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Hepatic stellate cell (HSC) activation is a critical step in the development of chronic liver disease. We previously
observed that the levels of triacylglycerol (TAG) species containing long polyunsaturated fatty acids (PUFAs) are
increased in in vitro activated HSCs. Here we investigated the cause and consequences of the rise in PUFA-TAGs
by profiling enzymes involved in PUFA incorporation. We report that acyl CoA synthetase (ACSL) type 4, which
has a preference for PUFAs, is the only upregulated ACSL family member in activated HSCs. Inhibition of the ac-
tivity of ACSL4 by siRNA-mediated knockdown or addition of rosiglitazone specifically inhibited the incorpora-
tion of deuterated arachidonic acid (AA-d8) into TAG in HSCs. In agreement with this, ACSL4 was found to be
partially localized around lipid droplets (LDs) in HSCs. Inhibition of ACSL4 also prevented the large increase in
PUFA-TAGs in HSCs upon activation and to a lesser extent the increase of arachidonate-containing phosphatidyl-
choline species. Inhibition of ACSL4 by rosiglitazone was associated with an inhibition of HSC activation and
prostaglandin secretion. Our combined data show that upregulation of ACSL4 is responsible for the increase in
PUFA-TAG species during activation of HSCs, which may serve to protect cells against a shortage of PUFAs re-
quired for eicosanoid secretion.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hepatic stellate cells (HSCs)1 are non-parenchymal cells which are
located in the spaces of Disse, between the sinusoidal endothelial cells
and the hepatocytes [1,2]. In a healthy liver, HSCs are involved in vita-
min A (retinol) homeostasis as they are filled with large LDs containing
retinylesters, together with triacylglycerols (TAGs) and cholesteryl es-
ters. HSCs also play a role in the turnover of hepatic extracellularmatrix
(ECM) components such as collagen, glycoprotein and proteoglycan [3].
HSC proliferation and collagen synthesis are regulated by the 3D
structure of the ECM [4]. Upon liver injury, quiescent HSCs can
transdifferentiate into an activated myofibroblastic phenotype. Activat-
ed Kupffer cells may initiate this transition by secreting cytokines, such
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as transforming growth factor beta (TGF-β), which stimulate the
synthesis of matrix proteins and the release of retinoids by HSCs [5].
Production of TGF-β by activated HSCs further stimulates the excess
synthesis of ECM and results in liver fibrosis [6].

We previously reported that LD degradation in activated hepatic
stellate cell is a highly dynamic and regulated process [7]. Upon activa-
tion of the hepatic stellate cells, the LDs reduce in size, but increase in
number during thefirst 7 days in culture. The LDsmigrate to cellular ex-
tensions in this first phase, before they disappear in a later phase.
Raman and lipidomic studies showed that in the initial phase of HSC
activation, the retinyl esters are disappearing more rapidly than the
triacylglycerols. Interestingly, a large and specific increase in poly-
unsaturated fatty acid (PUFA)-containing triacylglycerol species was
observed during the first 7 days in culture, together with the decrease
in retinyl esters [7]. The increase in PUFA-TAGswas caused by a large in-
crease in the uptake of PUFAs from the medium as assessed from
deuterium-labeled arachidonic acid uptake studies [7]. So far, the
molecular mechanisms and identity of the enzymes involved in the
lipid remodeling and breakdown of the LDs during HSC activation are
unknown. In this study, we aim to identify lipid enzymes responsible
for the accumulation of PUFA-TAG species in activated HSCs and their
possible role in the activation or function of HSCs. Our initial targets
were isoforms of the family of acyl-CoA synthetases (ACSLs). Members
of this family are key enzymes in the synthesis of complex lipids like
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phospholipids (PLs), cholesterol esters and TAGs by converting free
long-chain fatty acids into acyl-CoAs [8]. Furthermore, uptake of long
chain fatty acids is tightly linked to CoA-esterification by acyl-CoA syn-
thetases. Five isoforms of ACSL have been identified in mammals. The
ACSL family members differ in their specificity for fatty acid species
and in their tissue distributions. Among the ACSLs, ACSL4 is a peripheral
membrane protein that was found to be selective for arachidonic acid
(AA) and other longer chain polyunsaturated fatty acids and is highly
expressed in adrenal gland, brain, ovary and testis [9].

The identification of the enzyme responsible for the increase in
PUFA-TAGs will allow us to investigate the role of these lipids in the
functioning of HSCs. Elevation of TAG-PUFA species may be physiologi-
cally relevant as storage pools for AA, waiting to be incorporated in PLs.
AA is also a precursor for eicosanoids, which are signaling lipids that
play a role in a broad range of processes, such as modulation of inflam-
mation and the immune system [10,11]. Eicosanoid synthesis typically
starts with the release of AA from the sn-2 position of PLs by specific
Ca2+-dependent phospholipases in response to hormones/cytokines
[12]. Subsequently AA is converted to various eicosanoids, like prosta-
glandins, thromboxanes or leukotrienes, depending on the relative ac-
tivity of their respective synthases.

Here, we report that ACSL4 upregulation is critically involved in the
increase in TAG-PUFA formation in activatedHSCs,whichmay serve as a
storage pool for eicosanoid production.

2. Materials and methods

2.1. Reagents

AA-d8 was purchased from Cayman Chemical (Ann Arbor, MI, USA).
15-deoxy-Δ12,14 prostaglandin J2 (15-dPGJ2) was from Tocris
Bioscience (United Kingdom). Dulbecco's modified Eagle medium
(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were
obtained from Gibco (Paisley, UK). Bovine Serum Albumin (BSA) frac-
tionVwasobtained fromPAA (Pasching, Austria). Rosiglitazonewas ob-
tained from Enzo Life Sciences (Belgium). Collagenase (Clostridium
histolyticum Type I) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Anti-rabbit IgG ACSL4 antibody was from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). The antibody against alpha-smooth muscle
actin (α-SMA) was from Thermo Scientific (Waltham, MA, USA),
and mouse monoclonal anti-tubulin antibody from Sigma-Aldrich
(St. Louis,MO, USA). Lipid droplet staining dye LD540was kindly donat-
ed by Dr. C. Thiele, Bonn, Germany. Hoechst 33342 was obtained from
Molecular Probes (Paisley, UK), paraformaldehyde (PF) (8%) was ob-
tained fromElectronMicroscopy Sciences (Hatfield, PA, USA). FluorSave
was obtained from Calbiochem (Billerica, MA, USA), all HPLC-MS
solvents were from Biosolve (Valkenswaard, the Netherlands) with ex-
ception of chloroform (Carl Roth, Karlsruhe, Germany) and were of
HPLC grade. Silica-G (0.063–0.200 mm) was purchased from Merck
(Darmstadt, Germany).

2.2. Animals

Procedures of rat care and handling were in accordance with gov-
ernmental and international guidelines on animal experimentation,
and were approved by the Animal Experimentation Committee
(Dierexperimentencommissie; DEC) of Utrecht University (DEC-
numbers: 2010.III.09.110 and 2012. III.10.100).

2.3. Cell line

Human hepatic stellate cell line (LX-2) was kindly donated by
Dr. Friedman (New York, NY, USA). LX-2 cells were cultured in
DMEM medium supplemented with 10% FBS, 100 units/ml penicillin,
and 100 μg/ml streptomycin and cells were maintained in a humidified
5% CO2 incubator at 37 °C.
2.4. Rat HSC isolation and in vitro primary cell culture

Adult male Wistar rats (300–400 g) were used in all experiments.
Stellate cells were isolated from rat liver by collagenase digestion
followed by differential centrifugation [13]. After isolation, HSCs were
plated in 24, 12 or 6 well plates at a density of 2 × 104, 5 × 104 or
1 × 105 cells/well, respectively. Cells were maintained in DMEM
supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml
streptomycin and 4 μl/ml Fungizone and cells were maintained in
a humidified 5% CO2 incubator at 37 °C. Medium was changed
every 3 days. Purity of the HSC preparation as determined by desmin
staining was 80–90%.

2.5. Gene silencing of Acsl4

Gene-silencing experiments were performed using small interfering
RNA (siRNA) for Acsl4 or non-targeting siRNA as a control (ON-
TARGETplus SMARTpool of 4 siRNAs, Thermo-Scientific, Rochester, NY,
USA) according to the manufacturer's instructions. Briefly, two days
after plating, the cells were treated with 40 nM siRNA using 5 μl/ml
RNAiMAX (Invitrogen, Breda, the Netherlands) in antibiotic free com-
plete media (with FBS). After 6 h of transfection, media was changed
to standard culturing conditions up to day 7.

2.6. RNA isolation, cDNA synthesis and QPCR

Total RNAwas isolated from rat HSCs grown in a 24-well plate using
RNeasyMini Kit (Qiagen, Venlo, theNetherlands) including the optional
on-column DNase digestion (Qiagen RNase-free DNase kit). RNA
was dissolved in 30 μl of RNase free water and was quantified
spectrophotometerically using a Nanodrop ND-1000 (Isogen Life
Science, IJsselstein, the Netherlands). An iScript cDNA Synthesis Kit
(Bio-Rad, Veenendaal, the Netherlands) was used to synthesize cDNA.
Primer design and qPCR conditions were as described previously [14].
Briefly, qPCR reactions were performed in duplicate using Bio-Rad
detection system. Amplifications were carried out in a volume of 25 μl
containing 12.5 μl of 2xSYBR green supermix (BioRad), 1 μl of forward
and reverse primer and 1 μl cDNA. Cycling conditions were as follows:
initial denaturation at 95 °C for 3-minute, followed by 45 cycles of dena-
turation (95 °C for 10 s), annealing temperature (see Supplementary
Table S1) for 30 s, and elongation (72 °C for 30 s). A melting curve anal-
ysis was performed for every reaction. To determine relative expression
of a gene, a 4-fold dilution series from a pool of all samples were used.
IQ5 Real-Time PCR detection system software (BioRad) was used for
data analysis. Expression levels were normalized by using the average
relative amount of the housekeeping genes. Housekeeping genes used
for normalization are, based on their stable expression in stellate cells,
namely, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein, zeta (Ywhaz), hypoxanthine phosphoribosyl transferase
(Hprt), and hydroxylmethylbilane synthase (Hmbs). Primers for house-
keeping genes and genes of interest are listed in Supplementary
Table S1.

2.7. Western blot analysis

Cell homogenates were collected and equal amounts of proteins
were heated to 95 °C for 5 min in loading buffer and then separated
on 10% SDS-polyacrylamide gel and blotted onto polyvinylidene
difluoride membranes (GE Healthcare Europe GmbH, Belgium). The
membranes were incubated with 5% BSA in Tris-buffered saline (TBS)
for 30min at room temperature. The incubation of the primary antibody
was performed at 4 °C overnight for all antibodies (see Supplementary
Table S2) in TBS with 0.1% Tween-20 (Boom B.V., Meppel, the
Netherlands) and 1% BSA. After washing, membranes were incubated
with horseradish peroxidase-conjugated secondary antibody (Nordic
Immunology, the Netherlands) at room temperature for 1 h. Blots
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were detected by ECL kit (Supersignal West Pico; Pierce, Rockford, IL).
Blots were then stripped in stripping buffer containing 100 mM
2-mercaptoethanol, 2% (w/v) SDS, 62.5 mM Tris–HCl (pH 6.7) and
then probed with anti-tubulin antibody for protein content normaliza-
tion. Imaging was performed on a ChemiDoc XRS System (BioRad).
Western blot was performed in at least three different experiments,
and representative blots are shown.

2.8. Immunofluorescence

Freshly isolatedHSCswere grownon glass coverslips in 24well plate
untill day 1 or day 7 at 37 °C. In parallel, HSCs transfected at day 2 in
culture with siRNAs targeted against Acsl4 were grown until day 7 at
37 °C. Staining of cells was performed as follows: cells were fixed in
4% (v/v) PF at room temperature for 30 min and stored in 1% (v/v) PF
at 4 °C for a maximum of 1 week. HSCs were washed twice in PBS,
permeabilized (0.1% (w/v) saponin (PBS-S; Riedel-de Haën, Seelze,
Germany)) and blocked with 2% BSA for 1 h at room temperature.
After blocking, slides were incubated 1 h with the primary antibody
against ACSL4 (4 μg/ml), washed again, and incubated for 1 h with
anti-rabbit antibody (15 μg/ml) supplemented with Hoechst (4 μg/ml)
for nuclear counterstaining and lipid droplet dye LD540 (0.05 μg/ml).
Thereafter, coverslips were mounted with FluorSave on microscopic
slides and Image acquisition was performed at the Center of Cellular
Imaging, Faculty of Veterinary Medicine, Utrecht University, on a Leica
TCS SPE-II confocal microscope. Images were adjusted in ImageJ
(freeware available at www.download-imagej.com).

2.9. Analysis of neutral and phospholipids by HPLC-MS

Lipidswere extracted from a total cell homogenate of HSCs grown in
a 12-well plate by the method of Bligh and Dyer [15]. Extracted lipids
were separated in a neutral and phospholipid fraction by fractionation
on a freshly prepared silica-G column (approximately 10 mg of
0.063–0.200 mm silica) [16]. Lipid extracts were dissolved in
methanol/chloroform (1/9, v/v) and loaded on top of the silica column.
Neutral lipidswere elutedwith two volumes acetone, dried under nitro-
gen gas and stored at−20 °C. Just before HPLC-MS analysis, the neutral
lipid fraction was reconstituted in methanol/chloroform (1/1, v/v) and
separated on a Kinetex/HALO C8-e column (2.6 μm, 150 × 3.00 mm;
Phenomenex, the Netherlands). A gradient was generated from
methanol/H2O (5/5, v/v) and methanol/isopropanol (8/2, v/v) at a
constant flow rate of 0.3 ml/min. Mass spectrometry of neutral lipids
(TAGs and cholesterol) was performed using Atmospheric Pressure
Chemical Ionization (APCI) interface (AB Sciex Instruments, Toronto,
ON, Canada) on a Biosystems API-2000 Q-trap. The system was
controled by Analyst version 1.4.2 software (MDS Sciex, Concord, ON,
Canada) and operated in positive ion mode using settings described in
[7]. Absolute quantitation of all the TAG species was hampered by
their sheer numbers (N1000) and the differential fragmentation of the
various TAG species during ionization into DAG andMAG ions. The frag-
mentation depended on the saturation of the acyl chains, as almost no
intact TAG ions were observed from TAGs with less than 2 double
bonds, whereas some more unsaturated TAG species fragmented less
than 40%. On average 40–50% of PUFA-containing TAGs were observed
as intact ions. The fragmentation of specific TAG species was very
reproducible between different samples, therefore we generally
performed a relative quantitation of a number of abundant and repre-
sentative TAG species. Typical TAG species quantitated were: non
PUFA, 52:3 (m/z 859) and 54:3 (m/z 885); 1xPUFA, 56:5 (m/z 909)
and 58:6 (m/z 935); 2xPUFA, 60:9 (m/z 957) and 62:11 (m/z 981).
For the experiments with AA-d8 typical TAG species were: 1xPUFA-
d8, 54:4 (m/z 881, 889), 56:5 (m/z 909, 917), 56:6 (m/z 907, 915),
and 56:7 (m/z 905, 913); 2xPUFA-d8, 56:8 (m/z 903, 911, 919),
58:8 (m/z 931, 939, 947), 60:9 (m/z 957, 965, 973), and 3xPUFA,
60:12 (m/z 951, 959, 967, 975), and 62:12 (m/z 979, 987, 995, 1003).
The quantitated TAG species were normalized to the amount of choles-
terol in the same sample. Cholesterol was found to be a goodmarker for
both recovery and cellularmaterial, as the cholesterol/protein ratio was
found to be constant during HSC culture. The phospholipid fraction was
also dissolved in methanol/chloroform (1/1, v/v) and separated on a
Kinetex/HALO C18-e column (2.6 μm, 150 × 3.00 mm; Phenomenex,
the Netherlands). A gradient was generated from acetonitril/metha-
nol/H2O (6/9/5, v/v) and acetone/methanol (4/6, v/v) at a constant
flow rate of 0.6 ml/min. Mass spectrometry of phosphatidylcholine
(PC) was performed using electrospray ionization (ESI) on a Biosystems
API-2000 Q-trap. The system was controled by Analyst version 1.4.2
software (MDS Sciex, Concord, ON, Canada) and operated in positive
mode, precursor scan of 184 m/z, using settings described in [7].

2.10. Analysis of fatty acid constitution of neutral lipids and phospholipids

Total lipids from 400 μl of HSC homogenatewere extracted using the
method of Bligh and Dyer [15]. Internal standard (200 pmol of
tripentadecanoylglycerol) was added to each sample prior to extraction
to calculate absolute concentrations and the recovery. Subsequently,
lipids were separated into a neutral and a phospholipid fraction accord-
ing to [16] described as above on a silica-G column. Fractions were hy-
drolyzed at 75 °C for 1 h with 1 ml of MeOH:3 M NaOH (9:1, v/v) The
released free fatty acids were obtained with extraction with hexane
after subsequent acidification of the methanol phase according to [17],
and evaporated under nitrogen and stored at −20 °C until analyzed.
Mass spectrometry of free fatty acids was performed according to [18].
The system was controled by Analyst version 1.4.2 software (MDS
Sciex, Concord, ON, Canada) and operated in negative mode in the
m/z range from 225–400 amu. Calibration curves were generated
using authentic standards to correct for differences in response factors.
Datawere expressed relative to the protein content of the homogenates
as determined by the BCA method Pierce® BCA protein assay kit
(Thermo scientific, Rockford, IL, USA) with BSA as standard.

2.11. Analysis of prostaglandins using mass spectrometry

DMEM containing 0.5% FBS with or without 10 μM Ca2+ ionophore
A23187was added to theHSCs 1 h before harvesting to reduce theback-
ground levels of eicosanoids present in serum. Eicosanoids were ex-
tracted and analyzed as described elsewhere with slight modifications
[19]. Briefly, samples were recovered in a total volume of 1 ml of 15%
(v/v) methanol + 0.5% glacial acetic acid in the presence of 10 pmol
dimethyl-PGF2α that served as an internal standard. Sampleswere sep-
arated on on C18 solid-phase extraction columns. The eicosanoids were
eluted with 2 × 0.35 ml ethyl acetate and evaporated to dryness under
nitrogen. Evaporated samples were reconstituted with 50 μl of 50% eth-
anol and subject to HPLC–MS analysis. Multiple reaction monitoring
(MRM) was used as described in [19].

2.12. Statistical analysis

Values for all measurements are expressed as mean ± SD. Each ex-
periment was performed in duplicate and repeated at least three
times. Comparisons between two groups were made with paired
Student's t test. Differences were considered statistically significant if
the P value was less than 0.05.

3. Results

3.1. Specific incorporation of arachidonic acid into triacylglycerol

When hepatic stellate cells (HSCs) become activated in culture, their
levels of polyunsaturated triacylglycerol species (PUFA-TAGs) increase
4–5 fold, whereas the amounts of PUFA-containing PL species are not
altered under the same conditions [7]. To investigate whether this

http://www.download-imagej.com
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difference in PUFAaccumulation between TAGs and PLs is caused by dif-
ferential incorporation of exogenously added PUFAs, both quiescent
(day 1) and activated (day 7) HSCs were incubated with 25 μM AA-d8
for 24 h. As shown in Fig. 1A, AA-d8 incorporation into TAGs was
more than five times higher in activated HSCs compared to quiescent
cells, in line with the previously reported increase in TAG-PUFA levels.
In contrast, the overall AA-d8 incorporation into PC was already
relatively high at day 1 and increased only modestly (less than 50%;
Fig. 1B) in activated HSCs. This modest increase in deuterium-labeled
PUFA PC was partly compensated by a decrease in non-labeled PUFA-
PC resulting in overall small changes in PUFA-PC content during the
24 h incubation. These results corroborate that the increase in incorpo-
ration of PUFAs in activated HSCs is relatively specific for TAGs.

An exact determination of the contribution of the PUFA-TAG species
to the total amount of TAG by the APCI-MS method is hampered by the
numerous species (N1000) and the observation that the various TAG
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Fig. 1. Incorporation of arachidonic acid in activatedHSCs. Freshly isolatedHSCswere cultured fo
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species fragment to a different degree depending on the saturation of
their acyl chains as discussed in Section 2.9. Nevertheless, quantitation
of a large number of intact and fragmented TAG ions resulted in a
conservative estimate that HSCs at day 1 have 15–20% TAGs with one
PUFA, 3–5% with two PUFAs, and b1% with three PUFAs. At day 7
these percentages increased to 30–40%, 20–30% and 6–10%, respective-
ly. To alternatively determine the amount of PUFAs in the neutral lipid
fraction, we hydrolyzed the neutral lipids and analyzed the fatty acids
released. As shown in Fig. 1C and Supplementary Table S3, the percent-
age of PUFAs (defined as more than 20 C atoms and 3 double bonds) in
HSCs increased from 25% to almost 50% after activation. The addition of
25 μMAA-d8 caused an even larger incorporation of PUFAs, resulting in
the majority of the fatty acids in neutral lipids being a PUFA (Fig. 1C,
Supplementary Table S3). The total amount of PUFAs in neutral lipids
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Fig. 1D, Supplementary Table S4). Fig. 1D also shows that the amount of
PUFAs in the phospholipid fraction did not change upon activation of
the HSCs, and that the addition of 25 μMAA-d8 rather caused a replace-
ment of part of the PUFAs by labeled PUFAs, than a net increase in PL-
PUFAs, similar as observed for PC (Fig. 1B).

3.2. ACSL4 is upregulated in activated HSCs

Uptake and incorporation of long-chain fatty acids is tightly linked to
their CoA-esterification [8]. Therefore, to identify key enzymes involved
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Fig. 2. ACSL4 upregulation in activated HSCs. A. Relative mRNA expression of ACSL isoforms in q
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day 2 with non-targeting siRNA or Acsl4 siRNA and at day 7 stained as above. Images shown a
in the enhanced formation of TAG-PUFA species in activated HSCs, we
analyzed the expression of various acyl-CoA synthetases (ACSLs). As
shown in Fig. 2A, the relative gene expression of all Acsl isoforms is
downregulated two-fold or more in activated HSCs at day 7, except for
the Acsl4 isoform, which was upregulated approximately two-fold.
This implies that Acsl4 is enriched more than four-fold in relation to
the other ACSL family members in activated HSCs when compared to
quiescent HSCs. The increase in Acsl4 mRNA was closely mirrored by
the two-fold increase in ACSL4 protein as assessed by western blots
(Fig. 2B). We next examined the subcellular localization of ACSL4 in
4

day 1 day 7
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uiescent (day 1) and activated (day 7) rat HSCs by qPCR. The box plot depicts themedian
Protein expression wasmeasured for ACSL4 in quiescent (day 1) and activated (day 7) rat
sed as a loading control. Shown is a representative blot and quantitation by densitometry of
scent HSC (day 1) and activated HSC (day 7) lipid droplets were stained with LD540 dye
of LDs with ACSL4 is shown in inset panel. Lower two panels: HSCs were transfected on

re representative for at least 3 independent experiments. Scalebars represent 10 μm.
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activated and quiescentHSCs. In agreementwith its involvement in TAG
formation and remodeling, ACSL4 partially localizes around LDs in both
quiescent and activated HSCs (Fig. 2C). The ACSL4 staining around the
LDs was specific, since it was no longer observed after transfection
with Acsl4-targeting siRNAs (Fig. 2C).

3.3. ACSL4 is involved in enhanced formation of PUFA-TAGs

Because ACSL4 is relatively specific for PUFAs [8] and it localizes to
LDs, ACSL4 is a good candidate to mediate the increase in PUFA-TAG
species in activated HSCs. To test this hypothesis, HSCswere transfected
at day 2 in culture with siRNAs targeted against Acsl4 and analyzed at
day 7. Compared to non-targeting siRNA control, knockdown up to
70% with Acsl4 siRNA was achieved on mRNA level and to 80–90% on
the protein level (Fig. 3A). In order to ascertain whether ACSL4 knock-
down impaired incorporation of PUFAs in TAG, the siRNA-treated
HSCs were incubated for 24 h with 25 μM AA-d8 and lipids were
extracted and analyzed using HPLC-MS. As shown in Fig. 3B, ACSL 4
knockdown inhibited the incorporation of labeled AA into TAG. Espe-
cially the incorporation of two and three exogenous PUFA chainswithin
control

ACSL4 kd

control

ACSL4 kd

control

ACSL4 kd

control

ACSL4 kd

0

25

50

75

100

125

150 unlabeled
d8-labeled

B

**

*
*

TAG

no PUFA    1xPUFA    2xPUFA    3xPUFA

ab
un

da
nc

e 
(%

 o
f c

on
tr

ol
)

0

10

20

30

40

ab
un

da
nc

e 
(%

 o
f a

ll 
PC

 s
pe

ci
es

)

0

500

1000

1500

2000

2500

3000

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

Untreated Control Acsl4 siRNA

*

*
NS

A

Fig. 3. Acsl4 gene silencing reduces the incorporation of arachidonic acid into TAG. A. relative m
fection with non-targeting (control) or Acsl4 siRNA on day 2. Untreated sample represents untr
asterisks (P b 0.05). Insert shows representativewestern blot. B, C. Isolated HSCswere transfecte
7. Subsequently, neutral lipids and phospholipids were extracted and HPLC-MS was performe
quantified and unlabeled (white bars) and deuterium labeled variants (gray bars) of the same
and expressed relative to the level of the respective TAG species present in the non-targeting
bars) and deuterium labeled variants (gray bars) of the same species were added. Values are e
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the same TAG-species (2× and 3× PUFAs) was strongly inhibited. In
contrast, ACSL4 knockdown had little effects on the incorporation of ex-
ogenous AA into PC (see Fig. 3C), or into phosphatidylserine and phos-
phatidylinositol (data not shown).

To further examine the specific involvement of ACSL4 in PUFAmetab-
olism in activated HSCs, cells were treated with rosiglitazone, a pharma-
cological drug well known for its ability to inhibit ACSL4 activity [20,21].
Initially, this inhibition was evaluated by determining the effect of
rosiglitazone on the incorporation of exogenous AA-d8 into TAG species
in the human stellate cell line LX-2. Rosiglitazone inhibited the incorpora-
tion of AA-d8 in the LX-2 cells with an IC50 of approximately 30 μM, and
near maximal inhibition was reached at a concentration of 100 μM (re-
sults not shown). Subsequently a concentration of 100 μM rosiglitazone
was used to determine its effect on AA-d8 incorporation in activated rat
HSCs. As shown in Fig. 4A, in activated rat HSCs incorporation of two
and three exogenous PUFA chains within the same TAG-species (2×
and 3× PUFAs) was inhibited by more than 80% by rosiglitazone. The in-
corporation of only one PUFA into TAGwas inhibited to a somewhat less-
er degree, and incorporation of exogenous AA into PC was inhibited only
marginally by pharmacological inhibition of ACSL4 (see Fig. 4).
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3.4. Dose–response curve for the incorporation of exogenous AA into TAG
and PC

We observed that in activated HSCs, the increased incorporation of
PUFAs is relatively specific for TAG (Fig. 1) and that likewise, the inhibi-
tion of ACSL4 activity either by siRNA-mediated gene silencing or by
rosiglitazone addition, affected the incorporation of AA into TAG to a
larger extent than the incorporation of this PUFA into PC (Figs. 3 and
4). We questioned the reason for this differential incorporation since
PUFA-CoA, the product of ACSL4, is the substrate for both PUFA-PC
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Fig. 5. Kinetics of arachidonic acid incorporated into PC and TAG. Freshly isolated HSCs
were cultured for 7 days and additionally incubated with increasing concentrations of
AA-d8 for another 3 h at 37 °C. Subsequently, lipidswere extracted and HPLC-MSwas per-
formed as described. The d8-label in various representative TAG species with 1, 2 and 3
PUFAs (respectively TAG-1xAA, -2xAA, and -3xAA), and in the PC species 36:4, 38:4 and
38:5 (PC-AA) were quantified and summed. Data were fitted to one-site binding model
(Michaelis–Menten plot) and the calculated Vmax was set as 100% in case of PC-AA and
TAG-1xAA. TAG-2xAA and -3xAA data could not be fitted and were expressed relative to
an arbitrary value. Data are the means ± SD of 3 experiments performed in duplicate.
and PUFA-TAG synthesis. We investigated the possibility that the en-
zymes involved in the final step of PUFA-TAG and PUFA-PC synthesis
have different affinities for PUFA-CoA. To probe the affinities of these
enzymes we performed dose–response curves with exogenous AA-d8
at a relatively short incubation time during which the incorporation
was linear with time. As shown in Fig. 5, AA-d8 was incorporated into
PC and TAG species containing one molecule of AA-d8 with saturation
kineticsfitting to a one binding siteMichaelis–Mentenmodel. The exog-
enous AA concentration at which half-maximal incorporation was ob-
served was 4-fold higher for TAG as compared to PC (approx. 16 μM
and 4 μM, respectively). In contrast, the incorporation of multiple AAs
into oneTAGmolecule did not show saturation kinetics (within the con-
centration range studied), but increased with increasing exogenous AA
concentrations. The different dose response curves show that different
affinities of the final PC and TAG synthesizing enzymes for PUFAs are a
possible explanation for the different responses of TAG and PC species
profiles to changes in ACSL4 activity.

3.5. Effect of ACSL4 inhibition on HSC lipid composition

To examine whether ACSL4 plays a role in the overall lipid composi-
tion of HSCs activated in culture, we analyzed the endogenous TAG and
PC species distribution after siRNA-mediated gene silencing of Acsl4 or
after inhibition of ACSL4 for 6 days with rosiglitazone. As shown in
Fig. 6, the levels of the TAG-PUFAs were significantly lower in HSCs
after the knock down of ACSL4 (see Fig. 6A). The levels of PC-species
containing a PUFA were also reduced, but to a much lesser extent
(Fig. 6B). The knock down of ACSL4 significantly decreased the ratio of
PUFA-PC species to PC species without a PUFA from 1.40 ± 0.35 to
0.85 ± 0.30 (n = 3; P b 0.01 in paired t-test). We next questioned
whether inhibition of ACSL4 by rosiglitazone would lead to a similar
difference in lipid profile in HSCs cultured for 7 days. As shown in
Figs. 6C and D, addition of 100 μM rosiglitazone to isolated HSCs at
day 1 changed the TAG-PUFA and PC-PUFA levels measured at day 7,
causing more than 80% lower levels of PUFA-TAG species when com-
pared to control. Rosiglitazone incubation also lowered the PUFA con-
tent of PC by approximately 50% (Fig. 6D). These experiments also
show that prolonged inhibition of ACSL4 in the presence of relatively
low levels of non-esterified AA (approx. 1–2 μM) present in medium
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Fig. 6. The effect of ACSL4 inhibition on endogenous lipids in activated HSCs. A,B. Freshly isolated HSCs were transfectedwith non-targeting (control) targetingor Acsl4 siRNA at day 2 and
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with 10% FBS also affects the levels of PC species containing AA, besides
that of PUFA-TAGs. Thus, depending on the experimental conditions
(high or low concentrations AA-d8), rosiglitazone had respectively little
(Figs. 3B and 4B) or more substantial (Fig. 6D) effect on the incorpora-
tion of AA into PC.

3.6. Effect of ACSL4 inhibition on HSC activation

To investigate the role of the increased ACSL4 expression and the in-
crease in PUFA-TAGs on HSC function, we determined the cellular mor-
phology and levels of alpha-smooth muscle actin (αSMA) after
knockdown of ACSL4 or pharmacological inhibition. αSMA is consid-
ered a marker for HSC activation [22] and was clearly upregulated in
the HSCs after 7 days under our culture conditions (Fig. 2B). Treatment
of HSCs with siRNA targeted against Acsl4 on day 2 after plating did not
cause a significantly different expression of αSMA mRNA (88 ± 18%
compared to non-targeting siRNA (control) transfected; n = 4; non-
significant), and no difference in cellular morphology was noted
(Figs. 2C and D). However, the transfection with non-targeting siRNA
already increased αSMA levels more than two-fold when compared
to non-transfected cells, suggesting that the transfection procedure
stimulated the activation process, and potentially masked an inhibitory
role of ACSL4 knock down. Therefore the effect of rosiglitazonewas also
assessed on αSMA expression. As shown in Fig. 7, rosiglitazone
inhibited αSMA expression in cultured HSC at concentrations that
were in a similar range as required for ACSL4 inhibition (IC50= approx.
100 μM). The relatively high concentration of rosiglitazone required
to inhibit HSC activation makes it unlikely that PPAR-γ is involved,
since rosiglitazone activates this transcription factor at much lower
concentrations (≤10 μM; [23]). However, rosiglitazone is also known
to activate an unknown (PPAR-γ independent) mechanism at concen-
trations around 100 μM [24]. This latter mechanism can be targeted
with 15-dPGJ2 [24].We therefore compared the inhibitory effects of dif-
ferent concentrations of rosiglitazone and 15-dPGJ2 on αSMA expres-
sion with their effects on ACSL4 activity. Since 15-dPGJ2 inhibited
αSMA expression without affecting ACSL4 activity (Fig. 7), we cannot
exclude the possibility that rosiglitazone (partly) inhibits HSC activation
by another mechanism, independent of its effect on PUFA-TAG
formation.

3.7. Effect of ACSL4 inhibition on eicosanoid secretion by HSCs

TAG-PUFAs may play a role in the AA/eicosanoid metabolism
[10,11], and ACSL4 was suggested to increase eicosanoid synthesis in
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Fig. 8. Effect of Acsl4 gene silencing on prostaglandin secretion by HSCs Freshly isolated
HSCs were transfected with non-targeting (control) or Acsl4 siRNA at day 2 and cultured
until day 7. Subsequently the cells were incubated for 1 h with DMEM containing 0.5%
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lipids and phospholipids were extracted and HPLC-MS was performed as described.
PC-sn2 AA is the sum of the PC species 36:4, 38:4, and 38:5. Values are expressed relative
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tumor cells [20]. We therefore studied the effect of ACSL4 knock down
on eicosanoid secretion by activated HSCs. A major eicosanoid detected
in the medium of HSCs at day 7 was prostaglandin E2 (PGE2). However
no difference in the basal PGE2 secretion between non-targeting and
Acsl4 siRNA transfected HSCs was observed (Fig. 8). Stimulation of
Ca2+ dependent isoforms of phospholipase A2 by incubation with a
Ca2+ ionophore A23187 resulted in a more than 10-fold increase in
PGE2 release by the activated HSCs. As shown in Fig. 8, the secretion of
PGE2 and other prostaglandins was not significantly affected by knock
down of ACSL4. We observed also detectable levels of thromboxane B2
and the hydroxyeicosatetraenoic acids (HETEs), 11-HETE and 15-HETE
in the medium of the Ca-ionophore stimulated HSCs, which did also
not differ after knock down of ACSL4 (results not shown). To determine
whether the eicosanoids after the Ca2+ stimulus were derived from the
PC and/or the PUFA-TAG pool, we performed lipidomic analyses on the
HSCs after incubation with and without the Ca2+ ionophore. As shown
in Fig. 8, stimulation of phospholipase A2 activity with Ca2+ ionophore
caused a relatively strong decrease in TAG-PUFA species, thatwas larger
than the decrease in the PC-AA pool in both non-targeting siRNA
transfected cells and in HSCs treated with Acsl4 siRNA. We could esti-
mate from Fig. 8 and Supplementary Tables 3 and 4, that the observed
50–60% loss in PUFA-TAGs would result in the release of 9–12 nmol of
AA/mg protein, whereas a loss of 15–20% of AA-containing phospho-
lipids would release 6–9 nmol of AA/mg protein.

This suggests that PUFAs from the TAGpool are used to replenish the
PC-PUFA pool after the stimulation of phospholipase A2. In that case,
prostaglandin secretion will only be affected in HSCs containing no or
very low levels of TAG-PUFAs. Therefore, HSCs were pre-incubated
for 6 days with 100 μM rosiglitazone, resulting in very low levels of
TAG-PUFAs (b20% of control) and 50% of PC-AA (Figs. 6C and D).
Under these conditions, Ca2+ induced secretion (for 1 h in the absence
of rosiglitazone) of PGE2, PGD2 and 6-keto-PGF1-alpha was significantly
inhibited by 72 ± 21%, 82 ± 15%, and 69 ± 20%, respectively (n = 3).
4. Discussion

In this paper, we report that ACSL4 is a key enzyme involved in the
increase in PUFA-TAGs in activated rat HSCs. This conclusion is based
on the observations that ACSL4, which has a preference for PUFAs [8],
i) is the only isoform of the ACSL family which is upregulated in activat-
edHSCs, whereas the other isoforms are downregulated, ii) ACSL4 local-
izes around LDs, and, most importantly, iii) siRNA-mediated gene
silencing of Acsl4 or inhibition of ACSL4 activity by rosiglitazone consid-
erably reduces the amounts of PUFA-TAG species.

Because the different ACSL isoforms have different preferences for
fatty acids [8,9], the change in ACSL isoform profile during HSC activa-
tion will affect the species profile of the newly formed acyl-CoA pool.
In activated HSCs this new acyl-CoA pool will be dominated by PUFA-
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CoA species, as PUFAs are the preferred fatty acids of ACSL4. We previ-
ously observed that during HSC activation the PUFAs are almost exclu-
sively accumulating in TAGs and not in PLs [7]. We now propose that
this increase in PUFA-TAGs is caused by an increase in ACSL4 during
HSC activation. Likewise, knock down of ACSL4 in insulin secreting INS
832/13 cells inhibited the incorporation of labeled AA into TAGs but
not into PLs [25]. In contrast, overexpression of ACSL4 in arterial smooth
muscle cells caused a relatively larger increase in incorporation of la-
beled AA into PLs as compared to TAGs [20]. There are threemain expla-
nations for the differences in response of the TAG and PL species profile
to changes in ACSL activity. One explanation states that there is no gen-
eral acyl-CoA pool for PC and TAG but that specialized pools exist
channeling synthesized acyl-CoAs to either TAGs or PLs [26]. This hy-
pothesis requires that different CoA synthesizing enzymes are coupled
to either PL or TAG synthesis/remodeling enzymes, for example by dif-
ferential intracellular localization. Our finding that ACSL4 localizes to
large LDs in HSCs, sites of TAG formation [27], supports a channeling hy-
pothesis. Our data are also in agreement with proteomic screens identi-
fying ACSL4 as a LD associated protein [28–31]. Another, not mutually
exclusive, explanation is that the enzymes involved in the final step of
TAG formation (i.e. DGAT 1 and/or 2) and in PL remodeling (i.e. LPCAT
3 in case of PC [32]) have different affinities for PUFA-CoAs. Indeed,
we observed that exogenous AAwas incorporated into PCwith a higher
affinity than into TAGs. The simplest explanation for the observed differ-
ence in affinity for exogenous AA is that the final PC and TAG synthesiz-
ing enzymes have different affinities for PUFA-CoA. As a consequence,
changes in the intra cellular PUFA-CoA concentration, caused by an
up- or downregulation of ACSL4 activity, will differentially affect PC
and TAG synthesis. The higher affinity for PUFA-PC synthesis will gener-
ate smaller effects on the rate of PUFA-PC synthesis as compared to the
formation of PUFA-TAG species, as the former is more readily saturated.
Especially the formation of TAG species containing 2 and 3 PUFA
moieties are expected to be sensitive to variation in PUFA-CoA levels
as their formation rate is linear over a large concentration range. A dif-
ferent affinity of the PC and TAG remodeling enzymes for PUFA-CoA
also explains our observation that knock-down of ACSL4 and inhibition
of ACSL4 with rosiglitazone only caused an appreciable decrease in
PUFA-PC species at the lowmicro molar levels of AA present in the cul-
ture medium (Fig. 6), but not in the presence of the higher concentra-
tion of exogenous AA-d8 (25 μM) (Figs. 3 and 4). Thirdly, the TAG
pool, but not the PL pool, is expandable. This implies that the TAG pool
can accommodate the extra PUFA-CoAs formed by ASCL4. In contrast,
in the non–expandable PL pool, the higher level of PUFA-CoAs will
lead to a somewhat higher rate of replacement, rather than to net higher
levels of PUFAs (see Fig. 1B and D).

The role of ACSL4 in the formation of PUFA-TAGs permits an evalua-
tion of the function of the accumulation of PUFA-TAGs during HSC acti-
vation by modulating ACSL4 activity. An approximately 80–90%
knockdown of ACSL4 obtained by gene silencing caused a strong de-
crease in PUFA-TAGs, but did not result in a significant change inHSC ac-
tivation. However this does not exclude a role for ACSL4 or TAG-PUFAs
in HSC activation as the remaining PUFA-TAGsmay still be sufficient for
HSC functioning. A robust inhibition of PUFA-TAG formation was ob-
tained by inhibition of ACSL4 activity using rosiglitazone. Incubation
with this ACSL4 inhibitor was indeed associated with a significant inhi-
bition of HSC activation. However rosiglitazonemay affect other targets
besides ACSL4, which are implicated in the inhibition of a fibrotic re-
sponse [33,34].

In several types of immune cells esterified AA has been found in iso-
lated LDs [35], and it has been suggested that such LDs serve as an AA
reservoir for local activation of essential cellular functions [36]. Further-
more, in several cancer cell lines upregulation of ACSL4 was suggested
to control cell proliferation via generation of eicosanoids [37]. HSCs
bear some resemblance to dendritic cells involved in the immune sys-
tem [38]. Therefore, we investigated whether PUFA-TAGs in HSCs play
a role in the generation of eicosanoids, allowing signaling with other
hepatic cell types like hepatocytes, liver progenitor cells, or macro-
phages. Gene silencing of Acsl4 only caused a marginal effect on the
secretion of various prostaglandins in activated HSCs. Under the same
experimental conditions, we showed that the PUFA-PC levels are not af-
fected, providing an explanation for the observed lack of effect on eicos-
anoid production by ACSL4 knockdown. In contrast, PUFA-TAG levels
are strongly reduced under these conditions, indicating that under con-
ditions of reduced ACSL4 expression, PUFA-TAGs can be used to main-
tain normal levels PUFA-PC. These experiments point to a possible role
of PUFA-TAGs as a reservoir for PL-AA synthesis and thus eicosanoid for-
mation. This was further investigated by generating higher amounts of
eicosanoids using Ca2+ ionophore A23187. The Ca2+ stimulus affected
the PUFA-TAGpoolmuchmore as compared to the AA-PC pool, suggest-
ing a flux of AA from TAG to PLs or into prostaglandins. A role for TAG-
PUFAs as a PUFA buffer was then further corroborated by the experi-
ments where ACSL4 was almost completely inhibited for 6 days with
rosiglitazone. Under these conditions, the TAG-PUFA pool was depleted
and a strong (70–80%) inhibition of the Ca2+ stimulated eicosanoid se-
cretion was observed, despite the presence of 50% PUFA-PC species.
Therefore, we suggest that upregulation of ACSL4 during activation
serves to protect HSCs against a shortage of PUFAs required for cell
growth and eicosanoid production.
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