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Obesity is a pathological state related to various lifestyle-related diseases, such as diabetes and dyslipid-
emia, that may be prevented through the development of anti-obesity treatments. Lipid accumulation in cells 
could be affected by vitamin E ester α-tocopheryl succinate (TS), which has various biological activities, such 
as anti-cancer effect, via activation of cell signaling pathways, although the antioxidative activity of TS is lost 
due to esterification of the phenolic OH group. In this study, we found for the first time that TS significantly 
suppressed lipid accumulation in mouse 3T3-L1 adipocytes. TS treatment reduced the amount of triglycer-
ides in the culture medium, and inhibited activity of glycerol-3-phosphate dehydrogenase, a marker of lipid 
synthesis. Furthermore, TS accelerated lipolysis. Treatment of adipocytes with TS for 24 h induced no sig-
nificant cytotoxicity. In TS-treated cells, phosphorylation of Akt, which is involved in fatty acid synthesis via 
sterol regulatory element-binding proteins (SREBP), was prevented, while levels of phosphorylated protein 
kinase A (PKA) did not change. Taken together, these results suggest that vitamin E ester TS can suppress 
lipid accumulation in adipocytes by regulating lipid metabolic cell signaling.
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INTRODUCTION

Obesity is a serious public health problem worldwide and 
is a main risk factor for various diseases including arte-
rial hypertension, dyslipidemia, and type 2 diabetes mellitus.1) 
Exercise and dietary restrictions are effective for reducing the 
risk of obesity, but many individuals find such approaches 
challenging over the long-term. As such, medications to lower 
the incidence of obesity are needed. Several compounds such 
as phentermine/topiramate, lorcaserin, naltrexone/bupropion 
and liraglutide, have been approved by the United States Food 
and Drug Administration to treat obesity.2) The norepineph-
rine transporter inhibitor phentermine suppresses appetite by 
activating hypothalamic proopiomelanocortin arcuate nucleus 
neurons. Topiramate is an antiepileptic drug that also sup-
presses appetite by modulating activity of voltage-gated ion 
channels. Lorcaserin is a centrally acting anorexic agent, 
whereas the opioid antagonist naltrexone suppresses appe-
tite. Bupropion, which is an atypical antidepressant, induces 
an anorexic effect and the glucagon like peptide-1 receptor 
agonist liraglutide induces weight loss by suppressing appe-
tite and delaying gastric emptying. The mechanisms of these 
medicines mainly involve appetite suppression. However, once 
formed, reducing amounts of adipose tissue is difficult, and 
these problems can produce side effects by acting on feeding 
centers in the brain. As such, medicines that can reduce the 
amount of existing adipose tissue are needed.

We propose α-tocopheryl succinate (TS; Fig. 1a), the suc-
cinate ester form of the well-known antioxidant α-tocopherol 
(α-T), as a novel candidate anti-obesity medicine that could 

reduce the volume of adipose tissue. TS lacks antioxidative 
activity but retains various biological activities, such as inhi-
bition of cholinesterase, inhibition of nuclear factor-kappa B 
(NF-κB) activation, and enhancement of lipopolysaccharide-
induced nitric oxide production, in addition to anticancer 
effects.3) In particular, TS is thought to activate the cell 
signaling enzyme protein kinase C (PKC)4) through direct 
interactions.5) Since adipogenesis is regulated by various cell 
signaling pathways,6,7) we expected that TS could affect lipid 
accumulation by regulating cell signaling pathways in adipo-
cytes.

In the present study, we examined the effect of TS on lipid 
accumulation in mouse 3T3-L1 adipocytes. However, the 
water solubility of TS is low due to its hydrophobicity and 
thus TS tends to aggregate during long incubations in cell 
culture. In this study, we prepared liposomes containing TS 
that avoids TS aggregation in culture medium. We treated 
adipocytes with TS and examined lipid accumulation by 
these cells in different cell states including differentiation and 
maturation. We also quantified the amount of triglyceride in 
the culture medium. To determine the mechanism by which 
TS affects lipid accumulation, levels of glycerol-3-phosphate 
dehydrogenase activity as a marker of lipid synthesis, and 
glycerol secretion via lipolysis were quantified. Cytotoxicity 
of TS-L treatment for 24 h was measured and phosphoryla-
tion levels of proteins involved in lipid metabolism signaling 
pathways, such as protein kinase A (PKA) and the serine/
threonine–protein kinase Akt, were evaluated by Western 
blotting. The results were examined to obtain the information 
regarding the mechanism of TS-mediated effects on lipid ac-
cumulation in adipocytes.
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MATERIALS AND METHODS

Materials  TS was purchased from Focus Biomolecules 
(Plymouth Meeting, PA, U.S.A.). Egg phosphatidylcholine 
(EPC) and Oil Red O were from Sigma-Aldrich (St. Louis, 
MO, U.S.A.). α-Tocopherol was kindly provided by Eisai 
(Tokyo, Japan). Other reagents were of the highest grade 
commercially available. Mouse fibroblast Swiss 3T3 cells 
were obtained from American Type Culture Collection. Mouse 
pre-adipocyte 3T3-L1 cells were purchased from JCBR (Tokyo, 
Japan).

Cell Culture of 3T3-L1 Adipocytes  3T3-L1 cells (2 × 105 
cells) were seeded on a 35 mm dish and cultured for 96 h at 
37 °C in a CO2 incubator to confluency. Then, the culture 
medium was changed to a differentiation induction medium 
containing 467.5 µM isobutyl methyl xanthine, 0.93 µM dexa-
methasone and 1.637 µM insulin (Day 0). After 48 h culture 
(Day 2) to induce differentiation, the medium was changed 
to a maturation medium containing 1.637 µM insulin and 
3.72 mg/L D-biotin. The maturation medium was changed 
every 2 d until Day 8.

Liposome Preparation  A chloroform solution containing 
0.1 mL of 0.1 M TS ethanol solution (or tocopherol solution) 
and 49 µL 0.1 g/mL EPC in chloroform in a glass test tube was 
evaporated to dryness under a nitrogen gas stream. The dried 
lipid film was hydrated with 0.2 mL phosphate buffered saline 
(PBS) solution containing 8 µL 1 M NaOH. After 10 min incu-
bation at room temperature, the glass test tube was sonicated 
in an ultrasonic bath for 20 min to form liposomes. The size 
and surface charge of liposomes were measured using Zetasiz-
er Nano (Malvern Panalytical Ltd., U.K.). Liposome diameters 
and zeta-potentials are summarized in Table 1.

Evaluation of Lipid Accumulation  Lipid accumulation 
by adipocytes was evaluated by Oil Red O staining.8) The 
cells were fixed with 10% neutral buffered formalin solution, 

washed once with 60% isopropanol and incubated with 1 mL 
60% Oil Red O solution for 20 min at room temperature for 
lipid staining. The fixed and stained cells were then washed 
once with 60% isopropanol and twice with distilled water 
before 1 mL of distilled water was added to the dish for ob-
servation of Oil Red O staining with a BIOREVO microscope 
(KEYENCE Co., Osaka, Japan). To extract Oil Red O, the 
cells in the culture dish were dried and 3 mL 100% isopro-
panol was added. The absorbance of the extracted solution at 
540 nm was then measured.

Measurement of Time-Dependent Changes in Triglyc-
eride in Cell Culture Medium  To examine lipid synthesis 
following TS treatment, the amount of triglycerides in culture 
medium collected every 2 d was measured using the commer-
cially available assay kit LabAssay™ Triglyceride (FUJIFILM 
Wako Pure Chemical Corporation, Osaka, Japan).

Evaluation of Lipid Synthesis and Lipolysis Activities  
To evaluate lipid synthesis activity, the activity of glycerol-
3-phosphate dehydrogenase (GPDH) in cells was measured. 
Adipocytes treated with liposomes during Day 0 to 8 were 
washed with PBS, and the cytoplasmic fraction was extracted 
according to the manufacturer’s recommendations for the 
GPDH Assay Kit (TaKaRa Bio Inc., Shiga, Japan) used to 
measure GPDH activity. To evaluate lipolysis activity, 3T3-L1 
cells were cultured until Day 4 to allow lipid accumulation 
before the indicated liposome formulation was added to the 

Fig. 1. (a) Chemical Structures of α-Tocopheryl Succinate (TS) and α-Tocopherol (T), and (b) Timeline for Differentiation/Maturation Induction and 
3T3-L1 Adipocyte Treatments

Table 1. Characteristics of Liposomes

Liposome composition Diameter (nm) Zeta-potential (mV)

EPC only 217.1 ± 54.2 −2.21 ± 2.13
EPC + tocopherol 200.2 ± 28.7 −3.01 ± 0.18
EPC + TS 176.1 ± 28.5 −40.9 ± 2.90

The values are means ± standard deviation (S.D.) (n ≥ 3).
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cells. After 48 h, the culture medium was collected, and the 
amount of glycerol was measured using a Glycerol Colorimet-
ric Assay Kit (Cayman Chemical, MI, U.S.A.).

Measurement of Cell Viability  Swiss 3T3 cells or 
3T3-L1 cells (1.5 × 105cells/well) were seeded in 6-well plates 
and cultured for 24 h at 37 °C in a CO2 incubator. The cells 
were treated with the indicated liposome formulation for 24 h 
at 37 °C. Then, the cells were treated with trypsin and col-
lected for measurement of cell viability using the trypan blue 
staining method. Cell viability is the percentage obtained by 
dividing the number of cells stained with trypan blue by the 
total number of cells.

Evaluation of Protein Kinase A and Akt Phosphoryla-
tion  Phosphorylation of PKA and Akt was evaluated by 
Western blotting. Cells were collected on Day 8 with a cell 
scraper and solubilized in lysis buffer. The protein content of 
the cell lysate was measured, and equal amounts of cellular 
proteins were subjected to Western blotting with anti-mouse 
Phospho-PKA C (Thr197) (D45D3). Rabbit monoclonal anti-
body (Cell Signaling Technology, Danvers, MA, U.S.A.) or 
anti-mouse Phospho-Akt (Ser473, D9E) rabbit monoclonal 

antibody (Cell Signaling Technology) was used as the primary 
antibody. Band intensity was quantified using ImageJ.

Statistical Analysis  Statistical significance was deter-
mined using one-way ANOVA, followed by Tukey’s honestly 
significant difference test. p Values <0.05 were considered 
significant.

RESULTS

Effect of TS on 3T3-L1 Cell Lipid Accumulation  To 
study the effect of TS on lipid accumulation, 3T3-L1 adipo-
cytes were treated with liposomes containing TS across Days 
0–8 (Fig. 1b) and the amount of lipids in the cells was quanti-
fied by Oil Red O staining. Egg phosphatidylcholine (EPC) 
liposomes without TS (EPC-L) and liposomes containing 
tocopherol (T), obtained by hydrolysis of TS, did not affect 
lipid accumulation by the cells (Fig. 2a). The amount of ac-
cumulated lipid was significantly reduced by 50 µM TS (TS 
50). Furthermore, treatment with TS 100 induced a dramatic 
decrease in the amount of intracellular lipids (Fig. 2a).

Effect of TS on Triglyceride Secretion to Cell Culture 

Fig. 2. Effect of TS on Lipid Accumulation by 3T3-L1 Cells, and Amount of Triglycerides in Culture Medium
(a) Adipocytes were treated with control liposomes (EPC-L), liposomes containing T or liposomes containing α-TS. The final concentration of T was 50 (TS 50) and 

100 µM (TS 100). The amount of accumulated lipid was quantified by measuring absorbance of Oil Red O extracted from adipocytes on Day 8. Values are the average 
of the results for at least three experiments; ** p < 0.01, *** p < 0.001. (b) The amount of triglycerides in the culture medium was measured every 2 d following treatment 
of cells with 50 (polka dot bar) and 100 µM (black bar) of TS. Values are the average of the results for at least three experiments; * p < 0.05, ** p < 0.01, *** p < 0.001. (c) 
Microscopic images of the 3T3-L1 cells stained with Oil Red O on Day 8.

Fig. 3. Effect of TS on GPDH Activity, Amount of Glycerol in Culture Medium and Viabilities of Adipocyte and Fibroblast
(a) Adipocytes were treated with EPC-L, T, or TS between Day 0 to 8, and then GPDH activity was measured. The final concentrations of T and TS were 100 (T 100), 

50 (TS 50) and 100 µM (TS 100). Values are the average of the results for at least three experiments; ** p < 0.01, *** p < 0.001. (b) Adipocytes were treated with EPC-L, 
T or TS on Day 4 for two days before the amount of glycerol in the culture medium was measured. The final concentrations of T and TS were 100 (T 100), 50 (TS 50) 
and 100 µM (TS 100). Values are the average of the results for at least three experiments; * p < 0.05, ** p < 0.01, *** p < 0.001. (c) Mouse 3T3-L1 adipocytes (white bar) 
and mouse Swiss 3T3 fibroblasts (black bar) were treated with various concentrations of TS for 24 h. Values are the average of the results for at least three experiments; 
* p < 0.05, ** p < 0.01.
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Medium  The amount of triglyceride in culture medium of 
untreated 3T3-L1 adipocytes exhibited time-dependent in-
creases (Fig. 2b). Treatment with TS 50 suppressed the rate 
of triglyceride increase during Days 0–4, and thereafter the 
amounts were significantly reduced relative to untreated cells. 
Treatment with TS 100 almost completely suppressed increas-
es in the amount of triglyceride in the culture medium (Fig. 
2b). This result aligns with the results for Oil Red O staining 
(Fig. 2c).

Effect of TS Treatment on Lipogenesis and Lipolysis by 
3T3-L1 Adipocytes  To understand the mechanism by which 
TS prevents lipid accumulation in adipocytes, we examined 
the effects of TS treatment on the activity of GPDH as a 
measure of lipogenesis and the amount of glycerol in culture 
medium as a marker of lipolysis. Treatment of adipocytes 
with TS, particularly TS 100, during Days 0–8 significantly 
reduced GPDH activity (Fig. 3a). The amount of glycerol in 
culture medium increased with TS treatment during Days 
4–6, after accumulation of lipids by adipocytes (Fig. 3b). The 
amount of glycerol for TS 100-treated cells was 3-fold higher 
than that of non-treated cells.

Effect of TS Treatment on Cell Viability  Since TS could 
have an anti-cancer effect due to its ability to induce apopto-
sis, we next examined the effect of TS on viability of both 
mouse fibroblast Swiss 3T3 cells and 3T3-L1 adipocytes after 
treatment with various amounts of TS for 24 h. We observed 
dose-dependent decreases in Swiss 3T3 cell viability, but the 
viability of 3T3-L1 adipocytes was not affected by TS, even at 
100 µM (Fig. 3c).

Effect of TS on Cell Signaling Pathways Related to Lipid 
Metabolism  To further clarify the mechanism of TS action, 
we assessed the activity of PKA and Akt, which are involved 
in lipid metabolism cell signaling pathways,7) by Western blot-
ting to detect phosphorylation levels of these proteins. Control 
EPC-L did not affect the amount of phosphorylated PKA (Fig. 
4a). In contrast to our expectation, TS treatment also did not 

induce significant changes in the amount of phosphorylated 
PKA (Fig. 4a). The amount of phosphorylated Akt tended to 
decrease with 100 µM TS, although this decrease was not sta-
tistically significant (Fig. 4b).

DISCUSSION

We previously reported liposomes containing TS for anti-
cancer therapies.9–11) Liposomes containing TS had higher 
activity than ethanol solutions of TS,11) suggesting that the 
liposomes improved delivery efficiency of TS to active sites in 
the cell cytoplasm.11) In addition, liposomes reduce the likeli-
hood of TS aggregation that can arise during long incubations 
due to the hydrophobic nature of this compound. In this study, 
the liposomes containing TS was used to examine the effects 
of TS on 3T3-L1 mouse adipocyte cells.

Here we showed that TS significantly reduced the amount 
of lipid accumulated by 3T3-L1 adipocytes (Fig. 2a) relative 
to control liposomes without TS (EPC-L) and liposomes con-
taining tocopherol, which is produced by hydrolysis of TS. 
This result indicates that the reduction of lipid amount is due 
to TS itself. Increases in triglyceride in the culture medium 
of 3T3-L1 adipocytes were also suppressed by TS treatment 
(Fig. 2b). Previous studies reported that vitamin E family to-
cotrienols inhibited lipid accumulation through the prevention 
of adipocyte differentiation.12,13) Additionally, recent reports 
showed that vitamin E α-tocopherol and δ-tocopherol induce 
differentiation of preadipocytes to beige adipocytes, which are 
thermogenic and consume lipids to generate heat. Beige adi-
pocytes exhibit up-regulated gene expression of peroxisome 
proliferator-activated receptor γ coactivator-1 α (PGC1-α) and 
uncoupling protein 1 (UCP1) that occurs upon activation of 
p38 mitogen-activated protein kinase (MAPK).14,15)

On the other hand, TS treatment of 3T3-L1 adipocytes sig-
nificantly reduced GPDH activity and increased the amount 
of glycerol in the culture medium, respectively (Figs. 3a, b), 

Fig. 4. Effect of TS on Phosphorylation of PKA and Akt
Phosphorylation of (a) PKA and (b) Akt was detected by Western blotting of lysates from adipocytes treated with TS across Day 0 to 8. Band intensity was quantified 

using ImageJ, and relative band intensity was obtained by calculation using glyceraldehyde 3-phosphatase dehydrogenase (GAPDH). Values are the average of the results 
for at least three experiments.
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suggesting that TS can prevent lipid accumulation not only by 
inhibiting lipid synthesis, but also by accelerating lipolysis. 
Therefore, TS could be a candidate anti-obesity therapeutic 
that could enhance lipolysis and in turn reduce adipose tissue 
that has formed.

Even at the highest concentrations, TS did not affect adipo-
cyte cell viability, whereas that of fibroblasts decreased dose-
dependently (Fig. 3c). TS was previously shown to damage 
fibroblasts and various cancer cells,3,11) but here we showed 
that TS is not toxic to adipocytes, at least under the conditions 
examined. This result indicates that the inhibitory effect of 
TS on lipid accumulation was not due to cytotoxic effects. In 
Swiss 3T3 cells, cell viability slightly increased at TS 25 µM. 
Presumably, activation of cell signaling, such as PKC, by TS 
stimulated cell proliferation at this concentration.

PKA is known to accelerate lipolysis through phosphoryla-
tion of hormone-sensitive lipase (HSL).7) Here we showed that 
levels of PKA phosphorylation were not affected by TS treat-
ment (Fig. 4a), although the amount of lipolysis did increase 
(Fig. 3b). Taken together, these findings suggest that PKA is 
not a target of TS. On the other hand, Akt phosphorylation 
was inhibited by TS (Fig. 4b). Akt activates sterol regulatory 
element-binding protein (SREBP)-1 that in turn regulates fatty 
acid synthesis.16) Although TS did affect Akt phosphorylation 
levels, whether it acts directly on Akt is unclear. In addition, 
the mechanism by which TS inhibits lipid synthesis requires 
additional investigation.

In conclusion, in this study we demonstrate for the first 
time that vitamin E ester TS can prevent lipid accumulation 
in mouse 3T3-L1 adipocytes. TS inhibited lipid synthesis and 
promoted lipolysis of adipocytes. Taken together, these results 
suggest that TS could be a novel candidate anti-obesity medi-
cine. Cytotoxicity of TS toward adipocytes was not observed, 
even though TS treatment decreased the viability of both 
fibroblasts and cancer cells. As such, future studies should 
examine strategies to reduce the overall cytotoxic potential of 
TS.

In terms of liposomal formulation of TS, previous studies 
reported that liposomes administered via intravenous injec-
tion can accumulate in adipose tissue similarly to that seen for 
tumor tissues via enhanced permeability and retention (EPR) 
effect.17) Drug delivery technologies, such as PEGylation of 
TS liposomes, could be used to reduce cytotoxicity of TS 
towards normal cells by extending the blood circulation time 
that facilitates passive targeting to adipose tissue. Cytotoxicity 
might also be reduced by modifying the chemical structure of 
TS based on this mechanistic study. Together, such modifica-
tions could enhance the usefulness of TS as an anti-obesity 
agent.
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