nonunion still remains a significant health problem. Up to 10% of all long bone
fractures progress to a fracture nonunion, costing nearly 1 billion dollars annually in
healthcare costs in the United States (Hak et al., 2014; Tzioupis and Giannoudis, 2007;
Zimmermann and Moghaddam, 2010). Moreover, there are several conditions that contribute
to improper, delayed, or incomplete healing. These range from medical conditions like
diabetes to behavioral conditions such as alcohol abuse (Chakkalakal, 2005; Nyquist et al.,
1997; Zura et al., 2016). Alcohol abuse has a significant detrimental effect on many organs
and body tissues, which includes significant effects to the skeletal system. Alcohol abusers
have an increased risk of developing osteopenia and have a fracture rate 4 times higher
than that of nonabusers (Bikle et al., 1985; Chakkalakal, 2005; Savola et al., 2004, 2005).
In an acute setting, up to 40% of orthopedic trauma patients present with a positive blood
alcohol content at the time of hospital admission (Blake et al., 1997; Levy et al., 1996).
Furthermore, alcohol consumption significantly raises the risk of healing complications
leading to nonunion and increased fracture healing time (Zura et al., 2016). A recent
epidemiological study of over 300,000 primary fracture patients found that alcohol use
increased the risk of nonunion by 67% (Zura et al., 2016). There is also a substantial amount
of basic science evidence that shows both acute and chronic alcohol administration have
deleterious effects on bone health and proper fracture healing (Bikle et al., 1985; Callaci
et al., 2009; Elmali et al., 2002; Janicke-Lorenz and Lorenz, 1984; Lauing et al., 2008;
Volkmer et al., 2011).

The underlying factors contributing to nonunion are not well understood, and the
mechanisms behind alcohol-induced deficient fracture healing remain largely unknown.
However, it is known that mesenchymal stem cells (MSCs) are indispensable to both bone
health and proper fracture healing, while ambiguity remains about the ability to truly
identify a single-cell population as MSCs. For the purposes of this paper, we use MSCs

to refer to cells residing within the bone marrow and the periosteum with the ability to
differentiate into a variety of cell types including osteoblasts, chondrocytes, and adipocytes
(Caplan, 2017; Chang and Knothe Tate, 2012; Colnot et al., 2004; Park et al., 2012). Proper
differentiation of MSCs is critical for normal fracture healing (Bielby et al., 2007; Colnaot,
2009). During the repair process, MSCs in the periosteum differentiate into chondrocytes
that form the majority of the external callus through the deposition of cartilaginous matrix
(Colnot, 2009). This matrix is then ossified by osteoblasts, also of MSC origin, in order

to heal the fracture (Colnot, 2009; Colnot et al., 2006; Obermeyer et al., 2012; Park et al.,
2012). This process is the primary cellular mechanism by which most fractures heal.
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There is evidence that alcohol negatively affects the osteogenic potential of MSCs. MSCs
isolated from the femoral head of alcohol-induced osteonecrosis patients have a reduced
potential for osteogenic differentiation compared to MSCs isolated from nonalcoholic
femoral heads (Bielby et al., 2007; Suh et al., 2005). Another study found that MSCs
isolated from non-alcohol-abusing patients had suppressed osteogenic differentiation and
increased adipogenic differentiation when cultured ex vivo in the presence of ethanol (EtO;
Wezeman and Gong, 2004).

While multiple cellular signaling pathways regulate MSC differentiation potential, canonical
Whnt signaling has been identified as indispensable for osteochondral commitment,
osteoblast differentiation, and chondrocyte hypertrophy, which are all critical processes for
proper fracture repair (Chen et al., 2007; Dong et al., 2006; Glass and Karsenty, 2007;
Lauing et al., 2012; Ling et al., 2009; Liu et al., 2008). Our laboratory has previously

shown that episodic alcohol treatment disrupts canonical Wnt signaling within the fracture
callus of rodents (Callaci et al., 2010; Lauing et al., 2012, 2014). We have also shown

that episodic alcohol exposure leads to an increase in expression of activated Forkhead

box protein O (FoxQ) transcription factors within the fracture callus during healing. These
changes are associated with an inhibition of endochondral ossification and are prevented

by the administration of antioxidant N-acetylcysteine (NAC) during healing (Roper et al.,
2016). FoxO transcription factors are activated by oxidative stress and bind to f-catenin as a
necessary cofactor in order to promote the expression of specific target genes (Essers et al.,
2005; Hoogeboom and Burgering, 2009; Hoogeboom et al., 2008).

In summation, these findings begin to delineate a potential mechanism behind alcohol-
induced inhibition of fracture repair. Once FoxO transcription factors are activated by
oxidative stress, they directly inhibit Wnt signaling by diverting p-catenin away from
proosteochondrogenic gene transcription (Almeida et al., 2007; lyer et al., 2013). Therefore,
we presently hypothesize that alcohol is able to induce activation of FoxOs in cultured
MSCs, and this activation will lead to decreased MSC osteochondrogenic differentiation
potential. By showing alcohol-induced activation of FoxOs in MSCs, we stand to further
elucidate a mechanism behind alcohol-induced bone loss and deficit fracture healing.

MATERIALS AND METHODS

Rat MSC Isolation and Culture

MSCs were either purchased (Cyagen US Inc., Santa Clara, CA) or isolated from 6- to
7-week-old male Lewis rats using a modified protocol as described previously (Einhorn,
2005; Obermeyer et al., 2012; Soleimani and Nadri, 2009). MSCs were cultured in Dul-
becco’s modified Eagle medium (DMEM; Gibco, Thermo Fisher Scientific, Rockford, IL)
supplemented with 10% FBS (Gibco, Thermo Fisher Scientific), 1% penicillin—streptomycin
(Thermo Fisher Scientific), and 1 g/l glucose, L-glutamine, and sodium pyruvate in a
humidified chamber at 5% CO, and 37°C. MSCs were grown to approximately 80%
confluency before administering treatments. Molecular-grade 100% EtOH (Sigma-Aldrich,
St Louis, MO) and 30% (w/w) hydrogen peroxide (H,O5; Sigma-Aldrich) were diluted to
final concentrations in DMEM. In order to mitigate EtOH loss by evaporation, cell cultures
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containing EtOH were incubated in a sealed system at standard culture conditions with
excess EtOH equal to treatment concentrations added to the chamber water bath.

For MSC Differentiation

MSCs were seeded at 10,000 cells/cm? and grown to approximately 80% confluency
before replacing growth media with either StemPro Osteogenesis Differentiation or StemPro
Chondrogenesis Differentiation media (Gibco, Thermo Fisher Scientific).

RNA Isolation and gRT-PCR

TRIzol reagent (Thermo Fisher Scientific) was applied directly to cell monolayer. RNA

was isolated and purified using Ambion Ribo-Pure RNA Purification Kit (Thermo Fisher
Scientific). RNA was quantified using a NanoDrop ND-2000 spectrophotometer, and RNA
quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA). cDNA was amplified using High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), and changes in mRNA transcription were determined using TagMan Fast
Advanced Master Mix and TagMan FAM primer probes specific (Thermo Fisher Scientific)
for each target gene. Quantitative real-time PCRs (QRT-PCRs) were carried out using an
Applied Biosystems 7500 Fast RT-PCR system. The resulting data were analyzed by the
AACt method compared to endogenous control, 2M. Osteogenic and chondrogenic markers
were selected at various stages of differentiation to determine the effect of EtOH on lineage
differentiation. Osterix (OSX) and SRY-box transcription factor 9 (SOX9) are important
transcription factors for osteogenesis and chondrogenesis, respectively, and were selected for
further analysis in FoxO1/3 knockdown and inhibition experiments.

Protein Isolation, Western Blotting, and DNA-Binding Assay

MSCs were harvested using 0.25% trypsin-EDTA and pelleted by centrifugation at 500x g
for 5 minutes. Cell pellets were either lysed in radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific) for total protein or processed using NE-PER Nuclear and
Cytoplasmic Extraction Reagent Kit (Thermo Fisher Scientific) to isolate proteins localized
within nuclear and cytoplasmic fractions. Protein concentrations were measured by BCA
assay (Thermo Fisher Scientific). For Western blotting, equal amounts of protein were
loaded into 4 to 20% SDS-PAGE gel, electrotransferred to a PVDF membrane, and probed
with either a Rb pAB FoxO3a antibody (Abcam, Cambridge, MA), total Rb pAb FoxO1
antibody (Abcam), or Rb pAb PGK1 antibody (Abcam). Coomassie Blue was used to
stain total protein on PVDF membranes (Blot Bands) for protein loading normalization.
Densitometric analysis was carried out utilizing Image Lab software (Bio-Rad, Hercules,
CA), and Western blot data were presented as the densitometric ratio of target protein:
loading protein bands. For FoxO1 DNA-binding assays, nuclear fractions from MSCs
were assayed for FoxO-specific DNA element binding using TransAM FKHR (FOXO1)
Transcription Factor Activation Assay (Active Motif, Carlsbad, CA).

Fox01/3 Knockdown

Nontargeting, FoxO1, and FoxO3a ON-TARGETplus siRNA was obtained from Dharmacon
(Lafayette, CO). MSCs were transfected using Lipofectamine RNAIMAX siRNA
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Transfection Reagent (Thermo Fisher Scientific) and incubated for 24 hours before splitting
into treatment groups. The following day, growth media were replaced with osteogenic or
chondrogenic differentiation media with and without 50 mM EtOH. mRNA was isolated as
described above at 24 and 48 hours to assess knockdown and expression of OSX and SOX9
transcription factors.

FoxO Pharmacological Inhibition

FoxO1/3-specific inhibitor AS1842856 (Millipore Sigma, St Louis, MO) was reconstituted
in DMSO to a superstock concentration of 27 mM and stored at —20°C. AS1842856 was
diluted to final concentrations of 0.1 and 1 &M in differentiation media with and without
EtOH. MSCs were treated with the above at approximately 80% confluency. mRNA was
isolated at 48 and 72 hours later as outlined above to assess the expression of OSX and
SOXQ transcription factors.

Statistical Analysis

RESULTS

All data are expressed as the mean = standard error of the mean of 3 or more separate
experiments per group. Due to large interexperimental variation in expression of early
osteogenic and chondrogenic transcription factors, differentiation controls were assigned
a value of 1 for each experiment and fold changes were determined for the remaining
treatment groups in Figs 4 and 5. Experiments were repeated at least 4 independent times.
Data were analyzed using GraphPad Prism 7. pvalues were determined by the statistical
tests defined in the figure legends, with post hoc analysis where appropriate.

Effect of EtOH Exposure on FoxO Expression and Activity in MSCs

First, we examined whether EtOH exposure was associated with elevated levels of FoxO1/3
mMRNA and protein expression. mRNA expression was assessed at 3, 6, and 9 hours using
gRT-PCR. At 3 hours, FoxO3a mRNA expression was significantly increased in MSCs
exposed to 50 mM EtOH when compared to MSCs cultured in media alone and remained
elevated throughout the course of treatment (Fig. 1A). Next, we assessed by Western blot
whether treating MSCs with EtOH would alter FoxO3a protein expression. In agreement
with our gRT-PCR findings, MSCs cultured with 50 mM EtOH had increased FoxO3a
protein expression that peaked 6 hours post-EtOH treatment as compared to MSCs cultured
in media alone (Fig. 1B). MSCs exposed to a positive control, H,O,, had increased levels
of FoxO3a protein expression at 3 hours that was not observed at later time points.
H,0,-mediated FoxO3a protein expression was not sustained over the course of treatment,
whereas EtOH elicited a longer time period of elevated FoxO3a protein expression.

FoxO-Specific Target Gene Expression

To test whether EtOH activated a FoxO-specific antioxidant response in MSCs, we evaluated
MRNA expression of FoxO-specific downstream target gene catalase at 3, 6, and 9 hours
after EtOH exposure. 50 mM EtOH increased catalase mMRNA expression when compared to
media alone, reaching the highest level of expression at 9 hours posttreatment(Fig. 1C).
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Effect of EtOH Exposure on FoxO Translocation and Activation

Nuclear Localization.—To determine whether EtOH exposure increased translocation
and accumulation of FoxO proteins, we performed cytosolic and nuclear fractionation
following 24 hours of treatment with EtOH, H,0,, or media alone. We observed a
significant twofold and fourfold increase in FoxO1 nuclear translation in MSCs treated with
50 and 100 mM EtOH (Fig. 2A), respectively, when compared to media alone. Interestingly,
we did not observe alterations in FoxO1 mRNA and protein expression at earlier 3-, 6-, and
9-hour time points (data not shown). MSCs treated with H>O» had similar measured levels
of FoxO1 nuclear translocation and accumulation as 100 mM EtOH.

FoxO1 Activation.—To determine whether EtOH exposure led to FoxO1 activation, we
measured nuclear FoxO1 binding to a FoxO1-specific DNA element. MSCs were exposed to
either 50 mM EtOH, 100 mM EtOH, 10 4/M H,0,, or media alone for 3, 6, and 9 hours. We
found that MSCs exposed to both 50 and 100 mM EtOH had significant increases in nuclear
FoxO1 binding to a FoxO1-specific DNA element when compared to media alone (Fig. 2B).
MSCs treated with H,O, exhibited similar levels of activated FoxO1 to MSCs treated with
100 mM EtOH.

Effect of EtOH Exposure on Osteochondral Differentiation Potential

Next, we examined whether EtOH exposure had an effect on the differentiation potential
of primary cultured rat MSCs. MSCs were grown in osteogenic or chondrogenic
differentiation media with and without 50 mM EtOH. Alterations in osteochondrogenic
lineage differentiation were measured by gRT-PCR after 48 and 72 hours of EtOH
exposure. For MSC osteogenic differentiation, we found that the expression of runt-related
transcription factor 2 (RUNX2) and alkaline phosphatase (Alp1) was significantly reduced
in MSCs cultured in osteogenic media and EtOH when compared to MSCs cultured in
osteogenic media alone (Fig. 3A,B). For MSC chondrogenic differentiation, we found

that chondrogenic media with EtOH caused a significant reduction in SOX9, collagen

2 (COL2al), and aggrecan (ACAN) expression when compared to MSCs cultured in
chondrogenic media alone (Fig. 3C-E).

Effect of FoxO1/3 Knockdown and Inhibition on MSC Differentiation Potential of MSCs
Treated With EtOH

To determine whether osteochondrogenic differentiation markers suppressed with EtOH
were mediated by EtOH-in-duced FoxO1/3 activation, we used a dual genetic and
pharmacological approach to suppress FoxO expression and activation. The genetic
approach was implemented through siRNA knockdown of FoxO1 or FoxO3a. With FoxO1
knockdown, we observed a ~80% reduction in FoxO1 expression in MSCs when compared
to nontargeting siRNA (Fig. 4A). In FoxO3a knockdown experiments, we observed a ~70%
reduction in FoxO3a expression in MSCs when compared to nontargeting siRNA (Fig.
4D). Forty-eight hours after knockdown, MSCs were differentiated toward osteogenic or
chondrogenic lineages in the presence of 50 mM EtOH and assayed for osteochondrogenic
marker expression changes 24 and 48 hours later. For MSC osteogenic differentiation, we
found OSX expression was restored in MSCs with FoxO1 knockdown (Fig. 4B) and only
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partially restored in MSCs with FoxO3a knockdown (p = 0.062, Fig. 4E) in the presence

of EtOH when compared to MSCs treated with EtOH alone. For MSC chondrogenic
differentiation, we found SOX9 expression was restored in MSCs with FoxO1 (Fig. 4E)

and FoxO3a (Fig. 4F) knockdown in the presence of EtOH when compared to MSCs treated
with EtOH alone.

Next, we examined whether pharmacological inhibition of Fox0O1/3 activation could
overcome the inhibitory effect of EtOH on differentiating MSCs. To this end, MSCs were
differentiated toward osteogenic and chondrogenic lineages and cultured with FoxO1/3
inhibitor AS1842856 with and without EtOH. For MSC osteogenic differentiation, we found
1 1M AS1842856 restored OSX expression in MSCs treated with EtOH compared to

EtOH alone (Fig. 5A). For MSC chondrogenic differentiation, we found 1 zM AS1842856
inhibited SOX9 expression (data not shown). A lower concentration of 0.1 x/M AS1842856
permitted normal SOX9 expression, but did not restore SOX9 expression in MSCs treated
with EtOH compared to EtOH alone (Fig. 5B).

DISCUSSION

Alcohol abuse is a known risk factor for bone loss and bone fracture nonunion (Bikle et al.,
1985; Chakkalakal, 2005; Zura et al., 2016). Our laboratory previously demonstrated that
cartilaginous fracture callus formation is inhibited in rodents treated acutely with alcohol
prior to tibia fracture, and this inhibition was mitigated by administration of antioxidant
NAC, suggesting that oxidative stress generated from alcohol administration inhibits normal
fracture callus formation (Volkmer et al., 2011). More recently, our laboratory has shown
that fracture callus tissue from alcohol-treated rodents had increased protein expression of
the active form of FoxO1 (Roper et al., 2016). FoxO is a group of transcription factors

that are involved in many cellular responses. FoxOs, primarily FoxO1, FoxO3a, and FoxO4
family members, function as molecular responders to intracellular oxidative stress (lyer

et al., 2013; Tothova et al., 2007). In the process of their activation, FoxOs undergo
posttranslational modifications that include phosphorylation and acetylation, leading to their
nuclear translocation and binding of FoxO-specific DNA elements (Hedrick et al., 2012).
Furthermore, activated FoxOs bind to p-catenin as a mandatory cofactor in their response to
oxidative stress (Almeida et al., 2007; Essers et al., 2005; lyer et al., 2013). B-catenin is a
multifunctional protein that is crucial for signal transduction in the canonical Wnt signaling
pathway, which is necessary for the initiation of MSC osteochondral lineage differentiation
(Ling et al., 2009; Liu et al., 2008). Studies have demonstrated that in times of increased
oxidative stress, the limited pool of cellular B-catenin are sequestered by FoxO and have
limited availability for Wnt-specific signal activity (Almeida et al., 2007).

In the present study, we examined the effect of EtOH on FoxO1/3 in primary MSCs, and
how EtOH affects MSC osteochondral differentiation as a potential cellular mechanism
explaining our fracture callus findings. We found that FoxO3a mRNA and protein
expression were both elevated within hours of EtOH administration. At later time points,
we found mRNA expression of catalase, FoxO1/3 target gene, and a protective enzyme
against oxidative stress (Alcendor et al., 2007; Higuchi et al., 2013) was increased with
EtOH administration. Our laboratory has previously observed elevated levels of total and
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phosphorylated FoxO1 within the fracture callus of alcohol-exposed rodents (Roper et al.,
2016). However, in our present study, we did not detect any changes in the expression

of FoxO1 mRNA or protein levels in MSCs treated with EtOH. To determine whether

EtOH had an effect on FoxO1 posttranslational regulation, we assessed the level of

FoxO1 activation through nuclear localization and binding to a FoxO-specific DNA element
following EtOH administration. EtOH significantly enhanced nuclear localization of FoxO1,
suggesting EtOH was promoting activation of FoxO. We confirmed these findings by
showing that nuclear lysate from EtOH-treated MSCs had higher FoxO1 binding to FoxO-
specific DNA elements when compared to media controls. These data suggest that EtOH
significantly enhances both the expression and the activity of FoxO1/3 transcription factors
in primary MSCs.

MSC osteochondral differentiation is an essential step in the formation of the fracture
callus, and previous data from our laboratory have demonstrated that alcohol inhibits
cartilaginous fracture callus formation in rodents (Lauing et al., 2012, 2014; Roper

et al., 2016; Volkmer et al., 2011). To determine whether alcohol inhibits early MSC
differentiation, we administered EtOH to primary MSCs to determine the effect of EtOH on
MSC osteochondral lineage differentiation. We found that MSCs induced toward osteogenic
lineage differentiation in the presence of EtOH had decreased mRNA expression levels of
RUNX2, a key transcription factor in osteoblast differentiation, and alkaline phosphatase,
an important enzyme involved in osteoblast development and tissue mineralization. These
findings suggest alcohol exposure inhibits early osteogenic lineage differentiation. in support
of these data, a publication found that MSCs isolated from alcohol-induced femoral head
osteonecrosis patients had diminished osteogenic lineage differentiation potential when
cultured ex vivo (Suh et al., 2005).

When examining the effect of EtOH on MSC chondrogenic differentiation, we found
SOX9, an essential transcription factor for the initiation of chondrogenic differentiation,
showed diminished mRNA expression when MSCs were differentiated in the presence of
EtOH. Similarly, COL2al, a fibrillar collagen found in cartilage matrix and marker of
early chondrocyte lineage commitment, and ACAN, an integral chondrogenic extracellular
matrix proteoglycan, also had diminished mMRNA expression in the presence of EtOH.
These findings suggest EtOH may inhibit early MSC chondrogenic lineage differentiation.
One study supporting this finding found that chondrocytes isolated from alcohol-induced
femoral head necrosis patients had reduced SOX9 gene expression and when cultured

ex vivo produced less COL2al when compared to healthy patient chondrocytes (Qin et
al., 2018). Taken together, these findings show EtOH inhibits MSC osteochondral lineage
differentiation potential, which provides evidence of one potential cellular mechanism by
which alcohol impairs fracture healing.

To determine whether alcohol-induced FoxQO1/3 activity was connected to the inhibition
of MSC differentiation, we performed experiments to determine whether genetic and
pharmacological inhibition of FoxO1/3 could restore proosteochondrogenic transcription
factors in MSCs exposed to EtOH. We found that knockdown of both FoxO1 and FoxO3a
increased the expression of OSX and SOX9 in the presence of EtOH. In support of our
findings, 2 recent studies showed that chondrocyte-specific knockout of FoxO1 rescued
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fracture callus formation in diabetic rodents, improving the biomechanical strength of the
callus (Alharbi et al., 2018; Lu et al., 2019). Another study found that FoxO1, FoxO3a,
and FoxO4 knockout in osteoblast progenitors could attenuate the reduction of trabecular
number and cortical thickness of long bone in type 1 diabetes rodents (lyer et al., 2017).
Combined with our data, these reports suggest that an inhibition of FoxO signaling in

an environment of up-regulated reactive oxygen species (ROS) may restore normal MSC
differentiation.

In a complementary approach, we utilized FoxO1 inhibitor AS1842856, which has been
used for diabetes and adipogenesis studies (Yu et al., 2018; Zou et al., 2014). AS1842856
has been shown to directly bind and inhibit the active form of FoxO1 (He et al., 2019;

Yu et al., 2018). In one study, AS1842856-mediated inhibition of FoxO showed a dose-
dependent improvement on fasting-glucose levels in diabetic rodents (Nagashima et al.,
2010). Moreover, FoxO1/3 inhibition by AS1842856 significantly reduced adipogenesis and
lipid formation through the inhibition of mitochondrial-related proteins (Zou et al., 2014).
We found that EtOH-exposed MSCs showed an significant increase in OSX expression
when treated with AS1842856. The concentration of AS1842856 used in these experiments,
1 1M, has been shown to also inhibit FoxO3a activity and to a lesser degree FoxO4
(Nagashima et al., 2010). This finding suggests that FoxO1/3 inhibition can restore OSX
expression in the presence of EtOH. One mechanistic explanation for these findings could
be that knockdown and inhibition of FoxO1/3 activity prevents FoxO1/3 from sequestering
B-catenin from the canonical Wnt signaling pathway.

In our experiments investigating whether FoxO1/3 inhibitor AS1842856 would restore
SOXQ levels in the presence of EtOH, we found 1 4/M AS1842856 completely inhibited
chondrogenic differentiation. Indeed, a recent study showed that FoxO1 is required for
SOX9 expression (Kurakazu et al., 2019). We found that a 10-fold decrease in AS1842856
permitted chondrogenic differentiation, but did not fully restore SOX9 expression in EtOH-
exposed MSCs. One possible explanation could be that the FoxO1/3 inhibitor may have
off-target effects on other important pathways involved in chondrogenic differentiation such
as Sirtl (He et al., 2019), which has been shown to modulate B-catenin stability. More
likely, FoxO1/3 activity may be required, in at least at some basal level of activity, for
osteogenic and chondrogenic differentiation. Indeed, several studies show that FoxO1/3, as
well as endogenous ROS, is required for both osteogenic and chondrogenic differentiation
and normal bone turnover (Alund et al., 2016; Kurakazu et al., 2019; Teixeira et al.,

2010). Presently, our findings suggest the overexpression of FoxO1/3 is responsible for

the inhibition of osteogenesis and chondrogenesis in EtOH-exposed MSCs. The goal of the
present study was to normalize, not eliminate, FoxO1/3 activity following EtOH exposure.
This hypothesis may explain why we did not rescue chondrogenesis in our Fox01/3
pharmacological inhibition experiments as the concentration of FoxO1/3 inhibitor used
was more than double the IC50 concentration. This observation comes when comparing
the pharmacological experiments to our genetic experiments, where partial knockdown

of Fox01/3 rescues MSC osteochondral lineage differentiation in the presence of EtOH.
Further studies are necessary to determine whether lower concentrations of Fox01/3
inhibitor may offer full restoration of SOX9 in the presence of EtOH.
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In the present study, we described a direct connection between EtOH exposure and
Fox01/3 activation in MSCs, and EtOH exposure inhibited MSC differentiation. However,
several other pathways have been shown to be important in MSC differentiation and
EtOH-induced inhibition of fracture healing, suggesting Fox0O1/3 activation and impaired
MSC differentiation is only one part of the molecular mechanism behind inhibited fracture
healing. For instance, in a model of alcohol-induced osteopenia, alcohol increased mTOR
signaling in MSCs and inhibited MSC lineage differentiation, which was ameliorated by
rapamycin treatment (Liu et al., 2016). Upstream of mTOR, alcohol has been shown to
impair Akt phosphorylation and recruitment to the plasma membrane through PTEN up-
regulation, thereby inhibiting Akt/GSK3p/p-catenin signaling and expression of osteogenic
differentiation (Chen et al., 2019). To this end, a novel activator of Akt has been shown to
restore osteogenic marker expression in EtOH-treated MSCs and prevents alcohol-induced
osteonecrosis in rodents (Chen et al., 2017). Alcohol has also been shown to activate TNF-a
signaling within the bone of rodents fed EtOH, leading to decreased bone formation and
inhibited fracture healing (Perrien et al., 2004). Administering a TNF antagonist protected
against the effects of EtOH feeding (Perrien et al., 2004). These findings were further
supported in rodents with a TNF receptor knockout, which were also protected against the
effects of EtOH feeding on bone formation and fracture healing (Wahl et al., 2012).

In summary, this study provides further evidence that EtOH exposure in primary MSCs
up-regulates and activates FoxO1/3 transcription factors. This activation led to detrimental
effects on MSC differentiation potential, suggesting a possible mechanism underlying poor
fracture healing in alcohol-drinking patients. Additional studies are required to determine
whether modulation of FoxO1/3 could be tested as an adjuvant to surgical interventions for
better fracture union outcome in alcohol-drinking patients as well as patients suffering from
diabetes.
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EtOH increases FoxO expression and downstream target catalase expression in MSCs. A,
Relative FoxO3a mRNA expression in mesenchymal stem cells (MSCs) treated with 50

mM EtOH for 3, 6, and 9 hours. B, Western blot analysis of FoxO3a protein expression in
MSCs treated with 50 mM EtOH at the same time points. Densitometry analysis is below
Western blot. Hydrogen peroxide (H>O5) was used as a positive control. C, Relative catalase
MRNA expression in MSCs treated with 50 mM EtOH for 3, 6, and 9 hours. Different letters
demonstrate significance, 7= 3, p< 0.05, 2-way ANOVA with Tukey’s post hoc test.
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EtOH increases FoxO1 nuclear translocation and FoxO1 activation. A, Western blot analysis
of FoxOL1 in cytosol and nuclear fractions from mesenchymal stem cells (MSCs) treated
with EtOH, hydrogen peroxide (H,O5), or media alone for 24 hours. Hydrogen peroxide
(H20,) was used as a positive control. Densitometry analysis is below Western blot. B,

Quantification of FoxO1 activation in MSCs treated with EtOH,

H,0,, or media alone

for 3, 6, and 9 hours. FoxO1 activation was measured by nuclear FoxO1 binding to FoxO-
specific DNA elements by enzyme-linked immunosorbent assay (ELISA). Different letters
demonstrate significance, 7= 3, p< 0.05, 2-way ANOVA with Tukey’s post hoc test.
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Fig. 3.
EtOH inhibits osteogenic and chondrogenic differentiation lineage markers. Relative

osteogenic lineage marker RUNX2 (A) and Alpl (B) mRNA expression in differentiating
mesenchymal stem cells (MSCs) treated with 50 mM EtOH or media alone for 48 and

72 hours, respectively. Relative chondrogenic lineage marker SOX9 (C), COL2al (D),
and aCaN (E) mRNA expression in differentiating MSCs treated with 50 mM EtOH or
media alone for 48, 72, and 72 hours, respectively. Media control is shown to confirm
differentiation marker expression and is not for statistical purposes. Different letters
demonstrate significance, n=31t0 5, p< 0.05, 2-tailed Student’s test.
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Fogx01 and FoxO3a knockdown partially restores osteogenic transcription factor OSX and
chondrogenic transcription factor SOX9 expression. A, Relative FoxO1 mRNA expression
in mesenchymal stem cells (MSCs) following nontargeting, FoxO1, or FoxO3a siRNA
knockdown. B, Relative osterix (OSX) mRNA expression in differentiating MSCs treated
with 50 mM EtOH or media alone for 24 hours. C, Relative SRY-related high-mobility
group-box 9 (SOX9) mRNA expression in differentiating MSCs treated with 50 mM EtOH
or media alone for 48 hours. D, Relative FoxO3a mRNA expression in MSCs following
nontargeting, FoxO1, or FoxO3a siRNA knockdown. E, Relative OSX mRNA expression in
differentiating MSCs treated with 50 mM EtOH or media alone for 24 hours. F, Relative
SOX9 mRNA expression in differentiating MSCs treated with 50 mM EtOH or media
alone for 48 hours. Media control and differentiation control (first and second columns in
panels B, C, E, and F) are shown to confirm differentiation marker expression and are not
for statistical purposes. Different letters demonstrate significance, 7= 4, p< 0.05,1-tailed
Student’s #test.
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Fox01/3 inhibition partially restores osteogenic transcription factor OSX, but does

not restore chondrogenic transcription factor SOX9. A, Relative osterix (OSX) mRNA
expression in differentiating mesenchymal stem cells (MSCs) treated with 50 mM EtOH
or media alone for 24 hours. B, Relative SRY-related high-mobility group-box 9 (SOX9)
mRNA expression in differentiating MSCs treated with 50 mM EtOH or media alone for
48 hours. Media control and differentiation control (first and second columns in panels A
and B) are shown to confirm differentiation marker expression and are not for statistical
purposes. Different letters demonstrate significance, 7=4to 5, p < 0.05,1-tailed Student’s
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