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Abstract

Vitamin A is stored as retinyl esters (REs) in lipid droplets of hepatic stellate cells (HSCs). To 

date, two different pathways are known to facilitate the breakdown of REs: (i) Hydrolysis of REs 

by neutral lipases, and (ii) whole lipid droplet degradation in autolysosomes by acid hydrolysis.

In this study, we evaluated the contribution of neutral and acid RE hydrolases to the breakdown of 

REs in human HSCs. (R)-Bromoenol lactone (R-BEL), inhibitor of adipose triglyceride lipase 

(ATGL) and patatin-like phospholipase domain-containing 3 (PNPLA3), the hormone-sensitive 

lipase (HSL) inhibitor 76-0079, as well as the serine-hydrolase inhibitor Orlistat reduced neutral 

RE hydrolase activity of LX-2 cell-lysates between 20 and 50%. Interestingly, in pulse-chase 

experiments, R-BEL, 76-0079, as well as Orlistat exerted little to no effect on cellular RE 

breakdown of LX-2 cells as well as primary human HSCs. In contrast, Lalistat2, a specific 

lysosomal acid lipase (LAL) inhibitor, virtually blunted acid in vitro RE hydrolase activity of 

LX-2 cells. Accordingly, HSCs isolated from LAL-deficient mice showed RE accumulation and 

were virtually devoid of acidic RE hydrolase activity. In pulse-chase experiments however, LAL-
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deficient HSCs, similar to LX-2 cells and primary human HSCs, were not defective in degrading 

REs.

In summary, results demonstrate that ATGL, PNPLA3, and HSL cfontribute to neutral RE 

hydrolysis of human HSCs. LAL is the major acid RE hydrolase in HSCs. Yet, LAL is not limiting 

for RE degradation under serum-starvation. Together, results suggest that RE breakdown of HSCs 

is facilitated by (a) so far unknown, non-Orlistat inhibitable RE-hydrolase(s).
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1 Introduction

Hepatic stellate cells (HSCs) are specialized liver cells known to contain large amounts of 

retinyl esters (REs) [1]. These REs are stored in multi-locular cytosolic lipid droplets [2]. In 

times of insufficient dietary vitamin A supply, REs of HSCs are mobilized to maintain 

body's vitamin A requirements [3,4]. Under pathological conditions, the loss of hepatic REs 

is a hallmark for the progression of liver injury [5] and is associated with the activation of 

HSCs and their transformation into myofibroblast-like cells [6].

The degradation of REs requires the action of lipases. To date, two pathways have been 

shown to be involved in the breakdown of REs in HSCs: (i) One pathway is the degradation 

of REs of cytosolic lipid droplets by neutral RE hydrolases. (ii) The second pathway 

involves the engulfment of cytosolic lipid droplets, the storage site of REs, by 

autophagosomes and fusion with lysosomes, thereby forming autolysosomes [7]. 

Subsequently, engulfed lipid droplets are degraded in autolysosomes, a process termed 

lipophagy [8]. The enzyme responsible for acidic hydrolysis of lipids in autolysosomes is 

thought to be lysosomal acid lipase (LAL, annotated as lipase A). Consistent with a 

prominent role of LAL in acidic lipid hydrolysis, LAL-deficient mice are characterized by 

increased hepatic cholesteryl ester and triglyceride (TG) content [9]. However, LAL-

deficient mice show decreased hepatic RE levels, arguing against a limiting role in hepatic 

RE breakdown [10].

Three neutral lipid hydrolases have been reported to hydrolyze REs at cytosolic lipid 

droplets: Adipose triglyceride lipase (ATGL, annotated as patatin-like phospholipase 

domain-containing 2, PNPLA2), hormone-sensitive lipase (HSL, annotated as lipase E), and 

adiponutrin (annotated as patatin-like phospholipase domain-containing 3, PNPLA3) [11–

13]. The role of ATGL in RE degradation of murine HSCs has been studied in detail [13], 

and it has been demonstrated that ATGL does not play a rate-limiting role in this process. 

The expression level of HSL in HSCs is very low [13–15], implying that HSL does not play 

a pivotal role in this cell type. Accordingly, both ATGL and HSL knock-out (ko) mice have 

unchanged plasma retinol (ROH) levels and do not accumulate REs in the liver [13]. In liver, 

PNPLA3 is expressed not only in hepatocytes but also in HSCs and its expression is induced 

by carbohydrate feeding or insulin as well as during HSC activation [11,16–18]. In humans, 

the genetic variant I148M of PNPLA3 is the strongest predictor for increased risk of non-
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alcoholic fatty liver disease and its progression to advanced fibrosis [19]. This I148M 

PNPLA3 variant exhibits reduced in vitro hydrolase activity against retinyl palmitate (RP), 

and human subjects carrying this I148M variant are associated with increased hepatic RP 

storage [11,20]. In contrast to human PNPLA3, the murine homologue does not exhibit 

detectable hydrolytic activity against REs [13]. Accordingly, PNPLA3-ko mice have not 

been reported to show changes in plasma ROH or hepatic RE levels.

In this study, we investigated the relative contribution of neutral and acid RE hydrolases in 

RE breakdown of human HSCs. We employed the human HSC cell-line LX-2 which is 

homozygous for the PNPLA3 I148M variant [18,21]. In addition, we also used human 

primary HSCs with wild-type (WT) PNPLA3 alleles (I148). Pharmacological inhibition of 

ATGL, PNPLA3, and HSL in RE hydrolase activity assays and pulse-chase experiments 

demonstrated a minor role of these lipases in neutral RE hydrolysis of human HSCs. In 

contrast, pharmacological inhibition of LAL virtually blunted acid RE hydrolase activity of 

human HSCs. However, in pulse-chase experiments, the pharmacological inhibition of LAL 

in human HSCs as well as genetical ablation of LAL expression in primary murine HSCs, 

isolated from LAL-ko mice, did not impair cellular RE breakdown. Together, these results 

indicate that LAL is the major acid RE hydrolase but that neither so far known neutral RE 

hydrolases nor LAL are limiting for RE degradation in HSCs.

2 Materials and methods

2.1 Materials

Essentially fatty acid (FA)-free bovine serum albumin (BSA), ROH, RP, retinyl acetate, 

triolein, L-α-phosphatidylinositol, 1,2-dioleoyl-snglycero-3-phosphocholine, and Orlistat 

were purchased from Sigma Aldrich (St. Louis, MO). Atglistatin®, Lalistat2, and the HSL 

inhibitor NNC 0076-0000-0079 (76-0079) were kind gifts from Dr. Rolf Breinbauer 

(Institute of Organic Chemistry, University of Technology, Graz, Austria), Dr. Paul Helquist 

(Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN), 

and Dr. Christian Fledelius (Novo Nordisk A/S, Novo Nordisk Park, DK-2706 Måløv, 

Denmark), respectively. (R)-Bromoenol lactone (R-BEL) was purchased from Cayman 

Chemicals (Ann Arbor, MI). The human HSC line LX-2 was provided by Thierry Claudel, 

PhD (Hans Popper Laboratory of Molecular Hepatology, Division of Gastroenterology and 

Hepatology, Department of Medicine III, Medical University of Vienna, Vienna, Austria) 

with the kind approval of Dr. Scott L. Friedman (Icahn School of Medicine at Mount Sinai, 

New York, USA).

2.2 Methods

2.2.1 Cultivation of the human HSC cell-line LX-2—LX-2 cells were cultured in 

Dulbecco's Modified Eagle Medium (DMEM, 4.5 g/l glucose, Gibco®; Invitrogen GmbH, 

Lofer, Germany) supplemented with 1% fetal calf serum (FCS) and antibiotics at 37 °C 

under humidified atmosphere and 7% CO2.

2.2.2 Husbandry of mice globally lacking LAL—Mice globally lacking LAL were 

generated as described previously [22] by consecutive breeding of Lipatm1a(EUCOMM)Hmgu 
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mice, carrying a FRT-flanked lacZ- reporter/neomycin selection cassette and a floxed exon 4 

Lipa allele (targeted mutation 1a LALtm1a), with flippase and Cre recombinase expressing 

mice, which led to the excision of the reporter/selection cassette and of the exon 4 of the 

Lipa gene, respectively. Heterozygous LAL-deleter mice, lacking the exon 4 of the Lipa 
gene, were bred to receive homozygous LAL-deleter mice and WT controls. Mice globally 

lacking HSL (HSL-ko) were generated by targeted homologous recombination as described 

previously [23]. Mice were housed on a regular dark light cycle (14 h light, 10 h dark) at 22 

± 1 °C in a specific pathogen free environment and kept ad libitum on a standard laboratory 

chow diet (R/M-H Extrudate, V1126-037, Ssniff Spezialdiaeten GmbH, Soest, Germany). 

All animal experiments were approved by the Austrian Federal Ministry for Science, 

Research, and Economy (protocol number GZ: 39/9-4/75 ex 2017/18) and conducted in 

compliance with the council of Europe Convention (ETS 123).

2.2.3 Isolation of primary HSCs by collagenase perfusion and cultivation by 
selective detachment—Primary human HSCs were isolated from liver resections for 

metastasis of colon-rectal cancer, approved by the Ethic Committees of Medical University 

of Vienna (EK Nr: 2032/2013) as described [24]. HSCs were cultured in DMEM (4.5 g/l 

glucose; Gibco, Invitrogen) containing 10% FCS (Sigma Aldrich) and 100 μg/ml primocin. 

For experiments, primary human HSCs between passage 3 and 6 were used.

Primary HSCs of LAL-ko or HSL-ko mice and WT littermates (male/female, 2 months of 

age) were isolated as described previously by Blomhoff et al. [25] with some modifications. 

Briefly, mice were anesthetized and the abdomen was surgically opened. The liver was 

perfused via the portal vein with Krebs-Henseleit buffer (without Ca2+ and SO4
2−) for 5 

min, followed by a perfusion with Krebs-Henseleit buffer containing 0.2 mg/ml collagenase 

type II (Worthington Bio-chemical Corporation, Lakewood, NJ), 2% BSA, and 0.1 mM 

CaCl2 for 10 min. Afterwards, the liver was excised, disrupted, and the cell suspension was 

passed through a gauze, followed by filtration through a 70 μm cell strainer. Hepatocytes 

were separated from non-parenchymal cells by centrifugation at 50 ×g for 3 min at 4 °C. 

Supernatant containing the non-parenchymal cell fraction was centrifuged at 900 ×g for 5 

min at 4 °C. Pelleted non-parenchymal cells were suspended in DMEM (4.5 g/l glucose; 

Gibco, Invitrogen) containing 10% FCS (Sigma Aldrich) and 100 μg/ml primocin. Non-

parenchymal cells were plated and cultivated at 37 °C in humidified air at 80% saturation 

and 5% CO2. Non-cultivated primary HSCs were obtained by using OptiPrep™ self-forming 

density gradient solutions (Axis-Shield PoC AS, Rodeløkka, Norway) according to 

manufacturer's instructions. Non-parenchymal cell suspension was adjusted to a density of 

24% iodixanol, overlaid with 11.5%, 8.4%, and 0% iodixanol in Krebs-Henseleit buffer 

containing 1.25 mM CaCl2 and 1.2 mM Na2SO4. After centrifugation at 1400 ×g for 20 min 

at 4 °C, stellate cells were isolated at 8.4/0% iodixanol interphase [26].

Cultures of primary HSCs were obtained by selective detachment for 12–14 days. After 2 

days in culture, cells were trypsinized and seeded again. This resulted in the removal of non-

stellate cells from the culture. After 10 days of culture, > 90% of cells stained positive for 

alpha-smooth muscle actin (α-SMA) [13].
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2.2.4 Lipid loading of HSCs and pulse-chase experiments—To promote lipid 

droplet formation, LX-2 cells or primary HSCs were incubated for 16–20 h in DMEM (4.5 

g/l glucose) supplemented with 10% FCS, 40 μM or 20 μM ROH (40 mM stock solution in 

ethanol), and 300 μM or 100 μM oleic acid (4 mM stock solution in PBS, complexed to 

essentially FA-free BSA in a ratio of 3:1, M/M), respectively. Then, media was replaced 

with serum-free DMEM (1 g/l glucose) supplemented with 2% FA-free BSA (serum-

starvation) and cells were incubated for 8 h. In some cases, media contained 

pharmacological inhibitors such as Lalistat2, Orlistat, R-BEL, and HSL inhibitor 76-0079 at 

a concentration of 20 μM.

2.2.5 Isolation of total RNA and analysis of gene expression by quantitative 
real-time PCR (qPCR)—HSC LX-2 cells were lysed by addition of 1 ml TRIzol™ and 

incubation at room temperature for 5 min. Phase separation was performed by addition of 

100 μl 1-bromo-3-chloropropane and centrifugation at 12,000 ×g and 4 °C for 15 min. 

Supernatant was transferred and total RNA was precipitated by addition of 500 μl 2-

propanol and centrifugation at 12,000 ×g and 4 °C for 10 min. RNA was washed twice with 

70% ethanol and centrifugation at 7500 ×g and 4 °C for 5 min. DNA digestion was 

performed with DNase I and RNA was reverse-transcribed into cDNA using LunaScriptTM 

RT SuperMix kit (New England Biolabs). qPCR was performed as described previously 

[27]. The following primers were used: PNPLA2_forward: 5′-GTG TCA GAC GGC GAG 

AAT G -3′; PNPLA2_reverse: 5′- TGG AGG GAG GGA GGG ATG -3′; LIPE_forward: 

5′- CTG CAT AAG GGA TGC TTC TAT GG -3′; LIPE_reverse: 5′- GCC TGT CTC GTT 

GCG TTT G -3′; PNPLA3_forward: 5′- GGC ATC TCT CTT ACC AGA GTG T -3′; 
PNPLA3_reverse: 5′- GGC ATC CAC GAC TTC GTC TTT -3′; ABHD5_-forward: 5′- 
ACA GAC CTG TCT ATG CTT TTG AC -3′; ABHD5_reverse: 5′- AGG GCA CAT CTC 

CAC TCT TCA -3′; 36B4_forward: 5′- GCT TCA TTG TGG GAG CAG ACA -3′; 
36B4_reverse: 5`- CAT GGT GTT CTT GCC CAT CAG-3′. Target gene expression was 

calculated by the ΔΔCT method. Expression of ribosomal housekeeping gene 36b4 was used 

for normalization.

2.2.6 Microscopy—Primary HSCs were cultivated in chamber slides. To promote lipid 

droplet formation, cells were incubated with ROH and oleic acid as described above. 

Lysosomes were stained with LysoTracker Red DND-99 (Invitrogen™, ThermoFisher 

Scientific, Waltham, MA) for 45 min at 37 °C. After staining, cells were washed twice with 

PBS. Microscopy was performed on a Leica SP5 confocal microscope (Leica Microsystems 

Inc., Germany) using a 63×, NA 1.4 HCX PL APO oil immersion objective. LysoTracker 

was excited at 561 nm and detected in the range between 580 and 620 nm.

Coherent anti-Stokes Raman scattering (CARS) microscopy of primary HSCs was 

performed using a commercial setup consisting of a two-photon picosecond laser source 

(picoEmerald; APE, Berlin, Germany), integrated into the confocal microscope. To achieve 

the CARS effect and to detect CH2 symmetric stretching vibrations of neutral lipids, cells 

were simultaneously illuminated at 816.7 nm and at 1064 nm using the picosecond laser 

source. The CARS signal was detected using a non-descanned detector in (forward-) CARS 

mode and a 465/170 nm bandpass filter. To discriminate between CARS signal of neutral 

Wagner et al. Page 5

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 June 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



lipids and of observed additional two-photon excited autofluorescence of cellular structures, 

samples were simultaneously excited at 816.7 and 1064 nm (CARS and autofluorescence 

signal) as well as at 816.7 nm without the 1064 nm line (only autofluorescence signal).

2.2.7 Preparation of cell lysates and determination of protein content—Cell 

lysates were prepared from a cell suspension in solution A (0.25 M sucrose, 1 mM EDTA, 1 

mM DTT, 20 μg/ml leupeptin, 2 μg/ml antipain, and 1 μg/ml pepstatin, pH 7.0) by 

sonication (2 × 10 s, amplitude 15%; Sonoplus ultrasonic homogenizer HD3100, Bandeline 

electronic GmbH & Co. KG, Berlin, Germany). Nuclei and unbroken cells were removed by 

centrifugation at 1000 ×g for 10 min at 4 °C and lysates were stored at −20 °C until further 

use. Protein concentrations were determined by Bio-Rad protein assay according to 

manufacturer's instructions using BSA as standard (Bio-Rad, Hercules, CA).

2.2.8 Extraction of neutral lipids for HPLC-fluorescence detection (FD) 
analyses and thin-layer chromatography—Cells were washed twice with PBS. 

Neutral lipids were extracted twice with 1 ml n-hexane:2-propanol (3:2; v/v) for 10 min 

under constant shaking at room temperature. Organic phases were combined and dried in a 

speed-vac (Labconco, Kansas City, MO). For retinoid analysis, dried lipids were dissolved 

in methanol:toluene (1:1, v/v) and applied to HPLC-FD analysis (see below). For TG 

analysis, dried lipids were dissolved in chloroform and applied on a silica gel coated 

aluminum plate (Merck KGaA, Darmstadt, Germany). Thin-layer chromatography plates 

were developed in a mixture of n-hexane:diethylether:glacial acetic acid (70:29:1, v/v/v). 

Lipids were stained with 10% phosphoric acid containing 10% copper (II) sulfate and 

heating at 120 °C for 15–30 min.

2.2.9 Oil Red O staining of neutral lipids—LX-2 cells were seeded in 12-well plates 

and cultivated under standard culture conditions. In some cases, cells were loaded with ROH 

and oleic acid as described above. Afterwards, cells were washed twice with PBS and fixed 

with 4% para-formaldehyde for 15 min. Then, cells were washed twice with H2O and once 

with 60% 2-propanol. Air-dried cells were stained with Oil Red O staining solution for 45 

min. Cells were washed twice with H2O. Microscopic evaluation was performed using an 

inverted light microscopy (amplification 10×; Nikon eclipse TE300).

2.2.10 Quantification of retinoids by HPLC-FD—Lipid extracts, dissolved in 

methanol:toluene (1:1, v/v), were separated on a YMC-Pro C18 column (150 × 4.6 mm, S-5 

μl, 12 nm, YMC Europe GmbH, Dinslaken, Germany) using a gradient solvent system (flow, 

1 ml/min; gradient, 1–5 min 100% methanol, 5–14 min 60%/40% methanol/toluene, and 14–

18 min 100% methanol). Fluorescence was detected at excitation 325 nm/emission 490 nm. 

The HPLC consisted of a Waters e2695 separation module, a column oven (at 25 °C), and a 

Waters 2475 fluorescence detector (Waters Corp., Milford, MA). Data were analyzed using 

Empower 3 chromatography data software (Waters Corp.).

2.2.11 Analysis of protein expression levels by immunoblotting—Proteins of 

cell lysates (10–40 μg protein) were dissolved in SDS sample buffer, separated by 10% or 

12.5% SDS-PAGE, and transferred onto a PVDF membrane (Carl Roth GmbH, Karlsruhe, 

Germany). The membrane was blocked with 10% non-fat dry milk and probed with 
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following primary antibodies: anti-ATGL, anti-HSL, anti-lysosomal-associated membrane 

protein 1 (LAMP1), anti-ras-related protein 7 (RAB7), anti-autophagy related 7 (ATG7), 

anti-microtubule-associated protein 1B-light chain 3 (LC-3B), anti-sequestosome-1 (p62), 

and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from Cell Signaling 

Technology (2138S/ATGL, 4107S/HSL, 3243/LAMP1, 2094S/RAB7, 8558S/ATG7, 2775S/

LC-3B, 5114S/p62, and 2118S/GAPDH), anti-comparative gene identification-58 (CGI-58) 

from Abnova (H000051099-M01), anti-α-SMA from Thermo Scientific (PA5-22251), anti-

PNPLA3 from Abcam (ab81874), and anti-adipose differentiation-related protein (ADRP) 

from Progen (GP40), respectively. For detection, membranes were incubated with 

horseradish peroxidase labeled secondary antibodies specific for respective primary 

antibody. Bands were visualized using the ECL plus Western blotting Detection Reagent 

(Fisher Scientific, Waltham, MA) and ChemiDoc Touch Imaging System (Bio-Rad, 

Hercules, CA).

2.2.12 Measurement of in vitro RE hydrolase activity—RE hydrolase activity 

assay was performed as described previously [10] with some modifications. Briefly, 100 μl 

cell lysates (50–100 μg protein) were incubated with 100 μl substrate for 1 h at 37 °C in a 

water bath under constant shaking. The substrate consisted of RP (300 μM), emulsified with 

phosphatidylcholine (PC, 300 μM) or a mixture of PC (225 μM) and phosphatidylinositol 

(PI, 75 μM) as indicated in the figure legends. For substrate preparations, lipids were dried 

under N2 and emulsified in 100 mM sodium acetate buffer (pH 4.5) or 100 mM potassium 

phosphate buffer (pH 7.5) by sonication. Substrates of different pH were obtained by adding 

100 mM sodium acetate buffer of the pH range of 4.0–6.5 or Bis-Tris propane buffer of the 

pH range 6.0–8.5 to the substrate preparation (emulsified in 50 mM potassium chloride 

buffer). Then, 4% FA-free BSA was added to the substrate and mixed by vortexing. 

Substrate blank incubation was performed with solution A. After incubation, 1 ml n-hexane 

and 200 μl ethanol, containing 1.14 μM retinyl acetate as internal standard, were added. 

Samples were vigorously vortexed and phase separation was obtained by centrifugation at 

5000 ×g at 4 °C for 10 min. Upper organic phase (800 μl) was collected and dried in a 

speed-vac. Samples were dissolved in 100 μl methanol:toluene (1:1, v/v) and analyzed by 

HPLC-FD.

2.2.13 Measurement of in vitro TG hydrolase activity—TG hydrolase activity 

assay was performed as described previously [28] with some modifications. In brief, 100 μl 

cell lysates (50–100 μg protein) were incubated with 100 μl substrate for 1 h at 37 °C. The 

substrate contained triolein (300 μM) and [3H]-triolein (10 μCi/ml) and was emulsified with 

PC:PI (3:1, M/M; 45 μM). Lipids were dried under N2 and emulsified by sonication in 100 

mM sodium acetate buffer (pH 4.5) or 100 mM potassium phosphate buffer (pH 7.5). Then, 

5% FA-free BSA was added and mixed by vortexing. Reactions were terminated by addition 

of 3.25 ml methanol:chloroform:n-heptane (10:9:7, v/v/v) and 1 ml 0.1 M potassium 

carbonate (pH 10.5). Then, samples were vigorously vortexed and centrifuged at 2000 ×g for 

10 min. The radioactivity in 500 μl of the upper phase was determined by liquid scintillation 

counting. Substrate blank incubation was performed with solution A.
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2.2.14 Statistical analyses—Data are presented as mean + standard deviation (S.D.). 

Statistically significant differences were determined by Student's unpaired t-test (two-tailed). 

Group differences were considered statistically significant for p < 0.05 (*), p < 0.01 (**), 

and p < 0.001 (***).

3 Results

3.1 Neutral RE hydrolase activity of human HSC cell-line LX-2 is partially inhibited by 
Orlistat

To characterize RE hydrolase activity of the human HSC cell-line LX-2, we first measured 

pH-dependent hydrolysis of RP in in vitro activity assays using cell lysates. We observed a 

pH optimum of around 6.5–7, with a steep decline in RE hydrolase activity at pH values 

higher than 8 (Fig. 1A). Addition of the non-selective serine-hydrolase inhibitor Orlistat [29] 

reduced RE hydrolase activity over the entire pH range by ~50% (Fig. 1A). Orlistat is known 

to inhibit lipases such as ATGL and HSL [30], which are able to hydrolyze REs [12,13]. 

Thus, we analyzed mRNA and protein expression levels of known RE hydrolases by qPCR 

and Western blotting, respectively. Expression of PNPLA2 (=ATGL), α/β hydrolase 
domain-containing protein 5 (ABHD5 = comparative gene identification-58, CGI-58), 

known to interact with ATGL and PNPLA3 [31,32], lipase E (LIPE = HSL), and PNPLA3 
was detectable by qPCR and Western blotting (Fig. 1B, C). Interestingly, mRNA expression 

of PNPLA2 was highest and that of ABHD5, LIPE, and PNPLA3 in the order of 50 to 90% 

lower than that of PNPLA2 (Fig. 1B). Antibodies specific for ATGL, PNPLA3, CGI-58, 

HSL, and GAPDH (as loading control) showed bands at respective molecular weights, albeit 

intensities did not match that of the qPCR measurements (Fig. 1C). To dissect the 

contribution of ATGL, PNPLA3, and HSL to neutral RE hydrolase activity in lysates of 

LX-2 cells, we employed several enzyme inhibitors. Addition of R-BEL, a compound 

known to inhibit ATGL and PNPLA3 [33,34], and 76-0079, a specific inhibitor of HSL [35], 

decreased in vitro RE hydrolase activity of LX-2 cell lysates by 13 and 25%, respectively 

(Fig. 1D). Addition of the general serine-hydrolase inhibitor Orlistat [29] and the unspecific 

serine-protease inhibitor phenylmethylsulfonylfluoride (PMSF) [36] reduced RE hydrolase 

activities by 41 and 35%, respectively (Fig. 1D). Heat inactivation of lysates virtually 

blunted RE hydrolase activity of LX-2 cell lysates (Fig. 1D). Results of this inhibitor study 

indicate that ATGL, PNPLA3, and HSL contribute to neutral RE hydrolase activity of LX-2 

cells together by around 40%. The remaining 60% of neutral RE hydrolase activity is 

insensitive to the applied serine-hydrolase inhibitors.

ATGL, PNPLA3, and HSL have been shown to be expressed in HSCs [11,13,37]. 

Furthermore, they exhibit TG hydrolase activity [38–41], while HSL is known to be rate-

limiting for diglyceride hydrolysis [23]. Thus, as a proof of concept and to demonstrate that 

the small molecule inhibitors effectively inhibit hydrolases in our in vitro assay system, we 

performed TG hydrolase activity assays using again cell lysates of LX-2 cells and 

radiolabeled triolein as substrate. As expected, we observed that addition of R-BEL and 

Orlistat effectively reduced TG hydrolase activity (40% and down to n.d., respectively), 

while the HSL-specific inhibitor 76-0079 exerted virtually no effect. The combination of R-

BEL and 76-0079 did not further reduce TG hydrolase activity, compared to R-BEL alone 
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(Suppl. Fig. 1A). Furthermore, addition of purified CGI-58 to the incubation mixture led to 

increased TG hydrolase activity (~2-fold) (Suppl. Fig. 1B). Since TG hydrolase activity of 

LX-2 lysates was stimulated by CGI-58 and inhibited by R-BEL, it is conclusive that ATGL 

and presumably also PNPLA3 contribute to TG hydrolysis in human HSCs.

3.2 ATGL, PNPLA3, and HSL are not limiting for the breakdown of REs in human HSCs

The observation that small molecule inhibitors, known to inhibit ATGL, PNPLA3, and HSL, 

inhibited in vitro RE hydrolase activity of LX-2 cell lysates, prompted us to study RE 

degradation in cell culture experiments. Under standard culture conditions, LX-2 cells 

contain only low amounts of REs. Thus, to promote RE synthesis and lipid droplet 

formation, we loaded cells with a combination of ROH and oleic acid. As expected, after 

ROH/oleic acid loading of cells, numerous lipid droplets were visible, as evident by round 

structures stainable by Oil Red O (Suppl. Fig. 2A). Consistent with increased Oil Red O 

staining of cells, lipid loaded LX-2 cells contained 370-fold increased RP content (Suppl. 

Fig. 2B). Furthermore, ROH/oleic acid loading of cells also induced TG accumulation, as 

evident from respective bands on the thinlayer chromatogram (Suppl. Fig. 2C).

Next, we performed pulse-chase experiments where we loaded LX-2 cells with ROH/oleic 

acid and then serum-starved cells in the absence or presence of various inhibitors. At all 

indicated time points, we measured cellular RP and TG contents as well as the amounts of 

ROH and non-esterified fatty acids (NEFAs) in the incubation media (for schematic 

representation of experiment see Fig. 2A). Under all culture conditions, protein expression 

of HSL, ATGL, and PNPLA3 were detectable, as assessed by Western blotting (Fig. 2B). 

While no apparent differences of HSL protein was observed between culture conditions, 

protein levels of ATGL increased upon lipid loading and remained high during serum-

starvation (Fig. 2B). Interestingly, in accordance with previous reports [16], protein levels of 

PNPLA3 decreased upon serumstarvation (Fig. 2B). Lipid loading of cells strongly 

increased cellular RP and TG contents (compare “basal” vs “loaded” in Fig. 2C and E). 

After serum-starvation (chase period), cellular RP and TG contents of control incubation 

(DMSO) declined by 52 and 34%, respectively, indicative for the hydrolysis of these lipid 

esters. The addition of the inhibitors R-BEL or Orlistat during the chase period did not 

attenuate, while addition of 76-0079 slightly accelerated cellular RP breakdown (Fig. 2C). 

The presence of the HSL inhibitor 76-0079 moderately decreased ROH content in the 

incubation media, while other inhibitors had no effect (Fig. 2D). In contrast to cellular RP 

levels, LX-2 cells incubated in the presence of R-BEL showed 30% higher cellular TG 

levels, whereas 76-0079 and Orlistat had no effect (Fig. 2E). Furthermore, R-BEL and 

Orlistat, but not 76-0079 significantly reduced the amounts of NEFA in the incubation media 

(by 33 and 58%, respectively) (Fig. 2F).

Since LX-2 cells are known to be homozygous for the I148M PNPLA3 variant, which 

exhibits reduced RE hydrolase activity as compared to WT PNPLA3 [11], we also 

performed similar pulse-chase experiments with primary human HSCs. Similar as observed 

with LX-2 cell-line, also primary human HSCs accumulated RP upon lipid loading which 

was largely degraded after the serum-starvation period (Fig. 2G). The presence of the 
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inhibitor R-BEL reduced RE degradation by 25%, while the inhibitors 76-0079 and Orlistat 

had no effect (Fig. 2G).

Together, the observation that none of the inhibitors largely impaired cellular RE 

degradation of human HSCs during a serum-starvation period indicated that the hydrolases 

ATGL, PNPLA3, and HSL contribute to a minor extent to RE hydrolysis of human HSCs.

The role of ATGL in the hydrolysis of REs has been studied in murine primary ATGL-

deficient HSCs [13]. Since we had access to primary murine HSL-ko HSCs, we investigated 

murine HSL in pulse-chase experiments. Western blotting of cell lysates of primary murine 

HSCs confirmed the knockout of HSL protein (Suppl. Fig. 3A). Loading of WT as well as of 

HSL-ko murine primary HSCs led to many-fold increased cellular RP levels, which 

altogether declined to a similar extend after the serum-starvation period (Suppl. Fig. 3B), 

confirming that also a genetic deletion of HSL does not attenuate RE loss of HSCs under 

serum starvation.

3.3 LAL accounts for the majority of acid RE hydrolase activity in human HSC cell-line 
LX-2

To characterize acid RE hydrolase activity of human HSC LX-2 cells, we first optimized the 

reaction conditions for acid RE hydrolase activity. Negatively charged phospholipids such as 

PI or bis (monoacylglycero)phosphate are known to stimulate acid hydrolytic activity of 

LAL [10,42]. Interestingly, rates of acid RE hydrolase activity in in vitro activity assays 

using lysates of LX-2 cells were ~3-fold higher when the substrate was emulsified with the 

addition of PI, in comparison to PC alone (Fig. 3A). Furthermore, addition of the LAL-

specific inhibitor Lalistat2 [43] to the assay mixture decreased acid RE hydrolase activity of 

lysates from LX-2 cells by 97% (Fig. 3B). pH-dependent measurements of RE hydrolase 

activities of LX-2 cell lysates in the acidic range gave highest activities between pH 4 and 5 

(Fig. 3C). Addition of Lalistat2 to the incubation mixture almost completely blunted RE 

hydrolase activities (by > 95%) in the pH range of 4 to 5 (Fig. 3C), suggesting that LAL is 

the major acid RE hydrolase in LX-2 cells.

3.4 LAL-specific inhibitor Lalistat2 partially inhibits the breakdown of REs of human 
HSCs

To examine the role of LAL in RE degradation in a cellular context, we performed pulse-

chase experiments using Lalistat2 and the human HSC cell-line LX-2. After loading of LX-2 

cells with ROH/oleic acid, cells were incubated in the absence or presence of Lalistat2 in the 

subsequent serum-starvation (chase) period. Then, the cellular RP and TG contents and the 

amounts of ROH and NEFA in the incubation media were determined (for schematic 

representation of experiment see Fig. 4A). After the serum-starvation/chase period, the 

cellular RP content of control cells (DMSO) declined by 38%. Lalistat2-treated cells 

contained 40% more cellular RP than control cells (Fig. 4B). The amount of ROH in the 

incubation media of DMSO vs Lalistat2-treated cells after the serum starvation period was 

virtually unchanged (Fig. 4C). In line with higher cellular RP levels upon Lalistat2 

treatment, also cellular TG levels were 30% higher in Lalistat2-treated LX-2 cells after the 
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chase period (Fig. 4D). Consistently, the amount of NEFAs in the incubation media of 

Lalistat2-treated cells was reduced by 24% (Fig. 4E).

To evaluate findings in LX-2 cells, we performed pulse-chase experiments using primary 

human HSCs. Similar as observed with LX-2 cells, lipid loading of primary human HSCs 

led to increased cellular RP content (Fig. 4F). After the 8-h serum-starvation period, the 

cellular RP content of control HSCs was reduced by 80%, while cellular RP levels of HSCs 

remained somewhat higher and were decreased by 60% in the presence of Lalistat2 (Fig. 

4F).

In summary, the observations of the pulse-chase experiments with human HSC LX-2 cells as 

well as primary human HSCs indicate that LAL contributes to RE degradation in human 

HSCs.

3.5 LAL-deficient HSCs accumulate lysosomes and neutral lipids

To more directly investigate the role of LAL in RE degradation of HSCs and to confirm 

pharmacological studies, we isolated primary HSCs from liver of mice globally lacking LAL 

by the method of selective detachment [26]. This method involves the cultivation and re-

plating of the non-parenchymal cell fraction for two weeks, which yields in almost pure 

HSC cultures. Laser scanning microscopy of primary LAL-deficient HSCs revealed strong 

LysoTracker signal as compared to WT HSCs (Fig. 5A), indicative for increased number of 

lysosomes. Western blot analysis of lysates of primary HSCs for lysosomal marker proteins 

LAMP1 and RAB7 confirmed increased lysosomal content in HSCs from LAL-ko mice. 

Protein expression of the stellate cell activation marker α-SMA was higher in LAL-deficient 

HSCs. Yet, band intensities of the bona fide lipid droplet marker protein ADRP were similar 

between HSC preparations of both genotypes (Fig. 5B). Together, results of staining of cells 

with LysoTracker and Western blot analyses were indicative for increased lysosomal content 

of primary LAL-deficient HSCs.

Analyses of cellular neutral lipid content revealed that cultured primary LAL-deficient HSCs 

contained many-fold higher RP, TG, and total cholesterol levels as compared to cultured 

primary WT HSCs (Fig. 5C–E). The increase in cellular RP levels was very pronounced 

since primary WT HSCs had lost all cellular RE content during the two weeks of culture, 

while LAL-deficient HSCs retained some of cellular REs. (Note: Preliminary measurements 

gave for non-cultivated, density gradient isolated, primary murine WT and LAL-ko HSCs 

around 1.9 and 0.6 nmol RP/mg protein, respectively). Next, we performed in vitro RE 

hydrolase activity assays at acidic pH using lysates of primary WT and LAL-ko HSCs. As 

expected, lysates of LAL-ko HSCs exhibited 90% lower acid RE hydrolase activity as 

compared to lysates of WT HSCs (Fig. 5F). Furthermore, the addition of Lalistat2 to the 

assay mixture decreased acid RE hydrolase activity of WT lysates by 78%, while no effect 

was observed in lysates of LAL-ko HSCs (Fig. 5F). Interestingly, neutral RE hydrolase 

activity was 25% lower in lysates of LAL-deficient HSCs (Fig. 5G). Addition of the ATGL 

inhibitor (Ai = Atglistatin) had no effect on RE hydrolase activity of any lysates (Fig. 5G). 

Addition of HSL inhibitor (76-0079) reduced RE hydrolase activity in lysates of WT HSCs 

but not of LAL-deficient HSCs, while addition of the serine hydrolase inhibitor Orlistat 

reduced RE hydrolase activity of lysates of WT and LAL-deficient HSCs (Fig. 5G). Western 
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blot analyses showed that protein expression levels of HSL and ATGL were lower in 

primary LAL-deficient as compared to WT HSCs (Fig. 5H). Thus, it was conclusive that 

lysates of WT HSCs exhibited more ATGL and HSL-dependent RE hydrolase activity as 

LAL-deficient HSCs.

Together, results of primary LAL-deficient HSCs indicate that, similar as observed in LX-2 

lysates, LAL accounts for the majority of acid RE hydrolase activity in primary murine 

HSCs. Deficiency of LAL in HSCs provokes increased number of lysosomes and 

accumulation of cellular REs. It can be assumed that REs accumulate in lysosomes, as it has 

been experimentally demonstrated in hepatocytes [10].

3.6 LAL is not required for the breakdown of REs under serum-starvation

Next, we investigated whether incubation of WT and LAL-deficient primary HSCs with 

ROH and oleic acid induces lipid droplet formation. Under basal, standard culture conditions 

of WT and LAL-deficient primary HSCs, the CARS signal of cells (Fig. 6, first column 

labeled with “Ex. at 816.7 nm + 1064 nm”), as a measure for neutral lipids, was largely 

overlaid by cellular autofluorescence (Fig. 6, second column labeled with “Ex. 816.7 nm”). 

As a consequence, most of the CARS signal (depicted in green) when overlaid with 

autofluorescence signal (depicted in red) turned yellow (Fig. 6, 1st and 3rd panel, third 

column labeled with “Merge”). However, overnight loading of primary HSCs with ROH and 

oleic acid induced the formation of round cellular structures, that were visible in the CARS 

channel (Fig. 6, 2nd and 4th panel, first column) and not overlaid by the autofluorescence 

signal (Fig. 6, 2nd and 4th panel, third column labeled with “Merge”), consistent with 

cytosolic lipid droplets. These observations indicate that lipid loading of primary LAL-

deficient HSCs, similar as in WT HSCs, induced lipid droplet formation.

To assess the role of LAL in RE degradation of HSCs, we performed pulse-chase experiment 

using primary HSC preparations from liver of WT and LAL-ko mice. For this, cells were 

incubated overnight with ROH and oleic acid and chased for 8 h in serum-starvation media 

(for schematic representation see Fig. 7G). At all time points (before, after lipid loading, and 

after serum-starvation), cellular RP and, for comparison, TG contents were determined. 

Consistent with previous measurements of primary murine HSCs (Fig. 5C and D), cellular 

RP and TG levels of isolated LAL-deficient HSCs were higher as compared to WT HSCs 

(Fig. 7A and C, “basal”). Loading of WT and LAL-deficient HSCs with ROH and oleic acid 

similarly increased protein expression level of the lipid droplet marker ADRP in both 

genotypes (Fig. 7E). Accordingly, cellular RP and TG contents increased to a similar extent 

(Fig. 7A and C, “loaded”). As a consequence, the absolute amount of RP and TG in LAL-

deficient HSCs was higher as compared to WT HSCs. Interestingly, after an 8-h serum-

starvation period, cellular RP and TG contents of HSCs of both genotypes declined back 

close to basal levels (i.e. cellular RP and TG contents before lipid loading; Fig. 7A and C, 

compare “serum-starvation” with “basal”). Calculation of the amount of degraded RP and 

TG after the chase period revealed no significant difference between the genotypes (Fig. 7B 

and D). LAL-deficient primary HSCs lost similar amounts of RP during serum-starvation 

indicating that LAL is not required for this process. Western blot analyses using anti-ADRP 

antibody confirmed that HSCs of both genotypes similarly lost their cellular lipid droplets. 
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Detection of RAB7 as lysosomal marker protein showed at all time points more intense 

bands in preparations of LAL-deficient vs WT HSCs (Fig. 7E). To evaluate, if during the 

starvation period autophagy/lipophagy was induced, we performed Western blot analyses 

with antibodies specific against autophagy markers ATG7, p62, as well as LC-3B. At all 

time points, band intensities for the marker proteins ATG7, p62, and LC-3B II were higher 

in LAL-deficient as compared to WT HSCs (Fig. 7F). More importantly, band intensities of 

ATG7 and p62 were stronger in cell lysates of serum-starved cells as compared to “basal” or 

“loaded” cell preparations (Fig. 7F). These increased intensities were consistent with an 

induction of autophagy. Together, the observations that the amount of degraded RP was 

similar between WT and LAL-deficient HSCs and that both cell preparations showed 

induced autophagy, suggest that either LAL is not required for this process or that 

autophagy/lipophagy overall does not substantially contribute to RE breakdown.

4 Discussion

To date, the rate-limiting enzyme(s) in the breakdown of REs in HSCs is/are unknown. 

ATGL, PNPLA3, HSL, and LAL have been shown to be expressed in HSCs and to be 

capable of hydrolyzing REs [10,12,13,37,44,45]. The murine homologue of PNPLA3, 

however, does not exhibit RE hydrolase activity [13]. Thus, we used the human HSC cell-

line LX-2 (homozygous for the I148M variant [21]), primary human HSCs (carrying WT 

PNPLA3 alleles), and for comparison primary murine HSCs for cell culture experiments. 

Culturing of HSCs is known to induce activation per se, in particular when HSCs are 

cultured on plastic surfaces [46]. The human HSC cell-line LX-2 has been initially 

characterized to be similar to activated stellate cells [47]. The activation of the cultured 

primary HSCs is evident by the expression of α-SMA (Fig. 5B), a marker for stellate cell 

activation. In contrary, lipid loading (ROH + oleic acid) of LX-2 cells and primary HSCs in 

the pulse-chase experiments induced the formation of lipid droplets, the expression of bona 
fide lipid droplet protein adipophilin (ADRP, Fig. 7E), and the accumulation of REs (Suppl. 

Fig. 2B, Figs. 2C, 4B, and 7A), demonstrating that HSCs in our experiments had retained 

the ability to store REs, a typical feature of the quiescent, Lrat-expressing phenotype [48]. It 

is likely that incubation with ROH to some extent even reverted the activation status of our 

HSCs into a more quiescent state, since we also observed increased ADRP protein 

expression levels (Fig. 7E), which has been shown in the past to be inversely regulated to 

activation markers such as α-SMA, collagen, matrix metalloproteinase-2, or tissue inhibitor 

of metalloproteinase-1 [15,49,50]. Although we have not investigated the activation status of 

the HSCs in our experiments in detail (apart from α-SMA expression), culturing of HSCs 

will certainly lead to their activation. Thus, our results reflect the phenotypical features of 

activated and not quiescent HSCs and thus need to be interpreted as such.

In this study, we investigated the role of ATGL, PNPLA3, HSL, and LAL in the breakdown 

of REs of LX-2 cells and primary human HSCs using the small molecule inhibitors R-BEL 

(for ATGL and PNPLA3), 76-0079 (for HSL), Orlistat (for serine-hydrolases), and Lalistat2 

(for LAL). In vitro activity assays revealed that ATGL, PNPLA3, HSL, or other serine-

hydrolases contribute to a minor extent to in vitro neutral RE hydrolase activity of LX-2 

cells. In contrast, LAL apparently accounts for the majority of in vitro acid RE hydrolysis of 

LX-2 cells. In pulse-chase experiments, inhibition of ATGL, PNPLA3, HSL, or other serine-
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hydrolases, exerted little to no effect on RE degradation. In contrast, inhibition of LAL 

attenuated RE degradation in the serum-starvation/chase period of LX-2 cells as well as 

human primary HSCs. However, in similar experiments using primary murine HSCs with 

genetic deletion of LAL the cellular RE degradation was unaffected, indicating that LAL is 

not required for RE degradation under serum-starvation.

This study is largely based on the use of inhibitors, what imposes certain limitations of the 

data interpretation. We used the inhibitors 76-0079 and Lalistat2, which are suggested to be 

selective for HSL and LAL, respectively [35,51], while the inhibitors R-BEL and Orlistat 

lack selectivity. R-BEL has been initially developed as calcium-independent phospholipase 

A2 inhibitor [52] but has later been found to also inhibit human ATGL and PNPLA3 at low 

μM concentrations [33]. Orlistat, an irreversible inhibitor developed for pancreatic and 

gastric lipase [53], is nowadays used as more general lipase inhibitor, known to inhibit many 

lipases including ATGL and HSL [30].

From the effects of the inhibitors we can deduce the following conclusions: (i) The 

observations that R-BEL neither inhibited in vitro RE hydrolase activity nor RE degradation 

of LX-2 cells and exerted a small effect (25% reduction) on RE degradation of primary 

human HSCs, indicate that ATGL and PNPLA3 contribute little to RE hydrolase activity or 

cellular RE degradation of human HSCs under serum-starvation. (ii) A minor contribution of 

HSL for in vitro RE hydrolase activity of LX-2 cells was apparent by using the inhibitor 

76-0079, but the same inhibitor exerted no significant effect in pulse-chase experiments. 

Similarly, also Orlistat inhibited in vitro RE hydrolase activity of LX-2 cells but not RE 

degradation under serum-starvation. These data together indicate that the enzyme(s) limiting 

for RE hydrolysis of LX-2 cells is/are not inhibited by Orlistat. Furthermore, since Orlistat is 

known to inhibit ATGL and HSL activity, these enzymes even in combination do not govern 

RE breakdown of LX-2 cells. (iii) The pronounced inhibitory effect of Lalistat2 on in vitro 
RE hydrolase activity of LX-2 cells as well as on cellular RE loss under serum-starvation 

indicates that LAL is the major acid RE hydrolase in LX-2 cells, affecting RE homeostasis 

in these cells. However, the observation that primary murine HSCs, deficient in LAL 

expression, show comparable RE loss under serum-starvation, suggests that compensatory 

mechanisms have adopted for LAL-deficiency.

It has to be pointed out that the study was designed to investigate serum-starvation induced 

RE hydrolysis of cultured human HSCs. PNPLA3 is known to be downregulated upon 

fasting (in that PNPLA3 is inversely regulated to ATGL [16,17]) and also in our pulse-chase 

experiments PNPLA3 expression was reduced (Fig. 2B). Thus, the employed experimental 

setting was inappropriate for investigating the role of PNPLA3 in retinoid metabolism of 

HSCs. This even more, since we did not add inhibitors during the pulse period, which might 

have increased RE accumulation when PNPLA3 was inhibited. Furthermore, LX-2 cells are 

homozygous for the PNPLA3 I148M variant, which is catalytically less active [11]. To 

circumvent this instance, we have also performed similar pulse-chase experiments with 

primary human HSCs carrying WT PNPLA3 alleles. In this experiment we observed a 25% 

attenuation of RE degradation in the presence of R-BEL after serumstarvation (Fig. 2G).
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Since R-BEL inhibits both ATGL and PNPLA3, we conclude that these two enzymes, 

irrespective of the relative contribution, are not limiting for RE hydrolysis under serum-

starvation. Hence, even if all inhibitory effect would be fully attributed to one of the 

enzymes, any of these is apparently essential for RE degradation under serum-starvation. 

However, these results do not rule out that under normo-physiological conditions PNPLA3 

might play a role in RE homeostasis of the liver.

In the past, the role of ATGL in RE degradation has been studied in primary murine HSCs 

by Taschler et al. [13]. In agreement with our study, they observed in in vitro hydrolase 

activity assays using WT and ATGL-ko non-parenchymal cell preparations (containing the 

HSC fraction) that ATGL contributes to in vitro RE hydrolase activity of HSCs. In their 

study, prolonged inhibition of ATGL in primary WT HSCs with the small molecule inhibitor 

Atglistatin® led to an accumulation of cellular RE content. Furthermore, primary ATGL-

deficient HSCs showed attenuated RE degradation under serum-starvation. In the present 

study, we used R-BEL to inhibit human ATGL as the ATGL-specific inhibitor Atglistatin® 

has not been found to inhibit human ATGL [30]. Interestingly, in pulse-chase experiments 

with LX-2 cells, we observed no effect of R-BEL on cellular RE degradation upon serum-

starvation. A possible explanation for this seeming discrepancy with attenuated RE loss of 

ATGL-deficient primary murine HSCs, as reported by Taschler et al. [13] could be that 

ATGL-deficient HSCs “chronically” lack ATGL activity and as a consequence exhibit much 

higher cellular RE and, importantly, TG levels. TG is known to compete as substrate for RE 

hydrolysis [13], a mechanism expected to slow down RE hydrolysis. In our study, we 

inhibited ATGL “acutely” during the serum-starvation period, so that lipid loading of LX-2 

cells was not affected, and cells contained similar cellular RE/TG contents at the start of the 

serum-starvation period. Interestingly, Tuohetahuntila et al. [44] reported that primary, 

ATGL-deficient HSCs showed same loss of cellular REs as WT HSCs during a culture 

period after isolation, also arguing for a non-limiting role of ATGL in RE hydrolysis. In 

accordance with this view, ATGL-deficient mice do not exhibit alterations in circulating 

ROH or hepatic RE content [13].

HSL-ko mice exhibit manifold increased RE content in white adipose tissue, clearly 

demonstrating a rate-limiting role in RE hydrolysis [12,13]. In liver, however, HSL has been 

thought for some time not to be expressed [54]. One report on a limiting role of HSL in 

hepatic cholesteryl ester hydrolysis [55] demonstrated that HSL is expressed in liver where it 

plays a functional role. More recently, liver HSL expression was shown to be higher in 

parenchymal cells than in stellate cells [14,55]. While HSL expression has been 

demonstrated in human LX-2 and primary rat HSCs [37], no expression was detected in 

murine HSCs [22]. In our study, we could confirm the expression of HSL in LX-2 cells. 

Furthermore, employing an HSL-specific inhibitor, we observed minor inhibition of in vitro 
RE hydrolase activity and no effect on cellular RE degradation of LX-2 cells. Thus, our 

findings indicate that HSL is not limiting in RE metabolism of LX-2 cells. For comparison, 

Shajari et al. [37] recently reported that isoproterenol stimulation of primary rat HSCs 

induces HSL phosphorylation which was accompanied by decreased ORO staining and 

decreased vitamin A autofluorescence of cells. Authors concluded that HSL participates in 

RE hydrolysis of HSCs, what we could not confirm in our study. Furthermore, the study by 

Shajari et al. [37] reported that expression of HSL in HSCs is lost upon activation. This 
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observation is intriguing and may explain why under some conditions (e.g. activated HSCs 

with increased α-SMA expression), HSL expression may not be detectable. However, the 

phenotype of HSL-ko mice, which shows no alterations in hepatic RE content nor 

circulating ROH levels, even when fed a vitamin A-deficient diet [13], demonstrates that 

HSL is not limiting for RE hydrolysis in liver.

In this study we also examined the hypothesis that RE degradation of HSCs might be a 

redundant system [56] and several RE hydrolases act in concert in controlling RE 

hydrolysis. For this we used the unspecific serine-hydrolase/lipase inhibitor Orlistat. Orlistat 

has been shown in in vitro activity assays to inhibit human ATGL and HSL [30], carboxyl 

esterase 2 [57], as well as LAL [58,59] in the low and sub μM range, respectively. Thus, we 

expected that Orlistat might effectively inhibit in vitro RE hydrolase activity and/or cellular 

RE degradation. In fact, addition of Orlistat inhibited in vitro neutral RE hydrolase activity 

of LX-2 cell lysates to a degree comparable to the sum of the inhibitory effect of ATGL, 

PNPLA3, and HSL inhibition (i.e. R-BEL and 76-0079). However, still > 50% of neutral RE 

hydrolase activity was not inhibited by Orlistat and was only lost after heat inactivation (Fig. 

1C). The observation, however, that Orlistat exerted virtually no effect on cellular RE 

degradation under serum-starvation indicated that even the combined inhibition of ATGL, 

PNPLA3, and HSL as well as potentially other serine-hydrolases does not affect cellular RE 

levels under serum-starvation. This suggests that RE degradation of HSC LX-2 cells is under 

the control of (a) non-Orlistat-inhibitable hydrolase(s).

Several studies demonstrated a role of autolysosomal hydrolysis of lipid droplet-associated 

neutral lipids (=lipophagy) in HSCs [8,60–62]. In our study, we observed that the majority 

of acid RE hydrolase activity, measured in an, for LAL optimized, activity assay, can be 

attributed to LAL, since the presence of Lalistat2 almost completely abolished hydrolytic 

activity. This might be also caused by the activation of the HSCs, since autophagy and also 

LAL expression are known to be induced upon stellate cell activation [45,61]. Furthermore, 

acid in vitro RE hydrolase activity of LX-2 cells was stimulated by the presence of 

negatively charged phospholipids, a characteristic feature of LAL activity [42]. Comparable 

observations, that LAL is responsible for the majority of acid RE hydrolase activity, have 

been reported by Tuohe-tahuntila et al. [45] for rat primary HSCs. Furthermore, in our study, 

inhibition of LAL in pulse-chase experiments using LX-2 cells attenuated RE degradation. 

In contrast, in similar pulse-chase experiments using primary murine LAL-deficient HSCs, 

the loss of cellular RE content was not affected. For comparison, Tuohetahuntila et al. [45] 

observed that primary rat HSCs, cultured with delipidated serum and in the presence of 

Lalistat2 for seven days, were defective in degrading cellular REs as compared to control 

cells. These somewhat different outcomes of the Lalistat2 inhibitor experiments (of this 

study and Tuohetahuntila et al. [45]) in comparison to functional RE degradation of LAL-

deficient primary HSCs (of this study), questions whether under these different experimental 

conditions, lipid loading induced the formation of cytosolic lipid droplets and whether 

serum-starvation induced autophagosome formation? These questions arise since the lack of 

LAL activity is expected to associate with impaired lipophagy. Lipid loading of cells with 

defective lipophagy could therefore result in the accumulation of neutral lipids in 

autolysosomes (via lipophagy of cytosolic lipid droplets) rather than cytosolic lipid droplets. 

We and others [45] have investigated the formation of cytosolic lipid droplets by live-cell 
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imaging, the pre-existence of cytosolic lipid droplets and the increase of their number upon 

lipid loading. In our study, we further observed by Western blotting that after serum-

starvation, the protein levels of the bona fide lipid droplet marker protein perilipin 2/

adipophilin/ADRP [63] dropped below detection limit, indicating that cytosolic lipid 

droplets have been degraded. Furthermore, LAL-deficient HSCs per se showed more intense 

bands for ATG7, p62, and LC-3B II, which further increased upon serum-starvation, 

altogether indicative for increased autophagosomal content and induction of autophagy. 

Together, these observations indicate that lipid loading of LAL-deficient primary HSCs 

induced cytosolic lipid droplet formation, which were degraded upon serum-starvation. 

Elevated marker proteins for autophagy are indicative for increased autophagosomal content 

but may not necessarily be indicative for increased autophagosomal activity. Thus, it is 

conclusive that despite defective autophagosomal neutral lipid processing, RE degradation 

upon serum-starvation does not require the activity of LAL. The contradicting observation in 

LX-2 cells, which showed attenuated cellular RE hydrolysis upon acute LAL inhibition 

under serum-starvation, may indicate species differences. Yet, chronic but not acute LAL-

deficiency may induce compensatory mechanisms, involving alternative lysosomal activities 

that at least in part facilitate RE degradation in lysosomes. Similar mechanisms have been 

suggested for lysosomal clearance of TGs [22]. Alternatively, the observation that Lalistat2 

treatment attenuates cellular RE degradation upon serum-starvation could be a consequence 

of unspecific inhibition of additional enzymes involved in RE hydrolysis.

Several studies have shown that the inhibition of autophagy in HSCs leads to a delay in 

stellate cell activation and the development of liver fibrosis, which is associated with the loss 

of neutral lipid stores [45,60,61]. Inhibition of autophagy, either pharmacologically or by 

atg5 or atg7 knockdown, induced increased TG content, increased number of lipid droplets, 

and increased ADRP protein levels [61]. Furthermore, a colocalization of lipid droplets and 

LC3-B was observed upon activation [60], suggesting that autophagy/lipohagy is induced in 

activated stellate cells and drives loss of lipid droplets. In our study on LAL-deficient HSCs, 

we observed increased RAB7 and LAMP1 protein content and positive staining with 

LysoTracker, which is consistent with defective lysosomal clearance. Increased cellular TG, 

RE, and total cholesterol contents are apparently consequences of this defect. These 

increased cellular neutral lipids are presumably contained in lysosomal particles and not 

accessible for further metabolization, even after serum-starvation.

The observation that primary HSCs of LAL-deficient mice contained increased neutral lipid 

content, including REs, is conflicting with the vitamin A phenotype of mice globally lacking 

LAL. These animals exert decreased hepatic RE levels, but rather increased hepatic TG 

levels [10,45]. This discrepancy, however, could be explained by the observation that livers 

of LAL-ko mice show increased stellate cell activation, which would induce a loss of 

cellular RE stores. This hypothesis appears plausible since humans suffering cholesteryl 

ester storage disease frequently show signs of liver fibrosis [64].

Collectively, results of this study suggest that in cultured human HSCs, as it can also be 

concluded from knockout-mouse models, ATGL, PNPLA3, HSL, nor LAL play a limiting 

role in RE degradation of HSCs. Apparently, the rate-limiting enzyme(s) is/are non-
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inhibitable by Orlistat. Future studies are required to unravel the identity of this/these 

enzyme(s).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments/grant support

This work was supported by the Leuchtturmprojekt/Flagship Project “Lipases and Lipid Signaling” (A.L., R.Z.), 
funded by BioTechMed-Graz, Austria. Further support was received by the grants I3535 (A.L.), P31638 (U.T.), 
F7310-B21 (M.T.), and DK Molecular Enzymology FWF/W9 (R.Z.), funded by the Austrian Science Fund (FWF), 
Austria, and DOC fellowship 25049 (L.P.), funded by the Austrian Academy of Sciences (OEAW), Austria. 
Imaging was performed at the IMB-Graz Microscopy Core Facility. We acknowledge the support of the field of 
excellence BioHealth. We thank Dagmar Kratky (Gottfried Schatz Research Center for Cell Signaling, Metabolism 
and Aging, Molecular Biology) for sharing Lipatm1a(EUCOMM)Hmgu mice.

Abbreviations

ABHD5 α/β hydrolase domain-containing protein 5

ADRP adipose differentiation-related protein

α-SMA α-smooth muscle actin

ATG7 autophagy related 7

ATGL adipose triglyceride lipase

BSA bovine serum albumin

CARS coherent anti-Stokes Raman scattering

CGI-58 comparative gene identification-58

CHOL cholesterol

DMSO dimethyl sulfoxide

FA fatty acid

FCS fetal calf serum

FD fluorescence detection

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HPLC high-performance liquid chromatography

HSC hepatic stellate cell

HSL hormone-sensitive lipase

LAL lysosomal acid lipase

LAMP1 lysosomal-associated membrane protein 1
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LC-3B microtubule-associated protein 1B-light chain 3

LIPA lipase A = LAL

LIPE lipase E = HSL

ko knockout

NEFA non-esterified fatty acid

PC phosphatidylcholine

PI phosphatidylinositol

PMSF phenylmethylsulfonylfluoride

PNPLA2 patatin-like phospholipase domain-containing 2 = ATGL

PNPLA3 patatin-like phospholipase domain-containing 3

RAB7 ras-related protein 7

R-BEL (R)-Bromoenol lactone

RE retinyl ester

ROH retinol

RP retinyl palmitate

S.D. standard deviation

SMT SUMO-tag

TG triglyceride

WT wild-type

36B4 acidic ribosomal phosphoprotein P0
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Fig. 1. Neutral RE hydrolase activity of human HSC cell-line LX-2 is partially inhibited by 
Orlistat.
(A) Cell lysates of LX-2 cells (1000 × g supernatant) were incubated with RP (150 μM) as 

substrate for 1 h at 37 °C. Incubation mixtures contained either Orlistat (20 μM) or DMSO 

as control. Substrate was emulsified with PC (150 μM). Bis-Tris propane buffers of different 

pH were added to the mixture for adjusting different pH values as indicated. Retinoids were 

n-hexane extracted and ROH content was analyzed by HPLC-FD. (B) Isolated RNA was 

transcribed and gene expression of PNPLA2 (=ATGL), ABHD5 (=CGI-58), LIPE (=HSL), 

and PNPLA3 were determined by qPCR. Expression levels were calculated by the ΔΔCT 

method using 36B4 as housekeeping gene with PNPLA2 expression arbitrarily set to 1. (C) 

Protein expression of ATGL, CGI-58, HSL, and PNPLA3 in LX-2 cells was determined by 

Western blot analyses using specific antibodies. 1, 2, and 3 indicate independent cell lysate 

preparations of LX-2 cells. Anti-GAPDH antibody was used as loading control. (D) Cell 

lysates of LX-2 cells were incubated with RP as substrate (at pH 7.5) as described in A. 

Small molecule inhibitors were added to the mixtures as indicated: DMSO (= control), R-

BEL (20 μM), 76-0079 (20 μM), Orlistat (20 μM), and PMSF (1 mM). Additionally, cell 
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lysates were heat inactivated at 60 °C for 10 min. Data are shown as mean + S.D. and 

representative for three independent experiments (n = 3). Statistically significant differences 

were determined by Student's unpaired t-test (two-tailed; *, p < 0.05; **, p < 0.01; ***, p < 

0.001).
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Fig. 2. ATGL, PNPLA3, and HSL are not limiting for the breakdown of REs in human HSCs.
(A) Schematic presentation of pulse-chase experiment. (B–G) LX-2 or primary human HSCs 

were plated in 12-well or 24-well plates and cultured in DMEM containing 1% or 10% FCS 

for 24 h, respectively (= basal). Then, cells were incubated with DMEM containing 10% 

FCS, ROH (40 μM or 20 μM), and oleic acid (300 μM or 100 μM) for 24 h (= loaded). 

Media were changed to DMEM low glucose (1 g/l) containing 2% FA-free BSA for 8 h (= 

serum-starvation). Serum-starvation media contained small molecule inhibitors or solvent as 

indicated: DMSO (solvent control), R-BEL (20 μM), 76-0079 (20 μM), or Orlistat (20 μM). 
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(B) Protein expression levels of HSL, ATGL, and PNPLA3 in LX-2 cell lysates were 

determined by Western blot analyses using specific antibodies. Anti-GAPDH antibody was 

used as loading control. (C, E, G) Cellular lipids were extracted with n-hexane:2-propanol 

(3:2, v/v). (C, G) RP and (E) TG contents were determined by HPLC-FD and thin-layer 

chromatography, respectively. Band intensities corresponding to TG were quantitated by 

Bio-Rad Image Lab Software. (D) Serum-starvation media were n-hexane extracted and 

ROH content determined by HPLC-FD. (F) NEFA content of serum-starvation media was 

determined by commercial NEFA kit (Wako Chemicals). Cellular lipid contents were 

normalized to cell protein. Data are shown as mean + S.D. and representative for two to four 

independent experiments (n = 3–4). Statistically significant differences were compared to 

DMSO control and determined by Student's unpaired t-test (two-tailed; *, p < 0.05; **, p < 

0.01; ***, p < 0.001). n.d. = not detectable.
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Fig. 3. LAL accounts for the majority of acid RE hydrolase activity in human HSC cell-line 
LX-2.
(A) Cell lysates of LX-2 cells (1000 × g supernatant) were incubated with RP (150 μM) as 

substrate for 1 h. Substrates were emulsified with PC (150 μM) or PC:PI (3:1, M/M, 150 

μM) in potassium acetate buffer (50 mM, pH 4.5). (B) Cell lysates of LX-2 cells were 

incubated with RP and emulsified with PC:PI (3:1, M/M, 150 μM) as described in A. The 

incubation mixture contained either DMSO (solvent control) or Lalistat2 (20 μM). (C) Cell 

lysates of LX-2 cells, containing DMSO or Lalistat2, were incubated with RP emulsified 

with PC:PI (3:1, M/M) in potassium chloride buffer (50 mM). pH of incubation mixtures 
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was adjusted by addition of potassium acetate buffer of indicated pH. (A–C) Lipids were n-

hexane extracted and ROH content was determined by HPLC-FD. Data are mean + S.D. and 

representative for two independent experiments (n = 4). Statistically significant differences 

were determined by Student's unpaired t-test (two-tailed; ***, p < 0.001).
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Fig. 4. LAL-specific inhibitor Lalistat2 partially inhibits the breakdown of REs of human HSCs.
(A) Schematic presentation of pulse-chase experiment. (BeF) LX-2 or primary human HSCs 

were plated in 12-well or 24-well plates and cultivated in DMEM containing 1% or 10% 

FCS, respectively (= basal). The next day, cells were incubated with DMEM containing 10% 

FCS, ROH (40 μM or 20 μM), and oleic acid (300 μM or 100 μM) for 24 h (= loaded). 

Subsequently, cells were incubated with DMEM (1 g glucose/l) containing 2% FA-free BSA 

for 8 h (= serum-starvation). Serum-starvation media contained DMSO (solvent control) or 

Lalistat2 (20 μM). (B, D, F) Cellular lipids were extracted with n-hexane:2-propanol (3:2, 

v/v). (B, F) RP and (D) TG contents were determined by HPLC-FD and thin-layer 

chromatography, respectively. Band intensities corresponding to TG were quantitated by 

Bio-Rad Image Lab Software. (C) Serum-starvation media were n-hexane extracted and 

ROH content was determined by HPLC-FD. (E) NEFA content of serum-starvation media 

was determined by commercial NEFA kit. Cellular lipid contents were normalized to cell 

protein. Data are shown as mean + S.D. and representative for two to four independent 

experiments (n = 3–4). Statistically significant differences were compared to DMSO control 
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and determined by Student's unpaired t-test (two-tailed; **, p < 0.01; ***, p < 0.001). n.d. = 

not detectable.
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Fig. 5. Primary HSCs from LAL-deficient mice exhibit accumulation of lysosomes and REs.
Primary HSCs from WT and LAL-ko mice were isolated by collagenase digestion and 

cultivation for 14 days in ROH (5 μM) containing media. (A) Primary WT and LAL-ko 

HSCs were incubated with LysoTracker Red DND-99 for 45 min. Fluorescence of the 

LysoTracker dye was recorded by laser-scanning live cell imaging. Transmission images 

visualize cell structures. (B) Protein expression of lysosomal markers LAMP1 and RAB7, 

HSC activation marker α-SMA, and lipid droplet marker ADRP was determined by Western 

blotting. Liver lysate (1000 × g supernatant, of fasted mice) was used as control. (C-E) 
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Neutral lipids of primary HSCs from WT and LAL-ko mice were extracted with n-hexane:2-

propanol (3:2, v/v). Dried lipids were dissolved (C) in methanol:toluene (1:1, v/v) and RP 

levels were determined by HPLC-FD analysis, or (D, E) in 0.1% Triton X-100 and TG and 

total CHOL content were determined by commercial triglyceride™ infinity (Thermo Fisher 

Scientific) and CHOD-PAP kit (Roche Applied Science), respectively. (F, G) Cell lysates 

(1000 × g supernatant) of WT and LAL-ko primary HSCs were incubated with RP (150 μM) 

as substrate for 1 h. (F) Substrate was emulsified with PC:PI (3:1, M/M, 150 μM) in sodium 

acetate buffer (100 mM, pH 4.5). The incubation mixture contained Lalistat2 (10 μM) or 

DMSO (solvent control). (G) Substrate was emulsified with PC (150 μM) in potassium 

phosphate buffer (100 mM, pH 7.5). The incubation mixture contained Ai (10 μM), 76-0079 

(10 μM), Orlistat (10 μM), or DMSO (solvent control). Lipids were n-hexane extracted and 

ROH content was determined by HPLC-FD. (H) Protein expression of HSL and ATGL was 

determined by Western blotting using specific antibodies. Coomassie stain (CS) was used as 

loading control. Data are mean + S.D. and are representative for three independent 

experiments (n = 3). Statistically significant differences were compared to WT HSCs and 

determined by Student's unpaired t-test (two-tailed; *, p < 0.05; **, p < 0.01; ***, p < 

0.001). n.d. = not detectable.
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Fig. 6. Neutral lipid stores of primary murine WT and LAL-ko HSCs are increased upon lipid 
loading.
Primary murine WT and LAL-deficient HSCs (= LAL-ko) were isolated by selective 

detachment for 14 days in DMEM containing 10% FCS and ROH (5 μM). Cells were plated 

in 8-well chamber slides. The next day, media were changed to DMEM containing 10% FCS 

(= basal) or DMEM containing 10% FCS, ROH (20 μM), and oleic acid (100 μM) (= 

loaded). Cells were further incubated overnight. Images of CARS signal (Ex. 816.7 nm + 

1064 nm) and autofluorescence (Ex. 816.7 nm) were recorded and merged. Insets depict 
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selected areas of the images. Transmissions images visualize cell structures. Scale bar = 5 

μm.
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Fig. 7. LAL-deficient murine HSCs lose RE stores under serum-starvation.
Primary HSCs were isolated from WT and LAL-ko mice by collagenase digestion and 

cultivation for 14 days in DMEM media containing 10% FCS and ROH (5 μM). (A–F) 

HSCs were plated in 6-well plates and cultivated in DMEM containing 10% FCS (= basal). 

The next day, cells were incubated with DMEM, containing 10% FCS, ROH (20 μM), and 

oleic acid (100 μM) for 24 h (loading period). Media were changed to DMEM low glucose 

(1 g/l) supplemented with 2% FA-free BSA for 8 h (serum-starvation period). (A) Lipids 

were extracted with n-hexane:2-propanol (3:2, v/v) and RP content was determined by 
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HPLC-FD. (C) Lipid extracts were separated by thin-layer chromatography. Band intensities 

corresponding to TG were quantitated by Bio-Rad Image Lab Software and normalized to 

mg cell protein. (B, D) Amount of degraded RP and TG were calculated by subtracting the 

amounts after “serum-starvation” from that of “loaded” cells. (E, F) Protein expressions of 

the lipid droplet marker ADRP (E) and autophagy markers ATG7, p62, and LC-3 I and II (F) 

were analyzed by Western blot analyses. (H) Schematic presentation of pulse-chase 

experiment. Data are mean + S.D. and representative for three independent experiments (n = 

3). Statistically significant differences were determined by Student's unpaired t-test (two-

tailed; **, p < 0.01; ***, p < 0.001). n.d. = not detectable.
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