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ABSTRACT
Benzyl isothiocyanate (BITC) is an organosulfur compound derived from cruciferous vegeta-
bles and papaya seeds. In this study, we investigated the effect of BITC on the lipid
accumulation in 3T3-L1 preadipocytes during adipocyte differentiation. The treatment of
BITC during the differentiation-inducing stage significantly ameliorated the lipid accumula-
tion, whereas it had no inhibitory effect during the differentiation-maintaining stage. BITC
also significantly suppressed the mRNA expression of the adipocyte-specific markers, such as
CCAAT/enhancer-binding protein α (C/EBPα), C/EBPβ, C/EBPδ and peroxisome proliferator-
activated receptor γ. BITC significantly inhibited the phosphorylation of extracellular signal-
regulated kinase phosphorylation, whereas it enhanced that of AMP-activated protein kinase.
Furthermore, BITC significantly suppressed the intracellular 2-deoxyglucose uptake as well as
glucose transporter 4 expression. These results suggest that inhibition of the adipocyte
differentiation and glucose uptake may mainly contribute to the inhibitory effect of BITC
on the lipid accumulation in 3T3-L1 preadipocytes.

Abbreviations: PPARγ: peroxisome proliferator-activated receptor γ; CEBP: CCAAT/enhancer-
binding protein; GLUT4: glucose transporter 4; AMPK: AMP-activated protein kinase; ERK1/2:
extracellular signal-regulated kinase 1/2; MAPK: a mitogen-activated protein kinase; ITCs:
isothiocyanates; BITC: benzyl isothiocyanate; FBS: fetal bovine serum; CS: calf serum; AITC:
allyl ITC; IBMX: 3-isobutyl-1-methylxanthine; LDH: lactate dehydrogenase; KRH: Krebs-Ringer-
Hepes-bicarbonate; 2-DG: 2-deoxy-D-glucose
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Adipocytes play an important role in not only
maintaining energy homeostasis, but also adipogen-
esis as a consequence of caloric overabundance [1].
Adipogenesis is a process of the intracellular accu-
mulation of triacyl glycerol by the differentiation,
enlargement with lipogenesis and increase in the
number of adipocytes [2]. Since adipogenesis
mainly contributes to the onset and progression
of obesity, the inhibition of adipocyte differentia-
tion, and enhancement of lipolysis are regarded as
promising strategies in preventing the development
of obesity [3–5].

The differentiation of preadipocytes into adipo-
cytes is regulated by an elaborate transcriptional net-
work such that the coordinated expression of
hundreds of proteins is responsible for the maturing
adipocytes [6]. Among the transcriptional factors
related to the adipocyte differentiation, peroxisome
proliferator-activated receptor γ (PPARγ) and
CCAAT/enhancer-binding protein α (C/EBPα) are
master regulators for the formation of mature adipo-
cytes [7]. Glucose transporter 4 (GLUT4), whose

expression is also regulated by C/EBPs, plays an
important role in the glucose uptake by adipocytes
[8]. AMP-activated protein kinase (AMPK) inacti-
vates acetyl CoA carboxylase and glycerol-3-phos-
phate acyl transferase-1, both of which play a key
role in the lipogenesis of adipocytes [9]. The activa-
tion of AMPK also contributes to the inhibition of
adipocyte differentiation through down-regulation of
C/EBPs and PPARγ [10]. The extracellular signal-
regulated kinase 1/2 (ERK1/2), a mitogen-activated
protein kinase (MAPK), is another member of the
protein kinases that regulate the adipocyte differen-
tiation [11].

Isothiocyanates (ITCs), well-studied electrophilic
compounds, are naturally occurring in abundance in
cruciferous vegetables including broccoli, watercress,
Brussels sprouts, cabbage, Japanese radish and cauli-
flower [12]. ITCs are regarded to play significant roles
in affording the cancer chemopreventive potentials of
these vegetables, because they are capable of up-reg-
ulating the xenobiotic-detoxifying enzymes, inducing
apoptosis, and inhibiting cell cycle progression
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[12,13]. Benzyl isothiocyanate (BITC), an aromatic
ITC derived from papaya [14], has been demon-
strated to induce phase 2 drug-metabolizing enzymes
[15] and alcohol-metabolizing enzymes [16]. BITC
also inhibits cell proliferation in various cell lines,
such as T lymphocytes [17], renal proximal tubular
cells [18], and colorectal cancer cells [19]. BITC is
also able to inhibit inflammatory responses in macro-
phages [20] and the cytokine expression [21,22]. In
addition, BITC has recently been reported to restrain
the high-fat diet-induced body weight gain and liver
fat accumulation [23]. However, it remains unclear
whether or how BITC modulates lipid accumulation
in the adipocytes.

In the present study, we assessed BITC as a poten-
tial inhibitor of lipid accumulation in preadipocytes
using the 3T3-L1 mouse fibroblast cell line, a well-
characterized cell culture model for the analysis of
adipocyte-specific differentiation [24]. We also inves-
tigated the stage-specific effect of BITC on the lipid
accumulation and the related signaling molecules,
such as transcriptional factors, protein kinases and
glucose transporter. The present results suggest that
the inhibition of adipocyte differentiation and glucose
uptake might mainly contribute to the inhibitory
effect of BITC on the lipid accumulation in 3T3-L1
preadipocytes.

Materials and methods

Materials

BITC were purchased from LKT Laboratories, Inc.
(St. Paul, MN, USA). Antibodies against phosphory-
lated-ERK, ERK, phosphorylated-AMPK, AMPK, and
GAPDH were purchased from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Horseradish
peroxidase-linked anti-rabbit IgG was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Fetal bovine serum (FBS) and calf serum
(CS) were purchased from Nichirei Corporation
(Tokyo, Japan). Bio-Rad Protein Assay was purchased
from Bio-Rad Laboratories (Hercules, CA, USA). Oil
Red O solution was purchased from Cayman
Chemical (Ann Arbor, MI, USA). Allyl ITC (AITC)
and Compound C were purchased from Sigma
Aldrich (St. Louis, MO, USA). All other chemicals
including Chemi-Lumi One Super, dexamethasone,
and 3-isobutyl-1-methylxanthine (IBMX) were pur-
chased from Nacalai Tesque Inc. (Kyoto, Japan).

Cell culture and treatments

Mouse fibroblast cell line 3T3-L1 cells (ATCC® CL-173™)
were cultured in DMEM (Dulbecco’s modified Eagle’s
medium, high glucose) supplemented with 10% calf
serum and 1% penicillin/streptomycin at 37°C in a

humidified chamber of 95% air and 5% CO2. After the
cells were grown to the contact inhibition stage, differ-
entiation was induced using the differentiation-inducing
medium (DMEM supplemented 10% FBS, 0.5 mM
IBMX, 1 μM dexamethasone, and 10 μg/mL insulin) for
3 days in the samemedium. The cells were then cultured
in the differentiation-maintainingmedium (DMEM sup-
plemented 10% FBS and 10 μg/mL insulin) for 3 days.
Thereafter, the cells were cultured inDMEMsupplemen-
ted 10% FBS for another 2 days. To investigate whether
BITC is capable of inhibiting the intercellular lipid accu-
mulation, the cells were treated with BITC or DMSO
alone as a vehicle control at the time of the medium
change into the differentiation-inducing medium, differ-
entiation-maintaining medium or both media. To inves-
tigate the molecular mechanism by which BITC inhibits
the adipocyte differentiation, the cells were treated with
BITC or DMSO alone at the time of the medium change
into the differentiation-inducing medium.

Ldh-release assay

Lactate dehydrogenase (LDH)-release assay was car-
ried out for the quantitative determination of cyto-
toxicity. 3T3-L1 cells were seeded in 96-well plates at
a density of 2 × 104 cells/well in culture medium.
After incubation, the cells were treated with BITC for
3 days. LDH activity was measured by using an LDH-
Cytotoxicity Test Wako, in accordance with the man-
ufacturer’s instructions. The absorbance was mea-
sured at 560 nm. Total LDH release (100%) was
obtained by the treatment of 0.1% Tween 20.

Oil red o staining

The matured differentiated 3T3-L1 cells in 12-well
plates were washed twice with ice-cold PBS and
fixed with 10% formalin for 10 min at room tempera-
ture. After removing formalin, the fixed cells were
treated with 60% isopropanol for 1 min. The cells
were stained with a 60% Oil Red O solution for
15 min at room temperature. After removing the
Oil Red O solution, the cells were washed with 60%
isopropanol and PBS. The oil droplets present in the
stained cells were then dissolved in isopropanol, and
absorbance of the dissolved solution was measured at
490 nm using a microplate spectrophotometer.

RT-PCR analysis

The post-confluent 3T3-L1 cells were treated with BITC
in the differentiation-inducing medium for 3 days. The
total RNA was then extracted using Trizol reagent
according to the manufacture’s manual. The total RNA
was reverse transcribed to cDNA using ReverTra Ace.
PCR amplification was then performed with Taq poly-
merase. Primers used in PCR amplification are as follows:
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PPARγ, 5ʹ-TATggAgTTCATgCTTgTg
A-3ʹ and 5ʹ-CgggAAggACTTTATgTATg-3ʹ (316bp); C/
EBPα, 5ʹ-gAAggAACTTgAAgCACAAT-3ʹ and 5ʹ – g
ACACAgAgACCAgATACAA-3ʹ (111bp); C/EBPβ, 5ʹ-
CAAgCTgAgCgACgAgTACA-3ʹ and 5ʹ-CAgCTgCTC
CACCTTCTTCT-3ʹ (137bp); C/EBPδ, 5ʹ-gATCTgCA
CggCCTgTTgTA-3ʹ and 5ʹ-CTCCACTgCCCACCTgT
CA-3ʹ (148bp); GLUT4, 5ʹ-TCCTTCTATTTgCCgTCC
TC-3ʹ and 5ʹ-TgTTTTgCCCCTCAgTCATT-3ʹ (bp); and
β-Actin 5ʹ-CTCACCCACACTgTgCCCATCTA-3ʹ and
5ʹ-gCAATgCCAgggTACATggTggT-3ʹ (454bp). The
cycles and annealing temperatures used in PCR amplifi-
cation are as follows: PPARγ, 22 cycles, 60°C; C/EBPα, 25
cycles, 59°C; C/EBPβ, 30 cycles, 64°C; C/EBPδ, 25 cycles,
67°C; GLUT4, 30 cycles, 64°C; and β-Actin 16 cycles, 65°
C. The PCR products were separated on an agarose gel
(2–3%), stained with ethidium bromide, and visualized
under UV light. The relative densities of the bands were
measured using an Image J Software Program (National
Institutes of Health, Bethesda, MD, USA).

Western blot analysis

The post-confluent 3T3-L1 cells were treated with BITC
in the differentiation-inducing medium for 2 or 3 days.
The whole cell lysates were then prepared in lysis buffer
(20 mM Tri-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 2.5 mM NaH2PO4, 10 mM NaF, 2 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1%
sodium dodecyl sulfate, 1% sodium deoxycholate and
1% Triton X-100) containing protease inhibitor cocktail
and left on ice for 20 min. After sonication, the lysates
were centrifuged, and the supernatant was used as the
whole cell lysates. Theprotein concentration in the super-
natant was determined by the Bio-Rad protein assay.
Equal quantities of protein were subjected to SDS-
PAGE and transferred to Immobilon-P membranes.
The membranes were blocked, then incubated with the
primary antibody overnight at 4°C followed by an appro-
priate secondary antibody. The secondary antibody bind-
ing was visualized using a Chemi-Lumi One Super
(Nacalai Tesque). Densitometric analysis of the bands
was carried out using the Image J Software Program.

Glucose uptake assay

The glucose uptake assay was performed using an
enzyme-dependent fluorometric assay as previously
reported [25]. After the treatment with BITC in the
differentiation-inducing medium for 3 days, the cells
were washed twice with Krebs-Ringer-Hepes-bicarbo-
nate (KRH) buffer containing 0.1% BSA. The cells were
incubated with KRH buffer containing 0.1% BSA and
2 mM 2-deoxy-D-glucose (2-DG) for 20 min in a 5%
CO2 incubator. The cells were then washed twice with
KRH buffer containing 0.1% BSA, added 0.1MNaOH to
each well and mixed using a plate mixer. The plate was

heated to 75°C for 1 h using a laboratory heating oven.
After heating, the lysate in the wells were neutralized by
adding 0.1 M HCl. followed by the addition of 50 μL of
200 mMTEA buffer (pH 8.1). The cell lysate (10 μL) was
transferred to a 96-well plate for fluorescence measure-
ment and incubated for 45 min with 100 μL of assay
cocktail, containing 50 mM KCl, 0.1 mM NADP+,
20 U/mL of glucose-6-phosphate dehydrogenase, 0.2
units/mL of diaphorase, 5 μM resazurin sodium salt and
50 mM TEA buffer (pH 8.1). The resulting fluorescence
wasmeasured using a fluorescencemicroplate reader (λex
530 nm, λem 590 nm). Quantification of 2-DG-6-phos-
phate was carried out by comparing the fluorescence
intensity from the experimental samples to its standard
curve.

Statistical analysis

All values were expressed as means ± SD. Statistical
significance was analyzed by Student’s t-test or one-way
ANOVA followed by Tukey’s HSD using XLSTAT soft-
ware version 2014.3.04 (Addinsoft, Paris, France).

Results

The treatment of BITC during the differentiation-
inducing stage decreased lipid accumulation

The tested concentration of BITC was determined to be
atmost 5 μM,because the cytotoxic effect of BITC toward
3T3-L1 was observed at more than 10 μM in an LDH-
release assay (Figure 1). To investigate the modulating
effect of the BITC treatment on the lipid accumulation in
3T3-L1 preadipocytes, the cells were incubated in the
differentiation-inducing medium for 3 days (early
stage), then in the differentiation-maintaining medium
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Figure 1. Cytotoxic effect of BITC in 3T3-L1 preadipocytes.
3T3-L1 preadipocytes were incubated in induction medium
with 0.2% Tween-20 as the positive control (PC) or indicated
concentrations of BITC for 3 days. The cytotoxicity was deter-
mined by an LDH-release assay. All values were expressed as
means ± SD of three separate experiments (*p < 0.05,
**p < 0.01 compared to negative control).
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for additional 3 days (late stage). The cells were treated
with orwithout BITC for 6 days (both stages). Thereafter,
the cells were cultured inDMEMcontaining 10%FBS for
2 days for maturing adipocytes. The intracellular lipid
accumulation was measured by Oil Red O staining. As
shown in (Figure 2(a,b)), lipid accumulation was signifi-
cantly inhibited by the BITC treatment all through both
stages.We next examinedwhether the treatment of BITC
during the early stage or late stage modulates the lipid
accumulation. As shown in (Figure 2(c,d)), the treatment

of BITC during the early stage significantly inhibited the
lipid accumulation, whereas that during the later stage
showed a tendency to enhance the lipid accumulation.
These results suggested that its treatment during the early
stage plays an important role in modulation of the lipid
accumulation in the differentiating preadipocytes. In
addition, another ITC compound, AITC, showed a
weaker effect on the lipid accumulation in the differentia-
tion-inducing (early) stage (Figure 2(e)) compared to that
of BITC (Figure 2(b)).
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Figure 2. Modulating effects of BITC on lipid accumulation in 3T3-L1 adipocytes.
(A and B) The confluent 3T3-L1 adipocytes were incubated with the differentiation-inducing media for 3 days, then incubated in
the differentiation-maintaining media for another 3 days. BITC was treated with the cells all through both stages for 6 days.
Thereafter, the cells were cultured in the completed media for 2 days. (C) The confluent 3T3-L1 adipocytes were incubated with
the differentiation-inducing media with or without BITC for 3 days (early stage treatment), then incubated in the differentiation-
maintaining media for 3 days and in the completed media for 2 days. (D) The confluent 3T3-L1 adipocytes were incubated with
the differentiation-inducing media for 3 days, then incubated in the differentiation-maintaining media with or without BITC (late
stage treatment) for 3 days and in the completed media for 2 days. (E) The confluent 3T3-L1 adipocytes were incubated with the
differentiation-inducing media with or without AITC for 3 days (early stage treatment), then incubated in the differentiation-
maintaining media for 3 days and in the completed media for 2 days. The lipid accumulation level was determined by Oil Red O
staining after an 8-day incubation. (A) Representative phase-contrast micrographs of the 3T3-L1 adipocytes treated with BITC (0,
1, 2 and 5 μM) for 6 days. (B-E) absorbance of the dissolved solution was measured at 490 nm using a microplate spectro-
photometer. All values were expressed as means ± SD of three separate experiments (*p < 0.05, **p < 0.01 compared to
negative control).

BENZYL ISOTHIOCYANATE INHIBITS LIPID ACCUMULATION 2133

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/82/12/2130/5955790 by guest on 09 April 2024



BITC inhibited the gene expressions of the
adipogenic transcriptional factors

To determine whether BITC modulates the master
markers of the adipocyte-specific differentiation, the
expression levels of PPARγ and C/EBPα were deter-
mined by RT-PCR using the 3T3-L1 cells incubated
in the differentiation-inducing medium with or with-
out BITC for 3 days. The expression level of PPARγ
was significantly decreased by 2 and 5 μM BITC to
87.0% and 46.1% of the control level, respectively

(Figure 3(a,e)). The C/EBPα expression level was sig-
nificantly decreased at the concentrations from 1 μM
BITC and higher (Figure 3(b,e)). We next checked
the effect of BITC on the early differentiation markers
such as C/EBPβ and C/EBPδ. The expression level of
C/EBPβ was significantly decreased by 5 μM BITC to
65.3% of the control level (Figure 3(c,e)). The C/EBPδ
level was significantly decreased at the concentrations
from 1 μM BITC and higher (Figure 3(d,e)). These
results suggested that BITC could negatively regulate
the gene expression of the adipogenic transcriptional

Figure 3. Suppression of the gene expression of adipogenic transcriptional factors by BITC.
The confluent 3T3-L1 adipocytes were incubated with the differentiation-inducing media with or without BITC for 3 days (early
stage treatment), then the gene expression level was determined by RT-PCR. Quantitative data for (A) PPARγ, (B) C/EBPα, (C) C/
EBPβ, and (D) C/EBPδ, and representative blots (E). All values were expressed as means ± SD of three separate experiments
(*p < 0.05, **p < 0.01 compared to negative control).
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factors in 3T3-L1 preadipocytes during the differen-
tiation-inducing stage.

BITC modulated the phosphorylation of the
adipogenic protein kinases

Since AMPK is known to be involved in the negative
regulation of adipogenesis [9], we examined whether
the AMPK activation was involved in the modulating
effect of BITC on the lipid accumulation. As shown

in (Figure 4(a)), the treatment of 5 μM BITC during
the early stage for 3 days significantly increased the
phosphorylation level of AMPK to 138% of the con-
trol level. In addition, the effect of BITC on the
phosphorylation level of ERK1/2, one of the other
protein kinases to regulate the adipocytes differentia-
tion [11], was determined by Western blotting. As
shown in (Figure 4(b)), the phosphorylation level of
ERK1/2 was significantly decreased by even 1 μM
BITC for 2 days after treatment.

Figure 4. Modulating effect of BITC on the phosphorylation of AMPK and ERK1/2.
The confluent 3T3-L1 adipocytes were incubated with the differentiation-inducing media with or without BITC for 3 days for the
phosphorylated AMPK (A) or for 2 days for the phosphorylated ERK1/2 (B), then the protein expression level was determined by
Western blotting. All values were expressed as means ± SD of three separate experiments (*p < 0.05, **p < 0.01 compared to
negative control).
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BITC inhibited the glucose uptake through
transcriptional regulation

The expression level of GLUT4 was next determined,
because it is one of the main target genes of C/EBPα
and plays a critical role in glucose uptake by adipo-
cytes [8]. As shown in (Figure 5(a)), the expression
level of GLUT4 was significantly decreased by the
treatment of 2 or 5 μM BITC (70.4% or 62.7% of
the control level, respectively) during the early stage
for 3 days. Thus, the effect of BITC on the insulin-
independent glucose uptake was next examined. The

glucose uptake in the BITC-treated 3T3-L1 cells was
evaluated by an enzyme-dependent fluorometric
assay with 2-DG, a widely-used and non-metaboliz-
able glucose tracer [25]. As shown in (Figure 5(b)),
the treatment of 5 μM BITC during the early stage for
3 days significantly suppressed the intracellular 2-DG
level. These results suggested that BITC might sup-
press the glucose uptake by the GLUT4 down-
regulation.

AMPK is involved in the inhibition of
adipogenesis by BITC

To determine whether AMPK is involved in the
modulating effect of BITC on lipid accumulation,
the effects of an AMPK inhibitor, Compound C,
on the glucose uptake and lipid accumulation in
the 3T3-L1 cells incubated in the differentiation-
inducing medium with or without BITC. As
shown in (Figure 6(a)), Compound C completely
counteracted the BITC-induced suppression of the
intracellular 2-DG level. Consistently, Compound
C also impaired the inhibitory effect of BITC on
the lipid accumulation (Figure 6(b)). Compound C
alone significantly enhanced the basal level of 2-
DG in the 3T3-L1 cells, whereas it did not affect
the basal level of lipid accumulation. These results
suggested that AMPK might, at least partly, be
involved in the mechanism underlying the sup-
pression of the glucose uptake and lipid accumu-
lation by BITC.

Discussion

In this study, we demonstrated that BITC is a poten-
tial inhibitor of the lipid accumulation in the differ-
entiating preadipocytes. BITC improves the high-fat
diet-induced liver fat accumulation in vivo [23], thus
supporting our findings. Although the continuous
treatment of BITC during all the stages (differentia-
tion-inducing, different-maintaining and maturing
stages) has also been reported to inhibit the lipid
accumulation [26], its molecular mechanism remains
to be clarified. The BITC treatment during the early
stage, but not in the late stage, contributed to sup-
pression of the lipid accumulation in the differentiat-
ing 3T3-L1 preadipocytes (Figure 2(c,d)). Therefore,
BITC might influence the cellular signaling pathways
activated by agents in the differentiation-inducing
medium (IBMX and dexamethasone), but not that
in the differentiation-maintaining medium (insulin).
AITC, an aliphatic ITC, has the potential for inhibi-
tion of the adipocyte differentiation, which requires
the relatively higher concentrations (15–30 μM) and
longer incubation (8 days) [27]. Our findings
(Figure 2(b,d)) supported the lower potency of
AITC than that of BITC. Sulforaphane, a different

Figure 5. Inhibitory effects of BITC on the GLUT4 gene
expression and glucose uptake.
The confluent 3T3-L1 adipocytes were incubated with the
differentiation-inducing media with or without BITC for
3 days, then the gene expression level of GLUT4 was deter-
mined by RT-PCR (A) or the glucose uptake level was deter-
mined by an enzyme-dependent fluorometric assay (B). All
values were expressed as means ± SD of three separate
experiments (*p < 0.05, **p < 0.01 compared to negative
control).
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aliphatic ITC, is also effective for lipid accumulation
at concentrations between 5 and 20 μM mainly
through inhibition of the cell mitotic expansion
[28]. Esculetin, a coumarin compound derived from
medicinal plants, inhibits adipogenesis by down-reg-
ulating the PPARγ signaling in 3T3-L1 cells at a

concentration of more than 50 μM [29]. A soybean
isoflavone, genistein, shows an inhibitory effect on
the lipid accumulation at 50 μM [30]. Therefore,
BITC is one of the most potent ITCs for inhibiting
the lipid accumulation in 3T3-L1 preadipocytes,
equivalent to the Ashitaba chalcones [31].

BITC inhibited the gene expressions of the adi-
pogenic transcriptional factors and the phosphory-
lation level of ERK1/2 with the increased level of
AMPK phosphorylation (Figures 3 and 4). C/EBPα
and PPARγ are the master regulators for adipogen-
esis, controlling the adipocyte differentiation
through the expression of a variety of other tran-
scriptional factors, such as fatty acid synthase, adi-
pocyte fatty acid binding protein, GLUT4, and
adiponectin, whose function leads to the formation
of mature adipocytes [32]. PPARγ is heterodimer-
ized with retinoic acid X-receptor [33] to regulate
the transcription of the adipocyte-specific genes
[32]. C/EBPα is most abundant in mature adipo-
cytes and mainly contributes to the enhanced glu-
cose uptake [32]. C/EBPβ and C/EBPδ are
transiently expressed during early differentiation
into adipocytes to increase the expression of other
adipogenic transcriptional factors such as C/EBPα
and PPARγ [34]. Thus, BITC might suppress the C/
EBPβ and C/EBPδ expressions at the earlier stage
and subsequently suppress C/EBPα and PPARγ dur-
ing the adipocyte differentiation. The expression of
GLUT4, playing a critical role in glucose uptake in
adipocytes, is regulated by C/EBP-α during the adi-
pocyte differentiation [32]. BITC suppressed the
gene expression of GLUT4 (Figure 5(a)), and also
actually inhibited the glucose uptake (Figure 5(b)).
These results suggested that inhibition of the adipo-
cyte differentiation and glucose uptake might play
an important role in the inhibition of the lipid
accumulation by BITC in 3T3-L1 preadipocytes.

AMPK plays critical roles in modulating many biolo-
gical pathways including the lipid and glucose metabo-
lism [9]. ACC, a molecular target of AMPK [9], is an
essential enzyme for the synthesis of fatty acids. In addi-
tion, an AMPK inhibitor cancels the down-regulation of
C/EBPα, C/EBPβ and PPARγ induced by the Ashitaba
chalcones [31]. Thus, inhibition of the adipocytes differ-
entiation byBITCmight involve the enhanced phosphor-
ylation ofAMPK.This ideawas strongly supported by the
finding that Compound C, the AMPK inhibitor, abol-
ished the inhibitory effects of BITC on glucose uptake
and lipid accumulation in 3T3-L1 preadipocytes
(Figure 6). These results suggested that the AMPK activa-
tionmight, at least partly, contribute to the suppression of
the glucose uptake and lipid accumulation by BITC,
possibly through down-regulation of C/EBPs and
PPARγ. In addition, attenuation of the ERK1/2 activation
in preadipocytes led to a decrease in the adipocytes dif-
ferentiation [11]. However, there is a controversial report
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Figure 6. Counteracting effect of an AMPK inhibitor on the
BITC-induced suppression of glucose uptake and lipid
accumulation.
(A) The confluent 3T3-L1 adipocytes were incubated with the
differentiation-inducing media treated with 5 µM BITC in the
presence or absence of 2 µM Compound C for 3 days. The
glucose uptake level was determined by an enzyme-depen-
dent fluorometric assay. (B) The confluent 3T3-L1 adipocytes
were incubated with the differentiation-inducing media trea-
ted with 5 µM BITC in the presence or absence of 2 µM
Compound C for 3 days, then cultured in the differentiation-
maintaining medium for 3 days. Thereafter, the cells were
cultured in DMEM supplemented 10% FBS for another 2 days
and stained with Oil Red O. All values were expressed as
means ± SD of three separate experiments. Data were ana-
lyzed by a one-way ANOVA followed by Tukey’s HSD using
XLSTAT software. Different letters above the bars indicate
significant differences among treatments for each compound
(p < 0.05).

BENZYL ISOTHIOCYANATE INHIBITS LIPID ACCUMULATION 2137

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/82/12/2130/5955790 by guest on 09 April 2024



showing that the activation of ERK1/2 negatively regu-
lated the adipocyte differentiation by the phosphorylation
of PPARγ [35]. The present results implied that the
inhibition of the ERK1/2 phosphorylation by BITC dur-
ing the early stage might contribute to the inhibitory
effects on the adipocyte differentiation.

In conclusion, the present study provides evidence
that BITC is one of the potential natural agents for the
prevention against not only obesity, but also obesity-
related chronic diseases, because adipocyte differentia-
tion is associated with the pathogenesis and progression
of type 2 diabetes, hypertension, and cardiovascular dis-
ease [36]. Further studies are necessary to elucidate its
more precise mechanisms of anti-adipogenesis not only
using in vitro models, but also using in vivo animal
models in terms of involvement of the adipocyte
differentiation.
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