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Cycloastragenol (CAG), a bioactive triterpenoid sapogenin isolated from the Chinese herbal medicine
Radix astragali, was reported to promote the phosphorylation of extracellular signal-regulated protein
kinase (ERK). Here we investigated the effect of CAG on adipogenesis. The image-based Nile red staining
analyses revealed that CAG dose dependently reduced cytoplasmic lipid droplet in 3T3-L1 adipocytes
with the ICsq value of 13.0 uM. Meanwhile, cytotoxicity assay provided evidence that CAG was free of
injury on HepG2 cells up to 60 pM. In addition, using calcium mobilization assay, we observed that
CAG stimulated calcium influx in 3T3-L1 preadipocytes with a dose dependent trend, the ECsq value
was determined as 21.9 puM. There were proofs that elevated intracellular calcium played a vital role
in suppressing adipocyte differentiation. The current findings demonstrated that CAG was a potential
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therapeutic candidate for alleviating obesity and hyperlipidemia.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Adipose tissue is a vital organelle for energy storage. Imbalance of
energy intake and expenditure can easily contribute to cardio-meta-
bolic disorders. Excess accumulation of cholesterol esters in arteries is
intimately related to atherosclerosis, which can further develop into
myocardial infarction, stroke or sudden cardiac death [1]. Now

Abbreviations: RA, Radix astragali; CAG, cycloastragenol; AG-1V, astragaloside IV;
ERK, extracellular signal-regulated protein kinase; PFA, paraformaldehyde; Lova,
Lovastatin; GSH, reduced glutathione level; ROS, reactive oxygen species; MMP,
mitochondrial membrane potential; [Ca?*];, intracellular calcium; 2APB,
2-aminoethoxydiphenyl borate; IBMX, 3-isobutyl-1-methylxanthine; TRP, transient
receptor potential; TRPV1, transient receptor potential V1; TRPV2, transient
receptor potential V2; TRPA1, transient receptor potential Ankyrin 1; ICso, 50%
inhibitory concentration.
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changes in human lifestyle and high-energy diet greatly increase
the incidence of obesity [ 2-4], this risk factor even constitutes a threat
to the population of children. There is an urgent need to develop safe
ingredients to alleviate the diseases induced by fat accumulation.
The traditional Chinese herbal medicine, however, supplies an abun-
dance of natural compound resources for drug discovery.

3T3-L1 preadipocyte, originally derived from Swiss mouse
embryo tissue, has served as an excellent in vitro model to discover
active ingredients that are able to reduce the incidence of obesity
[5]. When stimulated by hormone cocktail, transcription factors
in adipocytes, such as peroxisome proliferator-activated receptor-
v (PPAR-v) and CCAAT/enhancer binding protein (C/EBP), are acti-
vated, promoting adipogenesis [6]. Meanwhile, the adipocytes dif-
ferentiation process might also be reversed by various conditions,
such as modest hypoxia [7] and the intracellular calcium. Shi and
Jensen et al. [8,9] revealed that the conversion of the preadipocyte
into mature adipocyte was held back when the intracellular Ca%*
level was elevated, by preventing postconfluency of preadipocytes,
restricting c-myc expression and regulating cAMP level. The cal-
cium ionophore A23187 and endoplasmic reticulum Ca%*-ATPase
inhibitor thapsigargin were demonstrated to suppress adipogene-
sis through stimulating calcium influx [10].
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Fig. 1. Chemical structures (A) Cycloastragenol (CAG). (B) Astragaloside IV (AG-1V).

Cycloastragenol (CAG) (Fig. 1A), a cycloartane-type triterpene,
derived from the Chinese herbal medicine Radix astragali (RA),
was known for its ability to improve telomerase activity [11] and
anti-aging [12]. RA was frequently prescribed by Chinese doctors
in the therapy of hyperlipidemia, and was generally used in the
form of crude extracts in Chinese formula Naoxintong [13]. Astrag-
aloside IV (AG-1V) (Fig. 1B) [14] was another bioactive compound
derived from RA that exhibited various bioactivities, such as anti-
inflammation [15,16]. Recently, Yung et al. [17] reported that CAG
and AG-IV stimulated extracellular signal-regulated protein kinase
(ERK) phosphorylation in several cell types. We wondered whether
CAG and AG-IV exerted any effects on adipocyte differentiation.

This study aimed to investigate the effects of CAG and AG-IV on
inhibiting adipogenesis, in which we found that CAG suppressed
lipid droplet accumulation in 3T3-L1 adipocytes. We also observed
that CAG stimulated calcium mobilization in 3T3-L1 preadipocytes,
suggesting a novel inhibitory mechanism of CAG on adipogenesis.

2. Materials and methods
2.1. Materials

Cycloastragenol and astragaloside IV were purchased from the
National Institutes for Food and Drug Control (China), the purities
exceeded 98%. The other chemicals used in the current experi-
ments were obtained from Sigma Chemical Co (St Louis, MO,
USA) if not stated otherwise. The chemicals were dissolved in
DMSO to make stock solutions and were stored at —20 °C.

2.2. Cell culture

3T3-L1 preadipocyte and HepG2 cell lines were purchased from
American Type Culture Collection (ATCC). The cells were cultured
in Dulbecco’s modified Eagles’s medium (DMEM) containing 10%
fatal bovine serum (Gibco, USA), 500 U/mL penicillin and 500 ng/
mL streptomycin at 37 °C, 5% CO,.

2.3. Differentiation of 3T3-L1 preadipocytes

For 3T3-L1 preadipocytes differentiation, the cells were plated in
96-well clear-bottom black plates (Corning, USA) at 3000 cells per
well. The cells were cultured at humid atmosphere for 2 days, and
were then treated with tested compound for 1 day. During the adi-
pocytes differentiation procedure, the adipocytes were continu-
ously incubated with tested compound for 7 days. The
differentiation was carried out according to the protocol as
described previously [18]. Briefly, the medium was changed to
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.25 uM dexametha-
sone, 1 ug/mL insulin and 2 pM rosiglitazone for 2 days. Subse-
quently, the culture medium was replaced with DMEM containing
1 pg/mLinsulin for another 2 days. Thereafter, the cells were further
cultured for 2 days with complete DMEM. Fresh compound was
added during changing the culture medium.

2.4. Nile red staining and lipid droplet determination

Cytoplastic lipid droplet in 3T3-L1 adipocytes was measured by
Nile red staining on day 10 [19]. First, the cells were fixed with 4%
paraformaldehyde (PFA) for 20 min at room temperature (RT). Sec-
ond, the cells were stained with final 5 pg/mL Nile red solution for
10 min. Third, the cells were stained with final 10 pg/mL Hoechst
33342 solution for 15 min. The cells were rinsed three times with
phosphate-buffered saline (PBS) after each manipulation.
Fluorescence intensities of nuclear and lipid droplet were captured
by Cellomics ArrayScanVTI reader (Thermo, USA) at 386 nm and
485 nm, respectively.

Percentage of lipid droplet in 3T3-L1 adipocytes was calculated
as the following formula: 100 x {RFUsymple—RFUcontroi(—)}/
{RFUcontroi—RFUcontrol(—)}, Where RFU means relative fluorescence
unit; sample means compound treated mature adipocytes; con-
trol(-) means undifferentiated preadipocytes; control means 0.25%
DMSO treated mature adipocytes.

2.5. Cytotoxicity assay

Cytotoxicity evaluation of CAG was performed using ToxInsight
Kit (Thermo, USA) according to the recommended instructions.
Briefly, HepG2 cells were seeded in 96-well plate at the density
of 8000 cells per well and incubated overnight. Then, the cells were
treated with eight concentrations of tested chemical, which was
1:2 serially diluted. The final top concentrations of CAG, Lova, aspi-
rin and gemfibrozil were 60 M, 10 uM, 553 uM and 850 pM,
respectively. Each concentration was performed in triplicate.
Vehicle control cells were treated with 0.25% DMSO. After 24 h,
the culture medium was replaced with 100 pL ToxInsight staining
solution, the plate was incubated for 45 min at 37 °C. Thereafter,
the cells were rinsed once with 100 uL Hank’s Balanced Salt
Solution (HBSS). The images of HepG2 cells were captured using
Cellomics ArrayScanVTI reader immediately.

2.6. Intracellular calcium mobilization detection

The calcium influx in 3T3-L1 cells was performed according to
the procedures described previously [20]. In brief, 3T3-L1 preadi-
pocytes were seeded in 96-well black plates at the density of
20,000 cells per well and were cultured overnight. Prior to record-
ings, the cells were incubated for 30 min at 37 °C in HBSS contain-
ing 4 UM Fluo-4 (Molecular Devices, USA), 2.5 mM probenecid and
2mM Acid Red 1 (Sigma, USA). The FlexStation II (Molecular
Devices, USA) was employed to record the calcium signal, with
485 nm excitation and 525 nm emission wavelengths. The percent-
age of the intracellular calcium was calculated as the following for-
mula: 100 x {RFUsample*RFUcontrol(—)}/{RFUcontrol(ﬂ*RFUcontrol(—)}v
where RFU means relative fluorescence unit of calcium signal.

2.7. Statistical analysis

Data were presented as mean + SEM. Statistical significance of
the differences was identified by unpaired Student’s t — test or
one-way ANOVA using GraphPad Prism 5.0. *P < 0.05 was defined
as statistical significance.

3. Results and discussion
3.1. Effect of CAG on lipid droplet accumulation in 3T3-L1 adipocytes
To investigate the effects of CAG and AG-IV on adipogenesis of

3T3-L1 adipocytes, Lovastatin (Lova), an inhibitor of HMG-CoA
reductase [21], was employed as the positive control. As shown
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in Fig. 2A, the lipid droplet was remarkably induced in the
cytoplasm of 3T3-L1 adipocytes and 10 uM CAG exhibited
prominent inhibitory effect. It reduced lipid content by nearly
35% compared with vehicle control treated adipocytes (Fig. 2B),
while lipid droplets were not reduced in AG-IV treated adipocytes
(P>0.05, n=6).

To further study the actions of CAG on lipid droplet accumula-
tion in 3T3-L1 adipocytes, we investigated the effects of CAG at
various concentrations. As shown in Fig. 2C, a dose response trend
was observed, less cytoplasmic lipid droplet accumulated with
increased concentration of CAG treatment. The ICso value of CAG
was determined as 13.0 pM.

Adipocyte proliferation is a notable characteristic involved in
cell differentiation [22]. Now findings suggest that adipogenesis
comprises at least two stages, which are disparately linked to cell
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growth [23]. In the current study, we observed that the 3T3-L1 cell
number was increased by induction of differentiation, treated with
60 uM CAG or 10 uM Lova, the cell number of adipocytes pro-
foundly declined compared with control condition (P < 0.001),
but again, there were no significant differences between
undifferentiated preadipocytes and CAG treated cells (Fig. 2D).
These findings indicated that when up to 60 puM, CAG suppressed
3T3-L1 adipocytes differentiation as well as cell growth; while
below 30 pM, it merely inhibited lipid droplet accumulations in
the cytoplasm but had no influence on cell growth.

In some cases, cell loss may occur to adipocytes when exposed to
acute toxic substrates. Declined total fluorescence intensity of lipid
droplet would then be detected. Consequently, chances of acquiring
false positive responses might increase. In the current study, we
measured the anti-adipogenic effect of CAG by normalizing lipid
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Fig. 2. CAG prevents adipogenesis of 3T3-L1 adipocytes (A) Differentiation of 3T3-L1 preadipocytes treated with or without tested compounds. The images were captured by
20x magnification using Cellomics HCS ArrayScanVTI reader. Scale bars, 25 pm. (B) Analysis of lipid droplet in average single adipocyte treated with CAG, AG-IV or Lova,
respectively. Fluorescence intensity of Nile red staining is normalized to percentage of differentiated control adipocytes. (C) Dose response curve of CAG on lipid droplet
accumulation in 3T3-L1 adipocytes. (D) Cell number of adipocytes after IDXR differentiation and compound treatment for 7 days. Data shows mean + SEM of three

independent experiments. n = 6. **P < 0.01; **P < 0.001; n.s., not significant.
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droplet in average single adipocyte, which may avoid the false posi-
tive conditions caused by acute cytotoxicity.

3.2. CAG did not induce injury of HepG2 cells

Drug induced toxicity is a principal reason for drug nonapprovals
and withdrawals [24]. As CAG or Lova treatment significantly
reduced the cell number of differentiated 3T3-L1 adipocytes, we fur-
ther conducted toxicity tests of CAG on HepG2 cells; the tested con-
centrations of CAG were in accordance with its effect on preventing
the adipogenesis. Cell loss, reduced glutathione level (GSH), reactive
oxygen species (ROS) and mitochondrial membrane potential
(MMP) were assessed as toxicity markers [25,26]. Here aspirin
worked as a non-toxic control and was used to determine the safety
thresholds. Gemfibrozil, an anti-hyperlipidemia drug, was used as a
positive control [27,28].
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Fig. 3A shows that HepG2 cells treated with CAG and Lova are as
integrated as the cells incubated with aspirin. The normalized dose
responses of CAG were listed in Fig. 3B-E, the curves of CAG were
within the thresholds and thus we flagged it as non-toxic. Consis-
tent with our results, Nancy [29] reported that no obvious sub-
chronic toxicity induced by CAG was observed. On the contrary,
exposure of cells to gemfibrozil resulted in decline of cell number
and glutathione depletion, ROS formation in the nuclear area, and
MMP disruption. This finding further indicated that the reduced
cell number of 3T3-L1 adipocytes by CAG was not induced by acute
cytotoxicity, but due to the inhibitory effect on 3T3-L1 adipocyte-
differentiation.

3.3. CAG stimulated calcium mobilization in 3T3-L1 preadipocytes

A variety of transient receptor potential (TRP) channels have
been found endogenously expressed in 3T3-L1 preadipocytes
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Fig. 3. CAG did not induce injury of HepG2 cells HepG2 cells incubated with or without tested compounds for 24 h were probed with specific fluorescent dyes to detect
cellular targets. Cell images were captured by 10x magnification using the Cellomics ArrayScan VTI reader. (A) Representative images of nuclear, reduced glutathione level
(GSH), reactive oxygen species (ROS) and mitochondrial membrane potential (MMP) in HepG2 cells treated with tested compounds. (B) Normalized response plot of cell
number. (C) Normalized response plot of cellular GSH, GSH level was determined by the total cytoplasmic fluorescence intensity. (D) Normalized response plot of ROS
formation, ROS was quantified by the total intensity in the nuclear area. (E) Normalized response plot of MMP, MMP means the difference of average fluorescence intensity
between nuclear and cytoplasm. Broken lines in the dose response plot were thresholds, they were determined by mean normalized response of aspirin + 3 x SD, if any of the
targets’ response goes beyond the toxicity thresholds, the tested compound is flagged as toxic.
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Fig. 4. CAG induced calcium mobilization in 3T3-L1 preadipocytes 3T3-L1 preadipocytes were loaded with Fluo-4 and the calcium signal was captured with FlexStation II. (A)
Representative profiles illustrating the time-course of the increased calcium evoked by application of 10 UM tested compounds. The arrow indicated the onset of compound
application; (B) Analysis of the calcium level in 3T3-L1 preadipocytes treated with or without compounds; (C) Representative responses of the increased calcium level in 3T3-
L1 preadipocytes after infusion of CAG; (D) Dose response curve of CAG on calcium mobilization. Activity means normalized intracellular calcium level. The percentage of
calcium signal was calculated as the following formula: 100 x {RFUgampie—RFUcontrol(—)}{RFU controi(+)—RFUcontrol(—)}. 11 = 6 for each group, data were mean + SEM, ***P < 0.001,

n.s., not significant.

[30], and some of these ion channels were reported to regulate the
process of lipid metabolism, such as transient receptor potential V1
(TRPV1) [31].

To investigate the target molecules of CAG, a panel of TRP chan-
nels was profiled using calcium influx assays on transfected
HEK293 cells. We have developed a series of cell lines stably
expressing TRP channels after nuclear transfection as reported
previously [32], including TRPV1, and transient receptor potential
V2 (TRPV2), transient receptor potential Ankyrin 1 (TRPA1). The
results showed that CAG stimulated calcium influx in each trans-
fected HEK293 cell line (data not shown). Since activation of TRP
channels was closely related to calcium influx [33,34], we
suspected that CAG might be able to non-selectively stimulate
intracellular calcium mobilization.

Then, we tested the effect of CAG on calcium mobilization in
3T3-L1 preadipocytes, 2-aminoethoxydiphenyl borate (2APB)
[35,36] was used as a positive control. The results showed that a
significant increase of [Ca®*]; was provoked by perifusion of
3T3-L1 preadipocytes with 10 uM CAG (P<0.001). In a parallel
study, the intracellular calcium level was not modified by applica-
tion of AG-IV (Fig. 4A and B). Further, we measured the dose
response of CAG on calcium influx. Representative profiles illustrat-
ing the time-course of the calcium level evoked by administration
of CAG are shown in Fig. 4C. CAG stimulated calcium mobilization
in a dose dependent manner (Fig. 4D), the ECsy value was
determined as 21.9 pM.

In contrast to our results, Lisa et al. [17] reported that increased
[Ca®*]; was not observed by treatment of HEK293 cells with CAG.
This difference may be due to different tested concentrations of
CAG. We stimulated 3T3-L1 preadipocytes and HEK293 cells with
10 uM CAG, while the top concentration of CAG investigated by
Lisa et al. was 100 nM.

Previous studies revealed that an elevated Ca®* level was impli-
cated in inhibiting adipocyte differentiation [8,37]. It is likely that

CAG stimulated [Ca*];, thereby restrained intracellular lipid drop-
let accumulation. In addition, the effect of CAG might be associated
with its special structure of a triterpenoid sapogenin. AG-I1V, how-
ever, was unable to induce calcium influx and possessed no
remarkable effect on adipogenesis.

In conclusion, the present study demonstrated that CAG inhib-
ited lipid droplet accumulation in 3T3-L1 adipocytes, which may
offer a potential strategy for the treatment of obesity related dis-
eases. We further discovered that CAG could increase [Ca®']; in
3T3-L1 preadipocytes and may elicit favorable responses in pre-
venting the adipogenesis.
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