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Abstract Nuclear receptors, such as liver X recep-

tors (LXRs) and sterol regulatory element-binding

proteins (SREBPs), are key regulators of lipogenic

genes, including fatty acid synthase (FASN). It has

been reported that several oxycholesterols (OCs) act

as LXR ligands; however, it is unclear whether all OC

molecular species act as ligands. We previously

demonstrated that the absorption rate of dietary

6-ketocholestanol (6-keto), an oxycholesterol, is the

highest of all the OCs using thoracic lymph duct-

cannulated rats. However, limited information is

available about the physiological significance of

6-keto. In this study, we investigated whether treat-

ment with 6-keto increases intracellular triacylglyc-

erol (TAG) levels through up-regulation of lipogenic

gene expression in HepG2 cells. 6-Keto treatment

significantly reduced intracellular TAG levels through

down-regulation of lipogenic genes including FASN.

Although 6-keto significantly suppressed FASN gene

promoter activities, the action was completely

diminished when mutations were present in the

SREBP promoter site. TO901317 (TO) significantly

increased FASN gene promoter activities, whereas

simultaneous treatment with TO and 6-keto signifi-

cantly reduced this activity. We also compared the

effects of several OCs that are oxidized at the carbon-6

and -7 in the B-ring of cholesterol on FASN gene

promoter activities. Similar to 6-keto, 6a-OH and 6b-
OH significantly reduced the activity of the FASN

gene promoter, which suggests that oxidation of

carbon-6 in the B-ring may play an important role in

the reduction of FASN expression. Our results indicate

that 6-keto suppresses lipid accumulation by decreas-

ing FASN gene expression through SREBP-dependent

regulation in HepG2 cells.

Keywords 6-Ketocholestanol � Fatty acid synthase �
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Introduction

Fatty acid synthase (FASN), a central enzyme in the de

novo lipogenesis pathway, catalyzes all the steps in the

conversion of malonyl-CoA to palmitate (Sul and

Wang 1998). Expression of the FASN gene is regu-

lated at the transcription level and is responsive to both

hormonal and nutritional signals (Sul and Wang

1998). Among the sterol regulatory element-binding

proteins (SREBPs), SREBP-1c plays a critical role in
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the transcriptional regulation of lipogenic genes,

including both FASN and stearoyl-CoA desaturase

(SCD) (Brown and Goldstein 1997). It has been shown

that SREBPs regulate FASN expression through direct

interaction with the FASN promoter (Magaña and

Osborne 1996; Latasa et al. 2000). The nuclear

receptor liver X receptor alpha (LXRa), which is

predominantly expressed in the central organs of lipid

metabolism such as the liver and white adipose tissue,

binds to DNA and regulates transcription of target

genes, including FASN, in a heterodimeric complex

with retinoid X receptor (RXR) (Willy et al. 1995).

Most nuclear receptors are activated by endogenous

lipophilic ligands, while LXRa is activated by several

cholesterol oxidation products (oxycholesterols; OCs)

(Janowski et al. 1996; Schroepfer 2000).

OCs are produced from cholesterol by spontaneous

and/or enzymatic oxidation of the steroidal backbone

and side chains. It has been previously suggested that

OCs are associated with the development and pro-

gression of several diseases, such as osteoporosis,

atherosclerosis, Alzheimer’s disease, cataracts, dia-

betes, dyslipidemia, and fatty liver (Sottero et al. 2009;

Vejux and Lizard 2009; Sato and Shirouchi 2012;

Zarrouk et al. 2014; Kulig et al. 2016). OCs have been

found in several foods, especially those derived from

animal sources (van de Bovenkamp et al. 1988;

Paniangvait et al. 1995; Ichi et al. 2005). Although

circulating OC levels increase with an increase in the

intake of OCs (Emanuel et al. 1991), the absorption

rates (5–25%) of these OCs vary depending on the

oxidized position of the cholesterol (Shirouchi et al.

2019). Carbons-5, -6, and -7 in the B-ring of choles-

terol are easily oxidized (Smith et al. 1978). The

absorption rates of a- and b-cholestanetriols, with two
hydroxyl groups at the carbon-5 and -6 positions of

cholesterol, are less than 10% (Shirouchi et al. 2019).

The absorption rate of 6-ketocholestanol (6-keto)

(* 25%), having a keto group at the carbon-6

position, was reported to be the highest of 10 different

dietary OCs produced by heat (Shirouchi et al. 2019).

Furthermore, 6-keto inhibits the effect of uncouplers

of oxidative phosphorylation in mitochondria (Starkov

et al. 1994, 1997; Cuéllar et al. 1997), suggesting that

it can prevent, or reverse, decreased ATP production

caused by mitochondrial dysfunction. However, the

physiological significance of 6-keto, except for the

above-mentioned, remains unclear.

To gain insight into the physiological significance

of 6-keto, we investigated whether treatment with

6-keto, similar to several OCs previously reported as

LXR ligands, increases intracellular triacylglycerol

(TAG) levels through lipogenic gene expression in

HepG2 cells.

Materials and methods

Materials

5a-Cholestan-3b,6a-diol (6a-hydroxycholestanol,
6a-OH), 5a-cholestan-3b,6b-diol (6b-hydroxyc-
holestanol, 6b-OH), 5-cholesten-3b,7a-diol (7a-hy-
droxycholesterol, 7a-OH), 5-cholesten-3b,7b-diol
(7b-hydroxycholesterol, 7b-OH), 5a-cholestan-3b-
ol-6-one (6-ketocholestanol, 6-keto) were purchased

from Steraloids Inc. (Newport, RI, USA) (Fig. 1).

TO901317 (TO) was purchased from Cayman Chem-

ical Company (East Ellsworth Road Ann Arbor, MI,

USA). Dulbecco’s modified Eagle’s media (DMEM)

with high glucose (4500 mg/L) or with low glucose

(1000 mg/L) were purchased from Gibco-BRL

(Grand Island, NY, USA). Fetal bovine serum (FBS)

was purchased from Thermo Fisher Scientific (Wal-

tham, MA, USA). Penicillin and streptomycin were

purchased from Meiji Seika Pharma Co., Ltd. (Tokyo,

Japan). Lipoprotein deficient FBS (LPDS) was pre-

pared from FBS by ultracentrifugation as described

previously (Kinoshita et al. 2000).

Cell culture and treatment

HepG2 cells (JCRB1054) were maintained in culture

media (DMEM containing high glucose supplemented

with 10% FBS, 1.0 9 105 IU/L penicillin, and

100 mg/L streptomycin) at 37 �C in 5% CO2. 6-Keto

and TO were dissolved in ethanol. Cells were treated

with ethanol (as a vehicle control), 1–9 lM 6-keto, or

1 lM TO. The final concentration of ethanol was

adjusted to 1% so as not to affect cell growth.

Measurement of intracellular triacylglycerol

contents in HepG2 cells

HepG2 cells (1 9 106 cells/well) were seeded into

6-well plates and maintained in the culture media

(DMEM containing high glucose supplemented with
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10% LPDS, 1.0 9 105 IU/L penicillin, and 100 mg/L

streptomycin) at 37 �C in 5% CO2. After 24 h

incubation, the cells were treated with ethanol (as a

vehicle control), 7 lM 6-keto, or 1 lM TO for 96 h

with the medium changed every 48 h. After the

treatment, the cells were washed twice with ice-cold

PBS buffer containing 0.02% EDTA, harvested in ice-

cold RIPA buffer, and lysed by sonication.

Fig. 1 Chemical structures of cholesterol, 6-ketocholestanol, 6a-hydroxycholestanol, 6b-hydroxycholestanol, 7a-hydroxycholesterol,
and 7b-hydroxycholesterol

123

Cytotechnology (2020) 72:175–187 177



Intracellular TAG contents in the lysates were mea-

sured using a commercial enzyme assay kit (Triglyc-

eride E-Test from Wako Pure Chemicals). Protein

contents in the lysates were measured using a com-

mercial kit (DC Protein Assay kit from Bio-Rad

Laboratories, CA, USA). Intracellular TAG contents

were expressed as a relative value after being

normalized to protein content.

Oil Red O staining

HepG2 cells (1 9 106 cells/well) were seeded into

6-well plates and maintained in the culture media

(DMEM containing high glucose supplemented with

10% LPDS, 1.0 9 105 IU/L penicillin, and 100 mg/L

streptomycin) at 37 �C in 5% CO2. After 24 h

incubation, the cells were treated with ethanol (as a

vehicle control), 7 lM 6-keto, or 1 lM TO for 96 h

with the medium changed every 48 h. After the

treatment, the cells were washed twice with PBS

buffer, fixed with 10% formalin for 1 h, washed twice

with distilled water, and then stained with Oil Red O

dye (Lipid assay kit from Cosmo Bio Co., Ltd., Tokyo,

Japan) for 15 min. Stained cells were washed three

times with distilled water, and then photographed.

Analysis of mRNA expression

HepG2 cells (1 9 106 cells/well) were seeded into

6-well plates and maintained in the culture media

(DMEM containing low glucose supplemented with

10% LPDS, 1.0 9 105 IU/L penicillin, and 100 mg/L

streptomycin) at 37 �C in 5% CO2. After 48 h

incubation, the cells were treated with ethanol (as a

vehicle control) or 7 lM 6-keto for 6 h. Total RNA

from the HepG2 cells was isolated using a

Fig. 2 6-Ketocholestanol

reduces intracellular TAG

accumulation in HepG2

cells. HepG2 cells were

treated with ethanol (vehicle

control), 7 lM 6-keto, or

1 lM TO (as reference) for

4 days. TAG and protein

levels in the cells were

measured. TAG content of

the vehicle control was

arbitrarily set at 1. Data are

presented as the

mean ± SEM of three

independent experiments.

The column marked with an

asterisk is significantly

different from the control

(*P\ 0.05), analyzed using

the Student’s t-test. TAG

triacylglycerol, TO

TO901317
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guanidinium thiocyanate/cesium chloride ultracen-

trifugation method (Chirgwin et al. 1979), and the

total RNA was reverse transcribed with a Transcriptor

First Strand cDNA Synthesis kit (Roche, Berlin,

Germany) to obtain cDNA. Quantitative real-time

RT-PCR analysis was performed with the SYBR

Premix EXTaq II kit (Takara, Shiga, Japan) and a real-

time PCR system (Mx3000P qPCR system; Agilent

Technologies, Santa Clara, CA, USA). The primer

sequences that were used are as follows: nuclear

receptor subfamily 1 group H member 3 (NR1H3)

[encoding liver X receptor a (LXRa)] (forward

primer, 50-TCAGCATCTTCTCTGCAGACCGG-30;
reverse primer, 50-TCATTAGCATCCGTGG-
GAACA-30), ATP binding cassette subfamily A

member 1 (ABCA1) (forward primer, 50-CGAACAG-
TACACATTTGTCAGC-30; reverse primer, 50-
GTGTCTGGGATTGGGTTTCCTTC-30), sterol reg-
ulatory element binding transcription factor 1

(SREBF1) [encoding sterol regulatory element-bind-

ing protein-1c (SREBP-1c)] (forward primer, 50-
ATGCCATGGGCAAGTACACA-30; reverse primer,

50-ACGTGTCAAGAAGTGCAAGG-30), fatty acid

synthase (FASN) (forward primer, 50-ATGCACA-
CAGTGCTCAAAGG-30; reverse primer, 50-
GTATCCTCCACAGGCAGGAA-30), stearoyl-CoA

desaturase (SCD) [encoding SCD1] (forward primer,

50-CCCCACCTACAAGGATAAGGAAG-30; reverse
primer, 50-GTAGAATACCCCCCAAAGCCAGG-
30), tubulin beta 2A class IIa (TUBB2A) [encoding b-

Fig. 3 6-Ketocholestanol alters lipogenic gene expressions in

HepG2 cells. HepG2 cells were treated with ethanol (vehicle

control) or 7 lM 6-keto for 6 h. The expression levels of each

gene (NR1H3, ABCA1, SREBF1, FASN, and SCD) were

normalized to the TUBB2A expression level. The expression

level of each gene in the vehicle control was arbitrarily set at 1.

Data are presented as the mean ± SEM of three independent

experiments. Columns marked with asterisk(s) are significantly

different from the control (*P\ 0.05, **P\ 0.01), analyzed

using the Student’s t-test. ABCA1 ATP binding cassette

subfamily A member 1, FASN fatty acid synthase, NR1H3

nuclear receptor subfamily 1 group H member 3 (encoding liver

X receptor a), SCD stearoyl-CoA desaturase (encoding SCD1),

SREBF1 sterol regulatory element binding transcription factor 1

(encoding sterol regulatory element-binding protein-1c)

123

Cytotechnology (2020) 72:175–187 179



tubulin] (forward primer, 50-CAAT-
GAGGCTGCTGGTAAC-30; reverse primer, 50-
GAACACGAAGTTGTCTGGTCTG-30). Results

were expressed as a relative value after normalization

to TUBB2A expression.

Plasmid constructs

Genomic DNA was isolated from HepG2 cells and the

livers of Sprague–Dawley rats. Human FASN and rat

Fasn promoter regions were generated by PCR

amplification. Human FASN and rat Fasn promoter

regions and each primer sequence are shown in

Supplemental Figures 1 and 2. For human FASN

promoter amplification, the primer sequences used

were as follows: forward primer, 50-ACCCGCGAG-
GAAAACCGGGGATGCGCTGCG-30; reverse pri-

mer, 50-AGCGGGAGGCTGAAGCGCGGCGGAGA
GGGAG-30. For rat Fasn promoter amplification, the

primer sequences used were as follows: 50-GCCACA-
GAAAGGGTGGGTGTCTGAGAAAGC-30; reverse

primer, 50-TCTAGGCCGCGCCGGCGCTATTTA
AACCGCGGCCATCCC-30. The amplified insert

DNA fragments were subcloned into the pGEM�-T

Easy Vector using the pGEM�-T Easy Vector System

(Promega, Madison, WI, USA) and JM109 Escher-

ichia coli competent cells (Toyobo, Tokyo, Japan).

The subcloned plasmids were digested with EcoRI

(Toyobo, Tokyo, Japan) for 4 h at 37 �C. The digest

products were separated on 2% agarose gel and

purified using the Quantum Prep Freeze ‘N Squeeze

DNA Gel Extraction Spin Columns (Bio-Rad, Tokyo,

Japan). The pGL4.10 [luc2] Vector (Promega, Madi-

son, WI, USA) encodes the luciferase reporter gene

luc2 (Photinus pyralis). The pGL4.10 [luc2] Vector

was digested with EcoRV (Toyobo, Tokyo, Japan) for

4 h at 37 �C. The digested vector was incubated with

calf intestinal alkaline phosphatase (Takara, Tokyo,

Japan) for 24 h at 37 �C to remove 50 phosphate

groups, which prevents the vector from reclosing on

itself without each insert. Subsequently, the vector

was separated on 0.8% agarose gel and purified using

the Quantum Prep Freeze ‘N Squeeze DNA Gel

Extraction Spin Columns. Each insert was ligated with

the vector using 29 Rapid Ligation Buffer and T4

DNA ligase (Promega) to form the plasmids. Each

Fig. 4 6-Ketocholestanol

suppresses human FASN

gene promoter activity in a

dose-dependent manner.

After transfection, HepG2

cells were treated with

ethanol (vehicle control) or

1–9 lM 6-keto for 24 h.

Luciferase activity of the

vehicle control was

arbitrarily set at 1. Data are

presented as the

mean ± SEM of three

independent experiments.

Columns marked with

asterisk(s) are significantly

different from the control

(*P\ 0.05, **P\ 0.01)

analyzed using one-way

ANOVA followed by the

Dunnett’s multiple

comparison post hoc test

123

180 Cytotechnology (2020) 72:175–187



ligation plasmid was transformed into JM109 Escher-

ichia coli competent cells (Toyobo) and was then

purified using Viogene� Maxi Plus Ultrapure Plasmid

Extraction System according to the manufacturer’s

protocol.

The mutant constructs at the LXRE and/or SREBP

binding site of the rat Fasn promoter were generated

by site-directed mutagenesis using the KOD Plus

mutagenesis kit (Toyobo) according to the manufac-

turer’s protocol. LXREmutation and SREBPmutation

elements of the rat Fasn promoter region (insert DNA)

are shown in Supplemental Figure 2. The LXRE

mutation and SREBP mutation elements of the rat

Fasn promoter region (insert DNA) were also gener-

ated by PCR amplification. For the rat Fasn-LXRE

mutation promoter amplification, the primer

sequences used were as follows (underline indicates

mutation bases): forward primer, 50-CGGTAGTA
ACCCCGCCTGAGGCGCCCTC-30; reverse primer,

50-AAAATCGTGGCCCAGCTTTCTCAGACACC-
CACC-30. For the rat Fasn-SERBPmutation promoter

amplification, the primer sequences used were as

follows (underline indicates mutation bases): 50-
TTCGGCGTGGCCGCGCGGGGATGGCCGCGG-

TTT-30; reverse primer, 50-TTCGCTGACAGCTTG
GCTGCGCCGCCCAGGCC-30.

Luciferase assay

HepG2 cells (2.5 9 105 cells/well) were seeded into

24-well plates. After 24 h incubation, the cells were

transfected with the reporter plasmid (180 ng/well)

and pGL4.74TK plasmid (Tk promoter-driven Renilla

luciferase) (20 ng/well) using the FuGENE� 6 Trans-

fection Reagent (Roche, Indianapolis, IN) according

to the manufacturer’s protocol. The cells were treated

with ethanol (as a vehicle control) or 1–9 lM 6-keto

for 24 h. The cells were harvested 24 h post-transfec-

tion and assessed using the luciferase assay. The

luciferase assays were carried out using the Dual-

Luciferase Assay System (Promega) according to the

manufacturer’s protocol on the Lumat LB 9507 tube

luminometer (Berthold Japan Co. Ltd., Tokyo, Japan).

The relative luciferase activity was calculated by the

ratio of firefly luciferase activity to Renilla luciferase

activity (internal transfection control) and relating it to

each pGL4.10[luc2] vector to reflect each FAS

promoter activity.

Statistical analysis

All values are expressed as the mean ± standard error

of mean (SEM). The data were analyzed using the

Student’s t-test (Figs. 2, 3, 5a, b), one-way ANOVA

followed by the Dunnett’s multiple comparison post

hoc test (Figs. 4 and 8) or the Tukey–Kramer multiple

comparison post hoc test (Fig. 7), and two-way

ANOVA (6-keto treatment and glucose level)

(Fig. 6). Differences were considered significant at

P\ 0.05. Statistical analysis was performed using

Excel 2011 (Microsoft, USA) with the add-in software

Statcel 4 (Yanai 2015).

Results and discussion

6-Ketocholestanol reduces intracellular TAG

accumulation in HepG2 cells

Several OCs, such as 22(R)-hydroxycholesterol, 4b-
hydroxycholesterol, and 7a-OH, act as ligands for

liver X receptor alpha (LXRa) (Janowski et al. 1996;
Schroepfer 2000). LXRa is highly expressed in the

liver and white adipose tissues (Willy et al. 1995), and

it upregulates expression of lipogenic genes (Joseph

et al. 2002). However, it is unknown whether 6-keto

acts similarly to LXRa agonists and upregulates

lipogenesis. Therefore, in this study, we evaluated

the effects of 6-keto on intracellular TAG accumula-

tion in HepG2 cells. Treatment with TO, a potent and

selective agonist for LXRa (Schultz et al. 2000),

increased intracellular TAG levels, whereas treatment

with 6-keto significantly reduced intracellular TAG

levels (Fig. 2). Previous studies showed that 25-hy-

droxycholesterol-3-sulfate, a 25-hydroxycholesterol

metabolite, acts as an LXRa antagonist and reduces

cellular lipid levels in human THP-1-derived macro-

phages (Ma et al. 2008), human aortic endothelial cells

(Bai et al. 2011), and HepG2 cells (Xu et al. 2010).

Thus, we suggest that the suppression of TAG

accumulation in hepatocytes by 6-keto may contribute

to its antagonistic action on LXRa.

Effects of 6-ketocholestanol on lipogenic gene

expression in HepG2 cells

To further examine the effects of 6-keto on lipogenesis

in HepG2 cells, we analyzed the mRNA levels of
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lipogenic genes. As shown in Fig. 3, 6-keto treatment

significantly increased NR1H3 (LXRa) and ABCA1

mRNA levels and decreased FASN and SCD mRNA

levels. To explain the different mRNA levels of the

two genes, ABCA1 and FASN, under LXRa regulation,
we hypothesized that 6-keto may not only act as an

LXRa agonist and antagonist, but it also may affect

target genes through an LXRa-independent pathway.
A previous study showed that TO, an LXRa ligand,

triggers an autoregulatory loop, which leads to induc-

tion of LXRa gene expression and transcription of

downstream target genes such as ABCA1 (Li et al.

2002). In concordance with the previous study, 6-keto

acted as a LXRa ligand that led to increased LXRa and
ABCA1 mRNA levels. Conversely, expression of

FASN, a central enzyme in de novo lipogenesis and

an established target of LXR, was also induced by the

SREBP-1c pathway (Joseph et al. 2002). Therefore,

suppression of FASN expression in hepatocytes by

6-keto may be occurring through the SREBP-1c

pathway.

6-Ketocholestanol down-regulates human FASN

gene promoter activities in an SREBP-dependent

manner

To investigate the molecular mechanism by which

6-keto reduces FASN gene expression, we established

human FASN (Figs. 4 and 5a) and rat Fasn (Fig. 5a

and b) promoter luciferase reporter gene assays in

HepG2 cells. As shown in Fig. 4, human FASN gene

promoter activities were inhibited by 6-keto treatment

in a dose-dependent manner. The inhibitory action by

6-keto reached a maximum inhibition at a

bFig. 5 Effects of 6-ketocholestanol on human FASN and rat

Fasn gene promoter activities. a 6-Ketocholestanol suppresses

human FASN and rat Fasn gene promoter activities. b Suppres-

sion of rat Fasn promotor activity by 6-ketocholestanol is

inhibited by specific mutations in the SREBP binding sites.

After transfection, HepG2 cells were treated with ethanol

(vehicle control) or 7 lM 6-keto for 24 h. Luciferase activity of

the vehicle control was arbitrarily set at 1. Data are presented as

the mean ± SEM of three independent experiments. Columns

marked with asterisk(s) are significantly different from the

control (**P\ 0.01) analyzed using the Student’s t-test

Fig. 6 Effects of

6-ketocholestanol and

glucose concentrations in

the media on human FASN

gene promoter activities.

After transfection, HepG2

cells were treated with

ethanol (vehicle control) or

7 lM 6-keto and DMEM

containing high glucose or

low glucose for 24 h.

Luciferase activity of the

vehicle control was

arbitrarily set at 1. Data are

presented as the

mean ± SEM of three

independent experiments.

The data were analyzed

using two-way ANOVA (6-

keto treatment and glucose

level)
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concentration of 7 lM. Rat Fasn gene promoter

activity was also significantly inhibited by 7 lM
6-keto treatment (Fig. 5a).

It is known that the LXRE and SREBP sites in the

FASN promoter region are highly conserved between

humans and rats (Joseph et al. 2002). Therefore, to

clarify the effects of LXR and/or SREBP on the rat

Fasn promoter after treatment with 6-keto, we

constructed luciferase reporter vectors that have

specific mutations in these sites. As shown in Fig. 5b,

the inhibitory action of rat Fasn gene promoter

activities by 6-keto occurred with mutations at the

LXRE site. Conversely, the action of 6-keto was

completely inhibited when mutations were present at

the SREBP site. Thus, we conclude that 6-keto down-

regulates FASN gene promoter activities in an

SREBP-dependent manner but not via the LXR

pathway.

6-Ketocholestanol down-regulates human FASN

gene promoter activities regardless of glucose

concentration in the culture medium

Glucose activates LXR at physiological concentrations

in the liver and upregulates expression of the LXR

target genes (Mitro et al. 2007). Using DMEM with

high and low glucose, we investigated whether glucose

concentrations in the culture media affect the reduction

of human FASN gene promoter activities by 6-keto

treatment. As shown in Fig. 6, 6-keto treatment signif-

icantly reduced human FASN gene promoter activities

under both high and low glucose concentrations.

Human FASN gene promoter activity induced

by TO901317, a potent and selective agonist

for LXRa, is inhibited by the addition of 6-

ketocholestanol

To further examine the effect of 6-keto on human

FASN gene promoter activity in HepG2 cells, we

Fig. 7 An increase in

human FASN gene promotor

activity by TO901317 is

inhibited by the addition of

6-ketocholestanol. After

transfection, HepG2 cells

were treated with ethanol

(the vehicle control), 1 lM
TO, 7 lM 6-keto, or 1 lM
TO ? 7 lM 6-Keto for

24 h. Each luciferase

activity of the vehicle

control was arbitrarily set at

1. Data are presented as the

mean ± SEM of three

independent experiments.

Columns marked with

different letters are

significantly different at

P\ 0.05 by one-way

ANOVA followed by the

Tukey–Kramer multiple

comparison post hoc test
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investigated whether treatment with 6-keto would

suppress human FASN gene promoter activities that

are induced by TO treatment. TO treatment signifi-

cantly increased human FASN gene promoter activi-

ties, whereas simultaneous treatment with TO and

6-keto significantly reduced the activities to less than

half when compared with the control (Fig. 7).

Oxidation of carbon-6 in the B-ring of cholesterol

is important for reduction of human FASN

promoter activity

Carbons in the B-ring of cholesterol are easily

oxidized (Smith et al. 1978). In this study, to gain

additional insight into the molecular mechanism by

which 6-keto reduces FASN gene expression, we

compared the effects of several OCs oxidized at the

positions of carbon-6 and -7 in the B-ring of choles-

terol (Fig. 1) on human FASN gene promoter activities

in HepG2 cells. As shown in Fig. 8, 7a-OH signifi-

cantly increased the activities, suggesting that 7a-OH

acts as a ligand for LXRa. This result was consistent
with a previous report (Janowski et al. 1996).

Conversely, 6a-OH, 6b-OH and 6-keto significantly

reduced the activities of the human FASN gene

promoter (Fig. 8). Oxidation of carbon-6 in the B-ring

of cholesterol may play an important role in the

SREBP-dependent reduction of FASN expression.

SREBPs are transported from the endoplasmic retic-

ulum to the Golgi apparatus through the action of

SREBP cleavage-activating protein (Scap), an escort

protein, which forms a complex with SREBPs (Gold-

stein et al. 2006). 25-Hydroxycholesterol (25-OH) acts

by binding to Insig, which causes Insig to bind to Scap,

and this then blocks the Scap-mediated movement of

SREBPs to the Golgi apparatus (Radhakrishnan et al.

2007). Further studies are necessary to clarify whether

OCs having carbon-6 oxidation as well as 25-OH

block the movement of SREBPs to the Golgi apparatus

by binding to Insig. Unlike the sterol regulation of

SREBP-2, the gene expression and activity of SREBP-

1c are dependent on the energy status (Shimano and

Fig. 8 6-Ketocholestanol,

6a-hydroxycholestanol, and
6b-hydroxycholestanol,
oxidized in the 6-carbon of

B-ring, suppress human

FASN gene promoter

activities. After transfection,

HepG2 cells were treated

with ethanol (the vehicle

control), 7 lM 7a-OH,
7 lM 7b-OH, 7 lM 6a-OH,
7 lM 6b-OH, or 7 lM
6-Keto for 24 h. Data are

presented as the

mean ± SEM of three

independent experiments.

Columns marked with

asterisk(s) are significantly

different from the control

(*P\ 0.05, **P\ 0.01) by

one-way ANOVA followed

by the Dunnett’s multiple

comparison post hoc test
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Sato 2017). The mechanistic target of rapamycin

(mTOR) is a serine-threonine protein kinase and

regulates cell growth and metabolism with environ-

mental inputs including in energy, nutrients, and

growth factors (Saxton and Sabatini 2017). Recently,

it has been revealed that the activation of SREBPs is

regulated by mTOR signaling, especially mTOR

complex 1 (mTORC1) (Porstmann et al. 2008;

Yamauchi et al. 2011; Peterson et al. 2011). Therefore,

whether the down-regulation of the SREBP pathway

by 6-keto is due to the inhibition of the mTOR

signaling would be of interest for future study.

In conclusion, this study is the first report that

6-keto down-regulates SREBP-1c regulated lipogenic

enzyme expression to suppress intracellular TAG

accumulation in HepG2 cells. Future studies are

needed to determine how to increase circulating levels

of 6-keto and thus prevent lipid accumulation in the

liver and fatty liver disease.
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