
Contents lists available at ScienceDirect

International Journal of Biochemistry
and Cell Biology

journal homepage: www.elsevier.com/locate/biocel

Quercetin inhibition of SREBPs and ChREBP expression results in reduced
cholesterol and fatty acid synthesis in C6 glioma cells

Fabrizio Damianoa, Laura Giannottia, Gabriele V. Gnonia, Luisa Siculellaa,⁎, Antonio Gnonib

a Department of Biological and Environmental Sciences and Technologies, University of Salento, 73100, Lecce, Italy
bDepartment of Basic Medical Sciences, Neurosciences and Sense Organs, University of Bari "Aldo Moro", 70124, Bari, Italy

A R T I C L E I N F O

Keywords:
3-Hydroxy-3-methyl-glutaryl-CoA reductase
Acetyl-CoA carboxylase 1
C6 glioma cells
Cholesterol and fatty acid synthesis
ChREBP and SREBPs
Quercetin

A B S T R A C T

Quercetin (Que), a widely distributed flavonoid in the human diet, exerts neuroprotective action because of its
property to antagonize oxidative stress. Here, we investigated the effects of Que on lipid synthesis in C6 glioma
cells. A rapid Que-induced inhibition of cholesterol and, to a lesser extent, of fatty acid synthesis from [1-14C]
acetate was observed. The maximum decrease was detected at the level of palmitate, the end product of de novo
fatty acid synthesis. The effect of Que on the enzyme activities of acetyl-CoA carboxylase 1 (ACC1) and fatty acid
synthase (FAS), the two enzymes of this pathway, was investigated directly in situ in permeabilized C6 cells. An
inhibitory effect on ACC1 was observed after 4 h of 25 μM Que treatment, while FAS activity was not affected. A
reduction of polar lipid biosynthesis was also detected. A remarkable decrease of 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGCR) activity, regulatory enzyme of cholesterol synthesis, was evidenced. Expression studies
demonstrated that Que acts at transcriptional level, by reducing the mRNA abundance and protein amount of
ACC1 and HMGCR. Deepening the molecular mechanism, we found that Que decreased the expression of SREBP-
1 and SREBP-2, transcriptional factors representing the main regulators of de novo fatty acid and cholesterol
synthesis, respectively. Que also reduced the nuclear content of ChREBP, a glucose-induced transcription factor
involved in the regulation of lipogenic genes. Our results represent the first evidence that a direct and rapid
downregulatory effect of Que on cholesterol and de novo fatty acid synthesis is elicited in C6 cells.

1. Introduction

Quercetin (3,3′,4′,5,7-pentahydroxyflavone, Que) is a flavonol
abundant in several foods such as vegetables, fruit, tea and red wine. A
broad spectrum of beneficial properties have been described for Que,
including antioxidant and anti-inflammatory activities, which are
thought to play a role in protecting against diabetes, obesity, cardio-
vascular and neurodegenerative diseases (Costa et al., 2016).

The neuroprotective action of Que has been correlated with its
property to antagonize oxidative stress. Administration of Que protects
rodents from neurotoxic insults such as heavy metals and insecticides
(Costa et al., 2016). Que also antagonizes mice cognitive impairment
induced by high fat diet (HFD) (Xia et al., 2015). Of relevance are also
some recent findings showing that Que ameliorates Alzheimer’s disease
pathology (Sabogal-Guáqueta et al., 2015), and, in combination with
fish oil, enhances neuroprotection in a rat model of Parkinson’s disease
(Denny Joseph, 2015). Que has been also described as a potential an-
ticancer agent (Murakami et al., 2008), since it inhibits cell growth in
different human cancers.

In relation to the health effects of Que on the aforementioned
pathologies, an interesting aspect is the action of this natural compound
on lipid metabolism. Que protects rats from HFD-induced adipose tissue
accumulation and body weight gain (Rivera et al., 2008). In HFD-fed
rats, Que suppresses adipogenesis by reducing the key adipogenic
transcription factor C/EBPα expression and reduces lipogenesis (i.e.de
novo fatty acid synthesis) by down-regulating the expression of the two
enzymes of this pathway, acetyl-CoA carboxylase 1 (ACC1) and fatty
acid synthase (FAS) (Moon et al., 2013). In hepatocytes from normal
rats, Que decreases both de novo fatty acid and triacylglycerol (TAG)
syntheses, with consequent reduction of VLDL-TAG formation (Gnoni
et al., 2009). In diet-induced obese mice Que acts as hypo-
triacylglycerolemic agent by inducing white adipose tissue browning
(Kuipers et al., 2018).

Brain is the organ with the highest lipid content after white adipose
tissue, and lipids, fundamental components of neuronal membranes, are
essential for brain function. Cholesterol and fatty acids are particularly
present in the synaptic membranes and play a key role in the membrane
fluidity and in the formation of lipid rafts, specialized microdomains
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essential for synaptic transmission (Zhang and Liu, 2015). Therefore,
alterations in lipid metabolism are often associated with many neuro-
logical diseases (Adibhatla and Hatcher, 2008). Brain is reported to be
shielded by the blood–brain barrier (BBB) from blood lipids (Morell and
Jurevics, 1996), so it may be viewed as being largely autonomous in
lipid synthesis.

Sterol regulatory element-binding proteins (SREBPs) are basic helix-
loop-helix leucin zipper (bHLH-LZ) transcription factors activating
genes involved in lipid synthesis. The SREBP family consists of SREBP-
1a, SREBP-1c and SREBP-2, which differ in their target gene selectivity
(Horton, 2002). SREBP-1a is a potent activator of genes involved in the
synthesis of fatty acids, triacylglycerols and cholesterol. SREBP-1c and
SREBP-2 enhances the transcription of genes required for fatty acids
and for cholesterol synthesis, respectively. In the brain, SREBP-2 plays a
role in the cholesterol synthesis, fundamental for myelin membrane
formation and integrity (Camargo et al., 2009) as well as for cholesterol
supply to neurons by astrocytes (Tarr and Edwards, 2008). The function
of SREBP-1 is correlated with the synthesis of fatty acids and occupies a
central position in glia-neuron interactions involving fatty acids, such
as neurite growth and synaptic transmission (Camargo et al., 2009).

Carbohydrate response element binding protein (ChREBP) is a
bHLH-LZ transcription factor regulating glucose-responsive genes in the
liver. Genes in the pathway of de novo lipogenesis have been identified
as targets of ChREBP (Ferré and Foufelle, 2010; Jois and Sleeman,
2017). No information about regulation of ChREBP expression in the
mammalian brain has been reported so far.

Aim of the present study was to investigate whether Que plays a role
in fatty acid and cholesterol biosynthesis in C6 rat glioma cells, which
present a large repertoire of astrocyte-expressing enzymatic activities
and exhibit a prevalent astrocyte-like phenotype when cultured in
serum-rich medium (Natali et al., 2007). Thus, they are considered a
useful cellular model to study cerebral dysfunction (Matias et al.,
2016).

Here, we present the first evidence that Que added to C6 cells de-
termines a remarkable cholesterol, and to a lesser extent, fatty acid
synthesis inhibition, occurring at the level of the activities of 3-hy-
droxy-3-methyl-glutaryl-CoA reductase (HMGCR) and ACC1, key en-
zymes of cholesterol and fatty acid synthesis, respectively. The mRNA
abundance and protein amount of HMGCR and ACC1 are parallelly
reduced. The molecular mechanism of this inhibition has been further
deepened by investigating the key transcriptional factors SREBPs and
ChREBP regulating these pathways.

2. Materials and methods

2.1. Cell culture

Rat C6 glioma cells were from the American Type Culture
Collection. C6 cells were maintained in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin (Sigma-Aldrich), at 37 °C in a hu-
midified atmosphere of 5% CO2. C6 cells were cultured in 10% Fetal
Bovine Serum (FBS)-supplemented medium. 24 h after plating, the
medium was changed and, following further 24 h, Que was added to the
DMEM at the concentration of 25 μM. Que (Sigma-Aldrich) stock solu-
tion was 10mM in DMSO. For each determination, an equal volume of
vehicle (DMSO) was added to control cells.

2.2. Cell viability assay

To assess cell viability, C6 cells were cultured at a density of 5×103

cells/well in a 96-well plate (Corning Inc.) and after 24 h, the serum-
rich medium was refreshed. Following further 24 h, cells were in-
cubated for 4 h with three Que concentrations: 25 μM, 50 μM, or 100
μM. Then, 1mg/ml MTT was added to the medium, and after 3 h for-
mazan crystals formed in the cells were dissolved in 100 μL DMSO. The
absorbance was measured at 570 nm using a Multiskan FC ELISA reader

(Thermo Fisher Scientific, Rodano-Italy). The viability is calculated as
percentage of absorbance relative to control cells.

2.3. Rate of fatty acid and cholesterol synthesis

Lipogenic activity was monitored by analyzing the synthesis of li-
pids, through the incorporation of [1-14C]acetate (16mM, 0.96mCi/
mol) into total fatty acids and cholesterol (Natali et al., 2007). Cells
were incubated for 3 h with 25 μMQue, then labelled acetate was added
to the medium for 1 h. At the end of the experiment, cells were washed
three times with ice-cold PBS to remove unreacted acetate, and the
reaction was stopped by 1.5 ml of 0.5 N NaOH. Cells were collected into
a test tube, and saponified with ethanolic KOH. Sterols and fatty acids
were extracted and counted for radioactivity as reported (Natali et al.,
2007).

2.4. Chromatographic analysis of lipid fractions and of newly synthesized
fatty acids

Radiolabelled acetate incorporation was evaluated to follow the
synthesis of complex lipids and of individual newly synthesized fatty
acids. To this aim, cells were seeded and treated with Que, as described
in the previous paragraph. Following two washing steps with PBS, re-
action was blocked with 2ml of KCl:CH3OH (1:2, v/v). Total lipids were
extracted as previously described (Natali et al., 2007) and resolved by
thin layer chromatography on silica gel plates, using as developing
system CHCl3 : CH3OH: 28% NH4OH (65:25:4) and hexane : ethyl ether
: acetic acid (80:20:1) for phospholipids and neutral lipid analysis, re-
spectively (Priore et al., 2017). Lipid spots were visualized by iodine
vapor and scraped into counting vials for radioactivity measurement.
Newly synthesized fatty acids were determined by HPLC analysis as
reported (Priore et al., 2017). 20 μL of sample was injected into a
Beckman Coulter System Gold Programmable Solvent Module 125 and
furnished with a C18 ODS column (4.6mm×250mm) and Diode
Array Detector 168 (Beckman Coulter, Milan, IT). Eluted fractions were
collected for radioactivity measurement.

2.5. Determination of de novo fatty acid synthesis enzyme activities

The activities of the lipogenic enzymes, ACC1 and FAS, were de-
termined directly in situ in C6 cells permeabilized with digitonin (Natali
et al., 2007). ACC1 activity was determined as the incorporation of
[1-14C]acetyl-CoA into fatty acids in an assay coupled with FAS activity,
as reported (Natali et al., 2007). FAS activity was assayed by measuring
the incorporation of radiolabelled acetyl-CoA into fatty acids essentially
as described above for ACC1 activity, except that 0.2mM malonyl-CoA
was included and ATP, butyryl-CoA and FAS were omitted in the di-
gitonin-containing assay mixture (Natali et al., 2007). After the in-
cubation at 37 °C for 10min, 100 μL of 10M NaOH was added to the
reaction mix and the samples were saponified by adding 5ml of CH3OH
and boiling for 45–60min in capped tubes. After acidification with
200 μL of 12M HCl, fatty acids were extracted and counted for the
radioactivity as in (Natali et al., 2007).

2.6. Assay of 3-hydroxy-3-methyl-glutaryl-CoA reductase activity

The activity of HMGCR, a rate limiting enzyme of cholesterol
synthesis, was determined as described (Natali et al., 2007). Briefly, C6
cells were seeded at a density of 2×106 cells per 100mm diameter
Petri dish. Control cells and cells treated with 25 μM Que for 4 h were
scraped into a buffer containing 50mM Tris−HCl (pH 7.4) and 150mM
NaCl, collected by centrifugation at 900× g, 4 °C, for 3min, and kept at
−80 °C until use. The pellets were thawed, resuspended, and subse-
quently used for HMGCR activity assay. Reaction was conducted with
100–250 μg of protein extract in a buffer containing 0.1 M K2HPO4 (pH
7.5), 5 mM DTT, and 2.5mM NADPH. After a preincubation for 10min
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at 37 °C, the reaction started by adding [3-14C]HMG-CoA (75mM,
1.8 Ci/mol) and kept for 120min at 37 °C. Upon addition of 20 μl of 7M
HCl, synthesis of mevalonolactone was obtained by incubating the re-
action mix for 1 h at 37 °C. Radioactive product was isolated by TLC
using toluene-acetone (1:1) as the mobile phase. Silica spots were re-
covered and subjected to scintillation counting.

2.7. Isolation of RNA from C6 cells and real-time qPCR analysis

Total RNA was extracted from control cells and cells treated with 25
μM Que for 4 h and used for RT-qPCR analysis as described previously
(Damiano et al., 2015). Quantitative gene expression analysis was
performed using SYBR® Select Master Mix for CFX (Invitrogen) and 18S
rRNA for normalization. The primers used for quantitative real-time
PCR analysis for the determination of FAS, ACC1, HMGCR mRNA
abundance have been previously reported (Gnoni et al., 2019). For the
quantification of SREBP-1, SREBP-2 and ChREBP mRNA, the primers
were: rSREBP1rev TAGTCGGTGGATGGGCAG, rSREBP2for AGACCAG
GATCATCCAGCAG; rSREBP2rev CCATTGGCTGTCTGAGTCAA;
rChREBPfor CGGGACATGTTTGATGACTATGTC; rChREBPrev AATAAA
GGTCGGATGAGGATGCT.

2.8. Western blotting analysis

Cells grown in 100mm dishes were treated with Que for 4 h.
Determination of SREBP-1, SREBP-2, ACC1, FAS and HMGCR was
performed on total protein extract, as previously described (Gnoni
et al., 2012). Analysis of ChREBP level was performed on nuclear
protein extract, obtained by lysis of purified nuclei in high-salt buffer
(20mM Tris−HCl [pH 7.9], 420mM NaCl, 10mM KCl, 0.1mM
Na3VO4, 1mM EDTA, 1mM EGTA, 20% [v/v] glycerol) (Gnoni et al.,
2019). Samples containing an equal amount of proteins (50 μg) were
loaded on 10% SDS-polyacrylamide gels. Following electrophoresis,
proteins were electrophoretically transferred onto nitrocellulose mem-
brane (BioTrace NT Nitrocellulose Transfer Membrane, Pall Life Sci-
ence, Milan-IT). The filter was blocked with 5% (w/v) non-fat dried
milk in buffered saline. Blots were incubated with specific primary
antibodies directed against ACC1 (Merck Millipore, Milan-IT), FAS
(Abnova, Taipei-Taiwan), HMGCR, SREBP-1, SREBP-2, ChREBP and β-
actin (Santa Cruz Biotechnology, Dallas, TX-USA). The immune com-
plexes were detected using peroxidase-conjugated secondary antibodies
by chemiluminescence (Pierce™ ECL Plus Western Blotting Substrate,
Thermo Fisher Scientific, Waltham, MA-USA). Densitometric analysis
was carried out on the Western-blots using the NIH Image 1.62 software
(National Institutes of Health, Bethesda, MD), normalizing to β-actin
used as an internal control.

2.9. Statistical analysis

Results shown represent means ± SD of the number of experiments
indicated in every case. In each experiment, determinations were car-
ried out in triplicate. Statistical analysis was performed with Student’s
t-test.

3. Results

3.1. Effect of different concentrations of Que on cell viability

The effect of Que on C6 cells viability was evaluated by MTT test.
After treatment with 25 μM Que for 4 h, no difference in cell viability
was observed in treated with respect to untreated control cells (Fig. 1).
This finding was corroborated by morphological observation, total
protein content, and trypan blue exclusion (data not shown). A di-
minution of viability was evidenced when cells were treated with 50 μM
or 100 μM of Que. Thus, all further experiments were performed on
cells treated with 25 μM Que and incubated for 4 h in order to exclude

putative toxic effects.

3.2. Quercetin reduces fatty acid and cholesterol syntheses

To analyse the effects of Que on lipid synthesis, [1-14C]acetate was
added to cultured C6 cells, where the radiolabelled compound is
transformed into acetyl-CoA, the common precursor for both fatty acid
and cholesterol synthesis. As reported by histograms depicted in
Fig. 2A, when compared to control cells, a significant (24%) diminution
in the synthesis of radiolabelled fatty acids was observed in cells treated
with 25 μM Que for 4 h. With respect to de novo lipogenesis, cholesterol
synthesis was greater affected by Que. Actually, incubation of C6 cells
with 25 μM Que caused a remarkable (55%) reduction of the radi-
olabelled acetate incorporation into cholesterol (Fig. 2B).

3.3. Addition of quercetin reduces radiolabelled acetate incorporation into
phospholipids, neutral lipids and into newly synthesized fatty acids

As a successive step, we analysed radioactivity distribution among
polar and neutral lipids, where fatty acids newly synthesised from la-
belled acetate were incorporated (Table 1). In Que-treated cells, a
general decrease of labelled precursor incorporation into the different
phospholipid fractions was observed. When results were expressed as
percentage of control, a 33% decrease was detected concerning phos-
phatidylcholine, the most abundant phospholipid fraction in C6 glioma
cells. Among neutral lipids, diacylglycerols, TAG and mainly choles-
terol were the fractions showing a significant reduction in radioactivity
incorporation following the Que addition to the cells.

In order to investigate the Que effect on the individual fatty acids
synthesized from [1-14C]acetate, HPLC analysis of total fatty acid ex-
tract was carried out. Fig. 3 shows that in control cells the incorporation
of labelled acetate into the main individual fatty acids was as follows:
palmitic acid (C16:0) > stearic acid (C18:0) > oleic acid (C18:1).
Other longer chain and more unsaturated fatty acids were synthesized
in small quantities, in agreement with previous observation that they
are hardly detected in C6 cells (Robert et al., 1983). As depicted by
histograms in Fig. 3, treatment with Que for 4 h caused a reduction of
the radiolabelled incorporation into palmitic (which in the cell is the
main product of de novo lipogenesis), stearic, and oleic acid.

3.4. Quercetin modulation of ACC1, FAS, and HMGCR activities

Next, to evaluate the enzymatic steps of the lipid biosynthetic
pathways affected by Que, the activities of the key enzymes ACC1 and
FAS for de novo fatty acid synthesis and of HMGCR for cholesterol

Fig. 1. Effect of Quercetin on C6 cell viability.
C6 cells were incubated for 4 h without (0 μM, control) or with 25 μM, 50 μM,
and 100 μM Que in serum-rich medium. Cell viability was estimated by an MTT
assay. Values, expressed as % of control, are means ± S.D., n= 5. (*P < 0.05
vs. control; **P < 0.01 vs. control).
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synthesis were analysed.
4 h incubation of C6 cells with 25 μM Que caused a reduction of

ACC1 activity by about 25% (Fig. 4). Conversely, the activity of FAS
was not significantly affected by Que treatment. With respect to the
untreated cells, HMGCR activity was remarkably lowered by 52% in
Que-treated cells. Note that the entity of the decrease of ACC1 and
HMGCR activities is in good accordance with the results of Fig. 2, re-
garding the reduction of total synthesis of fatty acids (Fig. 2A) and of
cholesterol (Fig. 2B) starting from [1-14C]acetate.

3.5. Quercetin regulation of ACC1, FAS, and HMGCR expression

The above-reported effects of Que on the changes in the enzymatic
activities involved in lipid synthesis might be attributed to the mod-
ulation of gene expression. To verify this hypothesis, the abundance of
mRNAs for ACC1, FAS, and HMGCR was quantified by real-time qPCR
analysis.

Results depicted in Fig. 5A indicate that the treatment with Que
caused a 39% diminution of HMGCR mRNA, whereas the ACC1 mRNA

was approx. 20% less abundant with respect to the untreated control
cells. The content of FAS mRNA resulted unaffected by Que treatment
(Fig. 5A). Results obtained for HMGCR, ACC1, and FAS mRNA abun-
dance were also confirmed by western blotting experiments carried out
for the quantification of the respective protein contents (Fig. 5B).

3.6. Quercetin reduces the expression of SREBP-1, SREBP-2 and ChREBP
lipogenic transcription factors

In Que-treated C6 cells, the mRNA level of SREBP-1 and SREBP-2
was significantly reduced with respect to the control (Fig. 6A). Then, we
evaluated the level of SREBP-1 and SREBP-2 proteins in term of both
precursor (p) and nuclear (n) forms. With respect to the untreated cells,
the levels of the precursor and mature forms of both SREBP-1 and
SREBP-2 proteins were reduced after Que treatment (Fig. 6B). Nuclear
level of ChREBP protein has been also analyzed. Results reported in the
Fig. 6 show that in nuclei from Que-treated C6 cells the ChREBP mRNA
and protein levels decreased with respect to the untreated cells.

Fig. 2. Modulation of fatty acid and cholesterol syntheses by
quercetin.
After an initial 48 h plating, C6 glioma cells, growing in
serum-rich medium, were incubated for 4 h with 25 μM Que.
During the last hour of incubation, labelled acetate was added
and its incorporation into fatty acids (A) and cholesterol (B)
was followed. Data, nmol [1-14C]acetate inc./h/mg protein,
are expressed as % of control and are means ± S.D. (n=5).
In each experiment, determinations were carried out in tri-
plicate. In control cells, rates of cholesterol and fatty acid
synthesis were 1.46 ± 0.09 and 8.44 ± 0.42 nmol [1-14C]
acetate inc./h/mg protein, respectively. (*P < 0.05 vs. con-
trol; **P < 0.01 vs. control).

Table 1
Effect of Que on [1-14C]acetate incorporation into various lipid fractions in C6
cells.

Added effectors None Que %

Polar lipids
CL+PE 2151 ± 151 1658 ± 99* 77 %
PC 15908 ± 875 10597 ± 583* 67 %
SM 741 ± 67 634 ± 44 86 %
PS+PI 3781 ± 246 2172 ± 195** 57 %
Neutral lipids
MAG 289 ± 20 256 ± 18 88 %
DAG 2704 ± 216 2015 ± 169* 74 %
Cholesterol 2155 ± 194 1225 ± 102** 57 %
Free fatty acids 239 ± 14 249 ± 15 104 %
TAG 1123 ± 73 772 ± 50* 69 %
CE 896 ± 63 987 ± 69 110 %

C6 cells were incubated with 25 μM Que for 4 h, and labelled acetate was added
1 h before ending the incubation. After total lipids extraction, phospholipids
and neutral lipids were resolved by TLC, and the radioactivity associated with
the different lipid fractions was counted. Values are expressed as cpm/mg
protein ± SD, n=5. CL: cardiolipin; PE: phosphatidylethanolamine; PC:
phosphatidylcholine; SM: sphingomyelin; PS: phosphatidylserine; PI: phos-
phatidylinositol; MAG: monoacylglycerols; DAG: diacylglycerols; TAG: tria-
cylglycerols; CE: cholesterol esters. (*P < 0.05 vs. control; **P < 0.01 vs.
control).

Fig. 3. Effect of quercetin on [1-14C]acetate incorporation into individual fatty
acids.
The effect of 25 μM Que on the incorporation of labelled acetate into different
fatty acids were assayed. After 4 h of incubation, the radiolabelled neosynthe-
sized fatty acids were extracted and separated by HPLC. Eluted fractions, cor-
responding to the different fatty acids, were collected for radioactivity mea-
surement. Data, expressed as cpm/mg protein, represent means ± S.D., n= 5.
Fatty acid: C12:0, lauric; C14:0, myristic; C16:0, palmitic; C16:1 palmitoleic;
C20:4, arachidonic (ω-6); C18:0, stearic; C18:1, oleic; C18:2, linoleic (ω-6);
C18:3, α-linolenic (ω-3); C20:5, eicosapentaenoic (ω-3); C22:6, docosahexanoic
(ω-3).
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4. Discussion

Brain makes its own cholesterol in situ and very little circulating
cholesterol enters into the brain owing to the impermeability of BBB
(Pfrieger and Ungerer, 2011; Olsson et al., 2017), which represents a
barrier also for fatty acids and complex lipids (Romano et al., 2017). In
vitro studies have demonstrated that astrocytes, the major class of glial
cells in the mammalian brain, synthesize and release lipids complexed
to apolipoprotein E (Apo E)-containing lipoproteins (Zhang and Liu,
2015). Despite the great importance of lipid metabolism in brain de-
velopment and homeostasis, the potential regulation of cholester-
ologenesis and lipogenesis by nutritional factors is poorly investigated
in glial cells (Natali et al., 2007; Priore et al., 2017).

The present study represents the first information that Que, a
common flavonoid of the human diet, rapidly (within 4 h) reduces
cholesterol and, to a lesser extent, de novo fatty acid synthesis in C6
cells.

First, in agreement with previous reports (Natali et al., 2007; Priore
et al., 2017), we show that in C6 cells cholesterol and fatty acid

Fig. 4. Quercetin modulation of ACC1, FAS, and HMGCR activities.
After 4 h incubation with 25 μM Que, ACC1 and FAS enzyme activities were
assayed in digitonin-permeabilized C6 cells. HMGCR activity was determined in
C6 cell lysate. Values, expressed as percentage of control, are means ± SD of
five independent experiments. Control-specific activities were: ACC1,
0.178 ± 0.011 nmol [1-14C]acetyl-CoA inc./min/mg protein; FAS,
0.051 ± 0.003 nmol [1-14C]acetyl-CoA inc./min/mg protein; HMGCR,
33.6 ± 1.9 pmol [3-14C]HMG-CoA inc./min/mg protein. ACC1, acetyl-CoA
carboxylase 1; FAS, Fatty acid synthase; HMGCR, 3-hydroxy-3-methylglutaryl-
CoA reductase.

Fig. 5. Effect of quercetin on ACC1, FAS and HMGCR mRNA abundance and
protein content in C6 glioma cells.
C6 cells were incubated with 25 μM Que for 4 h in serum-rich medium. (A) The
abundance of ACC1, FAS, and HMGCR mRNA was determined by RT-qPCR and
normalized with respect to β-actin mRNA, used as a reference. Normalized
values are expressed in histograms as percentage of the control. Values are
means ± S.D. of triplicate samples from each of four independent experiments.
(B) C6 cells were lysed and protein content was isolated. ACC1, FAS and
HMGCR protein amount were then assessed by Western blotting and quantified
by densitometry. The protein contents are expressed as percentage of the con-
trol and are means ± SD, n= 3.

Fig. 6. Effect of quercetin on SREBP-1, SREBP-2 and ChREBP mRNA abundance
and protein content in C6 glioma cells.
(A) The abundance of SREBP-1, SREBP-2, and ChREBP mRNA was determined
by RT-qPCR and reported in histograms as described in Fig. 6. Values are
means ± S.D. of triplicate samples from each of four independent experiments.
(B) The levels of SREBP-1, SREBP2, and ChREBP in C6 lysates were assessed by
Western blotting and quantified by densitometry. The protein contents are
expressed as percentage of the control and are means ± SD of three in-
dependent experiments.
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syntheses are quite active being the [1-14C] acetate incorporation into
both these lipid fractions much higher than that reported in other li-
pogenic cells, such as isolated rat liver cells (Gnoni et al., 2009; Gnoni
and Paglialonga, 2009).

The observed reduction of cholesterol synthesis by Que might be, at
least partially, ascribed to the Que-induced decrease (52%) of HMGCR
activity, the rate limiting and irreversible step of cholesterol synthesis.

Labelled acetate incorporation is reduced in most of lipid fractions,
including CL+PE. Considering that CL is rich in unsaturated fatty
acids (Acaz-Fonseca et al., 2019), its contribution to labelling should be
low compared to PE. Therefore, Que should affect mainly PE synthesis.

As regards radioactivity distribution among newly synthesized fatty
acids, the inhibitory effect of Que was mainly observed at the level of
palmitic acid, the principal end product of de novo lipogenesis. This
pathway is catalyzed by two enzymatic activities working in sequence,
i.e. ACC1 and FAS.

While the activity of ACC1, the first committed step in fatty acid
biosynthesis is significantly reduced, no change is observed in FAS ac-
tivity. Thus, also the reduced labelled acetate incorporation into in-
dividual fatty acids and their subsequent esterification into complex
lipids could be linked to the decreased ACC1 activity.

Note that the percentage of Que inhibition of HMGCR and ACC1
activities well fits with the Que-induced decrease of total fatty acid and
cholesterol synthesis reported in Fig. 2.

The decrease in both mRNA abundance and protein amount of
HMGCR and ACC1 we observed after Que addition to C6 cells indicates
that transcriptional mechanisms are involved in the action of this fla-
vonol. Results here reported are obtained by Que concentration of 25
μM, considered by some authors as a pharmacological dose (Casaschi
et al., 2002). This concentration is effective on different metabolic
pathways in other cell types (Gnoni and Paglialonga, 2009; Yang et al.,
2008).

Cooperation between 25 μM Que and resveratrol in the induction of
senescence-like growth arrest in rat C6 glioma cells has been described
(Zamin et al., 2009). The rapid Que effect observed in the present study
is corroborated by the observation that the highest plasma level of Que
was detected 30min after Que oral administration (Moon et al., 2001;
Shimoi et al., 2003). The ability of Que to cross BBB following its oral
administration has been reported (Ferri et al., 2015; Youdim et al.,
2004). Our results also endorse the inhibitory effects on lipid bio-
synthesis by Que and by various phenolic compounds reported in other
cell models (Gnoni and Paglialonga, 2009; Priore et al., 2015a, b).
However, differently from the latter studies, the inhibitory action of
Que we observed in C6 cells is more pronounced in the cholesterol
synthesis with respect to the fatty acid synthesis and was greater than
that observed in C6 cells treated with 25 μM hydroxythyrosol, a phe-
nolic compound abundant in extra virgin olive oil (Priore et al., 2017).

The beneficial effects of Que versus several pathological states have
been generally attributed to its antinflamatory and antioxidant role
(Costa et al., 2016).

In the present study, it is reported that Que acts directly on lipid
metabolism, by inhibiting the transcription of ACC1 and HMGCR, two
regulatory enzymes along palmitate and cholesterol biosynthesis, re-
spectively.

To further go in detail in the molecular mechanism of Que action,
we also looked at the possible involvement of SREBP-1, SREBP-2 and
ChREBP, the main transcription factors regulating lipogenic and cho-
lesterologenic genes (Horton, 2002; Jois and Sleeman, 2017; Siculella
et al., 2016). SREBPs are synthesized as inactive precursors (pSREBPs)
bound to the endoplasmic reticulum membrane and activated in the
Golgi apparatus by a two-step proteolytic cleavage, which releases the
N-terminal mature (nSREBPs) transcription factors (Horton, 2002).
ChREBP transactivation is controlled by a nuclei-cytoplasmic shuttling
mechanism which depends on its phosphorylation status (Jois and
Sleeman, 2017).

Inhibition of SREBP-2 observed in C6 cells upon Que treatment is of

particular importance for the down-regulation of HMGCR expression.
These data are supported by studies of chemical inhibition of HMGCR
or gene silencing of SREBP-2 that highlight the importance of the
SREBP-2/HMGCR axis in controlling cholesterol homeostasis in astro-
cytes, essential to the correct development and function of the brain
(Ferris et al., 2017; Valenza et al., 2015; Tradtrantip et al., 2019).
Analogously to SREBP-2, the expression of SREBP-1 and ChREBP,
which participate in the regulation of lipogenic genes expression, are
negatively affected by Que treatment. The transactivation of ChREBP is
dependent on glucose metabolism. The Que inhibitory effect we ob-
served on ChREBP level well agrees with the reduction of ACC1 ex-
pression (Fig. 5). To the best of our knowledge, no study has been so far
reported evidencing the regulation of ChREBP in brain or in brain cell
lines. Our findings are of particular importance on the basis that brain is
mostly autonomous in lipid biosynthesis, which mostly comes from
glucose source.

Modifications in the lipid composition or structure of cell mem-
branes have been associated with the development of neurodegenera-
tive diseases, such as Alzheimer (Simons et al., 1998; Kojro et al., 2001)
and Parkinson (Vance, 2012). In this regard, some studies correlate the
low incidence of neurodegenerative diseases with consumption of diets
rich in Que (Commenges et al., 2000; Scarmeas et al., 2018). The an-
ticancer properties of Que have been widely studied and include in-
hibition of the growth of cells derived from different human cancers
(Zamin et al., 2014). In human malignant glial cells, compared with
their normal counterparts, a very active de novo fatty acid and choles-
terol syntheses, necessary for membranogenesis in cell proliferation
(Lladó et al., 2014), have been reported (Prasanna et al., 1996).

Overall, our study shows that Que exerts on de novo fatty acid and
cholesterol synthesis a rapid and direct inhibitory action, which occurs
through transcriptional mechanisms involving the reduction of SREBP-
1, SREBP-2 and ChREBP expression.

Based on the role of lipids on neuronal membrane functions and cell
proliferation, our findings suggest a further mechanism by which Que
elicits its beneficial effect versus neurodegenerative diseases (Costa
et al., 2016) and cancer development (Murakami et al., 2008).
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