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Anti-inflammatory Activity of -Carotene, Lycopene and
Tri-n-butylborane, a Scavenger of Reactive Oxygen Species
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Abstract. Background/Aim: The polyene carotenoids
[B-carotene and lycopene are antioxidants that not only quench
singlet oxygen but also inhibit lipid peroxidation. Tri-n-butyl
borane (TBB) is used as an initiator for dental resin materials
and is extremely reactive with oxygen and reactive oxygen
species (ROS). This reactionability of TBB may be analogous
to that of carotenoids with ROS. To clarify the biological
activity of such ROS scavengers, we investigated the anti-
inflammatory activity of B-carotene, lycopene and TBB in
terms of the expression of RNA for lipopolysaccharide (LPS)-
induced cyclooxygenase-2 (Cox2), nitric oxide synthase 2
(Nos2) and tumor necrosis factor-alpha (Tnfa), and mRNA
expression and up-regulation of heme oxygenase 1 (Hmoxl1)
mRNA in RAW264.7 cells. Materials and Methods: mRNA
expression was real-time reverse
transcriptase-polymerase reaction (PCR). The
antioxidant activity of carotenoids was evaluated using the
induction period method in the azobisisobutyronitrile or
benzoyl peroxide—methyl methacrylate system. Results: Hmox1
mRNA, but not Cox2 and Nos2 mRNA, was up-regulated by
100 uM fB-carotene and lycopene, and by 0.125% TBB. LPS-
stimulated Cox2, Nos2 and Tnfa gene expression was inhibited
by 50 uM f-carotene and lycopene, and by 0.5-1% TBB. Both
B-carotene and lycopene had weak antioxidant activity, but f3-
carotene showed pro-oxidant activity at higher concentrations.
Conclusion: The anti-inflammatory activity of B-carotene,
lycopene and TBB may be related to their ROS-scavenging
activity. Additionally, the activity of carotenoids and TBB may
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be attributed to the electrophilicity of ROS-induced carotenoid
intermediates and boranes, respectively. Their anti-
inflammatory activity may be attributable to enhancement of
the potency of the electrophile/antioxidant response element
transcription system in view of their up-regulation of HmoxI
mRNA expression.

It has been shown that -carotene (Figure 1) acts as an
modulator, singlet oxygen, and
scavenging free radicals at lower partial oxygen pressures

immune quenching
than the pressure of oxygen in normal air (1). This compound
can also be enzymatically cleaved by lipoxygenases, and thus
prevent radical-oxidation and photo-oxidation. Compounds
related to [-carotene provide photoprotection to
photosynthetic organisms, and to the eye and the skin, and
their intake may be linked to prevention of cancer, heart
diseases, and age-related macular degeneration (2).

Burton and Ingold reported the antioxidant activity of -
carotene: this polyene compound specifically exhibits good
radical-trapping antioxidant behavior only at partial pressures
of oxygen significantly less than 150 torr (3). Such low
oxygen partial pressures are found in most tissues under
physiological conditions. At higher oxygen pressures, [3-
carotene loses its antioxidant activity and has an
autocatalytic, pro-oxidant effect, particularly at relatively
high concentrations. Moreover, the authors have suggested
that the ability of (-carotene to react with or scavenge
reactive oxygen species (ROS) is analogous to that of
organobolones, such as tri-n-butyl borane {TBB:
[CH3(CH,);15B} (3). TBB is used as an initiator for dental
resin materials (4-6) and is extremely reactive with oxygen
(O-0, bi-radical) in air. Oxygen transforms TBB into
butoxydibutylborane (R,BOR, alkoxyalkylborane), a borinic
ester or borate, which in turn is oxidized in the presence of
air (7, 8). As TBB auto-oxidation requires oxygen, TBB acts
like an ROS scavenger.

Dietary carotenoids have been reported to have beneficial
in preventing types of cancer and
cardiovascular disease, as well as photosensitivity disorders
and eye-related disorders (9). However, a major

effects several
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Figure 1. The chemical structures of B-carotene and lycopene.

chemoprevention trial, the B-carotene and Retinol Efficacy
Trial (CARET) Study [Alpha-Tocopherol [3-carotene Cancer
(ATBC) Prevention group] previously found no health
benefit, since B-carotene acts as a promotor of pre-existing
latent lung cancer in smokers, possibly through the formation
of B-carotene metabolites that may be responsible for the
carcinogenic response in this context (10). The anti-
inflammatory and pro-inflammatory activities of carotinoids
remain to be clarified. Moreover, as far as we are aware, no
studies have investigated the anti-inflammatory activity of
organoboranes such as TBB.

Macrophages are important components of the mammalian
immune system, playing a key role in immediate defense
against foreign agents prior to leukocyte migration and
production of various pro-inflammatory mediators such as
cyclooxygenase-2 (COX2) and nitric oxide synthase 2
(NOS2) protein, the short-lived free radical nitric oxide
(NO), and cytokines such as tumor necrosis factor-alpha
(TNFA) (11). Lipopolysaccharide (LPS), a component of the
cell walls of gram-negative bacteria, acts as a powerful
activator of macrophages through the production of pro-
inflammatory cytokines (12). Therefore, inhibition of COX2,
NOS2 and TNFA protein or gene expression in LPS-
stimulated RAW264.7 cells may be one way to screen
various anti-inflammatory antioxidant drugs (13).

Macrophages are resistant to relatively high
concentrations of heme in comparison to endothelial cells,
and have constitutively high expression of heme
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oxygenase 1 (HMOX1) to protect against heme toxicity
(14, 15). As an antioxidant stress protein, HMOXI1 is
expressed in almost all cells and tissues, and is highly up-
regulated by heme or other stress stimuli to provide
protection against oxidative damage and apoptosis (16).
This is a protective and adaptive response inherent to most
tissues (14). The cytoprotective effects of HMOX1 have
been attributed to its enzymatic action in heme degradation
and also its catalytic byproducts such as carbon monoxide
and biliverdin (17). HMOX1 has anti-inflammatory,
antioxidant, and antiproliferative effects (18). Because of
its promising cytoprotective features, many researchers
have pursued the targeting of Hmox1 as an attractive
cellular pathway for drug discovery (19).

In the present study, we investigated whether (3-carotene,
lycopene, and TBB inhibit the expression of mRNAs for
Nos2, Cox2 and Tnfa in LPS-stimulated RAW?264.7 cells. We
also investigated the stimulating effects of these compounds
on Hmox]I mRNA expression in this cell line. Furthermore,
we evaluated the antioxidant activity of (-carotene and
lycopene according to the induction period (IP) and
propagation rate constant (Rp) values based on previous raw
data obtained by differential scanning calorimetry (DSC)
monitoring of the polymerization of methyl methacrylate
(MMA) initiated by thermal decomposition of
azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO)
under nearly anaerobic conditions (20). The inhibition rate
constant (k;,,) of B-carotene and lycopene is also discussed.
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Materials and Methods

Materials. B-Carotene and lycopene were obtained from Wako Pure
Chemical Industries (Osaka, Japan). TBB was obtained from Sun
Medical Co. Ltd. (Moriyama, Japan). The structures of f-carotene
and lycopene are shown in Figure 1.

Cell culture. The murine macrophage-like cell line RAW264.7,
obtained from Dainippon Sumitomo Pharma Biomedical Co. Ltd.
(Osaka, Japan), was used. The cells were cultured to a subconfluent
state in RPMI-1640 medium supplemented with 10% fetal bovine
serum at 37°C and 5% CO, in air, washed, and then incubated
overnight in serum-free RPMI-1640. They were then washed again
and treated with the test samples.

Preparation of total RNA and real-time polymerase chain reaction
(PCR). The preparation of total RNA and the procedure for real-
time PCR have been described previously (21). In brief, RAW264.7
cells in NUNC 96-flat-well-type microculture plates (105 cells per
well) were treated with the test samples as previously shown by us
(21). Total RNA was isolated using an RNeasy Plus Micro Kit
(Qiagen Japan Co. Ltd., Tokyo, Japan) in accordance with the
instruction manual. cDNA was synthesized from total RNA (2 pg)
of each sample by random priming using a High Capacity RNA-to-
cDNA Kit (Life Technologies Japan, Tokyo, Japan). Reaction
mixtures without the reverse transcriptase were used as a negative
control. An aliquot of each cDNA synthesis reaction mixture was
diluted and used for real-time PCR quantification. An equal-volume
aliquot of each cDNA was mixed, serially diluted, and used as a
standard. TagMan probes/primers for Cox2, Nos2, HmoxI and 18s
rRNA and the PCR enzyme mix for real-time PCR were purchased
from Life Technologies Japan. Real-time PCR quantification was
performed in triplicate using the GeneAmp Sequence Detection
System 5700 software (Life Technologies Japan) in accordance with
the instruction manual. The relative amount of target was calculated
from standard curves generated in each PCR, and quantitative data
with a coefficient of variance of less than 10% were used for further
analyses. Each calculated amount of mRNA was standardized by
reference to that for /8s rRNA. Data are expressed as means of
three independent experiments. Statistical analyses were performed
using Student’s #-test and one-way ANOVA.

Antioxidant activity. The experiments to determine the antioxidant
activity of carotenoids were previously performed using a DSC (20,
22). Briefly, about 10 ul (MMA: 9.12-9.96 g) of experimental resin
with 1.0 mol% AIBN or BPO and 0-0.5 mol% carotenoid was
loaded into an aluminum sample container and sealed by applying
pressure. The container was then placed in a DSC (model DSC
3100; Mac Science Co., Tokyo, Japan) kept at 70°C, and the thermal
changes induced by polymerization were recorded for the
appropriate periods. The heat due to the polymerization of MMA
was 13.0 kcal mol-1. The conversion of all samples (%) was
calculated from the DSC thermograms using the integrated heat
evoked by MMA polymerization.

Measurement of the stoichiometric factor (n) and k;,;,. The n value
can be calculated from the IP in the presence of inhibitors
(antioxidants) as:

n=R;[IP]/[TH] (eq.)

where IP is the induction period in the presence of a carotenoid
inhibitor (IH). The number of moles of BPO or AIBN radicals
trapped by the antioxidant was calculated with respect to 1 mole of
the inhibitor moiety. The initiation rate (R;) for AIBN and BPO at
70°C was 5.56x10-6 mol 1-1s-! and 2.28x10¢ mol 1-ls-1,
respectively, calculated on the basis of n=2.0 for 2,6-di-tert-butyl-
4-methoxyphenol (20, 22, 23).

The ki, is given by: kipy/k,=(IMMAJ/[IP] x [Rp]) (eq.2)

where k, is the propagation rate constant, and MMA, IP and the rate
of propagation (Rp) are defined above. A k;, value of 930 1 mol-!s-!
was used in this work (23).

Results

Cox2, Nos2, TNFalpha, and Hmoxl mRNA expression.
Firstly, we examined the expression of mRNAs for Cox2 and
Nos2 in RAW264.7 cells after treatment with -carotene or
lycopene within the concentration range 0.1-1000 uM. 3-
Carotene and lycopene did not elicit any expression of Cox2
and Nos2 mRNA, similar to the situation in the control (data
not shown). Similarly, TBB within the concentration range
0.06-1% had no influence on the expression of Cox2 and
Nos2 mRNA (data not shown).

Next, we investigated the effects of -carotene, lycopene
and TBB on expression of HmoxI mRNA. The results are
shown in Figs. 2 and 3, respectively. B-Carotene and
lycopene up-regulated the expression of HmoxI mRNA at
100 uM (Figure 2). TBB also up-regulated the expression of
HmoxI mRNA at 0.125% (Figure 3). Furthermore, we
investigated the effects of f-carotene, lycopene and TBB on
LPS-stimulated Cox2, Nos2 and Tnfa mRNA expression in
RAW264.7 cells. B-Carotene and lycopene suppressed Cox2
and Nos2 mRNA expression at 50 uM. p-Carotene also
suppressed Tnfa mRNA expression at 50 uM, whereas
lycopene had no effect at the same concentration (Figure 4).
Interestingly, P-carotene elicited overexpression of Cox2
mRNA at a low concentration of 0.1 uM but further studies
to confirm this will be necessary. TBB suppressed LPS-
stimulated Cox2 and Nos2 mRNA expression considerably
within a concentration range of 0.5-1% (Figure 5).

Antioxidant activity. We evaluated the antioxidant activity of
[-carotene and lycopene based on the previous DSC data
(20) in order to clarify their essential features or the
mechanism of interaction between dietary carotenoids and
the AIBN (cyano-isopropyl, R*) and BPO (benzencarboxy,
PhCOQ") radicals. The results are shown in Table I.

As there was a very small amount of air in the DSC
sample container, this was considered responsible for the
induction time in the controls, since oxygen in the DSC
sample container acts as an inhibitor. The kinetics of
carotenoid chemical oxidation suggested that carotenoids are

257



in vivo 32: 255-264 (2018)

10.0

o
=
T

*

=l
=
T

=
=
T

Relative expression

o
=

ol 1 ——

*

[ T

p-Carotene (pM) 0

1000 100
Lycopene (uM) 0 0 0

10 0 0 0
0 1000 100 10

Figure 2. Stimulation of heme oxygenase 1 (Hmoxl) gene expression by f-carotene and lycopene in RAW264.7 cells. The cells were incubated for
3.5 h with the indicated doses of -carotene or lycopene, and then their total RNAs were prepared. Each cDNA was synthesized, and the expression
level of Hmoxl mRNA was determined by real-time polymerase chain reaction and standardized against the expression of 18s rRNA. The results
are presented as means+standard error (SE) of three independent experiments, SE<15%. Significant differences between samples for B-carotene
and lycopene were observed for stimulation of Hmox1 gene expression. *Significantly different at p<0.01 vs. control group.

weak inhibitors of MMA polymerization. Within the
concentration range 5-10 mM, the IP value of -carotene for
both the AIBN and BPO systems increased gradually but was
markedly decreased at 20 mM. In contrast, that of lycopene
increased gradually but reproducibly up to 20 mM. The IP
value for [-carotene in the BPO system within a
concentration range of 5-10 mM was greater than that of
lycopene. The n value for (-carotene was about 0.1. In
contrast, the IP value for lycopene in the AIBN system was
greater than that for (3-carotene. The n value for -carotene
and lycopene was within the range 0.2-0.3. The antioxidant
activity of carotenoids was dependent on the radical species.
As [-carotene was sensitive to PhCOO * radicals, it was
thought to be more sensitive to ROS than lycopene. (-
Carotene also showed dual antioxidant and pro-oxidant
properties, whereas lycopene showed antioxidant activity
alone, as judged from the IP value. However, for both the
AIBN and BPO systems, [3-carotene and lycopene at 50 mM
suppressed the exothermic DSC peak completely. For the
BPO system, the Rp value for (-carotene at 20 mM was
about 40% lower than the corresponding value for lycopene,
indicating that BPO-mediated B-carotene suppressed more
effectively the increase of poly-MMA radicals than lycopene
at the same concentration. It was assumed from the small Rp
value that 3-carotene was a more effective suppressor of
unsaturated phospholipid peroxidation in biological systems.
The antioxidant activity of carotenoids should be evaluated
by the k;,, value. In the AIBN system, the k;;, values for 8-
carotene and lycopene were 1.6-5.5x107 and 1.0-1.3x107 1
mol s, respectively. In contrast, the corresponding values
in the BPO system were 4.2x107-4.7x10% 1 mol~'s™! and 2 4-
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Figure 3. Stimulation of heme oxygenase 1 (Hmox1) gene expression by
tri-n-butyl borane (TBB) in RAW264.7 cells. The cells were incubated
for 3.5 h with the indicated doses of TBB, and then their total RNAs
were prepared. Each cDNA was synthesized, and the expression level
of Hmoxl mRNA was determined by real-time polymerase chain
reaction and standardized against the expression of 18s rRNA. The
results are presented as means=standard error (SE) of three independent
experiments, SE<15%. Significant differences between samples for each
TBB were observed for stimulation of Hmoxl gene expression.
*Significantly different at p<0.01 vs. control group.

8.0x107 1 mol~'s™!, respectively. The k;,, value for B-
carotene was greater than that for lycopene. In the present
study, antioxidant kinetics were examined under nearly
anaerobic conditions, since carotenoids exhibit radical-
trapping antioxidant behavior only at a partial oxygen
pressure significantly lower than 150 torr (3). The present
result demonstrated that [3-carotene exerted pro-oxidant
activity at a high concentration of 20 mM in both the AIBN
and BPO systems.
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Figure 4. Inhibitory effects of [-carotene and lycopene on
lipopolysaccharide (LPS)-stimulated cyclooxygenase-2 (Cox2) (A),
nitric oxide synthase 2 (Nos2) (B) and tumor necrosis factor-alpha
(Tnfa) (C) gene expression in RAW264.7 cells. The cells were pretreated
for 30 min with the indicated doses of [3-carotene or lycopene. They
were then incubated for 3 h with or without LPS at 100 ng/ml, and their
total RNAs were prepared. Each ¢cDNA was synthesized, and the
expression level of Cox2, Nos2 and Tnfa mRNAs were determined by
real-time polymerase chain reaction and standardized against the
expression of 18s rRNA. The results are presented as means+standard
error (SE) of three independent experiments, SE<15%. Significant
differences between samples for [3-carotene and lycopene were observed
for inhibition of Cox2, Nos2 and Tnfa gene expression. *Significantly
different at p<0.01 vs. control group.

Discussion

Firstly, we discuss the antioxidant activity of carotenoids. -
Carotene scavenges various ROS, including singlet oxygen
('0,), the superoxide anion radical (*O,7), the hydroxy
radical ("OH), the peroxyl radical (RCOQO®) and nitric oxide
(NO) (24-26). The antioxidant activity of [3-carotene as well
as lycopene may be attributable to their high number of
conjugated dienes, which act as potent ROS quenchers. [3-
Carotene exhibits good radical-trapping behavior only at a
low partial pressure of oxygen (3) and behaves as an
interceptor of free radical species regardless of the oxygen
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Figure 5. [Inhibitory effects of tri-n-butyl borane (TBB) on
lipopolysaccharide (LPS)-stimulated cyclooxygenase-2 (Cox2) (A), nitric
oxide synthase 2 (Nos2) (B) gene expression in RAW264.7 cells. The
cells were pretreated for 30 min with the indicated doses of TBB. They
were then incubated for 3 h with or without LPS at 100 ng/ml, and their
total RNAs were prepared. Each ¢cDNA was synthesized, and the
expression level of Cox2 and Nos2 mRNAs were determined by real-time
polymerase chain reaction and standardized against the expression of
18s rRNA. The results are presented as means+standard error (SE) of
three independent experiments, SE<15%. Significant differences between
samples for each TBB were observed for inhibition of Cox2 and Nos2
gene expression. *Significantly different at p<0.01 vs. control group.

pressure in the environment (27). The present results indicate
that the k;,, value of carotenoids for PhCOO ° radicals,
4x107-5x10% 1/mol s, was markedly greater than that of
quercetin, i.e. approximately 1x10° 1/mol s (23). The
stoichiometric factor, n (i.e. the number of radicals trapped
by each inhibitor molecule), for carotenoids is 0.1-0.3,
whereas that for quercetin is 1.8 (23). The antioxidant activity
of carotenoids was thought to be much smaller than that of
the chain-breaking antioxidant quercetin, which has phenolic
OH groups. The radical-scavenging activity of carotenoids,
characterized by a small n value and a large k;,, value, may
be attributable to their high number of conjugated dienes
(Figure 1), which act as potent singlet oxygen quenchers and
ROS scavengers; radicals are trapped by the unsaturated
polyene chain of carotenoids (20). B-Carotene also yields
reaction products such as epoxide or endoperoxide when it
reacts with *O,~ and “OH (24, 28). Epoxides of lycopene have
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Table 1. Antioxidant activity of [3-carotene and lycopene determined
using the induction period method. The values were determined based
on the DSC data reported previously (20) using differential scanning
calorimetry (DSC) monitoring of the polymerization of methyl
methacrylate (MMA) (9.4 mol) initiated by thermal decomposition of
azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO) under nearly
anaerobic conditions at 70°C. The procedure is described in the text.
Conversion, 84.9-96.9%. The values are the means of two or three
independent experiments. Standard errors were <15%.

Carotenoid Con. 1P Max. Time at Rp
mM min DSC peak  max. peak  %/min
mcal/min min
AIBN system
[-Carotene 0 35 2054 434 14
5 6.7 46.1 579 1.1
10 8.4 19.7 84.7 0.7
20 6.7 94 170.0 03
50 - np - -
Lycopene 0 30 196.6 41.8 1.3
5 8.1 494 558 10
10 10.0 222 859 0.6
20 16.5 8.4 88.0 0.3
50 - np - -
BPO system
[-Carotene 0 8.3 199.8 61.8 0.8
5 10.2 131.1 74.9 0.7
10 11.5 101.2 91.3 0.5
20 8.6 432 202.4 0.2
50 - np - -
Lycopene 0 7.8 192.4 58.7 0.7
5 85 148.3 68.5 0.7
10 9.0 115.1 82.5 0.5
20 133 52.6 149.1 03
50 - np - -

IP: Induction period; Rp: propagation rate constant; np, no DSC peak
for 440 min.

been found after photochemical and chemical reactions with
ROS (29); the initiator radicals induce newly formed f-
carotene radical products, which in turn undergo further
transformation leading to a variety of secondary P-carotene
derivatives. These compounds may no longer act as
antioxidants, and in fact may become harmful products (9).
These findings could explain the intriguing pro-oxidant and
cytotoxic activity of 3-carotene (26). On the other hand, we
previously investigated the radical-scavenging activity of
carotenoids against the eugenol phenoxyl (PhO®) radical in
buffered solution at pH 9.5 (100 mM eugenol) using electron
spin resonance (ESR) spectroscopy. This revealed that f3-
carotene efficiently and dose-dependently scavenged the
radicals completely at 3 mM, new radical peaks then
becoming slightly but reproducibly evident at concentrations
over 10 mM. This suggested the formation of 3-carotene
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radicals via eugenol PhO® radical scavenging by 3-carotene
and subsequently the regeneration of eugenol. In contrast,
lycopene only slightly scavenges eugenol radicals; the
radical-scavenging activity of lycopene is much smaller than
that of B-carotene (30). Interestingly, the regeneration of [3-
carotene by eugenol from the 3-carotene radical cation, an
initial bleaching product of p-carotene, has been
demonstrated by laser flash photolysis and transient
absorption spectroscopy. Eugenol is a potential protector of
[-carotene for use in red palm oil (31).

The pro-oxidant action of carotenoids in biological
systems seems to form part of cellular reduction-oxidation
(redox) reactions in which they can act as either antioxidants
(electron donors) or pro-oxidants (electron acceptors),
depending on the physiological environment and general
oxidative state. The difference in antioxidant properties
between f-carotene and lycopene may be related to the
chemical structure of carotenoids (Figure 1). B-Carotene,
also known as pro-vitamin A, has nine conjugated double
bonds forming a polyene chain plus two double bonds of a
B-ring at both ends of the molecule, although this is not
coplanar with the polyene chain. In contrast, lycopene has
an extended chromophore with thirteen conjugated double
bonds without beta-rings. The difference in their structures
may affect their antioxidant activity and adduct formation
with ROS. Adducts are formed by reaction of -carotene
with alkoxy and alkylperoxy free radicals through
thermolysis of azo-initiators that are utilized in industrial
processes such as benzene polymer synthesis (32). The
products of the reaction between B-carotene and ROS, such
as epoxides and endoperoxides, may be produced more
preferentially than is the case for lycopene (24). Our data for
the pro-oxidant activity of 20 mM [-carotene with both the
AIBN and BPO radicals were strongly suggestive of the
molecular difference between [3-carotene and lycopene.

Next, we discuss the anti-inflammatory activity of
carotenoids and TBB in terms of Cox2, Nos2, Tnfa and
Hmox1 gene expression. ROS have many interactions with
the nuclear factor kB (Nf-kB) signaling pathway. The
transcription of Nf-xB-dependent genes influences the
cellular level of ROS, which in turn regulates the level of
Nf-xB activity. ROS can both activate and inhibit Nf-xB
signaling (33). Nf-xB is a transcription factor implicated in
both inflammation and immune activation. It is well known
that signal transduction in the Nf-kB transcription factor
pathway is inhibited by NOS2 activity. Stimuli that enhance
NOS2 and NO formation also may induce COX2 expression.

A high level of ROS induced by treatment with LPS
modulates a number of cell signaling pathways, thus
regulating the expression of multiple genes such as those for
COX2 and NOS2 in vitro and in vivo (34). In general,
inflammatory activity is accompanied by inducible nitric
oxide synthase (iNOS), leading to production of nitric oxide,
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which enhances the catalytic activity of COX2 via formation
of the peroxinitrite anion (35). COX2 is a downstream target
of NOS2. The present study showed that the concentration
of carotenoids required for 50% inhibition of LPS-induced
Cox2 and Nos2 mRNA expression in RAW264.7 cells was
approximately 25 pM. B-Carotene appeared to exert stronger
anti-inflammatory activity than lycopene. Lycopene inhibits
the LPS-induced pro-inflammatory mediator-inducible nitric
oxide system in mouse macrophage cells (36). Carotenoids
such as astaxanthin inhibit the protein levels of iNOS and
COX2 in LPS-stimulated microglial cells (37). Studies of the
inhibitory effects of major dietary antioxidants such as {3-
carotene and quercetin on LPS-induced Cox2 and iNOS
expression in RAW?264.7 macrophages have also indicated
that quercetin exerts the most potent activity at 5 uM (38).
Our previous study demonstrated that the 50% inhibitory
concentration of quercetin for induction of LPS-induced
Cox2 gene expression was 10 pM (39). This result, together
with that obtained in the present study, suggests that
quercetin possesses much more potent anti-inflammatory
activity than -carotene, possibly as a result of the former’s
higher antioxidant activity. As shown in Figure 4, 0.1 pM (-
carotene slightly enhanced the LPS-induced overexpression
of Cox2 in RAW?264.7 cells. This may have been due to its
pro-oxidant activity elicited by ROS-mediated (-carotene
intermediates. In contrast, lycopene at 0.1 pM had no such
effect. ROS generated by RAW264.7 cells in response to
LPS treatment may attack the conjugated double bonds in f3-
carotene at relatively low concentrations, thus leading to the
formation of B-carotene radicals, i.e. unsaturated polyene
chain-trapped radicals and their intermediates. Intermediates
formed by [-carotene oxidation might exert strong,
potentially harmful, oxidizing effects. Other processes might
also be triggered, such as formation of adducts between [3-
carotene and NO°®, RSO," and various ROO® radicals. In
another context, carotenoids are polyenes that lack an
electrophilic moiety. However, when carotenoids are
oxidized and their intermediates are consequently formed,
they may acquire electrophilicity. Carotenoid intermediates
may have the capacity to up-regulate the nuclear factor
erythroid 2-related factor 2 (NRF2)/antioxidant response
element (ARE) pathway (40). Lycopene upregulates NRF2,
resulting in a two-fold increase of nicotinamide adenine
dinucleotide phospho (NAD(P)H) quinone oxidoreductase 1
(NQOI) mRNA and a nearly 2.5-fold increase in germ cell-
less (GCL) mRNA, corresponding to a two-fold increase in
NQOI1 protein and a 1.5-fold increase in GCL (40, 41).

Our results have demonstrated that [-carotene and
lycopene up-regulate the expression of the HmoxI gene,
even though the -carotene and lycopene molecules lack any
electrophilic groups (Figure 1). Therefore, the potent Hmox1
gene expression elicited by these polyene compounds may
be attributable to the formation of electrophilic intermediates

of carotenoid oxidation. Such intermediates may enhance the
potency of the electrophile (EpRE)/ARE transcription
system, and induce phase II enzymes and NRF2-targeting
enzymes (superoxide dismutase, catalase, glutathione
peroxidase, HMOXT1) (40). In general, the antioxidant
behavior of carotenoids can protect against the peroxidation
of phospholipids as well as proteins or nucleic acids (mRNA,
tRNA and DNA), but in some cases at relatively high
concentrations and relatively high partial oxygen pressures,
oxidation of carotenoids has an autocatalytic, pro-oxidant
effect (3). Accordingly, some of their unwanted effects in
vivo might be caused by free radical-mediated carotenoid
intermediates with pro-oxidant properties, which may attack
lipids, proteins or nucleic acids (mRNA, tRNA, DNA) in the
vicinity due to the lipophilicity of this compound. In the
present study, B-carotene and lycopene exerted potent anti-
inflammatory activity by suppressing Cox2, Nos2, and Tnfa
gene expression and also by up-regulating the gene
expression of HmoxI. Appropriate intake of carotenoids may
offer some protection against cancer, heart disease, and age-
related macular degeneration (42, 43). Lycopene and (-
carotene induce cell-cycle arrest and apoptosis in human
breast cancer (43).

In the present study, LPS-induced expression of Cox2 and
Nos2 mRNA was inhibited by TBB, and TBB stimulation also
up-regulated Hmox! mRNA expression. TBB exerts anti-
inflammatory activity and is extremely reactive with the oxygen
0-0 biradical and ROO * radical. TBB possesses borane—carbon
bonds that are polarized toward carbon, thus rendering the
carbon attached to borane nucleophilic (44). However, TBB is
electrophilic because boranes alone are generally not
sufficiently nucleophilic to transfer an alkyl group to an
electrophilic center. However, after nucleophilic attack by
oxygen, the resulting borate is highly nucleophilic (45).

The anti-inflammatory activity of TBB in LPS-treated
RAW264.7 cells may be attributable to scavenging of highly
cytotoxic ROS derived from them. Additionally, electrophilic
TBB may have the capacity to upregulate the NRF2/ARE
pathway (40) and, consequently, HmoxI mRNA expression.
In the present study, partially oxidized TBB, TBB-O (a
mixture of TBB and TBB-O at a 1:4 weight-ratio), was used
because pure TBB ignites spontaneously in air (Sun Medical
Co. Ltd., Material Safety Datasheet) (46). The 50%
cytotoxicity concentration (LCs,) of TBB-O was 0.84 wt%
for RAW264.7 cells in the present study, while that for human
pulp fibroblasts is approximately 0.5 wt% (6). TBB showed
anti-inflammatory activity at concentrations below the LCsy,.
The oral LDs, toxicity of TBB (borane) in rats and that of
TBB-O (borate) in mice are 1,125 mg/kg and 2,150 mg/kg,
respectively (46). The toxicity of borates is half that of
borane; the acute toxicity of TBB (Callery Chemical Co., PA,
USA) in terms of the intravenous LD5, in male Donryu rats
is 104 pl/kg (approx.77 mg/kg), whereas the corresponding
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oral LDsq is 1,125 ul/kg (approx. 833 mg/kg) (47). In the
early stages of the polymerization reaction, initiation involves
the direct reaction between TBB (borane) and oxygen, but as
the reaction proceeds, the unimolecular decomposition of
alkylperoxyborane, or its bimolecular reaction with
alkylborane, becomes more important in MMA
polymerization. Such decomposed TBB radicals attack the
beta-carbon of (meth)acrylate monomers (o, B-unsaturated
carbonyl compounds) as Michael-reaction acceptors, and
polymerization of vinyl monomers is initiated. On the other
hand, organoborane derivatives such as amine-
carboxyboranes have been reported previously to be effective
anti-inflammatory agents in mice. These derivatives at 1076
M are effective inhibitors of hydrolytic lysosomal and
proteolytic enzymes in mouse macrophages, human
leukocytes, and Be Sal osteofibrolytic cells, and in the same
cell lines this compound blocks cyclooxygenase activity with
an LDs value of 107 M (48). Tetrahydroborates have also
been shown to reduce inflammation in a rat model of chronic
and granulomatous inflammation (49). These findings
indicate that TBB derivatives have anti-inflammatory activity.
We also previously investigated the cytotoxicity of the TBB-
ethylenediamine complex/p-toluensulfonyl chloride-MMA
resin system in dog tooth pulp, and found that this system has
good pulp biocompatibility (50). Similarly, the TBB/glycerin
complex/trimethyl barbituric acid-MMA resin system had
been used clinically in MMA composite restorative resins,
indicating that such resins have good pulp biocompatibility
(4). These findings, together with those of the present study,
suggest that the good biocompatibility of TBB resin systems
might be attributable to the anti-inflammatory activity of the
TBB catalyst.

In conclusion, B-carotene, lycopene, and TBB showed good
anti-inflammatory activity in RAW?264.7 cells, possibly as a
result of their ROS-scavenging activity. Additionally, the
electrophilic properties of intermediates of carotenoid oxidation
and TBB might have caused up-regulation of the HmoxI gene,
since electrophilic compounds induce EpRE/ARE system by
disrupting the inhibitory activity of Kelch-like ECH-associated
protein 1 (Keapl) on NRF2, the major EpRE/ARE-activating
transcription factor (40). Curcumin and quercetin are dietary
and phytochemical compounds that are known to up-regulate
HmoxlI (51, 52). These compounds show high electrophilicity,
as determined by density function theory calculations (53).
Although they are potent electrophiles, these dietary and
phytochemical antioxidants could be intrinsically affected by
oxidation and might be transformed to cytotoxic
intermediates/metabolites such as pro-oxidants in some cases.
The therapeutic anti-inflammatory potential of carotenoids and
TBB, particularly the latter, currently remains unclear. Further
studies are needed to clarify the mechanisms involved in the
anti-inflammatory and antioxidant activities of B-carotene,
lycopene and TBB.
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