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While inhibition of bone healing and increased rates of pseudarthrosis are known adverse outcomes associated
with cigarette smoking, the underlying mechanisms by which this occurs are not well understood. Recent work
has implicated the Aryl Hydrocarbon Receptor (Ahr) as one mediator of the anti-osteogenic effects of cigarette
smoke (CS), which contains numerous toxic ligands for the Ahr. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, di-
oxin) is a high-affinity Ahr ligand frequently used to evaluate Ahr pathway activation. The purpose of this study
was to elucidate the downstreammechanisms of dioxin action on bone regeneration and investigate Ahr antag-
onism as a potential therapeutic approach tomitigate the effects of dioxin on bone.Markers of osteogenic activity
and differentiationwere assessed in primary rat bonemarrow stromal cells (BMSC) after exposure to dioxin, Ahr
antagonists, or antagonist + dioxin. Four Ahr antagonists were evaluated: α-Naphthoflavone (ANF), resveratrol
(Res), 3,3′-Diindolylmethane (DIM), and luteolin (Lut). Our results demonstrate that dioxin inhibited ALP activ-
ity, migratory capacity, and matrix mineralization, whereas co-treatment with each of the antagonists mitigated
these effects. Dioxin also inhibited BMSC chemotaxis, while co-treatment with several antagonists partially res-
cued this effect. RNA and protein expression studies found that dioxin down-regulated numerous pro-osteogenic
targets, whereas co-treatmentwith Ahr antagonists prevented these dioxin-induced expression changes to vary-
ing degrees. Our results suggest that dioxin adversely affects bone regeneration in a myriad of ways, many of
which appear to be mediated by the Ahr. Our work suggests that the Ahr should be investigated as a therapeutic
target to combat the adverse effects of CS on bone healing.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The impact of tobacco smoke on human health remains a critical
problem worldwide. Cigarette smoke (CS) has a well-established role
in the pathogenesis of numerous smoking-related disorders, including
chronic obstructive pulmonary disease (COPD), cancer, and atheroscle-
rosis (Middlekauff et al., 2014; Sasco et al., 2004). Although less fre-
quently recognized, smoking also exacerbates musculoskeletal disease
and presents serious challenges in the treatment of orthopaedic condi-
tions (Porter and Hanley, 2001). In addition to promoting osteoporosis,
degenerative disc disease, andwound complications, smoking drastical-
ly hinders osseointegration and bony union - deleterious outcomes that
are associated with higher rates of revision procedures (Sloan et al.,
2010; Schmitz et al., 1999). In spine surgery, smoking has been shown
to negatively impact outcomes, with a pseudarthrosis rate nearly dou-
ble that of non-smokers (26.5 vs. 14.2%) (Glassman et al., 2000).
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Although the adverse effects of smoking have been studied most exten-
sively in spine research, similar effects are seen in other orthopaedic
conditions as well, especially tibial fracture healing (Patel et al., 2013).
Currently, surgeons are limited in their ability to treat these patients,
and are left with the difficult choice of refusing surgical intervention
or performing procedures with significantly increased risks.

Determining a singular mechanism by which CS inhibits bone
growth is problematic, as smoke contains upwards of 4000 distinct
chemical constituents (Hoffmann and Hoffmann, 1997; Castillo et al.,
2005). However, several mechanisms are understood to be involved.
Nicotine is a potent anti-inflammatory and immunosuppressive, and
has been shown to have deleterious effects on fibroblasts, red blood
cells, and macrophages (Zevin et al., 1998; Jorgensen et al., 1998;
Leow and Maibach, 1998), in addition to diminishing blood flow to tis-
sues by promoting vasoconstriction (Leow and Maibach, 1998;
Bornmyr and Svensson, 1991). Interestingly, the overall impact of nico-
tine on bone formation is still uncertain, and may be concentration-de-
pendent; high concentrations of nicotine have been shown to inhibit
osteoblast proliferation, whereas low concentrations actually have a
proliferative effect (Rothem et al., 2009; Daffner et al., 2015;
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Gotfredsen et al., 2009; Syversen et al., 1999). Numerous studies have
proposed that reactive oxygen species and other pro-inflammatory con-
stituents and metabolites are responsible for dysregulation of bone ho-
meostasis, reduction in bone mineral density, and inhibition of fracture
healing (Rothem et al., 2009; Syversen et al., 1999; Holzer et al., 2012).

Recent work has implicated the Aryl Hydrocarbon Receptor (Ahr) as
a mediator of anti-osteogenic effects. The receptor binds an extensive
array of exogenous ligands, such as natural plantflavonoids, polypheno-
lics, and indoles, as well as xenobiotic toxicants, such as polycyclic aro-
matic hydrocarbons (PAH, e.g. benzo[a]pyrene), halogenated aromatic
hydrocarbons (HAH, e.g. dioxins), and polychlorinated biphenyls
(PCBs). PAHs and similar compounds are formed during the incomplete
combustion of organic matter, including tobacco (Leow and Maibach,
1998). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin) is a haloge-
nated aromatic hydrocarbon with incredibly high-affinity for the Ahr.
As such, dioxin is a commonly used probe to investigate the role of
the receptor on various biological systems and endpoints (Ryan et al.,
2007). More recently, Ahr activation by dioxin has been shown to
have significant adverse effects on bone (Singh et al., 2000). For exam-
ple, downstream effects resulting from Ahr activation have been
shown to inhibit osteoblast function and differentiation, resulting in re-
duced ossification (Jamsa et al., 2001; Naruse et al., 2002; Ryan et al.,
2007).

In previouswork, we found that chronic exposure to dioxin inhibits
BMP-2-mediated bone regeneration and posterolateral (L4-L5) spine
fusion in rats (Hsu et al., 2015). Cessation of exposure for a period of
4 half-lives facilitated a partial recovery of regenerative capacity.
These pre-clinical findings further supported previous work that iden-
tified bone as a sensitive target for dioxin, and suggest a potential link
between ligand-induced Ahr activation and the reduced healing rates
seen in smokers after spinal arthrodesis. However, the mechanisms
of dioxin action on the bone regenerative process are still unclear.
With this study, we sought to clarify these mechanisms and identify
a viable therapeutic strategy to mitigate these effects. Numerous Ahr
antagonists of both synthetic and natural origin have shown the
potential to protect against the adverse effects of dioxin and other
exogenous Ahr ligands for various biological endpoints (Dong et al.,
2010). We hypothesize here that the use of one or more of these
compounds to limit Ahr activation could reduce the adverse effects
of dioxin on osteogenic differentiation and bone healing.

2. Materials and Methods

2.1. BMSC isolation and culture

Bonemarrow stromal cells (BMSC)were harvested from femurs and
tibiae of six-week-old female Long-Evans rats purchased from Charles
River Laboratories (Chicago, IL). Animals were euthanized under anes-
thesia in accordance with Institutional Animal Care and Use Committee
(IACUC)-approved procedures, and animals were housed under con-
trolled temperature (23 ± 1 °C) and relative humidity (50 to 60%). Iso-
lated BMSC were incubated with standard media comprised of
Dulbecco's Modified Eagle Medium (DMEM; Gibco, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS), 20 mM HEPES sodium
salt, 50 μg/mL streptomycin, and 50 μg/mL gentamycin sulfate. After
3–5 days of incubation (at 80% confluence), cells were re-plated and
grown in either standard media (SM) or osteogenic media (OM;
comprised of standard media supplemented with 50 μg/mL ascorbic
acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone).
Cells were treated with either vehicle control (dimethyl sulfoxide,
DMSO; 0.1% final concentration) or the following: 10 nM dioxin,
50 μM nicotine, 0.5 μM α-Naphthoflavone (ANF), 4 μM resveratrol
(Res), 10 μM 3,3′-Diindolylmethane (DIM), 0.2 μM luteolin (Lut), or
dioxin + ANF, Res, DIM or Lut. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). Treatment media was replaced twice
per week at a minimum.
2.2. Alkaline Phosphatase activity

Alkaline Phosphatase (ALP) activity was quantitated using the
SensoLyte pNPP Alkaline Phosphate Assay kit (Anaspec, Fremont, CA)
and normalized to total protein. After supernatants were collected, en-
zymatic reactions were performed according tomanufacturer's instruc-
tions. A minimum of three independent experiments were performed
for quantitation of ALP activity as well as all other in vitro assays.

2.3. Matrix mineralization

BMSC were inoculated into 6-well plates at 1 × 104 cells per well.
Cells were maintained in either standard or osteogenic growth condi-
tions for 2 weeks, and were re-treated every 2–3 days. After 2 weeks,
live cells were quantitated using an MTS assay (Promega, Madison, WI)
for normalization purposes. Adherent cells were then washed
twice with PBS, fixed with 4% paraformaldehyde, and stained with 2%
Alizarin red solution. After collection of digital images, cells were de-
stained with cetylpyridinium chloride, and A540 was quantified using a
Cytation 3 spectrophotometer (BioTek Instruments, Winooski, VT).

2.4. Cell migration

The effect of dioxin on dermalwound closurewas assessed using the
CytoSelect Wound Healing Assay Kit (Cell Biolabs Inc., San Diego, CA).
When BMSC cells reached confluence, the inserts were removed from
thewells andwashed twicewith PBS. Cells were then incubated in stan-
dard media containing DMSO or dioxin for 15 h, after which time wells
were stained according to the manufacturer's instructions. Representa-
tive digital imageswere collected at time points of 0, 8, 15, and 24hwith
a light microscope in order to evaluate the rate of “wound” closure. The
migration distance across each wound was quantified by a comparison
of final and initial wound widths followed by calculation of the percent
change.

2.5. Chemotaxis

Pre-treated cells were trypsinized and counted using a Countess au-
tomated cell counter (Invitrogen, Grand Island, NY). 2 × 105 cells were
suspended in 100 μL of migration buffer (standard media containing
0.2% FBS/0.1% bovine serum albumin) and inoculated into the upper
chambers of 24-well transwell inserts (8 μm pore size). The lower
chambers were inoculatedwith 400 μL of migration buffer supplement-
ed with one of the following: 200 ng/mL CXCL12, 200 ng/mL IL-8,
200 ng/mL CCL20, or 200 ng/mL BMP-2. Wells containing only
migration buffer in both the upper and lower chambers were included
as negative controls. Membranes were then fixed with 4% paraformal-
dehyde and stained with 0.05% crystal violet. After removing cells
from upper side using cotton applicators, cells adhered to the underside
of the membrane were visualized and counted under a microscope by
three independent observers, and an average cell count was computed
for each treatment group.

2.6. RNA isolation and gene expression

Quantitative real-time polymerase chain reaction (QPCR) was per-
formed on BMSC treated under osteogenic conditions with either
DMSO or dioxin. After pre-treatment, mRNA was isolated from BMSC
and expression levelswere quantified andnormalized toGlyceraldehyde
3-phosphate Dehydrogenase (Gapdh). Primer set was synthesized by In-
tegrated DNA Technologies (Coralville, IA), with sequences detailed in
Table 1. cDNAs were synthesized using a qScript cDNA Synthesis Kit
(Quanta Bioscience, Gaithersburg, MD), and QPCR reactions were pre-
pared with IQ SYBR Green Supermix (BioRad, Hercules, CA). QPCR was
performed in the Equipment Core Facility of the Simpson Querrey
Institute at Northwestern University using the following program:



Table 1
Primer sets for qPCR.

cDNA Sequences 5″-3”

ALP Forward TCG CCT ATC AGC TAA TGC AC
Reverse GCC TTC TCA TCC AGT TCA TAT TCC

BMP2 Forward AGC ATG TTT GGC CTG AAG CAG AGA
Reverse TGA AAG TTC CTC GAT GGC TTC

CXCL12 Forward CCG ATT CTT TGA GAG CCA TGT
Reverse CAG ACT TGT CTG TTG TTG CTT

CXCR4 Forward CGT TTG GTG CTC CGG TAG
Reverse TCT CCA GAC CCT ACT TCT TCG

COL1A1 Forward GCA TGG CCA AGA AGA CAT CC
Reverse CCT CGG GTT TCC ACG TCT C

COL2A1 Forward GAA CAA CCA GAT CGA GAG CA
Reverse CCA GTA GTC TCC GCT CTT CC

COL12A1 Forward ATG ATT GCC ACT GAT CCA GA
Reverse AGG GCC CTT GAC ACT GTT AC

DLX5 Forward AGG TGA GGA TGG TGA ATG GT
Reverse CAG GGC GAG GTA CTG AGT CT

MMP1 Forward CAT AGC TTC TTT GGC TTC CC
Reverse AAC CTG GAT CCA TGG ACT GT

MMP2 Forward AGG GCA CCT CCT ACA ACA GC
Reverse CAG TGG ACA TAG CGG TCT CG

MMP3 Forward TGA AGA TGA CAG GGA AGC TG
Reverse ATT TGG GTG AAC CTG GAA AG

MMP13 Forward AAG ATG TGG AGT GCC TGA TG
Reverse AAG GCC TTC TCC ACT TCA GA

OCN Forward TAT GGC ACC ACC GTT TAG GG
Reverse CTG TGC CGT CCA TAC TTT CG

OPN Forward CTG CCA GCA CAC AAG CAG AC
Reverse TCT GTG GCA TCG GGA TAC TG

OSX Forward ACT GGC TAG GTG GTG GTC AG
Reverse GGT AGG GAG CTG GGT TAA GG

PHEX Forward CTG CCA GAG AAC AAG TCC AA
Reverse CTG TTC ATG GTG GAA TTT GC

Rspo2 Forward TGT TTC TGC TAC ACG TTC CC
Reverse CGC TGC TTT GAT GAA TGT CC

Rspo3 Forward TTA GAA GCC AGC AAC CAT ACC
Reverse CCG TGT TTC AGT CCC TCT TT

RUNX2 Forward CAA ACA ACC ACA GAA CCA CAA G
Reverse CTC AGA GCA CTC ACT GAC TC

Gapdh Forward GTT CTA GAG AGA GCC GCA TC
Reverse GTA ACC AGG CGT CCG ATA C
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94 °C denaturation for 5 min; 40 repeated cycles of 94 °C, 45 s/55 °C,
1 min/68 °C for 1 min; 79 cycles at 55 °C for 30 s each for generation
of melting curves. Expression levels from treatment groups were nor-
malized to vehicle control in order to represent a relative fold difference.

2.7. Western blotting

Rapid immunoprecipitation assay buffer (RIPA buffer), blocking so-
lutions, and protease inhibitors were purchased from GenDEPOT (Bark-
er, TX). α-tubulin and RUNX2 antibodies were purchased from Cell
Signaling Technology (Billerica, MA). Collagen Type 1A1 (COL1A1),
Type 2A1 (COL2A1), and Type 12A1 (COL12A1) antibodies, as well as
CXCR4, CCR6, and MMP13 antibodies were purchased from Abcam
(Cambridge, MA). PHEX, MMP1, MMP2, and MMP3 antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). CXCL12 an-
tibody was purchased from EMD Millipore (Billerica, MA). Membranes
were washed with PBST and incubated with horseradish peroxidase-
conjugated secondary antibodies (Billerica,MA) for 1 h at room temper-
ature. Signals were visualized by enhanced chemiluminescence (ECL)
using Kodak film, and intensities were quantified using a computing
densitometer program from Image Studio Lite (LI-COR, Lincoln, NE).

2.8. Statistical methods

The values given aremean± standard deviation (SD). Datawere an-
alyzed for overall statistical significance using one-way ANOVA.
Pairwise comparisons of means between treatment groups and control
groups were assessed by performing post hoc Fisher's least significant
difference (LSD) tests, with a significance threshold of p ≤ 0.05.

3. Results

3.1. Differential effects of dioxin and nicotine on osteogenic differentiation

Because nicotine has been shown to have anti-osteogenic effects, we
sought to compare the effects of dioxin with those of nicotine on BMSC
differentiation. As expected, ALP activity was induced under OM
conditions (29.1 vs. 6.0 ng/mL/mg total protein in SM conditions,
p b 0.01; Fig. 1A). Dioxin treatment drastically inhibited ALP activity
(8.5 ng/mL/mg) when compared to vehicle-treated cells grown in OM
(p b 0.01), whereas nicotine had no significant effect (p = 0.15). In a
scratch-wound assay for non-directional cell migration, dioxin pre-
treatment impeded “wound” closure under both SM and OM conditions
[35.9% and 36.2% in control- vs. 15.8% and 16.0% in dioxin-treated cells;
SM (p b 0.01) and OM (p b 0.01), respectively; Fig. 1B]. Nicotine did not
significantly inhibitwound closure in either SM (29.4%, p=0.09) or OM
(36.9%, p = 0.91) conditions. Similarly, dioxin treatment in OM de-
creasedmatrixmineralization (p b 0.001), whereas nicotine did not sig-
nificantly alter mineral deposition (p = 0.20; Fig. 1C).

3.2. Effects of Ahr activation and antagonism on osteogenic differentiation

Cyp1a1 expression was quantified as a marker of dioxin exposure
and Ahr activation. mRNA expression for the Ahr-dependent Cyp1a1
gene increased by 839% (1.0 vs. 9.39, p b 0.01) after treatment with di-
oxin relative to vehicle-treated cells (Fig. 2). This up-regulation of
Cyp1a1 was abrogated when dioxin-treated cells were co-treated with
Ahr antagonists (p b 0.05, all antagonists). Res and Lut showed the
strongest inhibition of Cyp1a1 expression.

As early and late markers of osteogenic differentiation respectively,
ALP activity and matrix mineralization were quantified after treatment
with dioxin or dioxin + antagonists. Dioxin-treated BMSC showed sig-
nificantly diminished ALP activity compared to vehicle-treated cells
(6.78 vs. 22.8 ng/mL/mg total protein, respectively; p b 0.001; Fig. 3A).
Co-treatment with Ahr antagonists completely rescued ALP activity
(pb 0.001 for all antagonists relative to dioxin-treated). ALP levels in an-
tagonist co-treated groups were similar to levels in vehicle-treated cells
(p N 0.1, all co-treatments). Inhibition of matrix mineralization by
dioxin was partially recoverable with antagonist co-treatment. BMSC
co-treated with dioxin and antagonists deposited significantly more
mineral relative to dioxin-only treated cells (p b 0.01, all antagonists;
Fig. 3B).

3.3. Effects of Ahr activity on BMSC migration and chemotaxis

BMSC migratory capacity and chemotactic potential play important
roles in bone healing, where early migration to the site of injury is
critical for the onset of the regenerative process. We utilized scratch-
wound and transwell assays to evaluate the effect of dioxin on cell mi-
gration and chemotaxis, respectively. In vehicle-treated cells, wound
closure at the 8-h time point was 58.2% and 52.1% in SM and OM, re-
spectively. Dioxin treatment significantly suppressed cell migration
(SM = 28.5%, p b 0.01; OM = 18.5%, p b 0.01), but this suppression
was at least partially recoverable when co-treatedwith Ahr antagonists,
under both SM and OM conditions (p b 0.01 dioxin alone vs. co-treat-
ments, for both conditions; Fig. 4A). Directional migration assays were
also performed in order to evaluate the effect of dioxin pre-treatment
on migration towards various proteins to which BMSC are known to
be chemoattractive. Dioxin treatment significantly inhibited BMSC che-
motactic ability towards all four chemoattractants tested (BMP2,
CXCL12, IL-8, and CCL20; p b 0.05; Fig. 4B). Co-treatment with each of
the Ahr antagonists at least partially rescued cells from the dioxin-me-
diated inhibition of chemotaxis towards BMP2, CXCL12, and IL-8 such



Fig. 1.Differential effects of nicotine and dioxin. (A) ALP activity was assessed in BMSC grown in standardmedia (SM) or osteogenic media (OM). Dioxin- and nicotine-treated cells were
cultured inOM. *p b 0.01, dioxin- vs. vehicle- and nicotine-treated cells. (B) BMSCmigration capacitywas assessed viawound-scratch assay. Significance is shown relative to both vehicle-
and nicotine-treated cells grown in either SM (*p b 0.05) or OM (^p b 0.05). (C) Visualization and quantification of mineral deposition. Note that all dioxin-treated and nicotine-treated
cells were grown in osteogenic media. Columns, means from at least three independent experiments *p b 0.01, dioxin-treated wells vs. all other groups.
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that chemotaxis rates were significantly increased relative to dioxin-
only treated BMSC. Chemotaxis towards CCL20 was rescued after co-
treatment with Res but not after co-treatment with ANF (p = 0.06),
DIM (p = 0.20), or Lut (p = 0.22). In contrast, nicotine treatment did
not affect BMSC chemotactic ability towards any of the
chemoattractants. To investigate the mechanisms of chemotactic
Fig. 2. Cyp1a1 expression. Expression of Cyp1a1mRNA after treatmentwith DMSOvehicle
control, dioxin, or dioxin + Ahr antagonists. mRNA expression levels were normalized to
vehicle-treated cells. Columns, means from at least three independent experiments
*p b 0.05 = dioxin-treated vs. all other groups.
inhibition, mRNA levels of corresponding chemokine receptors were
also evaluated. All four transcriptswere significantly reduced after diox-
in treatment: Bmpr2 (p b 0.01), CXCR4 (p b 0.01), Cxcr2 (p b 0.01), and
CCR6 (p b 0.05; Fig. 4C). Co-treatment with each of the antagonist facil-
itated recovery of gene expression levels for CCR6 and Cxcr2, such that
transcripts were significantly greater after co-treatment relative to di-
oxin only-treated BMSC (p b 0.05). Dioxin-mediated down-regulation
of Bmpr2 was significantly decreased by ANF, DIM, and Lut (p b 0.05)
but not Res (p = 0.48). Similarly, inhibition of CXCR4 expression was
not recovered by co-treatment with ANF (p= 0.27) or DIM (p= 0.09).
3.4. Dioxin modulates a wide array of pro-osteogenic gene and protein ex-
pression levels

Thirteen of the 19 genes evaluatedwere significantly down-regulat-
ed after treatment with dioxin: ALP (36.0%; p b 0.01), BMP-2 (6.5%;
p b 0.05), CXCL12 (21.3%; p b 0.01), CXCR4 (37.5%; p b 0.01), COL1A1
(25.6%; p b 0.01), COL2A1 (25.0%; p b 0.01), COL12A1 (26.3%;
p b 0.01), MMP13 (34.5%; p b 0.01), OPN (8.3%; p b 0.05), PHEX
(17.3%; p b 0.01), Rspo2 (35.7%; p b 0.01), Rspo3 (14.8%; p b 0.05),
RUNX2 (33.0%; p b 0.01) (Fig. 5). MMP3mRNA expression also trended
downward, while levels of DLX5, MMP1, Mmp-2, OCN, and OSX were
unchanged relative to vehicle controls. Western blotting showed that
protein expression levels for COL2A1, COL12A1, PHEX, MMP3,
MMP13, CXCL12, CXCR4, and Ccr6 were reduced in dioxin-treated
cells relative to vehicle control (Fig. 6, lanes 1–2). This suppression ap-
peared to be recoverable with antagonist co-treatment (lanes 4, 6, 8,
and 10). In the case of treatmentwith ANF, Res, or Lut alone, expression
levels were frequently higher than vehicle-treated cells (lanes 3, 5, and
9), whereas treatment with DIM had a more variable effect on protein
expression (lane 7).



Fig. 3. (A) ALP activity. All dioxin-treated and antagonist-treated cells were cultured in
osteogenic media. *p b 0.001 significance of ALP activity in dioxin-only treated cells
relative to all other groups. (B) Matrix mineralization. Calcium deposition in the matrix
of cells grown under standard or osteogenic conditions was visualized by Alizarin red
staining, which was quantified using a cetylpyridinium chloride de-stain procedure.
Note that all dioxin- and antagonist-treated cells were grown in osteogenic media.
Columns, means from at least three independent experiments *p b 0.01, dioxin alone-
treated wells vs. all other groups.
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4. Discussion

Although prior studies suggest that a number of cigarette smoke
(CS) constituents - including nicotine - may contribute to the inhibitory
effects of smoking on bone healing, activation of the Aryl Hydrocarbon
Receptor (Ahr) has only recently become a major focus of research
(Jamsa et al., 2001; Naruse et al., 2002; Ryan et al., 2007). The Ahr
plays an important role in xenobiotic metabolism, and previous studies
have shown that pathway hyper-activation can have deleterious effects
on bone biology (Singh et al., 2000; Jamsa et al., 2001; Naruse et al.,
2002; Ryan et al., 2007). A proportionately minor constituent of CS, di-
oxin is a prototypical ligand frequently used to study Ahr involvement
in biological activities, due to its extremely high affinity for the receptor
and the widely-accepted belief that dioxin acts primarily through this
mechanism (Hsu et al., 2015). Dioxin has previously been shown to in-
hibit somemarkers of osteoblastic differentiation in establishedmurine
cell lines (Singh et al., 2000; Ryan et al., 2007; Carpi et al., 2009). In an
osteoblast differentiation model of rat MSC, dioxin modulated expres-
sion levels of proteins involved in bone growth, including structural
proteins,molecular chaperones, heat-shockproteins, and calcium-bind-
ing proteins (Carpi et al., 2009). Moreover, dioxin was found to inhibit
ALP activity in rat stem cells derived from the apical papilla (SCAPs)
(Guo et al., 2015).

In this work, we found that the effects of nicotine on osteogenic dif-
ferentiation were distinct from those of dioxin. (Figs 1 and 4). Previous
work has shown that the effects of nicotine on osteoblasts are nuanced
and may be concentration- and time-dependent (Rothem et al., 2009;
Daffner et al., 2015; Marinucci et al., 2014). In this work, we utilized a
moderate-to-low dose (Rothem et al., 2009) of nicotine (50 μM) and
found that its effect on ALP activity, BMSCmigration, andmatrix miner-
alization were minor compared to those of dioxin. We found that treat-
ment with nicotine over a 2-week period resulted in a roughly 25%
decrease in ALP activity relative to vehicle control. Interestingly, these
results appear to be consistent with the results of Rothem et al., which
demonstrated that longer nicotine treatment for 72 h resulted in rough-
ly a 20%–30% decrease in ALP expression (Rothem et al., 2009).

Our recent work showed that dioxin exposure inhibits spine fusion
in the rat (Hsu et al., 2015). With the present study, we sought to eluci-
date the underlyingmechanisms of dioxin-mediated effects on bone re-
generation using rat primary BMSC, and to explore the capacity of Ahr
antagonists as potential agents to mitigate these effects. We found
that exposure to dioxin had numerous deleterious effects on pro-osteo-
genic markers and cellular functions, including ALP activity, cell migra-
tion, chemotaxis, matrix mineralization, and gene/protein expression.
Moreover, co-treatment with known Ahr antagonists at least partially
prevented the majority of these inhibitory effects. Our results validate
the involvement and importance of the Ahr in the regenerative re-
sponse after dioxin exposure, and provide a strong basis for further in-
vestigation into the use of Ahr antagonists as possible therapeutics to
improve orthopaedic outcome in smokers.

A significant number of natural, synthetic, and endogenous Ahr li-
gands have been identified that have structural and chemical properties
which are dramatically different fromHAHsand PAHs. This is suggestive
of a highly promiscuous Ahr binding pocket, and antagonists' binding
properties are likely similarly diverse, alongwith their respective down-
stream effects (Denison and Nagy, 2003; Kwee, 2015). For example, α-
Naphthoflavone (ANF) is a synthetic structural analog of flavone and a
well-established Ahr antagonist. Upon binding, ANF elicits a conforma-
tional change in the receptor, altering the receptor's affinity for xenobi-
otic-responsive elements (XREs). This leads to a change in downstream
gene expression levels and results in mixed agonist/antagonist effects
(Wilhelmsson et al., 1994).

Resveratrol is an antifungal nutraceutical found in various spermato-
phyte plants, including grapes, peanuts, and eucalyptus (Dong et al.,
2010). It can be found in red wine (Lyte and Bick, 1986). and is also
widely available over-the-counter as a dietary supplement. Resveratrol
is understood to have cardioprotective and potentially chemoprotective
effects (Bertelli and Das, 2009). However unlike ANF, which has mixed
agonist/antagonist activity, resveratrol is a pure Ahr antagonist. It has
been shown to inhibit the effects of dioxin on pre-osteoblasts in vitro,
restoring levels of ALP, Bone Scialoprotein (BSP), Type I Collagen, and
Osteopontin (Singh et al., 2000).

3,3′-Diindolylmethane (DIM) is an acid-catalyzed breakdown prod-
uct of indole-3-carbinol, a naturally-occurring compound found in cru-
ciferous vegetables such as kale, brussels sprouts, broccoli, and cabbage.
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DIM has also been used safely for years as a health supplement andmay
have chemoprotective effects (Dong et al., 2010; Lyte and Bick, 1986).
Studies involving human and animal models have shown that DIM
elicits cellular effects contrasting those of dioxin, and may have strong
anti-inflammatory properties (Dong et al., 2010; Lyte and Bick, 1986;
Yao et al., 2013). Furthermore, in one study using mouse primary
cardiacfibroblasts, DIMdramatically up-regulated the expression of fac-
tors that mediate the expression of antioxidant genes (Yao et al., 2013).
Like DIM, luteolin is a naturally occurring phytochemical with
chemoprotective properties. Previous studies using human and animal
cell lines have shown that luteolin is effective at abrogating dioxin-in-
duced Ahr-mediated cell responses (Zhang et al., 2003).

Gene and protein expression analyses found that dioxin exposure
resulted in significant down-regulation of many pro-osteogenic targets
(Fig. 5). OPN is a late-stage osteogenic marker and plays an important
role in regulating biomineralization by serving as a bridge between
HA and the extracellular matrix (ECM) in bone (Staines et al., 2012).
PHEX is a zinc metalloendopeptidase that inhibits proteolytic cleavage
of ASARM(acidic serine aspartate-richMEPE-associatedmotif) peptides
by binding to the ASARM motif of SIBLING proteins, such as OPN
(Addison et al., 2008). The released ASARM substrate binds tightly to
HA and inhibits mineralization (Addison et al., 2008). Previous studies
have shown that SIBLING proteins become potent inhibitors of mineral-
ization after cleavage of their ASARM or other post-translational modi-
fications, and indeed OPN knockout mice exhibit increased bone
mineral content and size (Staines et al., 2012; Addison et al., 2008).
We therefore posit that the down-regulation of PHEX by dioxin may
lead to reduced mineral deposition through the dysregulation of OPN
activity. Moreover, OPN is a target of ALP; de-phosphorylation of OPN
by ALP prevents much of the inhibitory effects of OPN on HA growth
andmatrix mineralization (Staines et al., 2012).We suspect that inhibi-
tion of ALP by dioxin in differentiating BMSC results in increased levels
of phosphorylated OPN, contributing to reduce mineral deposition.

We found that expression levels of numerous proteinswere reduced
after dioxin treatment (PHEX,MMP3, CXCL12, CXCR4, and CCR6; Fig. 6);
these effects were mitigated by antagonist co-treatment. Interestingly,
ANF, resveratrol, and luteolin alone generally induced expression of
these targets over vehicle control levels. However, the exception was
DIM, which on its own, appeared to have little effect on protein expres-
sion. Nevertheless, this notion needs further investigation, since we did
not see an appreciable increase in markers of differentiation—such as
ALP activity or mineral deposition—after treatment with antagonists
alone.

Dioxin markedly inhibited migratory capacity and chemotaxis
(Fig. 4A–B), and the effects were partially recoverable by antagonist
co-treatment. Cell migration was drastically decreased after exposure
to dioxin under both standard and osteogenic conditions. We saw a
similar, nearly 2-fold decline in chemotaxis towards all four
chemoattractants tested (BMP2, CXCL12, CCL20, and IL-8). A likely
contributor to these effects was the significant down-regulation of
CXCL12 expression by dioxin. CXCL12 is a chemokine that plays a crit-
ical role in the initiation of osteoblast differentiation, as well as cell
migration, and chemotaxis (Zhu et al., 2007). Previous studies have
shown CXCL12 expression levels to be highest at sites of injury,
where it actively recruits CXCR4-expressing mesenchymal stem cells
in order to support tissue-specific repair or regeneration (Shi and
Gronthos, 2003). We posit that the decreased expression of CXCL12
in cells exposed to dioxin contributes to the reduced cell motility ob-
served in vitro, and could play an important role in the adverse effects
Fig. 4. (A) Cell migration wound assay. BMSC non-directional migration capacity was assessed v
treatment groups, ^p b 0.01 dioxin-treated (OM) vs. all other OM treatment groups. (B) Chem
chemotactic ability, and the capacity of Ahr antagonists to rescue cells from these effects. St
CXCL12, IL-8, or CCL20. *p b 0.05; significance of dioxin-treated cells vs. all other treatme
statistically significant. (c) Gene expression of receptors for chemoattractant ligands presen
dioxin alone-treated wells vs. all other groups.
of dioxin on bone regeneration in vivo. Dioxin-treated cells also
expressed lower levels of CCR6, which encodes the receptor for
CCL20. This chemokine has many roles, including cell migration and
enhancement of MMP3 expression (Gilchrist and Stern, 2015;
Honczarenko et al., 2006). Given these roles, the inhibitory effect of di-
oxin on CCR6 may directly impact BMSC migration and chemotaxis.

While our study focused on the anti-osteogenic effects specific to di-
oxin, many other CS constituents are also known Ahr ligands, including
polychlorinated dibenzofurans (PCDFs), polychlorinated dibenzo-p-di-
oxins (PCDDs), coplanar polychlorinated biphenyls (Co-PCBs) and poly-
cyclic aromatic hydrocarbons (PAHs) (Leow and Maibach, 1998;
Kitamura and Kasai, 2007). As a result, these chemicals may have
similar—and perhaps additive—inhibitory effects on osteogenesis.
Moreover, there is wide variability in the stability and bioavailability
of these compounds, which should be considered when evaluating
their cumulative effects (Sloan et al., 2010).

Previous studies have focused on the isolated effects and mecha-
nisms of specific chemical constituents present in CS; however, the cu-
mulative effects of whole CS on Ahr activation and bone regeneration
are not well understood. Our study notes the capacity of various Ahr an-
tagonists to mitigate the adverse effects of dioxin on bone regeneration
in vitro. While it is important to appreciate the effects of Ahr antago-
nism in relation to individual chemicals such as dioxin, a more clinically
relevant question is how themultitude of Ahr ligands present in CS col-
lectively impact bone regeneration, and how various Ahr antagonists
can work to mitigate these effects. Future studies should focus on Ahr
pathway involvement in the adverse effects of whole CS on bone regen-
eration and healing. Investigations into the protective effects of various
Ahr antagonists after CS exposure could lay the groundwork for a viable
therapeutic approach to reduce the negative impact of CS on bone.With
surgeons limited in their ability to treat patients who smoke, and given
the addictive nature of cigarettes and the low rates of compliance with
surgeons' requests for smoking cessation, an effective measure that re-
duces risk and improves patient outcomes would be extremely benefi-
cial for this problematic population.
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