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Abstract The nutraceutical benefits of fS-sitosterol (SIT)
are well documented. The present study investigated the in
vitro effects of SIT on adipogenesis, glucose transport, and
lipid mobilization in rat adipocytes. Primary cultures of rat
preadipocytes and differentiated adipocytes were used in
this study. Glucose uptake was measured by the uptake of
radio-labeled glucose. Adipogenesis and lipolysis were
measured by oil-red-O and glycerol quantification meth-
ods, respectively. The expression of protein kinase B (Akt),
glucose transporter 4 (GLUT4), hormone sensitive lipase
(HSL), and phosphatidylinositol-3-kinase (PI3 K) genes in
SIT-treated adipocytes were assessed by real-time reverse
transcription polymerase chain reaction (RT-PCR). The
data showed that SIT induced glucose uptake in adipocytes.
It also stimulated adipogenesis in differentiating preadi-
pocytes. Interestingly, although SIT displayed general
insulin-mimetic activity by stimulating glucose uptake
and adipogenesis, it also induced lipolysis in adipocytes.
Furthermore, the SIT-induced lipolysis was not attenuated
by insulin and co-incubation of SIT with epinephrine
improved epinephrine-induced lipolysis. GLUT4 gene
expression was highly down-regulated in SIT-treated adi-
pocytes, compared to insulin-treated adipocytes, which was
up-regulated. Insulin- and SIT-treated adipocytes showed
similar levels of Akt, HSL, and PI3 K gene down-regula-
tion. These observations suggest that the elevation of glu-
cose uptake in SIT-treated adipocytes was unrelated to de
novo synthesis of GLUT4 and the SIT-induced lipolysis is
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associated with the down-regulation of Akt and PI3K
genes. The unique effects of SIT on the regulation of
glucose uptake, adipogenesis, and lipolysis in adipocytes
show that it has potential to be utilized in diabetes and
weight management.
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Introduction

Beta-sitosterol (SIT) is a naturally occurring plant sterol,
ubiquitously found in many plants [31]. SIT has been
reported to elicit a multitude of bioactivities, which
include, antioxidant [40], anticancer [5], antiinflammatory
[6], angiogenic [11, 28], chemopreventive [16], and
immunomodulatory activities [8—10]. SIT is indicated for
hypercholesterolemia [24] coronary heart disease [38], and
benign prostate hyperplasia [39].

Phytosterol mixtures that contain SIT have been used as
food additives in processed food for its nutraceutical benefits.
For example, studies have shown that SIT-enriched margarine
[36], butter [29], and orange juice [14] lower LDL cholesterol.
In rats, it was estimated that four percent of SIT is absorbed
into the body with a four-day dosing and showed longer
retention time in the adrenal glands, ovaries, and intestinal
mucosa, suggesting possible organ-specific actions [32].

Rats supplemented with oral SIT showed increased
fasting insulin level, decreased fasting glucose level,
improved oral glucose tolerance, and increased insulin
release from isolated rat pancreatic islet cells [17, 18]. SIT-
treated preadipocytes, 3T3-L1, showed inhibited growth,
but stimulated triglyceride accumulation when co-incu-
bated with oleic acid [4]. It was reported that plasma plant
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sterol concentrations were significantly lower in human
diabetics compared to normal controls and serum insulin
levels were inversely correlated with plasma plant sterol
concentration in diabetics [34].

SIT regulation of the glucose and lipid metabolism in a
muscle cell line was reported to be mediated by AMP-
activated protein kinase [15]. However, the effect of SIT on
the same metabolisms in adipocytes has not been delin-
eated. In the present study, we investigated the effect of
SIT on the glucose uptake, adipogenesis and lipolytic
activity in rat adipocytes, as well as the gene expression of
several insulin pathway regulatory genes in SIT-treated
adipocytes.

Materials and methods
Materials

All tissue culture media, supplements, reagents, and
chemicals were purchased from Sigma—Aldrich (St. Louis,
USA) unless stated otherwise. SIT (85481) with purity of
>70 was obtained from Sigma—Aldrich (St. Louis, USA).
Culture flasks were purchased from Nunc (Illinois, USA).
Penicillin—streptomycin-glutamine solution and insulin
were obtained from Invitrogen (California, USA).
Glycerol, isobutylmethylxanthine (IBMX), dexametha-
sone, adenosine-5-triphosphate (ATP), and liquid scintil-
lation cocktail (Cytoscint) were purchased from ICN
(Ohio, USA). Type-II collagenase was purchased from
Worthington (New Jersey, USA). Tritiated deoxyglucose
(2-deoxy-D-[2,6-*H]glucose) was purchased from Perkin
Elmer (Massachusetts, USA). TagMan® gene expression
assay and master mixes were purchased from Applied
Biosystems (California, USA).

Primary culture and differentiation

Primary preadipocytes were harvested according to a pre-
viously described method [22]. Briefly, preadipocytes were
harvested from male rats (Ratus norvegicus, Sprague—
dawley strain) aged between 6 to 8 weeks. The rats were
killed humanely by cervical dislocation. Intra-abdominal
and epididymal fat pads were excised aseptically. The fat
tissues were dissociated mechanically and digested enzy-
matically using Type-II collagenase for 1 h at 37°C. Lib-
erated preadipocytes were collected from the tissue digest
by centrifugation at 100g for 10 min. Isolated preadipo-
cytes from the pellet were cultured in 75 cm? flasks with
RPMI-1640 media supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 units/ml sodium
penicillin-G, 100 pg/ml streptomycin sulfate, and 2 mM of
amphotericin B. The culture medium was refreshed every
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2-3 days until a confluent state was achieved. For some
parts of this study, preadipocytes were differentiated to
mature adipocytes using an appropriate cocktail of chem-
icals. To achieve this, preadipocytes were seeded into
12-well plates and grown to confluence. They were dif-
ferentiated in a differentiation media, which comprised of
DMEM media supplemented with 2 mM L-glutamine, 100
units/ml  sodium penicillin-G, 100 pg/ml streptomycin
sulfate, 2 mM of amphotericin B, 10% FBS, 17 uM pan-
tothenic acid, 0.5 mM IBMX, 1 pM dexamethasone,
10 pg mL™" insulin, and 33 pM biotin (Differentiation
media-I, DM-I). On the third day of differentiation, both
IBMX and dexamethasone were omitted from the differ-
entiation media (Differentiation media-II, DM-II). Matured
adipocytes of day-12 to day-15 were used for this study.

Glucose uptake assay

Glucose uptake activity in adipocytes was measured by
using radio-labeled glucose [22]. Briefly, differentiated
adipocytes in a 12-well plate were washed with PBS and
serum-starved in serum-free DMEM media for 2 h. Sub-
sequently, the cells were incubated with various concen-
trations of SIT (dissolved in absolute ethanol and diluted
with PBS to yield ethanol concentration of less than 1%
v/v) for 30 min at 37°C. Insulin was used as the positive
control. The experiment was initiated by introducing radio-
labeled reagent, which consisted of 100 mM 2-deoxyglu-
cose and 20 pCi/mL 2—deoxy-D-[2,6—3H] glucose in PBS.
The mixture was incubated for 10 min at 37°C. Subse-
quently, the cells were washed twice with ice-cold PBS
before they were lysed with scintillation cocktail. Radio-
activity emitted by the radio-labeled glucose taken up by
the adipocytes was measured with a scintillation counter
(Packard, Tri-carb).

Oil-red-O staining

Adipogenic activity was measured using the oil-red-O
staining method [2, 22]. SIT was used in substitution of
insulin in the DM-II. On day-12 of the differentiation, the
cells were washed with PBS and fixed with 0.5% formal-
dehyde prior to oil-red-O staining. The adipocytes were
stained for 1 h at room temperature and washed with PBS.
The stained lipids present in the mature adipocytes were
solubilized with isopropanol and measured spectrophoto-
metrically at 510 nm.

Glycerol quantification assay
Lipolytic activity was measured by glycerol quantification

method [22, 37]. Glycerol released from hydrolyzed
triacylglycerols was quantified. Differentiated, mature
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adipocytes were serum starved 1 day prior to the experi-
ment. The cells were treated with test compounds dissolved
in PBS for 5 h. Thereafter, 100 pl of the buffer containing
the released glycerol was mixed with 200 pl of glycerol
quantification reagent, which comprised of 75 mM ATP,
3.75 mM magnesium salt, 0.188 mM 4-aminoantipyrine,
2.11 mM sodium-N-ethyl-N-(3-sulfopropyl)-m-aniside
(ESPA), 1,875 U/L glycerol kinase (microbial), 3,750 U/L
glycerol phosphate oxidase (microbial), and 3,750 U/L
peroxidase (horseradish) in TRIS-buffered saline (pH 7.0).
The mixture was incubated for 15 min at 37°C. The optical
density of the quinoneimine chromogen was quantified
spectrophotometrically at 540 nm.

Quantitative real-time reverse transcriptase-polymerase
chain reaction

Total RNA from cultured adipocytes were isolated with a
commercialized spin cartridge kit (Invitrogen; P/N:
12183-018) according to the manufacturer’s protocol.
First-strand cDNA was synthesized immediately after the
total RNA was extracted by using a cDNA synthesis kit
(Applied Biosystems; P/N: 4368814). Gene expression
levels were analyzed by quantitative real-time reverse
transcriptase-polymerase chain reaction (RT-PCR) using
StepOnePlus real-time PCR system (Applied Biosystems).
The assay protocol numbers for the genes investigated are
depicted in Table 1. The mRNA levels of all genes were
normalized using 18S rRNA. Relative gene expression was
determined by the AACt method [23].

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism version 5.02 for Windows (GraphPad Software, San
Diego California USA, www.graphpad.com). Data were
expressed as mean =+ standard deviation, unless stated
otherwise. Analysis of variance was performed using
standard Student’s-f test and ANOVA.

Table 1 Genes investigated

Results
Effect of SIT on glucose uptake in adipocytes

To determine the glucose uptake activity, the radioactivity in
adipocytes incubated with tritiated glucose was measured.
Insulin was used as the positive control. The results showed
that insulin stimulated glucose uptake in adipocytes over a
dose range from 1 to 10,000 pM (Fig. 1a). SIT dose-depen-
dently stimulated glucose uptake in adipocytes at concentra-
tions ranging from 0.1 to 100 uM (Fig. 1b). There was no
improvement in glucose uptake between 100 pM and
1,000 uM SIT-treated adipocytes. Insulin’s effect on glucose
uptake generally showed batch to batch variation between
experiments. Experiments conducted using primary preadi-
pocytes isolated from different rats showed variation in the
extent of differentiation, as can be seen in Fig. la, b at
100 uM insulin induced differentiation. Therefore, insulin
was included as a positive control in each experiment.

Effect of SIT on adipogenesis

To assess the effect of SIT on the differentiation of preadi-
pocytes to adipocytes (i.e., adipogenesis), the insulin in
DM-II was substituted with SIT. Adipogenesis was measured
by assessing the lipid content of differentiating preadipocytes.
Insulin was used as the standard reference for this experiment.
Insulin concentrations from 0.1 to 100 uM stimulated adi-
pogenesis in preadipocytes in a dose-dependent manner
(Fig. 2a). The adipogenic effect of insulin at 100 and
1,000 uM did not show significant difference. Figure 2b
shows that SIT stimulated adipogenesis in a dose-dependent
manner within concentrations ranging from 0.1 to 1,000 pM.

Effect of SIT on lipolysis in adipocytes
To examine the lipolytic activity of SIT, the amount of

glycerol released from treated adipocytes was measured.
Figure 3a, b showed that epinephrine stimulated lipolysis,

Gene name and abbreviation

Protein kinase B (Akt)

Glucose transporter 4 (GLUT4)
Hormone sensitive lipase (HSL)
Phosphatidylinositol-3-kinase (PI3 K)

Assay ID Accession number
Rn00583646_m1 NM_033230.1
Rn00562597_m1 NM_012751.1
Rn00689222_m1 NM_012859.1
Rn00564547_m1 NM_013005.1

General abbreviation of genes selected for this study and corresponding assay ID and accession information are available on Applied Biosystems
website (www.appliedbiosystems.com). Assay ID refers to the “Applied Biosystems Gene Expression Assays” inventoried kit with proprietary
primer and TagMan® probe mix. Assay ID with “Rn” prefix denotes “Rattus norvegicus”. All gene expression assay kits used were FAM/MGB

probed. Eukaryotic 18S rRNA was used as the endogenous control
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whereas insulin inhibited lipolysis in adipocytes. Further-
more, it was also demonstrated that insulin attenuated
epinephrine-induced lipolysis (Fig. 3c). Adipocytes treated
with SIT showed induced lipolytic activity, which behaved
dose-dependently with concentrations from 0.1 to 100 pM
and plateaued from 100 to 1,000 uM (Fig. 3c). Unlike
epinephrine, co-incubation of SIT with insulin did not
attenuate SIT-induced lipolysis. In addition, co-incubation
of epinephrine with SIT showed increased lipolytic activity
compared to epinephrine alone (Fig. 3c).

Effect of SIT on mRNA expression in adipocytes

To ascertain whether SIT elicited any effect on the
expression of insulin pathway regulatory genes, the mRNA
levels of these genes (Table 1) in SIT-treated adipocytes
were examined. Among the four genes investigated,
GLUT4 gene expression showed significant difference
among the treated samples. Adipocytes treated with insulin
(10 pg/ml) showed significant up-regulation of GLUT4
gene expression by 2.59-fold (P < 0.001) compared to
experimental blank (Fig. 4). In contrast, SIT- (10 uM)
treated adipocytes showed significant down-regulation of
GLUT4 gene expression by —15.51-fold (P < 0.001).
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Figure 4 also showed that there was a significant
(P < 0.001) down-regulation of Akt, HSL, and PI3 K gene
expression in insulin- and SIT-treated adipocytes.

Discussion

Insulin binds to the insulin receptor leading to the auto-
phosphorylation of insulin receptor substrates (IRS)
mediated by tyrosine kinase activity. This is followed by a
phosphorylation cascade involving phosphoinositide-3-
kinase (PI3 K), phosphoinositide-dependant kinase-1
(PDK-1), and the downstream effector Akt/PKB (Protein
kinase B), which results in the translocation of glucose
transporter-4 (GLUT4) from the cytoplasmic vesicles to
the cell membrane, thus facilitating the transport of
glucose into the cell [7]. Lipogenesis and lipolysis are
governed, in most part, by the insulin and epinephrine
pathways. Epinephrine action is mediated by the
f-adrenergic receptors, activating the adenylyl cyclase
signaling pathway to produce cAMP, triggering protein
kinase A (PKA), which in turn activates the hormone
sensitive lipases by phosphorylation. The concentration
of cellular cAMP is regulated by the insulin pathway.
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Fig. 3 Effect of a epinephrine,
b insulin and ¢ SIT on lipolysis
in adipocytes. Lipolysis was
measured by assessing the
amount of glycerol released
from adipocytes. The relative
percentage of lipolysis was
calculated by comparing the
experimental values with the
normal control (vehicle).
Epinephrine and insulin were
used as the positive and
negative controls, respectively.
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Activation of phosphodiesterase (PDE) via the phosphor-
ylation cascade initiated by insulin reduces the effect
of epinephrine by breaking the cAMP’s phosphodiester
bond [33].

Primary rat preadipocytes and subsequently differenti-
ated adipocytes are accepted models of study for diabetes
and obesity [22]. To elucidate the action of SIT on glucose
and fat metabolism, the in vitro metabolic responses of
primary preadipocytes and differentiated adipocytes treated
with SIT were investigated. It has been demonstrated in
normal and hyperglycemic rats that oral supplementation
of SIT increased fasting plasma insulin levels with corre-
sponding decreased fasting glucose levels [17]. This was
attributed to increased secretion of insulin [17, 18]. In this
study, the results show that SIT induced glucose uptake in

1 10 100
-sitosterol (uM)

rat adipocytes (Fig. 1b). This suggests that SIT has insulin-
like activity besides being an insulin secretagogue. Similar
to adipocytes, muscle cells are equally important in
maintaining homeostasis of blood glucose levels [25]. In a
recent report, Hwang et al. [15] showed that SIT induced
glucose uptake in a muscle cell line. It was reported that
3T3-L1 cells, a mice-derived preadipocyte cell line,
showed inhibited growth and increased triglyceride accu-
mulation when treated with SIT [4]. Corresponding to their
report, the data presented here shows that SIT induces
adipogenesis by increasing the lipid content in differenti-
ating rat preadipocytes (Fig. 2b). The inhibited growth
observed by Awad et al. [4] in SIT-treated 3T3-L1 cells
may be associated with growth arrest usually observed in
the preadipocytes differentiation [13].
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Fig. 4 Gene expression analysis. The results are expressed as—fold
difference over carrier control. Eukaryotic 18S rRNA was used as the
endogenous control. Fold difference inferior to 0 were expressed as
negative numbers (e.g., a—fold difference of 0.50 is expressed as
—2.00). Results presented as mean =+ standard deviation. Variation
between +1 and —1, corresponds to no change, are represented by the
dotted lines. Statistical significance was calculated based on the mean
ACy values by Student’s-z test; **denotes P < 0.01 and *** denotes
P < 0.001 versus carrier control

Besides affecting glucose transport, SIT also has been
reported to reduce triglyceride content in myotube cells
mediated by AMP-protein activated kinase (AMPK) acti-
vation [15]. The data presented here also show that SIT
induced lipolysis in adipocytes indicated by the increased
release of glycerol in SIT-treated adipocytes (Fig. 3c). The
data also showed that there is a possible of interaction
between the lipolytic effects of SIT with the epinephrine-
induced lipolysis. Adipocytes co-incubated with SIT and
epinephrine showed significant increase in glycerol release
compared to epinephrine-treated cells (Fig. 3c). Epineph-
rine induces lipolysis in adipocytes, whereas insulin
inhibits lipolysis. Ex vivo experiments conducted on rat
adipocytes showed that insulin could attenuate epineph-
rine-induced lipolysis [30]. This observation concurs with
our results. Figure 3c shows that co-incubation of insulin
significantly (P < 0.001) reduced the lipolytic activity of
epinephrine. However, insulin could not attenuate the
lipolysis induced by SIT (Fig. 3c). This observation sug-
gests that the lipolytic effect of SIT is not affected by the
antilipolytic effects of insulin. It was reported that geni-
stein enhanced basal lipolysis in isolated adipocytes [19]
and antagonized the antilipolytic action of insulin in iso-
lated rat adipocytes by increasing cellular cAMP and
activating protein kinase A [35]. Therefore, SIT effects
observed here may be similar to that of genistein, as they
both demonstrated lipolytic activity, which is accompanied
by impairment of the antilipolytic activity of insulin.

To elucidate the molecular events behind the effects of
SIT on adipocytes, the expression level of several key
transcriptional genes in the insulin and epinephrine
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pathways was examined (Table 1). For this experiment
(Fig. 4), 10 uM of SIT was used. This concentration was
chosen as it represents the effective concentration at 50%
(ECsp) for the various biochemical parameters measured in
this study. The modulation of these genes in insulin-treated
rat adipocytes in this study was compared to a previous
study performed on 3T3-L1 cells [21] and was found to be
modulated in a similar pattern. Compared to untreated rat
adipocytes, insulin treatment up-regulated GLUT4 gene
expression and down-regulated Akt, HSL and PI3 K gene
expression (Fig. 4). Collectively, the data presented here
indicate that both mice- and rat-derived adipocytes display
similar biochemical and molecular responses when treated
with insulin. Interestingly, increased glucose uptake
activity in SIT-treated adipocytes (Fig. 1b) is not accom-
panied with up-regulation of GLUT4 gene expression.
Instead, SIT down-regulated the expression of the GLUT4
gene (Fig. 4). This suggests that the increased glucose
uptake activity in SIT-treated adipocytes is likely to be
mediated by the translocation of preexisting GLUT4 and
not attributed to de novo translation of GLUT4. Whereas
the down-regulation of Akt, HSL, and PI3 K gene
expression (Fig. 4) in both insulin- and SIT-treated adi-
pocytes suggest that their role in regulating glucose uptake
is probably regulated at the post-translational level.

Activation of the PI3 K/Akt protein cassette stimulates
the translocation of GLUT4 and increases glucose uptake
[1]. SIT treatment has been reported to cause mixed reac-
tions to PI3 K/Akt signaling in different cancer cell lines;
in murine fibrosarcoma cells (MCA-102), SIT treatment
inactivated PI3 K/Akt signaling [27], whereas in human
leukemic cell line U937, SIT induced PI3 K/Akt phos-
phorylation [26]. PI3 K regulates the activation of the
extracellular signal-regulated kinase 1 and 2 (ERK1/2) and
the PPARy pathway, which leads to the accumulation of
lipids induced by a hyperglycemic condition [12]. PI3 K
also plays an important role in adipogenesis and the pre-
adipocytes differentiation. Inhibition of PI3 K in human
adipocytes significantly reduces triacylglycerol accumula-
tion and fatty acid synthase protein expression [3]. In
addition, 3T3-L1 cells treated with PI3 K inhibitor showed
decreased lipid accumulation [20]. Therefore, the lipolytic
activity of SIT and its ability to improve epinephrine-
induced lipolysis (Fig. 3c) may be associated with the
down-regulation of Akt and PI3 K gene expression in SIT-
treated adipocytes (Fig. 4). In conclusion, the present study
demonstrated that SIT treatment could affect the glucose
transport and lipid mobilization in adipocytes. These
effects are mediated by the activation and regulation of
GLUT4 and PI3 K/Akt.
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