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Abstract

Background—In bone, NADPH oxidase (NOX)-derived reactive oxygen species (ROS)
superoxide and/or hydrogen peroxide are an important stimulus for osteoclast differentiation and
activity. Previously, we have demonstrated that chronic ethanol (EtOH) consumption generates
excess NOX-dependent ROS in osteoblasts, which functions to stimulate NFkB receptor ligand
(RANKL)—RANK signaling, thus increasing osteoclastogenesis and activity. This activity can be
blocked by co-administration of EtOH with the pan-NOX inhibitor diphenylene idonium (DPI).

Methods—To test if EtOH-induced bone loss is dependent on a functional NOX2 enzyme, six
week old female C57BL/6J-Ncf1/p47phox”- (p47phox KO) and wild-type (WT) mice were pair-
fed EtOH diets for 40 days. Bone loss was assessed by 3-point bending, HCT and static
histomorphometric analysis. Additionally, ST2 cultured cells were co-treated with EtOH and NOX
inhibitors, DPI, gliotoxin and plumbagin, after which changes in ROS production, and in RANKL
and NOX mRNA expression were analyzed.

Results—In WT mice, EtOH treatment significantly reduced bone density and mechanical
strength, and increased total osteoclast number and activity. In EtOH-treated p47phoxKO mice,
bone density and mechanical strength were completely preserved. EtOH p47phoxKO mice had no
changes in osteoclast numbers or activity, and no elevations in serum CTX or RANKL gene
expression (p<0.05). In both WT and p47phox KO mice, EtOH-feeding reduced biochemical
markers of bone formation (P<0.05). In vitro EtOH exposure of ST2 cells increased ROS, which
was blocked by pre-treating with DPI or the NOX2 inhibitor gliotoxin. EtOH induced RANKL
and NOX2 gene expression which was inhibited by the NOX4-specific inhibitor plumbagin.

Conclusion—These data suggest that NOX2-derived ROS is necessary for EtOH-induced bone
resorption. In osteoblasts NOX2 and NOX4 appear to work in tandem to increase RANKL
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expression whereas EtOH-mediated inhibition of bone formation occurs via a NOX2-independent
mechanism.
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Introduction

Chronic alcohol abuse is a well known risk factor for osteoporotic bone loss. Numerous
epidemiological studies have reported significant decreases in bone mineral density (BMD)
and increased risk for osteoporotic fractures in heavy alcohol abusers compared to non-
drinkers (Berg et al., 2008;Pasoto et al., 2011;Wuermser et al., 2011). The molecular
mechanisms underlying alcohol’s action in bone are multifactorial, involving indirect
disruption of normal hormonal function controlling bone growth and development (Badger
et al., 1993;Mercer et al., 2012;Shankar et al., 2008b;Turner et al., 2010) and direct
inhibition of bone formation and repair (Chakkalakal et al., 2005). In addition clinical
studies and rodent models of chronic and binge drinking have also reported increased bone
resorption following EtOH consumption (Alvisa-Negrin et al., 2009;Diez-Ruiz et al.,
2010;Wezeman et al., 2007;Shankar et al., 2008). Previously, we have reported bone loss in
female rats infused intragastrically with an isocaloric ethanol (EtOH)-liquid diet as part of a
system of total enteral nutrition (TEN)(Chen et al., 2006;Shankar et al., 2006). In osteoblasts
EtOH is metabolized to acetaldehyde via alcohol dehydrogenase, and this metabolism is
required for elevating reactive oxygen species (ROS) in these cells (Chen et al., 2006;Chen
et al., 2008). Increased ROS activates and sustains extracellular signal regulated kinases
(ERK) which signals the phosphorylation of a downstream target, signal transducer and
activator of transcription (STAT) 3. Phospho-STAT3 induces of receptor activator of
nuclear factor kappa-f3 ligand (RANKL) expression in osteoblasts, thus promoting
osteoclastogenesis and osteoclastic bone resorption (Chen et al., 2006). EtOH exposure
increases ROS in osteoblasts through the induction and activation of three NADPH oxidase
(NOX; NOX1, NOX2, NOX4) enzymes (Chen et al., 2006;Chen et al., 2008). Interestingly,
co -administration of EtOH with diphenylene idonium (DPI), a pan-inhibitor of NOX
activity, completely prevented induction of RANKL and bone resorption in female rats fed
TEN diets, through inhibition of the ERK signaling pathway (Chen et al., 2011).

The NOX family consists of gp91phox (NOX2), NOX1, NOX3, NOX4, NOX5, DUOX-1
and DOUX-2, and are considered key producers of superoxide, which is required for normal
cell function (Lambeth et al., 2007). NOX proteins are membrane bound catalytic subunits
which require an additional membrane bound subunit, p22phox, for activity. Additionally,
NOX 1/2, activation requires racl, and two cytosolic subunits, p47phox and p67phox
subunits for NOX2, and NOX organizer 1 (NOXO1) and NOX activator 1 (NOXAL) for
NOX 1. (Bedard and Krause, 2007). Once assembled, these complexes catalyze the
reduction of molecular oxygen to superoxide using NAPDH as an electron donor, which can
be converted to hydrogen peroxide (H,0,) through the action of superoxide dismutase.
(Bedard and Krause, 2007;Lambeth et al., 2007). In the bone microenvironment,
hematopoietic stem cells commit to the osteoclastic lineage in response to RANKL
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produced by osteoblasts, osteocytes, and bone marrow stromal cells(O’Brien et al., 2012).
Binding of RANKL to its receptor RANK, initiates a NOX-derived ROS-dependent
signaling cascade considered essential for osteoclast differentiation (Roodman, 2006). More
specifically, NOX1 is involved in osteoclast differentiation in response to RANKL
signaling, and NOX2 and NOX4 have been shown to participate in the bone resorption
activity of mature osteoclasts (Lee et al., 2005;Sasaki et al., 2009a;Sasaki et al., 2009b;Yang
etal., 2001). Moreover in osteoclasts, increased expression of different NOX enzymes are
able to compensate for the loss of particular isoforms. Support of this hypothesis comes
from absence of published reports describing abnormal bone phenotypes in NOX1~ or
NOX2- knockout mice, and from in vitro studies using RNA interference to impair NOX
function in osteoclastic cell lines (Gavazzi et al., 2006;Lee et al., 2005;Matsuno et al.,
2005;Sasaki et al., 2009a).

Thus, there is accumulating evidence to suggest that Nox enzymes participate in a flexible
compensatory mechanism to maintain ROS signaling post RANKL/RANK signaling in
osteoclasts. By contrast, information regarding the role of NOX enzymes in osteoblast
differentiation and function is somewhat limited (Mandal et al., 2011;Wittrant et al., 2009).
Previous studies in our laboratory have shown that NOX enzymes participate in EtOH-
mediated ROS production which results in bone loss (Chen et al, 2006, Chen et al, 2008).
The co-administration of DPI or the anti-oxidant n-acetylcysteine (NAC) resulted in
complete protection against EtOH-mediated bone resorption and EtOH inhibition of bone
formation suggesting that NOX-derived ROS is involved in both signaling pathways (Chen
et al., 2010). In the present study, we chronically fed EtOH liquid diets to C57BL/6J wild-
type (WT) and C57BL/6J-Ncfl/p47phox- (p47phox KO) (Huang et al., 2000) to test if
impairment of NOX2-derived ROS production results in the prevention of bone loss
associated with EtOH exposure.

Materials and Methods

Animals and experimental design

All experimental procedures involving animals were approved by the Institutional Animal
Care and Use Committee at the University of Arkansas for Medical Sciences. Mice were
housed in an Association Assessment and Accreditation of Laboratory Animal Care
approved animal facility. Fourteen, 6-week-old WT and p47phox KO female mice (Jackson
Laboratories, Bar Harbor, ME) were randomly assigned to 3 weight-matched groups: a
standard rodent chow diet (n=5/group); a 30% EtOH liquid diet (n=6); and a corresponding
pair-fed (PF) control (n=3). All groups had access to water ad libitum. EtOH was added to
the Lieber-DeCarli liquid diet (35% of energy from fat, 18% from protein, 47% from
carbohydrates) by slowly substituting carbohydrate calories for EtOH calories
(Dyets#710260) in a stepwise manner until 30% total calories were reached, which
constitutes final EtOH concentration of 5.2% (v/v), respectively, and maintained until
sacrifice (40 d) (Mercer et al., 2012). WT and p47phox KO mice fed the Lieber-DeCarli
control diet (Dyets#710027) were isocalorically matched to their corresponding EtOH group
based on the diet consumptions of the previous day (pair-fed, PF). At sacrifice, trunk blood
was collected, and right femurs were harvested and frozen in saline soaked gauze at -80°C
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for mechanical strength testing. Right tibial bones were fixed in formalin for pQCT and pCT
analyses, and left tibial bones were fixed in EtOH for immunohistochemistry. Blood EtOH
concentrations (BEC) were analyzed using an Analox analyzer as previously described
(Shankar et al., 2006).

Mechanical strength testing

Whole femur mechanical strength testing was accomplished by three-point bending using a
MTS 858 Bionix test system load frame (MTS, Eden Prairie, MH) as described (Brown et
al., 2002). Loading point was displaced at 0.1 mm/second until failure, and load
displacement data was recorded at 100 Hz. Test curves were analyzed using TestWorks
software (MTS, Eden Prairie, MH) to determine measures of whole-bone strength, which are
peak load and stiffness. Load to failure was recorded as the load after a 2% drop from peak
load.

Peripheral quantitative computerized tomography (pQCT) analyses

Ex vivo BMD, bone area, and bone mineral content (BMC) were measured in the tibias
collected from PF and EtOH-treated WT and p47phoxKO mice using a STRATEC XCT
Research SA* pQCT machine (Orthometrix, White Plains, NY, USA) in a blinded fashion
as previously described (Shankar et al., 2008a). Proximal tibias were analyzed using the
manufacturer’s software version 5.40. Five contiguous sections, 1 mm apart, distal to the
proximal end were measured for cortical BMD, area, and BMC with a spatial resolution of
100 um. A threshold of 285 mg/cm? was used to distinguish cortical bone. Average values
for slices 3, 4, and 5 were calculated for statistical analysis.

Micro-computed tomography (LCT) analyses

All uCT analyses were consistent with current guidelines for the assessment of bone
microstructure in rodents using micro-computed tomography (Bouxsein et al., 2010).
Formalin-fixed tibiae were imaged using a MicroCT 40 (Scanco Medical AG, Bassersdorf,
Switzerland) using a 12 pm isotropic voxel size in all dimensions. The region of interest
selected for analysis comprised 240 transverse CT slices representing the entire medullary
volume extending 1.24 mm distal to the end of the primary spongiosa with a border lying
100 um from the cortex. Three-dimensional reconstructions were created by stacking the
regions of interest from each two-dimensional slice and then applying a gray-scale threshold
and Gaussian noise filter as described (Suva et al., 2008) using a consistent and pre-
determined threshold with all data acquired at 70 kVp, 114 mA, and 200-ms integration
time. Bone was segmented from soft tissue using the same threshold, 247 mg HA/cm3 for
trabecular bone. Fractional bone volume (bone volume/tissue volume; BV/TV) and
architectural properties of trabecular bone (trabecular thickness (Tb.Th, pm), trabecular
number (Th.N., mm -1), and connectivity density (Conn. D, mm 3) were calculated using
previously published methods (Suva et al., 2008).

Serum analysis of bone turnover markers

Serum osteocalcin (Biomedical Technologies, Inc., Stoughton, MA), and c-terminal
telopeptides of type 1 (CTX) (Immunodiagnostic Systems, Fountain Hills, AZ) were
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detected in serum by commercially available ELISA kits. Serum levels of bone-specific
alkaline phosphatase (BAP) was measured by a colorimetric assay as previously described
(Chen et al., 2010).

Real-time RT PCR analyses

Total RNA was isolated from femur shaft using TRI reagent (MRC, Cincinnati, OH) as
described previously (Chen et al., 2008). In cell culture, pre-osteoblastic ST2 cells were
seeded (1 x 10° per well) in triplicate in 6 well plates and maintained in cMEM
supplemented with 10% FBS, penicillin and streptomycin overnight, at which cells were
treated with increasing concentrations of EtOH (0-100 mM). Additionally, ST2 cells (1 x
10° cells/ well) were pre-treated with an alcohol dehydrogenase inhibitor, 4-methylpyrazole
(4-MP) or plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), followed by EtOH
treatment. The inhibitor stocks were diluted into CO,-conditioned media (¢(MEM
supplemented with 10% FBS), which was added to the wells for a final concentration of 100
UM and 2.5 pM respectively. Following the pre-incubation step, 50-100 pl/ml of a 1M EtOH
stock solution made in CO»-conditioned media is added to the appropriate plates for final
EtOH concentration of 50-100 mM. To prevent EtOH evaporation in the media, all plates,
including control plates without EtOH treatment, were wrapped in paraffin and maintained
at 37°C at 37°C and 5% CO,, for 16 hours, at which total RNA was isolated using the
RNeasy RNA isolation kit (Qiagen) as per manufacturer’s instructions. All RNA was
reverse transcribed using I1Script cDNA synthesis (Bio-Rad Laboratories, Hercules, CA)
according to manufacturer’s instructions, and subsequent real-time PCR analysis was carried
out using SYBR green and an ABI 7500 sequence detection system (Applied Biosystems,
Foster City, CA). Results were quantified using deltaCt method relative to cyclophilin A and
then to WT PF controls. In cultured cell experiments, results were quantified using the
deltaCt method relative GAPDH, and then to the appropriate no EtOH controls.
Comparisons of the raw C+ values did not differ between groups (p=0.6), indicating that
cyclophilin A and GAPDH were an appropriate normalizers. Gene specific primers were:
osteocalcin F5° TTGTGCTGGAGTGGTCTCTATGAC 3’, R
5’CACCCTCTTCCCACACTGTACA 3’; collagen type 1la F 5’
AGGGTCATCGTCGCTTCTC 3’, R5” CTCCAGAGGGGGCTTGTT 3’; RANKL F 5’
GGGTTCGACACCTGAATGCT 3’, R5" AACTGGTCGGGCAATTCTGG3’; NOX2 F 5’
ACCGCCATCCACACAATTG 3’, R 5 CCGATGTCAGAGAGAGCTATTGAA 3;
NOX4 F 5" CTGCATCTGTCCTGAACCTCAA 3, R5’
TCTCCTGCTAGGGACCTTCTGT 3’; NOX1F 5 ATGCCCCTGCTGCTCGAATA 3", R
5" AAATTGCCCCTCCATTTCCT 3’; cyclophilin A F
5’AAGGTGGAGAGCACCAAGACA 3’, R 5 GCAATGGCGAAGGGTTTCT 3’; and
GAPDH 5 GTATGACTCGACTCACGGCAAA 3’, R5 GGTCTCGCTCCTGGAAGATG
3.

Quantitative histomorphometry

For static histomorphometric analyses, 4-um-thick central sagittal sections of undecalcified
MMA-embedded tibiae were stained for tartrate-resistant acid phosphatase (TRAP) and
counterstained with hematoxylin to determine osteoclast numbers and eroded surface per
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trabecular bone surface within the region of interest using Osteomeasure software
(Osteometrics, Atlanta, GA) as previously described (Perrien et al., 2007).

Detection of EtOH-stimulated ROS in ST2 cells

EtOH-stimulated hydrogen peroxide was measured in cultured cells using the Amplex Red
hydrogen peroxide /peroxidase assay (Invitrogen Molecular Probes, Eugene, OR) as per
manufacturer’s instructions. Briefly, ST2 cells were washed twice in suspension with
Hank’s balanced salt solution, and seeded in triplicate (2 x 104 per well) in 96-well clear
bottom microplates. After a 30 minute pre-incubation period with different NADPH oxidase
inhibitors: DPI (0.5 uM), gliotoxin (5 uM) and plumbagin (5 pM), the Amplex Red reaction
buffer (50 uM Amplex red, 0.1 U.mlI"1 HRP) was added to the cells, which was followed by
EtOH treatment (50 mM) for 1 hour at 37°C before measuring absorbance at 560 nm. Data
are expressed as the rate of H,0, production per minute, which was corrected for non-
specific H,0, production by subtracting experimental values from values obtained from
control wells; ST2 cells plus inhibitor without EtOH treatment.

Data and statistical analysis

Results

Data are presented as means + SEM. Comparisons between two groups were accomplished
using Student’s T-test. Comparison between multiple groups was accomplished by one-way
ANOVA, followed by Student Newman-Keuls post hoc analysis. The effect of the p47phox
KO genotype, and EtOH and the interaction thereof were determined using two-way
ANOVA, followed by Student Newman-Keuls post hoc analysis. Statistical significance was
set at P<0.05. SigmaPlot software package 11.0 (Systat Software, Inc., San Jose, CA) was
used to perform all statistical tests.

Study observations

At sacrifice, the mean BECs were 197.52+44.2 mg/dL (range 10-386.2) and 138.14+40.8
mg/dL (range 10-266.1) for the WT EtOH group and the p47phox KO EtOH group,
respectively and did not statistically differ from each other (p=0.367, Student’s T-test).
These values are comparable to those observed in chronic alcoholics (Wadstein and Skude,
1979) and in mice fed Lieber-DeCarli EtOH diets (Mercer et al., 2012). Mean body weights
were lower in both EtOH groups when compared to PF controls, 17.7 £ 0.45 and 22.0 + 2.0,
respectively (p<0.05) for WT mice and 20.1+0.3 and 22.0+1.1, respectively (p=0.06) for
p47phox KO mice. We observed no differences in body weight between chow fed and PF
controls from WT mice (p=0.160) and a slight increase in final weight between the chow fed
and PF p47phox KO mice, 18.6+0.5 and 22+1.1, p<0.05).

P47phox KO mice are protected against EtOH-mediated bone loss

Following 40 d of chronic EtOH-feeding, cortical and trabecular bone was assessed by
pQCT and UCT, respectively, in tibial bone taken from WT and p47phox KO chow-fed, PF
and EtOH groups. In the chow-fed groups, there were no significant differences in any of the
cortical bone parameters measured between the WT and p47phox KO mice (Table 1). In the
trabecular compartment, feeding the high fat LieberDeCarli control diet decreased Th.Th. in
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both WT and p47phox KO PF groups compared to chow-fed controls (p<0.05) (Table 2). In
WT mice, chronic EtOH-feeding had a significant impact on cortical bone parameters,
reducing BMC, BMD, area and thickness by 20%, 9%, and 13% and 11% respectively when
compared to PF controls (Table 1). As shown in Table 2 EtOH-feeding also decreased
trabecular BV/TV, Th.N., and Conn.D., and increased Th.Sp. in the WT EtOH mice
compared to its PF control, (p<0.05). In p47phox KO mice, EtOH-feeding reduced BMD by
5.2% in comparison to its PF control (p<0.05), but had no effect on other cortical bone
parameters measured, BMC, area, and thickness (Table 1). With respect to trabecular bone,
we did not observe any significant changes in BV/TV, Tb.N, or Tb.Sp. between PF and
EtOH-treated p47phox KO groups (Table 2). Consistent with these findings, chronic EtOH-
feeding reduced the load-bearing strength and stiffness of femurs taken from EtOH-treated
WT mice (p<0.05), but not in EtOH-treated p47phox KO mice (Figure 1).

The p47phox KO genotype protects against EtOH-mediated bone resorption

In response to EtOH-feeding, a 55% increase in circulating CTX, a marker for increased
bone resorption, was observed in WT mice (p<0.05 vs. PF control). However, no significant
increase was observed in CTX in EtOH-treated p47phox KO mice (Figure 2a). In Figure 3,
static histomorphometric analysis of formalin-fixed tibia taken from EtOH-treated WT mice
revealed significant increases in total osteoclast number (2-fold) and in osteoclast activity, as
determined by the 3-fold increase in number of osteoclasts associated with the bone
perimeter, p<0.05. In contrast, no significant increases in osteoclast number or osteoclast
activity was observed in response to EtOH-feeding in p47phox KO EtOH-treated mice,
p=0.145 and p=0.165, respectively (Figure 3). In WT mice, EtOH exposure increased the
MRNA expression of RANKL and NOX enzymes in femur bone (Figure 4). A 3-fold
increase in NOX2 mRNA expression was observed in the WT EtOH group compared to its
PF control (p<0.05). Likewise, NOX4 expression in the WT EtOH group increased 2-fold,
but this did not achieve statistical significance relative to PF controls (p=0.100). In the
p47phox KO mice, EtOH exposure did not significantly increase RANKL, NOX2 or NOX4
MRNA expression compared to its PF control.

The p47phox KO genotype does not protect against EtOH-mediated inhibition of bone

formation

Interestingly, EtOH-treated p47phox KO mice were not protected from reduced bone
formation. In both WT and p47phox KO EtOH-treated mice, serum osteocalcin
concentrations in both EtOH groups decreased by 52% and 64% respectively, in comparison
to PF controls, p,0.05 (Figure 2b). Likewise serum alkaline phosphatase activity, another
biochemical marker for bone formation, was significantly decreased in WT EtOH- and
p47phox KO-treated groups in comparison to PF controls (Figure 2c). Additionally, real-
time RT PCR analysis of gene expression in EtOH-treated WT and p47phox KO femurs
showed 2-fold reductions in osteocalcin mMRNA expression, p=0.154 and p=0.035
respectively and 2-3 fold reductions in collagen a type 1 expression, p=0.046 and p=0.022,
respectively, as compared to their appropriate PF controls (data not shown).
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Inhibition of NOX2 activity by chemical inhibitors reduces transient EtOH-mediated ROS
production in cultured cells

Previously we have shown that EtOH exposure generates excess NOX-derived ROS
production in osteoblasts, which in turn increases RANKL-RANK signaling to pre-
osteoclastic cells (Chen et al., 2008). In the ST2 cells, a stromal cell line derived from
mouse bone marrow, three NOX isoforms, NOX4, NOX2, and NOX1, are expressed as
determined by real-time RT-PCR. As shown in Figure 5a, NOX4 is highly expressed,
followed by NOX2, and minimal expression of NOX1. To show that NOX2 generates
significant ROS following EtOH exposure, we measured H,0, production in EtOH-treated
ST2 cells using a stable fluorogenic reagent, Amplex Red. As expected acute EtOH
exposure (1hr) increased H,0, production in the ST2 cells when compared to their no EtOH
control cells, 0.179 mM/minute versus 0.102 mM/minute, respectively, p<0.05. DPI is a
broad-spectrum inhibitor of electron transporters including NOX2, NOX4, mitochondrial
oxidase and xanthine oxidase (Drummond et al., 2011). As expected, pre-treating ST2 cells
with 0.5 uM DPI prior EtOH exposure significantly reduced H,0, production (60%). Pre-
treating cells with 5 UM gliotoxin, a known NOX2 inhibitor (Serrendar et al., 2007), also
inhibited EtOH-generated H,0, production by 72%, p<0.05. Interestingly, plumbagin, a
plant derived napthoquinone, which has been used to specifically inhibit NOX4 activity in
cell lines (Ding et al., 2005), did not significantly decrease H,0, production compared to
either DPI or gliotoxin.

NOX2- and NOX4-derived ROS are important in increasing RANKL expression in
osteoblastic cells

In ST2 cells, prolonged exposure to EtOH (16hrs) resulted in significant increases in
RANKL and NOX2 mRNA, p<0.05 (Figure 6a). Treating ST2 cells with an alcohol
dehydrogenase inhibitor, 4-methylpyrozole (4MP) 30 minutes prior to EtOH exposure
reduced both RANKL and NOX2 expression by 30 to 40% (p<0.05) (Figure 6b). As shown
in Figure 6d, pre-treatment with plumbagin (2.5 uM) also decreased RANKL mRNA
expression following EtOH exposure, p<0.05.

Discussion

Previously, we have reported that EtOH feeding in female rats increases ROS in bone which
in return up-regulates RANKL expression and stimulates osteoclastogenesis and bone
resorption through increased RANKL/RANK signaling. In osteoblasts, EtOH is metabolized
to acetaldehyde by alcohol dehydrogenase (ADH) instead of through cytochrome P450 2E1
which is not expressed. Therefore the EtOH-generated ROS necessary for increased
RANKL expression may be dependent on increased NOX expression and activity or
changes in cellular redox status associated with ADH or ALDH catalyzed formation of
NADH in response to EtOH and acetaldehyde metabolism (Chen et al., 2006). Interestingly,
co-treatments of EtOH with DPI or the antioxidant N-acetyl cysteine prevented EtOH-
dependent ROS formation in bone through inhibition of NOX enzymes, specifically NOX1,
NOX2 and NOX4 (Chen et al., 2008;Chen et al., 2011). Similar NOX-dependent signaling
pathways may regulate RANKL expression in osteoblasts, osteocytes and other bone
marrow cell types.
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To test the hypothesis that NOX2 specifically is involved in EtOH up-regulation of RANKL
expression in bone and in EtOH-induced bone resorption, we chronically fed EtOH to WT
and p47phox KO female mice to see if EtOH-induced bone loss is dependent on a functional
NOX2 enzyme. As expected and consistent with our previous studies, chronic EtOH-feeding
in WT mice produced significant reductions in cortical BMD and trabecular bone
architecture resulting in a loss in mechanical strength (Mercer et al., 2012). Bone loss was
associated with significant reductions in serum concentrations of osteocalcin and alkaline
phosphatase activity, suggestive of decreased bone formation, and increased serum
concentrations of CTX, a marker for bone resorption and increased expression RANKL
mMRNA in femur bone. In addition, static histomorphometric analysis of tibial bone
demonstrated that bone loss in EtOH-treated WT mice was associated with increased
osteoclast numbers and enhanced osteoclastic activity. In contrast, p47phox KO mice were
protected against EtOH-induced bone loss. We observed no reductions in cortical BMC,
area or thickness or adverse changes in trabecular %BV/TV, Th.N or Th.Sp. to suggest a
loss of bone. Likewise, mechanical strength was also preserved in the EtOH-treated
p47phox KO femurs in comparison to the EtOH-treated WT femurs. Mechanistically,
RANKL expression was not increased in EtOH-treated p47phox KO femurs, and there were
no observable increases in osteoclast numbers or bone resorbing activity in these mice.
Given the relatively small number of WT and p47phox KO animals used in this study, it was
surprising to observe such statistically robust differences between the genotypes in response
to EtOH feeding. Several laboratories have reported that in osteoclastic cells NOX isoforms
participate in ROS signaling pathway downstream of RANKL/RANK binding to mediate
osteoclast differentiation and activity (Lee et al., 2005;Sasaki et al., 2009a;Yang et al.,
2001). Thus loss of NOX2 activity in osteoclast precursors and thus reduced signaling post
RANKL/RANK binding may explain in part our in vivo findings in the p47phox KO mice
receiving EtOH. However, in WT and p47phox KO chow fed and PF controls, we observed
no appreciable differences in bone density, strength, or turnover that would support a
phenotype of deficiency in osteoclastogenesis or bone resorption at this age associated iwht
the p47phox KO genotype itself.

Surprisingly the p47phox KO mice were not protected against EtOH-mediated reductions in
bone formation serum markers. Moreover, we observed decreases in osteocalcin and
collagen a type 1 mRNA expression in femurs from EtOH-treated WT and p47phox KO
mice in comparison to their PF controls. These findings suggest that in response to EtOH,
NOX enzymes have distinct roles and that NOX1 or NOX4 may be involved in regulating
EtOH effects on osteoblast differentiation. Other studies have reported that NOX isoforms
may regulate separate signaling pathways (Anilkumar et al., 2008;Mandal et al.,
2011;Piccoli et al., 2007). For example, Anilkumar et al. has reported increased signaling of
mitogen-activated protein kinase (MAPK) pathways, JNK, Akt, and GSK3 in response to
insulin stimulation in HEK293 NOX4-overxpressing cells, but not in NOX2 over-expressing
cells. Moreover, tumor necrosis factor-a stimulation increased MAPK signaling through
ERK1/2 in NOX2-overexpressing cells, but had no stimulatory effect on MAPK pathways in
NOX4-overexpressing cells (Anilkumar et al., 2008). Of the two enzymes, NOX4 is the
more likely candidate to mediate effects of EtOH on bone formation. We and others have
reported that NOX4 is the predominate NOX isoform expressed in primary osteoblasts and
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cell lines (Chen et al., 2011;Mandal et al., 2011;Wittrant et al., 2009). Again in the ST2 cell
line used in this study, NOX4 mRNA is more abundant compared NOX1 or NOX2
transcripts. It is worth mentioning that EtOH and acetaldehyde metabolism can stimulate
NOX-independentsources of ROS for example as a result of mitochondrial respiratory
uncoupling, and DPI is also known to inhibit these NOX-independent sources of ROS. Thus
it is possible that these additional ROS sources may be involved in EtOH effects on
osteoblast differentiations (Lieber, 1996). Future studies will include in vitro experiments
using RNA interference to knock down NOX4 or key EtOH metabolizing enzymes to
determine if NOX4- and/or mitochondrial-derived ROS are responsible for EtOH-mediated
inhibition of osteoblastogenesis.

In this study, we demonstrated that p47phox KO mice are protected against EtOH-mediated
bone resorption through the loss of a functional NOX2 enzyme. Still, this finding does not
necessarily exclude the involvement of other NOX isoforms in increasing RANKL
expression. Several NOX isoforms are up-regulated in rat femurs receiving TEN EtOH
diets, and in osteoblastic cell lines treated with physiological doses of EtOH (Chen et al.,
2006; Chen et al., 2008; Chen et al., 2011). In the present study, NOX2, but not NOX4, was
significantly up-regulated in femurs taken from EtOH-treated WT mice. In the literature,
authors have suggested that in some cell types NOX isoforms work in tandem (Piccoli et al.,
2007;Yeligar et al., 2012). One hypothesis is that the constitutively active NOX4 is on the
top of the cascade, acting as an oxygen sensor producing ROS, which signals to activate
other NOX isoforms (Piccoli et al., 2007). In ST2 cells, transient EtOH-derived ROS (1hr),
as measured by H»0, production was inhibited by DPI at a dose specific for NOX inhibition
(Serrander et al., 2007) and the NOX2 inhibitor gliotoxin, but not plumbagin, a recently
described NOX4 inhibitor. In longer exposures to EtOH, real-time RT-PCR analysis showed
a significant increase in NOX2 expression coinciding with the up-regulation of RANKL
expression. Pre-treatment of cells with 4MP or plumbagin prior to EtOH exposure decreased
RANKL expression. Taken together, we propose that in response to EtOH, NOX isoforms
work in tandem in regulating the signaling cascade for increased RANKL expression in
osteoblasts. NOX2 activation appears to be the major initial source of ROS in response to
EtOH. However, amplification of the ROS signal and subsequent signaling through the
ERK-STATS3 pathway appears to involve NOX4-dependent induction of additional NOX2
expression (Figure 7). Consistent with this model are our previous data demonstrating that
the induction of ERK-STAT3 signaling by EtOH in osteoblast cells lines in vitro requires a
minimum of 6 h exposure and can be blocked by the protein synthesis inhibitor
cycloheximide (Chen et al. 2008). It is worth noting that some authors speculate that
plumbagin’s structure may impart ROS-scavenging effects and limit its usefulness as a true
NOX4 inhibitor (Drummond et al., 2011). Therefore, additional studies using RNAi
technology to knockdown NOX2, NOX4 or both, are ongoing to delineate the role of NOX4
in increasing RANKL expression in EtOH-treated osteoblasts.

In summary, we have demonstrated that NOX2-derived ROS is necessary for increased
RANKL/RANK signaling between osteoblasts and osteoclasts, and enhanced bone
resorption in response to chronic EtOH administration. In the p47phox KO mice, NOX1 and
NOX4 activity were unable to compensate for the loss in NOX2 function in osteoblasts
resulting in a lack of RANKL induction and subsequent EtOH-mediated bone resorption in
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these mice. However, loss of NOX2 function did not prevent EtOH-mediated inhibition of
bone formation. Other NOX enzymes, particularly NOX4 may regulate osteoblastogenesis
independently from NOX2, as suggested from our previous studies showing complete
protection against both decreased bone formation and increased bone resorption in rats co-
administered with DPI or N-acetyl cysteine (Chen et al., 2011). Our findings suggests that
NOX-derived ROS signaling in osteoblasts is complex with NOX enzymes working
separately or in tandem of each other, to regulate bone turnover pathways in the cell.
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Figure 1.
Mechanical strength testing of whole femurs from WT and p47phox KO EtOH-treated mice

(n=6/group) and corresponding PF controls (n=3/group), (a) peak load and (b) stiffness.
Statistical significance was determined by Two-way ANOVA followed by Student
Newman-Keuls post hoc analysis. Values with different letter subscripts are significantly
different from each other (P<0.05).
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Figure 2.
Changes in serum bone turnover markers in WT and p47phox KO EtOH-treated mice (n=6/

group) and corresponding PF controls (n=3/group); bone resorption marker (a) CTX, and
bone formation markers (b) osteocalcin, and (c) bone-specific alkaline phosphatase. All data
is expressed as mean + SEM. Statistical significance was determined by Two-way ANOVA
followed by Student Newman-Keuls post hoc analysis. Groups with different letter
subscripts are significantly different from each other (P<0.05).
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Figure 3.

Quantitative histomorphometry analysis of TRAP-stained osteoclasts; (a) osteoclast number
(N.OC) per total area, and (b) N.OC per bone perimeter in undecalcified MMA-embedded
tibias from WT and p47phox KO EtOH (n=6/group) and PF controls (n=3/group) as
described in Materials and Methods. Data are expressed as mean = SEM. Statistical
significance was determined by Two-way ANOVA followed by Student-Newman Keuls
post hoc analysis. Groups with different letters are significantly different from each other
(p<0.05).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mercer et al.

Figure4.

T RankL mRNA fold expression [

Nox2 mRNA fold expression

hd

Nox 4 mRNA fold expression

<
&Y

5
55
b2

&5

2
X
Sotel

Qo0
b,
X

=,
o

SRS

>

2%

xR
:0:0

0.9

X0

%
<5
.

s
(X
3

5

o¥e}

X,

2
pSode

5%

e

R,

K2

v
.00
X I KX
S

DI

(>

SEHEEL

ogesesesese;
o2

K

KKK
XX
SRS

190

K2

Page 17

Gene expression of (a) RANKL, (b) NOX2, and (c) NOX4, (d) osteocalcin and (€) collagen

Alcohol Clin Exp Res. Author manuscript; available in PMC 2015 March 01.

atype 1(COLAL1) in femur shaft of EtOH-treated WT and p47phox KO mice (n=6/group)
and their corresponding PF controls (n=3/group) as measured by real-time PCR, normalized
to cyclophilinA mRNA. Fold expression is reported as mean = SEM. Statistical significance
was determined by Two-way ANOVA followed by Student Newman-Keuls post hoc
analysis. Groups with different letter subscripts are significantly different from each other
(P<0.05). For osteocalcin a vs. ab, p=0.154, for COLAL a vs. ab, p=0.105.
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Figureb5.
Gene expression of (a) NADPH oxidase enzymes in cultured ST2 cells as measured by real-

time PCR, normalized to GAPDH mRNA,; fold expression is reported as mean £ SEM. In a
separate experiment, (b) ST2 cells were pre-incubated with different NADPH oxidase
inhibitors for 30 minutes prior to EtOH-treatment (50 mM) for 1 hr at 37°C, at which H,0,
production was measured using the Amplex Red hydrogen peroxide/peroxidase assay kit as
described in Materials and Methods. Data presented here are representative of two
independent experiments performed in triplicate and expressed as the rate of H,0,
production per minute which were corrected for background absorbance by subtracting
experimental values from those obtained in control wells; ST2 cells +/- inhibitor without
EtOH treatment. Statistical significance was determined by One-way ANOVA followed by
Student-Newman Keuls post hoc analysis, a<b, p<0.05.
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Figure®6.

ST2 cells were treated with increasing concentrations of EtOH for 16 hrs and gene
expression of (a) RANKL and NOX2, and (b) NOX4 and NOX1 were measured by real-
time PCR, which was normalized to GAPDH mRNA. Fold expression is reported as mean +
SEM. In separate experiments, ST2 cells were treated with either (c) 100 mM EtOH +/-
100uM 4 methylpyrazole (4MP) or (f) 200mM EtOH +/- 2.5 uM plumbagin for 16 hours
and gene expression of RankL, NOX2 and NOX4 were measured by real-time PCR,
normalized to GAPDH mRNA. Data is expressed as the fold increase in RANKL expression
relative to no EtOH controls plus the appropriate inhibitor. Data presented here are
representative of two independent experiments performed in triplicate. Statistical
significance was determined by One-way ANOVA followed by Student-Newman Keuls
post hoc analysis. For RANKL expression, p<0.05 a<b<c; for Nox2 expression, p<0.05
e<f<g.
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Figure7.
Schematic diagram describing the role of NOX/ROS in the EtOH-mediated signaling

cascade for increased RankL expression in osteoblasts. EtOH metabolism via alcohol ADH
produces ROS which induces/activates NOX4 and NOX2 in tandem, followed by chronic
activation of the ERK1/2/STAT3 phosphorylation cascade to increase RANKL expression.
The ADH-1 inhibitor 4MP and NOX4-specific inhibitor plumbagin, both inhibit EtOH-
induced increases in RANKL expression. Dashed lines represent unknown mechanisms of
action to be determined in future studies.
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