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Introduction
Selenium, an essential trace nutrient, has a variety of

functions in cells including antioxidant properties. Dietary

selenium supplementation has received a great deal of at-

tention for its possible beneficial effects [1,2]. Additionally,

selenium has been shown to have anti-tumorigenic abilities,

and other metabolic regulatory functions such as glucose

homeostasis and lipid concentrations [3,4]. Although nu-

merous studies on functional aspects of selenium for the

prevention of degenerative diseases have been carried out,

anti-adipogenic effect of selenium has not been explored.

Identifying molecular basis for controlling adipocytes has

an implication for therapeutic modalities of obesity devel-

opment and obesity related metabolic consequences. The

modulation of AMP-activated kinase (AMPK) has emerged

as an important target for the prevention and treatment of

atherosclerosis as well as potentially for obesity therapy

[5,6]. AMPK, a sensor of cellular energy status, emerges as

a possible molecular candidate of controlling adipocyte dif-

ferentiation [7]. Recently, controlling obesity and diabetes

through the modulation of AMPK has gained a great deal

of attention, because there is a general consensus that the

major metabolic responses to exercise are mediated through

AMPK [8]. Furthermore, considering increased use of sele-

nium as a dietary supplement, it needs to be clarified the

possible biological function of selenium on adipocytes. The

aim of the present study was to evaluate the effects of sele-

nium on adipocyte differentiation and induction of apopto-

sis through the activation of AMPK signaling. Our results

show that selenium activates AMPK, inhibits adipocyte dif-

ferentiation comparable to resveratrol or AICAR, and in-

duces apoptosis of adipocytes.
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Selenium was investigated using human origin preadipocytes to see whether it possesses preventive
or therapeutic effects for obesity. Unveiling the potential of selenium in the reduction of adipogenesis
can help predict the therapeutic capabilities of selenium in obesity. In the present study, the molecular
mechanism of the inhibition of adipogenesis by selenium was explored to unravel the involvement
of the AMP-activated protein kinase. There is emerging evidence that AMPK, a sensor of cellular en-
ergy status, is a possible molecular target of controlling adipocyte differentiation on the basis of dis-
covery that AMPK is responsible for the major metabolic responses to exercise, and integration of nu-
tritional and hormonal signals to modulate feeding behavior or energy expenditure in the
hypothalamus. Treatment of selenium resulted in inhibition of the adipocyte differentiation process
and induction of mature apoptosis in 3T3-L1 adipocytes. We hypothesized that selenium may exert
anti-adipogenic potential though modulating AMPK. We have found that selenium significantly acti-
vated AMPK and phosphorylated its substrate acetyl-CoA carboxylase (ACC-serine

79
) during the in-

hibitory process of adipocytes. Also, the inhibition process of adipocyte differentiation by selenium
was comparable to either reveratrol or a synthetic AMPK activator, AICAR (5-aminoimidazole-4-car-
boxamide-1-β-D-ribofuranoside). To evaluate the involvement of AMPK in anti-lipogensis, we applied
AICAR and Compound C, an AMPK inhibitor, to 3T3-L1-adipocytes and found that AMPK is re-
quired for the adipocyte differentiation blocking process. These results suggest that selenium has a
potential to control adipogenesis and that this effect is mediated by AMPK, an essential kinase for
both inhibition of adipocyte differentiation and apoptosis of mature adipocytes.
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Materials and Methods
Cell culture and reagents
3T3-L1 cells (ATCC, Manassas, VA) were cultured in

Dulbecco’s modified Eagle’s medium containing 10% fetal

bovine serum at 37
o
C in a 5% CO2 atmosphere. Specific anti-

bodies recognizing the phosphorylated forms of AMPK

Thr
172
, ACC Ser

79
, β-actin were purchased from Cell

Signaling Technology (Danvers, MA). Insulin, 3-isobutyl-1-

methylxanthine (IBMX), and dexamethasone were from

Sigma-Aldrich (St. Louis, MO). Sodium selenate was also

purchased from Sigma-Aldrich.

Adipocyte differentiation
3T3-L1-preadipocyte cells were grown in 12-well plates,

and adipocyte differentiation was induced for two days with

hormonal mixtures containing 1M dexamethasone, 5 g/ml

insulin, and 0.5 mM IBMX. After two days, the medium was

changed to the normal medium containing insulin (5 g/ml).

Oil Red O staining
After completing differentiation, the cells were fixed with

3.5% formaldehyde for 20 min, and then the differentiated

cells were stained with Oil Red O dye (Sigma-Aldrich).

Protein extract and Western blotting
The cells were washed with phosphate-buffered saline

(PBS), scraped into lysis buffer (50mM Tris HCl [pH 7.4],–

1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM

EDTA, 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM

NaF, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pep-

statin), and subjected to Western blot analysis with specific

antibodies.

Chromatin staining with Hoechst 33342
Cells were stained with 10 µM Hoechst 33342 dye

(Sigma-Aldrich) for 30 min, and then cells were fixed with

3.7% para-formaldehyde for 15 min. After PBS (phosphoate-

buffered saline) washing, the fluorescence intensity was as-

sessed by fluorescence microscope.

Results
Inhibition of adipocyte differentiation was observed

in 3T3-L1 adipocytes treated with selenium
We evaluated the effects of selenium on the inhibition of

adipocyte differentiation. Cultured 3T3-L1 adipocytes were

exposed to selenate at different doses (at day 0), and cell

differentiation was performed with a hormonal cocktail

contained medium. At day 6, differentiations were ended

and droplets of lipid were detected by oil staining. The

treatment of adipocytes with selenate markedly suppressed

adipocyte differentiation (Fig. 1). These results suggest that

selenium might be an efficient blocker of adipocyte differ-

entiation, and therefore, have a potential of anti-obesity

agent.

Selenium also induced mature adipocyte apoptosis
The apoptotic ability of mature adipocytes were next

evaluated, and 3T3-L1 adipocytes were differentiated with

hormonal cocktail treatment, and mature cells were ex-

posed to selenium. After treatment, apoptotic pattern was

observed with hoechst 33342 dye, and the apoptotic bod-

ies were found in selenium-exposed mature adipocytes

(Fig. 2A).

Selenium was found to activate AMPK in the
process of adipocyte differentiation blockage
We investigated the involvement of AMPKα in the proc-

ess of selenium-induced inhibition of adipocyte differentia-

tion. AMPK activation and its substrate acetyl-CoA carbox-

ylase (ACC) phosphorylation were examined. The AMPK ac-

tivation was observed directly by examining the increase of

phosphorylated AMPK and indirectly by observing the

phosphorylation level of acetyl-CoA carboxylase serine79, the

best-characterized phosphorylation site by the activated

AMPK. The activation of AMPKα following selenium treat-

ment (100-400 µM) was noticeable as shown in Fig. 2B.

Fig. 1. The effects of selenium on 3T3-L1 adipocyte differentia-

tion. Postconfluent 3T3-L1 cells were differentiated

with hormonal mixtures in the absence or presence of

selenium (100-400 µM) for 6 days. The morphological

changes were photographed after Oil-Red O staining.
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(A)

(B)

Fig. 2. Selenium activates AMPK and induces apoptosis in dif-

ferentiated 3T3-L1 adipocytes. Postconfluent 3T3-L1 cells

were differentiated with hormonal mixtures in the ab-

sence or presence of selenium for 6 day. Then cells were

incubated with 10 µM Hoechst 33342 and fixed with 3.7%

formaldehyde and fluorescence microscopic images were

obtained (A). The levels of phospho-AMPKα and phos-

pho-Acc were determined by Western blot analysis.

Blockage of adipocyte differentiation by selenium
was comparable to the adipocyte differentiation
inhibition by either resveratrol or AICAR
The inhibition of adipocyte differentiation of AMPK by

selenium was comparable to the treatment with grape phy-

tochemical resveratrol or AICAR, a synthetic AMPK activa-

tor in 3T3-L1 adipocytes (Fig. 3).

The involvement of AMPK activation in adipocyte
differentiation process was evaluated with AICAR
and Compound C
As shown in Fig. 4, the treatment of 3T3-L1 adipocytes

with AICAR (1 mM and 2 mM) and Compound C, an

AMPK inhibitor, revealed that AICAR activated AMPK,

and the activation of AMPK by AICAR was inhibited by

co-treatment with Compound C. AICAR, a synthetic form

of AMPK activator, has shown to be an inhibitor of cell

anabolism, especially in cancerous cells. This result in-

dicates that AMPK is involved in the inhibition process of

adipocyte differentiation.

Discussion
Correct assessment of the underlying mechanisms of an-

ti-obesity effect of dietary agent is inevitable in considering

Fig. 3. The effects of resveratrol and AICAR on 3T3-L1 adipo-

cyte differentiation. Postconfluent 3T3-L1 cells were dif-

ferentiated with hormonal m ixtures in the absence or

presence of resveratrol (50, 100 µM) and AICAR (0.5, 1

mM) for 6 days. The morphological changes were photo-

graphed after Oil-Red O staining.

Fig. 4. The role of AMPKα in differentiated adipocytes. Postcon-

fluent 3T3-L1 cells were differentiated with hormonal

m ixtures for 6day. After differentiation, cells were pre-

treated with Compound C (10 µM) for 30 min and treated

with AICAR (1, 2 mM) for 6 hr. The levels of phos-

pho-AMPKα and phospho-Acc were determ ined by

Western blot analysis.

the application to human intervention trials. In the present

study the molecular basis of selenium with emphasis on

their ability to control intracellular signaling cascades of

AMP activated kinase (AMPK) responsible for the inhibition

of adipogenesis was investigated. The evolutionarily con-

served serine/threonine kinase, AMPK, is known as a pri-

mary cellular homeostasis sensor and effecter modulating

energy balance and a possible target molecule of anti-obesity

[9]. Hypothalamic AMPK was found to integrate nutritional

and hormonal signals modulating feeding behavior and en-

ergy expenditure [10]. Moreover, adipocyte-derived hor-

mones such as leptin and adiponectin are shown to activate

AMPK [11,12]. The mechanism by which affects AMPK reg-

ulation with physiological stimuli or anti-obesity agents
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might present a promising target for the development of

strategies for the treatment of obesity. In present study, we

investigated the effects of selenium on adipocyte differ-

entiation in relation to AMPK activation. We have observed

that adipogenesis was induced during adipocyte differ-

entiation by hormonal cocktail, and selenium significantly

inhibited the process of adipocyte differentiation and led to

mature adipocyte apoptosis. The previous report from our

laboratory has shown the possibility of ROS as an upstream

signal of AMPK in the process of adipocyte control by the

naturally occurring compounds such as genistein, EGCG

(epigallocatechin-3-gallate) and capsaicin [13]. From the

present study it was suggested that the activation of AMPK

was necessary for the inhibition of adipogenesis in 3T3-L1

cells, and AMPK is a novel and critical component of both

inhibition of adipocyte differentiation and apoptosis of ma-

ture adipocyte by selenium implying AMPK as a prime tar-

get of obesity control. Obesity is considered to be resulting

from the imbalance between energy intake and energy ex-

penditure that may be linked to a pathologic overgrowth

of adipose cells [22]. The mass of adipose tissue is thought

to be modulated by the blocking of adipogenesis from pre-

cursors, and the control of the size of mature adipocytes.

Therefore, obesity is caused by the hypertrophy of adipo-

cytes as well as the recruitment of new adipocytes from pre-

cursor cells, and these two processes are critical for the adi-

pocyte differentiation [22]. AMPK is known to play a major

role in energy homeostasis by coordinating adaptive re-

sponses in ATP-depleting metabolic states of exercise [8].

Furthermore, the persistent activation of AMPK showed to

be connected to p53-dependent cellular senescence suggest-

ing its role as an intrinsic regulator of the cell cycle in mam-

malian cells [14]. Recently, AMPK cascades have emerged

as novel targets for the treatment of obesity and type 2

diabetes. AMPK is known to be activated with 5-ami-

no-imidazole-4-carboxamide riboside (AICAR), which is

converted to a nucleotide that mimics the effect of AMP,

and the long term treatment with AICAR prevented the de-

velopment of diabetes in animal models [15]. Also, the proa-

poptotic potential of the activated was observed in the

AMPK over-expressed conditions of various cells [16,17].

Our results show that selenium activates AMPK, blocks adi-

pocyte differentiation comparable to resveratrol or AICAR,

and induces apoptosis of adipocytes. The anti-proliferatory

and lipolytic effects of selenium have been attributed to their

ability to modulate various signaling pathways, specially,

the control of cell proliferation and survival. However, the

precise target of their anti-proliferatory effect remained

unresolved. Here, we introduce AMPK as a possible main

target of these compounds in their anti-obesity activity.

AMPK is activated by various stimuli including exercise,

heat shock and ROS [15]. The activated for blocks the ana-

bolic pathways and promotes catabolic pathway, and thus

activation of AMPK is linked to inhibition of cell pro-

liferation and apoptosis. AMPK is known to be involved in

the oxidative stress-induced cellular apoptosis through the

inhibition of specific protein trans-elongation factor 2 when

it is phosphorylated [18,19]. The more recent studies suggest

that AMPK plays a critical role in the inhibition of cellular

protein synthesis as well as stress-induced apoptosis [20].

It has been reported that AMPK activation is necessary for

the therapeutic effect of metformin and troglitazone [23]. The

mechanism by which affects AMPK regulation with physio-

logical stimuli or anti-obesity agents might present a promis-

ing target for the development of strategies for the treatment

of obesity. AMPK cascades have been postulated to respond

to the intracellular level of AMP or AMP:ATP ratio, and to

be highly sensitive to the oxidative stress [21]. The exact

mechanism to stimulate preadipocyte mitosis and differ-

entiation in vivo remains exclusive. However, it is proposed

that hypertrophy of fat cells grown beyond a certain size

might propagate to differentiate by sending specific signals.

Adipocyte inducers stimulate preadipocytes to undergo mi-

totic clonal expansion before transcriptional activation of

adipocyte genes before anchoring adipocyte phenotypes

[24]. The results indicated that adipogenesis was induced

during adipocyte differentiation by hormonal cocktail, and

selenium inhibited the adipocyte differentiation of lead to

apoptosis of mature adipocytes. Also we have tested wheth-

er AICAR has the similar effect on adipocyte differentiation

and AMPK activation in comparision with selenium, and we

have found that selenium and AICAR inhibited the differ-

entiation and early clonal expansion of pre-adipocytes. We

have also found that AMPK inhibitor Compound C could

block the inhibitory effect of AMPK on adipocyte

differentiation. These results strongly suggested that the acti-

vation of AMPK was necessary for the inhibition of adipo-

genesis in 3T3-L1 cells, and AMPK is a novel and critical

component in adipogenesis, also AMPK is necessary for the

inhibition of both adipocyte differentiation and apoptosis of

mature adipocyte by selenium and resveratrol implying its

involvement in dietary agent-inhibited adipogenesis.
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초록 가 셀레늄으로 처리된 지방세포의 분화과정 억제에AMP-activated protein kinase 3T3-L1：

관한 연구

박송이황진택․ 1
이윤경․ 2

김영민박옥진․ ․ 2*
한남대학교 생명나노과학대학 생명과학과( , 1한국식품연구원, 2한남대학교 생명나노과학대학 식품영양학과)

셀레늄은 필수미네랄로 항산화작용 등의 체내 주요 작용을 수행한다고 알려져 있다 만성질환 등의 예방과 치료.

등의 바람직한 효능을 기대하여 섭취가 늘고 있어서 주목을 받고 있다 셀레늄은 암의 억제나 혈중포도당조절.

및 지방억제 등의 목적으로도 이용되고 있다 이러한 다양한 연구에도 불구하고 지방세포를 이용한 지방세포분화나.

지방세포사멸 촉진에 미치는 영향은 아직 연구되어 있지 않다 셀레늄의 지방세포조절을 통한 분자기전에 대한.

연구는 늘어가고 있는 비만이나 비만관련대사질환의 조절에 학문적 근거를 제공할 수 있다 본 연구에서는 셀레늄.

이 를 중심으로 지방 미분화세포인 지방세포의 분화억제 및 분화된AMP-activated protein kinase (AMPK) 3T3-L1

세포의 사멸작용의 기전을 밝히고자 하였다 는 세포 내 에너지상태의 센서로 작용하는데 실제적으로 운동의. AMPK

지방대사 촉진기능이 이 단백질에 기인한다는 사실이 밝혀지면서 각광을 받고 있다 또한 시상하부에서 는. AMPK

호르몬이나 영양소 등의 생리적인 인자들을 통합하고 식욕이나 신체에너지 대사를 총괄하는 물질로 대두되고

있다 셀레늄을 지방세포의 분화과정에 처리하였을 때에 현저한 지방세포로의 분화가 억제되었고 이미 다 분화된.

성숙된 지방세포에 처리하였을 때는 세포사멸 을 유도하는 것을 발견하였으며 이와 동시에 의(apoptosis) AMPK

활성화 촉진 및 의 지질인 의AMPK acetyl-CoA carboxylase serine
79
를 인산화하는 것으로 나타났다 또한 이러한.

셀레늄의 지방세포분화 억제 능력은 의 활성화 합성물질인 나 포도의 폴리페놀인 레스베라트롤의AMPK AICAR

능력과 같은 정도의 억제능을 보여주었다 또한 의 항 지방축적작용에서의 필수성을 알아보기 위하여 지방세. AMPK

포에 활성화 물질인 와 억제물질인 를 사용하여 활성화를 측정하여 본 결과AMPK AICAR Compound C AMPK

지방세포분화와 지방축적의 억제과정에 있어서 가 필수적임을 밝혀내었다AMPK .


