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Abstract

BACKGROUND CONTEXT—Tobacco smoking is a key risk factor for spine degeneration.
However, the underlying mechanism by which smoking induces degeneration is not known.
Recent studies implicate DNA damage as a cause of spine and intervertebral disc degeneration.
Because tobacco smoke contains many genotoxins, we hypothesized that tobacco smoking
promotes spine degeneration by inducing cellular DNA damage.

PURPOSE—To determine if DNA damage plays a causal role in smoking-induced spine
degeneration.

STUDY DESIGN—To compare the effect of chronic tobacco smoke inhalation on intervertebral
disc and vertebral bone in normal and DNA repair-deficient mice to determine the contribution of
DNA damage to degenerative changes.

METHODS—Two month-old wild-type (C57BL/6) and DNA repair-deficient Ercc1™/4 mice
were exposed to tobacco smoke by direct inhalation (4 cigarettes/day, 5 days/week for 7 weeks) to
model first-hand smoking in humans. Total disc proteoglycan (PG) content (1,9-
dimethylmethylene blue assay), PG synthesis (3°S-sulfate incorporation assay), aggrecan
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proteolysis (immunoblotting analysis) and vertebral bone morphology (micro-computed
tomography) were measured.

RESULTS—Exposure of wild-type mice to tobacco smoke led to a 19% increase in vertebral
porosity and a 61% decrease in trabecular bone volume. Intervertebral discs of smoke-exposed
animals also showed a 2.6-fold decrease in GAG content and a 8.1-fold decrease in new PG
synthesis. These smoking-induced degenerative changes were similar but not worse in Ercc1™/4
mice.

CONCLUSIONS—Short-term exposure to high levels of primary tobacco smoke inhalation
promotes degeneration of vertebral bone and discs. Disc degeneration is primarily driven by
reduced synthesis of proteoglycans needed for vertebral cushioning. Degeneration was not
exacerbated in congenic DNA repair-deficient mice indicating that DNA damage per se does not
have a significant causal role in driving smoke-induced spine degeneration.

Keywords

Tobacco smoking; Intervertebral disc degeneration; Matrix proteoglycans; Aggrecan; Matrix
metalloproteinases; DNA damage repair

INTRODUCTION

Low back pain (LBP) is the most common cause of job-related disability in U.S. and affects
almost 80% of the adult population in Western countries at least once in their life 1.2,
Association between intervertebral disc degeneration (IDD) and LBP is well-established 3-
This has fostered much research aimed at identifying the mechanisms underlying disc
degeneration and rationale strategies for therapeutic interventions to treat LBP 68,
Nevertheless, the exact etiology of IDD is extremely complex and still poorly understood.
Multiple risk factors have been hypothesized as the underlying causes of IDD, including
aging 9, genetic predisposition 111 and environmental factors 1213, Among environmental
factors implicated in IDD, heavy and repetitive mechanical loading, 12 obesity, 14 and
cigarette smoking 13 have been reported.

Approximately 1 in 5 Americans smoke cigarettes 1° and at least 1 in 10 nonsmokers is
exposed to second-hand smoke at home 6. Tobacco smoking is associated with many
diseases, including cancer, respiratory diseases, and cardiovascular disease. Tobacco
smoking is also associated with higher incidence of LBP 13. An early cross-sectional study
by Frymoyer and coworkers demonstrated higher frequency of back pain in smokers than
nonsmokers 17, Likewise, a longitudinal study of 5180 Finnish forest industry workers
revealed smoking as a key contributing factor to radiating neck pain and sciatic pain 18.
Moreover, a U.S. National Survey on 10,404 men and women also showed higher incidence
of back pain in heavy smokers, suggesting a dose-dependent relationship between LBP and
tobacco smoking 14. Finally, Battié and coworkers reported 20% greater disc degeneration in
smokers compared to nonsmokers measured by magnetic resonance imaging using a cohort
of identical twins 13,

Tobacco smoking promotes multiple degenerative changes in the spine. We recently
demonstrated increased vertebral bone porosity and reduced trabecular bone thickness in
mice chronically exposed to tobacco smoke. 12 The adverse effect of smoking is not limited
to vertebral bone 20: 21, Torsional strength of the tibia is decreased significantly in rabbits
exposed to smoke inhalation compared with the non-smoke group. In the same study,
granulation tissue resorption, bone formation and remodeling are delayed in smoke-exposed
rabbits?!. Intervertebral discs (1VDs) of rats exposed to passive tobacco smoke for 8 weeks
exhibit decreased collagen expression, increased interleukin (IL)-1f expression and annular
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disorganization 22. Likewise chronic exposure of wild-type mice to direct smoke inhalation
leads to decreased 1D matrix proteoglycan content and synthesis, and an increase of
ADAMTS- and MMP- mediated aggrecan breakdown in the 1VD 19,

Previously we demonstrated that long term (6 months) exposure of wild-type (Wt) mice to
tobacco smoke induced spine degeneration, both in the IVDs and the bony vertebrae 23.
Tobacco smoke contains more than 5,000 chemicals, many of which are genotoxins that
covalently modify DNA 24, DNA damage is a major risk factor in disc aging and the
development of age-dependent IDD 22, This raises an important question as to whether
tobacco smoking induces IDD through DNA damage. To answer this question, we exposed
Wt mice and their DNA repair-deficient Ercc1~/4 littermates to direct tobacco smoke
inhalation for seven weeks to model short-term heavy smoking in humans. Analyses of
exposed Wt mice revealed premature onset of spine degenerative changes including IVD
proteoglycan loss and enhanced osteoporosis in vertebral bone. These outcomes were
similar but not exacerbated in the DNA repair-deficient Ercc1~/4 mice demonstrating that
DNA damage does not play a primary causal role in mediating smoking-induced spine
degeneration.

Exposing mice to tobacco smoke

Two month-old C57BL/6 mice (n = 4) and Ercc1™/4 mice (n = 4) were exposed to tobacco
smoke by direct inhalation (4 unfiltered cigarettes/day x 5 days/week for 7 weeks) using a
smoking apparatus as previously described 19. University of Kentucky 3R4F research
referenced cigarettes were used in this study 26. Unexposed age- and sex-matched
littermates of both wild-type C57BL/6 (n = 3) and Ercc1 ™4 (n = 3) kept in the same facility
were used as controls. Exposure to four unfiltered cigarettes per day in mice corresponds to
a smoking regimen of more than one pack per day in humans 27: 28,

Isolation of nucleus pulposus (NP), annulus fibrosus, and whole mouse IVDs

The experiments involving mice were approved by the University of Pittsburgh Institutional
Animal Care and Use Committee. Mice were euthanized at the end of the exposure study
and the spines were isolated and dissected with the aid of a 5x magnifier. Entire
intervertebral discs (IVDs) were removed en bloc from the surrounding vertebral bodies
through an incision along the endplates using a surgical no. 11 blade. To harvest NP tissue,
an axial cut was made on the disc side of the endplate to expose the disc center, followed by
gentle aspiration of the NP tissue using a sterile P-10 pipette tip under a dissecting
microscope (20-40 x magnification, Nikon SMZ645) 29,

Histological staining

Isolated spines were decalcified and embedded in paraffin (Tissue Tek processor and Leica
embedder). Seven-micrometer sections were stained with safranin O and fast green dyes
(Fisher Scientific) by standard procedures and photographed under 40-200x magnification
(Nikon Eclipse Ts100).

1,9-dimethylmethylene blue (DMMB) colorimetric assay for sulfated GAGs

For each mouse NP tissues isolated from four lumbar IVVDs of each mouse were pooled and
digested using papain at 60°C for 2 h. GAG content was measured in duplicates by the
DMMB procedure using chondroitin-6-sulfate (Sigma C-8529) as a standard 3°. The DNA
concentration of each sample was measured using the PicoGreen assay (Molecular Probes)
and used to normalize the GAG values.
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Quantitation of matrix synthesis

Disc organ cultures of isolated functional spine units (FSUs), each consisting of vertebra-
disc-vertebra, were established as previously described 31. For each mouse, two separate
incubations each containing two thoracic FSUs (i.e., duplicate reactions) were cultured in
complete growth medium (F-12/D-MEM containing 10% FBS, 1% PS, and 25 g/ml L-
ascorbic acid) for two days to equilibrate after the trauma of surgical dissection, followed by
12 hour labeling incubation with 3°S-sulfate (20 j1Ci/ml). PG synthesis was measured

by 3°S-sulfate incorporation, as described previously 32, The amount of PG synthesis was
calculated as the fmoles of sulfate incorporated per pg of DNA. Average values from three
mice, each measured in duplicate, were calculated and reported + standard error.

Immunoblots

Five to ten thoracic discs from each mouse were used to extract proteins at 4°C under
continuous agitation for 48 h using 30 volumes (volume to weight of disc tissue) of 4 M
guanidinium chloride, 50 mmol/L sodium acetate, pH 5.8, 10 mmol/L
ethylenediaminetetraacetate (EDTA), and COMPLEAT proteinase inhibitor cocktail
(Roche). Aliquots of disc extracts (100 L) were precipitated with 9 volumes of ethanol and
recovered by centrifugation. Pellets were washed twice in 75% ethanol, lyophilized and
redissolved in 100 pL, 50 mM sodium acetate (pH 6.0), and digested overnight with 1 mU
keratanase Il. The solution was then adjusted to 100 mM Tris, 100 mM sodium acetate (pH
7.3), and digested for 6 h with 10 mU chondroitinase ABC. Digested protein extracts were
resolved by sodium dodecyl sulfate (SDS)/polyacrylamide gel electrophoresis (PAGE)
(4-12% gradient gel, Invitrogen). To control for loading, the same amount of tissue wet
weight (1 mg) was loaded per well 33, i.e., 33 pL of the 100 L containing the protein
extracted from 3 mg tissue was used for SDS/PAGE. Samples were analyzed by
immunoblot as previously described 32 using antibodies (1:1000 dilution 1° Ab, 1:5000
dilution 2° Ab) raised against the ADAMTS-generated neoepitope NITEGE (Ab1320) 34
and MMP-generated neoepitope VDIPEN (Ab1319) 35, The anti-NITEGE neoepitope
antibody cross-reacts with the NVTEGE neoepitope generated from mouse aggrecan.

Micro-computed tomography (uCT)

LCT scans of the lumbar spines isolated from mice were acquired using a VivaCT 40
(Scanco Medical) with 15 pm isotropic voxel size resolution, 70 kVp of energy and 114 pA
of current. Three-dimensional (3D) reconstruction of the lumbar vertebrae was performed
using a constant threshold value which was selected manually for the bone voxels by
visually matching the threshold areas to the gray-scale images. Trabecular bone was
evaluated in the region approximately 150 slices below the cranial and above the caudal
growth plates, as described 36. Trabecular bone parameters were assessed using Scanco
evaluation software provided by the manufacturer, which calculates bone volume (BV)
fraction. Porosity was calculated using the formula 1-BV/TV.

Statistical analysis

RESULTS

Values represent the averages from different mice with 95% confidence intervals calculated
to determine statistical significance at p=0.05. The confidence intervals were calculated
based on the t-distribution because of the small sample size.

Mice exposed to tobacco smoke display loss of matrix PG in their intervertebral discs

Wild-type and Ercc1~/4 mice chronically exposed to tobacco smoke showed loss of
cellularity in the vertebral endplates and dramatic loss of matrix PG in the intervertebral

Spine J. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nasto et al.

Page 5

discs (Fig. 1A). Safranin O staining of sulfated PGs revealed a substantial reduction of
staining in the nucleus pulposus of smokers compared to that of nonsmoking controls (Fig.
1A). This was confirmed by the quantitative DMMB assay measuring sulfated GAGs in NP
tissues (Fig. 1B). The GAG content of exposed wild-type mice (286 + 25 png GAG/ng DNA
in NP) was significantly reduced compared to unexposed mice (749 + 184 ng GAG/ng DNA
in NP), accounting for a 62% reduction in GAG content in age-matched treated mice
compared to nontreated controls (p<0.05). GAG content of unexposed Ercc1~/4 mice (406 +
120 ng GAG/ng DNA in NP) was much lower (54%) than unexposed age-matched wild-
type controls due to accelerated aging in the mutant mice, as previously reported 23,
Exposure of Ercc1™/4 mice to tobacco smoke resulted in a further decrease (39) in GAG
content (250 = 94 ng GAG/ng DNA in NP), although the difference was not statistically
significant (p<0.18).

Chronic tobacco smoke exposure reduced disc matrix protein synthesis

New matrix PG synthesis was measured ex vivo by 3°S-sulfate incorporation in disc
organotypic culture to determine if loss of disc PG is due to down-regulation of PG
synthesis in disc cells by tobacco smoking. Smoke-exposed Wt mice had 1.7 + 0.6 fmoles
sulfate/ng DNA, an 88% reduction compared to that of unexposed controls (14.1 + 1.6
fmoles sulfate/ng DNA) (p<0.001) (Fig. 2). Unexposed Ercc1~/4 mice had significantly
lower sulfate incorporation than unexposed wild-type controls due to the progeroid
phenotype of mutant mice, consistent with our earlier report 2. However, smoke-exposed
Ercc1~/4 mice showed a further 60% decrease in PG synthesis (1.0 + 0.3 fmoles sulfate/ng
DNA) compared to unexposed controls (2.4 = 0.7 fmoles sulfate/ng DNA) (p<0.05) (Fig. 2).

Chronic exposure to cigarette smoke increased proteolytic cleavage of disc aggrecan in
Erccl A mice

Matrix PG breakdown is a major feature of disc degeneration. To assess the contribution of
PG breakdown to loss of matrix PG in smoke-exposed mice we performed immunoblot
analysis using antibodies raised against the VDIPEN and NVTEGE epitopes. These are neo-
epitopes of aggrecan resulting from proteolysis of aggrecan by matrix-metalloproteinases
(MMP-) and disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS),
respectively 34 35 (Fig. 3A). Aggrecan is the primary extracellular proteoglycan of disc
matrix and the main constituent responsible for the osmotic turgidity of the disc. Enzymatic
cleavage of the aggrecan molecule within its interglobular domain (IGD), is considered
pathological because it leads to loss of the entire GAG-attachment region essential for the
biomechanical properties of aggrecan 37.

ADAMTS-generated aggrecan G1 fragment terminating in NVTEGE 392 demonstrated no
significant differences in the discs of smoke-exposed Ercc1™/4 mice compared to non-
exposed Ercc17/4 controls (Fig. 3B, lanes 2-4). Similarly, no difference in NVTEGE 392
levels was observed between exposed and unexposed Wt mice (Fig. 3B, lanes 1-3). The
levels of MMP-generated aggrecan G1 fragment terminating in VDIPEN=360 were similar
across the treatment groups both in Wt and Ercc1~/4 mice (Fig. 3B, lanes 1-4). These results
suggest that disc PG loss in smoke-exposed mice is due primarily to reduced PG synthesis
and not increased matrix breakdown.

Smoking-induced vertebral bone loss

IDD is associated with degenerative changes in many spine tissues, including the vertebral
endplate and the vertebral bodies 38. To determine whether these changes also occur in our
tobacco smoke-exposed mice, we performed a nCT analysis of bone microstructure of the
vertebral bodies (Fig. 4A). Wt mice exposed to tobacco smoke showed degenerative
changes in their vertebrae, including increased bone porosity and reduced trabecular bone
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volume (Fig. 4B). Vertebral bone porosity of exposed Wt mice was 0.83 + 0.06 (+18.5%)
compared to 0.70 £ 0.01 for unexposed controls (p<0.05). Trabecular bone volume
decreased from 2.09 + 0.26 mm?3 in non smoke-exposed mice to 1.34 + 0.145 mm?3 in smoke
exposed mice (-35.9%) (p<0.05). Similar degenerative changes were observed in Ercc1~/4
mice for vertebral bone porosity (0.92 + 0.014 in smoke exposed mice vs 0.86 = 0.026 in
non smoke exposed mice, +7%) and trabecular bone volume (1.15 + 0.21 mm3 in non smoke
exposed mice vs 0.73 + 0.065 in smoke exposed mice, —36.5%).

DISCUSSION

The goal of this study is to determine the short-term effects of smoking on spinal health and
whether or not the effects are exacerbated in the genetic background of DNA repair
deficiency. Our previous work showed that long term (6 month exposure) direct inhalation
of tobacco smoke induced significant degeneration of IVD and vertebral bone in Wt mice 23,
In this study we exposed two months old wild-type and DNA repair-deficient Ercc1-/A mice
to tobacco smoke for seven weeks. Since Ercc1 ™4 mice exhibit an accelerated aging
phenotype and short lifespan, smoke treatment was started at two months of age for both Wt
and Ercc1™4 mice, as opposed to three month of age of the Wt mice in our previous study
16. This time point was chosen because Ercc1™/4 mice at two months of age exhibit initial
aging symptoms. Moreover, short-term smoke exposure (7 weeks) was carried out because
Ercc1~/4 mice were neared the end of their lifespan due to severe smoke-induced
degenerative effects.

We found degenerative changes in both discs and vertebrae in mice after 7 weeks of
exposure to direct inhalation of a high level of tobacco smoke. Seven week exposure in mice
translates to about 3.5 years of smoking in humans, a relatively short duration. The major
detrimental effects include vertebral bone loss and a reduction in both disc GAG content and
new PG synthesis. The effect was slightly exaggerated in the DNA repair-deficient Ercc1~/2
mice relative to Wt mice, suggesting that nuclear DNA damage is only in part directly
implicated in disc degeneration brought on by exposure to tobacco smoke.

Our study clearly established a direct cause and effect relationship between smoking and
spine degeneration in mice. In addition, our findings suggest that smoking adversely affect
spine health only in part through DNA damage. This is evident from the similar changes
observed in both disc and vertebrae in the DNA repair-deficient Ercc1~/4 mice in
comparison to Wt mice. However, although not strongly supported by present data it is still
conceivable that direct contact of disc cells with the vascular system containing soluble
tobacco smoking genotoxins could perturb normal metabolic activities, such as cells in the
outermost annulus and those present along fissures in degenerating discs 39 40, Cells of
nucleus pulposus, the tissue buried deep within the disc structure that is most hypoxic, could
also come in direct contact with the water-soluble constituents of tobacco smoke diffusing
through the vertebral endplate.

Tobacco smoking clearly had detrimental effects on the spine health of Ercc1™/4 mice,
although, surprisingly, the relative percent change of damage in Ercc1™/4 was lower than Wt
mice. For example, smoke exposure induced a 2.6 fold decrease in disc GAG in Wt mice
(286 pg GAG/ng DNA in smokers vs. 749 GAG/ng DNA in nonsmokers), but only 1.6 fold
decrease in Ercc1™/4 mice (250 jng GAG/ng DNA in smokers vs. 406 ug GAG/ng DNA in
nonsmokers) (Fig. 1B). Similarly, smoking caused an 8 fold drop in disc PG synthesis in Wt
mice (1.7 fmoles sulfate/ng DNA smokers vs. 14.1 fmoles sulfate/ng DNA nonsmokers) but
only 2.4 fold decrease in Ercc1~/4 mice. A similar trend was seen in vertebrae, where
smoking caused a 14% increase in vertebral porosity in Wt mice (0.83 in smokers vs. 0.7
nonsmokers) but only a 7% increase in porosity in Ercc1™/4 mice (0.92 in smokers vs. 0.86
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nonsmokers). These findings may be indicative of a plateau effect in damage accumulation,
where detrimental effects of smoking reached their lower limit with a combination of both
smoke exposure and DNA repair deficiency in smoke-treated Ercc1™/4 mice.

Previously we demonstrated that long term (6 months) exposure of Wt mice to tobacco
smoke induced aggrecanolysis in disc tissue 23. In the current study, we did not observe any
detectable increase in proteolysis of disc aggrecan in Wt mice following seven week
exposure. This is an important observation as it suggests that long-term exposure is required
for ADAMTS-mediated cleavage of the aggrecan IGD. It is possible in theory that longer
exposure (>2 months) would dramatically increase aggrecanolysis in these animals.
Importantly, these data demonstrating fewer catabolic effects after short term exposure are
reassuring, and suggest that the negative effects of tobacco on matrix homeostasis may
require chronic exposure, underscoring the importance of efforts supporting smoking
cessation. However, it remains unclear how the exposures modeled in this study relate to the
clinical scenario. In addition, while it is possible that humans with DNA repair deficiencies
may have additional negative effects from smoking, these data suggest that the negative
effects on matrix will be no worse than in humans without such deficiencies. Further
investigation is required to demonstrate if the negative effects of DNA repair defects and
tobacco expsoure on disc matrix will be synergistic in humans.

The mice in this study were started on tobacco smoke when they just reached skeletal
maturity (8 weeks) as compared to those fully matured (3 months) exposed in our previous
study 19, This might explain the greater effects on vertebral bone porosity and PG synthesis
by smoking on these young mice. For instance, in our previous study we observed that disc
total PG content and new PG synthesis of smoke-exposed mice was about 60% of
unexposed control. In the current study, disc total PG content and new PG synthesis of
smoke-exposed Wt mice was about 39% and 14%, respectively of unexposed Wt control.
Moreover, smoking increased vertebral porosity by 19% in the exposed Wt mice in the
current study as compared to a 5% increase in exposed mice in our previous study. It is
possible that the larger effects were due to the fact that mice in the current study were
exposed to smoking at a younger age (2 months) when they actively produce and lay down
disc and bone matrix. If confirmed, smoking would be especially harmful for younger
human smokers when they are still growing, i.e., teenagers who begin to smoke potentially
have a much greater likelihood of having disc matrix alterations compared to those who
begin to smoke later in their adult life. In fact, a similar phenomenon has been described in
the lungs, where studies have shown that early smoking has a more detrimental effect on
lungs than late onset smoking 4. The significance of these on youth health is evident in that
about 90% of smokers started smoking by the age of 18 and currently more than 600,000
middle school students and 3 million high school students smoke cigarettes 42,

Summary statement

The findings in the present study suggest that smoking, which contains many strong
oxidants, inflammatory compounds, and genotoxins induces degenerative changes in the
spine only in part through the mechanism of cellular DNA damage. Moreover, exposure to
tobacco smoking before skeletal maturity has a very strong detrimental effect on disc matrix
homeostasis. With the staggering number of smokers in the world, these findings will be
important in contributing to our knowledge of how spine degeneration occurs with smoking
and will help guide future research to further elucidate this process to prevent or delay the
onset of smoke-induced spine degeneration and related diseases.
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Fig 1. Cigarette smoke exposur e decr eased disc matrix proteoglycan

A, safranin O histological staining of disc for matrix proteoglycan in smoke-exposed mice
and unexposed controls. Decreased safranin O staining of PG (red stain) in the NP was
observed in smoke-exposed mice compared to unexposed mice. B, DMMB assay for total
GAG content in NP tissue of smoke-exposed mice and untreated controls. NS, nonsmokers.
S, smokers. * p<0.05. Average values from three mice each measured in duplicate are
shown with one standard deviation.
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Fig. 3. Effects of cigarette smoke exposur e on disc aggr ecan proteolysis

(A) A schematic representation of mouse PG aggregate consisting of the core aggrecan
protein bound to hyaluronan via a linker protein. The MMP-mediated cleavage site (yielding
VDIPEN neo-epitope) and ADAMTS-mediated cleavage site (yielding NVTEGE neo-
epitope) within the IGD residing between the G1 and G2 domain of aggrecan are indicated.
(B) A representative immunoblot of G1 fragments bearing the NVTEGE and VDIPEN neo-
epitopes. Protein size marker (M),unexposed controls (U), smoke-exposed (S). To control
for loading, proteins extracted from 1 mg of disc tissue wet weight were loaded per well.
The anti-NITEGE neoepitope antibody crossreacts with the NVTEGE neoepitope generated

from mouse aggrecan.
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Fig 4. Smoking exposur e effects on vertebral bone

A, Representative 3D reconstruction of the micro-computed tomographical images of the
spine. B, Smoking-induced changes in vertebral bone porosity and trabecular bone volume.
Quantitative bone parameters (TV, BV). Average values from three mice each measured in
duplicates are shown with one standard deviation. * p<0.05.
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