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Objectives: Tanshinone I is a bioactive constituent in Salvia miltiorrhiza. At present, the
anti-obesity effect and mechanism of tanshinone I are not fully understood. Here we investigated the effect of tanshinone I on lipid accumulation in 3T3-L1 preadipocytes and
zebrafish.
Methods: Lipid accumulation and triglyceride (TG) content in 3T3-L1 cells were determined by Oil Red O staining and AdipoRed assay, respectively. The expression and
phosphorylation levels of adipogenic/lipogenic proteins in 3T3-L1 cells were evaluated
by Western blotting. The messenger RNA (mRNA) expression levels of adipogenic/lipogenic markers and leptin in 3T3-L1 cells were measured by reverse transcription polymerase chain reaction (RT-PCR). Lipid accumulation in zebrafish was assessed by
LipidGreen2 staining.
Results: Tanshinone I at 5 μM largely blocked lipid accumulation and reduced TG content
in differentiating 3T3-L1 cells. Furthermore, tanshinone I decreased the expression of
CCAAT/enhancer-binding protein-α (C/EBP-α), peroxisome proliferator-activated receptor-γ (PPAR-γ), fatty acid synthase (FAS), acetyl CoA carboxylase (ACC), and perilipin A but also the phosphorylation of signal transducer and activator of transcription-3
(STAT-3) in differentiating 3T3-L1 cells. In addition, tanshinone I increased the phosphorylation of adenosine 3’,5’-cyclic monophosphate (cAMP)-activated protein kinase
(AMPK) while decreased the intracellular adenosine triphosphate (ATP) content with no
change in the phosphorylation and expression of liver kinase-B1 in differentiating 3T3-L1
cells. Importantly, tanshinone I also reduced the extent of lipid deposit formation in developing zebrafish.
Conclusions: These findings demonstrate that tanshinone I has strong anti-adipogenic
effects on 3T3-L1 cells and reduces adiposity in zebrafish, and these anti-adipogenic effect in 3T3-L1 cells are mediated through control of C/EBP-α, PPAR-γ, STAT-3, FAS,
ACC, perilipin A, and AMPK.
Key Words: Tanshinone, Adipogenesis, AMP-activated protein kinases, 3T3-L1 cells,
Zebrafish

Introduction

the leading factors for global morbidity and mortality2).
Increasing evidence also indicates that obesity is induced as

Obesity is a serious public health epidemic with about 2

a result of excessive adipocyte differentiation, also known

billion adults overweight or obese. The association between

as adipogenesis, in the adipose tissues and adipocytes3,4).

obesity and adverse health consequences, including hyper-

Any compound that inhibits excessive adipogenesis could

lipidemia, cardiovascular disease, type 2 diabetes, and can-

therefore be a potential therapeutic option for obesity.

cer, is well established1). As a result, obesity is now among

Adipogenesis is a biological process characterized by
www.jkomor.org
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morphological, cellular, and biochemical changes4). The dif-

Materials and Methods

ferentiation process requires fibroblast-like preadipocytes to
develop into mature adipocytes3) under the control of adipo-

1. Materials

genesis-related transcription factors, including the family of

Polyclonal C/EBP-α antibody, monoclonal PPAR-γ anti-

CCAAT/enhancer-binding proteins (C/EBPs), peroxisome

body, monoclonal STAT-3 antibody, monoclonal phos-

proliferator-activated receptors (PPARs), and signal trans-

pho-STAT-3 (p-STAT-3) antibody, polyclonal STAT-5 anti-

5-8)

, pro-

body and polyclonal phospho-STAT-5 (p-STAT-5) antibody

tein kinase A, extracellular signal-regulated protein kin-

were from Santa Cruz Biotechnology (Delaware, CA, USA).

ase-1/2 (ERK-1/2), adenosine 3’,5’-cyclic monophosphate

Polyclonal p-AMPK antibody, monoclonal AMPK antibody,

ducer and activator of transcription (STAT) proteins

9-11)

, lipogenic enzymes, such as fatty acid synthase

polyclonal p-ACC antibody, polyclonal ACC antibody, poly-

(FAS) and lipid droplet (LD) associated proteins like peril-

clonal phospho-liver kinase-B1 (p-LKB-1) antibody, and

(cAMP)

12,13)

, and cAMP-activated protein kinase (AMPK) and

ipin A

14-17)

polyclonal LKB-1 antibody were from Cell Signaling

.

Technology (Danvers, MA, USA). Monoclonal FAS antibody

Central to the early stage of 3T3-L1 adipocyte differentiation

was from BD Bioscience (San Jose, CA, USA). Tanshinone

is the expression and phosphorylation of STAT-3, which

I was purchased from Selleckchem (Houston, TX, USA).

its downstream effector acetyl CoA carboxylase (ACC)

6,18)

then induces C/EBP-β transcription

Tanshinone I was prepared as a 10 mM stock solution in

.

The potential application of natural products as tradi-

dimethyl sulfoxide (DMSO). Monoclonal β-actin antibody

tional herbal medicines for the treatment of obesity by re-

was from Sigma (St. Louis, MO, USA). Polyclonal perilipin

ducing lipid accumulation, adipocyte cell size and/or stim-

A antibody was from Bio Vision (Milpitas, CA, USA).

ulating lipid metabolism are well documented19). Tanshinone

Unless stated all other reagents were from Sigma.

I is a bioactive constituent among the tanshinones found in
a traditional herbal medicine Red sage, also called Salvia

2. Differentiation of 3T3-L1 preadipocytes

miltiorrhiza. Recently, Red sage and its bioactive phy-

3T3-L1 preadipocytes (ATCC, Manassas, VA, USA) were

tochemicals have attracted much attention for their pharma-

grown in Dulbecco's modified Eagle's medium (DMEM)

cological effects, including anti-inflammatory, anti-diabetic,

supplemented with 10% fetal bovine serum (FBS; Gibco,

anti-cancer, and cardio-cerebrovascular protective activ-

Rockville, MD, USA) and penicillin-streptomycin (Welgene,

20,21)

. We have recently demonstrated that tanshinone

Daegu, Korea). Cells were grown to confluence and then

IIA, one of the tanshinones in Red sage, greatly inhibits

incubated for a further 2 days before differentiation was

ities

22)

adipogenesis in 3T3-L1 cells as well as in zebrafish . This

induced. Differentiation was induced by incubating 3T3-L1

research led us to hypothesize that tanshinone I might have

preadipcoytes with DMEM supplemented with 10% FBS

similar or potentially superior anti-adipogenic effects.

(Welgene) plus a cocktail of hormones (MDI): 0.5 mM

The present study examined the ability of tanshinone I to

IBMX (M), 0.5 μM dexamethasone (D), and 5 μg/mL in-

regulate lipid accumulation in 3T3-L1 adipocytes and

sulin (I) in the absence (vehicle control; DMSO, 0.1%) or

zebrafish. We report that tanshinone I strongly inhibits lipid

presence of tanshinone I at the indicated concentrations.

accumulation in 3T3-L1 cells and zebrafish, and its anti-adi-

After 48 h MDI-induction, the differentiation medium was

pogenic/lipogenic effect on 3T3-L1 cells is associated with

replaced with DMEM supplemented with 10% FBS and 5

dramatic changes in the expression or activation status of

μg/mL insulin in the presence or absence of tanshinone I at

central adipogenic program mediators C/EBP-α, PPAR-γ,

the indicated concentrations. The cells were then fed every

FAS, ACC, perilipin A, STAT-3, and AMPK.

other day with DMEM containing 10% FBS in the presence
or absence of tanshinone I at the indicated concentrations
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until day 8. On day 8, the preadipocytes became mature

Nonidet P-40, 1 mM ethylenediaminetetraacetic acid (EDTA),

adipocytes that rounded-up and filled with many oil droplets.

1 mM ethylene glycol tetraacetic acid (EGTA), proteinase
inhibitor cocktail [1x]). The cell lysates were collected and

3. Oil Red O staining
On day 8 of differentiation, vehicle control (DMSO) or
tanshinone I-treated 3T3-L1 cells were washed twice with

centrifuged at 12,000 rpm for 20 min at 4°C. The supernatants were saved and protein concentrations determined
by Bradford reagent (Bio-Rad, Hercules, CA, USA).

phosphate buffer saline (PBS), fixed with 10% formaldehyde for 2 h at room temperature (RT), washed with

7. Western blot analysis

60% isopropanol and dried completely. The fixed cells were

Proteins (50 μg) were separated by sodium dodecyl sul-

then stained with Oil red O working solution for 1 h at RT

fate-poiyacrylmide gel eletrophoresis (SDS-PAGE) (10%)

and then washed twice with distilled water. In addition,

and transferred onto nitrocellulose membranes (Millipore,

quantitation of Oil red O staining was determined by Image

Burlington, MA, USA). The membranes were washed with

J (U.S. National Institutes of Health, Bethesda, MD, USA).

TBS (10 mM Tris, 150 mM NaCl) with 0.05% (vol/vol)

Lipid droplets were also observed by light microscopy

tween 20 (TBST) followed by blocking with TBST contain-

(Nikon, Tokyo, Japan).

ing 5% (w/v) non-fat dried milk. The membranes were incubated overnight with antibodies specific for C/EBP-α

4. Cell count analysis
Vehicle or tanshinone I-treated 3T3-L1 cell viability was

(1:1,000), PPAR-γ (1:1,000), STAT-3 (1:2,000), p-STAT-3
(1:2,000), STAT-5 (1:2,000), p-STAT-5 (1:2,000), p-LKB-1

assessed by trypan blue exclusion assay. Viable cells were

(1:1,000),

LKB-1

(1:1,000),

p-ACC

(1:2,000),

ACC

counted using phase contrast microscopy in triplicate. Data

(1:2,000), FAS (1:1,000), perilipin A (1:2,000) or β-actin

are mean±standard error (SE) of three independent experiments.

(1:10,000) at 4°C. The membranes were then exposed to

Survival was expressed as a percentage of vehicle control.

secondary antibodies coupled to horseradish peroxidase for
2 h at RT. The membranes were washed three times with

5. Quantification of cellular triglyceride (TG) content

TBST at RT. Immunoreactivities were detected by enhanced

by AdipoRed assay

chemiluminescence (ECL) reagents. Equal protein loading

Intracellular lipid content of vehicle or tanshinone I-treat-

was assessed by the expression levels of β-actin protein.

ed 3T3-L1 cells were measured using a commercially available AdipoRed Assay Reagent kit according to the manu-

8. Reverse transcription polymerase chain reaction

facturer's instructions (Lonza, Walkersville, MD, USA).

(RT-PCR) analysis

After a 10 min incubation, fluorescence was measured on

At the designated time point, total cellular RNA in ve-

a Victor3 (Perkin Elmer Inc., Waltham, MA, USA) with ex-

hicle or tanshinone I-treated 3T3-L1 cells was isolated with

citation at 485 nm and emission at 572 nm. TG content was

the RNA-zol-B (Tel-Test, Friendswood, TX, USA). Three

expressed as a percentage of vehicle control.

micrograms of total RNA were reverse transcribed using a
random hexadeoxynucleotide primer and reverse transcriptase.

6. Preparation of whole cell lysates

Single stranded cDNA was amplified by PCR with the fol-

At the designated time points, vehicle or tanshinone

lowing primers. Primer sequences used are listed in Table 1.

I-treated 3T3-L1 cells were washed twice with PBS and

The PCR conditions applied were: C/EBP-α, 30 cycles of

proteins extracted using a modified RIPA buffer (50 mM

denaturation at 95°C for 30 s, annealing at 62°C for 30 s,

Tris-Cl [pH 7.4], 150 mM NaCl, 0.1% sodium dodecyl sul-

and extension at 72°C for 30 s; PPAR-γ, 30 cycles of dena-

fate, 0.25% sodium deoxycholate, 1% Triton X-100, 1%

turation at 95°C for 30 s, annealing at 53°C for 30 s, and
www.jkomor.org
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Table 1. Primer Sequences Used for RT-PCR
Gene

Sequence

C/EBP-α
PPAR-γ
FAS
Perilipin A
Leptin
ACC
Actin

Sense

5′-TTACAACAGGCCAGGTTTCC-3′

Antisense

5′-CTCTGGGATGGATCGATTGT-3′

Sense

5′-GGTGAAACTCTGGGAGATTC-3′

Antisense

5′-CAACCATTGGGTCAGCTCTC-3′

Sense

5′-TTGCTGGCACTACAGAATGC-3′

Antisense

5′-AACAGCCTCAGAGCGACAAT-3′

Sense

5′-CTTTCTCGACACACCATGGAAACC-3′

Antisense

5′-CCACGTTATCCGTAACACCCTTCA-3′

Sense

5′-CCAAAACCCTCATCAAGACC-3′

Antisense

5′-CTCAAAGCCACCACCTCTGT-3′

Sense

5′-GTCAGCGGATGGGCGGAATG-3′

Antisense

5′-CGCCGGATGCCATGCTCAAC-3′

Sense

5′-TCATGAAGTGTGACGTTGACATCCGT-3′

Antisense

5′-CCTAGAAGCATTTGCGGTGCACGATG-3′

RT-PCR: reverse transcription polymerase chain reaction, C/EBP-α: CCAAT/enhancer-binding protein-α, PPAR-γ: peroxisome
proliferator-activated receptor-γ, FAS: fatty acid synthase, ACC: acetyl CoA carboxylase.

extension at 72°C for 30 s; FAS, 30 cycles of denaturation

luminescence was measured on a Victor3 (Perkin Elmer Inc.).

at 95°C for 15 s, annealing at 55°C for 40 s, and extension
at 68°C for 45 s; perilipin A, 30 cycles of denaturation at

10. Zebrafish experiment

95°C for 1 min, annealing at 55°C for 1 min, and extension

A number of studies have demonstrated that zebrafish

at 72°C for 1 min; leptin, 30 cycles of denaturation at 95°C

can be used to study lipid biology including lipid accumu-

for 1 min, annealing at 57°C for 1 min, and extension at

lation and metabolism22,23). We and others also have recently

72°C for 1 min; ACC, 30 cycles of denaturation at 95°C for

shown that LipidGreen2 selectively stains lipid deposits in

1 min, annealing at 62°C for 1 min, and extension at 72°C

live zebrafish22,24,25). Zebrafish was maintained under stand-

for 1 min; β-actin, 25 cycles of denaturation at 95°C for 30

ard conditions as previously described26). All experimental

s, annealing at 57°C for 30 s, and extension at 72°C for 1

protocols involving zebrafish were approved by the Animal

min. Expression levels of β-actin messenger RNA (mRNA)

Care and Committee of the Korea Research Institute of

were used as an internal control to evaluate the relative

Chemical Technology. Two dpf (day post fertilization) lar-

mRNA expression of adipocyte-specific genes and leptin.

vae were arrayed in 24-well plates in which each well contains 10 larvae (n=10) and 1 mL egg water (0.6 g/L sea

9. Measurement of intracellular adenosine triphos-

salt). The indicated concentrations of tanshinone I dissolved

phate (ATP) levels

in DMSO were added to each well and incubated in 37°C

3T3-L1 preadipocytes were seeded in 96-well plates and

incubator. After 24 h, larvae were washed with egg water

grown in the presence of differentiation media in the ab-

and stained with 5 μM LipidGreen2 solution24). After 10

sence or presence of tanshinone I or 2-deoxyglucose (2-DG).

min, larvae were washed 3 times with egg water. To acquire

On day 2, 5, and 8 of differentiation, intracellular ATP lev-

images, larvae were anesthetized in tricaine (Sigma) and

els were measured by luciferase activity using a lumines-

mounted in 3% methylcellulose (Sigma). Images were ac-

cence assay kit according to the manufacturer’s protocol

quired with a Leica MZ10 F stereomicroscope, Leica DFC425

(ATPLite-1step; Perkin Elmer Inc.). After 2 min incubation,

camera, and Leica Application Suite software v4.5 (Leica

112

www.jkomor.org

Hyo-Shin Kwon et al.: Inhibition of Lipid Acumulation in 3T3-L1 Cells and Zebrafish by Tanshinone I

Microsystems, Wetzlar, Germany). Yolk size and fluorescence

Results

intensity were measured by ImageJ software27). Data are
mean±standard error of the mean.

1. Tanshinone I concentration-dependently inhibits
lipid accumulation and reduces TG content in

11. Statistical analysis

differentiating 3T3-L1 cells

Cell count analysis was done in triplicates and repeated

The protocol for 3T3-L1 preadipocyte differentiation is

three times. Data were expressed as mean±SE. The sig-

shown in Fig. 1A. Primarily, we investigated the treatment

nificance of difference was determined by one-way analysis

effect of various concentrations (1, 2.5, and 5 μM) of tan-

of variance. All significance testing was based upon a

shinone I (Fig. 1B) on cell growth (survival) during the dif-

P-value of <0.05. For assessment of the size and intensity

ferentiation of 3T3-L1 preadipocytes into adipocytes for 8

of yolk in zebrafish, unpaired t-test was used to measure

days using cell count analysis. Treatment with tanshinone I

difference versus DMSO group (n=10). The statistical sig-

at the concentrations tested did not influence survival of

nificance was based upon a P-value of ≤0.05 or ≤0.01.

3T3-L1 cells (Fig. 1C). We next investigated the treatment

Fig. 1. Effects of tanshinone I on lipid accumulation, TG content, and cell survival during 3T3-L1 preadipocyte differentiation. (A)
Protocol for 3T3-L1 preadipocyte differentiation. (B) is the chemical structure of tanshinone I. (C) 3T3-L1 preadipocytes were grown
under the above-mentioned 3T3-L1 preadipocyte differentiation condition in Fig. 1A. On day 8, the number of surviving cells in
vehicle control or tanshinone I-treated 3T3-L1 preadipocytes was measured by trypan blue dye exclusion. Data are mean±SE of
three independent experiments, each done in triplicate. *P<0.05 vs. control (no chemical). (D) Quantification of the cellular TG
content in vehicle control or tanshinone I-treated 3T3-L1 preadipocytes on day 8 by AdipoRed assay. Data are mean±SE of three
independent experiments, each done in triplicate. *P<0.05 vs. control (no chemical). (E) Measurement of the cellular lipid (lipid
droplets) in 3T3-L1 preadipocytes (undifferentiated) or differentiated adipocytes on day 8 of differentiation in the absence (vehicle
control; DMSO, 0.1%) or presence of tanshinone I at the indicated concentrations by Oil red O staining (×400) (upper panels).
Phase-contrast images were also taken after the treatment (lower panels). (F) Quantification of the Oil red O staining in vehicle
control or tanshinone I-treated 3T3-L1 preadipocytes on day 8 by Image J. MDI: 0.5 mM IBMX, 0.5 μM dexamethasone, and 5 μ
g/mL insulin, FBS: fetal bovine serum, Tan I: tanshinone I, TG: triglyceride, SE: standard error, DMSO: dimethyl sulfoxide.
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effect of various concentrations of tanshinone I on intra-

preadipocytes on day 8 was obtained by Image J (Fig. 1F).

cellular TG content in 3T3-L1 cells on day 8 of differ-

Since 5 μM of tanshinone I exhibited the most strong in-

entiation using an AdipoRed assay. As shown in Fig. 1D,

hibitory effect on lipid accumulation and TG content with

tanshinone I treatment concentration-dependently reduced

no cytotoxicity, we chose this concentration for further studies.

cellular TG content during 3T3-L1 preadipocyte differentiation.
We further investigated the treatment of tanshinone I at 1,

2. Tanshinone I decreases C/EBP-α, PPAR-γ, and

2.5, and 5 μM on lipid accumulation during the differ-

phosphorylation levels of STAT-3 in differentiating

entiation of 3T3-L1 preadipocytes into adipocytes using Oil

3T3-L1 cells

red O staining. Treatment of the preadipocytes with tan-

To gain a better understanding of the mechanisms asso-

shinone I for 8 days markedly reduced the amounts of LDs

ciated with the anti-adipogenic effect of tanshinone I, we

in a concentration-dependent manner (Fig. 1E, upper pan-

next measured the expression and phosphorylation levels

els). Evidently, treatment with 5 μM tanshinone I most

(activity) of adipogenic transcription factors, C/EBP-α,

strongly blocked the accumulation of LDs. In addition, the

PPAR-γ, and STAT-3/5, in differentiating 3T3-L1 cells treat-

tanshinone I-mediated inhibition of LD accumulation in dif-

ed with vehicle control or tanshinone I (5 μM) using Western

ferentiating 3T3-L1 cells was observed by light microscopy

blotting and RT-PCR experiment. Tanshinone I considerably

(Fig. 1E, lower panels). Quantification of the Oil red O

repressed protein (Fig. 2A) and mRNA (Fig. 2B) expressions

staining in vehicle control or tanshinone I-treated 3T3-L1

of C/EBP-α and PPAR-γ, notably on days 5 and 8. Furthermore,

Fig. 2. Effect of tanshinone I on expression and/or phosphorylation of C/EBP-α, PPAR-γ, and STAT-3/5 in differentiating 3T3-L1
cells. (A-C) 3T3-L1 preadipocytes were induced to differentiate with induction medium in the absence (vehicle control, 0.1%) or
presence of tanshinone I, and harvested at day 2, 5, and 8, respectively. Cellular protein and mRNA at the indicated time point
were extracted and analyzed by Western blot (A, C) and RT-PCR (B) analysis, respectively. (D-F) Western blot (D,F) and RT-PCR
(E) analysis in triplicate experiments on day 8, respectively. (G) and (H) are the densitometry data of (D) and (E), respectively. (I)
is the densitometry result of (F). C/EBP-α: CCAAT/enhancer-binding protein-α, PPAR-γ: peroxisome proliferator-activated
receptor-γ, STAT: signal transducer and activator of transcription, MDI: 0.5 mM IBMX, 0.5 μM dexamethasone, and 5 μg/mL
insulin, FBS: fetal bovine serum, Tan I: tanshinone I, mRNA: messenger RNA, RT-PCR: reverse transcription polymerase chain
reaction. *P<0.05 compared to the value of tanshinone I free control at the indicated day.
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although tanshinone I did not inflect the phosphorylation or

LD-interacting protein), and leptin (an adipokine) during

total expression levels of STAT-3 protein on days 2 and 5

3T3-L1 preadipocyte differentiation. Tanshinone I markedly

of adipocyte differentiation, it considerably reduced STAT-3

reduced the protein (Fig. 3A) and mRNA (Fig. 3B) levels

phosphorylation levels without affecting the protein ex-

of FAS and perilipin A especially on days 5 and 8 of adipo-

pression levels on day 8 of adipocyte differentiation (Fig.

cyte differentiation. In addition, tanshinone I strongly re-

2C). Tanshinone I did not reduce phosphorylation and total

duced cellular levels of the leptin mRNA transcripts on

expression levels of STAT-5 protein on days 2, 5, and 8 of

days 5 and 8. Triplicate experiments confirmed the inhibitory

adipocyte differentiation. Triplicate experiments confirmed

potential of tanshinone I on the protein expressions of FAS

the capability of tanshinone I to strongly reduce the protein

and perilipin A (Fig. 3C) and the mRNA expressions of

and mRNA expressions of C/EBP-α and PPAR-γ, and the

FAS, perilipin A, and leptin (Fig. 3D) on day 8 of adipo-

phosphorylation levels of STAT-3 on day 8 of differentiation

cyte differentiation. The densitometry data of Fig. 3C and

(Fig. 2D-F). The densitometry data of Fig. 2D, 2E, and 2F

3D are shown in Fig. 3E and 3F, respectively.

are shown in Fig. 2G, 2H, and 2I, respectively.

4. Tanshinone I differentially regulates the protein
3. Tanshinone I reduces FAS, perilipin A, and leptin

phosphorylation and total expression of AMPK,

in differentiating 3T3-L1 cells

ACC, and LKB-1 in differentiating 3T3-L1 cells

We next examined the effects of tanshinone I on ex-

AMPK is a major regulator of energy metabolism15,16),

pressions of FAS (a lipogenic enzyme), perilipin A (an

and its activation (phosphorylation) leads to inhibition of

Fig. 3. Effect of tanshinone I on expression of FAS, perilipin A, and leptin in differentiating 3T3-L1 cells. (A, B) 3T3-L1
preadipocytes were induced to differentiate with induction medium in the absence (vehicle control, 0.1% DMSO) or presence of
tanshinone I, and harvested at day 2, 5, and 8, respectively. Cellular protein and mRNA at the indicated time point were extracted
and analyzed by Western blot (A) and RT-PCR (B) analysis, respectively. (C, D) Western blot (C) and RT-PCR (D) analysis in
triplicate experiments on day 8, respectively. (E) and (F) are the densitometry data of (C) and (D), respectively. FAS: fatty acid
synthase, MDI: 0.5 mM IBMX, 0.5 μM dexamethasone, and 5 μg/mL insulin, FBS: fetal bovine serum, Tan I: tanshinone I, DMSO:
dimethyl sulfoxide, mRNA: messenger RNA, RT-PCR: reverse transcription polymerase chain reaction. *P<0.05 compared to the
value of tanshinone I free control at the indicated day.
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adipogenesis28). We thus probed whether tanshinone I affects

that LKB-1 is a known upstream activator of AMPK phos-

the expression and/or phosphorylation of AMPK during

phorylation29), we next sought to explore whether LKB-1

3T3-L1 preadipocyte differentiation. In the absence of tan-

protein is expressed and activated (phosphorylated) in dif-

shinone I, there was no or weak AMPK phosphorylation

ferentiating 3T3-L1 cells and is regulated by tanshinone I.

during 3T3-L1 preadipocyte differentiation (Fig. 4A).

Notably, high levels of phosphorylated LKB-1 were ob-

Tanshinone I slightly increased AMPK phosphorylation on

served on day 2 but greatly declined on days 5 and 8 of

day 2, while it caused a marked increase in AMPK phos-

differentiating 3T3-L1 cells. Furthermore, there was a

phorylation on day 8 of adipocyte differentiation. Tanshinone

time-dependent increase in the total protein expression of

I did not affect total AMPK protein levels on days 2, 5, or

LKB-1 during 3T3-L1 preadipocyte differentiation. Tanshinone

8 of adipocyte differentiation. ACC is a known downstream

I did not affect the phosphorylation or total protein levels

effector of AMPK and is involved in the biosynthesis of

of LKB-1 on days 2, 5, and 8 of adipocyte differentiation.

14)

fatty acids . We next measured the effect of tanshinone I

In addition, although there was an enhancement of ACC

on the expression and/or phosphorylation levels of ACC

mRNA on day 2 of differentiating 3T3-L1 cells treated with

during 3T3-L1 preadipocyte differentiation. There was a

tanshinone I, there was a reduced expression of ACC

time-dependent increase in ACC phosphorylation during

mRNA on days 5 and 8 of differentiating 3T3-L1 cells treat-

3T3-L1 preadipocyte differentiation in the absence of tan-

ed with tanshinone I, compared with the mock-treated cells

shinone I. However, total protein levels of ACC declined on

(Fig. 4B). Triplicate experiments further revealed the ability

days 2 and 8 of differentiating 3T3-L1 cells treated with

of tanshinone I to largely increase levels of AMPK phos-

tanshinone I, compared with the vehicle-treated cells. Given

phorylation but down-regulate those of ACC protein and

Fig. 4. Effect of tanshinone I on expression and phosphorylation of AMPK, ACC, and LKB-1 in differentiating 3T3-L1 cells. (A, B)
3T3-L1 preadipocytes were induced to differentiate with induction medium in the absence (vehicle control, 0.1% DMSO) or
presence of tanshinone I, and harvested at day 2, 5, and 8, respectively. Cellular protein and mRNA at the indicated time point
were extracted and analyzed by Western blot (A) and RT-PCR (B) analysis, respectively. (C, D) Western blot (C) and RT-PCR (D)
analysis in triplicate experiments on day 8, respectively. (E) and (F) are the densitometry data of (C) and (D), respectively. AMPK:
cAMP-activated protein kinase, ACC: acetyl CoA carboxylase, LKB-1: liver kinase-B1, MDI: 0.5 mM IBMX, 0.5 μM dexamethasone,
and 5 μg/mL insulin, FBS: fetal bovine serum, Tan I: tanshinone I, DMSO: dimethyl sulfoxide, mRNA: messenger RNA, RT-PCR:
reverse transcription polymerase chain reaction. *P<0.05 compared to the value of tanshinone I free control at the indicated day.
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mRNA on day 8 of differentiation (Fig. 4C and 4D). The

6. Tanshinone I reduces lipid accumulation in the

densitometry data of Fig. 4C and 4D are shown in Fig. 4E

developing zebrafish

and 4F, respectively.

To test its in vivo efficacy, we next investigated the effect of tanshinone I on lipid accumulation in zebrafish using

5. Tanshinone I reduces intracellular levels of ATP
in differentiating 3T3-L1 cells

LipidGreen2 staining. To this end, 2 dpf larvae were exposed to vehicle control (DMSO) or tanshinone I at the in-

AMPK phosphorylation is induced by changes in cellular
30)

dicated concentrations (1, 10, or 100 μM) for 24 h. The

adenosine monophosphate (AMP)/ATP ratio . We thus ex-

conditioned larvae were washed, anesthetized, and stained

amined the effect of tanshinone I on intracellular ATP con-

with Lipid Green2 and visualized under bright field and

tents in differentiating 3T3-L cells. 2-DG, a glucose mim-

fluorescence. In this study, the reduction of fluorescence

31)

etic that depletes intracellular ATP levels , was included as

was used as an indicator of inhibition of lipid accumulation.

a control. Tanshinone I substantially reduced intracellular

Notably, there was a significant decrease in the size of yolk

levels of ATP on days 2, 5, and 8 of adipocyte differ-

in the group of larvae zebrafish treated with tanshinone I at

entiation, which was comparable to the reductive effect by

the doses applied, compared with that in the control group

2-DG (Fig. 5A-C).

(Fig. 6A). Moreover, there was a significant reduction in
size (Fig. 6B and 6C) and intensity (Fig. 6B and 6D) of the
fluorescence in the yolk in the group of larvae zebrafish

Fig. 5. Effect of tanshinone I on intracellular ATP levels in
differentiating 3T3-L1 cells. (A-C) 3T3-L1 preadipocytes were
induced to differentiate with induction medium in the absence
(vehicle control, 0.1% DMSO) or presence of tanshinone I or
2-DG, a known ATP depleting agent, and harvested at day 2
(A), 5 (B), and 8 (C), respectively. The amounts of intracellular
ATP at the indicated time point were measured by a ATP
measurement kit. CPS: counts per second, 2-DG: 2-deoxyglucose,
ATP: adenosine triphosphate, DMSO: dimethyl sulfoxide. *P<0.05
compared to the value of tanshinone I or 2-DG free control at
the indicated day.

Fig. 6. Effect of tanshinone I on lipid accumulation in zebrafish.
Two dpf larvae were exposed in the absence (DMSO) or
presence of tanshinone I at the indicated concentrations. After
24 h, 3 dpf larvae were stained with LipidGreen2 and visualized
under bright field (A) and fluorescence field (B). (C, D) Size
and intensity of yolk (white dash in B) were quantified using
the ImageJ software (U.S. National Institutes of Health,
Bethesda, MD, USA), respectively. DMSO: dimethyl sulfoxide,
Tan I: tanshinone I. Graph bars indicate mean±standard error
of the mean. Unpaired t-test was used to analyze difference
versus DMSO group, and statistical significance was set 0.05
and 0.01 (*P≤0.05, **P≤0.01). n=10.
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treated with tanshinone I at the concentrations tested.

differentiation. It is thus conceivable that the anti-adipo-

Apparently, treatment with tanshinone I even at 1 μM was

genic effect of tanshinone I on 3T3-L1 cells is closely at-

enough to significantly reduce the size and intensity of the

tributable to down-regulation of the expression and phos-

fluorescence in the yolk in larvae zebrafish, supporting the

phorylation levels of C/EBP-α, PPAR-γ, and STAT-3. It will

potency of tanshinone I to inhibit lipid accumulation in de-

be interesting to investigate, in the future, how tanshinone

veloping zebrafish.

I regulates not only the transcription of C/EBP-α and
PPAR-γ but also the phosphorylation of STAT-3 using pharmacological inhibition study and phosphoproteomics (kinome)

Discussion

approaches.
Obesity is associated with the development of type 2 dia1)

We have recently demonstrated that the cellular levels of

betes, insulin resistance, hyperlipidemia, and cancer . There

FAS and perilipin A are increased during the differentiation

is also a wealth of information that excessive preadipocyte

of 3T3-L1 preadipocyte into adipocyte22,36). In a recent

differentiation (adipogenesis) and the resultant high fat ac-

study, it is also demonstrated that tanshinone I inhibits FAS

2,3)

cumulation leads to the development of obesity . Blockers

expression in early stage of 3T3-L1 preadipocyte differ-

of excessive preadipocyte differentiation and adipogenesis

entiation35). Until now, however, tanshinone I regulation of

may have therapeutic potential against obesity and related

FAS and perilipin A expression during 3T3-L1 preadipocyte

disorders. In this study, we demonstrated firstly that tan-

differentiation process is unknown. Considering that FAS is

shinone I has strong inhibitory effects on lipid accumulation

a known lipogenic enzyme responsible for the synthesis of

in 3T3-L1 preadipocytes and zebrafish.

fatty acid37), and perilipin A interacts with and stabilizes the

It is well documented that adipocyte differentiation is large-

newly formed LDs during 3T3-L1 preadipocyte differ-

ly controlled by the expression and activity of adipogenic tran-

entiation12,38), the present findings that tanshinone I greatly

scription factors C/EBP-α, PPAR-γ, and STAT-3/53-6,32). It has

reduces the protein and mRNA levels of both FAS and per-

been previously reported that other tanshinones such as tan-

ilipin A in differentiating 3T3-L1 cells strongly support the

shinone IIA and cryptotanshinone inhibit adipogenesis in

notion that down-regulation of FAS and perilipin A may

3T3-L1 cells, and their anti-adipogenic effects are mediated

further contribute to the tanshinone I’s anti-lipogenic and

through the reduced expression/activity/phosphorylation lev-

lipid-lowering effects. The adipose tissue, as an endocrine

33,34)

els of C/EBP-α, PPAR-γ, and/or STAT-3/5

. Of interest,

organ, synthesizes and secretes an array of adipocytokines,

a recent study has demonstrated that tanshinone I has an-

including leptin. The role of leptin in obesity and related

ti-obesity effects on a high fat diet fed mice and anti-adipo-

disorders has been previously reported34). Tanshinone I in-

genic effects on 3T3-L1 preadipocytes, which are mainly

hibited leptin mRNA expression in differentiating 3T3-L1

due to inhibition of early stage of differentiation through

cells, which further supports its potential utility for the pre-

the attenuation of mitotic clonal expansion via cell cycle ar-

vention and/or treatment of obesity and related diseases in

rest, inactivation of p38 mitogen-activated protein kinase,

which excessive leptin production is problematic.

ERK-1/2, and protein kinase B, and down-regulation of
35)

AMPK is a key regulator of energy metabolism and bal-

PPAR-γ . However, as of now, little is known about tan-

ance15,30). It is a heterotrimeric protein kinase consisting of

shinone I regulation of C/EBP-α, PPAR-γ, and STAT-3/5

a catalytic α subunit and regulatory β and γ subunits30).

during 3T3-L1 preadipocyte differentiation. Here we found

There is accumulating evidence that AMPK activation leads

that tanshinone I reduced not only the protein and mRNA

to inhibition of adipogenesis28,39,40). AMPK activation in-

expressions of C/EBP-α and PPAR-γ but also the phosphor-

hibits ATP-consuming anabolic processes while activating

ylation levels of STAT-3 during 3T3-L1 preadipocyte

ATP-producing catabolic processes16), in part via the phos-
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phorylation of metabolic enzymes, such as ACC41). It has

control of the expression and/or phosphorylation levels of

been previously reported that tanshinone IIA induces activa-

C/EBP-α, PPAR-γ, STAT-3, FAS, ACC, perilipin A, and

42)

tion of AMPK in cancer cells

and increases AMPK activ43)

AMPK. These findings advocate that this natural phytochem-

ity in myoblasts and db/db mice . Here we showed that

ical tanshinone I may have therapeutic potential against

tanshinone I increases AMPK phosphorylation while de-

obesity.

creasing ACC phosphorylation/expression. It may therefore
be possible that the anti-adipogenic effect of tanshinone I
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