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Abstract The effects of parthenolide (PL), a sesquiterpene

lactone obtained from feverfew plant, on lipid accumula-

tion and signaling pathway in adipocytes were investigated.

PL significantly inhibited lipid accumulation and adi-

pogenic factors during adipogenesis. In particular, PL

exerted its inhibitory effects in early adipogenic stage by

regulating the early adipogenic factors. In addition, PL

regulated the expression of adipokines; leptin, retinol

binding protein, and resistin mRNAs were downregulated,

whereas adiponectin gene expression was increased. Fur-

thermore, PL significantly reduced intracellular reactive

oxygen species (ROS) production during adipogenesis.

This PL-mediated regulation of ROS production was

associated with the regulation of nuclear factor erythroid

2-related factor (Nrf2)-kelch-like ECH-associated protein 1

(Keap1) pathway. PL effectively increased the abundance

of Nrf2 and its target proteins, heme oxygenase-1 (HO-1)

and NADPH dehydrogenase 1 (NQO1), by promoting the

nuclear translocation of Nrf2, indicating that PL-mediated

anti-adipogenic effects are associated with the Nrf2/Keap1

pathway.

Keywords Parthenolide � Lipid accumulation �
Adipokines � Reactive oxygen species � Nuclear factor
erythroid 2-related factor (Nrf2)-kelch-like ECH-

associated protein 1 (Keap1) pathway

Introduction

Parthenolide (PL) is a phytochemical found in the feverfew

plant (Tanacetum parthenium), which has been used for a

long time as a medicinal plant (Pareek et al., 2011). The

feverfew plant has been traditionally used to treat various

diseases including arthritis, asthma, constipation, abdomi-

nal pain, dermatitis, toothache, fever, headache, and

inflammatory diseases (Pareek et al., 2011). In particular,

the fresh or dried leaves of this plant are consumed for the

beneficial effects (Pareek et al., 2011). Feverfew has been

known to contain over 30 different sesquiterpene lactones

including germacranolides, guaianolides, and eudesmano-

lides (Pareek et al., 2011). PL is the most abundant

sesquiterpene lactone present as an active chemical in

feverfew (Pareek et al., 2011). Feverfew and PL have been

commercially used as ingredients for different functional

health supplements (Nelson et al., 2002). Although PL has

been reported to have biological activities on cancer and

inflammation (Feltenstein et al., 2004), the effects of PL on

lipid accumulation in adipocytes has never been evaluated.

Obesity is defined as an excess accumulation of body fat

resulting from an imbalance of energy negatively affecting

the health (Hill et al., 2012). It has emerged as a major
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public health problem worldwide thereby increasing the

risk of type 2 diabetes, hypertension, cardiovascular dis-

ease, and several cancers (Chan and Woo, 2010). Fat

accumulation usually occurs via adipogenesis, which is

adipocyte differentiation in adipose tissues (Suh et al.,

2015). Adipogenesis is controlled by the successive

expression of various adipogenic factors which are

responsible for lipid metabolism (Suh et al., 2015). Thus,

the proper modulation of the adipogenic process is a suit-

able way to control obesity and obesity-mediated metabolic

diseases.

ROS are inevitably produced from cellular metabolism,

and play a crucial role in modulating the normal functions

of cells (Halliwell et al., 1992). However, excessive ROS

production damages cellular molecules and leads to

oxidative stress, which is the cause of several pathological

conditions (Halliwell et al., 1992). Oxidative stress is one

of the main factors responsible for obesity, inflammation,

and cancer (Fernández-Sánchez et al., 2011). However,

cells have a defense mechanism against oxidative stress or

cellular toxicity due to ROS (Kobayashi and Yamamoto,

2005). Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-

kelch-like ECH associated protein 1 (Keap1) pathway is a

protective system against oxidative stress. The regulation

of this signaling pathway has been related to various

pathogenic states (Kobayashi and Yamamoto, 2005). Since

obesity or excessive fat accumulation is associated with

excessive ROS production and increased oxidative stress,

regulation of oxidative stress via the Nrf2/Keap1 signaling

pathway may be important to control adipogenesis or

obesity. In this study, the effects of parthenolide, a fever-

few-derived phytochemical, on adipogenesis and ROS

status along with the regulation of Nrf2/Keap1 signaling

was investigated.

Materials and methods

Materials

PL was purchased from Santa Cruz Biotechnology Inc.

(Dallas, TX, USA). Bovine serum (BS), Dulbecco’s mod-

ified Eagle’s medium (DMEM), and insulin were pur-

chased from Gibco (Gaithersburg, MD, USA). Fetal bovine

serum (FBS), phosphate-buffered saline (PBS), and peni-

cillin/streptomycin (PS) were obtained Hyclone (Logan,

UT). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) was purchased from Amresco Inc. (Solon,

OH, USA). 3-Isobutyl-1-methylxanthine (IBMX), dexam-

ethasone (DEX), 20,70-dichlorodihydrofluorescein diacetate

(DCFH-DA), and Oil Red O (ORO) were purchased from

Sigma-Aldrich Chemical Co. (St Louis, MO, USA).

Nitroblue tetrazolium was obtained from Life Technology

(Eugene, OR, USA).

Cell culture

3T3-L1 preadipocyte for growth and maintenance were

cultured performed in DMEM containing 10% BS and 1%

PS. For differentiation, after two days of confluency, the

cells were incubated with DMEM with 1% PS, 10% FBS,

and differentiation cocktail containing 1.67 lM insulin,

1 lM DEX, and 0.5 mM IBMX for 2 days (day 2). The

culture was replaced with DMEM containing 1.67 lM
insulin and 10% FBS for 2 more days (day 4) after which

the culture was maintained in DMEM containing 10%

FBS, and the media were changed every other day. PL,

dimethylsulfoxide (DMSO, 0.1%), or hydrogen peroxide

(50 lM) was treated every 2 days starting from differen-

tiation. All cells were maintained at 37 �C in presence of

5% CO2 and 95% humidity.

Cell viability assay

To determine cell viability, 3T3-L1 (1.5 9 104 cells/well)

were seeded in a 96-well plate for 24 h. The cells were

treated with PL for 48 h, and the medium was discarded

and MTT reagent (0.5 mg/mL) was added for 60 min at

37 �C. Dimethyl sulfoxide (DMSO) was added to solubi-

lize MTT formazan. The color change of the wells was

determined at 550 nm (Spectra Max M3; Molecular device,

Sunnyvale, CA, USA).

ORO

The lipids accumulated within the adipocytes were stained

on day 6 or 8 using ORO (0.35%) in 60% isopropanol.

Briefly, the lipid-containing cells were fixed with 10%

formalin for 1 h at 4 �C. After washing with distilled

water, filtered ORO was added to the cells overnight at

room temperature in the dark. The plate was then washed

and dried for 8 h. The stained lipids were imaged and

quantified via microscope and ImageJ program.

ROS analysis

ROS analysis was performed by two methods, DCFH-DA,

and nitroblue tetrazolium (NBT) assays. In NBT assay,

after 6 days of differentiation, the cells were washed with

PBS and incubated with 0.2% NBT solution for 90 min.

The plates were washed and dried. ROS-mediated dark

blue formazan was monitored and quantified via ImageJ

program. In DCFH-DA assay, on the 6th day after differ-

entiation, the plate was washed, and PBS containing 20 lM
DCFH-DA was added and incubated for 30 min. After PBS
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was removed, the cell membranes were disrupted by add-

ing DMSO. The fluorescence of DCF was analyzed at an

excitation of 485 nm and an emission of 535 nm

(SpectraMaxM3).

Real-time quantitative polymerase chain reaction

(PCR)

The total RNA was harvested from the cells using the

TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The total

RNA was quantified using Nanodrop (Thermo Fisher Sci-

entific, Waltham, USA). One microgram of RNA was used

to synthesize cDNA using a cDNA kit (Thermo Fisher

Scientific). The synthesized cDNA was mixed and ampli-

fied with SYBR Green PCR Master solution (Applied

Biosystems) containing 100 ng/mL of the primers. PCR

was performed in triplicate using AriaMx Real-Time PCR

system (Agilent Technologies). The primers used in this

study are following: C/EBPd (forward, ATCGCTGCA

GCTTCCTATGT; Reverse, AGTCATGCTTTCCCGTGT

TC), KLF4 (forward, GTCCTTCTCCACGTTCGC;

reverse, CCAGGAGGTCGTTGAACTC); KLF5 (forward,

GCCAACTCTCCCACC TGTCA; reverse, GTGCACTTG

TAGGGCTTCTCG), Krox20 (forward, TGACTATTGTG

GCCGCAAGTT; reverse, TTCTGCCGAAGGTGGATC

TT), Pref-1 (forward, GAGACCTTGACCGAGTCTGC;

reverse, TTTGGATGGAGGAGGAG TTG); GAPDH

(forward, CTGCGACTTCAACAGCAACT; reverse, GAG

TTGGGATAGGGCCT CTC).

Subcellular fractionation

The cell lysates were prepared by using harvesting buffer

[NaCl (50 mM), HEPES (10 mM, pH 7.9), EDTA

(0.1 mM), sucrose (0.5 M), b-glycophosphate (17.5 mM),

NaF (100 mM), tetrasodium pyrophosphate (10 mM), DTT

(1 mM), benzamidine (1 mM), aprotinin (4 lg/mL), leu-

peptin (5 lg/mL), pepstatin A (2 lg/mL), and PMSF

(1 mM)] and centrifuged at 500 9 g for 5 min. The

supernatant and pellet were used to prepare cytosolic and

nuclear fractions, respectively. The pellets were resus-

pended in buffer A [KCl (10 mM), aprotinin (4 lg/mL),

pepstatin A (2 lg/mL), PMSF (1 mM), HEPES (10 mM),

EDTA (0.1 mM), and EGTA (0.1 mM)], pipetted again,

and centrifuged at 500 9 g for 5 min. The pellet was

resuspended by vortexing for 10 min in buffer C [KCl

(10 mM), aprotinin (4 lg/mL), pepstatin A (2 lg/mL),

PMSF (1 mM), NP-40 (0.1%), HEPES (10 mM), EDTA

(0.1 mM), and EGTA (0.1 mM)]. Finally, after centrifu-

gation at 10,000 9 g for 8 min, the supernatant obtained

was the nuclear fraction. The nuclear fraction (200 lg) was
additionally treated by ice-cold acetone and trichloroacetic

acid (100%, w/v) with nuclear fraction, ice-cold acetone,

and trichloroacetic acid in a ratio of 1:8:1 to enrich the

nuclear proteins. For the cytoplasmic fraction, the super-

natant obtained after centrifugation of the cell lysate was

again centrifuged at 10,0009g for 10 min. The resulting

supernatant was used as the cytoplasmic fraction.

Western blot

The cultured cells were washed with PBS and harvested

using lysis buffer containing protease inhibitors and

phosphatase inhibitors. The protein lysates were obtained

as a supernatant after centrifugation at 8000 9 g for

10 min. Bicinchoninic Acid (Thermo Scientific, USA)

assay was used to estimate the total protein level, and

protein extracts (50 lg) were separated by SDS-PAGE, and
immunoblotted following a method described in a previous

study (Kim et al., 2018).

Statistical analysis

All data are expressed as the mean ± standard error of the

mean (SEM). All statistical analyses were performed by

SPSS 12.0 K. One-way analysis of variance (ANOVA) was

used for comparisons among the groups. Tukey’s multiple

range test was used to estimate the significant difference

among the mean values. Statistical significance was eval-

uated at p\ 0.05.

Results and discussion

Effects of PL on 3T3-L1 cell viability

The effects of PL (Fig. 1A), a feverfew-derived phyto-

chemical, on 3T3-L1 cell viability were investigated by

MTT assay. When the cells were incubated with different

concentrations (0.75, 1.56, 3.12, 6.25, 12.5, and 25 lM) of

PL for 48 h, no cytotoxicity was observed up to a con-

centration of 12.5 lM. However, PL at a concentration of

25 lM reduced cell viability by 80% (Fig. 1B). Subsequent

experiments with PL were conducted in the concentration

range of 1–8 lM.

Effects of PL on lipid storage during adipogenesis

PL significantly inhibited lipid accumulation as determined

by ORO staining (Fig. 2A). PL dose-dependently reduced

fat accumulation as compared to the control (CON); 9% at

2 lM, 46% at 4 lM and 54% at 8 lM concentration

(Fig. 2B). This lipid-lowering effects of PL were associ-

ated with the inhibition of adipogenic factors. PL inhibited

the protein abundance of adipogenic factors (PPARc and

C/EBPa) and its target protein FABP4 in a dose-dependent
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manner (Fig. 2B, C). A high concentration (8 lM) of PL

reduced the levels of PPARc, C/EBPa, and FABP4 by 98,

96, and 99%, respectively, as compared to the control

(Fig. 2B, C), showing a similar result as that in the non-

differentiation group. These results indicated that PL

inhibited lipid accumulation by suppressing adipogenic

factors during adipogenesis.

The differentiation process accompanies morphological

changes from fibroblasts to circular adipocytes with the

induction of adipogenic factors (Suh et al., 2015). Adipo-

genesis is experimentally induced by cocktails, such as

IBMX, DEX, and insulin. These chemicals increase the

cyclic adenosine monophosphate content and bind to glu-

cocorticoids and insulin receptors (Kersten, 2001; Kim

et al., 2018) to stimulate the expression of transcription

factors, such as CCAAT/enhancer binding protein tran-

scription factors (C/EBPb and C/EBPd), and Kruppel-like

factors (KLF4 and KLF5) (Banerjee et al., 2003; Birsoy

et al., 2008). The activation of these early adipogenic

factors leads to the expression of the major adipogenic

factors C/EBPa and peroxisome proliferator-activated

receptor c (PPARc) (Tontonoz et al., 1994), which

Fig. 1 Effects of PL on 3T3-L1

adipocyte viability. Structure of

Parthenolide (PL) (A). The cells
were treated with PL or vehicle

(DMSO) for 48 h (B). MTT

assay was performed in

triplicate according to the

manufacturer’s protocol. Each

value represents the

mean ± SEM (n = 3). CON

only DMSO treated without

sample

Fig. 2 Effects of PL on lipid accumulation during adipogenesis.

After differentiation with 1, 2, 4, and 8 lM PL or vehicle for 6 days,

adipogenic lipid storage was evaluated by Oil red O staining and

ImageJ software (A and B). The cells were treated with 1, 2, 4, and

8 lM PL during differentiation of 6 days. The total protein was

obtained from the cells, and the abundances of PPARc, C/EBPa, and

FABP4 were analyzed by western blot (C). Their levels were

quantified by ImageJ software (D). Each value represents the

mean ± SEM (n = 3). Different characters indicate a significant

difference among the samples (p\ 0.05) based on one way ANOVA

and the Tukey’s test. CON control, fully differentiation, ND non-

differentiation
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promotes the activation of lipid synthetic genes (Tontonoz

et al., 1994). Many studies have reported the effects of

food/natural plant-derived components on the adipogenic

process and factors (Kim et al., 2018; Suh et al., 2015).

Silibinin, a flavonoid found in milk thistle, has been known

to suppress adipogenesis with downregulation of adi-

pogenic factors (Suh et al., 2015). Dibenzoylmethane, a

constituent of licorice, also showed anti-adipogenic effects

(Kim et al., 2018). However, although most of the studies

with PL have been focused on inflammation or cancer,

there are no studies evaluating the effects of feverfew on

adipogenesis or lipid accumulation.

Effects of PL on adipogenic stages and expression

of early adipogenic factors

To investigate the effects of PL on adipogenic stages, PL

was treated at different phases of adipocyte differentiation,

and ORO staining was performed. PL (8 lM) was treated

on days 0–2, 0–4, 0–6, 2–4, 2–6, and 4–6 of differentiation

(Fig. 3A–C). PL effectively inhibited lipid accumulation in

the early stages of adipogenesis (0–2 and 0–4 days)

(Fig. 3B). PL treatment on 0–2, 0–4, and 0–6 days showed

a 24%, 36%, and 50% reduction in ORO staining,

respectively (Fig. 3C). However, PL treatment after 2 days

was less effective (5– 17%) than treatment from day 0

(Fig. 3C). These results showed that PL mainly inhibited

the early adipogenic stages during differentiation. C/EBPb
was mainly expressed in early adipogenic stage (0–2 days),

and KLF2 protein was highly expressed at undifferentiation

(day 0), but its level decreased with adipogenic differen-

tiation (Fig. 3D). Thus, the effect of PL on early adi-

pogenic factors (C/EBPb and KLF2) was examined in

0–2 days of differentiation stage. PL modulated the levels

of the early adipogenic factors. The protein level of

C/EBPb, a pro-early adipogenic factor, was reduced by

47% by PL treatment (8 lM), while the protein level of

KLF2, an anti-early adipogenic factor, was increased by

4.5-fold in presence of protein abundance (Fig. 3D, E). In

addition, the other early adipogenic factors, such as

C/EBPd, KLF4 (43%), KLF5 (42%), and Krox20 (48%)

were significantly reduced by PL treatment (8 lM) in

terms of the mRNA levels (Fig. 3F). However, the mRNA

level of preadipocyte factor 1 (Pref-1), another anti-early

adipogenic factor, increased in a concentration-dependent

manner by PL treatment (Fig. 3G). These results showed

that PL regulated early adipogenic factors to inhibit lipid

storage during adipogenesis.

When the preadipocytes were differentiated to adipo-

cytes, they undergo early, middle, and late stages (Suh

et al., 2015). Each step involves the expression of specific

transcription factors that stimulate adipogenesis. In par-

ticular, during the early period of adipogenesis, the cells

undergo mitotic clonal expansion leading to a marked

increase in cell number, which is a determinant of adipo-

genesis (Tang et al., 2003). C/EBPb and d, which are the

main early adipogenic factors, promote the expression of

PPARc, an important transcription factor in the later stages

(Moseti et al., 2016). KLFs are early adipogenic factors

that differentially regulate the adipogenic process. KLF2

inhibits lipogenesis by suppressing PPARc, whereas KLF4
and KLF5 promote adipocyte differentiation (Banerjee

et al., 2003; Birsoy et al., 2008). Many phytochemicals

have been known to inhibit lipid accumulation by sup-

pressing the early stages of adipogenesis (Choi et al., 2012;

Suh et al., 2015). However, several phytochemicals were

reported to inhibit the maturing adipocytes in the middle of

adipogenesis or promote lipolysis after adipocytes are

matured (Szkudelska et al., 2002).

Effects of PL on adipokine production

The effects of PL on adipokine gene expression were

examined by real-time PCR. The full differentiation of the

adipocytes effectively induced gene expression of leptin,

RBP4, resistin, and adiponectin. PL effectively regulated

this adipokine expression. PL (8 lM) reduced the mRNA

levels of leptin, RBP4, and resistin by 62%, 94%, and 42%,

respectively, as compared to the control, while PL treat-

ment (4 and 8 lM) increased adiponectin by 3–6 fold in

terms of the mRNA level (Fig. 4A). These results showed

that could can regulate adipocyte-derived adipokine

production.

Besides functioning as energy storage sites, adipocytes

are also known as endocrine organs releasing adipokines,

the adipocyte-derived cytokines. These adipokines regulate

energy metabolism and various hormones in the body and

release cytokines to control inflammation (Festi et al.,

2004). Adiponectin has anti-inflammatory and anti-obesity

properties and is known to improve insulin sensitivity

(Desprès and Lemieux, 2006; Kim et al., 2018). In contrast,

resistin has been implicated in type 2 diabetes with pro-

inflammatory properties, although the results are still

contradictory (Kusminski et al., 2005). Leptin plays an

important role in appetite and hunger, metabolism, energy

intake, and food consumption behavior (Klok et al., 2007).

Its chronic high level has been known to induce leptin

resistance, leading to the insensitivity of leptin similar to

insulin resistance (Pan et al., 2014). This reduced sensi-

tivity of leptin results in not only obesity but also obesity-

related diseases, such as systemic inflammation (Duntas

and Biondi, 2013). In obesity, leptin sensitivity is reduced,

resulting in an inability to sense satiety despite high levels

of energy and leptin (Pan et al., 2014). RBP4 has recently

been known to contribute to insulin resistance/diabetes in a

rodent model (Yang et al., 2005). RBP4 has also been

123

Parthenolide inhibits lipid accumulation 435



suspected to induce infiltration of macrophages to fat tis-

sues causing local inflammation and leading to insulin

resistance (Moraes-vieira et al., 2014). In this study, PL

was shown to favorably regulate the expression of these

adipokines, indicating that PL has a potential role to con-

trol obesity and obesity-related diseases.

Effects of PL on ROS production

To determine the effects of PL on intracellular ROS gen-

eration during differentiation, DCFH-DA and NBT assays

were performed on the adipocytes. Differentiation-induced

the elevation of ROS level in both the assays; ROS-derived

fluorescence and NBT-stained formazan were increased by

[ eightfold and [ twofold, respectively, as compared to

the non-differentiation group (Fig. 5). Treatment with

H2O2, a negative control, further increased the intracellular

ROS level (Fig. 5). The adipocyte-derived ROS production

was significantly reduced with PL treatment. PL (8 lM)

decreased ROS-derived DCF level by 65% (Fig. 5A), and

the formation of formazan was reduced by 50% with PL

(8 lM) treatment (Fig. 5B). These results indicate that PL

Fig. 3 Effects of PL on adipogenic stages and expression of early

adipogenic factors. The 3T3-L1 cells were differentiated with PL on

days 0–2, 0–4, 0–6, 2–6, 2–4 or 4–6 (A). After 6 days, the effects of

PL (8 lM) on lipid accumulation of the cells were examined by Oil

red O staining and ImageJ software (B and C). The proteins of

C/EBPb and KLF2 were determined during adipogenic stages (D). PL
(1, 2, 4, and 8 lM) was treated for 4 h in the 3T3-L1 differentiation,

and the cells were harvested for protein extraction. The levels of

C/EBPb and KLF2 proteins were determined by western blot (E) and
quantified using ImageJ software (F). The expression of C/EBPd,
KLF4, KLF5, Krox20, and Pref-1 was analyzed by real-time PCR and

normalized to GAPDH (G and H). Each value represents the

mean ± SEM (n = 3). Different characters indicate a significant

difference among samples (p\ 0.05) based on one way ANOVA and

the Tukey’s test. CON control, fully differentiation, ND non-

differentiation, Diff. differentiation
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effectively suppressed ROS production during differentia-

tion. The excessive increase in ROS is able to induce

oxidative stress which is closely associated with adipoge-

nesis or obesity (Denu and Hematti, 2016). In particular,

nicotinamide adenine dinucleotide phosphate oxidase 4,

which is known to be a ROS generating enzyme, is

upregulated during adipocyte differentiation (Schroder

et al., 2009).

Adipogenesis was reported to be increased by high-dose

hydrogen peroxide, a ROS, which can induce oxidative

stress (Denu and Hematti, 2016). However, an antioxidant,

such as N-acetylcysteine was found to suppress fat

accumulation in the adipocytes (Pieralisi et al., 2016).

These studies supported our data demonstrating the effects

of PL on lipid accumulation during adipogenesis (Fig. 5).

Since the systemic oxidative stress was shown to be

associated with metabolic syndrome (Furukawa et al.,

2004), PL is expected to exert an important role in pre-

venting metabolic diseases by controlling oxidative stress.

Effects of parthenolide (PL) on the Nrf2/Keap1

pathway

To investigate the effects of PL on the Nrf2/Keap1 sig-

naling pathway, Nrf2 and its target proteins were deter-

mined. Nrf2 and HO-1/NQO1 protein levels were

effectively enhanced by PL as compared to the control

group (CON) which has been fully differentiated (Fig. 6A).

The increase in the Nrf2 and its target proteins in control

group compared to ND (not differentiated)group (Fig. 6A)

is recognized to be due to the adipogenesis-mediated ROS

production (Fig. 5). PL (8 lM) increased the amount of

Nrf2 by 50% as compared to the control. The HO-1 and

NQO1 levels were also enhanced by 2.2- and 2.5-folds,

respectively (Fig. 6B). However, the level of Keap1, a

complex partner of Nrf2, was decreased by PL treatment

(60%). In addition, PL augmented the movement of Nrf2

into the nucleus from the cytosol (Fig. 6C). PL (8 lM)

increased the nuclear Nrf2 protein level by over fourfold as

compared to the control (Fig. 6D), while the cytosolic Nrf2

protein level was decreased by 50% with PL treatment

(8 lM). These results showed that PL activated the Nrf2/

Fig. 4 Effect of PL on adipokine production. PL (2, 4, and 8 lM)

was treated for 6 days in the 3T3-L1 differentiation. The mRNA level

of adiponectin was analyzed by real-time PCR after normalizing to

GAPDH (A and B). Each value represents the mean ± SEM (n = 3).

Different characters indicate a significant difference among samples

(p\ 0.05) based on one way ANOVA and the Tukey’s test. CON

control, fully differentiation, ND non-differentiation

Fig. 5 Effects of PL on ROS generation. The 3T3-L1 cells were

treated with different concentrations of PL or 100 lM hydrogen

peroxide for 4 days and DCFH-DA (20 lM) was added for incubation

for 30 min. The formation of fluorescent DCF was estimated at an

excitation of 485 nm and an emission of 535 nm (A). The production

of ROS was also determined by NBT assay and quantified using

ImageJ software (B). Each value represents the mean ± SEM (n = 3).

Different characters indicate a significant difference among samples

(p\ 0.05) based on one way ANOVA and the Tukey’s test. CON

control, fully differentiation, ND non-differentiation
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Keap1 signaling pathway by promoting the nuclear

translocation of Nrf2.

The Nrf2/Keap1 pathway is one of the mechanisms that

regulate oxidative stress (Kobayashi and Yamamoto,

2005). In the absence of any stimulation, Nrf2, a key

transcription factor in this signaling pathway, forms a

complex with Keap1 in the cytoplasm (Kobayashi and

Yamamoto, 2005). However, when the cells are exposed to

signals, such as ROS, or electrophile, Keap1 is rapidly

degraded by proteasome-mediated ubiquitination. The

dissociated Nrf2 is introduced into the nucleus and binds to

the antioxidant response element of the target gene to

promote the expression of the target gene (Kobayashi and

Yamamoto, 2005). Thus, PL-mediated ROS reduction

during adipogenesis may be due to the activation of the

Nrf2/Keap1 pathway. This is because direct ROS-scav-

enging activity of PL is able to be disregarded based on our

results as shown in Supplementary Table 1.

Furthermore, HO-1, which is as a target molecule of

Nrf2, has been reported to mediate ROS reduction in the

cells (Ryter and Choi, 2005). The antioxidant enzymes,

such as catalase, superoxide dismutase, and glutathione-

metabolizing enzymes were also shown to be upregulated

via Nrf2 (Zhong et al., 2013). Based on the data (Fig. 6),

PL is thought to suppress ROS generation via Nrf2/Keap1

signaling during adipogenesis. This PL-mediated ROS

control is recognized to be associated with inhibition of

adipogenesis or lipid accumulation. However, many con-

flicting studies on the relationship between Nrf2 and adi-

pogenesis have been reported (Gaikwad et al., 2001; Pi

et al., 2010; Shin et al., 2007). The deficiency of Nrf2 has

been involved in the reduction of adipogenesis and adi-

pogenic factors, while Nrf2 deficiency has been found to

markedly promote adipogenic differentiation which was

reversed by the ectopic expression of Nrf2. The anti-adi-

pogenic effects of sulforaphane, a vegetable phytochemi-

cal, are exerted by the activation of Nrf2 and its target gene

NQO1 (Gaikwad et al., 2001). In the present study, PL-

mediated activation of the Nrf2/Keap1 signaling pathway

was thought to negatively regulate adipogenesis. However,

to elucidate whether the anti-adipogenic effects of PL is

dependently exerted via the Nrf2/Keap1 signaling pathway,

Fig. 6 Effects of PL on the Nrf2/Keap1 pathway. The 3T3-L1 cells

were treated with 2, 4, and 8 lM PL during differentiation of 6 days.

The expression levels of Nrf2, Keap1, HO-1, NQO1, and nuclear and

cytosolic Nrf2 were analyzed by Western blot (A and C) and

quantified by ImageJ software (B and D). Each value represents the

mean ± SEM (n = 3). Different characters indicate a significant

difference among samples (p\ 0.05) based on one way ANOVA and

the Tukey’s test. CON control, fully differentiation, ND non-

differentiation
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further studies need to be performed in an Nrf2 deficient

condition.

Acknowledgements This work was supported by the National

Research Foundation of Korea, a Grant funded by the Korea gov-

ernment (the Ministry of Education) (NRF-2015R1D1A1A01059729;

2016), and a research Grant from the Seoul Women’s University

(2019).

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest.

Human and animal rights There is no animal or human experiment

in this study.

References

Banerjee SS, Feinberg MW, Watanabe M, Gray S, Haspel RL,

Denkinger DJ, Kawahara R, Hauner H, Jain MK. The Krüppel-
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