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ABSTRACT 

Hepatic stellate cells (HSC) store vitamin A as retinyl esters and control circulating 

retinol levels. Upon liver injury, quiescent (q)HSC lose their vitamin A and 

transdifferentiate to myofibroblasts, e.g. activated (a)HSC, that promote fibrosis by 

producing excessive extracellular matrix. Adipose triglyceride lipase/patatin-like 

phospholipase domain-containing protein 2 (ATGL/PNPLA2) and adiponutrin 

(ADPN/PNPLA3) have so far been shown to mobilize retinol from retinyl esters in 

HSC. Here, we studied the putative role of hormone-sensitive lipase (HSL/LIPE) in 

HSC, as it is the major retinyl ester hydrolase (REH) in adipose tissue. 

Lipe/HSL expression was analyzed in rat liver and primary human and rat qHSC and 

culture-activated aHSC. Retinyl hydrolysis was analyzed after Isoproterenol-mediated  

phosphorylation/activation of HSL. 

Primary human HSC contain 2.5-fold higher LIPE mRNA levels compared to 

hepatocytes. Healthy rat liver contains significant mRNA and protein levels of 

HSL/Lipe, which predominates in qHSC and cells of the portal tree. Q-PCR 

comparison indicates that Lipe mRNA levels in qHSC are dominant over Pnpla2 and 

Pnpla3. HSL is mostly phosphorylated/activated in qHSC and partly colocalizes with 

vitamin A-containing lipid droplets. Lipe/HSL and Pnpla3 expression is rapidly lost 

during HSC culture-activation, while Pnpla2 expression is maintained. HSL super-

activation by isoproterenol accelerates loss of lipid droplets and retinyl palmitate from 

HSC, which coincided with a small, but significant reduction in HSC proliferation and 

suppression of Collagen1A1 mRNA and protein levels.  

In conclusion, HSL participates in vitamin A metabolism in qHSC. Equivalent 

activities of ATGL and ADPN provide the healthy liver with multiple routes to control 

circulating retinol levels. 

  



Chapter 3  

 

77 
 

3.1. INTRODUCTION 

Vitamin A is an essential nutrient important for many physiological functions, 

including vision, embryogenesis, reproduction, cell differentiation and immune 

regulation [1]. Animals and humans need to acquire vitamin A from the diet. 

Carotenes in fruits and vegetables and retinyl esters in meat, fish, eggs and milk are 

important sources of vitamin A. The liver is the main storage site for vitamin A and 

controls stable circulating levels of retinol to supply peripheral tissues with vitamin A 

[1,2]. 

Dietary carotenes are converted in the intestinal epithelium to retinyl esters and 

together with animal-originated retinyl esters packed in chylomicrons and transported 

to the circulation [3]. Chylomicron remnants still contain most of the vitamin A content 

and are taken up by hepatocytes in the liver. Retinyl esters are hydrolyzed to retinol, 

which subsequently is exported from the hepatocyte to the circulation bound to retinol 

binding protein 4 (RBP4). For storage in the liver, retinol is taken up by hepatic 

stellate cells (HSC) that convert it back to retinyl esters and store it in large 

cytoplasmic lipid droplets that also contain cholesterol, cholesterol esters, and 

phospholipids [4,5]. Controlled hydrolysis of retinyl esters to retinol in HSC is believed 

to maintain stable circulating retinol levels in blood around 2 µmol/L in humans (1-1.5 

µmol/L in rodents) [5,6]. Liver injury leads to activation of HSC, which 

transdifferentiate to migratory and proliferative myofibroblasts that produce matrix 

proteins to promote wound healing. In chronic liver disease, this often leads to scar 

tissue formation and fibrosis. Importantly, HSC rapidly lose their vitamin A stores in 

the differentiation process and many chronic liver diseases are associated with 

vitamin A deficiency as a consequence. 

The vitamin A pool in HSC is a resultant of enzymes that esterify retinol and enzymes 

that hydrolyse retinyl esters. Lecithin retinol acyltransferase (LRAT) and acyl-

CoA:diacylglycerol acyltransferase 1 (DGAT1) are the main enzymes involved in 

retinol esterification [7,8]. LRAT appears to be the most relevant retinol esterase in 

the liver as its absence leads to severe depletion of hepatic vitamin A pools [7]. In 

line, LRAT expression is rapidly lost in transdifferentiating HSC. Retinyl ester 

hydrolases (REH) in HSC include adipose triglyceride lipase/patatin-like 

phospholipase domain containing 2 (ATGL/PNPLA2) and adiponutrin 

(ADPN/PNPLA3) [9–12]. A single nucleotide polymorphism (SNP) in the PNPLA3 

gene (PNPLA3-I148M), the most prominent genetic risk factor associated with non-



HSL hydrolyzes retinyl esters in qHSC 

 

78 
 

alcoholic liver disease (NAFLD), leads to accumulation of retinyl esters in the liver in 

conjunction with reduced serum retinol levels. Atgl-/- mice, on the other hand, contain 

normal hepatic vitamin A levels suggesting that redundancy in HSC-associated REH 

activity likely exists. Besides the earlier-mentioned retinyl esterases, hormone-

sensitive lipase (HSL/LIPE) is also expressed in the liver and harbors retinyl ester 

hydrolase activity [13,14]. A role of HSL in vitamin A metabolism is so far, however, 

only established in adipose tissue [14,15].  Adipose tissue contains the largest 

extrahepatic store of vitamin A accounting for up to 15-20% of the total body pool 

[16]. REH activity is absent in adipose tissue of Hsl/Lipe-/- mice and accompanied by 

a strong increase in retinyl esters and reduction in retinol in this tissue [14]. Hepatic 

HSL activity has been assigned to hepatocytes where its major substrates are 

cholesteryl esters [13], while hepatic retinyl ester levels are normal in Hsl/Lipe-/- 

mice, like in the Atgl-/- mice [15]. Moreover, Lipe mRNA was reported to be absent in 

freshly-isolated, as well as culture-activated rat HSC [17]. These findings lead to the 

general assumption that HSL is not involved in hepatic vitamin A metabolism. 

Here, we re-evaluated the cell-type specific expression of hepatic HSL in rat and 

human. We found that HSL is expressed in quiescent rat and human HSC and is 

rapidly lost when HSC transdifferentiate to myofibroblasts. HSL partly colocalizes 

with HSC lipid droplets and pharmacological activation of HSL promotes retinyl ester 

loss from HSC, concomitant with lipid droplet loss. These data support a role for HSL 

in hepatic vitamin A metabolism, particularly in the healthy liver. 

3.2. MATERIALS AND METHODS 

3.2.1. Animals 

Specified pathogen-free male Wistar rats (350-400 g; Charles River Laboratories 

Inc., Wilmington, MA, USA) were housed under standard laboratory conditions with 

free access to standard laboratory chow and water. All experiments were carried out 

according to the Dutch law on the welfare of laboratory animals and guidelines of the 

ethics committee of University of Groningen for care and use of laboratory animals. 

3.2.2. Hepatic stellate cell isolation and culture 

Primary rat hepatic stellate cells were isolated after pronase (Merck; Amsterdam, The 

Netherlands) and collagenase-P (Roche; Almere, The Netherlands) perfusion of the 

liver, followed by Nycodenz (Axis-Shield POC; Oslo, Norway) density gradient 
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centrifugation, as described previously [18]. HSC were cultured in Iscove’s Modified 

Dulbecco’s Medium (IMDM) with Glutamax (GibcoTM by Life technologies, 

Thermofisher Scientific, Bleiswijk, The Netherlands) supplemented with 20% heat-

inactivated fetal calf serum (FCS), 1 mmol/L sodium-pyruvate, 1× MEM non-essential 

amino acids, 50 µg/mL gentamycin, 100 U/mL Antibiotic-Antimycotic (all GibcoTM) in 

a humidified incubator at 37°C with 5% CO2. After 7 to 10 days of culture-activation 

cells were harvested for the experiments. 

3.2.3. Fluorescence-Activated Cell Sorting 

Following Nycodenz gradient purification, freshly-isolated qHSC were further purified 

by Side Scatter-Activated Cell Sorting as described before [19] using MoFlo™ XDP 

(Beckman Coulter, Woerden, The Netherlands). Briefly, two cell populations were 

sorted with high side scatter (SSC), one with low forward scatter (FSC; R1) and one 

with high FSC (R2) (Supplementary Figure S1A). R1 cells were highly pure (>98% 

based on vitamin A autofluorescence) single cell HSC. R2 represents clusters of cells 

containing HSC together with Kupffer cells and/or endothelial cells (Supplementary 

Figure S1B). The R1 population was used as highly purified fractions of primary 

quiescent HSC. 

3.2.4. Hepatocyte isolation and culture 

Primary rat hepatocytes were isolated by collagenase (Sigma Aldrich, The 

Netherlands) perfusion as described before [20]. Cell viability was greater than 85% 

as determined by Trypan Blue (Sigma Aldrich). Hepatocytes were cultured on 

collagen-coated plates in William’s E medium (GibcoTM) supplemented with 10% 

FCS, 50 µg/mL gentamycin and 100 U/mL penicillin/strep/amphotericin B. During the 

4 h of attachment, 50 nmol/L dexamethasone (Department of Pharmacy UMCG, 

Groningen, The Netherlands) was supplemented to the medium. Cells were 

harvested for analysis 4h or 24h after isolation. Cells were cultured in a humidified 

incubator at 37°C and 5% CO2. 

3.2.5. Portal myofibroblasts (PMF) isolation and culture 

Portal myofibroblasts (PMF) were isolated from the portal tree fraction obtained 

during the hepatocyte isolation as previously described [21]. Briefly, the portal tree 

was minced and incubated in a digestion solution containing collagenase, pronase, 

DNase (Roche, The Netherlands) and hyaluronidase (Sigma Aldrich, The 
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Netherlands) for 1 h at 37°C. PMF were cultured in IMDM medium supplemented 

supplemented with 20% heat-inactivated fetal calf serum (FCS), 1 mmol/L sodium-

pyruvate, 1× MEM non-essential amino acids, 50 µg/mL gentamycin, 100 U/mL 

Antibiotic-Antimycotic (all GibcoTM) in a humidified incubator at 37°C and 5% CO2 for 

7 days and harvested for analysis. 

3.2.6. Kupffer cell isolation 

Kupffer cells were isolated from the non-parenchymal cell fraction obtained during the 

hepatocyte isolation. Kupffer cells were purified using a Percoll density cushion at 

1800 g for 15 min at 4°C, as previously described [22]. Kupffer cells were allowed to 

adhere in culture plates at 37°C for 30 min in Mg2+- and Ca2+-containing HBSS 

(GibcoTM) supplemented with 10% FCS. Next, remaining hepatocytes were washed 

away and attached Kupffer cells were further cultured for 24 h in RPMI (GibcoTM) 

supplemented with 10% FCS and Antibiotic-Antimycotic (GibcoTM) (100 U/mL) and 

harvested after 24 h for analysis. 

3.2.7. Tissue specimens 

Rat adipose tissue, portal tree and liver specimens were harvested and snap-frozen 

in liquid nitrogen and stored at -80°C for further use. The frozen tissue was crushed 

and dissolved in Tri-reagent (Sigma-Aldrich) for RNA isolation and qPCR analyses. 

3.2.8. The human hepatic stellate cell line (LX-2) 

LX-2 cells were kindly provided by Scott Friedman [23]. Cells were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) (GibcoTM) supplemented with 10% FCS 

and Antibiotic-Antimycotic (GibcoTM) (100 U/mL). 

3.2.9. Isolation and culture of primary human hepatocytes and HSC. 

Freshly-isolated primary human hepatocytes and HSC were isolated from 

macroscopically normal liver specimens obtained from fresh tumor resections by an 

“all-in-one” liver cell purification procedure as described previously [24]. Primary 

human hepatocytes were harvested after 3 day in vitro culturing. Cultured primary 

human HSC were harvested approximately 5 days after isolation when they show an 

intermediate phenotype between quiescent (vitamin A storage) and activation 

(collagen production) [24]. 

3.2.10. Quantitative real-time reverse transcription polymerase chain reaction  
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Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

was performed as previously described [25]. Shortly, total RNA was isolated from 

tissue samples using TRIzol® reagent according to supplier’s instruction 

(ThermoFisher Scientific, The Netherlands). RNA quality and quantity were 

determined using a Nanodrop 2000c UV-vis spectrophotometer (Thermo Fisher 

Scientific). cDNA was synthesized from 2.5 µg RNA using random nonamers and M-

MLV reverse transcriptase (Invitrogen, USA). Taqman primers and probes were 

designed using Primer Express 3.0.1 and are shown in Supplementary Table S1. All 

target genes were amplified using the Q-PCR core kit master mix (Eurogentec, The 

Netherlands) on a 7900HT Fast Real-Time PCR system (Applied Biosystems 

Europe, The Netherlands). SDSV2.4.1 (Applied Biosystems Europe, The 

Netherlands) software was used to analyze the data. Expression of genes is 

presented in 2-delta CT and normalized to 18S. 

3.2.11. Western blot analysis 

Protein samples were prepared for Western blot analysis as described previously 

[26]. Protein concentrations were quantified using the Bio-Rad protein assay (Bio-

Rad, Hercules, CA, USA) with bovine serum albumin (BSA) as a standard. Equal 

amounts of protein (5-20 µg) were separated on Mini-PROTEAN® TGX™ precast 4-

15% gradient gels (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose 

membranes using the Trans-Blot Turbo transfer system, (Bio-Rad). Primary 

antibodies (against HSL, pHSL, αSMA, Collagen1A1, LRAT, GAPDH and PEX-14; 

details and dilutions are listed in Supplementary Table S2) and appropriate 

horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2,000; P0448, 

DAKO) were used for detection. Proteins were detected using the Pierce ECL 

Western blotting kit (Thermo Scientific). Images were captured using the chemidoc 

XRS system and Image Lab version 3.0 (Bio-Rad). The intensity of bands was 

quantified using ImageJ version 1.51 (NIH, USA). 

3.2.12. Real-time monitoring of cell proliferation 

The proliferation of freshly-isolated rat hepatic stellate cells was monitored for 5 days 

in presence or absence of Isoproterenol using Real Time Cell Analyzer (RTCA, 

xCELLigence RTCA DP, ACEA Biosciences, Inc.). Freshly-isolated rat qHSC were 

plated in E plates having interdigitated gold microelectrodes to constantly record cell 

proliferation, according to manufacturer’s instructions. Isoproterenol treatment was 
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started at 4 h after the attachment of cells. Results were recorded and analyzed by 

RTCA Software. 

3.2.13. Oil Red O Staining 

Rat HSC and LX-2 cells were seeded on coverslips and cultured for the indicated 

periods, after which they were fixed with 4% paraformaldehyde (Merck Millipore, The 

Netherlands). LX-2 cells were additionally exposed to BSA-conjugated oleic acid (0.1 

mmol/L; Sigma-Aldrich) for 24 h, as previously described [27]. HSC and LX-2 were 

treated with different concentrations (5, 10, 50 µmol/L) of Isoproterenol (Iso). 

Intracellular lipids were stained with Oil Red O solution (Sigma-Aldrich, The 

Netherlands) and Hematoxylin (Sigma-Aldrich) were stained the nuclei as described 

before [28]. Slides were scanned using a Nonozoomer 2.0HT (Hamamatsu 

Photonics, Hamamatsu, Japan) and analyzed with Aperio ImageScope (version 11.1, 

Leica Microsystems, Amsterdam, The Netherlands). 

3.2.14. Immunohistochemistry 

Immunohistochemistry for phosphorylated HSL (anti-pHSL; supplementary Table S2) 

was performed on paraffin-embedded rat liver sections as previously described [29]. 

Briefly, after deparaffinization antigen retrieval was performed by microwave 

irradiation in citrate buffer (10 mmol/L), pH 6.0 and blocking of endogenous 

peroxidase with 0.3% H2O2 for 30 min. After blocking (1% BSA for 30 min) tissue was 

incubated with polyclonal-rabbit-phospho-HSL (Ser660) primary antibody (1:50 

dilution in 1% BSA) overnight at 4°C in a humidity chamber. Horseradish peroxidase 

(HRP)-conjugated goat anti-rabbit antibodies (1:50; #170-6515, Bio-Rad) was used 

as secondary antibody. Slides were stained with ImmPact NovaRED Peroxidase 

(HRP) substrate (cat# SK-4805, Vector Laboratories, The Netherlands) for 

11 minutes, and Haematoxylin was used as a counter nuclear stain (2 min at RT). 

Finally, slides were dehydrated and mounted with Eukitt®, (Sigma-Aldrich). Slides 

were scanned using a nanozoomer 2.0 HT digital slide scanner (C9600-12, 

Hamamatsu Photonics, Hamamatsu, Japan) and analyzed with Aperio ImageScope 

(version 11.1, Leica Microsystems, Amsterdam, The Netherlands). 

 

3.2.15. Fluorescence microscopy 

Freshly isolated primary rat HSC or LX-2 were seeded in 12-well plates (1*105 

https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCwQFjAAahUKEwjPkMqc9a3IAhVJkywKHfwfDww&url=http%3A%2F%2Faperio-imagescope.software.informer.com%2F11.1%2F&usg=AFQjCNGMK5dEE_QFvfYKyDh82WRVjQ_B5g&sig2=A3HIS_VTzZuHzGBeHzdYJA&bvm=bv.104317490,d.bGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCwQFjAAahUKEwjPkMqc9a3IAhVJkywKHfwfDww&url=http%3A%2F%2Faperio-imagescope.software.informer.com%2F11.1%2F&usg=AFQjCNGMK5dEE_QFvfYKyDh82WRVjQ_B5g&sig2=A3HIS_VTzZuHzGBeHzdYJA&bvm=bv.104317490,d.bGg
https://www.google.nl/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCwQFjAAahUKEwjPkMqc9a3IAhVJkywKHfwfDww&url=http%3A%2F%2Faperio-imagescope.software.informer.com%2F11.1%2F&usg=AFQjCNGMK5dEE_QFvfYKyDh82WRVjQ_B5g&sig2=A3HIS_VTzZuHzGBeHzdYJA&bvm=bv.104317490,d.bGg
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cells/well) containing 18 mm glass coverslips and cultured for the indicated periods. 

Coverslips were washed with PBS three times, fixed with 4% PFA in PBS at room 

temperature (RT) for 10 minutes and permeabilized with 0.1% triton X-100 in PBS for 

10 minutes at RT. Non-specific antibody binding was blocked with 2% BSA in PBS 

for 30 min. After blocking, coverslips were incubated with anti-pHSL antibody (1:200, 

see supplementary Table S2) for 1 h at RT. Coverslips were then washed 3 times 

with blocking solution and incubated 30 min with secondary antibody (goat-anti-rabbit 

488, 1:500 in blocking solution) at RT and covered from light. Next, coverslips were 

washed 3 times and then mounted with VECTASHIELD Antifade Mounting Medium 

with DAPI (Vector Laboratories). Coverslips were air dried, sealed using nail polish, 

stored at 4°C and  covered from light until further use. Images were obtained using a 

Zeiss LSM 780 NLO two photon Confocal Laser Scan Microscope (Carl Zeiss, Jena, 

Germany). After double-photon simultaneous excitation, image was obtained for each 

fluorophore sequentially according to their individual unique emission spectra 

(emission of autofluoresce at 410 nm, DAPI at 460 nm, pHSL at 530 nm). Images 

were then processed and analyzed using ImageJ version 1.51 (NIH, Maryland, USA).  

3.2.16. Retinyl palmitate and retinol measurement 

Vitamin A content was analyzed by reverse phase HPLC as previously described 

[30]. Retinol and retinyl esters were extracted and deproteinized twice with n-hexane 

from tissue and serum with retinol acetate as the internal standard. Samples were 

diluted in 200 µL ethanol and 50 µL was injected for phase separation (150 x 3.0 mm 

of 5 µM column) and/or measurements (Photo Diode Array Detector at 325 nm) by 

HPLC. 

3.2.17. Statistical analysis 

Data is presented as Mean ± SEM by using the GraphPad Prism 7 software package 

(GraphPad Software, San Diego, CA, USA). Statistical significance was determined 

by the unpaired t-test. P-values ≤0.05*, ≤0.01**, ≤0.001*** were considered 

significant. 
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3.3. RESULTS 

First, we compared mRNA levels of Lipe (encoding HSL) in purified cell types from 

healthy rat livers and related it to its expression in adipose tissue (Figure 1A). Lipe 

mRNA levels were well-detectable in total rat liver, though were 38-fold lower 

compared to adipose tissue. Comparing purified hepatic cell fractions, the highest 

Lipe levels were found in freshly-isolated FACS-sorted quiescent hepatic stellate 

cells (qHSC; marker Lrat), with drastically lower levels in purified hepatocytes 

(marker: Abcb11), Kupffer cells (marker: CD68) and cultured portal myofibroblasts 

(marker: Acta2) (Figure 1A inset). In addition, high Lipe mRNA levels were detected 

in the portal tree fractions, that mainly contain cholangiocytes (marker: Slc10a2) and 

portal myofibroblasts. Primary human HSC also contained readily detectable mRNA 

levels of LIPE, which were significantly higher compared to primary human 

hepatocytes (Figure 1B). In contrast to quiescent HSC from rat liver, the purification 

protocol for human HSC included a short in vitro cultivation period, in which these 

cells show early signs of activation (COL1A1 and ACTA2), while a typical marker for 

quiescent HSC (LRAT) is still significantly detected. 
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A 

 
B 

Figure 1. Rat and human quiescent hepatic stellate cells express hormone sensitive 
lipase. (A) Quiescent hepatic stellate cells (qHSC), Kupffer cells (KC), Portal myofibroblasts 
(PMF), hepatocytes and the portal tree fraction were purified form healthy rat liver and mRNA 
levels of Lipe and cell type-specific marker genes (Lrat, Cd68, Acta2, Abcb11, Slc10a2, 
respectively) were quantified by Q-PCR and compared to whole liver and adipose tissue. 
Hepatic Lipe mRNA was most abundant in qHSC and in the portal tree that mostly consists of 
cholangiocytes. (The inset in the left panel shows a zoom of Lipe mRNA levels in rat qHSC, KC, 
PMF and hepatocytes). (B) Primary human HSC and hepatocytes were purified from healthy 
tissue in surgical resections. hHSC purification requires short in vitro culture to remove 
contaminating cells, resulting in co-expression of LRAT, COL1A1 and ACTA2. LIPE mRNA 
levels were 2.5-fold higher in the hHSC compared to purified human hepatocytes (expressing 
ALB). 
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An earlier study reported the absence of HSL/Lipe in (partially activated) rat HSC 

[17]. Therefore, we next studied whether culture-activation of rat HSC affects Lipe 

expression. Highly-pure FACS-sorted rat HSC were either processed directly (qHSC) 

or culture-activated for 7-10 days (aHSC). Lipe mRNA (Figure 2A) and HSL protein 

(Figure 2B) were readily detected in purified qHSC from healthy rat livers, but were 

strongly decreased –to undetectable levels- in culture-activated aHSC. A similar 

profile was observed for the qHSC marker Lrat/LRAT, while Acta2/αSMA showed the 

expected low levels in qHSC and a sharp increase in aHSC. In fact, HSL protein had 

already largely disappeared in 3-day cultured HSC (Supplementary Figure S2). 

Thus, HSL expression is rapidly lost during HSC transdifferentiation. 

 

Figure 2. HSL expression is lost during culture-activation of hepatic stellate cells. 
Freshly-isolated and FACS-purified rat HSC were either processed directly (qHSC) or culture-
activated for 7-10 days (aHSC) and Lipe mRNA and HSL protein levels were analyzed by Q-
PCR (A) and Western blotting (B), respectively. qHSC show high expression of Lipe/HSL and 
Lrat/LRAT which are lost in aHSC. Instead, aHSH show high expression of  Acta2/αSMA. 
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Two enzymes have been characterized to play a role in hydrolyzing retinyl esters in 

mouse and/or human HSC, e.g. ATGL/PNPLA2 and ADPN/PNPLA3 [9,10]. HSL 

could be a third enzyme involved in controlling hepatic vitamin A metabolism, as such 

role for HSL is already well-established in adipose tissue [14,31,32]. We next 

analyzed the relative abundance of mRNA levels of these 3 hydrolases in freshly-

isolated and purified qHSC from healthy rat liver and after culture-activation (Figure 

3). Quiescent HSC contained high mRNA levels of Lipe, with clearly lower levels of 

Atgl/Pnpla2 and even lower levels of Adpn/Pnpla3. Transcript levels of Lipe and 

Adpn/Pnpla3 were sharply decreased in aHSC (>100-fold and >10-fold, respectively), 

while Atgl/Pnpla2 mRNA levels were comparable between aHSC and qHSC. 

 

Figure 3. Quiescent hepatic stellate cells contain high Lipe mRNA levels in comparison 
to other retinyl ester hydrolase-encoding genes. Freshly-isolated and FACS-purified rat 
HSC were either processed directly (qHSC) or culture-activated for 7-10 days (aHSC) and the 
mRNA levels of three retinyl ester hydrolases, Lipe, Pnpla2 and Pnpla3 was quantified by q-
PCR qHSC contained high mRNA levels of Lipe, with lower levels of Atgl/Pnpla2 and even 
lower levels of Adpn/Pnpla3. Transcript levels of Lipe and Adpn/Pnpla3 sharply decreased with 
activation of HSC, while Atgl/Pnpla2 mRNA levels were similar in aHSC and qHSC.  

HSL enzyme activity is activated by phosphorylation (at serine 563, 565 and 660) and 

we next analyzed the presence of pHSL in rat liver tissue and purified qHSC by 

immunohistochemical staining (Figure 4). pHSL-specific staining was sparsely 

distributed throughout the liver parenchyma and detected in small cells located close 

to hepatocytes and sinusoids (Figure 4A), the typical location for qHSC. In addition, 

strong pHSL staining was detected in portal areas (Figure 4B), in line with the high 

Lipe mRNA levels detected in these cellular fractions (Figure 1). 

Immunofluorescence microscopy analysis of pHSL in purified rat qHSC revealed 
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pronounced cytoplasmic staining that partly co-localized with lipid droplets that 

showed strong vitamin A autofluorescence (Figure 4C). Together, these data 

indicate that HSL/Lipe is a prominent lipase/hydrolase in rat qHSC. 

 

Figure 4. Quiescent hepatic stellate cells in healthy liver contain phosphorylated, thus 
active, HSL. Paraffin-sections of healthy rat liver (A, B) and freshly-isolated quiescent hepatic 
stellate cells (qHSC; C) were stained for phosphorylated-HSL (pHSL) by immunohistochemistry 
and immunofluorescence microscopy, respectively. pHSL-specific staining was detected in 
small cells located close to hepatocytes and sinusoids, the typical location for qHSC (indicated 
by red arrows in A). Additional pHSL-specific staining was detected in the portal areas (yellow 
arrows in B). Freshly-isolated qHSC showed a pronounced cytoplasmic location of pHSL that 
partly co-localized with vitamin A-containing lipid droplets, as visualized by the autofluorescence 
of vitamin A (C). 
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HSL is best known for its hydrolase activity towards triglycerides and cholesteryl 

esters. This activity can be enhanced by isoproterenol (Iso) that stimulates HSL 

phosphorylation at serine 563, 565 and 660 [33–35]. Basel levels of pHSLS660 in LX-2 

cells (model for human stellate cells) were low, but Iso (5 µmol/L) quickly and 

strongly induced HSLS660 phosphorylation and promoted clearance of lipid droplets 

from LX-2 cells (Supplementary Figure S3A-C). LX-2 cells do not store retinyl 

esters, so a potential role of HSL in hydrolyzing retinyl palmitate was analyzed in 

primary rat HSC. In contrast to LX-2 cells, primary rat qHSC showed high basal 

levels of pHSL, which could be further induced by Iso in the early phase of culture-

activation of rat HSC (Figure 5A). Like in LX-2 cells, Iso dose-dependently 

accelerated lipid loss from primary rat HSC in the first 3 days of culture activation 

(Figure 5B, quantification in D: after 24 h with and without 50 µmol/L Iso), which was 

accompanied by a dose-dependent decrease in vitamin A-autofluorescence in HSC 

(Figure 5C, quantification in D: after 24 h with and without 50 µmol/L Iso). In line, Iso 

treatment (50 µmol/L) lead to a significant reduction in cellular retinyl palmitate levels 

in 1 day-cultured primary rat HSC, while cellular retinol levels were unchanged 

(Figure 5D). These data support a role for HSL in the hydrolysis of retinyl esters, as 

well as other esterified lipids in HSC. 
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Figure 5. Hormone-sensitive lipase activation promotes retinyl ester hydrolysis in HSC. 
Freshly-isolated rat qHSC were allowed to attach for 4 h and subsequently exposed to 
Isoproterenol (5 and 50 µmol/L) to enhance HSL phosphorylation and thus its enzyme activity. 
Untreated qHSL contain significant levels of phosphorylated HSL, which could be further 
increased by Isoproterenol treatment (A), total-HSL and GAPDH are included as controls.  

Isoproterenol treatment for 1 and 3 days dose-dependently accelerated lipid loss from primary 
rat qHSC  (as shown by oil red O (ORO) staining) (B), which was accompanied by a dose-
dependent decrease in vitamin A-autofluorescence (C). ORO staining, vitamin A-
autofluorescence and cellular retinyl palmitate and retinol levels were quantified after 24 h 
exposure with and without 24 h Isoproterenol (D). 
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As “super”-activation of HSL promoted retinoid loss from cultured rat HSC, we 

analyzed whether this may also affect the activation process of HSC. Freshly-isolated 

qHSC were seeded in a Real-Time Cell Analyzer (RCTA; xCELLigence) and after the 

initial 4h-attachment phase cells were treated with 0, 5, 10 and 50 µmol/L Iso (Figure 

6A). Iso treatment delayed the initial increase in cell index (reflecting cell stretching 

and/or proliferation) in the first 24 h of culture, after which the cell index increased 

with similar kinetics as the untreated HSC. A 3-day Iso treatment caused a small, but 

significant reduction in Collagen 1a1 levels already at 5 umol/L, both at mRNA and 

protein level, while only trends in lowering Acta2/aSma, Tgf-β and Lrat levels were 

detected at that concentration. (Figure 6B and C). 
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Figure 6. Super-activation of hormone-sensitive lipase reduces hepatic stellate cell 
proliferation and activation. Freshly-isolated rat qHSC were allowed to attached for 4 h and 
subsequently exposed to Isoproterenol (5, 10 and 50 µmol/L). Cell proliferation was monitored 
for 5 days in a Real-Time Cell Analyzer (RCTA; xCELLigence; A). Markers of HSC activation 
were quantified by Q-PCR after 3 days (B) and Western blotting after 30 min, 1 day and 3 days 
(C). Isoproterenol treatment delayed the initial increase in cell index (reflecting cell stretching 
and/or proliferation) in the first 24 h of culture, after which the cell index increased with similar 

kinetics as the untreated HSC (A). mRNA levels of Col1a1 and Tgf-β were significantly reduced 

after 3 days Isoproterenol treatment, while mRNA levels of Acta2, Timp-1 and Lrat were not 
affected (B). Protein levels of COL1A1 were reduced after 3 days of Isoproterenol treatment, 
while it did not change the aSMA protein level. 

Taken together, our data show that quiescent rat and human HSC contain significant 

amounts of (phosphorylated, thus active) HSL and promotes retinyl ester hydrolysis 

in these cells. HSL expression is rapidly lost during transdifferentiation of HSC and 

thus does not seem to play a role in vitamin A metabolism in aHSC. 
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3.4. DISCUSSION 

In this study, we show for the first time that hormone sensitive lipase (HSL) is 

expressed in human and rat quiescent hepatic stellate cells (qHSC) where it plays a 

role in retinyl ester hydrolysis. HSL is mostly present in it is active phosphorylated 

state and partly colocalizes with vitamin A-containing lipid droplets in qHSC. HSL 

expression is rapidly lost when HSC transdifferentiate to myofibroblasts. 

Pharmacological HSL super-activation accelerated retinyl ester loss from HSC and 

lead to transient suppression of HSC activation in vitro. Thus, HSL is a third retinyl 

ester hydrolase in HSC, where it controls vitamin A metabolism together with 

ATGL/PNPLA2 and ADPN/PNPLA3. 

The fact that HSL contains retinyl ester hydrolase activity is well-known from its role 

in adipose tissue [14], but it was deemed absent from HSC based on earlier studies 

[15,17]. The experimental data supporting this is, however, limited. When comparing 

mRNA levels of various carboxylesterase and lipase genes in different rat liver cell 

types, no significant mRNA levels of Lipe were detected in any of the cell types 

analyzed, e.g. hepatocytes, endothelial cells, Kupffer cells, qHSC and aHSC [17]. 

Still, HSL is present in the liver based on other studies [13]. Furthermore, Taschler et 

al.[15] only tested HSL protein expression in αSMA-positive aHSC of mice and found 

it to be absent, which is in line with our results with rat aHSC. It remains puzzling to 

us why no Lipe mRNA was detected in any of the rat hepatic cell types analyzed by 

others [17], in particular in the highly-pure fractions of qHSC, since mRNA levels of 

Lipe in rat qHSC appeared even dominant over Pnpla2 and Pnpla3 in our study. 

Moreover, Western blotting, immunohistochemical staining and immunofluorescence 

microscopy further confirmed that rat qHSC do express HSL and appears to be 

mostly in the activate phosphorylated state (pHSL). In addition, and for the first time, 

we also show that Lipe/HSL is expressed in primary human HSC, even more so than 

in human hepatocytes, as well as in the human HSC cell line LX-2. LX-2 cells have 

an intermediate transdifferentiation state and most of the HSL appears non-

phosphorylated. Upon pharmacological induction of phosphorylation (and activation) 

by Iso, pHSL immunefluoresce staining becomes apparent and shows a punctate 

staining pattern, indicative of co-localization with lipid droplets in LX-2 cells, similar as 

we observed in rat qHSC and as described earlier for pHSL in 3T3L1 adipocytes [36]. 

Iso treatment accelerated retinyl palmitate loss from rat HSC, implying a role of HSL 

in retinyl ester hydrolysis in these cells. 
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So far, 2 enzymes were implicated in retinyl ester hydrolysis in HSC, ATGL/PNPLA2 

and ADPN/PNPLA3, so HSL/LIPE is a third one. Whole body knock-out mice for 

either Pnpla2 or Lipe do not show altered levels of hepatic retinyl esters [15]. Pnpla3 

knockout mice have not been analyzed for hepatic retinyl ester content yet, but do 

not show global alterations in lipid homeostasis compared to wild type animals, either 

on chow or fatty liver-inducing diets [37,38]. This does not necessarily mean that 

vitamin A metabolism is not disturbed in these mice and thus requires a focused 

analysis of hepatic vitamin A metabolites in Pnpla3-/- mice. Still, it may very well be 

that like Pnpla2-/- and Lipe-/- mice also Pnpla3-/- mice may not have altered hepatic 

retinyl ester levels and that these genes can fully compensate each other for retinyl 

ester hydrolysis in HSC. Both Lipe and Pnpla3 expression are strongly suppressed 

during HSC transdifferentiation, while Pnpla2 levels remain stable. This is in line with 

earlier observations that pharmacological inhibition of ATGL (encoded by Pnpla2) 

leads to accumulation of retinyl esters in activated mouse HSC when exposed to 

retinol-containing media for 10 days in vitro, while this was not observed with HSL 

inhibitors [15]. Thus, while HSL, ATGL and ADPN have overlapping roles in retinyl 

ester hydrolysis in qHSC in the healthy liver, ATGL is probably the most important for 

retinyl ester hydrolysis in aHSC in the chronically injured liver. 

Notably, transcriptional regulation of both HSL/Lipe and ATGL/Pnpla2 is under 

control of PPARγ, which is a well-known marker for qHSC and is lost during 

transdifferentiation. Lipe mRNA levels follow Pparγ levels during HSC 

transdifferentiation [39,40], while Pnpla2 expression is not affected (our data). This 

indicates that undefined compensatory mechanisms exist to maintain Pnpla2 

expression in aHSC to secure retinyl ester hydrolase activity in aHSC.  

Our work may also have relevance to hepatic HSL functions beyond vitamin A 

metabolism. HSL is an intracellular neutral lipase that besides retinyl esters 

hydrolyses cholesterol esters, triglycerides, mono- and di-acylglycerol and other lipids 

[13]. Hepatic expression was most dominant in the portal tree fractions and purified 

qHSC, while much lower levels were observed in hepatocytes, both in rat and human 

liver cells.  

The physiological relevance of hepatic HSL is evident from the whole body Lipe-/- 

mouse that is characterized by exaggerated accumulation of cholesteryl esters in in 

vivo models of fatty liver disease [13,41]. Given our data, it will be interesting to 

analyze which cells in the liver actually accumulate cholesteryl esters in Lipe-/- mice. 
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Cells other than hepatocytes may very well be good candidates as hepatocyte-

specific deletion of Lipe did not replicate the fatty liver phenotype in mice [42]. While 

these authors concluded that HSL has little involvement in hepatic lipid metabolism, it 

may actually be other cell types than hepatocytes that play a crucial role here. It is 

therefore interesting to determine how much HSC contribute to the accumulation of 

cholesteryl esters in Lipe-/- mice. 

Taken together, our data show that HSL is a prominent retinyl ester hydrolase in 

quiescent rat and human HSC. Retinol release from HSC in the healthy liver is 

therefore a fine-tuned collaboration between HSL, ATGL/PNAPL2 and 

ADPN/PNPLA3 to maintain whole body vitamin A homeostasis. HSL expression in 

qHSC is significantly higher than in hepatocytes, which may point to a broader role of 

HSC-located HSL in hepatic lipid metabolism. Future work should take the cell type-

specific location of hepatic HSL into account when analyzing its role in lipid 

metabolism. 

  



HSL hydrolyzes retinyl esters in qHSC 

 

96 
 

REFERENCES 

[1] A. Cañete, E. Cano, R. Muñoz-Chápuli, R. Carmona, Role of Vitamin 
A/Retinoic Acid in Regulation of Embryonic and Adult Hematopoiesis, 
Nutrients. 9 (2017). doi:10.3390/nu9020159. 

[2] R. Blomhoff, H.K. Blomhoff, Overview of retinoid metabolism and function, J. 
Neurobiol. 66 (2006) 606–630. doi:10.1002/neu.20242. 

[3] E. Reboul, Absorption of vitamin A and carotenoids by the enterocyte: focus on 
transport proteins, Nutrients. 5 (2013) 3563–3581. doi:10.3390/nu5093563. 

[4] H. Senoo, Structure and function of hepatic stellate cells, Med. Electron 
Microsc. Off. J. Clin. Electron Microsc. Soc. Jpn. 37 (2004) 3–15. 
doi:10.1007/s00795-003-0230-3. 

[5] A. Saeed, M. Hoekstra, M.O. Hoeke, J. Heegsma, K.N. Faber, The 
interrelationship between bile acid and vitamin A homeostasis, Biochim. 
Biophys. Acta. 1862 (2017) 496–512. doi:10.1016/j.bbalip.2017.01.007. 

[6] R. Blomhoff, M.H. Green, T. Berg, K.R. Norum, Transport and storage of 
vitamin A, Science. 250 (1990) 399–404. 

[7] S.M. O’Byrne, N. Wongsiriroj, J. Libien, S. Vogel, I.J. Goldberg, W. Baehr, K. 
Palczewski, W.S. Blaner, Retinoid absorption and storage is impaired in mice 
lacking lecithin:retinol acyltransferase (LRAT), J. Biol. Chem. 280 (2005) 
35647–35657. doi:10.1074/jbc.M507924200. 

[8] M. Ajat, M. Molenaar, J.F.H.M. Brouwers, A.B. Vaandrager, M. Houweling, J.B. 
Helms, Hepatic stellate cells retain the capacity to synthesize retinyl esters and 
to store neutral lipids in small lipid droplets in the absence of LRAT, Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids. 1862 (2017) 176–187. 
doi:10.1016/j.bbalip.2016.10.013. 

[9] U. Taschler, R. Schreiber, C. Chitraju, G.F. Grabner, M. Romauch, H. 
Wolinski, G. Haemmerle, R. Breinbauer, R. Zechner, A. Lass, R. Zimmermann, 
Adipose triglyceride lipase is involved in the mobilization of triglyceride and 
retinoid stores of hepatic stellate cells, Biochim. Biophys. Acta BBA - Mol. Cell 
Biol. Lipids. 1851 (2015) 937–945. doi:10.1016/j.bbalip.2015.02.017. 

[10] C. Pirazzi, L. Valenti, B.M. Motta, P. Pingitore, K. Hedfalk, R.M. Mancina, M.A. 
Burza, C. Indiveri, Y. Ferro, T. Montalcini, C. Maglio, P. Dongiovanni, S. 
Fargion, R. Rametta, A. Pujia, L. Andersson, S. Ghosal, M. Levin, O. Wiklund, 
M. Iacovino, J. Borén, S. Romeo, PNPLA3 has retinyl-palmitate lipase activity 
in human hepatic stellate cells, Hum. Mol. Genet. 23 (2014) 4077–4085. 
doi:10.1093/hmg/ddu121. 

[11] T.O. Eichmann, L. Grumet, U. Taschler, J. Hartler, C. Heier, A. Woblistin, L. 
Pajed, M. Kollroser, G. Rechberger, G.G. Thallinger, R. Zechner, G. 
Haemmerle, R. Zimmermann, A. Lass, ATGL and CGI-58 are lipid droplet 
proteins of the hepatic stellate cell line HSC-T6, J. Lipid Res. 56 (2015) 1972–
1984. doi:10.1194/jlr.M062372. 

[12] M. Tuohetahuntila, M.R. Molenaar, B. Spee, J.F. Brouwers, M. Houweling, 
A.B. Vaandrager, J.B. Helms, ATGL and DGAT1 are involved in the turnover of 
newly synthesized triacylglycerols in hepatic stellate cells., J. Lipid Res. 
(2016). doi:10.1194/jlr.M066415. 

[13] M. Sekiya, J.-I. Osuga, N. Yahagi, H. Okazaki, Y. Tamura, M. Igarashi, S. 
Takase, K. Harada, S. Okazaki, Y. Iizuka, K. Ohashi, H. Yagyu, M. Okazaki, T. 
Gotoda, R. Nagai, T. Kadowaki, H. Shimano, N. Yamada, S. Ishibashi, 
Hormone-sensitive lipase is involved in hepatic cholesteryl ester hydrolysis., J. 
Lipid Res. 49 (2008) 1829–38. doi:10.1194/jlr.M800198-JLR200. 



Chapter 3  

 

97 
 

[14] K. Ström, T.E. Gundersen, O. Hansson, S. Lucas, C. Fernandez, R. Blomhoff, 
C. Holm, Hormone-sensitive lipase (HSL) is also a retinyl ester hydrolase: 
evidence from mice lacking HSL., FASEB J. Off. Publ. Fed. Am. Soc. Exp. 
Biol. 23 (2009) 2307–2316. doi:10.1096/fj.08-120923. 

[15] U. Taschler, R. Schreiber, C. Chitraju, G.F. Grabner, M. Romauch, H. 
Wolinski, G. Haemmerle, R. Breinbauer, R. Zechner, A. Lass, R. Zimmermann, 
Adipose triglyceride lipase is involved in the mobilization of triglyceride and 
retinoid stores of hepatic stellate cells, Biochim. Biophys. Acta. 1851 (2015) 
937–945. doi:10.1016/j.bbalip.2015.02.017. 

[16] C. Tsutsumi, M. Okuno, L. Tannous, R. Piantedosi, M. Allan, D.S. Goodman, 
W.S. Blaner, Retinoids and retinoid-binding protein expression in rat 
adipocytes., J. Biol. Chem. 267 (1992) 1805–1810. 

[17] T. Mello, A. Nakatsuka, S. Fears, W. Davis, H. Tsukamoto, W.F. Bosron, S.P. 
Sanghani, Expression of carboxylesterase and lipase genes in rat liver cell-
types, Biochem. Biophys. Res. Commun. 374 (2008) 460–464. 
doi:10.1016/j.bbrc.2008.07.024. 

[18] H.A.N. Moshace, A. Casini, S. Lieber, Acetaldehyde Selectively Stimulates 
Collagen Production in Cultured Rat Liver Fat-storing Cells but not in 
Hepatocytes, (n.d.) 511–518. 

[19] A. Geerts, T. Niki, K. Hellemans, D. De Craemer, K. Van Den Berg, J.M. 
Lazou, G. Stange, M. Van De Winkel, P. De Bleser, Purification of rat hepatic 
stellate cells by side scatter-activated cell sorting, Hepatol. Baltim. Md. 27 
(1998) 590–598. doi:10.1002/hep.510270238. 

[20] T.E. Woudenberg-Vrenken, M. Buist-Homan, L. Conde de la Rosa, K.N. Faber, 
H. Moshage, Anti-oxidants do not prevent bile acid-induced cell death in rat 
hepatocytes., Liver Int. Off. J. Int. Assoc. Study Liver. 30 (2010) 1511–21. 
doi:10.1111/j.1478-3231.2010.02325.x. 

[21] H. El Mourabit, E. Loeuillard, S. Lemoinne, A. Cadoret, C. Housset, Culture 
model of rat portal myofibroblasts, Front. Physiol. 7 (2016) 1–9. 
doi:10.3389/fphys.2016.00120. 

[22] O. Teufelhofer, W. Parzefall, E. Kainzbauer, F. Ferk, C. Freiler, S. 
Knasm??ller, L. Elbling, R. Thurman, R. Schulte-Hermann, Superoxide 
generation from Kupffer cells contributes to hepatocarcinogenesis: Studies on 
NADPH oxidase knockout mice, Carcinogenesis. 26 (2005) 319–329. 
doi:10.1093/carcin/bgh320. 

[23] L. Xu,  a Y. Hui, E. Albanis, M.J. Arthur, S.M. O’Byrne, W.S. Blaner, P. 
Mukherjee, S.L. Friedman, F.J. Eng, Human hepatic stellate cell lines, LX-1 
and LX-2: new tools for analysis of hepatic fibrosis., Gut. 54 (2005) 142–151. 
doi:10.1136/gut.2004.042127. 

[24] M. Werner, S. Driftmann, K. Kleinehr, G.M. Kaiser, Z. Mathé, J.W. Treckmann, 
A. Paul, K. Skibbe, J. Timm, A. Canbay, G. Gerken, J.F. Schlaak, R. Broering, 
All-in-one: Advanced preparation of human parenchymal and non-parenchymal 
liver cells, PLoS ONE. (2015). doi:10.1371/journal.pone.0138655. 

[25] H. Blokzijl, S. Vander Borght, L.I.H. Bok, L. Libbrecht, M. Geuken, F.A.J. van 
den Heuvel, G. Dijkstra, T.A.D. Roskams, H. Moshage, P.L.M. Jansen, K.N. 
Faber, Decreased P-glycoprotein (P-gp/MDR1) expression in inflamed human 
intestinal epithelium is independent of PXR protein levels, Inflamm. Bowel Dis. 
13 (2007) 710–720. doi:10.1002/ibd.20088. 

[26] A. Pellicoro, F.A.J. van den Heuvel, M. Geuken, H. Moshage, P.L.M. Jansen, 
K.N. Faber, Human and rat bile acid-CoA:amino acid N-acyltransferase are 



HSL hydrolyzes retinyl esters in qHSC 

 

98 
 

liver-specific peroxisomal enzymes: implications for intracellular bile salt 
transport, Hepatol. Baltim. Md. 45 (2007) 340–348. doi:10.1002/hep.21528. 

[27] Y.M. Song, S.-O. Song, Y.-K. Jung, E.-S. Kang, B.S. Cha, H.C. Lee, B.-W. 
Lee, Dimethyl sulfoxide reduces hepatocellular lipid accumulation through 
autophagy induction, Autophagy. 8 (2012) 1085–1097. 
doi:10.4161/auto.20260. 

[28] S. Shajari, A. Laliena, J. Heegsma, M.J. Tu????n, H. Moshage, K.N. Faber, 
Melatonin suppresses activation of hepatic stellate cells through ROR??-
mediated inhibition of 5-lipoxygenase, J. Pineal Res. 59 (2015) 391–404. 
doi:10.1111/jpi.12271. 

[29] M. Aparicio-Vergara, P.P.H. Hommelberg, M. Schreurs, N. Gruben, R. 
Stienstra, R. Shiri-Sverdlov, N.J. Kloosterhuis, A. de Bruin, B. van de Sluis, 
D.P.Y. Koonen, M.H. Hofker, Tumor necrosis factor receptor 1 gain-of-function 
mutation aggravates nonalcoholic fatty liver disease but does not cause insulin 
resistance in a murine model, Hepatol. Baltim. Md. 57 (2013) 566–576. 
doi:10.1002/hep.26046. 

[30] Z. Zaman, P. Fielden, P.G. Frost, Simultaneous determination of vitamins A 
and E and carotenoids in plasma by reversed-phase HPLC in elderly and 
younger subjects, Clin. Chem. 39 (1993) 2229–2234. 

[31] S. Wei, K. Lai, S. Patel, R. Piantedosi, H. Shen, V. Colantuoni, F.B. Kraemer, 
W.S. Blaner, Retinyl ester hydrolysis and retinol efflux from BFC-1beta 
adipocytes, J. Biol. Chem. 272 (1997) 14159–14165. 

[32] R. Zimmermann, J.G. Strauss, G. Haemmerle, G. Schoiswohl, R. Birner-
Gruenberger, M. Riederer, A. Lass, G. Neuberger, F. Eisenhaber, A. 
Hermetter, R. Zechner, Fat mobilization in adipose tissue is promoted by 
adipose triglyceride lipase., Science. 306 (2004) 1383–1386. 
doi:10.1126/science.1100747. 

[33] S. Kim, T. Tang, M. Abbott, J.A. Viscarra, Y. Wang, H.S. Sul, Lipase To 
Regulate Lipolysis and Fatty Acid Oxidation within, 36 (2016) 1961–1976. 
doi:10.1128/MCB.00244-16.Address. 

[34] S.M. Choi, D.F. Tucker, D.N. Gross, R.M. Easton, L.M. DiPilato, A.S. Dean, 
B.R. Monks, M.J. Birnbaum, Insulin regulates adipocyte lipolysis via an Akt-
independent signaling pathway., Mol. Cell. Biol. 30 (2010) 5009–5020. 
doi:10.1128/MCB.00797-10. 

[35] G.P.C. Martins, C.O. Souza, S. Marques, T.F. Luciano, B.L. DA Silva Pieri, 
J.C. Rosa, A.S.R. DA Silva, J.R. Pauli, D.E. Cintra, E.R. Ropelle, B. 
Rodrigues, F.S. DE Lira, C.T. DE Souza, Topiramate effects lipolysis in 3T3-L1 
adipocytes., Biomed. Rep. 3 (2015) 827–830. doi:10.3892/br.2015.514. 

[36] P.M. McDonough, R.S. Ingermanson, P.A. Loy, E.D. Koon, R. Whittaker, C.A. 
Laris, J.M. Hilton, J.B. Nicoll, B.M. Buehrer, J.H. Price, Quantification of 
hormone sensitive lipase phosphorylation and colocalization with lipid droplets 
in murine 3T3L1 and human subcutaneous adipocytes via automated digital 
microscopy and high-content analysis, Assay Drug Dev. Technol. 9 (2011) 
262–280. doi:10.1089/adt.2010.0302. 

[37] W. Chen, B. Chang, L. Li, L. Chan, Patatin-like phospholipase domain-
containing 3/adiponutrin deficiency in mice is not associated with fatty liver 
disease, Hepatol. Baltim. Md. 52 (2010) 1134–1142. doi:10.1002/hep.23812. 

[38] M.K. Basantani, M.T. Sitnick, L. Cai, D.S. Brenner, N.P. Gardner, J.Z. Li, G. 
Schoiswohl, K. Yang, M. Kumari, R.W. Gross, R. Zechner, E.E. Kershaw, 
Pnpla3/Adiponutrin deficiency in mice does not contribute to fatty liver disease 



Chapter 3  

 

99 
 

or metabolic syndrome, J. Lipid Res. 52 (2011) 318–329. 
doi:10.1194/jlr.M011205. 

[39] T. Deng, S. Shan, P.-P. Li, Z.-F. Shen, X.-P. Lu, J. Cheng, Z.-Q. Ning, 
Peroxisome proliferator-activated receptor-gamma transcriptionally up-
regulates hormone-sensitive lipase via the involvement of specificity protein-1, 
Endocrinology. 147 (2006) 875–884. doi:10.1210/en.2005-0623. 

[40] E.E. Kershaw, M. Schupp, H.-P. Guan, N.P. Gardner, M.A. Lazar, J.S. Flier, 
PPARgamma regulates adipose triglyceride lipase in adipocytes in vitro and in 
vivo, Am. J. Physiol. Endocrinol. Metab. 293 (2007) E1736-1745. 
doi:10.1152/ajpendo.00122.2007. 

[41] C. Fernandez, M. Lindholm, M. Krogh, S. Lucas, S. Larsson, P. Osmark, K. 
Berger, J. Borén, B. Fielding, K. Frayn, C. Holm, Disturbed cholesterol 
homeostasis in hormone-sensitive lipase-null mice, Am. J. Physiol. Endocrinol. 
Metab. 295 (2008) E820-831. doi:10.1152/ajpendo.90206.2008. 

[42] B. Xia, G.H. Cai, H. Yang, S.P. Wang, G.A. Mitchell, J.W. Wu, Adipose tissue 
deficiency of hormone-sensitive lipase causes fatty liver in mice, PLoS Genet. 
13 (2017) e1007110. doi:10.1371/journal.pgen.1007110. 

[43] M. Fransen, S.R. Terlecky, S. Subramani, Identification of a human PTS1 
receptor docking protein directly required for peroxisomal protein import, Proc. 
Natl. Acad. Sci. U. S. A. 95 (1998) 8087–8092. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



HSL hydrolyzes retinyl esters in qHSC 

 

100 
 

SUPPLEMENTARY FIGURES and TABLES 

 

Supplementary figure S1. Isolation of highly-pure rat hepatic stellate cells by side 
scatter-activated cell sorting. Following Nycodenz gradient purification, freshly-isolated qHSC 
were further purified by Side Scatter-Activated Cell Sorting as described before [19] using 
MoFlo™ XDP (Beckman Coulter, Woerden, The Netherlands). A) As described before, two cell 
populations were detected with high side scatter (SSC), one with low forward scatter (FSC; R1) 
and one with high FSC (R2). B) Highly pure single cell HSC in fraction R1 (red bars) were 
characterized by high Lrat mRNA levels and low Cd68 (marker for Kupffer cells) and Enos 
(marker for endothelial cells) mRNA levels. Cells from fraction R2 (green bars), still contains 
high mRNA levels of Cd68 and Enos, which suggests that the R2 cell fraction contain (clusters 
of HSC with) Kupffer and/or endothelial cells. 
Supplementary Figure S2. 
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Supplementary figure S2. HSL expression is rapidly lost during HSC differentiation.  
Freshly-isolated rat HSC were allowed to attach to culture disks for 4h and either harvested 
directly (D0) or cultured for 1, 3 or 7 days. Lipe mRNA levels were analyzed by Q-PCR (left 
panel) and HSL protein levels were analyzed by Western blotting (right panel). mRNA levels in 
qHSC were set to 1. Ponceau-S staining of total protein was included as loading control, while 
aSMA was analyzed to confirm activation of HSC. Lipe and HSL levels rapidly decreased upon 
culture-activation of HSC. 
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Supplementary figure S3. Isoproterenol treatment of human hepatic stellate cells (LX-2) 
induced HSL phosphorylation HSL activation and promotes lipid clearance. 
Basal levels of pHSL in LX-2 are low in human hepatic stellate cells (LX-2), which can be rapidly 
and strongly increased by Isoproterenol as shown by Western blotting (A) WB and 
immunofluorescence microscopy (B; pHSL is shown in green, dapi in blue). The secondary 
antibody control is shown for comparison. C) Oil red O (ORO) staining indicate that LX-2 
accumulated intracellular lipids in presence of Oleate (0.1 mmol/L), while Iso (5µmol/L, 
10µmol/L) decreased the intracellular lipid accumulation. 
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Supplementary Table S1: Primers and Probes for Real-time Quantitative PCR Analysis 

Gene Taqman primers and probes  

18S Fwd: 5'-CGGCTACCACATCCAAGGA-3' 
Rev: 5'-CCAATTACAGGGCCTCGAAA-3' 
Probe: 5'-CGCGCAAATTACCCACTCCCGA-3' 

Abcb11 Fwd: 5'-CCAAGCTGCCAAGGATGCTA-3' 
Rev: 5'-CCTTCTCCAACAAGGGTGTCA-3' 
Probe: 5'-CATTATGGCCCTGCCGCAGCA-3' 

Acta2 Fwd: 5’-GCCAGTCGCCATCAGGAAC-3’ 
Rev: 5’-CACACCAGAGCTGTGCTGTCTT-3’ 
Probe:-CTTCACACATAGCTGGAGCAGCTTCTCGA-3’ 

ACTA2 Fwd: 5'-GGGACGACATGGAAAAGATCTG-3' 
Rev: 5'-CAGGGTGGGATGCTCTTCA-3' 
Probe: 5'-CACTCTTTCTACAATGAGCTTCGTGTTGCCC-3' 

ALB Fwd: 5’-GCTGCCATGGAGATCTGCTT-3’ 
Rev: 5'-TTCCTTCAGTTTACTGGAGATCGAA-3’ 
Probe: 5'-CTTGGCAAGGTCCGCCCTGTCATC-3’ 

Cd68 Fwd: 5’-ACAGTGCCCATCCCCACTT-3’ 
Rev: 5'-GCTTGTGGGAAGGACACATTGT-3’ 
Probe: 5'-TTCAAACAGGACCGACATCAGAGCCAC-3’ 

Col1α1 Fwd: 5’-CGGCTCCTGCTCCTCTTAGG-3’ 
Rev: 5’-CTGACTTCAGGGATGTCTTCTTGG-3’ 
Probe: 5’-CCACTGCCCTCCTGACGCATGG-3’ 

COL1A1 Fwd: 5’-GGCCCAGAAGAACTGGTACATC-3’ 
Rev: 5'-CCGCCATACTCGAACTGGAA-3’ 
Probe: 5'-CCCCAAGGACAAGAGGCATGTCTG-3’ 

Lipe Fwd: 5’-GAGGCCTTTGAGATGCCACT-3’ 
Rev: 5’- AGATGAGCCTGGCTAGCACAG-3’ 
Probe: 5’-CCATCTCACCTCCCTTGGCACACAC-3’ 

LIPE Fwd: 5’-CTGCATAAGGGATGCTTCTATGG-3’ 
Rev: 5’-GCCTGTCTCGTTGCGTTTG-3’ 
Probe: CTGCCTGGGCTTCCAGTTCACGC-3’ 

Lpl Fwd: 5’-AAGGTCAGAGCCAAGAGAAGCA-3’ 
Rev: 5’-CCAGAAAAGTGAATCTTGACTTGGT-3’ 
Probe: 5’-CCTGAAGACTCGCTCTCAGATGCCCTACA-3’ 

Lrat Fwd: 5’-ACTGTGGAACAACTGCGAACAC-3’ 
Rev: 5’-AGGCCTGTGTAGATAATAGACACTAATCC-3’ 
Probe: 5'-AGGCCTGTGTAGATAATAGACACTAATCC-3’ 

LRAT Fwd: 5’-TGCGAGCACTTCGTGACCTA-3’ 
Rev: 5’-TTATCTTCACAGTCTCACAAAACTTGTC-3’ 
Probe: 5'-TGCAGATATGGCACCCCGATCAGTC-3’ 

Pnpla2 Fwd: 5'-AGCATCTGCCAGTATCTGGTGAT-3' 
Rev: 5'-CACCTGCTCAGACAGTCTGGAA-3' 
Probe: 5’-ATGGTCACCCAATTTCCTCTTGGCCC-3' 

Pnpla3 Fwd: 5'-GTAGCCACTGGATATCTTCATGGA-3' 
Rev: 5'-TCTTGCTGCCCTGCACTCT-3' 
Probe: 5’-CACCAGCCTGTGGACTGCAGCG-3' 

PPARγ Fwd: 5'-GATGTCTCATAATGCCATCAGGTT-3' 
Rev: 5'-GGATTCAGCTGGTCGATATCACT-3' 
Probe: 5’-CCAACAGCTTCTCCTTCTCGGCCTG-3' 

Slc10a2 Fwd: 5'-ACCACTTGCTCCACACTGCTT-3' 
Rev: 5'-CGTTCCTGAGTCAACCCACAT-3' 
Probe: 5’-CTTGGAATGATGCCCCTTTGCCTCT-3' 

Tgfβ Fwd: 5'-GGGCTACCATGCCAACTTCTG-3' 
Rev: 5'-GAGGGCAAGGACCTTGCTGTA-3' 
Probe: 5'-CCTGCCCCTACATTTGGAGCCTGGA-3' 
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Timp1 Fwd: 5'-GCAGGCAGTGATGTGCAAAT-3' 
Rev: 5'-ACCGCAGCGAGGAGTTTCT-3' 
Probe: 5'-CGTTCCTTAAACGGCCCGCGAT-3' 

 

Supplementary Table S2: Antibodies used for Immunofluorescence and Western blotting 

 
Antibody Dilution Catalog 

number 
Company 

Poly rabbit-anti HSL 1:1,000 4107 Cell Signaling Technology, Leiden, The 
Netherlands 

Poly rabbit-anti LRAT 1:2,000 28075 Sigma Aldrich, The Netherlands 

Mono mouse-anti 
GAPDH  

1:2,000 CB1001 Calbiochem, San Diego, CA, United States 

Mono mouse-anti 
αSMA 

1:2,000 A5228 Sigma-Aldrich, The Netherlands 

Poly-rabbit-phospho-
HSL (Ser660) 

1:1,000 4126 Cell Signaling Technology, The Netherlands 

Poly goat-anti 
Collagen type 1 

1:2,000 1310-
01 

Southern Biotech, The Netherlands 
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