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ABSTRACT

Cigarette consumption increases oxidative stress in
many organs. Increased oxidative stress harms bone
cells, which negatively affects bone-matter and -sta-
bility. This leads to an increased fracture risk and
delayed fracture healing in smokers. A supporting
therapy with antioxidants could be of great benefit
for surgeons dealing with delayed fracture healing
due to increased oxidative stress. In this article we
complement and compare our published data with
hitherto unpublished data and show the protective
effect of 15 different antioxidants on cigarette smoke
induced damage in primary human osteoblasts. Ex-
posure to cigarette smoke medium (CSM) rapidly in-
duces formation of ROS in osteoblasts in a concentra-
tion- and time-dependent manner. Massive cell dam-
age is seen already after 4 h (ECsy = 0.75 OD3y). Pre-,
co- and post-incubation with the different antioxi-
dants reduces the formation of ROS and consequently
improves the viability of the CSM exposed osteoblasts.
Small compounds, e.g. N-acetylcysteine, proved highly
effective if pre- or co-incubated before exposure to
the CSM. Thus, they are good candidates for acute
therapy support as they can be administered in high
doses. However, our data suggest that a balanced
daily diet could lead to an accumulation of various
natural antioxidants (flavonoids) that effectively pro-
tect osteoblasts from oxidative stress-induced damage
in all three settings investigated. Together with their
partly phytoestrogenic properties this may even abate
alterations in bone and thus reduce fracture risk on
the long run.

Keywords: Cigarette Smoke; Osteoblasts; Oxidative

“Contributed equally.

OPEN ACCESS

Stress; N-Acetylcysteine; Flavonoids

1. INTRODUCTION

Bone is one of the most metabolically active tissues of
the body which undergoes a constant and complex proc-
ess of remodeling [1]. In this cycle osteoblasts play an
essential role. Their main task is to produce new bone
matrix and, as osteocytes, to support the bone structure
itself. Impairment of osteoblasts thus can lead to several
dysfunctions, e.g. osteopenia, osteoporosis, impaired frac-
ture healing or an increased rate of pseudarthrosis.

Tobacco smoking contributes to the pathogenesis of a
variety of diseases, e.g. cancer, cardiovascular and pul-
monary diseases [2]. Recently, more and more studies
have described the negative effects of tobacco smoking
on bone, e.g. increased fracture risk, delayed fracture
healing, reduced bone density, alterations in bone mineral
content and osteoporosis [3-9]. The underlying mecha-
nisms, however, are diverse. Over 150 of the more than
6000 molecular species in cigarette smoke are proven
toxins. These toxins not only initiate and aggravate tissue
injury, but also impair reparative processes via the initia-
tion of inflammatory responses [10,11]. Hence tissue
destruction develops either through direct toxic effects
(e.g. DNA damage), altered gene regulation or indirectly
through increased oxidative stress [12-16]. Thus, a sup-
porting therapy with antioxidants could be of great bene-
fit for surgeons, revolutionizing initial fracture treatment
in patients with increased oxidative stress.

Reactive oxygen species (ROS) are widely believed to
cause or aggravate several human pathologies, e.g. neu-
rodegenerative diseases, cancer or stroke. Also bone me-
tabolism is strongly affected by oxidative stress. Particu-
larly, the cigarette smoke induced formation and accu-
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mulation of ROS has been shown to damage osteoblasts
in vitro [17-19]. This may hinder fracture healing, re-
ducing the patients’ quality of life by prolonged hospital
stays and reduced mobility, overall leading to higher
expenditures in health care. Antioxidants are emerging as

novel therapeutic drugs for free radical mediated diseases.

Antioxidants are assumed to counteract the harmful ef-
fects of ROS and therefore prevent or treat oxidative
stress-related diseases.

In addition to a number of potentially bioactive com-
ponents such as fiber, folate and potassium, fruits, vege-
tables, herbs and spices are important sources of dietary
antioxidants (often flavonoids) [20]. There is increasing
evidence that a high dietary intake of flavonoids from
fruits and vegetables as well as from tea and red wine
may reduce coronary heart disease mortality [21]. The
individual intake of flavonoids, however, varies consid-
erably depending on the type of diet consumed. Thus,
there is currently an extensive range of flavonoid sup-
plements available on the market [22]. Suppliers of such
supplements recommend daily flavonoid intakes in
amounts that are many times higher than those doses
which can normally be achieved from a flavonoid-rich
diet [23]. For instance, the flavonol quercetin has been
marketed as a dietary supplement with recommended
daily doses of up to 1 g and more [24], whereas the daily
quercetin intake from foods has been estimated to be 10 -
100 mg [25].

On the contrary, aspirin or N-acetylcystein are drugs
which have a great ability to scavenge reactive oxygen
species. These small chemical substances have the great
advantage that they can be taken up in high doses and
that they are approved for clinical use.

With this regard we wanted to compare (hitherto un-
published data in comparison to already published data)
the effect of 15 commonly used antioxidants on cigarette
smoke medium (CSM)-damaged primary human os-
teoblasts. The antioxidants (partly flavonoids) investi-
gated are naturally occurring substances in fruits and
vegetables, e.g. garlic [18] (garlic oil blend (GOB), dial-
lyl-disulfide (DADS) and diallyl-sulfide (DAS)), grapes
(quercetin [17] and resveratrol) or citrus fruits (hes-
peridine, naringenin, naringin and vitamin c), spices (ani-
sole, cinnamic acid and vanillic acid), cacao and tea
(catechin [19]) as well as the clinically used acetylsali-
cylic acid (ASA) and N-acetylcysteine (NAC). We here
compare the effect of the antioxidants on ROS formation
and viability of CSM treated primary human osteoblasts
in a pre-, co- and post-stimulation setting as previously
described [17-19].

2. MATERIALS AND METHODS

Cell Culture Medium and supplements were obtained
from PAA Laboratories (Colbe, Germany); Primary- and
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secondary antibodies were purchased from Santa Cruz
Biotechnology (Heidelberg, Germany); Chemicals if not
stated differently from Sigma (Munich, Germany).

2.1. Isolation and Culture of Primary Human
Osteoblasts

Osteoblasts were isolated from femur heads of patients
undergoing total hip replacement, in accordance to the
ethical vote of the “Klinikum rechts der Isar” (MRI,
Technische Universitdt Miinchen, Germany) and the BG
Trauma Center Tiibingen (Eberhard Karls Universitét
Tiibingen, Germany) and the patients’ written consent.
Briefly, cancellous bone was removed mechanically
from the femur head and washed 3 - 5 times with Dul-
becco’s Phosphate Buffered Saline (DPBS). Afterwards
bone pieces were incubated with an equal volume of di-
gestion buffer (DPBS, 0.07% collagenase [I—Biochrom
AG, Berlin, Germany) for 1 h at 37°C. After digestion,
bone pieces were washed with culture medium (MEM/-
Ham’s F12, 10% FCS, 100 U/ml penicillin, 100 pg/ml
streptomycin, 50 pM L-ascorbate-2-phosphate, 50 uM S~
glycerol-phosphate) and wash fraction was transferred to
cell culture flasks to allow adherence of cells. For expan-
sion of cells the medium was changed every 4 - 5 days.
In passage 3 cells were plated for the experiments (20,000
cells/cm?®) [26].

2.2. Generation of CSM

CSM was prepared, from commercially available ciga-
rettes (Marlboro, Philip Morris, Munich, Germany), as
suggested by the International Organisation for Stan-
dardisation (ISO 10362-2) and the Federal Trade Com-
mission [27]. Briefly, the filter-free cigarettes were placed
in a standard gas washing bottle (Lenz Laborglas GmbH
& Co.KG, Wertheim, Germany) which was subjected to
negative pressure by using a peristaltic pump. In total 3
cigarettes were bubbled through 25 ml of DMEM over a
time-frame of 15 minutes at a rate of 1 puff (2 sec) per
min (Figure 1(a)). The freshly prepared CSM was sup-
plemented with 10% FCS, 100 U/ml penicillin and 100
pg/ml streptomycin and filtered (0.22 pm-filter, Sarstedt,
Niirnberg, Germany) before use. The concentration of
CSM was determined and normalized by its optical den-
sity at 320 nm (ODsy) in a plate reader (BMG Labtech
GmbH, Offenburg, Germany) as described [17-19].

2.3. Determination of ROS (DCFH-DA Assay)

Cells were incubated with 10 uM 2°,7°-dichlorofluo-
rescein-diacetate (DCFH-DA) in serum free culture me-
dium for 30 min at 37°C. After washing cells 3 times
with DPBS cells were stimulated with the smoke extract
according to the experimental setup. After 15 min the
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Figure 1. Experimental setup. (a) Schematic overview on the generation of cigarette smoke medium (CSM) with a standard gas
washing bottle; (b) ROS measurement (DCFH-DA assay) in primary human osteoblasts (N = 3; n = 4) after 15 min treatment with

different concentrations of CSM (OD320 = 0 (co), 0.3, 0.5, 0.6,
of primary human osteoblasts (N = 3, n = 6) after 4 h treatment

0.7, 0.8, 0.9 and 1); (c) Viability measurement (resazurin conversion)
with different concentrations of CSM (OD320 = 0 (co), 0.3, 0.5, 0.6,

0.7, 0.8, 0.9 and 1); (d) Schematic overview on the experimental setup. “p < 0.05, p < 0.001 as compared to untreated cells.

fluorescence (ex/em = 485/520 nm) was measured [17-
19].

2.4. Resazurin Conversion

Resazurin conversion was used to determine cells’ vi-
ability. Briefly, 1/10 volume of a 0.025% (w/v) resazurin
solution (in DPBS) was added to the cells. After 1 h in-
cubation at 37°C fluorescence was measured (ex/em =
544/590 nm) and corrected to background control (no
cells). Viability is given as % of untreated control [17,18].

2.5. Statistics

Results are expressed as mean + SEM of at least 3 inde-
pendent experiments (N > 3) measured as triplicates or
more (n > 3). Data sets were compared by one-way
analysis of variance followed by Bonferroni’s multiple

Copyright © 2012 SciRes.

comparison test (GraphPad Prism Software, El Camino
Real, USA). p < 0.05 was taken as minimum level of
significance.

3. RESULTS
3.1. Definition of the Experimental Setup

To determine formation of ROS primary human osteoblasts
(N = 3, n = 4) loaded with DCFH-DA were exposed to
different concentrations of CSM. After 15 min ROS
formation was measured by an increase in fluorescence
intensity. A significant increase in ROS formation was
observed starting at an OD;y of 0.5 (p < 0.01). For better
comparison to the viability assay cells were stimulated
with CSM with an ODj;, of 0.8 for all further experi-
ments (Figure 1(b)).

As described before, primary human osteoblasts were
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stimulated with concentrated smoke extract for 0, 1.5, 3,
6, 12 and 24 h (N = 3, n = 6). After 3 h viability was sig-
nificantly reduced in the presence of CSM (72.5% +
5.8% fractional survival; p < 0.05). 100% toxicity was
seen after 12 h exposure to CSM [19]. To establish a
standardized experimental protocol we determined the
ECs after 4 h treatment with CSM (N = 3, n = 6, Figure
1(c)). The concentration range of CSM, determined pho-
tometrically by its optical density at 320 nm (ODs,), was
between 0.3 and 1. After 4 h the ECs, was reached by a
CSM with an ODsy, of 0.75 + 0.03 [17-19]. Thus, we
defined the experimental setup to be 1) 4 h pre-incuba-
tion with sub-toxic concentrations of the target sub-
stances followed by 4 h incubation with CSM (OD;yy =
0.8); 2) 4 h co-incubation with sub-toxic concentrations
of the target substances with CSM (OD3,, = 0.8) and 3) 4
h incubation with CSM (ODs,y = 0.8) followed by 4 h
post-incubation with the same concentrations of the tar-
get substances (Figure 1(d)).

3.2. Definition of the Assay Concentrations of the
Investigated Antioxidants

In order to determine assay concentrations of the dif-
ferent antioxidants that are not toxic for the osteoblasts
we determined the ECs, for each substance after 24 h
treatment (N = 3, n = 4). The resulting assay concentra-
tions were defined to be the highest concentration of the
substance that didn’t show toxicity. The individual ECs
values, resulting assay concentrations, natural source and
chemical structures of the antioxidants are summarized
in Table 1. Noteworthy, the clinically used NAC is
highly compatible with osteoblasts, represented by a high
ECso value of 69.77 mM. The osteoblasts reacted more
sensitive towards the fruit flavonoids hesperidin, quercetin
and resveratrol, where the individual ECs, values were
between 200 uM and 300 pM.

3.3. Pre-Incubation with NAC, ASA and Garlic
Components Most Effectively Protect
Osteoblasts from CSM-Induced Damage

By pre-incubation with the different antioxidants we
wanted to identify their potential as prophylactic agent
for CSM-induced damage in osteoblasts, e.g. for sup-
porting a functional bone metabolism. Primary human
osteoblasts (N = 3, n = 4) were pre-treated with the dif-
ferent antioxidants for 4 h, then stimulation with CSM
for another 4 h before measuring viability. In the here
used assay concentrations NAC, ASA and the garlic
components DADS and DAS [18] most effectively pro-
tected the primary human osteoblasts from CSM-induced
damage. NAC, ASA, DADS and DAS reached viabilites
comparable to untreated cells. These substances are di-
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rectly followed by catechin [19], the group of grape [17]
and citrus fruit components (catechin, hesperidin, vita-
min C, quercetin, resveratrol, naringin and naringenin).
These substances reach viabilities between 70% and 90%
of untreated cells. The least effect in the pre-incubation
setting showed the group of antioxidants from spices,
vannilic acid, cinnamic acid and anisole. Where the vi-
ability was only between 60% and 70% of untreated cells
(Figure 2(a)).

Pre-treatment with the different substances led to a
reduction (40% to 80%) of ROS formation in primary
human osteoblasts treated with CSM (N = 3, n = 4). The
order in which the substances reduced ROS formation
most effectively resembled the viability data of the pre-
incubation setting. NAC, ASA and the garlic components
most effectively prevented ROS formation in CSM-
treated osteoblasts (~80%). The spice flavonoids anisole,
cinnamic acid and vannilic acid showed least effect on
ROS formation (~40% reduction) when pre-incubated
before stimulation with CSM (Figure 2(b)).

3.4. Co-Incubation with NAC, Fruit and Tea
Antioxidants Most Effectively Protect
Osteoblasts from CSM-Induced Damage

With the co-incubation of the different antioxidants and
CSM we wanted to identify their potential as acute thera-
peutic, e.g. to support fracture healing. Primary human
osteoblasts (N = 3, n = 4) were co-stimulated with the
different antioxidants and CSM for 4 h before measuring
viability. Again NAC proved to most effectively protect
the primary human osteoblasts from CSM-induced dam-
age. Reaching viability levels comparable to untreated
cells. In the co-incubation setting however, quercetin
[17], catechin [19] as well as the citrus fruit components
hesperidin, naringenin, naringin and vitamin C, more
effectively protected the osteoblasts from CSM-induced
damage (80% to 100% viabitlity) than the garlic compo-
nents DADS and DAS (~80% viability) [18]. The spice
flavonoids vannilic acid, cinnamic acid and anisole re-
ceived comparable results (70% to 80% viability) to the
garlic components DAS and DADS. Interestingly, ASA
and Resveratrol, vith about 60% to 70% viability, showed
the least effect in the co-incubation setting (Figure 3(a)).

Comparable to the pre-treatment with the different
substances the co-incubation also reduced the formation
of ROS in CSM-treated primary human osteoblasts (N =
3, n = 4). The order in which the substances reduced
ROS formation most effectively resembled the viability
data of the co-incubation setting. NAC and quercetin
most effectively reduced ROS formation (~85%). The
Resveratrol and ASA showed least effect on ROS forma-
tion (~20% reduction) when co-incubated with CSM
(Figure 3(b)).
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Table 1. Summary on the investigated antioxidants.

Antioxidant ECs Assay Conc. Food Source Chemical Structure
Ol
Acetylsalicylic acid
9.17 mM 1 mM Many plants (plant hormone 0. ;0
CHy
OCH,
Anisol 4.51 mM 1 mM Anise seeds

OH
JT oH
Catechin 1.44 mM 200 pM Green/black tea, cacao, fruits and vegetables HO'L/ o
s oH
OH
o]

Cinnamic acid 12.1 mM 100 uM Cinnamon and some plants @’\)'\QH

Diallyl-disulfide (DADS) ~ 467.5 uM 100 pM Garlic ML ~g-Snpp,
Diallyl-sulfide (DAS) 2.5mM 500 uM Garlic HZC‘/'\'/S\/\\'CHa
Garlic oil blend (GOB) 350 uM 100 uM Garlic -

CcH O
owS) I
Hesperidin 268 uM 100 uM Citrus fruits (sweet oranges, tangerines) @ oo o’m
OHOH o
OH o
o

N-acetylcysteine (NAC) 69.8 mM 25 mM Precursor of glutathione in human metabolism s HN \n/cHHG
0
OH O
Naringenin 448 uM 200 uM Citrus fruits (grapefruit), tomato skin Ho O o
I OH
HD\:‘{'"C’ o
- o : H nd
Naringin 7.2 mM 200 uM Citrus fruits (grapefruit) OH
c

g OH
OH O
i 1 i i o
Quercetin 280 LM 100 uM Fruits (grape), vegetab es (onion, broccoli), tea, O I oH
wine HO Q O
OH

oy

OH
Resveratrol 296 uM 100 uM Fruits (grape), berries (blueberries, rasberries) O
CH
(o]
s . . . . . . OH
Vanillic acid 5.6 mM 1 mM Vanilla, acai fruit, argan oil, wine, vinegar
HO
OCHy
H OH
- . . HJ/—
Vitamin C 2.7 mM 1 mM Citrus fruits
o’ O
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Figure 2. Pre-incubation with antioxidants reduced ROS formation and increases viability in CSM treated primary human osteoblasts.
Primary human osteoblasts (N = 3, n = 4) were pre-treated with 15 different antioxidants at defined concentrations (see Table 1) for
4 h before stimulation with CSM (ODs3,y = 0.8). (a) After 4 h exposure to CSM viability was determined by resazurin conversion; (b)
After 15 min ROS formation was measured using the DCFH-DA assay. All substances investigated reduced ROS formation and
consequently improved viability of CSM-treated osteoblasts. Overall, the more the ROS formation was reduced the better the
viability of the CSM-treated osteoblasts. p < 0.05, “p < 0.01, "p < 0.001 as compared to cells not pre-treated with antioxidants.
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Figure 3. Co-incubation with antioxidants reduced ROS formation and increases viability in CSM treated primary human osteoblasts.
Primary human osteoblasts (N = 3, n = 4) were co-incubated with 15 different antioxidants at defined concentrations (see Table 1)
and CSM (OD320 = 0.8). (a) After 4 h viability was determined by resazurin conversion; (b) After 15 min ROS formation was
measured using the DCFH-DA assay. All substances investigated reduced ROS formation and consequently improved viability of
CSM-treated osteoblasts. Again there is a relation between ROS reduction and viability observable. “p < 0.01, “'p < 0.001 as
compared to cells not treated with antioxidants.
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3.5. Grape and Tea Flavonoids Most Effectively
Protect Osteoblasts from CSM-Induced
Damage in a Post-Incubation Setting

By post-incubation with the different antioxidants we

wanted to identify their potential as therapeutic agent, e.g.

to support fracture healing or treat osteoporosis. Primary
human osteoblasts (N = 3, n = 4) were stimulated with
CSM for 4 h, then treated with the different antioxidants
for 4 h before measuring viability. Due to the elongated
culture time after CSM-treatment in the post-incubation
setting the viability was further reduced to an average of
28.6% without antioxidant treatment as compared to the
pre- or co-incubation setting in which the viability was
49.1% without antioxidant treatment. In the post-incu-
bation setting all substances investigated significantly
improved viability of CSM-treated primary human os-
teoblasts. The grape flavonoids quercetin [17] and res-
veratrol as well as catechin [19] most effectively rescued
osteoblasts’ viability from CSM-treatment, reaching a
viability of approximately 80% of untreated cells. Di-
rectly followed by the spice flavonoids (~70% viability),
NAC, garlic [18] and citrus fruit components, which
showed all a comparable protective effect in the post-
incubation setting. Post-incubation with these substances
result in approximately 60% viability compared to un-
treated cells. Again ASA had the least protective effect
as observed in the co-incubation setting with about 50%
of viability (Figure 4).

3.6. Additive Effect of Citrus Fruit Antioxidants
in Protecting Osteoblasts from CSM-Damage

As a diet rich in fruits and vegetables will provide a great
variety of antioxidants we investigated the combined
effect of vitamin C, naringenin, naringin and/or hes-
peridin on CSM-induced damage in primary human os-
teoblasts (N = 3, n = 4). In all three settings the com-
bined treatment with the antioxidants further increased
the protective effect. Especially the combination of vita-
min C and naringin and/or naringenin strongly improved
survival of CSM-treated osteoblasts in all three settings.
In the pre- and co-incubation setting a combination of all
4 antioxidants reached the best effect, with over 70%
viability. Interestingly, in the post-incubation setting the
combination of vitamin C, naringenin and naringin showed
best protection, with approximately 80% viability. Fur-
ther addition of hesperidin could not further improve the
outcome (Figure 5).

4. DISCUSSION

In the here presented work we complemented our already
published data with hitherto unpublished data, such that
we could compare the protective effect of 15 antioxi-

Copyright © 2012 SciRes.
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Figure 4. Post-incubation with antioxidants increases viability
in CSM treated primary human osteoblasts. Primary human
osteoblasts (N = 3, n = 4) were pre-treated CSM (OD320 = 0.8)
for 4 h before stimulation with 15 different antioxidants at
defined concentrations (see Table 1). After 4 h incubation with
the different antioxidants viability was determined by resazurin
conversion. All substances investigated improved viability of
CSM-treated osteoblasts. ~ p < 0.001 as compared to cells not
treated with antioxidants.

dants in CSM-treated primary human osteoblasts. Our
results clearly demonstrate that the toxic effect of CSM
on primary human osteoblasts is related to an increased
production of ROS. According to recent experimental
findings this plays a key role in clinical observations
such as delayed fracture healing, increased rate of os-
teoporosis, osteopenia or reduced bone mass [3-6,8,28,
29]. In our experiments all the investigated antioxidants
were able to protect primary human osteoblasts from
CSM-induced damage. Thus a therapy based on antioxi-
dants can support fracture healing by increasing survival
of osteoblasts under oxidative stress. Following clinical
approval this might revolutionize the initial treatment of
fractures in smokers. Latest data clearly support this re-
sult, showing that cellular stress defense is positively
modulated by antioxidant-rich food in human cigarette
smokers [30]. The effectiveness in our experiments, how-
ever, was strongly dependent on the experimental setting.
Overall the protective effect of the investigated sub-
stances inversely correlated with their ability to reduce
formation of ROS.

While the small chemical molecule NAC was most
effective in the pre- and co-incubation setting, fruit and
vegetable flavonoids proofed to be more effective in the
post-incubation setting. This might be due to the fact,
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Figure 5. Combination of citrus fruit flavonoids further improves survival of CSM treated primary human osteoblasts in the pre-, co-
and post-incubation setting. Primary human osteoblasts (N = 3, n = 4) were treated with the citrus fruit ingredients vitamin C,
hesperidin, naringenin and naringin (concentrations see Table 1) at different combinations for 4 h (a) before; (b) with or (c) after
stimulation with CSM (OD320 = 0.8). A combination of the different substances strongly improved survival of the CSM-treates
osteoblasts in all three settings. ~p < 0.01, ""p < 0.001 as compared to cells not treated with antioxidants.

that NAC is precursor of glutathione with high direct
radical scavenging properties, which can be easily taken
up by the cells due to its small chemical structure. This is
supported by clinical report showing a beneficial effect
of NAC on organs, e.g. heart, liver, kidneys and pancreas,
after abdominal surgery, mainly mediated by a reduction
in ROS production [31-35]. Similar is observed with the
two main active ingredients of garlic oil, DAS and DADS.
They had a great potential to protect primary human os-
teoblasts from CSM-induced damage in the pre- and co-
incubation setting. Thus application of NAC, DAS or
DADS is more effective in prophylactic or acute therapy.
DAS and DADS have been shown to also increase the
anti-oxidative enzymes heme-oxygenase (HO)-1 and su-
peroxide-dismutase (SOD)-1 in primary human osteoblasts
[18], thus protecting the cells not only by direct radical
scavenging but also by up-regulating the cellular anti-
oxidative defense mechanisms [36]. This is supported by
the finding of Chae and co-workers that show that HO-1
is necessary to protect osteoblasts from tumor necrosis
factor (TNF)-alpha-induced apoptosis [37]. Although,
the work from Lin and colleagues suggests an inhibitory
effect of HO-1 on osteoblasts maturation and mineraliza-
tion [38], Bargallo and co-workers were able to show
improvement of osteogenic stem cell differentiation by
HO-1 [39]. Furthermore, garlic has been ascribed anti-
osteoporotic properties [40,41] mainly by its function as
phytoestrogen. This is in accordance with recent epidemi-
ological and experimental findings demonstrating positive
effects of garlic on bone, e.g. increased BMD in ova-
riectomized rats either by improved calcium uptake, es-
trogenic functions, inhibiting osteoclasts [40-43] or by
reducing oxidative stress [44]. So the garlic components
DAS and DADS are not only suitable for acute therapy
but also for long term prophylaxis. Similar is reported for
the antioxidants with flavonoid structure, e.g. quercetin
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[17], resveratrol or catechin [19]. These substances had
already good protective effects in our pre-incubation
setting, but especially in the co- and post-incubation set-
ting they almost completely recovered the osteoblasts
from CSM-induced oxidative stress. This might be due to
their potential to induce the cellular anti-oxidative defense
mechanisms, comparable to DAS and DADS [17,19].
The protective effect of quercetin is supported by the
findings of Wattel et al. showing inhibitory effects of
Quercetin on bone resorption by inhibiting osteoclast
activity [45]. Similarly, for catechin, there are several in
vivo studies reporting a positive effect on green tea con-
sumption on osteoporosis [46-50]. Interestingly, the
spice ingredients anisole, cinnamic acid and vanillic acid
had a better affectivity in the post-incubation setting
compared to the pre- or co-incubation setting. Due to
their relatively small chemical structure these substances
might be easily taken up by the cells. As they do not
have as many reactive groups as the other substances
investigated, they are limited in their use as direct radical
scavenger. Adversely, antioxidants from citrus fruit well
protected the osteoblasts from CSM in the pre- and
co-incubation setting. However, similar to NAC this ef-
fect was reduced in the post-incubation setting. Suggest-
ing, that these substances due to their structure are great
radical scavengers but not necessarily modulate cellular
anti-oxidative defense mechanisms. Noteworthy, a com-
binatory treatment of the citrus fruit flavonoids further
improved the protective effect on CSM-treated osteoblasts.
This is of special importance as a diet rich in fruits and
vegetables will provide a great variety of antioxidants
(partly flavonoids) that accumulate in the body. The fla-
vonoid antioxidants can than protect the cells by inducing
the cellular anti-oxidative defense mechanisms, e.g.
HO-1 and SOD-1 [37,39]. This is supported by the find-
ing that several vegetables and rutin, a quercetin glyco-
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side, effectively inhibit bone resorption in vivo in ova-
riectomized rats [51,52].

Besides these positive effects on CSM-treated os-
teoblasts one has to take into account that we used the
maximum dose of antioxidants that is non-toxic to the
cells. These concentrations might not be reached in pa-
tients by a simple diet rich in fruits and vegetables. Thus,
today the market for flavonoid supplements is booming
[22] with suppliers recommending daily flavonoid in-
takes in amounts that are many times higher than those
doses which can normally be achieved from a flavon-
oid-rich diet [23]. As an example, the recommended
daily uptake of Quercetin is up to 1 g and more [24], but
the regular quercetin intake from daily diet has been es-
timated to be below 100 mg [25].

In summary our data suggest that a balanced diet rich
in fruits, vegetables, spices and herbs in the long run can
protect the skeleton from bone mineral loss due to their
phytoestrogenic properties and, especially in smokers,
due to a decreased oxidative stress. The observed effect
is mainly due to a combination and accumulation of ac-
tive substances. However, this might not be sufficient for
clinical practice, protecting the already damaged bone
from further damage due to oxidative stress, as the die-
tary flavonoids often exert their activity by up-regulating
the cellular anti-oxidative defense mechanisms. For use
as acute therapeutic in clinical applications small mole-
cules, e.g. NAC, are superior to these natural flavonoids
as they are already established drugs which can be ad-
ministered directly in higher doses. In abdominal surgery
NAC is more and more used to protect the inner organs
from increased oxidative stress due to surgery [31-35].
Thus, we propose NAC as possible treatment agent to
reduce bone damage after orthopedic or trauma surgery
in order to support recovery of the patients. This during
rehab might be complemented and finally substituted
with a balanced diet of fruits, vegetables, herbs and
spices, rich in flavonoids and antioxidants.
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