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ABSTRACT Adiponectin is an adipokine secreted by differentiated adipocytes. Clinical studies suggest a negative corre-
lation between oxidative stress and adiponectin levels in patients with metabolic syndrome or cardiovascular disease. Natural
compounds that can prevent oxidative stress mediated inhibition of adiponectin may be potentially therapeutic. Boldine, an
aporphine alkaloid abundant in the medicinal plant Peumus boldus, is a powerful antioxidant. The current study demonstrates
the effects of boldine on the expression of adiponectin and its regulators, CCAAT /enhancer binding protein-o (C/EBPx) and
peroxisome proliferator-activated receptor (PPAR)-y, in 3T3-L1 cells. Differentiated 3T3-L1 adipocytes were exposed to
either hydrogen peroxide (H,O,) (100 uM) or tumor necrosis factor-oo (TNFo) (1 ng/mL) for 24 hours in the presence or
absence of increasing concentrations of boldine (5-100 uM). Quantitative polymerase chain reaction showed that both the
oxidants decreased the mRNA levels of adiponectin, PPARy, and C/EBPu to half of the control levels. Boldine, at all
concentrations, counteracted the inhibitory effect of H,O, or TNFo and increased the expression of adiponectin and its
regulators. The effect of boldine on adiponectin expression was biphasic, with the lower concentrations (5-25 uM) having a
larger inductive effect compared to higher concentrations (50—100 uM). Boldine treatment alone in the absence of H,O, or
TNFa was also able to induce adiponectin at the inductive phase of adipogenesis. Peroxisome proliferator response element-
luciferase promoter transactivity analysis showed that boldine interacts with the PPAR response element and could potentially
modulate PPAR responsive genes. Our results indicate that boldine is able to modulate the expression of adiponectin and its

regulators in 3T3-L1 cells and has the potential to be beneficial in obesity-related cardiovascular disease.
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INTRODUCTION

HE ADIPOKINE, ADIPONECTIN, is up-regulated during the

differentiation of preadipocytes into mature adipo-
cytes."” The plasma levels of adiponectin in humans are
normally around 30 pg/mL. Even though its exact mecha-
nism of action is not clear, adiponectin plays an important
role in modulating lipid metabolism and insulin sensitivi-
ty.3’4 Serum adiponectin levels are reduced in both patients
with type 2 diabetes and cardiovascular disease.”® There is
an inverse correlation between obesity and adiponectin.'”’
It is now increasingly recognized that adiponectin is both a
potential biomarker for the metabolic syndrome and a pos-
sible therapeutic target for the treatment of cardiovas-
cular disease.®'°
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Adipocyte differentiation is a highly controlled process.
The adipogenic transcription factors, peroxisome proliferator-
activated receptor (PPAR)-y and CCAAT /enhancer bind-
ing protein-a (C/EBPzx) play a key role in the complex
transcriptional cascade that occurs during adipocyte dif-
ferentiation.!' There is a direct association between the
transcriptional activation of genes with the peroxisome
proliferator response element (PPRE) and induction of
adiponectin gene expression.n’13 The human adiponectin
promoter also expresses the putative response elements for
C/EBPoc.M’15 PPARy agonists increase adiponectin levels
in 3T3-L1 cells, rodents, and hum21ns,16’17 and antidiabetic
agents such as thiazolinediones increase the ratio of high-
molecular-weight to low-molecular-weight forms of adipo-
nectin.'® PPARy agonists and adiponectin both increase
insulin sensitivity and ameliorate atherosclerosis.®'?

Both inflammation and oxidative stress play an important
role during obesity.?**! Obesity results in increased mac-
rophage infiltration and synthesis of inflammatory mark-
ers such as interleukin-6, tumor necrosis factor-oc (TNFa),
and C-reactive protein by adipose tissue.'>*' Adiponectin
has anti-inflammatory activity,”*** although a recent study
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indicated that adiponectin might be pro-inflammatory in clas-
sic inflammatory diseases.** Accumulation of lipids in 3T3-
L1 cells or adipocytes isolated from mice results in increased
oxidative stress and reduced adiponectin expression.”>=°
Some of the cardioprotective effects of adiponectin have
been attributed to its reduction of oxidative stress.””*® Any
compounds that can increase adiponectin levels and decrease
oxidative stress have potential therapeutic properties.?*~°

Boldine is an aporphine alkaloid present in the leaves and
bark of Boldo (Peumus boldus Mol.), an evergreen shrub
native to Chile. It grows in Peru, Brazil, Paraguay, and
Argentina and has been introduced to Europe and North
America.’'”? Boldo extracts have been used for the treat-
ment of headache, earache, rheumatism, ‘“nervous weak-
ness,” dyspepsia, menstrual pain, and urinary tract
inflammation.33 From the pharmacological viewpoint, it is
boldine that has attracted the most attention among the many
other aporphine-like alkaloids identified from Boldo. In the
past 20 years, research has shown that boldine has potent
antioxidant properties in biological systems undergoing
peroxidative free radical-mediated damage.>*~° In addition,
boldine protects enzymes susceptible to peroxidative inac-
tivation such as lysozyme’’ and monooxygenases.>® Its
mechanism of action has been attributed to the ability of
boldine to scavenge free radicals, especially hydroxyl
radicals.>' %4 Boldine has anti-inflammatory and anti-
diabetic properties in animal studies.*'™ Our earlier
studies showed that boldine had both antioxidant and anti-
atherosclerotic properties in low-density lipoprotein recep-
tor knockout mice.*> The aim of the current study was to
compare boldine to other known antioxidants (N-acetyl-L-
cysteine [NAC] and «-tocopherol) on their effects on adi-
ponectin and its early regulators (C/EBPo and PPARY) in
3T3-L1 cells exposed to inflammatory stress (TNFo) or
oxidative stress (hydrogen peroxide [H,O,]).

MATERIALS AND METHODS

Materials

3T3-L1 cells (mouse embryonic fibroblasts—adipose-like
cell line) (catalog number CL-173) and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from American
Type Culture Collection (Rockville, MD, USA). 3-Isobutyl-1-
methylxanthine, dexamethasone, insulin, o-tocopherol, NAC,
Fat Red O, boldine, TNFu, and H,O, of the highest grade were
purchased from Sigma (St. Louis, MO, USA). Fetal bovine
serum (FBS) was obtained from HyClone (Logan, UT, USA).
Primers for adiponectin, PPARy, and C/EBPo were obtained
from Invitrogen (Carlsbad, CA, USA).

Cell culture

3T3-L1 cells were grown in T75cell culture flasks.
The following cell culture media were used: Basal Medium
(BM) (DMEM + 10% FBS), Induction Medium (IM)
(DMEM + 10% FBS + 0.5 mM 3-isobutyl-1-methylxanthine +
10 ug/mL insulin+ 1 uM dexamethasone), and Main-
tenance Medium (MM) (DMEM + 10% FBS + 10 ug/mL

insulin). Cells were grown to 100% confluence in BM.
Two days after full confluence, the cells were transferred
to IM for 2 days followed by MM for 2 days. The cells were
transferred back to BM and grown for 10 days with regular
medium change every 2 days. At the end of 10 days in BM,
the 3T3-L1 cells become fully differentiated as confirmed by
the change in morphology (increased lipid-loaded cells
compared to fibroblast-like morphology of preadipocytes)
and Fat Red O staining of the lipid droplets.

Cell treatment

Effect of antioxidants on adiponectin gene expression
exposed to an oxidative stress (H>0,) or inflammatory cy-
tokine (TNFa). In order to investigate if known antioxidants
(a-tocopherol or NAC) and boldine prevent the decrease in
adiponectin gene expression by oxidative or inflammatory
stress, fully differentiated 3T3-L1 cells after 10 days in
BM were washed and treated with 0-25 uM antioxidants (o-
tocopherol, NAC, or boldine) in the presence or absence of
100 uM H,0; or 1 ng/mL TNFx for 24 hours. All the anti-
oxidants were suspended in 100% ethanol. The final con-
centration of the ethanol was kept to a minimum to avoid
any potential cytotoxicity. Vehicle controls were run si-
multaneously. At the end of the treatment, the cell super-
natant was collected for Western blotting of secreted
adiponectin, and the cells were collected in TRI Reagent®
(Sigma, St. Louis, MO, USA) for mRNA isolation. Three
independent experiments were performed with separate
batches of 3T3-L1 cells.

Concentration effect of boldine on adiponectin gene ex-
pression. Fully differentiated 3T3-L1 cells were treated
with either H,O, (100 uM) or TNFo (1ng/mL) in the
presence or absence of increasing concentrations of boldine
(5-100 uM) or increasing concentrations of boldine (5-
100 uM) alone without the oxidants for 24 hours. At the
end of incubation, the cell supernatant was collected for
Western blotting of the secreted adiponectin, and the cells
were transferred to TRI Reagent for mRNA isolation. The
gene expression of adiponectin and its transcriptional
regulators, C/EBPa and PPARYy, were determined using
real-time quantitative polymerase chain reaction (RT-
qPCR).

Effect of boldine on different time points during the ad-
ipocyte differentiation. Control experiments were also
performed to investigate when boldine exerts its beneficial
effect during the adipocyte differentiation process. To
demonstrate this, 3T3-L1 preadipocytes were treated with
10 uM boldine at different phases of the adipogenesis cas-
cade, i.e., 0 day, 2 days (induction phase in IM), 4 days (main-
tenance phase in MM), and 6 days (post-differentiation
phase in BM). The mRNA was isolated from the cells that
were collected at the end of the various time points. The
gene expression of adiponectin was determined using RT-
gPCR. Three independent experiments were performed with
separate batches of 3T3-L1 cells.
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RT-gPCR

RNA was isolated using TRI Reagent according to the
manufacturer’s protocol (Sigma). RNA concentrations were
determined using the NanoDrop (Nanodrop Technologies
Inc., Thermo Scientific, Wilmington, DE, USA). Total RNA
(1 ug) was reverse-transcribed using an iScript™ cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA). Aliquots of
cDNA were applied to RT-qPCR. RT-qPCR was performed
by using iQ SYBR'" (Molecular Probes, Eugene, OR, USA)
Green Supermix (Bio-Rad). The primers for adiponectin
were as follows: sense 5'-GCA GAG ATG GCA CTC CTG
GA-3' and antisense 5-CCC TTC AGC TCC TGT CAT
TCC-3'. The other primers used in this study were as fol-
lows: PPARy, sense 5'-GTC TCA CAA TGC CAT CAG
GTT-3' and antisense 5'-TGA TTT GTC CGT TGT CTT
TCC-3'; C/EBPu, sense 5'-GGG TGA GTT CAT GGA
GAA TGG-3' and antisense 5'-CAG TTT GGC AAG AAT
CAG AGC A-3'. -Actin was used as a housekeeping gene:
sense 5'-CTA CCT CAT GAA GAT CCT CAG CGA-3' and
antisense 5'-TTC TCC TTA ATG TCA CGC ACG ATT-3'.
RT-gqPCR was performed in the Bio-Rad iQ™S5 instrument.
All samples were run in triplicates. Results were calculated
using the method of Pfaffl (27*)*" and expressed as
differences in fold change + SEM in the experimental gene
in antioxidant-treated cells compared to untreated controls.

Western blotting of adiponectin protein

The cell supernatant at the end of each experiment was
collected and lyophilized (Labconco, Kansas City, MO,
USA) for Western blotting of secreted adiponectin. The ly-
ophilized samples were suspended in RIPA buffer (50 mM
Tris, 150mM sodium chloride, 1% Triton, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, and 5 mM
EDTA) containing protease inhibitor cocktail (Roche Di-
agnostics, Indianapolis, IN, USA). Lyophilized protein
(50 ug) from each sample was electrophoresed on 15% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis.
After Western blotting the adiponectin protein was detected
using anti-mouse adiponectin antibody (R&D Systems,
Minneapolis, MN, USA) (0.1 ug/mL) and anti-goat immu-
noglobulin G secondary antibody (diluted 1:8,000). A 30-kDa
adiponectin protein band was detected using the chemilu-
minescence kit from Amersham (Piscataway, NJ, USA) in
an EC3 Bio-Imaging System (UVP, Upland, CA, USA). The
intensity of the bands was determined using densitometry
and expressed as a percentage of control £ SEM.

PPRE-luciferase reporter assay

In order to investigate if the effect of boldine on adipo-
nectin expression is due to its interaction with PPAR or its
response element, a PPRE-luciferase reporter activation
assay was performed in 3T3-L1 preadipocytes. 3T3-L1 cells
were cultured in DMEM with 10% FBS and subcultured into
six-well plates for 24 hours prior to transfection. Cells were
transfected with PPRE-luciferase reporter constructs
([PPRE]5-TK-Luc) using the Fugene® 6 method (Roche)

according to the manufacturer’s protocols. Twenty-four
hours after transfection, the transfected 3T3-L1 cells were
exposed to treatment with either boldine (10 uM) alone or
boldine (10 uM) along with 1 uM 15-PGJ2 (a PPARy ago-
nist). Control experiments were also run with only 1 uM 15-
PGJ2 treatment. Luciferase activity was determined 24
hours after treatment using the Promega (Madison, WI,
USA) single luciferase assay kit following the manufactur-
er’s protocol. The changes in relative chemiluminesence
were measured using a Berthold luminometer (Berthold
Technologies, Bad Wildbad, Germany). The results were
expressed as relative luminescence units = SEM. Five in-
dependent experiments were performed with separate bat-
ches of 3T3-L1 cells.

Statistics

For the RT-qPCR analysis, statistics were performed
at the level of ACt, in order to exclude potential bias due
to averaging of data transformed through the Pfaffl equation
2AAC All data are presented as fold change, percentage of
control, or relative luminescence units & SEM obtained
from three independent sets of experiments. The statistical
significance was determined using Student’s ¢ test. A
probability value of P < .05 was considered to be statisti-
cally significant.

RESULTS

Effect of oxidative stress (100 uM H,0,)

and antioxidants on expression of adiponectin

and its transcription regulators PPARy and C/EBPu.
in 3T3-LI cells

Fully differentiated 3T3-L1 cells were treated with
100 uM H,0O, alone or with H,O, with a-tocopherol (10—
25 uM), NAC (10-25 uM), or boldine (10-25 uM) for 24
hours. As shown in Figure 1A, H,O, treatment suppressed
adiponectin gene expression to half of the control levels. All
the tested antioxidants protected adiponectin expression
from oxidative stress. At similar concentrations, boldine had
the highest potency in increasing adiponectin expression
(P <.019 at 10 uM, P <.022 at 25 uM).

H,0O, treatment also suppressed expression of the regu-
lators of adipogenesis and adiponectin gene expression,
PPARy and C/EBPu (Fig. 1B and C, respectively). All the
antioxidant treatments increased both PPARy and C/EBPu
expression. Compared to the other antioxidants, boldine
increased PPARy mRINA expression significantly (P <.007
at 10 uM, P <.009 at 25 uM).

Concentration effect of boldine on expression
of adiponectin and its regulators, PPARy and C/EBPu,
in the presence of H,O, in 3T3-LI1 adipocytes

Fully differentiated 3T3-L1 cells were treated with
100 uM H,0, in the absence or presence of increasing
concentrations of boldine (5-100 uM) for 24 hours. As
shown in Figure 2A, H,O, treatment decreased adiponec-
tin gene expression to half of the control levels. Boldine
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FIG. 1. Effect of H,O, and antioxidants on mRNA levels of (A) adiponectin and its transcription regulators, (B) PPARy and (C) C/EBPa.
Differentiated 3T3-L1 adipocytes were treated with HO, (100 uM) in the absence or presence of various antioxidants (o-tocopherol, NAC, and
boldine) at 5-25 uM for 24 hours. After treatments, RT-qPCR was performed on isolated mRNA. The results are expressed as differences in fold
change in antioxidant-treated cells compared to vehicle controls. Data are mean £ SEM values for three independent experiments performed in
triplicate. *P <.05, **P < .01 versus control.

treatment prevented the oxidative stress-mediated decrease boldine was also observed on its effect on the levels of the
in adiponectin gene expression (P <.049). Boldine treat- transcription factors PPARy and C/EBPu« (Fig. 2B and C,
ment had a biphasic effect on adiponectin expression. At respectively). The inductive effect of boldine on PPARy)

lower concentrations (5-25 uM), boldine increased adipo- mRNA expression (P <.041 at 10 uM, P <.023 at 25 uM),
nectin expression, which reached a plateau around 50 uM, and C/EBPa expression (P <.004 at 10 uM, P <.009 at
after which the induction was lower. This biphasic effect of 25 uM) reached its peak around 10-25 uM.
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FIG. 2. Effect of increasing concentrations of boldine on mRNA levels of (A) adiponectin and its transcription regulators, (B) PPARy and (C)
C/EBPuq, in the presence of H,O,. Differentiated 3T3-L1 adipocytes were treated with H,O, (100 uM) in the absence or presence of 5-100 uM
boldine for 24 hours. After treatments, RT-qPCR was performed on isolated mRNA. The mRNA results are expressed as differences in fold change
in antioxidant treated cells compared to vehicle controls. (D) The levels of secreted adiponectin protein were measured using Western blot analysis of
the lyophilized cell supernatant from antioxidant-treated cells and are expressed as the percentage of their immunoblot intensity relative to vehicle
controls. Data are mean = SEM values for three independent experiments performed in triplicate. *P < .05, **P < .01 versus control.
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Western blotting of the lyophilized cell supernatant from
this experiment for secreted adiponectin showed a dose-
dependent increase in adiponectin protein by boldine (Fig.
2D). The adiponectin protein levels were increased signifi-
cantly at 10-25 uM (P < .02) concentrations of boldine.

Effect of increasing concentrations of boldine
on adiponectin and PPARy and C/EBPu expression
in the presence of TNFa in differentiated 3T3-L1 adipocytes

Differentiated 3T3-L1 cells were treated with 1ng/mL
TNFo alone or in the presence of increasing concentrations
of boldine (5-100 uM) for 24 hours. As shown in Figure 3A,
TNFa treatment decreased adiponectin gene expression to
half of the control levels. Boldine treatment attenuated the
TNFo-induced decrease in adiponectin gene expression
(P<.014 at 5uM, P<.013 at 10 uM, P <.011 at 25 uM,
P <.005 at 50 uM). Boldine again demonstrated a biphasic
effect on adiponectin gene expression in TNFo-treated 3T3-
L1 adipocytes, with lower concentrations (5-25 uM) having
a higher inductive effect compared to higher concentrations
(50-100 uM).

TNFo treatment decreased both PPARy and C/EBPu
gene expression. Boldine attenuated the TNF«-induced

decrease in both PPARy (Fig. 3B) and C/EBPu (Fig. 3C)
expression. The inductive effect of boldine on PPARy
mRNA expression (P <.049 at 10 uM) and C/EBPx ex-
pression (P <.029 at 10 uM, P <.026 at 25 uM) reached
saturation at around 10-25 uM.

Western blotting of the lyophilized cell supernatant for
secreted protein from this experiment also showed that bol-
dine increased adiponectin protein levels (Fig. 3D). Because
of large variations in the mean percentage between replicate
experiments, statistical significance was not achieved.

Concentration effect of boldine alone on expression
of adiponectin and its transcription regulators,

PPARy and C/EBPo.

Boldine treatment by itself without any oxidants could
also increase adiponectin expression. When fully differen-
tiated 3T3-L1 cells were treated with increasing concen-
trations of boldine without any oxidants (Fig. 4A),
adiponectin gene expression was significantly increased
(P<.018 at 10 uM, P <.016 at 25 uM, P <.012 at 50 uM,
P <.025 at 100 uM).

Western blotting of the lyophilized cell supernatant for
secreted protein from this experiment also showed that

3.0+
25+
* * *
@ 20+
®
]
s .
£ 1.5
z
IE 1.0+
0.5+ ‘ \ | |
u'c L] L] L} L] L] L] L
+ + + + TNF - + + + + + +
10 25 50 100 Boldine(uM)- - 5 10 25 5 100

-sash..

A B
3.0+ * * . 3.0+
254 L. £ i 254
dk
2 2,04 i~ & 201
o ]
e e
2 1.54 g 1.5+
o o
° [-]
£ 1.04 © 1.0
0.5+ | | 0.5+
0.0 T T T T T T T 0.0~
TNF - + + + + + + TNF - +
Boldine(uM)- - 5 10 25 50 100 Boldine(uM)- -
D
2000 & &
*
_ 150
4
-
%]
® g
0
TNF -t
Boldine(uM) - -

+* * + +
10 25 50 100

FIG. 3. Effect of increasing concentrations of boldine on mRNA levels of (A) adiponectin and its transcription regulators, (B) PPARy and (C)
C/EBPuq, in the presence of TNFa. Differentiated 3T3-L1 adipocytes were treated with 1 ng/mL TNFa in the absence or presence of 5-100 uM
boldine for 24 hours. After treatments, RT-qPCR was performed on isolated mRNA. The mRNA results are expressed as differences in fold change
in antioxidant treated cells compared to vehicle controls. (D) The levels of secreted adiponectin protein were measured using Western blot analysis of
the lyophilized cell supernatant from antioxidant-treated cells and are expressed as the percentage of their immunoblot intensity relative to vehicle
controls. Data are mean £+ SEM values for three independent experiments performed in triplicate. *P < .05, **P < .01 versus control.
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boldine caused a dose-dependent increase in adiponectin
protein (Fig. 4B). Because of variations in the mean per-
centages between replicate experiments, a statistical sig-
nificance was not achieved.

To investigate when boldine exerts a beneficial effect
during the adipocyte differentiation cascade, 3T3-L1 pre-
adipocytes were treated either at the initial phase (day 0),
during the induction phase (day 2), during the differentiation
phase (day 4), or after differentiation (day 6) with 10 uM
boldine. As observed in Figure 4C, boldine at 10 uM had its
maximum effect on adiponectin at a much earlier phase in
the adipocyte differentiation process, the induction phase
(day 2) (10-15-fold induction, P <.004), after which time
its inductive effect decreased to only two- to fourfold at later
phases (day 4 and day 6).

Effect of boldine on PPAR promoter activation

To investigate if the effect of boldine on adiponectin
expression and its transcriptional regulators is due to its

1079

direct interaction with the PPARy promoter or a PPRE, 3T3-
L1 preadipocytes were transfected with PPRE-luciferase
reporter construct, [PPRE];-TK-Luc, and were treated with
boldine (10 uM) treatment alone or boldine (10 uM) along
with 1 uM 15-PGJ2 (a PPARYy agonist). Promoter activity
after 24 hours showed that boldine at 10 uM (P <.04) had a
much stronger activation of PPRE-luciferase compared to
1 uM PPARy agonist, 15-PGJ2 (P <.015) (Fig. 5). Boldine
in combination with 15-PGJ2 had an additive induction of
PPAR promoter activity. This suggests that boldine may
either directly activate the PPAR promoter or interact with
genes containing a PPRE and may alter the expression of
PPAR-regulated downstream genes, like adiponectin.

DISCUSSION

Obesity is a leading worldwide public health concern.*
The association between obesity and chronic diseases
such as cardiovascular disease, type 2 diabetes, metabolic
syndrome, and cancer is becoming highly apparent.**>°
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Increases in adipose mass and alterations in adipokines are
tightly linked to obesity. Several studies have been recently
initiated to investigate the beneficial effect of natural and
synthetic compounds on adipogenesis and adipokines.”' >
Transcription factors such as PPARy and C/EBPu play an
important role in the adipogenic pathway and in the syn-
thesis and secretion of several adipokines, including adipo-
nectin.’® Adiponectin is inversely related to adiposity, and
low concentrations of this protein are a predictive marker
for cardiovascular disease and type 2 diabetes.**">" Adi-
ponectin can be regulated by both oxidative stress and in-
flammation.”* 2" There are recent studies showing that
H>0, can decrease adiponectin gene expression in 3T3-L1
adipocytes within 10 minutes of exposure.zoﬁg’62 Several
natural and synthetic antioxidant compounds have been
investigated for their role to protect adiponectin ex-
pression.>*%?

Boldine, the aporphine alkaloid abundant in the leaves and
bark of the medicinal plant Boldo, is a powerful antioxidant
with anti-inflammatory and anti-atherosclerotic properties as
shown in several in vitro and in vivo studies.”® In the current
study, the ability of boldine to protect adiponectin expres-
sion from the effects of the known inhibitor H,O, or in-
flammatory cytokine (TNFo) was demonstrated in 3T3-L1
adipocytes. The results show that boldine at all concentra-
tions tested can protect adiponectin from both oxidative
stress and inflammatory cytokines. Western blotting for se-
creted adiponectin showed similar trends between mRNA
and protein expression, suggesting a role for boldine at both
the transcriptional and translational level of adiponectin. At
similar (or equivalent) concentrations, boldine exhibited the
most potent beneficial effect on adiponectin expression
compared to the other antioxidants (x-tocopherol and NAC)
tested, suggesting that boldine might be a much more pow-
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FIG. 5. Effect of boldine on PPRE-promoter activity. 3T3-L1
preadipocytes transfected with a PPRE-luciferase reporter construct
was exposed to boldine (10 uM), the PPARy agonist 15-PGJ2 (1 uM),
or boldine (10 uM) + 15-PGJ2 (1 uM). PPRE-luciferase activity was
measured as a change in chemiluminesence in a luminometer after a
24-hour treatment. The results are expressed as change in relative
luminescence units (RLU) in treated cells compared to untreated
controls. Data are mean = SEM vales for five independent experi-
ments performed in triplicate. *P <.05 versus control.

erful antioxidant. Because boldine is known to have anti-
oxidant and anti-inflammatory properties, the mechanism by
which boldine protects adiponectin expression from the ac-
tion of H,O, and TNFu can be due to both of these proper-
ties. Many of the in vitro studies have shown a beneficial
effect of boldine at <50 uM concentration and in vivo studies
at <50mg/kg doses.**** Studies from our laboratory have
shown that boldine can inhibit oxidation of low-density li-
poprotein even at concentrations of <5 uM. We have also
shown that oral feeding of boldine at doses of 1 or 5 mg/kg
decreased the development of atherosclerotic lesions in low-
density lipoprotein receptor knockout mice.*’ In this study,
we used boldine at physiologically relevant concentrations
and found beneficial effects on adiponectin expression.

At increasing concentrations, boldine had a biphasic ef-
fect on adiponectin levels, with lower concentrations (10—
25 uM) of boldine giving better protection than higher
concentrations (>50 uM). This biphasic effect of boldine
has been observed by other investigators. Milian et al®
observed that boldine along with several other similar ana-
logs inhibited generation of reactive oxygen species from
activated neutrophils; this effect of boldine was more pro-
minent at lower concentrations (10-25 uM) than at higher
concentrations (100 uM). Recently, Konrath er al.®® ob-
served that boldine can have both antioxidant and pro-
oxidant properties depending on its concentrations. They
observed that boldine at lower concentrations (10 uM) pro-
tected cellular damage to rat hippocampal slices exposed to
oxygen-glucose deprivation in vitro; however, at higher
concentrations (100 uM) boldine increased the cellular
damage. These authors found that at lower concentrations
boldine had three times higher total reactive antioxidant po-
tential levels compared to Trolox (a peroxyl radical scav-
enger); however, at higher concentrations boldine increased
lipid peroxidation parameters in these tissue. This biphasic
effect of boldine might be therapeutically relevant and needs
further investigation.

The most interesting finding of this study was the obser-
vation that boldine treatment by itself in the absence of any
oxidants could also induce adiponectin expression (Fig. 4A
and B). It was also observed that this effect of boldine on
adiponectin was at a much earlier phase in the adipogenesis
cascade (Fig. 4C), i.e., at the inductive phase (day 2). This
suggests that boldine’s effect might be upstream of adipo-
nectin synthesis and might actually be interacting with the
early regulators of the adipogenesis pathway and adiponectin
regulatory genes, i.e., PPARy and C/EBPu. This was sup-
ported by our studies where boldine was able to protect these
transcription factors from oxidants and its ability to increase
PPRE-Iuciferase promoter activity. Boldine was able to in-
duce PPAR promoter activity by approximately twofold
higher than the induction by a known PPARy agonist, 15-
PGIJ2. In combination with 15-PGJ2, boldine was able to
increase the activity several-fold higher (15-fold). These
results suggest that boldine might be able to interact with the
PPAR promoter directly and/or modulate PPRE responsive
genes, including adiponectin. It also suggests that the in-
ductive effect of boldine on adiponectin in the absence of any
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oxidants might be independent of its antioxidant property.
Whether this effect is due to its anti-inflammatory property
or some other unknown mechanism is yet to be investigated.

Oxidative stress is an important player in both athero-
sclerosis and obesity-related diseases. Controversy exists
over the beneficial effects of popular antioxidants such as
vitamin E,°*®” but an appropriate natural compound like
boldine that has both antioxidant and anti-inflammatory
properties might be beneficial in the prevention or treatment
of these diseases. Although this is yet to be established
in vivo, our study, for the first time, shows that, apart from its
other beneficial properties, the aporphine alkaloid boldine,
because of its effect on regulators of adipogenesis and adi-
ponectin levels may also have strong beneficial effects on
obesity-related diseases.
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