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ROLE OF hEPATIC STELLATE CELLS IN LIvER FIBROSIS

Liver fibrosis

Liver fibrosis or scarring is characterized by the excessive accumulation of extracellular matrix 

(ECM) components, especially collagens, in response to chronic liver injury1,2. Liver fibrosis and 

liver cirrhosis are significant health problems with high worldwide mortality. The main causes 

of liver injury and subsequent fibrosis and cirrhosis in developed countries are viral hepatitis, 

metabolic disorders such as Wilson’s disease, alcohol and drug abuse and autoimmune diseases. 

In addition, obesity is also recognized as an important risk factor for the development of steato-

hepatitis leading to liver fibrosis3. 

In normal liver, the subendothelial space of Disse contains non-fibril forming collagens IV and 

VI4. Normal ECM is critical for maintaining the differentiated functions of resident liver cells, 

including hepatocytes, stellate cells and sinusoidal endothelial cells4. Under these physiological 

conditions, the rate of ECM production equals its degradation, resulting in no net accumulation 

of matrix. Inflammation represents the driving force for the progressive accumulation of ECM 

components5. As the liver becomes fibrotic, an imbalance occurs between ECM degradation and 

production. Significant changes occur in quality, quantity and distribution of ECM components 

in the periportal and perisinusoidal space4. Low density ECM is replaced by high-density collagen 

matrix and the amount of ECM is increased up to 10-fold over normal liver6. This is associated with 

a loss of hepatocyte microvilli, sinusoidal capillarization, and impaired liver function4. Although 

synthesis of ECM initially serves as a repair mechanism to allow proper healing of the damaged 

tissue, it may eventually lead to fibrosis and can develop into liver cirrhosis7. Reversibility of he-

patic fibrosis varies depending on the duration of injury, the degree of angiogenesis, composition 

and distribution of the scarred tissue. Changes in ECM distort the hepatic architecture and form 

regenerative nodules caused by the disturbance of flow of metabolites between the hepatocytes 

and the perfusing plasma. This leads to intrahepatic vascular resistance and sinusoidal remodel-

ing, inducing portal hypertension and to cirrhosis as the final stage8. Advanced fibrotic changes 

decrease survival rates as they are strongly associated with hepatocellular carcinoma9. 

Activation of hepatic stellate cells (HSCs) is a central event in the pathogenesis of liver fibrosis. 

HSCs are resident perisinusoidal cells in the subendothelial space between hepatocytes and 

sinusoidal endothelial cells and are the primary source of ECM in normal and fibrotic liver. As 

a result of liver injury, HSCs undergo a process of activation that is mediated by the concerted 

action of resident hepatic cell types such as Kupffer cells, liver endothelial cells and hepatocytes. 

Furthermore, the activated HSCs also produce a number of cytokines and active peptides that 

promote the development of liver fibrosis by stimulating the constrictive, proliferative, and 

transformative properties of the HSCs in an autocrine manner10-12. In particular, the contractile 
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features of activated HSCs form the basis for their pivotal role in portal hypertension, a major 

clinical characteristic of liver cirrhosis13. Therefore, inhibiting the proliferation and/or activation of 

HSCs seems a relevant strategy to inhibit liver fibrosis. We will describe the function of HSCs and 

the processes involved in HSC activation in more detail below.

Functions of the hSC 

In normal liver, HSCs represent about 5–8% of all resident cells and are located in the subendo-

thelial space of Disse14. In their normal quiescent state they are the principal storage site of retinol 

(vitamin A metabolites) as precursor for retinoids15,16. Approximately 70% of all dietary retinol is 

stored in the liver and 80-90% of this amount is stored in HSC lipid droplets (LDs) as retinyl esters 

(REs)17,18. Retinoids are important mediators of many physiological processes in the body. The 

storage and metabolism of retinoids is important for the overall health of the body as the body 

cannot synthesize them by itself. Retinoids regulate important cellular processes including cellu-

lar proliferation, differentiation and apoptosis, and hence they have roles in many essential physi-

ological processes including reproduction, embryonic development, bone growth, immunity and 

vision19. Most of these essential processes are thought to be mediated by  all-trans-retinoic acid 

and 9-cis-retinoic acid, which regulate transcription by serving as ligands for nuclear hormone re-

ceptors20. Over 500 genes are reported to be responsive to either all-trans- or 9-cis-retinoic acid21. 

It has been reported that retinol binding protein 4 (RBP4) is associated with the development of 

metabolic diseases like insulin resistance, liver disease and cardiovascular disease22-24. Thus, the 

storage and metabolism of retinoids in the body has immediate implications for the overall health 

and metabolic homeostasis of mammals. Another important function of HSCs in healthy liver is 

the secretion of basal levels of ECM required for support and normal development of liver tissue. 

Upon liver injury, all resident cells contribute to HSC activation. During this activation process, 

HSCs trans-differentiate from quiescent vitamin A-rich cells into proliferative, fibrogenic, and con-

tractile myofibroblasts25. Several mediators are central to the fibrotic process, including platelet-

derived growth factor (PDGF) and transforming growth factor-β1 (TGF-β1), as shown in figure 1.  

PDGF is a potent mitogen for cells of mesenchymal origin, including myofibroblasts, while TGF-β1 

primarily functions in fibrogenesis to stimulate collagen deposition26. Increased levels of TGF-β 

have been described in chronic liver diseases, and activated HSCs represent a major cellular 

source of TGF-β in injured liver. In HSCs, TGF-β promotes transformation into myofibroblasts, 

thus simulating the synthesis of extracellular matrix proteins and inhibiting their degradation. 

The composition of the ECM changes upon HSC activation and consists of large amounts of 

fibrillar collagens I and III. The switch in the amount and types of collagens is accompanied by 

an increased expression of matrix metalloproteinases (MMPs), which induce three-dimensional 

alterations in the ECM27. MMPs degrade the normal basement membrane matrix, while having 
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a mild effect on the matrix rich in fibrillar collagen. At the same time, the production of tissue 

inhibitors of metalloproteinases (TIMPs) by HSCs also increase, promoting ECM accumulation by 

inhibiting matrix degradation28,29. Excess deposition of ECM in the space of Disse disrupts the 

normal architecture of the liver, leading to a decrease in function. Another typical feature of HSC 

activation is the increased expression of the cytoskeletal protein α-smooth muscle actin (αSMA), 

which is involved in the contractile phenotype of activated HSCs. The disturbed liver architecture, 

caused by the ECM deposition, together with the increased contractile state of the HSCs lead to 

portal hypertension (PH), an early and important consequence of fibrosis30. Furthermore, αSMA 

up-regulation is widely used as  a marker of activated HSCs31. 

Finally, upon activation HSC lose their quiescent retinoid-storing phenotype as the large RE 

containing LDs gradually disappear from HSCs. One of the unresolved issue in the field of HSC 

research is whether the change in lipid metabolism is causally related to the activation process. 

In other words, is the loss of LDs required for the activation process? If this is the case, treatments 

aiming to interfere with lipid metabolism in HSCs would be therapeutically interesting. There is 

evidence supporting the proposal that inhibition of the breakdown of the accumulated lipids 

inhibits the activation of HSCs. Mouse HSC lipid breakdown was shown to be partially mediated 

by a lipophagic pathway, as inhibition of autophagy increased the amount of LDs32,33. Because 

Injury

Oxidative 
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PDGF,
Serum

ET-1

Retinoid Loss

Contractility

TGF-β1

Abnormal degradation of ECM
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Figure 1. HSC activation during liver injury. In response to  liver injury,  HSCs undergo activation and release 
growth factors and inflammatory cytokines and secrete large amounts of type I collagen and other extracellular 
matrix (ECM) components which leads to fibrosis and eventually liver failure. PDGF: platelet derived growth 
factor; ET-1: endothelin-1; MMP: matrix metalloproteinase protein; TGFβ: transforming growth factor β; ECM: 
extracellular matrix. 
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inhibition of autophagy was shown to impair HSC activation in mice and this effect could be 

partially reversed by addition of exogenous fatty acids, it was suggested that LD breakdown 

is required to fulfill the energy demands of HSCs during activation33. On the other hand, HSC 

activation was shown to be relatively undisturbed in the absence of LDs in Lecithin:retinol acyl 

transferase (LRAT) knockout mice34. The current knowledge on neutral lipid metabolism with a 

focus on HSCs will be described below. 

LD AND NEuTRAL LIPID mETABOLISm IN hSCs

Lipids are essential in life as the building blocks of bio-membranes and as a major source of 

energy for the organism. In eukaryotic cells, excess of hydrophobic molecules (mainly neutral 

lipids) are stored in LDs. The hydrophobic core of LDs is separated from the aqueous cytosol by 

a monolayer of surface phospholipids. In times of insufficient uptake of nutrients, LDs serve as 

a source of these hydrophobic compounds linked to many cellular functions, including energy 

generation, membrane synthesis, protein degradation as well as viral replication35. The number of 

LDs and their size in a cell depend on the type of cell, but also differs between individual cells of 

a population. Some cell types are specialized in lipid storing, like adipocytes, adrenal cortex cells 

and quiescent HSCs. Non-specialized cells usually contain small LDs of less than 1 µm, while LDs in 

adipocytes can be up to 200 μm36. The LD core in mammals mainly contains triacylglycerols (TAGs) 

and cholesterol esters (CEs), but may also contain REs as in case of HSCs.

In eukaryotes, LDs form from the endoplasmic reticulum (ER) where the enzymes that synthesize 

neutral lipids reside37. LDs appear to remain in contact with the ER once formed, and proteins that 

associate with both compartments move between them38. The surface of LDs is decorated with 

proteins which regulate their growth or utilization. Since the identification of perilipins as lipid 

droplet marker proteins that are important for the regulation of lipid metabolism39,40, proteomic 

and cell biological analyses have revealed hundreds of LD resident protein candidates in vari-

ous cell types. However, methodological issues confounded the interpretation of some of these 

studies. The consistently increasing sensitivity of mass spectrometry for proteomics however 

now leads to ever-longer growing lists of proteins that are identified in lipid droplet fractions. 

The overlap among these studies serves to identify a core set of LD proteins, although it is often 

difficult to determine which identified proteins are genuine LD proteins and which are low level 

contaminants of the analyzed LD fraction. Recent advances in quantitative proteomics that mea-

sure the abundance and enrichment of proteins in the LD fraction, rather than just their presence 

(such as protein correlation profiling) are likely to overcome the limitations of mass spectrometry, 

especially for low abundance proteins or proteins expressed in a specific tissue cell type41.
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TAG metabolism

The main function of TAG is to provide energy in times of limited food intake. In mammals, TAGs 

are concentrated primarily in adipocytes. Excessive accumulation of TAG has been reported in 

obesity in adipose tissue42. In HSCs, the amount of TAG in LDs was estimated to be 50-80% of 

all neutral lipids43.  Upon activation of HSCs, not only the amount of TAG decreases, but also the 

fatty acid (FA) composition of TAG was shown to change prior to degradation44. During the first 

phase of activation a specific increase in TAG species containing long chain poly-unsaturated fatty 

acids (PUFA-TAGs), like arachidonic acid (AA), were observed44. The mechanism of this specific 

enrichment is as yet unknown, but involves the incorporation of exogenous PUFAs during TAG 

synthesis44.

TAG synthesis

There are two major biochemical pathways for de-novo TAG synthesis. The so-called monoacylg-

lycerol acyltransferase (MGAT) and glycerol-3-phosphate (G-3-P) pathways (see Figure 2). In the 

monoacylglycerol pathway, diacylglycerol (DAG) is formed directly from monoacylglycerol (MAG) 

and fatty acyl-CoA by a MGAT. In higher organisms, a family of three related genes (Mogat1, 2, 

and 3) with MGAT activity, which are localized in the ER, has been identified. Mogat1 and Mogat2 

have sequence homology with acyl-Co-A:diacylglycerol acyltransferase 2 (DGAT2). Mogat1 is 

expressed in the stomach, kidney, white and brown adipose tissues, and liver but not in the small 

intestine45. Mogat2 is highly expressed in the small intestine, liver, stomach, kidney, colon, and 

white adipose tissue46,47. Recently, it was reported that mice lacking Mogat2 are unsusceptible to 

Monoacylglycerol

Diacylglycerol

TAG

DGAT1
DGAT2

Glycerol-3-Phosphate

LPA

PA
AGPAT

GPAT
FA-CoA

FA-CoA

Pi

MGAT

Lipin

FA-CoA

Glycerol phosphate  pathwayMonoacylglycerol pathway

Figure 2. Monoacylglycerol (MAG) and Glycerol phosphate pathways for de novo triacylglycerol (TAG) synthesis. 
GPAT, glycerol-3-phosphate acyltransferase; LPA, lysophosphatidic acid; AGPAT, 1-acylglycerol-3-phosphate 
acyltransferase; PA, phosphatidic acid; DGAT, diacylglycerol acyltransferase; TAG, triacylglycerol.
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developing obesity, glucose intolerance, or fatty liver even when fed on a high-fat diet48. These 

findings suggest that Mogat2 plays an important role in dietary fat absorption in mouse intestine 

and consequently is a therapeutic target for treating obesity and other metabolic diseases as-

sociated with excessive fat intake. Mogat3, the third MGAT gene, which is highly homologous to 

Mogat1 and Mogat2, is an intestinal specific enzyme implicated in dietary fat absorption49.

MGAT preferentially acylates MAG that contain a polyunsaturated fatty acyl moiety at the sn-2 

position50. Recent work suggested that human liver exhibits significant MGAT activity and MGAT 

expression is strikingly increased in NAFLD51. In general, MGATs are reported to play a significant 

role in tissues that have high TAG synthesizing activity such as small intestine, liver, and adipose 

tissue while the G-3-P pathway is ubiquitously present in all tissues. However, how MGAT and 

G-3-P pathways contribute to total TAG synthesis in HSCs remain unclear. 

In the G-3-P pathway, DAG is synthesized by subsequent acylation’s of glycerol-3-phosphate 

to phosphatidic acid (PA) by an acyl-CoA:glycerol-3-phosphate acyltransferase (GPAT) and an 

acyl-CoA: 1-acyl-glycerol-3-phosphate acyltransferase (AGPAT), respectively. This is followed by 

dephosphorylation of phosphatidic acid by a member of the lipin gene family in mammals. The 

G-3-P and MGAT pathways share the final step, which convert DAG to TAG, a reaction catalyzed 

by DGATs52,53. Two mammalian DGATs have been identified, DGAT1 and DGAT2. Both enzymes are 

ubiquitously expressed with the highest expression in tissues involved in TAG metabolism, such 

as liver, adipose tissue and small intestine and mammary gland. Concerning the differential roles 

of DGAT1 and 2 in HSCs, it was reported that DGAT2 is expressed in mouse stellate cells at low 

levels compared to hepatocytes, whereas expression of DGAT1 in stellate cells was found to be 

higher than in hepatocytes. However, expression of DGAT2 was not compared directly to DGAT1 

in HSCs54.  

TAG lipolysis

When energy is required, free fatty acids (FFAs) are liberated from TAG stores and either used by the 

cells or secreted and carried by serum albumin in the plasma for delivery to tissues for utilization. 

Accumulation of FFAs in a cell can be toxic, therefore it is essential to maintain a tight regulation of 

TAG synthesis and breakdown. There is a constant cycle and balance of TAG lipolysis/esterification 

in response to the hormonal or nutritional state55. TAG hydrolysis takes place sequentially. First 

DAG is formed via liberation of the first FA from the glycerol backbone. This is then followed by 

hydrolysis of the second FA to form MAG and finally the process is completed by hydrolysis of 

MAG to release the final FA and the glycerol backbone56. Breakdown of LDs is best character-

ized in adipose cells, in which key roles were assigned to adipose triglyceride lipase (ATGL)57 and 

hormone-sensitive lipase (HSL). ATGL specifically removes the first FA from the TAG molecule 

generating FFA and DAG58. The drastic impairment of adipocyte lipolysis in ATGL inhibition stud-
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ies in vitro indicates that the enzyme is responsible for most of the HSL-independent lipolytic 

activity. An essential role of ATGL in lipolysis became evident from studies in ATGL knockout (ko) 

mice59. ATGL ko mice exhibited enlarged fat deposits and TAG accumulation in multiple tissues. 

ATGL is mainly expressed in white adipose tissue and brown adipose tissue, however detectable 

levels can be found in all tissues58. ATGL has a high substrate specificity for TAG and its activity is 

significantly enhanced by its co-activator, comparative gene identification-58 (CGI-58)60. Interac-

tions of CGI-58 and ATGL together with LDs are essential to activate lipolysis61 (see Figure 3). The 

N-terminal region of the patatin domain of ATGL is responsible for the activation of the enzyme by 

CGI-58, whereas the C-terminal region is critical for inhibition of activity via G0/G1 switch protein 

2 (G0S2)62. CGI-58 is required for the translocation of ATGL to the lipid droplet surface by removing 

G0S2. ATGL is an important enzyme involved in intracellular degradation of TAGs as it has six to 

tenfold higher TAG lipase activity than DAG lipase. HSL, a cytoplasmic protein, is activated by the 

hormone glucagon, and shows significant DAG lipase activity that is 10-fold higher than its TAG 

glucagon
glucagon receptor 

adenylyl cyclase

ATP

cAMP

PKA

HSL

HSL

perilipin

perilipin
p

MAG

glycerol

MGL

DAG

TAG

desnutrin/ATGL

FA

FA
FA

Lipid Droplet CGI58

P

P

P
CGI58

P

G0S2

Figure 3. Hormone-mediated regulation of adipocyte lipolysis: Glucagon stimulates FA release from 
triglycerides stored in adipocyte fat droplets. Glucagon binding to their respective receptors triggers activation 
of adenylate cylcase (AC) and subsequently PKA. Activated PKA phosphorylates both perilipin-1 and HSL. The 
phosphorylation of perilipin-1 leads to the release of the ATGL co-activator CGI-58. CGI-58 then increases the 
activity of ATGL, thereby providing more DAG substrates for PKA-activated HSL. HSL hydrolyzes DAG to a FFA and 
MAG. Glycerol is released through the action of monoacylglycerol lipase (MGL). ATGL, adipose triglyceride lipase; 
CGI-58, comparative gene identification-58; HSL, hormone-sensitive lipase; MGL, monoglyceride lipase; PLIN-1, 
perilipin-1; cAMP, Cyclic adenosine monophosphate; PKA,  Protein kinase A.



Chapter 1

16

lipase activity in adipose tissue. HSL is diffusively distributed throughout the fat cell cytosol in 

unstimulated conditions, but translocates to the LD after phosphorylation by protein kinase A. 

Both phosphorylation of HSL and that of perilipin seem to be essential for the fragmentation and 

dispersion of the LDs and full lipolytic stimulation63-65. The molecular mechanisms and identity 

of the enzymes involved in lipid remodeling and breakdown of the lipid droplets during HSC 

activation are unknown. Rat HSCs were shown to express ATGL, although it was down regulated 

upon activation66. In activated mouse and human HSCs a role of autophagy in lipid breakdown 

(lipophagy) was demonstrated.

Lipophagy

Until recently, the breakdown of TAGs and CEs in LDs was attributed exclusively to the actions of 

cytosolic hydrolytic enzymes or lipases. The role of lysosomes in lipid metabolism was previously 

thought to be confined to the breakdown of lipoproteins after endocytosis. However, recently, 

the lysosomal degradative pathway was also shown to play a role in the in the breakdown of 

intracellular LD stores by the process of macroautophagy67. During autophagy of LDs, called lipo-

phagy, cells mobilize fat in response to cellular needs and external stimuli68. Lipophagy is a spe-

cific form of autophagy, the process by which macromolecules are surrounded by the formation 

of an autophagosome (AP) and subsequently degraded by fusion of the AP with the lysosome. 

This process depends on a set of autophagy related genes (ATGs), which are responsible for the 

production of the double membrane AP structure. Lipophagy is now recognized as an alterna-

tive method of lipid hydrolysis67,69. Lipophagy was first described in hepatocytes67, which have a 

much lower activity of cytosolic lipases as compared to adipocytes. In liver, lipophagy makes a 

quantitatively significant contribution to overall TAG degradation70,71.The lipase responsible for 

TAG breakdown in lysosomes is thought to be lysosomal acidic lipase (LAL), also known as acidic 

lipase (Lipa). This enzyme also degrades CE and will be described in more detail in 2.2.2.  

A role of lipophagy was also demonstrated in activated HSCs. HSCs activated in vitro or isolated 

in the activated state from fibrotic mouse livers have increased levels of autophagy as compared 

quiescent cells32,33. Furthermore, deletion of atg7 (autophagy gene essential for AP formation) 

in mouse HSCs or treatment with autophagy inhibitors, such as bafilomycin A1, hydroxychlo-

roquine and 3-methyladenine, led to an increase in LD size and TAG content32,33. Interestingly, 

pharmacological or genetic inhibition of autophagy also blocked trans-differentiation of HSCs 

into myofibroblasts32,33. The inhibition of HSC activation in by blocking lipophagy was suggested 

to be the result of decreased  ATP levels. This was presumably a consequence of a shortage of 

FFAs, normally generated by the lipophagic process, as supplementation with oleic acid partially 

reversed the effect of autophagy inhibitors on HSC activation32. These findings suggest that HSCs 

increase autophagy in order to break down lipids to meet their increased energy demands during 

activation. 
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Cholesterol ester (CE)

Apart from TAG breakdown, lipophagy is also involved in CE metabolism. Cholesterol is the most 

abundant sterol in animal tissue and can be esterified to CE for storage. Sterols are structural 

components of membranes, modulating its fluidity. Furthermore, they serve as precursors for bile 

acids, vitamin D and various steroid hormones. Deregulation of their metabolism results in nu-

merous pathological processes. Nearly all cells in the body take up unesterified cholesterol (UC) 

and/or CE by receptor-mediated endocytosis of various lipoproteins present in the surrounding 

pericellular fluid72,73. The sterol in these particles is processed in the late endosomal/lysosomal 

compartment by the sequential action of at least three proteins, (LAL/Lipa)74, Niemann-Pick C1 

(NPC1)75, and Niemann-Pick C2 (NPC2)76, before being exported into the cytosolic compartment. 

Mutations in any one of these three proteins cause accumulation of CE (LAL, Wolman disease) or 

UC (NPC1 or NPC2, Niemann-Pick C disease) in every tissue, which leads to cell dysfunction and 

to a variety of clinical syndromes including disease of the liver, lungs and the central nervous 

system. LAL is an acidic hydrolase, its deficiency results in either Wolman disease or its milder 

variant, Cholesteryl Ester Storage Disease (CESD)77. The difference in the severity of the phenotype 

between CESD and Wolman disease originates primarily from the level of residual enzymatic 

activity of LAL, which depends on the molecular nature of the mutation78. NPC disease, a rare 

hereditary lysosomal storage disorder is marked by accumulation of free cholesterol and other 

lipids in cells of a variety of organs, including brain, liver, and lung79-81. The majority (95%) of cases 

of NPC disease are caused by a mutation in NPC1, while the remaining cases (5%) are due to muta-

tions in NPC282. After export from the lysosomal system, UC is added to a metabolically active pool 

together with newly synthesized UC from acetyl-CoA. Because UC is potentially toxic to cells, the 

size of this metabolically active pool is tightly monitored by sterol regulatory element binding 

proteins (SREBPs) 83 and liver X receptors (LXRs)84, which in turn regulate the expression of genes 

controlling the uptake, synthesis, degradation, and export of UC.  

CE biosynthesis 

Excess cellular cholesterol is stored as CEs in LDs. Steroidogenic tissues such as adrenals con-

tain a relatively large amount of CEs that serves as a cholesterol reservoir for producing steroid 

hormones. In atherosclerosis, chronic accumulation of CE in macrophages causes these cells to 

appear foamy and is a hallmark of early stages in atherosclerosis. In most cell types, however, CEs 

are present only in low levels, mainly in cytoplasmic lipid droplets. Likewise, HSCs are known to 

contain small amounts of CEs in their LDs and the amount of CEs were shown to increase in the 

first phase of activation in vitro44.

The conversion of cholesterol to CE is catalyzed by an acyl-coenzyme A:cholesterol acyltrans-

ferase (ACAT). ACATs are membrane-bound proteins that utilize long-chain fatty acyl-CoA and 

cholesterol as substrates to form cholesteryl esters. Esterification of cholesterol by ACAT is one 
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Figure 4. Lipophagy and the role of the lysosome in CE metabolism. Cells take up circulating low-density 
lipoproteins (LDL) by receptor-mediated endocytosis, directing them to lysosomes. Intracellular neutral lipids 
can also be directed to lysosomes by autophagy of LDs (lipophagy). The fi rst step in lipophagy is the formation of 
double membrane structures (phagophores) which sequester (portions of the) LDs to be degraded. Phagophores 
mature into autophagosomes, which fuse with lysosomes to form autolysosomes. Autophagy can be inhibited 
by drugs like 3-methyl adenine (3-MA) at early stages or by bafi lomycin A1 at the fusion stage between 
autophagosome and lysosome. In endosome-lysosomes, CEs are cleaved by LAL to yield free cholesterol, which 
is then bound by NPC2, transferred to NPC1, and exported. Cholesterol can be re-esterifi ed by ACAT and stored 
in LDs as CEs. Lalistat 2 is an inhibitor of LAL. T863 is an orally active, selective and potent DGAT1 inhibitor. CQ 
block autophagy by inhibiting lysosomal proteases and autophagosome-lysosomal fusion events.
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of the critical upregulated homeostatic responses upon elevated FA or cholesterol levels. High 

cholesterol levels cause allosteric activation of ACAT and the resulting cholesterol esters are 

stored along with triglycerides in the cytosolic lipid droplets85. In mammals, two isoenzymes ( 

ACAT1 and ACAT2) exist that are encoded by two different genes37,86,87 Together with DGAT1 they 

belong to the so-called membrane-bound O-acyltransferase (MBOAT) enzyme family88. ACAT1 

is ubiquitously expressed whereas ACAT2 is mainly expressed in small intestine and liver37,87. In 

general ACAT1 is involved in CE deposition into cytoplasmic lipid droplets, while ACAT2 has been 

linked to lipoprotein-mediated secretion of CE. In human liver ACAT1 is the predominant enzyme, 

whereas in mice hepatocytes ACAT2 is the major enzyme. The relative distribution of ACAT1 and 

ACAT2 in HSCs is unknown.

CE breakdown

Net breakdown of CEs in LDs takes place when cellular cholesterol levels fall. A number of neutral 

CE hydrolases, like CEH (CES1), Nceh1 /KIAA1363 and HSL are implicated in the breakdown of CE 

from cytosolic LDs89. But similar to TAG, also an autophagic/lipophagic pathway, involving LAL/

Lipa was found to be capable of CE hydrolysis in LDs of macrophages89. This would implicate a 

role for LAL/Lipa in both in the uptake of cholesterol from lipoproteins and in the release from 

cytosolic LDs ( see Figure 4).

Retinyl esters (REs)

The most distinguishing feature of HSCs is the presence of RE containing LDs in the cytoplasm17,18. 

REs consist of retinol esterified with a fatty acid, primarily palmitic acid. Retinol is also known 

as vitamin A and its metabolites are essential in the visual process and play an important role  

in the  regulation of gene transcription  during e.g. differentiation, embryogenesis and the im-

mune response. Within the body, excess retinoids are stored as REs mainly in the liver and to a 

lesser extent in adipose tissue90-94. Mammals take up retinoids mostly from plants as pro-vitamin 

beta-carotene and from animal tissues as REs. Esterified retinol is packaged into chylomicrons 

together with other dietary lipids and secreted into the lymphatic system92. In the bloodstream 

chylomicrons are converted into chylomicron remnants by lipoprotein lipase. After uptake of 

the chylomicron remnants by hepatocytes in the liver, the REs are hydrolyzed presumably in a 

endosomal compartment, and free retinol will be transferred to a cellular retinol binding protein 

(CRBP)95. Retinol will then either be transported to the HSCs for storage as REs or can be converted 

into other metabolites such as retinoic acids or retinal96.

Retinol esterification 

Lecithin:retinol acyltransferase (LRAT) in the liver is responsible for almost all RE synthesis. LRAT is 

required for HSC LD formation, since Lrat-deficient mice lack of LDs97.  It has long been established 

that the predominant REs present in the intact liver are those containing saturated FAs, predomi-
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nantly palmitic and stearic acid98. The RE composition in HSC LDs faithfully reflects the hepatic RE 

composition. It is believed that this RE composition arises from the substrate specificity of LRAT, 

transferring a fatty acyl group from the sn-1 position of phosphatidyl choline to retinol.

In the HSC, retinol is bound by CRBPI and transferred to LRAT for esterification99. The binding of 

retinol to CRBPI is necessary for its transport in the aqueous environment of the cytosol and has 

been proposed to prevent acyl CoA-dependent enzymes in the liver from catalyzing retinyl ester 

formation99. Both LRAT and CRBPI are enriched in HSCs100 and both proteins are required to assure 

optimal HSC accumulation of retinoid stores. Earlier in vitro studies suggested that ARAT may 

work in conjunction with LRAT to catalyze RE formation101. DGAT1 has been shown to participate 

in retinol esterification as DGAT1-/- mice have reduced RE and retinol levels both in vitro and in 

vivo studies102-105. 

RE hydrolysis 

Mobilization of REs from intracellular LDs depends on the hydrolytic actions of RE hydrolases 

(REHs). Early work on vitamin A metabolism demonstrated that HSC enriched fractions from rat 

liver contain high levels of neutral bile salt dependent REH activity106. Next to bile salt dependent 

REH activity, bile salt independent REH activities at neutral and acidic pH were identified in HSC 

enriched fractions, but were not preferentially enriched as compared to hepatocytes107. Further-

more, a REH activity was found in hepatocytes and HSC homogenates with an enzymatic pH 4.1108. 

REH was shown to be different from  LAL/Lipa, although it was enriched in a lysosomal fraction. 

LDs are capable of fusing with primary lysosomes in HSCs suggesting that this lysosomal acidic 

REH may be physiologically relevant in hepatic retinol mobilization108. In line with the various 

REH activities described above, there is also various other proteins found to possess REH activity 

including neutral carboxy esterases ES-2, ES-3 and ES -10. It was also suggested that HSL and 

patatin like phospholipase domain containing 2 (PNPLA2, ATGL) acts as a REH, promoting the 

degradation of RE stores in addition to their established functions as TAG lipases109. Finally, 

PNPLA3 was reported to be responsible for retinyl palmitate hydrolysis in human HSCs110,112. This 

would indicate a potential novel link between HSCs, retinoid metabolism and PNPLA3 in the sus-

ceptibility to chronic liver diseases. The exact role of any of these suggested REH in RE breakdown 

in HSCs in vivo remains to be established.

LIPID DROPLETS AND EICOSANOIDS 

As discussed in before, liver fibrosis is mediated by a complex interplay of both pro and anti-fibrotic 

factors. One class of these factors is the eicosanoids which are locally acting bioactive signaling 

lipids derived from arachidonic acid and related PUFAs that regulate a diverse set of homeostatic 
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and inflammatory processes112,113. Analyses of LDs in different cell types have demonstrated that 

LDs are particularly active sites for the metabolism of arachidonyl lipids.

The synthesis of eicosanoids depends on the availability of free AA. When tissues are exposed to 

diverse physiological and pathological stimuli such as growth factors, hormones or cytokines, AA 

is produced from membrane phospholipids by the action of phospholipase A2 (PLA2). AA can be 

enzymatically metabolized by three main pathways: P-450 epoxygenase, cyclooxygenases (COXs) 

and lipoxygenases (LOXs). The P-450 epoxygenase pathway produces hydroxyeicosatetraenoic 

acids (HETEs) and epoxides. The COX pathway produces PGG2 and PGH2, which are subsequently 

converted into prostaglandins (PGs) and thromboxanes (TXs). COX exists in two isoforms com-

monly referred to as COX1 (constitutively expressed in most cells) and COX2 (generally absent in 

resting cells and rapidly induced by hormones, cytokines)114,115. COX2 has a role in inflammation 

and carcinogenesis and the COX2 pathway is associated with various liver diseases116. It was 

reported that quiescent human HSCs do not express COX2 but activated human HSCs do express 

COX2, suggesting that the COX2 pathway has an active role in hepatic fibrogenesis117. 

Numerous LOX enzymes convert AA into diverse hydroperoxyeicosatetraenoic acids (HPETEs) and 

HETEs. 5-HETE is converted into the leukotriene (LT) LTA4, which is the precursor of LTB4, cyste-

inyl-LTs (including LTC4, LTD4 and LTE4) and lipoxins (LXs). Synthesis of LXs is dependent on the 

activity of the interacting LOXs and the proximity of cells that are necessary for the metabolism of 

AA to the LX end products. In some instances, the metabolite is transferred to another cell that in 

turn converts it into another compound. Thus, biosynthesis of different eicosanoids is dependent 

on local production and distribution of specific precursors and enzymes in specific cells.

During inflammatory conditions, LDs may compartmentalize the entire enzymatic machinery for 

eicosanoid synthesis118. However, efficient eicosanoid production is not only determined by the 

availability of arachidonic acid and of eicosanoid forming enzymes but also  requires sequential 

interactions between specific proteins and may involve very unique spatial interactions118. There-

fore, just by detecting eicosanoid forming enzymes in lipid droplets one cannot establish these 

organelles as accountable for the efficient and enhanced eicosanoid synthesis observed during 

inflammatory responses. It has been demonstrated that there are significant correlations between 

lipid droplet formation and enhanced generation of both LOX and COX derived eicosanoids in 

vitro119-121 as well as in vivo122-125, suggesting that increased LD numbers in cells enhances the 

capacity for eicosanoid production. 

Electron microscopic observations demonstrated that exogenous radiolabeled AA was incor-

porated prominently in LDs of eosinophils, neutrophils, mast cells, macrophages and epithelial 

cells126-128. LDs obtained by subcellular fractionation provided direct evidence that these organ-
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elles are stores of esterified AA. Although negligible amounts of free AA were identified in LDs, 

different enzymes involved in AA metabolism as well proteins involved in AA transport were 

characterized in LDs, thus providing strong evidence for a major role for LDs in AA metabolism. 

If LDs are indeed involved in AA signaling and eicosanoid formation, then the AA present in 

these lipid rich organelles must be released by lipases and the free arachidonate must have ac-

cess to eicosanoid forming enzymes. As yet a possible correlation between LD metabolism and 

eicosanoid secretion in activated HSC has not been studied, but seems plausible considering the 

reported increase of TAG species containing long PUFAs in activated HSCs44.
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ThESIS OuTLINE

HSCs store neutral lipids ( triacylglycerols, cholesterol esters and retinyl esters) in cytoplasmic 

lipid droplets (LDs). LDs are ubiquitous dynamic organelles found in the cytoplasm of all cells that 

serve as an energy depot and allow maintenance of a balanced lipid metabolism. HSC activation 

is a critical step in the development of chronic liver disease. During activation, HSCs transform 

into myofibroblasts and lose their LDs. HSC lipid metabolism in HSC activation was investigated 

in this thesis. In Fig.5, the outline of the thesis is represented schematically.

We previously observed that the level of triacylglycerol (TAG) species containing long polyun-

saturated fatty acids (PUFAs) is increased in in vitro activated HSC. In chapter 2, we investigate 

the cause and consequences of the rise in PUFA-TAGs by profiling enzymes involved in PUFA 

incorporation. 

One of the unresolved issues in the field of HSC research is, whether the change in lipid me-

tabolism is causally related to the activation process. In chapter 3, we aimed to investigate which 

enzymes are involved in TAG/LD turnover in HSC during activation in vitro. 

In chapter 4, we investigate the role of the lipophagy/autophagy path in LD homeostasis by 

inhibiting the lipid breakdown in the lysosomal compartment by the specific lipa/LAL inhibitor 

lalistat. 

To assess whether HSCs can be a source of eicosanoids during liver fibrosis and the effect of COX 

inhibitors on prostaglandins, we analyzed the eicosanoid secretion pattern of primary mouse and 

rat HSCs by HPLC-MS in chapter 5. 

Finally, in chapter 6 the research findings are summarized and placed in a broader perspective.

HSC activation LD Loss

Role of ATGL and DGAT1 in lipid metabolism
Chapter3

Role of ACSL4 in PUFA formation
Chapter 2

lysosomal lipid breakdown
Chapter4

Eicosanoid profile change
Chapter 5

Figure 5. Schematic overview of the research topics described in this thesis 
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ABSTRACT 

Hepatic stellate cell (HSC) activation is a critical step in the development of chronic liver disease. 

We previously observed that the levels of triacylglycerol (TAG) species containing long polyun-

saturated fatty acids (PUFAs) are increased in in vitro activated HSCs. Here we investigated the 

cause and consequences of the rise in PUFA-TAGs by profiling enzymes involved in PUFA incorpo-

ration. We report that acyl CoA synthetase (ACSL) type 4, which has a preference for PUFAs, is the 

only upregulated ACSL family member in activated HSCs. Inhibition of the activity of ACSL4 by 

siRNA-mediated knockdown or addition of rosiglitazone specifically inhibited the incorporation 

of deuterated arachidonic acid (AA-d8) into TAG in HSCs. In agreement with this, ACSL4 was found 

to be partially localized around lipid droplets (LDs) in HSCs. Inhibition of ACSL4 also prevented 

the large increase in PUFA-TAGs in HSCs upon activation and to a lesser extent the increase of 

arachidonate-containing phosphatidylcholine species. Inhibition of ACSL4 by rosiglitazone was 

associated with an inhibition of HSC activation and prostaglandin secretion. Our combined data 

show that upregulation of ACSL4 is responsible for the increase in PUFA-TAG species during 

activation of HSCs, which may serve to protect cells against a shortage of PUFAs required for 

eicosanoid secretion.

Keywords: prostaglandin, eicosanoid, phosphatidylcholine, lipidomics, heavy isotope labeling, 

arachidonic acid.
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INTRODuCTION

Hepatic stellate cells (HSCs) are non-parenchymal cells which are located in the spaces of Disse, 

between the sinusoidal endothelial cells and the hepatocytes1,2. In a healthy liver, HSCs are in-

volved in vitamin A (retinol) homeostasis as they are filled with large LDs containing retinylesters, 

together with triacylglycerols (TAGs) and cholesteryl esters. HSCs also play a role in the turnover of 

hepatic extracellular matrix (ECM) components such as collagen, glycoprotein and proteoglycan3. 

HSC proliferation and collagen synthesis are regulated by the 3D structure of the ECM4. Upon 

liver injury, quiescent HSCs can transdifferentiate into an activated myofibroblastic phenotype. 

Activated Kupffer cells may initiate this transition by secreting cytokines, such as transforming 

growth factor beta (TGF-β), which stimulate the synthesis of matrix proteins and the release of 

retinoids by HSCs5. Production of TGF-β by activated HSCs further stimulates the excess synthesis 

of ECM and results in liver fibrosis6.

We previously reported that LD degradation in activated hepatic stellate cell is a highly dynamic 

and regulated process7. Upon activation of the hepatic stellate cells, the LDs reduce in size, but 

increase in number during the first 7 days in culture. The LDs migrate to cellular extensions in 

this first phase, before they disappear in a later phase. Raman and lipidomic studies showed that 

in the initial phase of HSC activation, the retinyl esters are disappearing more rapidly than the 

triacylglycerols. Interestingly, a large and specific increase in poly-unsaturated fatty acid (PUFA)-

containing triacylglycerol species was observed during the first 7 days in culture, together with 

the decrease in retinyl esters7. The increase in PUFA-TAGs was caused by a large increase in the 

uptake of PUFAs from the medium as assessed from deuterium-labeled arachidonic acid uptake 

studies7. So far, the molecular mechanisms and identity of the enzymes involved in the lipid 

remodeling and breakdown of the LDs during HSC activation are unknown. In this study, we aim 

to identify lipid enzymes responsible for the accumulation of PUFA-TAG species in activated HSCs 

and their possible role in the activation or function of HSCs. Our initial targets were isoforms 

of the family of acyl-CoA synthetases (ACSLs). Members of this family are key enzymes in the 

synthesis of complex lipids like phospholipids (PLs), cholesterol esters and TAGs by converting 

free long-chain fatty acids into acyl-CoAs8. Furthermore, uptake of long chain fatty acids is tightly 

linked to CoA-esterification by acyl-CoA synthetases. Five isoforms of ACSL have been identified 

in mammals. The ACSL family members differ in their specificity for fatty acid species and in their 

tissue distributions. Among the ACSLs, ACSL4 is a peripheral membrane protein that was found 

to be selective for arachidonic acid (AA) and other longer chain polyunsaturated fatty acids and is 

highly expressed in adrenal gland, brain, ovary and testis9.

The identification of the enzyme responsible for the increase in PUFA-TAGs will allow us to inves-

tigate the role of these lipids in the functioning of HSCs. Elevation of TAG-PUFA species may be 
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physiologically relevant as storage pools for AA, waiting to be incorporated in PLs. AA is also a 

precursor for eicosanoids, which are signaling lipids that play a role in a broad range of processes, 

such as modulation of inflammation and the immune system10,11. Eicosanoid synthesis typically 

starts with the release of AA from the sn-2 position of PLs by specific Ca2 +-dependent phospholi-

pases in response to hormones/cytokines12. Subsequently AA is converted to various eicosanoids, 

like prostaglandins, thromboxanes or leukotrienes, depending on the relative activity of their 

respective synthases.

Here, we report that ACSL4 upregulation is critically involved in the increase in TAG-PUFA forma-

tion in activated HSCs, which may serve as a storage pool for eicosanoid production.

mATERIALS AND mEThODS

Reagents

AA-d8 was purchased from Cayman Chemical (Ann Arbor, MI, USA). 15-deoxy-Δ12,14prostaglandin 

J2 (15-dPGJ2) was from Tocris Bioscience (United Kingdom). Dulbecco’s modified Eagle medium 

(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were obtained from Gibco (Paisley, 

UK). Bovine Serum Albumin (BSA) fraction V was obtained from PAA (Pasching, Austria). Rosi-

glitazone was obtained from Enzo Life Sciences (Belgium). Collagenase (Clostridium histolyticum 

Type I) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Anti-rabbit IgG ACSL4 antibody 

was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibody against alpha-smooth 

muscle actin (α-SMA) was from Thermo Scientific (Waltham, MA, USA), and mouse monoclonal 

anti-tubulin antibody from Sigma-Aldrich (St. Louis, MO, USA). Lipid droplet staining dye LD540 

was kindly donated by Dr. C. Thiele, Bonn, Germany. Hoechst 33342 was obtained from Molecular 

Probes (Paisley, UK), paraformaldehyde (PF) (8%) was obtained from Electron Microscopy Sciences 

(Hatfield, PA, USA). FluorSave was obtained from Calbiochem (Billerica, MA, USA), all HPLC-MS 

solvents were from Biosolve (Valkenswaard, the Netherlands) with exception of chloroform (Carl 

Roth, Karlsruhe, Germany) and were of HPLC grade. Silica-G (0.063–0.200 mm) was purchased 

from Merck (Darmstadt, Germany).

Animals

Procedures of rat care and handling were in accordance with governmental and international 

guidelines on animal experimentation, and were approved by the Animal Experimentation Com-

mittee (Dierexperimentencommissie; DEC) of Utrecht University (DEC-numbers: 2010.III.09.110 

and 2012. III.10.100).
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Cell line

Human hepatic stellate cell line (LX-2) was kindly donated by Dr. Friedman (New York, NY, USA). 

LX-2 cells were cultured in DMEM medium supplemented with 10% FBS, 100 units/ml penicillin, 

and 100 μg/ml streptomycin and cells were maintained in a humidified 5% CO2 incubator at 37 °C.

Rat hSC isolation and in vitro primary cell culture

Adult male Wistar rats (300–400 g) were used in all experiments. Stellate cells were isolated from 

rat liver by collagenase digestion followed by differential centrifugation13. After isolation, HSCs 

were plated in 24, 12 or 6 well plates at a density of 2 × 104, 5 × 104or 1 × 105 cells/well, respectively. 

Cells were maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml 

streptomycin and 4 μl/ml Fungizone and cells were maintained in a humidified 5% CO2 incubator 

at 37 °C. Medium was changed every 3 days. Purity of the HSC preparation as determined by 

desmin staining was 80–90%.

Gene silencing of Acsl4

Gene-silencing experiments were performed using small interfering RNA (siRNA) forAcsl4 or non-

targeting siRNA as a control (ON-TARGETplus SMARTpool of 4 siRNAs, Thermo-Scientific, Roch-

ester, NY, USA) according to the manufacturer’s instructions. Briefly, two days after plating, the 

cells were treated with 40 nM siRNA using 5 μl/ml RNAiMAX (Invitrogen, Breda, the Netherlands) 

in antibiotic free complete media (with FBS). After 6 h of transfection, media was changed to 

standard culturing conditions up to day 7.

RNA isolation, cDNA synthesis and QPCR

Total RNA was isolated from rat HSCs grown in a 24-well plate using RNeasy Mini Kit (Qiagen, Venlo, 

the Netherlands) including the optional on-column DNase digestion (Qiagen RNase-free DNase 

kit). RNA was dissolved in 30 μl of RNase free water and was quantified spectrophotometerically 

using a Nanodrop ND-1000 (Isogen Life Science, IJsselstein, the Netherlands). An iScript cDNA 

Synthesis Kit (Bio-Rad, Veenendaal, the Netherlands) was used to synthesize cDNA. Primer design 

and qPCR conditions were as described previously14. Briefly, qPCR reactions were performed in 

duplicate using Bio-Rad detection system. Amplifications were carried out in a volume of 25 μl 

containing 12.5 μl of 2xSYBR green supermix (BioRad), 1 μl of forward and reverse primer and 1 μl 

cDNA. Cycling conditions were as follows: initial denaturation at 95 °C for 3-minute, followed by 

45 cycles of denaturation (95 °C for 10 s), annealing temperature (see Supplementary Table S1) for 

30 s, and elongation (72 °C for 30 s). A melting curve analysis was performed for every reaction. 

To determine relative expression of a gene, a 4-fold dilution series from a pool of all samples were 

used. IQ5 Real-Time PCR detection system software (BioRad) was used for data analysis. Expres-

sion levels were normalized by using the average relative amount of the housekeeping genes. 

Housekeeping genes used for normalization are, based on their stable expression in stellate cells, 
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namely, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (Ywhaz), 

hypoxanthine phosphoribosyl transferase (Hprt), andhydroxylmethylbilane synthase (Hmbs). Primers 

for housekeeping genes and genes of interest are listed in Supplementary Table S1.

Western blot analysis

Cell homogenates were collected and equal amounts of proteins were heated to 95 °C for 

5 min in loading buffer and then separated on 10% SDS-polyacrylamide gel and blotted onto 

polyvinylidene difluoride membranes (GE Healthcare Europe GmbH, Belgium). The membranes 

were incubated with 5% BSA in Tris-buffered saline (TBS) for 30 min at room temperature. The 

incubation of the primary antibody was performed at 4 °C overnight for all antibodies (see 

Supplementary Table S2) in TBS with 0.1% Tween-20 (Boom B.V., Meppel, the Netherlands) and 

1% BSA. After washing, membranes were incubated with horseradish peroxidase-conjugated 

secondary antibody (Nordic Immunology, the Netherlands) at room temperature for 1 h. Blots 

were detected by ECL kit (Supersignal West Pico; Pierce, Rockford, IL). Blots were then stripped 

in stripping buffer containing 100 mM 2-mercaptoethanol, 2% (w/v) SDS, 62.5 mM Tris–HCl (pH 

6.7) and then probed with anti-tubulin antibody for protein content normalization. Imaging was 

performed on a ChemiDoc XRS System (BioRad). Western blot was performed in at least three 

different experiments, and representative blots are shown.

Immunofluorescence

Freshly isolated HSCs were grown on glass coverslips in 24 well plate untill day 1 or day 7 at 37 

°C. In parallel, HSCs transfected at day 2 in culture with siRNAs targeted againstAcsl4 were grown 

until day 7 at 37 °C. Staining of cells was performed as follows: cells were fixed in 4% (v/v) PF at 

room temperature for 30 min and stored in 1% (v/v) PF at 4 °C for a maximum of 1 week. HSCs 

were washed twice in PBS, permeabilized (0.1% (w/v) saponin (PBS-S; Riedel-de Haën, Seelze, 

Germany)) and blocked with 2% BSA for 1 h at room temperature. After blocking, slides were 

incubated 1 h with the primary antibody against ACSL4 (4 μg/ml), washed again, and incubated 

for 1 h with anti-rabbit antibody (15 μg/ml) supplemented with Hoechst (4 μg/ml) for nuclear 

counterstaining and lipid droplet dye LD540 (0.05 μg/ml). Thereafter, coverslips were mounted 

with FluorSave on microscopic slides and Image acquisition was performed at the Center of Cel-

lular Imaging, Faculty of Veterinary Medicine, Utrecht University, on a Leica TCS SPE-II confocal 

microscope. Images were adjusted in ImageJ (freeware available at www.download-imagej.com).

Analysis of neutral and phospholipids by hPLC-mS

Lipids were extracted from a total cell homogenate of HSCs grown in a 12-well plate by the 

method of Bligh and Dyer15. Extracted lipids were separated in a neutral and phospholipid frac-

tion by fractionation on a freshly prepared silica-G column (approximately 10 mg of 0.063–0.200 

mm silica)16. Lipid extracts were dissolved in methanol/chloroform (1/9, v/v) and loaded on top of 
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the silica column. Neutral lipids were eluted with two volumes acetone, dried under nitrogen gas 

and stored at − 20 °C. Just before HPLC-MS analysis, the neutral lipid fraction was reconstituted in 

methanol/chloroform (1/1, v/v) and separated on a Kinetex/HALO C8-e column (2.6 μm, 150 × 3.00 

mm; Phenomenex, the Netherlands). A gradient was generated from methanol/H2O (5/5, v/v) and 

methanol/isopropanol (8/2, v/v) at a constant flow rate of 0.3 ml/min. Mass spectrometry of neu-

tral lipids (TAGs and cholesterol) was performed using Atmospheric Pressure Chemical Ionization 

(APCI) interface (AB Sciex Instruments, Toronto, ON, Canada) on a Biosystems API-2000 Q-trap. The 

system was controled by Analyst version 1.4.2 software (MDS Sciex, Concord, ON, Canada) and 

operated in positive ion mode using settings described in7. Absolute quantitation of all the TAG 

species was hampered by their sheer numbers (> 1000) and the differential fragmentation of the 

various TAG species during ionization into DAG and MAG ions. The fragmentation depended on 

the saturation of the acyl chains, as almost no intact TAG ions were observed from TAGs with less 

than 2 double bonds, whereas some more unsaturated TAG species fragmented less than 40%. 

On average 40–50% of PUFA-containing TAGs were observed as intact ions. The fragmentation 

of specific TAG species was very reproducible between different samples, therefore we generally 

performed a relative quantitation of a number of abundant and representative TAG species. Typi-

cal TAG species quantitated were: non PUFA, 52:3 (m/z 859) and 54:3 (m/z 885); 1xPUFA, 56:5 (m/z 

909) and 58:6 (m/z 935); 2xPUFA, 60:9 (m/z 957) and 62:11 (m/z 981). For the experiments with 

AA-d8 typical TAG species were: 1xPUFA-d8, 54:4 (m/z 881, 889), 56:5 (m/z 909, 917), 56:6 (m/z 

907, 915), and 56:7 (m/z 905, 913); 2xPUFA-d8, 56:8 (m/z 903, 911, 919), 58:8 (m/z 931, 939, 947), 

60:9 (m/z 957, 965, 973), and 3xPUFA, 60:12 (m/z 951, 959, 967, 975), and 62:12 (m/z 979, 987, 995, 

1003). The quantitated TAG species were normalized to the amount of cholesterol in the same 

sample. Cholesterol was found to be a good marker for both recovery and cellular material, as the 

cholesterol/protein ratio was found to be constant during HSC culture. The phospholipid fraction 

was also dissolved in methanol/chloroform (1/1, v/v) and separated on a Kinetex/HALO C18-e 

column (2.6 μm, 150 × 3.00 mm; Phenomenex, the Netherlands).A gradient was generated from 

acetonitril/methanol/H2O (6/9/5, v/v) and acetone/methanol (4/6, v/v) at a constant flow rate of 

0.6 ml/min. Mass spectrometry ofphosphatidylcholine (PC) was performed using electrospray 

ionization (ESI) on a Biosystems API-2000 Q-trap. The system was controled by Analyst version 

1.4.2 software (MDS Sciex, Concord, ON, Canada) and operated in positive mode, precursor scan 

of 184 m/z, using settings described in7.

Analysis of fatty acid constitution of neutral lipids and phospholipids

Total lipids from 400 μl of HSC homogenate were extracted using the method of Bligh and Dyer15. 

Internal standard (200 pmol of tripentadecanoylglycerol) was added to each sample prior to 

extraction to calculate absolute concentrations and the recovery. Subsequently, lipids were sepa-

rated into a neutral and a phospholipid fraction according to16 described as above on a silica-G 

column. Fractions were hydrolyzed at 75 °C for 1 h with 1 ml of MeOH:3 M NaOH (9:1, v/v) The 
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released free fatty acids were obtained with extraction with hexane after subsequent acidification 

of the methanol phase according to17, and evaporated under nitrogen and stored at − 20 °C until 

analyzed. Mass spectrometry of free fatty acids was performed according to18. The system was 

controled by Analyst version 1.4.2 software (MDS Sciex, Concord, ON, Canada) and operated in 

negative mode in the m/z range from 225–400 amu. Calibration curves were generated using 

authentic standards to correct for differences in response factors. Data were expressed relative to 

the protein content of the homogenates as determined by the BCA method Pierce® BCA protein 

assay kit (Thermo scientific, Rockford, IL, USA) with BSA as standard.

Analysis of prostaglandins using mass spectrometry

DMEM containing 0.5% FBS with or without 10 μM Ca2 + ionophore A23187 was added to the HSCs 

1 h before harvesting to reduce the background levels of eicosanoids present in serum. Eico-

sanoids were extracted and analyzed as described elsewhere with slight modifications19. Briefly, 

samples were recovered in a total volume of 1 ml of 15% (v/v) methanol + 0.5% glacial acetic acid 

in the presence of 10 pmol dimethyl-PGF2α that served as an internal standard. Samples were 

separated on on C18 solid-phase extraction columns. The eicosanoids were eluted with 2 × 0.35 

ml ethyl acetate and evaporated to dryness under nitrogen. Evaporated samples were reconsti-

tuted with 50 μl of 50% ethanol and subject to HPLC–MS analysis. Multiple reaction monitoring 

(MRM) was used as described in19.

Statistical analysis

Values for all measurements are expressed as mean ± SD. Each experiment was performed in 

duplicate and repeated at least three times. Comparisons between two groups were made with 

paired Student’s t test. Differences were considered statistically significant if the P value was less 

than 0.05.

RESuLTS

Specific incorporation of arachidonic acid into triacylglycerol

When hepatic stellate cells (HSCs) become activated in culture, their levels of polyunsaturated 

triacylglycerol species (PUFA-TAGs) increase 4–5 fold, whereas the amounts of PUFA-containing 

PL species are not altered under the same conditions7. To investigate whether this difference in 

PUFA accumulation between TAGs and PLs is caused by differential incorporation of exogenously 

added PUFAs, both quiescent (day 1) and activated (day 7) HSCs were incubated with 25 μM AA-

d8 for 24 h. As shown in Fig. 1A, AA-d8 incorporation into TAGs was more than five times higher 

in activated HSCs compared to quiescent cells, in line with the previously reported increase in 

TAG-PUFA levels. In contrast, the overall AA-d8 incorporation into PC was already relatively high at 
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Fig. 1. Incorporation of arachidonic acid in activated HSCs. Freshly isolated HSCs were cultured for 1 or 7 days 
and additionally incubated for 24 h with 25 μM of AA-d8 in medium with 10% FBS at 37 °C. Subsequently, neutral 
lipids and phospholipids were extracted and analyzed. A. Several representative TAG species with no, 1, 2, or 3 
PUFA chains were quantified and unlabeled (white bars) and deuterium labeled variants (gray bars) of the same 
species were added. Values were normalized to the amount of cholesterol in the sample and expressed relative 
to the level of the respective TAG species present at day 1. B. The most abundant PC species were quantified, and 
unlabeled (white bars) and deuterium labeled variants (gray bars) of the same species were added. Values are 
expressed relative to the total amount of PC in a sample (which did not differ significantly between day 1 and day 
7, when normalized to the amount of protein). Data are the means ± SD of 3 experiments performed in duplicate. 
*P < 0.05. C and D. Freshly isolated HSCs were cultured for 1 or 7 days and additionally incubated for 24 h without 
or with 25 μM of AA-d8 in medium with 10% FBS at 37 °C. Subsequently, lipids were extracted, separated into a 
neutral (C) and a phospholipid (D) fraction, and hydrolyzed. The released fatty acids were analyzed with HPLC-
MS. PUFAs are defined as fatty acids with 20 or more C atoms and 3 or more double bonds. Data are the means 
± SD of 2 experiments performed in duplicate.
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day 1 and increased only modestly (less than 50%; Fig. 1B) in activated HSCs. This modest increase 

in deuterium-labeled PUFA PC was partly compensated by a decrease in non-labeled PUFA-PC 

resulting in overall small changes in PUFA-PC content during the 24 h incubation. These results 

corroborate that the increase in incorporation of PUFAs in activated HSCs is relatively specific for 

TAGs.

An exact determination of the contribution of the PUFA-TAG species to the total amount of TAG 

by the APCI-MS method is hampered by the numerous species (> 1000) and the observation that 

the various TAG species fragment to a different degree depending on the saturation of their acyl 

chains as discussed in Section 2.9. Nevertheless, quantitation of a large number of intact and 

fragmented TAG ions resulted in a conservative estimate that HSCs at day 1 have 15–20% TAGs 

with one PUFA, 3–5% with two PUFAs, and < 1% with three PUFAs. At day 7 these percentages 

increased to 30–40%, 20–30% and 6–10%, respectively. To alternatively determine the amount of 

PUFAs in the neutral lipid fraction, we hydrolyzed the neutral lipids and analyzed the fatty acids 

released. As shown in Fig. 1C and Supplementary Table S3, the percentage of PUFAs (defined 

as more than 20 C atoms and 3 double bonds) in HSCs increased from 25% to almost 50% after 

activation. The addition of 25 μM AA-d8 caused an even larger incorporation of PUFAs, resulting in 

the majority of the fatty acids in neutral lipids being a PUFA (Fig. 1C, Supplementary Table S3). The 

total amount of PUFAs in neutral lipids at day 7 (60–70 nmol/mg protein) was almost similar to 

the total amount of PUFAs in the phospholipid fraction (75–80 nmol/mg protein; Fig. 1D, Supple-

mentary Table S4). Fig. 1D also shows that the amount of PUFAs in the phospholipid fraction did 

not change upon activation of the HSCs, and that the addition of 25 μM AA-d8 rather caused a 

replacement of part of the PUFAs by labeled PUFAs, than a net increase in PL-PUFAs, similar as 

observed for PC (Fig. 1B).

ACSL4 is upregulated in activated hSCs

Uptake and incorporation of long-chain fatty acids is tightly linked to their CoA-esterification8. 

Therefore, to identify key enzymes involved in the enhanced formation of TAG-PUFA species in 

activated HSCs, we analyzed the expression of various acyl-CoA synthetases (ACSLs). As shown 

in Fig. 2A, the relative gene expression of all Acslisoforms is downregulated two-fold or approxi-

mately two-fold. This implies that Acsl4 is enriched more than four-fold in relation to the other 

ACSL family members in activated HSCs when compared to quiescent HSCs. The increase in Acsl4 

mRNA was closely mirrored by the two-fold increase in ACSL4 protein as assessed by western 

blots (Fig. 2B). We next examined the subcellular localization of ACSL4 in activated and quiescent 

HSCs. In agreement with its involvement in TAG formation and remodeling, ACSL4 partially local-

izes around LDs in both quiescent and activated HSCs (Fig. 2C). The ACSL4 staining around the 

LDs was specific, since it was no longer observed after transfection with Acsl4-targeting siRNAs ( 

Fig. 2C).
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Fig. 2. ACSL4 upregulation in activated HSCs. A. Relative mRNA expression of ACSL isoforms in quiescent (day 1) 
and activated (day 7) rat HSCs by qPCR. The box plot depicts the median and lower and upper quartile (n = 3). 
Signifi cant changes are marked by asterisks (P < 0.05). B. Protein expression was measured for ACSL4 in quiescent 
(day 1) and activated (day 7) rat HSCs by western blotting. αSMA was used as a positive control for HSC activation. 
Tubulin was used as a loading control. Shown is a representative blot and quantitation by densitometry of the 
ASCL4 band. Data are the means ± SD of 3 experiments C. Confocal images of ACSL4. Quiescent HSC (day 1) and 
activated HSC (day 7) lipid droplets were stained with LD540 dye (green), anti ACSL4 antibody (red) and nuclei 
were stained with Hoechst (blue). Colocalization of LDs with ACSL4 is shown in inset panel. Lower two panels: 
HSCs were transfected on day 2 with non-targeting siRNA or Acsl4 siRNA and at day 7 stained as above. Images 
shown are representative for at least 3 independent experiments. Scalebars represent 10 μm.
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ACSL4 is involved in enhanced formation of PuFA-TAGs

Because ACSL4 is relatively specifi c for PUFAs8 and it localizes to LDs, ACSL4 is a good candidate 

to mediate the increase in PUFA-TAG species in activated HSCs. To test this hypothesis, HSCs were 

transfected at day 2 in culture with siRNAs targeted againstAcsl4 and analyzed at day 7. Compared 

to non-targeting siRNA control, knockdown up to 70% with Acsl4 siRNA was achieved on mRNA 

level and to 80–90% on the protein level (Fig. 3A). In order to ascertain whether ACSL4 knock-

down impaired incorporation of PUFAs in TAG, the siRNA-treated HSCs were incubated for 24 h 

with 25 μM AA-d8 and lipids were extracted and analyzed using HPLC-MS. As shown in Fig. 3B,  
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Fig. 3. Acsl4 gene silencing reduces the incorporation of arachidonic acid into TAG. A. relative mRNA expression 
(left panel) and protein (right panel) of Acsl4 in HSCs 5 days after transfection with non-targeting (control) or 
Acsl4 siRNA on day 2. Untreated sample represents untransfected HSCs cultured until day 7. NS, not signifi cant. 
Signifi cant changes are marked by asterisks (P < 0.05). Insert shows representative western blot. B, C. Isolated 
HSCs were transfected at day 2, and on day 6 incubated with 25 μM AA-d8 for 24 h. Cells were harvested on day 
7. Subsequently, neutral lipids and phospholipids were extracted and HPLC-MS was performed as described. B. 
Several representative TAG species with no, 1, 2, or 3 PUFA chains were quantifi ed and unlabeled (white bars) and 
deuterium labeled variants (gray bars) of the same species were added. Values were normalized to the amount 
of cholesterol in the sample and expressed relative to the level of the respective TAG species present in the 
non-targeting (control) cells. C. The most abundant PC species were quantifi ed, and unlabeled (white bars) and 
deuterium labeled variants (gray bars) of the same species were added. Values are expressed relative to the total 
amount of PC in a sample (which did not diff er signifi cantly between non-targeting and Acsl4 siRNA transfected 
cells). Data are the means ± SD of 3 experiments performed in duplicate. *P < 0.05 paired t-test.
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ACSL4 knockdown inhibited the incorporation of labeled AA into TAG. Especially the incorpora-

tion of two and three exogenous PUFA chains within the same TAG-species (2× and 3 × PUFAs) 

was strongly inhibited. In contrast, ACSL4 knockdown had little effects on the incorporation of 

exogenous AA into PC (see Fig. 3C), or into phosphatidylserine and phosphatidylinositol (data 

not shown).

To further examine the specific involvement of ACSL4 in PUFA metabolism in activated HSCs, cells 

were treated with rosiglitazone, a pharmacological drug well known for its ability to inhibit ACSL4 

activity20 and21. Initially, this inhibition was evaluated by determining the effect of rosiglitazone 

on the incorporation of exogenous AA-d8 into TAG species in the human stellate cell line LX-2. 

Rosiglitazone inhibited the incorporation of AA-d8 in the LX-2 cells with an IC50 of approximately 

30 μM, and near maximal inhibition was reached at a concentration of 100 μM (results not shown). 
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Fig. 4. Rosiglitazone inhibits arachidonic acid incorporation into TAG. Freshly isolated HSCs were cultured for 6 
days. Subsequently the cells were incubated for 24 h with 25 μM AA-d8 in the absence (control) or presence of 
rosiglitazone (Rosig) (100 μM). Cells were harvested on day 7. Subsequently, neutral lipids and phospholipids 
were extracted and HPLC-MS was performed as described. A. Several representative TAG species with no, 1, 2, 
or 3 PUFA chains were quantified and unlabeled (white bars) and deuterium labeled variants (gray bars) of the 
same species were added. Values were normalized to the amount of cholesterol in the sample and expressed 
relative to the level of the respective TAG species present in the control cells. B. The most abundant PC species 
were quantified, and unlabeled (white bars) and deuterium labeled variants (gray bars) of the same species 
were added. Values are expressed relative to the total amount of PC in a sample. Data are the means ± SD of 3 
experiments performed in duplicate. *P < 0.05 paired t-test. Rosiglitazone (Rosig) was added from a 25 mM stock 
in DMSO to final concentration of 100 μM (0.4% DMSO). In control experiments, the equivalent volume of DMSO 
was added.
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Subsequently a concentration of 100 μM rosiglitazone was used to determine its effect on AA-d8 

incorporation in activated rat HSCs. As shown in Fig. 4A, in activated rat HSCs incorporation of 

two and three exogenous PUFA chains within the same TAG-species (2 × and 3 × PUFAs) was 

inhibited by more than 80% by rosiglitazone. The incorporation of only one PUFA into TAG was 

inhibited to a somewhat lesser degree, and incorporation of exogenous AA into PC was inhibited 

only marginally by pharmacological inhibition of ACSL4 (see Fig. 4).

Dose response curve for the incorporation of exogenous AA into TAG and PC

We observed that in activated HSCs, the increased incorporation of PUFAs is relatively specific 

for TAG (Fig. 1) and that likewise, the inhibition of ACSL4 activity either by siRNA-mediated gene 

silencing or by rosiglitazone addition, affected the incorporation of AA into TAG to a larger extent 

than the incorporation of this PUFA into PC (Fig. 3 and Fig. 4). We questioned the reason for 

this differential incorporation since PUFA-CoA, the product of ACSL4, is the substrate for both 

PUFA-PC and PUFA-TAG synthesis. We investigated the possibility that the enzymes involved in 
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Fig. 5. Kinetics of arachidonic acid incorporated into PC and TAG. Freshly isolated HSCs were cultured for 7 days 
and additionally incubated with increasing concentrations of AA-d8 for another 3 h at 37 °C. Subsequently, lipids 
were extracted and HPLC-MS was performed as described. The d8-label in various representative TAG species 
with 1, 2 and 3 PUFAs (respectively TAG-1xAA, -2xAA, and -3xAA), and in the PC species 36:4, 38:4 and 38:5 
(PC-AA) were quantified and summed. Data were fitted to one-site binding model (Michaelis–Menten plot) and 
the calculated Vmax was set as 100% in case of PC-AA and TAG-1xAA. TAG-2xAA and -3xAA data could not be 
fitted and were expressed relative to an arbitrary value. Data are the means ± SD of 3 experiments performed 
in duplicate.
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the final step of PUFA-TAG and PUFA-PC synthesis have different affinities for PUFA-CoA. To probe 

the affinities of these enzymes we performed dose–response curves with exogenous AA-d8 at a 

relatively short incubation time during which the incorporation was linear with time. As shown 

in Fig. 5, AA-d8 was incorporated into PC and TAG species containing one molecule of AA-d8 

with saturation kinetics fitting to a one binding site Michaelis–Menten model. The exogenous AA 

concentration at which half-maximal incorporation was observed was 4-fold higher for TAG as 

compared to PC (approx. 16 μM and 4 μM, respectively). In contrast, the incorporation of multiple 

AAs into one TAG molecule did not show saturation kinetics (within the concentration range stud-

ied), but increased with increasing exogenous AA concentrations. The different dose response 

curves show that different affinities of the final PC and TAG synthesizing enzymes for PUFAs are 

a possible explanation for the different responses of TAG and PC species profiles to changes in 

ACSL4 activity.

Effect of ACSL4 inhibition on hSC lipid composition

To examine whether ACSL4 plays a role in the overall lipid composition of HSCs activated in 

culture, we analyzed the endogenous TAG and PC species distribution after siRNA-mediated gene 

silencing of Acsl4 or after inhibition of ACSL4 for 6 days with rosiglitazone. As shown in Fig. 6, 

the levels of the TAG-PUFAs were significantly lower in HSCs after the knock down of ACSL4 (see 

Fig. 6A). The levels of PC-species containing a PUFA were also reduced, but to a much lesser extent 

(Fig. 6B). The knock down of ACSL4 significantly decreased the ratio of PUFA-PC species to PC 

species without a PUFA from 1.40 ± 0.35 to 0.85 ± 0.30 (n = 3; P < 0.01 in paired t-test). We next 

questioned whether inhibition of ACSL4 by rosiglitazone would lead to a similar difference in lipid 

profile in HSCs cultured for 7 days. As shown in Figs. 6C and D, addition of 100 μM rosiglitazone to 

isolated HSCs at day 1 changed the TAG-PUFA and PC-PUFA levels measured at day 7, causing more 

than 80% lower levels of PUFA-TAG species when compared to control. Rosiglitazone incubation 

also lowered the PUFA content of PC by approximately 50% (Fig. 6D). These experiments also 

show that prolonged inhibition of ACSL4 in the presence of relatively low levels of non-esterified 

AA (approx. 1–2 μM) present in medium with 10% FBS also affects the levels of PC species contain-

ing AA, besides that of PUFA-TAGs. Thus, depending on the experimental conditions (high or low 

concentrations AA-d8), rosiglitazone had respectively little (Figs. 3B and 4B) or more substantial 

(Fig. 6D) effect on the incorporation of AA into PC.
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Effect of ACSL4 inhibition on hSC activation

To investigate the role of the increased ACSL4 expression and the increase in PUFA-TAGs on 

HSC function, we determined the cellular morphology and levels of alpha-smooth muscle actin 

(αSMA) after knockdown of ACSL4 or pharmacological inhibition. αSMA is considered a marker for 

HSC activation22 and was clearly upregulated in the HSCs after 7 days under our culture conditions 

(Fig. 2B). Treatment of HSCs with siRNA targeted against Acsl4 on day 2 after plating did not cause 

a significantly different expression of αSMA mRNA (88 ± 18% compared to non-targeting siRNA 
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Fig. 6. The effect of ACSL4 inhibition on endogenous lipids in activated HSCs. A,B. Freshly isolated HSCs were 
transfected with non-targeting (control) targetingor Acsl4 siRNA at day 2 and cultured until day 7, or C,D isolated 
HSCs were incubated in the absence (control) or presence of rosiglitazone (Rosig) (100 μM) at day 1 and cultured 
in the continued presence of these substances until day 7. Subsequently, neutral lipids and phospholipids were 
extracted and HPLC-MS was performed as described. A,C. Several representative TAG species with no, 1, or 2 
PUFA chains were quantified and normalized to the amount of cholesterol in the sample. Values and expressed 
relative to the level of the respective TAG species present in the non-targeting (control) cells (A), or control (C). B, 
D. The most abundant PC species were quantified and expressed relative to the total amount of PC in a sample. 
Data are the means ± SD of 3 experiments performed in duplicate. *P < 0.05 paired t-test. Rosiglitazone (Rosig) 
was added from a 25 mM stock in DMSO to final concentration of 100 μM. In control experiments, the equivalent 
volume of DMSO was added.
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(control) transfected; n = 4; non-significant), and no difference in cellular morphology was noted 

(Figs. 2C and D). However, the transfection with non-targeting siRNA already increased αSMA 

levels more than two-fold when compared to non-transfected cells, suggesting that the transfec-

tion procedure stimulated the activation process, and potentially masked an inhibitory role of 

ACSL4 knock down. Therefore the effect of rosiglitazone was also assessed on αSMA expression. 

As shown in Fig. 7, rosiglitazone inhibited αSMA expression in cultured HSC at concentrations that 

were in a similar range as required for ACSL4 inhibition (IC50 = approx. 100 μM). The relatively high 

concentration of rosiglitazone required to inhibit HSC activation makes it unlikely that PPAR-γ is 

involved, since rosiglitazone activates this transcription factor at much lower concentrations (≤ 

10 μM; 23). However, rosiglitazone is also known to activate an unknown (PPAR-γ independent) 

mechanism at concentrations around 100 μM24. This latter mechanism can be targeted with 15-

dPGJ2
24. We therefore compared the inhibitory effects of different concentrations of rosiglitazone 

and 15-dPGJ2 on αSMA expression with their effects on ACSL4 activity. Since 15-dPGJ2 inhibited 

αSMA expression without affecting ACSL4 activity (Fig. 7), we cannot exclude the possibility that 
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Fig. 7. Effects of rosiglitazone and 15-dPGJ2 on HSC activation and AA incorporation into TAGs. Freshly 
isolated HSCs were incubated in the absence (control) or presence of rosiglitazone (Rosig) (10 or 100 μM) or 
15-deoxy-Δ12,14 prostaglandin J2 (15-dPGJ2; 10 μM) at day 1 and cultured until day 7. Relative gene expression 
of αSMA (HSC activation marker) was measured by qPCR. In parallel, the incorporation of AA-d8 into TAG was 
determined by incubation for 24 h with 25 μM AA-d8, similar to Fig. 5. The incorporated d8 label into several 
representative TAG species with 1, 2 or 3 PUFAs were added. Values are expressed relative to the levels in the 
control cells and are the means ± SD of 3 experiments. Rosiglitazone or 15-dPGJ2 were added from a 25 mM 
stock in DMSO to final concentration of 100 μM. In control experiments, the equivalent volume of DMSO was 
added. *P < 0.05 t-test treatment vs control.
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Fig. 8. Effect of Acsl4 gene silencing on prostaglandin secretion by HSCs. Freshly isolated HSCs were transfected 
with non-targeting (control) or Acsl4 siRNA at day 2 and cultured until day 7. Subsequently the cells were 
incubated for 1 h with DMEM containing 0.5% FBS either with or without 10 μM of the Ca2 +ionophore A23187. 
Upper panel: Prostaglandins secreted for 1 h into the low FBS medium were expressed relative to the level 
secreted by non-targeting (control) cells in the presence of Ca2 + ionophore. Lower panel: neutral lipids and 
phospholipids were extracted and HPLC-MS was performed as described. PC-sn2 AA is the sum of the PC species 
36:4, 38:4, and 38:5. Values are expressed relative to the level of lipid present in non-targeting siRNA (control) 
transfected cells in the absence of Ca2 + ionophore. Data are the means of 3 experiments performed in duplicate. 
Data are the means ± SD of 3 experiments. Lower panel, *P < 0.05 paired t-test, ASCL4 kd vs control, #P < 0.05 
paired t-test, Ca2 + ionophore vs no Ca2 + ionophore.
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rosiglitazone (partly) inhibits HSC activation by another mechanism, independent of its effect on 

PUFA-TAG formation.

Effect of ACSL4 inhibition on eicosanoid secretion by hSCs

TAG-PUFAs may play a role in the AA/eicosanoid metabolism10,11, and ACSL4 was suggested to in-

crease eicosanoid synthesis in tumor cells20. We therefore studied the effect of ACSL4 knock down 

on eicosanoid secretion by activated HSCs. A major eicosanoid detected in the medium of HSCs 

at day 7 was prostaglandin E2 (PGE2). However no difference in the basal PGE2 secretion between 

non-targeting and Acsl4 siRNA transfected HSCs was observed ( Fig. 8). Stimulation of Ca2 + de-

pendent isoforms of phospholipase A2 by incubation with a Ca2 + ionophore A23187 resulted in a 

more than 10-fold increase in PGE2 release by the activated HSCs. As shown in Fig. 8, the secretion 

of PGE2 and other prostaglandins was not significantly affected by knock down of ACSL4. We ob-

served also detectable levels of thromboxane B2 and the hydroxyeicosatetraenoic acids (HETEs), 

11-HETE and 15-HETE in the medium of the Ca-ionophore stimulated HSCs, which did also not 

differ after knock down of ACSL4 (results not shown). To determine whether the eicosanoids after 

the Ca2 + stimulus were derived from the PC and/or the PUFA-TAG pool, we performed lipidomic 

analyses on the HSCs after incubation with and without the Ca2 + ionophore. As shown in Fig. 8, 

stimulation of phospholipase A2 activity with Ca2 + ionophore caused a relatively strong decrease 

in TAG-PUFA species, that was larger than the decrease in the PC-AA pool in both non-targeting 

siRNA transfected cells and in HSCs treated with Acsl4 siRNA. We could estimate from Fig. 8 and 

Supplementary Tables 3 and 4, that the observed 50–60% loss in PUFA-TAGs would result in the 

release of 9–12 nmol of AA/mg protein, whereas a loss of 15–20% of AA-containing phospholipids 

would release 6–9 nmol of AA/mg protein.

This suggests that PUFAs from the TAG pool are used to replenish the PC-PUFA pool after the 

stimulation of phospholipase A2. In that case, prostaglandin secretion will only be affected in 

HSCs containing no or very low levels of TAG-PUFAs. Therefore, HSCs were pre-incubated for 6 

days with 100 μM rosiglitazone, resulting in very low levels of TAG-PUFAs (< 20% of control) and 

50% of PC-AA (Figs. 6C and D). Under these conditions, Ca2 + induced secretion (for 1 h in the 

absence of rosiglitazone) of PGE2, PGD2 and 6-keto-PGF1-alpha was significantly inhibited by 72 ± 

21%, 82 ± 15%, and 69 ± 20%, respectively (n = 3).

DISCuSSION

In this paper, we report that ACSL4 is a key enzyme involved in the increase in PUFA-TAGs in 

activated rat HSCs. This conclusion is based on the observations that ACSL4, which has a prefer-

ence for PUFAs8, i) is the only isoform of the ACSL family which is upregulated in activated HSCs, 



Chapter 2

52

whereas the other isoforms are downregulated, ii) ACSL4 localizes around LDs, and, most impor-

tantly, iii) siRNA-mediated gene silencing of Acsl4 or inhibition of ACSL4 activity by rosiglitazone 

considerably reduces the amounts of PUFA-TAG species.

Because the different ACSL isoforms have different preferences for fatty acids8,9, the change in 

ACSL isoform profile during HSC activation will affect the species profile of the newly formed acyl-

CoA pool. In activated HSCs this new acyl-CoA pool will be dominated by PUFA-CoA species, as 

PUFAs are the preferred fatty acids of ACSL4. We previously observed that during HSC activation 

the PUFAs are almost exclusively accumulating in TAGs and not in PLs7. We now propose that this 

increase in PUFA-TAGs is caused by an increase in ACSL4 during HSC activation. Likewise, knock 

down of ACSL4 in insulin secreting INS 832/13 cells inhibited the incorporation of labeled AA 

into TAGs but not into PLs25. In contrast, overexpression of ACSL4 in arterial smooth muscle cells 

caused a relatively larger increase in incorporation of labeled AA into PLs as compared to TAGs20. 

There are three main explanations for the differences in response of the TAG and PL species profile 

to changes in ACSL activity. One explanation states that there is no general acyl-CoA pool for PC 

and TAG but that specialized pools exist channeling synthesized acyl-CoAs to either TAGs or PLs26. 

This hypothesis requires that different CoA synthesizing enzymes are coupled to either PL or TAG 

synthesis/remodeling enzymes, for example by differential intracellular localization. Our finding 

that ACSL4 localizes to large LDs in HSCs, sites of TAG formation27, supports a channeling hypoth-

esis. Our data are also in agreement with proteomic screens identifying ACSL4 as a LD associated 

protein28-31. Another, not mutually exclusive, explanation is that the enzymes involved in the final 

step of TAG formation (i.e. DGAT 1 and/or 2) and in PL remodeling (i.e. LPCAT 3 in case of PC32) have 

different affinities for PUFA-CoAs. Indeed, we observed that exogenous AA was incorporated into 

PC with a higher affinity than into TAGs. The simplest explanation for the observed difference in af-

finity for exogenous AA is that the final PC and TAG synthesizing enzymes have different affinities 

for PUFA-CoA. As a consequence, changes in the intra cellular PUFA-CoA concentration, caused 

by an up- or downregulation of ACSL4 activity, will differentially affect PC and TAG synthesis. The 

higher affinity for PUFA-PC synthesis will generate smaller effects on the rate of PUFA-PC synthe-

sis as compared to the formation of PUFA-TAG species, as the former is more readily saturated. 

Especially the formation of TAG species containing 2 and 3 PUFA moieties are expected to be 

sensitive to variation in PUFA-CoA levels as their formation rate is linear over a large concentration 

range. A different affinity of the PC and TAG remodeling enzymes for PUFA-CoA also explains our 

observation that knock-down of ACSL4 and inhibition of ACSL4 with rosiglitazone only caused 

an appreciable decrease in PUFA-PC species at the low micro molar levels of AA present in the 

culture medium (Fig. 6), but not in the presence of the higher concentration of exogenous AA-d8 

(25 μM) (Fig. 3 and Fig. 4). Thirdly, the TAG pool, but not the PL pool, is expandable. This implies 

that the TAG pool can accommodate the extra PUFA-CoAs formed by ACSL4. In contrast, in the 
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non–expandable PL pool, the higher level of PUFA-CoAs will lead to a somewhat higher rate of 

replacement, rather than to net higher levels of PUFAs (see Fig. 1B and D).

The role of ACSL4 in the formation of PUFA-TAGs permits an evaluation of the function of the ac-

cumulation of PUFA-TAGs during HSC activation by modulating ACSL4 activity. An approximately 

80–90% knockdown of ACSL4 obtained by gene silencing caused a strong decrease in PUFA-TAGs, 

but did not result in a significant change in HSC activation. However this does not exclude a role 

for ACSL4 or TAG-PUFAs in HSC activation as the remaining PUFA-TAGs may still be sufficient for 

HSC functioning. A robust inhibition of PUFA-TAG formation was obtained by inhibition of ACSL4 

activity using rosiglitazone. Incubation with this ACSL4 inhibitor was indeed associated with a 

significant inhibition of HSC activation. However rosiglitazone may affect other targets besides 

ACSL4, which are implicated in the inhibition of a fibrotic response33,34.

In several types of immune cells esterified AA has been found in isolated LDs35, and it has been 

suggested that such LDs serve as an AA reservoir for local activation of essential cellular func-

tions36. Furthermore, in several cancer cell lines upregulation of ACSL4 was suggested to control 

cell proliferation via generation of eicosanoids37. HSCs bear some resemblance to dendritic cells 

involved in the immune system38. Therefore, we investigated whether PUFA-TAGs in HSCs play a 

role in the generation of eicosanoids, allowing signaling with other hepatic cell types like hepa-

tocytes, liver progenitor cells, or macrophages. Gene silencing of Acsl4 only caused a marginal 

effect on the secretion of various prostaglandins in activated HSCs. Under the same experimental 

conditions, we showed that the PUFA-PC levels are not affected, providing an explanation for the 

observed lack of effect on eicosanoid production by ACSL4 knockdown. In contrast, PUFA-TAG 

levels are strongly reduced under these conditions, indicating that under conditions of reduced 

ACSL4 expression, PUFA-TAGs can be used to maintain normal levels PUFA-PC. These experiments 

point to a possible role of PUFA-TAGs as a reservoir for PL-AA synthesis and thus eicosanoid for-

mation. This was further investigated by generating higher amounts of eicosanoids using Ca2 + 

ionophore A23187. The Ca2 + stimulus affected the PUFA-TAG pool much more as compared to the 

AA-PC pool, suggesting a flux of AA from TAG to PLs or into prostaglandins. A role for TAG-PUFAs 

as a PUFA buffer was then further corroborated by the experiments where ACSL4 was almost 

completely inhibited for 6 days with rosiglitazone. Under these conditions, the TAG-PUFA pool 

was depleted and a strong (70–80%) inhibition of the Ca2 + stimulated eicosanoid secretion was 

observed, despite the presence of 50% PUFA-PC species. Therefore, we suggest that upregulation 

of ACSL4 during activation serves to protect HSCs against a shortage of PUFAs required for cell 

growth and eicosanoid production.
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SuPPLEmENTARy DATA

Table S1. Sequence of the primers used in this study:

Gene Accession 
number

Forward primer 5→3 Reverse primer 5→3 Tm

Acsl 1 NM_012820 GTGAACAGAACGAAACCCAAGCC TGGGTGACCATTGCTCCTTTGG 60°C

Acsl 3 NM_057107       CAAGGGCGTCATTGTACACACC TGCTGTGAGCTTTCTTGTCCAC 62.4°C

Acsl 4 NM_053623 CCTGCTTTACCTACGGCT AATCACCCTTGCTTCCCT 59.9°C

Acsl 5 NM_053607       GGCCTTAAATCCTTTGAGCAGGTC TGGCTTTCAGTGTCGGTGTCAG 65.5°C

Acsl 6 NM_130739      TGTTTGAGCGAATGGTGCAGTC CGGAGAGCTTTCATGTCGTCTGAG 64.3°C

α-Sma NM_031004     AGATGGCGTGACTCACAACGTG AGGAATAGCCACGCTCAGTCAG  65°C

Hprt NM_012583     GTGTTGGATACAGGCCAGACTTTG TCCACTTTCGCTGATGACACAAAC 60°C

Hmbs NM_013168     GCTTCGCTGCATTGCTGAAAGG ACTCCACCAGTCAGGTACAGTTG 59.7°C

Ywhaz NM_013011  ACATCTGCAACGACGTACTGTCTC AGCAGCAACCTCAGCCAAGTAG 58°C

Table S2. Antibodies used in western blot:

Primary 
antibody

manufacturer Catalogue no. Dilution WB Diluent Incubation time Type sec.AB

ACSL4 Santa Cruz sc-134507 1:250 TBS+BSA O/N 4°C rabbit polyclonal

α-SMA Thermo Scientific AM128-5M 1:1000 TBS+BSA O/N 4°C mouse 
monoclonal

Tubulin Sigma-Aldrich T6199 1:1000 TBS+BSA O/N 4°C mouse 
monoclonal

WB = Western Blot. sec. = secondary.
AB = antibody. TBS = Tris-buffered saline. BSA = Bovine serum albumin

Table S3. Fatty acid composition of neutral lipids in quiescent and activated HSCs

Fatty acid
day 1
nmol/mg protein

day 7
nmol/mg protein

day 1 + d8-AA
nmol/mg protein

day 7 + d8-AA 
nmol/mg protein

C14:0 1.3 ± 1.5 1.5 ± 0.1 0.7 ± 0.8 2.0 ± 1.3

C16:0 19.5 ± 5.9 14.4 ± 2.9 15.2 ± 4.4 16.2 ± 1.2

C16:1 2.4 ± 0.9 5.5 ± 1.1 1.8 ± 0.6 5.3 ± 0.9

C18:0 5.4 ± 1.2 6.9 ± 1.9 4.0 ± 1.5 7.3 ± 2.3

C18:1 15.9 ± 0.7 29.3 ± 1.4 13.3 ± 1.3 31.2 ± 5.5

C18:2 11.8 ± 1.9 8,7 ± 0,5 9,2 ± 1,6 9,6 ± 2,4

C20:0 0.2 ± 0.2 0.7 ± 0.2 0.5 ± 0.5 0.7 ± 0.3

C20:1 0.6 ± 0.2 2.0 ± 0.2 0.5 ± 0.2 2.0 ± 0.2

C20:2 0.6 ± 0.1 1.4 ± 0.2 0.4 ± 0.2 1.2 ± 0.0
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Table S4. Fatty acid composition of phospholipids in quiescent and activated HSCs

Fatty acid
day 1
nmol/mg protein

day 7
nmol/mg protein

day 1 + d8-AA
nmol/mg protein

day 7 + d8-AA 
nmol/mg protein

C14:0 1.3 ± 0.8 1.4 ± 0.2 0.9 ± 0.6 1.0 ± 0.1

C16:0 35.0 ± 4.4 24.1 ± 2.2 33.0 ± 1.9 23.1 ± 1.0

C16:1 3.4 ± 0.8 5.5 ± 0.6 3.0 ± 0.2 4.3 ± 0.3

C18:0 33.4 ± 2.8 26.9 ± 2.7 31.1 ± 2.0 26.7 ± 1.1

C18:1 23.8 ± 6.4 31.7 ± 5.4 20.0 ± 1.8 25.6 ± 3.2

C18:2 12.1 ± 2.2 7.8 ± 0.7 10.6 ± 0.9 4.0 ± 0.6

C20:0 0.6 ± 0.2 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1

C20:1 1.4 ± 0.2 1.1 ± 0.1 1.2 ± 0.1 0.9 ± 0.2

C20:2 1.1 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.5 ± 0.0

C20:3 4.0 ± 1.1 4.7 ± 1.0 2.8 ± 0.8 2.5 ± 0.4

C20:4 total 48.2 ± 11.2 42.3 ± 5.0 59.4 ± 18.1 62.7 ± 14.9

    d8-C20:4 22.1± 11.5 34.4 ± 11.9

C20:5 0.6 ± 0.1 1.1 ± 0.2 0.3 ± 0.0 0.3 ± 0.0

C22:4 total 8.4 ± 2.3 11.1 ± 2.0 10.1 ± 3.0 13.5 ± 2.3

    d8-C22:4 2.8 ± 1.3 4.8 ± 1.1

C22:5 3.8 ± 1.2 5.9 ± 1.4 3.1 ± 0.9 4.0 ± 0.7

C22:6 8.0 ± 0.7 10.2 ± 2.1 6.6 ± 1.2 7.1 ± 2.5

Freshly isolated HSCs were cultured for 1 or 7 days and additionally incubated for 24 hr without or with 25µM 
of d8-AA in medium with 10% FBS at 37°C. Subsequently, lipids were extracted, separated into a phospholipid 
fraction, and hydrolyzed. The released fatty acids were analyzed with HPLC-MS. Data are means ± SD of 2 
experiments performed in duplicate.

Table S3. Fatty acid composition of neutral lipids in quiescent and activated HSCs (continued)

Fatty acid
day 1
nmol/mg protein

day 7
nmol/mg protein

day 1 + d8-AA
nmol/mg protein

day 7 + d8-AA 
nmol/mg protein

C20:3 1.7 ± 0.3 5.9 ± 0.6 1.0 ± 0.2 7.1 ± 1.5

C20:4 total 11.7 ± 2.9 18.3 ± 0.8 11.9 ± 1.8 61.6 ± 16.0

    d8-C20:4 4.6 ± 0.8 37.0 ± 13.5

C20:5 0.2 ± 0.1 1.3 ± 0.1 0.1 ± 0.0 1.7 ± 0.6

C22:4 total 3.2 ± 0.7 13.0 ± 1.0 2.9 ± 0.6 25.9 ± 1.5

    d8-C22:4 0.7 ± 0.1 10.0 ± 0.8

C22:5 1.2 ± 0.3 10.5 ± 0.3 0.8 ± 0.1 10.1 ± 1.6

C22:6 3.0 ± 1.2 14.3 ± 4.7 2.0 ± 1.4 13.9 ± 4.7

Freshly isolated HSCs were cultured for 1 or 7 days and additionally incubated for 24 hr without or with 25µM of 
d8-AA in medium with 10% FBS at 37°C. Subsequently, lipids were extracted, separated into a neutral fraction, 
and hydrolyzed. The released fatty acids were analyzed with HPLC-MS. Data are means ± SD of 2 experiments 
performed in duplicate.
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ABSTRACT 

Hepatic stellate cell (HSC) activation is a critical step in the development of chronic liver disease. 

During activation, HSCs lose their lipid droplets (LDs) containing triacylglycerol (TAG), cholesteryl 

esters (CEs) and retinyl esters (REs). Here we aimed to investigate which enzymes are involved in 

LD turnover in HSC during activation in vitro. Targeted deletion of the Atgl gene in mice HSCs had 

little effect on the decrease of the overall TAG, CE and RE levels during activation. However, ATGL-

deficient HSCs specifically accumulated TAG species enriched in PUFAs and degraded new TAG 

species more slowly. TAG synthesis and levels of PUFA-TAGs were lowered by the DGAT1 inhibitor 

T863. The lipase inhibitor Atglistatin increased the levels of TAG in both wt and ATGL-deficient 

mouse HSCs. Both Atglistatin and T863 inhibited the induction of activation marker α-SMA in rat 

HSCs, but not in mouse HSCs. Compared to mouse, rat HSCs have a higher turnover of new TAGs 

and Atglistatin and the DGAT1 inhibitor T863 were more effective. Our data suggest that ATGL 

preferentially degrades newly synthesized TAGs, synthesized by DGAT1, and is less involved in 

the breakdown of pre-existing TAGs and retinyl esters in HSCs. Furthermore a large change in TAG 

levels has modest effect on rat HSC activation. 

Keywords: Vitamin A, lipase, lipolysis and fatty acid metabolism, lipid droplets, lipidomics, heavy 

isotope labeling, triacylglycerol pools, retinyl esters.
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INTRODuCTION

Hepatic stellate cells (HSCs) are the main vitamin A (retinol)-storing cells of the body  (1,2).  In 

a healthy liver, HSCs store vitamin A in the form of retinyl esters (REs) in large lipid droplets 

(LDs), together with triacylglycerols (TAGs) and cholesteryl esters (CEs). HSCs are located in the 

space of Disse, between the sinusoidal endothelial cells and the hepatocytes. Upon liver injury, 

quiescent HSCs can transdifferentiate into an activated myofibroblastic phenotype (1). Activated 

macrophages in concert with the HSCs may initiate this transition by secreting cytokines, such as 

transforming growth factor beta (TGF-β), which stimulate the synthesis of matrix proteins and the 

release of retinoids by HSCs (1,3). The loss of retinoids is associated with a gradual disappearance 

of the LDs inside the HSCs. We previously reported that LD degradation in activated rat hepatic 

stellate cell occurs in two phases (4). Upon activation of the hepatic stellate cells, the LDs reduce 

in size, but increase in number during the first 7 days in culture before they disappear in a later 

phase. Raman and lipidomic studies showed that in the initial phase of HSC activation, the REs 

are disappearing rapidly, whereas the TAG content is transiently increased (4). Interestingly, this 

increase in TAGs in rat HSCs is predominantly caused by a large and specific increase in poly-

unsaturated fatty acid (PUFA)-containing triacylglycerol species during the first 7 days in culture, 

mediated by an increase in expression of the PUFA-specific fatty acid CoA synthase (ACSL) 4 and a 

decrease in expression of the other ACSLs, especially ACSL1 (5). So far, the molecular mechanisms 

and identity of the enzymes involved in the observed increase in lipid droplet number, and their 

subsequent breakdown during HSC activation are not well understood. An increase in number 

can be accomplished by the novo synthesis of new LDs (6) or fission of existing large LDs (7). 

Breakdown of LDs is best characterized in adipose cells, in which key roles were assigned to 

adipose triglyceride lipase (ATGL, also known as PNPLA2), its co-activator CGI-58 and hormone 

sensitive lipase (HSL) (8). The first two proteins are known to have a more general function as 

deficiencies in either one leads to neutral lipid storage diseases (9). Both ATGL and CGI-58 were 

present on LDs in the hepatic stellate cell line HSC-T6 (10), and rat HSCs were shown to express 

ATGL, although it was down regulated upon activation (11). In mouse HSCs, lipid breakdown was 

shown to be partially mediated by a lipophagic pathway, as inhibition of autophagy increased 

the amount of  LDs (12,13). Because inhibition of autophagy was shown to impair HSC activation 

in mice and this effect could be partially reversed by addition of exogenous FAs, it was suggested 

that LD breakdown is required to fulfill the energy demands of HSCs during activation (13). On the 

other hand, HSC activation was shown to be relatively undisturbed in the absence of REs and LDs 

in Lecithin:retinol acyl transferase (LRAT) knockout mice (14). 

In this study we addressed the question whether a change in lipid metabolism is causally related 

to the activation process in rat and mouse HSCs. We identified enzymes involved in LD formation 
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and breakdown in HSCs in vitro and studied the effect of inhibition of these enzymes on HSC 

activation. 

mATERIALS AND mEThODS

Reagents

D4-palmitate, D8-arachidonate and Atglistatin were purchased from Cayman Chemical (Ann Ar-

bor, MI, USA). Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), and penicil-

lin/streptomycin were obtained from Gibco (Paisley, UK). Bovine Serum Albumin (BSA) fraction V 

was obtained from PAA (Pasching, Austria). T863 and Collagenase (Clostridium histolyticum Type 

I) was obtained from Sigma-Aldrich (St. Louis, MO, USA), and saponin from Riedel-de Haën (Seelze, 

Germany). The mouse monoclonal antibody against alpha-smooth muscle actin (α-SMA) was 

from Thermo Scientific (Waltham, MA, USA). Lipid droplet staining dye LD540 was kindly donated 

by Dr. C. Thiele, Bonn, Germany. Hoechst 33342 was obtained from Molecular Probes (Paisley, UK), 

paraformaldehyde (PF) (8%) was obtained from Electron Microscopy Sciences (Hatfield, PA, USA). 

FluorSave was obtained from Calbiochem (Billerica, MA, USA), all HPLC-MS solvents were from 

Biosolve (Valkenswaard, the Netherlands) with exception of chloroform (Carl Roth, Karlsruhe, Ger-

many) and were of HPLC grade. Silica-G (0.063–0.200 mm) was purchased from Merck (Darmstadt, 

Germany).

Animals

We used 10-12 week-old male and female Atgl+/+ (wt) and Atgl-/- mice, generated by crosses of 

Atgl+/-  C57BL/6J mice (15) and paired on sex and age from the same nest and adult male Wistar 

rats (300–400 g). Procedures of mouse and rat care and handling were in accordance with gov-

ernmental and international guidelines on animal experimentation, and were approved by the 

Animal Experimentation Committee (Dierexperimentencommissie; DEC) of Utrecht University 

(DEC-numbers: 2010.III.09.110, 2012. III.10.100, and 2013.III.09.065). 

hSC isolation and in vitro primary cell culture

Stellate cells were isolated from livers of mice and rats by collagenase digestion followed by dif-

ferential centrifugation (16) and cultured as described previously (5) in DMEM supplemented with 

10% FBS, 100 units/ml penicillin, 100 µg/ml streptomycin and 4 µl/ml Fungizone and cells were 

maintained in a humidified 5% CO2 incubator at 37°C. Medium was changed every 3 days. 

Gene silencing 

Gene-silencing experiments were performed using small interfering RNA (siRNA) for target genes 

or non-targeting siRNA as a control (ON-TARGETplus SMARTpool of 4 siRNAs, Thermo-Scientific, 
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Rochester, NY, USA) according to the manufacturer’s instructions. Briefly, two days after plating, 

the cells were treated with 40 nM siRNA using 5 µl/ml RNAiMAX (Invitrogen, Breda, the Nether-

lands) in antibiotic free complete media (with FBS). After 6 hr of transfection, media was changed 

to standard culturing conditions up to day 7. 

RNA isolation, cDNA synthesis and QPCR

Total RNA was isolated from HSCs grown in a 24-well plate using RNeasy Mini Kit (Qiagen, Venlo, 

the Netherlands) including the optional on-column DNase digestion (Qiagen RNase-free DNase 

kit). RNA was dissolved in 30 μl of RNase free water and was quantified spectrophotometerically 

using a Nanodrop ND-1000 (Isogen Life Science, IJsselstein, the Netherlands).  An iScript cDNA 

Synthesis Kit (Bio-Rad, Veenendaal, the Netherlands) was used to synthesize cDNA. Primer design 

and qPCR conditions were as described previously (17). Briefly, qPCR reactions were performed in 

duplicate using the Bio-Rad detection system. Amplifications were carried out in a volume of 25 

µl containing 12.5 µl of 2xSYBR green supermix (BioRad), 1ul of forward and reverse primer and 1 

µl cDNA. Cycling conditions were as follows: initial denaturation at 95°C for 3 minutes, followed by 

45 cycles of denaturation (95°C for 10 seconds), annealing temperature (see Supplementary data, 

Table S1 and S2) for 30 seconds, and elongation (72°C for 30 seconds). To determine the relative 

expression of a gene, a 4-fold dilution series from a pool of all samples of all genes tested were 

used. The amplification efficiency was between 95-105%, amplicon sequencing conformed the 

specificity and for each sample a melt-curve analysis was performed. IQ5 Real-Time PCR detection 

system software (BioRad) was used for data analysis. Expression levels were normalized by using 

the average relative amount of the reference genes. Reference genes used for normalization are 

based on their stable expression in stellate cells, namely, tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein zeta (Ywhaz), hypoxanthine phosphoribosyl transferase (Hprt), 

and hydroxyl methylbilane synthase (Hmbs). Primers of reference and target genes are listed in 

Supplementary Data, Table S1 and S2. 

Immunofluorescence 

Freshly isolated HSCs were grown on glass coverslips in 24 well plates at 37°C for 7 days. Stain-

ing of cells was performed as follows: cells were fixed in 4% (v/v) PF at room temperature for 

30min and stored in 1% (v/v) PF at 4°C for a maximum of 1 week. HSCs were washed twice in 

PBS, permeabilized (0.1% (w/v) saponin) and blocked with 2% BSA for 1hr at room temperature. 

After blocking, slides were incubated 1hr with the primary antibody against α-SMA (50-75 ug/

mL), washed again, and incubated for 1hr with anti-mouse antibody (15ug/mL) supplemented 

with Hoechst (4 ug/mL) for nuclear counterstaining and lipid droplet dye LD540 (0.05 ug/ml). 

Thereafter, coverslips were mounted with FluorSave on microscopic slides. Image acquisition was 

performed on a Leica TCS SPE-II confocal microscope at the Center of Cellular Imaging, Faculty of 

Veterinary Medicine, Utrecht University. 
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To quantify lipid droplet size and numbers per cell, confocal images of LD540 (lipid droplets) 

and Hoechst33342 (nuclei) were analyzed with CellProfiler v2.1.1. Recognized lipid droplets and 

nuclei were overlayed on the original image to confirm the identity. The error rate was <5% for 

lipid droplets and <2% for nuclei. 

Determination of TAG turnover

To investigate the dynamics of TAG formation and degradation, we labeled  isolated rat HSCs for 

1 or 2 days with 25 µM D4-palmitate and 25 µM D8-arachidonate in medium containing 10% fetal 

calf serum. The labeling medium contained approximately 25 % of unlabeled palmitate and 5% 

of unlabeled arachidonate from the fetal bovine serum (5-10 µM, and 1-2 µM, respectively; (18)). 

After the labeling the cells were either harvested or subsequently chased for 1 or 2 days  in me-

dium containing 10% fetal calf serum the absence of the stable isotope-labeled FAs to determine 

the breakdown of the labeled TAGs.

Analysis of neutral lipids by hPLC-mS

Lipids were extracted from a total cell homogenate of HSCs grown in a 12-well plate by the 

method of Bligh and Dyer (19) after addition of 200 pmol  tripentadecanoylglycerol as internal 

standard. Lipid extracts were dissolved in methanol/chloroform (1/9, v/v), loaded on top of the 

silica-G column (approximately 10 mg of 0.063–0.200 mm silica) and separated in a neutral and 

phospholipid fraction (20). Neutral lipids were eluted with two volumes acetone, dried under 

nitrogen gas and stored at −20°C. Prior to HPLC-MS analysis, the neutral lipid fraction was dis-

solved in methanol/chloroform (1/1, v/v) and separated on a Kinetex /HALO C8-e column (2.6 

micron, 150×3.00 mm; Phenomenex, the Netherlands). A gradient was generated from methanol/

H2O (5/5, v/v) to methanol/isopropanol (8/2, v/v) at a constant flow rate of 0.3 ml/min. Mass 

spectrometry of neutral lipids (TAGs, CEs, RE, and cholesterol) was performed using Atmospheric 

Pressure Chemical Ionization (APCI) interface (AB Sciex Instruments, Toronto, ON, Canada) on a 

Biosystems API-2000 Q-trap. The system was controlled by Analyst version 1.4.2 software (MDS 

Sciex, Concord, ON, Canada) and operated in positive ion mode using settings described pre-

viously (4,5). Typical TAG, CE, and RE ions detected are shown in Supplementary Data, Fig. S1. 

Cholesterol and CEs give typical ions with a m/z of 369, and REs with a m/z of 269, due to the 

loss of the FA chain.  It is important to note that TAG species have retention times on HPLC that 

are characteristic for TAGs. Subsequently, ionization of the TAG species by APCI generates some 

DAG fragments. As these DAG fragments are generated after HPLC, they have HPLC retention 

times that are the same as the TAG species that they are derived from. In contrast, DAG species 

present in HSCs have DAG-specific retention times.  TAG fragments with two non-, single-, and 

double-labeled palmitoyl chains (16:0,16:0,x)  were quantitated by counting ions with m/z of 551, 

555 and 559 respectively. TAG fragments with a non- or single-labeled palmitoyl and an oleoyl 

chain (16:0,18:1,x) were quantitated by counting ions with m/z of 577 and 581, respectively, and 
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non-, single-, double- and triple-labeled di-arachidonoyl-palmitoyl-glycerol (20:4, 20:4,16:0) was 

quantitated by counting ions with m/z of 903, 907+911, 915+919, and 923, respectively. Typical 

non-labeled, high abundant TAG species quantitated were: non PUFA, 52:3 (m/z 859),  and 54:3 

(m/z 885); PUFA, 56:5 (m/z 909), 58:6 (m/z 935), 60:9 (m/z 957) and 62:11 (m/z 981). Total TAG was 

determined by quantitating all ions between m/z 530 and 1050 with a retention time of TAG spe-

cies and corrected for the presence of second and third  isotope peaks. In this mass and retention 

time range no CEs and REs were detected (See Supplementary Data, Fig. S1). The quantitated 

lipids were normalized to the amount of cholesterol in the same sample. Cholesterol was found 

to be a good marker for recovery of cellular material, as the cholesterol/protein ratio was found to 

be constant during HSC culture. 

Statistical analysis

Each experiment was performed in duplicate and repeated at least three times. Comparisons of 

variables between multiple factors were made by a two-way ANOVA. Comparisons of a variable 

between two groups were made with unpaired or paired Student’s t test depending on whether 

the data were normalized to a control before analysis. Differences were considered statistically 

significant if the P value was less than 0.05.

RESuLTS

Differential effect of ATGL on TAG breakdown in mouse hSCs

We investigated the dynamics of neutral lipid breakdown in HSCs isolated from wt and Atgl-/- mice. 

HSCs from Atgl -/- mice have almost 2-fold higher TAG levels compared to wt mice during the cell 

culture period, but similar levels of CEs and REs (Fig. 1, panels A-C). These results clearly implicate 

ATGL in TAG metabolism of HSCs. Surprisingly, however, upon culturing and hence activation of 

HSCs, the TAG levels in ATGL-deficient HSCs dropped with an apparently similar rate as compared 

to wt (Fig. 1A), indicating that ATGL is not the main lipase in mouse HSCs involved in TAG hydroly-

sis during activation. Likewise, there was no effect of ATGL knockout on the decrease of CEs and 

REs levels upon culturing (Fig. 1B and 1C). To look more closely at a possible role of ATGL in lipid 

breakdown during mouse HSC activation, we quantitated different TAG species individually and 

expressed the TAG levels as percent of the levels at day 1 (Fig. 1D-F). In particular TAG species 

with one or more polyunsaturated fatty acid (PUFA) moieties were increased in ATGL deficient 

HSCs at day 7 and 14, but decreased in wt HSCs. Non-PUFA TAG species decreased at an almost 

similar rate in Atgl-/- HSCs. An exact determination of the contribution of the PUFA-TAG species to 

the total amount of TAG by the APCI-MS method is hampered by the numerous species (>1000) 

and the observation that the various TAG species fragment to a different degree depending on 

the saturation of their acyl chains (5). Nevertheless, quantitation of a number of representative 
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intact and fragmented TAG ions allowed us to estimate that wt HSCs at day 1 have 10% TAGs with 

one or more PUFAs, whereas this was approximately 5% in Atgl -/- HSCs. At day 14, the fraction of 

PUFA-TAGs in wt HSC was similar as on day 1, but in ATGL-/- cells it was increased to more than 30% 

(Supplementary Data, Fig. S1D and S2). This allows us to estimate that the PUFA-TAG levels in Atgl 

-/- HSCs at day 1, 7 and 14 are 0.13, 0.33 and 0.29 nmol/mmol chol, respectively.

We previously reported that the increase in PUFA-TAGs in wt HSCs upon culturing in vitro was 

dependent on a preferential incorporation of exogenous FAs into TAG (4,5). We therefore deter-
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Figure 1. Atgl-deficiency has differential effect on neutral lipids in mouse HSCs. HSCs isolated from wt or Atgl 
-/- mice were incubated for 1, 7 or 14 days in normal medium. Subsequently, neutral lipids were determined 
by HPLC-MS. Values of all TAG species (TAG; A), Cholesteryl ester (CE; B) and retinylesters (RE; C) were expressed 
relative to the amount of cholesterol in the same sample. D, E and F show the relative net loss or gain of all TAG 
species (D), specific TAG species without a PUFA chain (E), and specific TAG species with one or more PUFA-chains 
(F) during the incubation as values are expressed relative to level of the respective lipids present at day 1. Data 
are the means ± SEM of 6 mice.  * P< 0.05 ANOVA wt vs Atgl -/-.
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Figure 2. Atgl-deficient mouse HSCs have a lower relative breakdown of newly labeled TAG species. A and B: 
Primary wt and ATGL-/- mouse HSCs were incubated on day 1 with D4-palmitate and D8-arachidonic acid for 
2 days. At day 3, part of the cells were harvested (label), and the remaining HSCs were chased for 48 hrs with 
normal medium and harvested at day 5 (chase). Subsequently, neutral lipids were extracted and HPLC-MS was 
performed as described. A: Single or double deuterium-labeled (grey and dark grey bars) and non-labeled 
(white bars) TAG fragments with 2 palmitoyl chains (16:0,16:0,x) and a palmitoyl and an oleoyl chain (16:0,18:1,x) 
were quantitated and expressed as percentage of all TAG species. B: Single, double, or triple deuterium-labeled 
(grey, dark grey, and black bars) and non-labeled (white bars) forms of di-arachidonoyl-palmitoyl glycerol (20:4, 
20:4,16:0) were quantitated and expressed as percentage of all TAG species. C: Shows breakdown of the labeled 
TAG species as the data from the indicated TAG fragments of the cells at day 5, after the chase, were expressed 
relative to the level of the same TAG species at the beginning of the chase at day 3.  Data are the means ± SEM of 
5 experiments performed in duplicate. * P< 0.05 t-test versus wt.
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Figure 3. Effect of the DGAT1-inhibitor T863 and Atglistatin on TAG metabolism in wt and ATGL-/- mouse HSCs. 
A and B: HSCs isolated from wt or Atgl -/- mice were incubated on day 1 or day 6 with D4-palmitate and D8-
arachidonic acid for 24 hrs additionally containing vehicle (DMSO) or 20 µM T863.  At day 2 or 7 the cells were 
harvested and neutral lipids were determined with HPLC-MS. A: Single or double deuterium-labeled (grey and 
dark grey bars) and non-labeled (white bars) TAG fragments with 2 palmitoyl chains (16:0,16:0,x) were quantitated 
and expressed as percentage of all TAG species. B: Single, double, or triple deuterium-labeled (grey, dark grey, 
and black bars) and non-labeled (white bars) forms of di-arachidonoyl-palmitoyl glycerol (20:4, 20:4,16:0) were 
quantitated and expressed as percentage of all TAG species. C, D and E: Isolated wt and ATGL-deficient mouse 
HSCs were incubated from day 1 to day 7 with vehicle (DMSO; control), 20 µM T863 (C), or 50 µM Atglistatin 
(Atglst) (D and E). The values of the various neutral lipids were normalized to the amount of cholesterol in the 
sample, and expressed relative to the level of the respective lipids present in the control cells at day 7 (C and 
D), or expressed relative to the levels present at the beginning of the incubation (day 1) to show that Atglistatin 
causes a net increase in TAG (E). Data are the means ± SD of 3 experiments performed in duplicate. C-E:   * P< 0.05 
ANOVA, treatment versus control, # P< 0.05 ANOVA, wt versus Atgl -/- mice.
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mined the incorporation and subsequent chase of deuterium-labeled fatty acids (D4-palmitate 

and D8-arachidonate) in mouse HSCs. As shown in Fig. 2A, approximately 5% of all the TAG species 

were labelled with D4-palmitate in either TAG (16:0, 16:0,x) and TAG (16:0, 18:1,x) (sum of labeled 

species in first and fifth bar). The predominant D4-palmitate labeled species were the TAGs with 

two palmitoyl groups, from which more than 50% was labeled (Fig.2A, first bar). ATGL is involved 

in the breakdown of this newly formed TAG pool as the labeled TAG pool was lost at a significantly 

lower relative rate in Atgl -/- HSCs (half time  > 2 days) compared to wt cells (half time < 1 day; 

Fig. 2C grey and dark grey bars). The breakdown of non-labeled, mainly pre-existing TAGs were 

not different in the ATGL-deficient cells  (Fig. 2C, white bars), assuming an equal re-synthesizis of 

unlabeled TAG species during the chase in both mice types from FAs from the medium. Similar 

results were observed for the predominant D8-arachidonate-labeled TAG species (Fig. 2B and 2C), 

indicating that ATGL is specific for newly formed TAGs, irrespective of the degree of unsaturation 

of the fatty acid moieties. 

We previously reported that the enrichment of PUFAs into newly synthesized TAGs is caused by 

a down regulation of the general ACSL1 isoform concomitant with an upregulation of the PUFA-

specific ACSL4 isoform upon rat HSC activation (5). To see whether a similar shift occurs in mouse 

HSCs to explain the increase in PUFA-TAGs observed in the ATGL-deficient HSCs, we determined 

the relative mRNA expression of ACSL1 and ACSL4 in mouse HSCs at day 1, and 7. We found that 

the ratio of ACSL4 mRNA to ACSL1 mRNA levels increased from 0.8 ± 0.2 at day 1 to  4.6 ± 0.7 at 

day 7 (n=6). No difference in increase in ACSL4/ACSL1 ratio was observed between wt and ATGL-

/- HSCs. This demonstrates a clear enrichment of the PUFA-specific ACSL4 isoform upon activation 

of mouse HSCs. Furthermore, we observed that D8-arachidonate was incorporated at a higher 

rate into TAG in activated HSCs at day 6 than in relative quiescent cells at day 1 (Fig. 3B).

DGAT1 is involved in the novo synthesis of TAG during hSC activation

To investigate which of the two Acyl-CoA:Diacylglycerol Acyltransferase (DGAT) enzymes is in-

volved in the formation of the new TAG species in mouse HSCs during activation we determined 

the DGAT1 and DGAT2 mRNA expression in mouse HSCs at day 1 and day 7. The mRNA levels 

of DGAT1 were higher compared to those of DGAT2 at day 1 (relative mRNA levels of 118 ± 26 

and 35 ± 36, respectively; n=6), and the difference between DGAT1 and DGAT2 mRNA expression 

increased during activation at day 7 (relative mRNA levels of 136 ± 20 and 14 ± 16, respectively; 

n=6). To test the role of DGAT1 on the synthesis of new TAGs we determined the incorporation 

of deuterium-labeled FAs into TAG in the presence of the DGAT1-specific inhibitor T863 (21). As 

shown in Fig. 3A and 3B, the DGAT1 inhibitor inhibited the incorporation of both D4-palmitate 

and D8-arachidonate into TAG. The DGAT1-specific inhibitor T863 also caused  a clear decrease in 

the levels of PUFA-TAGs in both wt and in Atgl -/- HSCs during activation, but had almost no effect 

on the non-PUFA TAG levels (Fig 3C). This indicates that PUFAs are preferential incorporated in the 
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Figure 4. Effect of alterations in TAG metabolism on activation of rat and mouse HSCs. Relative gene expression 
of α-SMA (HSC activation marker) was measured by qPCR. A: HSCs isolated from wt or Atgl -/- mice were 
incubated for 1, 7 or 14 days in normal medium (n=6). B: HSCs isolated from wt or Atgl -/- mice or from rats were 
incubated from day 1 to day 7 with vehicle (DMSO; control), 50 µM Atglistatin (Atglst), or 20 µM T863. Relative 
mRNA levels of α-SMA were expressed relative to the levels in the control-treated cells (n=3). Data are the means 
± SD. * P< 0.05 t-test versus control.
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Figure 5. Effect of Atglistatin and the DGAT1-inhibitor T863 on LDs and on the activation marker α-SMA in rat 
and mouse HSCs. A: Confocal images of HSCs isolated from rats, and  wt or Atgl -/- mice, which were incubated 
from day 1 to day 7 with vehicle (DMSO; control), 50 µM Atglistatin (Atglst), or 20 µM T863. Lipid droplets were 
stained with LD540 dye (green), anti α-SMA antibody (red) and nuclei were stained with Hoechst (blue).  Shown 
are representative pictures from 3 experiments. B and C: Images were analyzed with CellProfiler v2.1.1. B: LD 
size was expressed in diameter (nm). C: LD numbers were expressed as a ratio of scored lipid droplets and 
scored nuclei per image. Image analysis of rat hepatic stellate cells was based on 40 cells and 2500 lipid droplets 
per condition and for mouse HSCs both wild-type and Atgl -/- animals  on 85 cells and 3000 lipid droplets per 
condition. Data are the means ± SD. * P< 0.05 t-test versus control.
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newly formed TAG pool in mouse, similar to observed in rat HSCs. As shown in Fig 3C, the levels of 

CEs were lower in T863-treated mouse HSCs, suggesting that this drug may also affect cholesterol 

acylation.

Atglistatin inhibits the predominant lipase in mouse hSCs

The Atgl -/- mice also provided a model to study the specificity of the ATGL-specific inhibitor At-

glistatin in HSCs (22). Surprisingly, Atglistatin-treatment for 6 days resulted in an almost similar 

increase in TAG levels in Atgl -/- as compared to wt HSCs (Fig. 3D). This amounted to a 2-fold net 

increase in the total TAG levels in both wt and Atgl -/- HSCs, when compared to the original TAG 

levels at day 1 (Fig. 3E). This clearly demonstrates that Atglistatin not only inhibits ATGL but also 

targets another, as yet unknown, TAG lipase, which plays a major role in the degradation of the 

TAG pool in mouse HSCs.

Effect of TAG metabolism on hSC activation

To investigate whether a change in LD size and number is causally related to the activation 

process, we determined the expression levels of α-smooth muscle actin (α-SMA) after the vari-

ous treatments to alter TAG content of the HSCs and determined the cellular morphology of the 

cells. α-SMA is considered a marker for HSC activation and was clearly upregulated in mouse 

HSCs (Fig. 4A). However, neither deletion of ATGL nor addition of the lipase inhibitor Atglistatin 

or the DGAT1-inhibitor T863 affected the expression of the activation marker α-SMA in mouse 

HSCs (figs 4A and 4B). In contrast, we observed a 30 % inhibition of α-SMA expression by both 

Atglistatin and T863 in rat HSCs (Fig. 4B).

Imaging studies show that Atglistatin increased both the number and size of LDs in rat and mouse 

HSCs, whereas the DGAT1-inhibitor T863 decreased these parameters in rat HSCs (Fig. 5). In HSCs 

from wt mice, T863 had no effect on LD size or number, but T863 decreased the number of LDs in 

Atgl-/- HSCs (Fig. 5).

Rat hSCs have a higher TAG turnover as compared to mouse hSCs

As we observed effects of Atglistatin and the DGAT-inhibitor T863 on activation and LD number 

and size in rat HSCs, we investigated neutral lipid metabolism in isolated HSCs from this rodent in 

more detail. The dynamics of TAG formation and degradation in rat HSC was assessed by labeling 

freshly isolated rat HSCs for 2 days with deuterated FAs followed by a 1 day chase.  As shown in 

Fig. 6A (sum of labeled species in first and third bar), 20 % of all the TAG species were labelled with 

D4-palmitate after 2 days. From the TAG species containing two palmitoyl groups even 80% was 

labeled (first bar). This suggests that a large part of the total TAG pool is renewed if we assume that 

palmitoyl-containing TAG species behave similar to the other TAG species. Most of the label was 

replaced after the 24 h chase, especially in the doubly labeled TAGs, which lost more than 90% 
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of their label (see Fig. 6A, chase and 6B). Similar results were observed for the D8-arachidonate-

labeled TAG species upon addition of D8-arachidonate to HSCs for two days (results not shown; cf. 

(4)). This indicates that rat HSCs contain a large and highly dynamic TAG pool with turn-over rates 

of less than 8 hrs. In comparison to mouse HSCs, rat cells incorporated more labeled FAs, but also 

lost their newly made TAGs at a higher relative rate (cf. Figs 2A and 2B to 6A and 6B). 

ATGL and DGAT1 are involved in TAG turnover in rat hSCs

Next we tested the effects of the DGAT1-specific inhibitor T863 and Atglistatin on TAG formation 

and breakdown in rat HSCs. As shown in Fig. 7A, T863 inhibited the incorporation of D4-labeled 

palmitate in TAG by 80% and caused a similar decrease in the unlabeled TAGs, presumably due 

to inhibition of the incorporation of unlabeled palmitate from the fetal calf serum.  Atglistatin 

prevented the breakdown of labeled TAG almost completely and also increased the level of non-

labeled TAG almost 4-fold during the 2 day chase. This latter observation is caused most likely by 

inhibition of degradation of the newly formed unlabeled TAGs (Fig. 7A, and 7B). When rat HSCs 

were incubated for 6 days with Atglistatin the TAG levels were even 10-fold higher compared to 
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Figure 6. High turnover of TAG in rat HSCs. A and B: Primary rat HSCs were incubated on day 1 with D4-palmitate 
for 2 days. At day 3, part of the cells were harvested (label), and the remaining HSCs were chased for 24 hrs with 
normal medium and harvested at day 4 (chase). Subsequently, neutral lipids were extracted and HPLC-MS was 
performed as described. A: Single or double deuterium-labeled (grey and dark grey bars) and non-labeled (white 
bars) TAG fragments with 2 palmitoyl chains (16:0,16:0,x) and a palmitoyl and an oleoyl chain (16:0,18:1,x) were 
quantitated and expressed as percentage of all TAG species. B: Shows breakdown of the labeled TAG species as 
the data from the indicated TAG fragments of the cells at day 4, after the chase, were expressed relative to the 
level of the same TAG species at the beginning of the chase at day 3.  Data are the means ± SD of 3 experiments 
performed in duplicate.
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Figure 7. Effect of Atglistatin and the DGAT1-inhibitor T863 on TAG metabolism in rat HSCs. A and B: Isolated 
rat HSCs were either labeled on day 6 with D4-palmitate for 1 day in the presence or absence of 20 µM T863 
(label 1d), or labeled for 2 days from day 1 to day 3 (label 2d), and subsequently chased for another 2 days in 
the presence of vehicle (DMSO; chase cont) or 50 µM Atglistatin (chase + Atglst). Neutral lipids were determined 
by HPLC-MS. A: Single or double deuterium-labeled (grey and dark grey bars) and non-labeled (white bars) TAG 
fragments with 2 palmitoyl chains (16:0,16:0,x) were quantitated and expressed as percentage of all TAG species. 
B: Shows breakdown of the D4-palmitate-labeled TAG species as the data from the cells after the chase, were 
expressed relative to the level of the same TAG species at the beginning of the chase. C and D: Isolated rat HSCs 
were incubated from day 1 to day 7 with vehicle (DMSO; control), 50 µM Atglistatin (Atglst; C), or 20 µM T863 
(D). Subsequently, neutral lipids were determined by HPLC-MS. The values were normalized to the amount of 
cholesterol in the sample, and expressed relative to the level of the respective lipids present in the control cells 
at day 7. Data are the means ± SD of 3 experiments performed in duplicate. * P< 0.05 t-test versus control.
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Figure 8. Atgl and Dgat1 affects TAG metabolism in rat HSCs. A: Relative mRNA expression of genes involved in 
TAG breakdown and synthesis in quiescent (day 1; white bars) and activated (day 7; grey bars) rat HSCs by qPCR.  
B, C and F: Isolated rat HSCs were transfected at day 2 with non-targeting (control; white bars) or siRNAs targeting 
Atgl (light grey bar), Dgat1 (grey bar), or Dgat2 (black bar). B. HSCs were harvested 3 days after transfection at day 
5 after isolation, and relative mRNA expression of indicated genes were determined with qPCR and expressed 
relative to their levels in the control-transfected cells. C:  Transfected HSCs were harvested on day 7 and neutral 
lipids were determined by HPLC-MS. The values were normalized to the amount of cholesterol in the sample, and 
expressed relative to the level of the respective lipids present in the control-transfected cells. D and E: Isolated 
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control incubated cells (Fig. 7C). This experiment demonstrates the large capacity of rat HSCs to 

synthesize TAG, since net TAG formation is now unmasked by the virtual absence of the normally 

large concurrent degradation pathway. The DGAT1-specific inhibitor T863 caused 80% lower TAG 

levels after a 6 day incubation (Fig. 7D), suggesting that DGAT1 is the principal enzyme in the high 

TAG formation in activated rat HSCs. The levels of cholesterol esters and retinyl esters, were also 

lowered by T863, indicating that either these neutral lipids require the presence of the major LD 

core lipid TAG, or that T863 also affects the enzymes involved in CE and RE synthesis. 

T863 and Atglistatin might be not completely specific for DGAT1 and ATGL, respectively, as was 

clearly found in case of Atglistatin in mouse HSCs. Therefore, we wanted additional evidence for a 

role of ATGL and DGAT1 in the rapid turn-over in rat HSCs. To this end we measured the expression 

of various TAG-metabolizing genes in quiescent (day 1) and activated (day 7) rat HSCs.  Of the 

tested genes, Atgl, in combination with its regulator CGI-58, and Dgat1 are likely to play a role 

in the rapid rat HSC lipid turnover, as HSL mRNA was not detectable and Dgat2 expression was 

relatively low (Fig. 8A). We found no indication that the expression level of these genes was up-

regulated during activation. In contrast, ATGL expression was down-regulated during the 7 day 

culture of the HSCs. We next explored the function of the candidate genes Atgl, Dgat1 and Dgat2 

by siRNA-mediated silencing. The efficiency of silencing was between 80% and 50% as shown 

in Fig. 8B. In line with the mRNA expression data, knock-down of Atgl and Dgat1, but not Dgat2, 

affected the levels of TAG in rat HSCs (Fig. 8C). Atgl knock-down clearly inhibited the relative loss 

of labeled palmitate during the chase and caused a higher level of labeled palmitate containing 

TAGs at the beginning of the chase, probably by an inhibition of breakdown during the labeling 

period (see Fig. 8D and 8E). A more quantitative estimation of the roles of ATGL and DGAT1 on TAG 

levels in rat HSCs was hampered by the relatively low knock-down efficiency in these primary cells 

(50 % and 60 %, respectively, on mRNA levels; Fig. 8B). The relatively small effects on TAG levels 

by the knock-down of ATGL and DGAT1 did not cause an effect on HSC activation, since we could 

find no effect on α-SMA expression by siRNA-mediated knock down of Atgl, Dgat1 and Dgat2 in 

rat HSCs (Fig. 8F).

HSCs were transfected at day 2 with non-targeting (control) or siRNAs targeting ATGL. One day after transfection, 
cells were incubated with D4-palmitate for 2 days from day 3 to day 5. After the labeling period, part of the cells 
were harvested (label), and the remaining HSCs were chased for 2 days with normal medium from day 5 to day 
7 (chase). Subsequently, neutral lipids were determined by HPLC-MS. D: Single or double deuterium-labeled 
(grey and dark grey bars) and non-labeled (white bars) TAG fragments with 2 palmitoyl chains (16:0,16:0,x) were 
quantitated and expressed as percentage of all TAG species. E: Shows breakdown of the D4-palmitate-labeled 
TAG species as the data from the cells after the chase, were expressed relative to the level of the same TAG 
species at the beginning of the chase. F: Transfected HSCs were harvested on day 7 and relative mRNA levels of 
α-SMA were measured by qPCR and were expressed relative to the levels in the control-transfected cells. All Data 
are the means ± SD of 3 experiments performed in duplicate. * P< 0.05 t-test versus control.
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DISCuSSION

Our study with ATGL-deficient HSCs showed that ATGL has a limited, but specific role in lipid deg-

radation in this cell type. We could not confirm a significant role of this lipase in the degradation 

of retinyl esters in culture-activated mouse HSCs as suggested by Taschler et al. (23). Knockout of 

Atgl did not prevent a decrease in most TAG species without PUFA chains, but caused a preferential 

accumulation of PUFA-TAG species. This differential behavior was not expected, as no clear prefer-

ence of ATGL for specific acyl chains has been described (24). We here propose that, rather than 

an acyl-chain preference, the observed difference in TAG species distribution reflects a preference 

of ATGL for newly synthesized TAGs, as i) the degradation of newly formed TAGs was specifically 

decreased in the ATGL-deficient mouse HSCs, ii) PUFAs are preferentially incorporated in newly 

synthesized TAG in HSCs upon activation by an enrichment of ACSL4 (5), that we now observe also 

in mouse HSCs, and iii) the DGAT1-specific inhibitor T863, which inhibited the formation of new 

TAGs in mouse HSCs, also specifically affected the levels of PUFA-TAGs in activated mouse HSCs. 

The suggestion that ATGL specifically targets newly synthesized TAGs, would imply that in activat-

ed HSCs two pools of TAG exist. A original pool of TAG present in the relatively large pre-existing 

LDs, and a novel pool, made preferential by DGAT1 in combination with ACSL4, and thus enriched 

in PUFAs. This latter pool may well be located in newly formed, and therefore relatively small LDs. 

In activated rat HSCs we previously observed that LDs reduce in size, but increase in number and 

are localized in cellular extensions (4). We speculated that this was caused by fission of the LDs 

and extensive migration to the periphery (4). Our new data favors an alternative explanation, i.e. 

that the apparent redistribution of LDs is due to a degradation of the lipid content (both TAGs and 

RE) of original LDs concurrent with an rapid resynthesis of TAGs in novel lipid droplets by DGAT1 in 

the cell periphery. Interestingly, DGAT1 has been associated with the formation of small new LDs, 

whereas DGAT2 was involved in the enlargement of existing LDs in model cells (25). 

In wild type mice, the accumulation of these new PUFA-TAGs is less apparent as this pool is prob-

ably degraded by ATGL at an equal rate as it is formed. In rat HSCs, however, the formation of 

new TAGs, preferential containing PUFAs, was shown to be much higher and is apparently not 

balanced by ATGL. We have strong evidence that DGAT1 is a key enzyme in this rapid TAG synthe-

sis, as TAG levels were affected by siRNA-mediated knock down of DGAT1, but not DGAT2 in rat 

HSCs, and the DGAT1-specific inhibitor T863 affected the synthesis of new TAGs and resulted in a 

large drop in TAG species during activation. In rat HSCs, the relatively high rate of TAG synthesis 

must be compensated by an almost equal rate of degradation to obtain the small net gain of TAG 

observed (4). The breakdown of the novel TAGs was indeed found to be very high in rat cells, as 

more than 80-90% of the newly formed TAGs is degraded within 1 day. Furthermore, we found 

that inhibition of TAG breakdown by Atglistatin caused a massive increase in total levels of TAG, 



Chapter 3

80

which was estimated to be more than a doubling of the original amount of TAG in one day (as 2 

days of Atglistatin resulted in a 4-fold higher level of TAG, and 6 days of inhibition led to a 10-fold 

higher level; Fig. 7). The higher turnover of new TAGs in rat HSCs would suggest a larger role of 

ATGL in TAG homeostasis in rats compared to mice. This was corroborated by the clear effect of a 

limited siRNA-mediated knockdown of ATGL on total TAG levels (Fig. 8).  

The observation that ATGL-deficient mouse HSCs still lose their TAG content, indicates that an-

other as yet unknown lipase is the main TAG-degrading enzyme in mouse cells. This other lipase, 

like ATGL, is sensitive to Atglistatin as TAG levels were 3-4 fold increased by this inhibitor in both 

wt and Atgl -/- HSCs (Fig. 3). This would eliminate monoglyceride lipase, hormone sensitive lipase, 

lipoprotein lipase and pancreatic lipase, as well as patatin-like phospholipase domain contain-

ing (PNPLA) 6 and PNPLA 7, which were shown to be unaffected by this drug (22). PNPLA3, also 

called adiponutrin (ADPN), is also an unlikely candidate since this enzyme is rather involved in 

TAG remodeling, than in net lipolysis (26). In human HSCs, PNPLA3 was shown to play a role in 

retinyl ester degradation (27), rather than TAG breakdown. But, interestingly, a variant of this gene 

was associated with steatohepatitis by an as yet unknown mechanism (28). Another candidate 

would be lysosomal acidic lipase (LAL/Lipa), the putative TAG degrading lipase in  the lipophagy/

autophagy pathway. Inhibition of autophagy was shown to result in TAG accumulation in mouse 

HSCs (12,13). We have no direct information whether Atglistatin inhibits LAL/Lipa. However, we 

did not observe an increase in CEs after treatment with Atglistatin, as would be expected in case 

of LAL/Lipa inhibition (29).

In general, this study also points out that HSCs from different species are not using metabolic 

pathways in a quantitatively similar way, not even in related animals as rat and mice. This may be 

relevant to explain the differences observed between mice and rats in the effect of strategies to 

alter lipid metabolism on HSC activation. The detection of two potent inhibitors of TAG synthesis 

and degradation in rat HSCs, T863 and Atglistatin, respectively, allowed us to address the question 

whether a change in TAG metabolism is causally related to the activation process in rat and mouse 

HSCs. Intriguingly, both inhibitors significantly attenuated activation in rat HSCs to a similar, albeit 

relatively low degree (30%, Fig. 4). Although we cannot exclude the possibility that these drugs 

affect HSCs activation by other, non-lipid related pathways, their effects on HSC activation corre-

lated with their effect on TAG levels, as Atglistatin and T863 had less effect on TAG levels in mouse 

HSCs and did not affect the expression of the activation marker α-SMA in these cells. As inhibi-

tion of TAG formation had the same effect as inhibiting its breakdown, rat HSCs seem to require 

an available TAG pool for optimal functioning. This pool may act as a buffer for FAs required for 

energy (13), or synthesis of membranes or bioactive lipids, like prostanoids (5). Our study with the 

DGAT-specific inhibitor T863 is in line with previous studies showing that knockdown of Dgat1 in 

rat liver inhibited activation of HSCs in vitro (30), whereas knockout of Dgat1 in mice had no effect 
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on subsequent HSC activation in culture (31). Interestingly in the latter study also indicated that a 

limited effect in vitro, might be meaningful in vivo, as the DGAT1-deficient mice were less sensitive 

to induction of liver fibrosis (31). 
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SuPPLEmENTARy DATA

Table S1. Rat primer sequence for the target and reference genes used in qPCR

Gene Accession Number Forward primer 5 → 3                      Reverse primer 5 → 3                      Tm

Pnpla2   NM_001108509       CACCCTTTCCAACATGCT                    GTCTGCTCCTTCATCCAC                     63ºC

CGI-58   NM_212524             GCATTGACTCCCTTTAACCC TGTACTCTGTCACCGTGTC 65ºC

HSL NM_012859             TCAAAGTCAAACCCTCCA TGTCATTGTGCGTAAATCC 61.5 ºC

Dgat1 NM_053437             TTTCTGCTACGGCGGGTTCTTG GATAGTAGGGACCATCCACTGCTG 65ºC

Dgat2 NM_001012345       TACAGTGGGTCCTATCCT CAGCCAGGTGAAGTAGAG 65ºC

α-SMA   NM_031004 AGATGGCGTGACTCACAACGTG AGGAATAGCCACGCTCAGTCAG 65ºC

Hprt NM-012583             GTGTTGGATACAGGCCAGACTTTG TCCACTTTCGCTGATGACACAAAC 60ºC

Hmbs NM_013168             GCTTCGCTGCATTGCTGAAAGG ACTCCACCAGTCAGGTACAGTTG 59.7ºC

Ywhaz NM_013011             ACATCTGCAACGACGTACTGTCTC AGCAGCAACCTCAGCCAAGTAG 58ºC

Table S2. Mouse primer sequence for the target and reference genes used in qPCR

Gene Accession Number Forward primer 5 → 3                      Reverse primer 5 → 3                      Tm

Acsl1 NM_001302163      TCTTTCTTGCCTCTCGCC GTCGTCCATAAGCAGCCT 66.5ºC

Acsl4 NM_001033600      GCCAGTGTGAACGTATCC GTGAAGAGTATCCAATCCTACAG 61.5ºC

Dgat1 NM_010046.2 CAGCAATTATCGTGGTATCCT TCCTTCAGAAACAGAGACAC 59.5 ºC

Dgat2 NM_026384.3         TTCCGAGACTACTTTCCCA GTTACAGAAGGCACCCAG 61.5ºC

α-SMA   NM_007392 TCTTCCAGCCATCTTTCATTGGG CCTGACAGGACGTTGTTAGCATAG 61ºC

Hprt NM_013556           TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 64ºC

Hmbs NM_001110251 ACTCTGCTTCGCTGCATTG AGTTGCCCATCTTTCATCACTG 58ºC

Ywhaz NM_001253805     AACAGCTTTCGATGAAGCCAT TGGGTATCCGATGTCCACAAT 64ºC
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SuPPLEmENTARy FIGuRE S1

Lipidomic analysis of neutral lipids from hSCs 
Contour plots in the m/z range of 250 to 1050 of a HPLC-APCI-MS analysis. 

A: TAG standard (100 pmol of sunflower oil, enriched in TAGs with unsaturated FAs like 18:1 and 18:2), showing 
both intact TAG fragments in the m/z 800–1000 region and fragments in the m/z region of 530-650 resulting 
from the loss of one FA chain, and in the m/z region of 350-300 resulting from the loss of two FA chains.

B. CE standard (100 pmol of cholesterol oleate), showing a characteristic cholesterol fragment of m/z 369 
resulting from the complete loss of the FA chain.

C. RE standard (100 pmol of retinyl palmitate), showing a characteristic retinol fragment of m/z 269 due to the 
complete loss of the FA chain.

D Neutral lipids extracted from wt and ATGL-/- mouse HSC at day 1 and 14 in culture. 

IS = tripentadecanoylglycerol as internal standard which is detected as a fragment with a m/z of 523 resulting 
from the complete loss of one FA chain. 

Box denotes the range used for total TAG analysis 
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SuPPLEmENTARy FIGuRE S2

hSCs of ATGL-/- mice accumulate PuFA-TAGs during activation.
Contour plots of HPLC-APCI-MS analysis of mouse HSC at day 1, 7 and 14, showing an increase in long chain 
fatty acid-containing TAG species at day 7 and 14 in ATGL-/- HSCs. From every ion in the m/z 800–1000 region its 
relative abundance (amount of blackness) and retention time in the HPLC separation is shown. TAG species with 
the same total number of carbon atoms in the three acyl chains (denoted on the left hand side), but diff erent 
number of double bonds (:n) form diagonal ‘‘stripes’’ at specifi  c m/z regions. In general TAGs with 56 C atoms or 
more contain at least one PUFA, whereas TAGs with 54 C atoms may contain one or no PUFAs. Shown is at typical 
experiment.
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ABSTRACT 

Activation of hepatic stellate cells (HSCs) is a critical step in the development of liver fibrosis. 

During activation, HSCs lose their lipid droplets (LDs) containing triacylglycerol (TAG), cholesteryl 

esters (CEs) and retinyl esters (REs) and the autophagy pathway is stimulated. Here we aimed to 

investigate whether lysosomal acid lipase (LAL/Lipa) is involved in LD degradation in HSCs during 

activation in vitro by studying the effect of lalistat, a specific LAL-inhibitor. The LAL-inhibitor in-

creased the levels of TAG, CE and RE in both rat and mouse HSCs, but was less potent in inhibiting 

the degradation of newly synthesized TAG species compared to a more general lipase inhibitor 

orlistat. Lalistat inhibited the degradation of TAG and RE when novo synthesis of these lipids was 

limited, and induced the presence of RE-containing LDs in an acid compartment. However, target-

ed deletion of the Lipa gene in mice had little effect on the liver levels of RE, whereas the levels of 

CE and TAG were strongly increased. Lalistat partially inhibited the induction of activation marker 

α-SMA in rat and mouse HSCs. Our data suggest that LAL/Lipa is involved in the degradation of 

pre-existing LDs, delivered to the lysosomal compartment by an autophagy pathway, and that 

inhibition of this lipophagic path has a modest effect on HSC activation.

Keywords: Vitamin A, lipase, lipolysis and fatty acid metabolism, lipid droplets, lipidomics, heavy 

isotope labeling, triacylglycerol pools, retinyl esters.
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INTRODuCTION

The majority of vitamin A (retinol) is stored as retinyl esters (REs) in specific liver cells, the so called 

hepatic stellate cells (HSCs)  1, 2. HSCs are located in the spaces of Disse, between sinusoidal endo-

thelial cells and hepatocytes. In a healthy liver, HSCs contain large lipid droplets filled with REs,  

triacylglycerols (TAGs) and cholesteryl esters (CEs). After liver injury, quiescent HSCs can transdif-

ferentiate into an activated myofibroblastic phenotype 1. Activated macrophages in concert with 

HSCs may initiate this transition by secreting cytokines such as transforming growth factor beta 

(TGF-β), which stimulate the synthesis of matrix proteins and the release of retinoids by HSCs 1, 3. 

The loss of retinoids is associated with a gradually disappearance of LDs inside the HSCs. We previ-

ously reported that LD degradation in activated rat HSCs occurs in two phases 4. Upon activation 

of HSCs, the LDs reduce in size, but increase in number during the first 7 days in culture. The LDs 

migrate to cellular extensions in this first phase, before they disappear in a later phase. Raman 

and lipidomic studies showed that in the initial phase of HSC activation, the REs are disappear-

ing rapidly, whereas the TAG content is even transiently increased 4. Interestingly, this increase 

in TAGs in rat HSCs is predominantly caused by a large and specific increase in poly-unsaturated 

fatty acid (PUFA)-containing triacylglycerol species during the first 7 days in culture, mediated by 

the increase in the ratio of the PUFA-specific fatty acid CoA synthase (ACSL)4 to the non-specific 

ACSLs, especially ACSL1 5. So far, the molecular mechanisms and identity of the enzymes involved 

in the observed increase in lipid droplet number, and their subsequent breakdown during HSC 

activation are unknown. An increase in number can be accomplished by the novo synthesis of 

new LDs 6 or fission of existing large LDs 7. We have previously suggested that the former possibil-

ity is more likely as HSCs were shown to have a dynamic lipid metabolism, in which new TAGs are 

synthesized and hydrolyzed at relatively high rates 8. Breakdown of LDs is best characterized in 

adipose cells, in which key roles were assigned to adipose triglyceride lipase (ATGL, also known 

as PNPLA2), its co-activator CGI-58 and hormone sensitive lipase (HSL) 9. The first two proteins 

are known to have a more general function as deficiencies in either one leads to neutral lipid 

storage diseases 10. Rat HSCs were shown to express ATGL but not HSL 8, 11. In mouse and rat HSCs, 

ATGL was found to be involved specifically in breakdown of newly synthesized TAGs rather than in 

degrading pre-existing TAGs. This suggests the existence of another lipolysis pathway 8. In mouse 

HSCs, lipid breakdown was shown to be partially mediated by a lipophagic pathway, as inhibition 

of autophagy increased the amount of  LDs 12, 13. Because inhibition of autophagy was shown to 

impair HSC activation in mice and this effect could be partially reversed by addition of exogenous 

FAs, it was suggested that LD breakdown is required to fulfill the energy demands of HSCs during 

activation 13. The lipase active in lipophagy is thought to be lysosomal acid lipase (LAL) coded 

by the Lipa gene 14, which is also responsible for the degradation of lipoprotein derived CEs and 

TAGs  taken up by endocytosis 15. Targeted deletion of Lipa in mice leads to severe CE and TAG 

accumulation in hepatocytes 16 and LAL deficiency in humans results in either Wolman disease 



Chapter 4

94

or its milder variant, Cholesteryl Ester Storage Disease (CESD), depending on the mutation in the 

Lipa gene 17. 

In this study, we addressed the question, whether inhibition of LAL affects lipid metabolism in 

HSCs and the activation process in rat and mouse HSCs. We therefore studied the effect of the 

LAL-specific inhibitor lalistat 18-20 and the more general lipase inhibitor orlistat 18 on HSC lipid 

metabolism and activation. 

mATERIALS AND mEThODS

Reagents

Lalistat (lalistat-2; 3,4-disubstituted thiadiazole carbamate, compound 12 from ref. 19) was a gift 

from Paul Helquist (University of Notre Dame, IN, USA). D4-palmitate and 3-Methyladenine were 

purchased from Cayman Chemical (Ann Arbor, MI, USA). D7-Cholesterylpalmitate was from Avanti 

polar lipids. Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), and penicillin/

streptomycin were obtained from Gibco (Paisley, UK). Bovine Serum Albumin (BSA) fraction V 

was obtained from PAA (Pasching, Austria). T863, Chloroquine diphosphate salt, Bafilomycin A, 

L-α-Phosphatidylcholine, retinol palmitate (RP), collagenase (Clostridium histolyticum Type I) and 

basic chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). The mouse monoclonal 

antibody against alpha-smooth muscle actin (α-SMA) was from Thermo Scientific (Waltham, 

MA, USA). Lipid droplet staining dye LD540 was kindly donated by Dr. C. Thiele, Bonn, Germany. 

Hoechst 33342 was obtained from Molecular Probes (Paisley, UK), paraformaldehyde (PF) (8%) 

was obtained from Electron Microscopy Sciences (Hatfield, PA, USA). FluorSave was obtained 

from Calbiochem (Billerica, MA, USA), all HPLC-MS solvents were from Biosolve (Valkenswaard, 

the Netherlands) with exception of chloroform (Carl Roth, Karlsruhe, Germany) and were of HPLC 

grade. Silica-G (0.063–0.200 mm) was purchased from Merck (Darmstadt, Germany). Delipidated 

FBS was made from FBS by extraction with diisopropylether and n-Butanol (FBS/diisopropylether/

n-Butanol,  10/8/4 v/v/v), followed by extensive dialysis against phosphate buffered saline (PBS) 

at 4 °C.

Animals

We used adult male Wistar rats (300–400 g) and 10-12 week-old male and female C57BL/6J mice 

for HSC isolation. Lipa-/- mice were generated as described 16.

Procedures of rat and mouse care and handling were in accordance with governmental and 

international guidelines on animal experimentation, and were approved by the Animal Experi-
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mentation Committee (Dierexperimentencommissie; DEC) of Utrecht University (DEC-numbers: 

2010.III.09.110, 2012. III.10.100, and 2013.III.09.065). 

hSC isolation and in vitro primary cell culture

Stellate cells were isolated from livers of rats and mice by collagenase digestion followed by dif-

ferential centrifugation 21. After isolation, HSCs were plated in 24, 12 or 6 well plates at a density of 

2x104, 5x104 or 1x105 cells/well, respectively. Cells were maintained in DMEM supplemented with 

10% FBS, 100 units/ml penicillin, 100 µg/ml streptomycin and 4 µl/ml Fungizone and cells were 

maintained in a humidified 5% CO2 incubator at 37°C and were protected from light by covering 

with aluminium foil. Medium was changed every 3 days. 

RNA isolation, cDNA synthesis and QPCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Venlo, the Netherlands) including the op-

tional on-column DNase digestion (Qiagen RNase-free DNase kit). RNA was dissolved in 30 μl of 

RNase free water and was quantified spectrophotometerically using a Nanodrop ND-1000 (Isogen 

Life Science, IJsselstein, the Netherlands).  An iScript cDNA Synthesis Kit (Bio-Rad, Veenendaal, the 

Netherlands) was used to synthesize cDNA. Primer design and qPCR conditions were as described 

previously 22. Briefly, qPCR reactions were performed in duplicate using Bio-Rad detection system. 

Amplifications were carried out in a volume of 25 µl containing 12.5 µl of 2xSYBR green supermix 

(BioRad), 1ul of forward and reverse primer and 1 µl cDNA. Cycling conditions were as follows: ini-

tial denaturation at 95°C for 3-minute, followed by 45 cycles of denaturation (95°C for 10 seconds), 

annealing temperature (see Table 1 and 2) for 30 seconds, and elongation (72°C for 30 seconds). 

A melting curve analysis was performed for every reaction. To determine relative expression of a 

gene, a 4-fold dilution series from a pool of all samples were used. IQ5 Real-Time PCR detection 

system software (BioRad) was used for data analysis. Expression levels were normalized by using 

the average relative amount of the housekeeping genes. Reference genes used for normalization 

are, based on their stable expression in stellate cells, namely, tyrosine 3-monooxygenase/trypto-

phan 5-monooxygenase activation protein, zeta (Ywhaz), hypoxanthine phosphoribosyl transferase 

(Hprt), and hydroxyl methylbilane synthase (Hmbs). Primers of reference genes are as described 8, 

and primers of target genes are listed in Supplementary Data, Table S1. 

Immunofluorescence 

Freshly isolated HSCs were grown on glass coverslips in 24 well plates at 37°C for 7 days. Stain-

ing of cells was performed as follows: cells were fixed in 4% (v/v) PF at room temperature for 

30min and stored in 1% (v/v) PF at 4°C for a maximum of 1 week. HSCs were washed twice in PBS, 

permeabilized (0.1% (w/v) saponin (PBS-S; Riedel-de Haën, Seelze, Germany)) and blocked with 

2% BSA for 1hr at room temperature. After blocking, slides were incubated 1hr with the primary 

antibody against αSMA (50-75 ug/mL), washed again, and incubated for 1hr with anti-mouse 
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antibody (15ug/mL) supplemented with Hoechst (4 ug/mL) for nuclear counterstaining and lipid 

droplet dye LD540 (0.05 ug/ml). Thereafter, coverslips were mounted with FluorSave on micro-

scopic slides and Image acquisition was performed at the Center of Cellular Imaging, Faculty of 

Veterinary Medicine, Utrecht University, on a Leica TCS SPE-II confocal microscope. Images were 

adjusted in ImageJ (freeware available at www.download-imagej.com).

Live cell imaging

For live cell imaging, cells (200 μL cell suspensions, approximately  2×105 cells/mL) were plated 

on a 8 well glass-bottom slide of Ibidi (Ibidi, Germany). Cells were cultured under similar condi-

tions as described above in the presence or absence of lalistat for 3 days. At the 4th day after 

isolation, media were changed with fresh media for 2 hrs before imaging. Just before imaging, 

100ul Lysotracker Red DND99 (Life Technologies, final concentration of 75nM) was added and 

Bodipy 493/503 (Molecular Probes,  final concentration of 200nM) for 30 minutes in the incubator. 

Images of the samples were recorded using a NIKON A1R confocal microscope equipped with a 

humidified imaging chamber set to 5% CO2 and 37 oC (TOKAI hit, Japan) at the Center for Cell 

Imaging (CCI), Faculty of Veterinary Medicine, Utrecht University. 

Retinyl esterase (REh) and cholesteryl esterase (CEh) activity assay

REH was assayed essential as described 23. In short an aliquot of mouse liver homogenate or 

rat hepatocyte (400 ug of protein) were incubated in sodium citrate buffer (60 mM; pH 4.1) or 

with HEPES buffer (60mM; pH 7) to a final reaction volume of 100 μl at 37°C in a shaking wa-

ter bath for 45 min in presence of 1.9 mM retinyl palmitate (RP) and/or 1.5 mM D7-cholesteryl 

palmitate (D7-CE) incorporated into liposomes. Liposomes were made by dissolving 20 mg of 

L-α-phosphatidylcholine and 0.5 mg of (RP) and/or 0.5 mg of D7-CE in chloroform, and after 

solvent evaporation, the lipids were suspended in 1 ml of 50mM NaCl, and 10mM Tris, pH 7.4, by 

sonication and was centrifuged at 13000 RPM for 10 min to sediment large vesicles. The reaction 

was stopped by the addition of 100 μl ethanol, and lipids were determined by HPLC-MS using 

multiple reaction monitoring (MRM).

Analysis of neutral lipids by hPLC-mS

Lipids were extracted from a total cell homogenate of HSCs grown in a 12-well plate by the method 

of Bligh and Dyer 24 after addition of 200pmol  tripentadecanoylglycerol as internal standard. 

Extracted lipids were separated in a neutral and phospholipid fraction and analyzed on HPLC-MS 

as described 8. In short, the neutral lipid fraction was reconstituted in methanol/chloroform (1/1, 

v/v) and separated on a Kinetex /HALO C8-e column by a gradient of methanol/H2O (5/5, v/v) to 

methanol/isopropanol (8/2, v/v). Mass spectrometry of neutral lipids (TAGs, CEs, RE, and choles-

terol) was performed using Atmospheric Pressure Chemical Ionization (APCI) interface (AB Sciex 

Instruments, Toronto, ON, Canada) on a Biosystems API-2000 Q-trap. The system was controlled 
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by Analyst version 1.4.2 software (MDS Sciex, Concord, ON, Canada) and operated in positive ion 

mode. TAG fragments with two non-, single-, and double-labeled palmitoyl chains (16:0,16:0,x) 

were quantitated by counting ions with m/z of 551, 555 and 559 respectively and TAG fragments 

with a non- or single-labeled palmitoyl and an oleoyl chain (16:0,18:1,x) had m/z of 577 and 581 

respectively. Typical TAG species quantitated were: non PUFA, 52:3 (m/z 859),  and 54:3 (m/z 885); 

PUFA, 56:5 (m/z 909), 58:6 (m/z 935), 60:9 (m/z 957) and 62:11 (m/z 981). For the quantifi cation of 

the various (deuterated) RE and CE species, we used multiple reaction monitoring (MRM) in posi-

tive ion mode by monitoring molecule specifi c transitions as described in Supplementary Data, 

Table S2. The quantitated lipids were normalized to the amount of cholesterol or protein in the 

same sample. Cholesterol was found to be a good marker for both recovery and cellular material, 

as the cholesterol/protein ratio was found to be constant during HSC culture. 

RESuLTS

Neutral lipid breakdown in hSCs by lysosomal acidic lipase

Lysosomal acidic lipase could play an important role in the breakdown of neutral lipids via 

activation of the autophagy pathway during the activation phase of HSCs. Primary rat HSCs in 

culture have an active autophagy pathway as judged by the relative high ratio of the lipidated to 

unlipidated form of the autophagy protein LC3B, (see Fig. 1B). Similar results have been described 
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Figure 1. Expression of Lipa and activation of autophagy in rat HSCs. A: Relative mRNA expression of lysosomal 
acidic lipase LAL/Lipa in quiescent (day 1; white bar) and activated (day 7; grey bar) rat HSCs was determined 
by qPCR. Data are the means ± SD of 3 experiments performed in duplicate. * P< 0.05 paired t-test versus day 
1. B: Immunoblot probed with LC3B antibody of total proteins (10 µg) of quiescent (day 1) and activated (day 7) 
rat HSCs and the human stellate cell line LX2 incubated for 4 hrs with vehicle (control), the autophagy inducer 
rapamycin (200 nM), or rapamycin in the presence of 20 µM chloroquine to prevent breakdown of LC3B in the 
lysosome. LCB-I is the non-activated form, and LC3B-II is the activated form containing the lipid phosphatidyl 
ethanolamine. Shown is a representative blot from 3 experiments.
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Figure 2. Effect of the lipase inhibitors lalistat and orlistat on neutral lipid levels and degradation in rat HSCs. 
A: Isolated rat HSCs were incubated from day 1 to day 7 in medium with 10% FBS containing vehicle (DMSO; 
control), 100 µM lalistat (lalist; white bars), or 40 µM orlistat (orlist; grey bars). Subsequently, neutral lipids 
were determined by HPLC-MS. The values were normalized to the amount of cholesterol in the sample, and 
expressed relative to the level of the respective lipids present in the control cells at day 7. B and C: Effect of lipase 
inhibitors on the breakdown of newly synthesized TAGs. Primary rat HSCs were incubated on day 1 with 25 μM 
D4-palmitate for 48 hrs. At day 3, part of the cells were harvested (label), and the remaining HSCs were chased 
for 48 hrs with normal medium with vehicle (DMSO; cont), 100 µM lalistat (lalist), or 40 µM orlistat (orlist) and 
harvested at day 5 (chase). B: Single or double deuterium-labeled (grey and dark grey bars) and non-labeled 
(white bars) TAG fragments with 2 palmitoyl chains (16:0,16:0,x)  were quantitated and expressed as percentage 
of all TAG species. C: Shows breakdown of the labeled TAG species. The levels of the indicated TAG fragments at 
day 5, after the chase, were expressed relative to the level of the same TAG species at the beginning of the chase 
at day 3. D: Primary rat HSCs were either harvested at day 1, or incubated for 3 days with 25 μM D4-palmitate 
(from day 1 to day 4). Non-labeled and D4-labeled retinylpalmitate (RP) levels were quantitated by multiple 
reaction monitoring (MRM) and were expressed relative to the RP levels at day 1. Data are the means ± SEM of 
6 experiments performed in duplicate (A) or the means ± SD of 5 (B and C) or 3 (D)  experiments performed in 
duplicate. * P< 0.05 t-test versus control.
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for mouse HSCs 12, 13.  Determination of Lipa mRNA expression in quiescent (day 1) and activated 

(day 7) rat HSCs shows that Lipa mRNA is upregulated during activation in vitro (Fig.1A). 

The contribution of LAL/lipa to neutral lipid breakdown was studied by incubating rat HSCs with 

the LAL-specific inhibitor lalistat (100 µM) during the early activating phase (day 1 - day 7).  As 

shown in Fig. 2A, lalistat caused a 3-4 fold increase in the levels of all neutral lipids including TAGs, 

CEs and REs. The effect of lalistat was compared to orlistat, a more general lipase inhibitor that 

was used at a concentration known to affect LAL to a lesser extent (40uM). Orlistat had a similar 

effect on TAG levels, but a smaller effect on CE and RE levels when compared to lalistat (Fig. 2A). 

We recently described the existence of two pools of TAGs in HSCs, a pre-existing pool and a 

highly dynamic pool that can be readily labeled by adding deuterated fatty acids to the medium 
8. To investigate the effect of the lipase inhibitors on TAG degradation in different TAG pools, we 

labeled  freshly isolated rat HSCs for 2 days with 25 µM D4-palmitate in medium containing 10% 

fetal bovine serum, followed by a 2 day chase without stable isotope-labeled palmitate, but in 

the presence of lalistat or orlistat. As shown in Fig. 2B and 2C, a large percentage of TAGs can be 

labeled with D4-palmitate. In the absence of inhibitors the doubly labeled TAG species are almost 

completely degraded during the 2 day chase (Fig. 2A). Lalistat could not prevent the breakdown 

of these labeled TAGs, although both lalistat and orlistat increased the amount of unlabeled TAGs 

during the chase to a similar level (Fig. 2B and C). This suggests that lalistat preferentially inhibits 

the degradation of a pool of unlabeled, pre-existing TAGs, whereas orlistat mostly affects the 

breakdown of a pool of newly synthesized (i.e. labeled) TAGs. 

Besides the expected massive incorporation of D4-labeled palmitate in to TAGs (cf. 8), we also 

observed that approx. 30% of the retinylpalmitate (RP) was D4-labeled after a 3 day incubation 

with 25 µM D4-palmitate (Fig. 2D). This indicates that a significant part of the RE pool is resyn-

thesized under our culture conditions, presumably from retinol derived from the breakdown of 

endogenous REs as the medium contained almost no retinol nor REs (data not shown). In line with 

this we found that lalistat, which was shown to inhibited the breakdown of the existing REs (Fig.1) 

and thus expected to prevent the release of free retinol, clearly prevented the incorporation of 

D4-palmitate into REs (Fig. 2D). 

To verify that lalistat predominantly targets the existing pool of lipids, we limited the contribution 

of new, exogenous, lipids to the HSC neutral lipid pool during the inhibitor treatment by culturing 

the cells in medium with delipidated serum. The levels of TAG species containing PUFAs and the 

levels of CEs were much lower in the absence of lipids in the medium (Fig. 3A), in line with the 

notion that PUFA-TAGs are synthesized from exogenous PUFAs 5 and that CEs are derived from 

lipoproteins from te medium. The levels of non-PUFA TAGs and REs were less affected by grow-

ing the HSCs in delipidated medium. Nevertheless the levels of these non-PUFA TAGs and REs 
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were increased by lalistat to similar levels when compared to cells grown in normal medium (cf. 

Figs 2A and 3A). As expected, orlistat was less effective in raising the levels of TAG in HSCs when 

lipids were omitted from the medium (Figs 3A and 2A). During the incubation with delipidated 

medium, TAGs might be still (re)synthesized from endogenous FAs, derived from TAG and phos-

pholipid breakdown. We therefore also studied the effect of lalistat in delipidated medium in the 

presence of T863, a DGAT1 inhibitor, which was shown to inhibit TAG synthesis in rat HSCs for 

more than 80% 8. When resynthesis is inhibited, the amount of non-PUFA TAGs is almost halved 

during the 3 day incubation, similar to the approx. 60 % decrease in RE levels (Fig. 3B). As shown in 

Fig. 3B, lalistat now completely prevented the degradation of these lipids, clearly indicating that 

this Lipa-inhibitor prevented the breakdown of existing lipids.
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Figure 3. Effect of lalistat and orlistat on neutral lipid levels in rat HSCs in the absence of lipids in the medium. 
A: Isolated rat HSCs were incubated from day 1 to day 7 in medium with 10% FBS or with 10% delipidated FBS 
containing vehicle (DMSO; delip; white bars), 100 µM lalistat (delip lalist; grey bars), or 40 µM orlistat (delip orlist; 
dark grey bars). Subsequently, neutral lipids were determined by HPLC-MS. The values were normalized to the 
amount of cholesterol in the sample, and expressed relative to the level of the respective lipids present in the 
cells at day 7 incubated with normal FBS. B: Isolated rat HSCs were incubated from day 1 to day 4 in medium with 
delipidated FBS and 10 µM of the DGAT1 inhibitor T863, additionally containing vehicle (DMSO; control; white 
bars), or 100 µM lalistat (lalist; grey bars). The values were normalized to the amount of cholesterol in the sample, 
and expressed relative to the level of the respective lipids present in the cells at day 1. All Data are the means ± 
SD of 3 (A) or 4 (B) experiments performed in duplicate. * P< 0.05 paired t-test versus control.
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Examination of lipid droplet morphology in HSCs by fl uorescence microscopy showed that lalistat 

induces an increase in the number, but not in the size of the  LDs, whereas orlistat increased both 

these parameters resulting in a specifi c increase in big LDs (> 2 µm) (Fig.4). These data are in 

agreement with the fact that these drugs aff ect diff erent lipid breakdown pathways.

To verify that lalistat inhibit lipid breakdown in the lysosomal compartment, we imaged LDs 

in HSCs after staining the acidic compartments with Lysotracker red (Fig 5). In control cells we 

observed that approx. 20 % of the lysotracker positive structures were close to RE-containing 
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Figure 4. Eff ect of lalistat and orlistat on LD morphology and on the activation marker α-SMA in rat HSCs. A: 
Confocal images of HSCs isolated from rats incubated from day 1 to day 7 with vehicle (day7), 100 µM lalistat, or 
40 µM orlistat. Lipid droplets were stained with LD540 dye (green), anti α-SMA antibody (red) and nuclei were 
stained with Hoechst (blue). In the fi rst panel the red channel was omitted for better visibility of the LDs. Shown 
are representative pictures from 4 experiments. B, C, and D: Images were analyzed with CellProfi ler v2.1.1. B: LD 
size was expressed in diameter (nm). C: LD numbers were expressed as a ratio of scored lipid droplets and scored 
nuclei per image. D: LDs distribution is expressed as percentage of LDs with the specifi ed size (in µm). Image 
analysis was based on at least 50 cells and 3000 lipid droplets per condition. Data are the means ± SD. * P< 0.05 
t-test versus control.
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Figure 5. Lalistat increases colocalization of LD and the lysosomal compartment in rat HSCs. A: Confocal images 
of HSCs isolated from rats incubated from day 1 to day 4 in medium with 10% FBS or with 10% delipidated serum 
in the presence of vehicle (control), or 100 µM lalistat. Live HSCs were stained with Lysotracker Red DND99 (red) 
and Bodipy (LD dye, green) for 30 min before imaging. Blue is the UV autoflorescence signal from REs. In the boxes 
higher magnification of the separate channels and the merge are shown. White bar is 10 µm. B: UV-positive LDs 
were counted and classified manually. Classifications were: i) not in contact with Lysotracker red structures, ii) in 
contact or surrounded by Lysotracker red structures (Lysotr. Associated; white bars) or completely colocalized 
with Lysotracker red structures (Lysotr. colocalized; grey bars).  C: Lysotracker red structures were counted and 
classified as i) not in contact with UV-positive LDs, ii) in contact or around UV-positive LDs (UV-LD associated; 
white bars) or colocalized with UV-positive LDs (UV-LD colocalized; grey bars).  Image analysis was based on 40 
cells from 4 independent experiments. Data are the means ± SEM. * P< 0.05 t-test versus control.
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LDs, but colocalization was not observed. Only in the HSCs incubated with lalistat, we detected a 

consistent colocalization of these structures, suggesting that the lipids were inside the lysosomes 

(see Fig. 5). After incubation with lalistat, we also noticed HSCs that clearly contained two popula-

tions of LDs, one that contained retinoids (UV autofluorescent) and one that did not (Fig. 5A and 

Supplementary data Fig. S1). Typically, the latter population was localized at the periphery of 

the cell, whereas the former was present around the nucleus together with the Lysotracker red 

positive structures. 

Since endogenous lipids are thought to traffic to the lysosomal compartment by the autophagy 

pathway, we tried to compare the effect of lalistat in rat HSCs with that of the autophagy inhibitors 

3-Methyladenine (5 mM) and Bafilomycin A1 (7.5 nM) and the inhibitor of lysosomal degradation 

chloroquine (5 uM). However all the inhibitors caused massive death of the rat HSCs within 12 hrs. 

These doses were effective in other cells including the LX-2 human stellate cell line and did not 

affect the viability of the LX-2 cells (Fig 1B; results not shown). When we studied the autophagy 

inhibitors in rat HSCs at lower concentrations that were tolerated, we could not find an effect of 

these inhibitors on autophagy or lysosomal acidification as analyzed with the LC3B I to II ratio 

and imaging with Lysotracker red (results not shown), suggesting that autophagy is essential for 

activated rat HSCs under our culture conditions. 

Retinyl ester breakdown in hSCs by lysosomal acidic lipase

The observed inhibitory effect of lalistat on RE degradation is surprising as RE hydrolytic (REH) 

activity has not yet been attributed to the Lipa gene product. An acidic REH has been described 

that was different from LAL/Lipa as judged from its insensitivity to bivalent metal ions like Ca2+ 

and Mg2+  23, 25. We also found that the main REH in an homogenate of rat HSCs and rat hepatocytes 

has an optimum at pH 4 (Figs 6A and 6B). However we could not observe a difference in inhibi-

tion by bivalent cations between the REH in comparison to the CE hydrolase activity, assayed 

simultaneously (Fig. 6B). We also found that both activities were inhibited by lalistat (Fig. 6B), with 

a similar IC50 around 1-3 µM. Furthermore, the acidic REH activity was absent in liver homogenates 

from Lipa-/- mice and could be induced in CHO homogenates by transfecting the CHO cells with 

recombinant rat Lipa (Figs 6C and 6D). These latter experiments clearly show that Lipa has REH 

activity in vitro.
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Figure 6. LAL/Lipa has retinyl esterase activity in vitro. Retinyl esterase activity (REH) was assayed with RP 
presented in liposomes as substrate in a buffer with pH 7, pH 4 and pH 4 containing 10 µM lalistat, or pH4 
containing 10 mm MgCl2 in homogenates of A: primary rat HSCs cultured for 4 days (16 µg of protein), B: freshly 
isolated rat hepatocytes (400 µg of protein), C: whole mouse livers (400 µg of protein). or D: cultured CHO cells 
1 day after transfection with an empty expression vector or with an expression vector containing rat Lipa cDNA 
(40 µg of protein). In B cholesterol esterase activity (CEH) was  assayed with D7-cholesterol oleate as substrate 
presented in liposomes together with RP. Free retinol, RP, D7-cholesterol, and D7-CE levels were quantitated 
by HPLC-MS in the multiple reaction monitoring (MRM) mode. Retinol and D7-cholesterol were expressed 
relative to the levels of their respective esters present at the start of the incubation. Data are the means ± SD of 
3 experiments performed in duplicate.
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Figure 7. Retinyl esters do not accumulate in livers of LAL-deficient mice. Livers were obtained from either wt 
and Lipa-/- mice at an age of 7 weeks (wk) or between 4 and 5 months (20 wk). A: Retinyl palmitate (RP; grey 
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quantitated by HPLC-MS in the multiple reaction monitoring (MRM) mode, and the relative mRNA expression 
of LRAT (a marker for quiescent HSCs; panel C) and α-SMA (HSC activation marker; Panel D) was measured by 
qPCR.  Data are the means ± SD of 5 mice (20 wk) or 4 mice (7 wk), assayed in duplicate. * P< 0.05 t-test versus wt.
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To investigate the effect of Lipa on RE metabolism in HSCs, we attempted to isolate HSCs from 

Lipa-/- mice. However, isolation of Lipa-/- HSCs was not possible, most likely due to the massive 

accumulation of lipids in the Lipa-/- livers 16. Therefore, we analyzed the RE content in livers of 

Lipa deficient and corresponding wt mice. We found that despite the 100-fold higher levels of CEs, 

the levels of the REs were similar (retinyl stearate) or lower (retinyl palmitate and retinyl oleate) in 

the livers of 7 week old Lipa-/- mice (Fig 7A,7B). In older mice (4 to 5 months; average 20 weeks), 

the difference between the wt and the Lipa deficient mice became even larger, as the wt mice 

continued to accumulate REs and the Lipa-/- mice lost most of their REs (Fig 7A).

The low levels of REs in the livers of the 4-5 months old Lipa-/- mice were accompanied by a de-

crease in the expression LRAT mRNA, considered a marker for quiescent HSCs 26, but not by an 

upregulation of the HSC activation marker α-smooth muscle actin (α-SMA; Figs 7C and 7D). This 

suggests that the livers of the Lipa-/- mice gradually lose their quiescent HSCs. 
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Figure 8. Effect of the lipase inhibitors lalistat and orlistat on neutral lipid levels in mouse HSCs. Isolated mouse 
HSCs were incubated from day 1 to day 7 in medium with 10% FBS containing vehicle (DMSO; control), 100 µM 
lalistat (lalist; white bars), or 40 µM orlistat (orlist; grey bars). Subsequently, neutral lipids were determined by 
HPLC-MS. The values were normalized to the amount of cholesterol in the sample, and expressed relative to the 
level of the respective lipids present in the control cells at day 7. Data are the means ± SEM of 6 experiments 
performed in duplicate. * P< 0.05 t-test versus control. 
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To exclude that the apparent discrepancy between the lack of effect of Lipa knock out in mice in 

vivo on RE storage and the observed effect of the Lipa-inhibitor lalistat on RE levels in rat HSCs in 

vitro is caused by species differences between rat and mouse, we compared the effect of lalistat 

on neutral lipid levels in primary mouse HSCs in cultured for 6 days with its effect on rat HSCs 

(Fig. 2A). As shown in Fig. 8, we found that lalistat also caused an increase in TAGs, CEs and REs 

in mouse HSCs. In comparison to rat HSCs, the lalistat-induced increase in RE level in mouse was 

somewhat lower (2.5-fold versus almost 4-fold). As also shown in Fig. 8, orlistat was less effective 

in mouse HSCs compared to lalistat in increasing the levels of TAGs, CEs and REs.

Lalistat and hSC activation

We determined the effect of lalistat and orlistat on HSC activation. We observed a clear inhibition 

of the expression of the activation marker α-SMA by both lalistat and orlistat in rat HSCs, both 

on protein and mRNA level (Figs 4A and 9). In mouse HSCs lalistat, but not orlistat, inhibited HSC 

activation  (Fig. 9). The lack of inhibition of orlistat in the activation of mouse HSCs is surprising as 

it has been reported that TAG degradation is required for the generation of FAs for energy during 

HSC activation in mouse stellate cell line JS1 13. We therefore tested whether FAs derived from 

TAGs are required for the energy demand of rat HSCs under our culture conditions, by treating 
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Figure 9. Effect of alterations in neutral lipid metabolism on activation of rat and mouse HSCs. Relative gene 
expression of α-SMA (HSC activation marker) was measured by qPCR. HSCs isolated from rats or mice were 
incubated from day 1 to day 7 with vehicle (DMSO; control), 100 µM lalistat (lalist), 40 µM orlistat (orlist) or  50 µM 
etomoxir (etomox). Relative mRNA levels of α-SMA were expressed relative to the levels in the control-treated 
cells (n=5). Data are the means ± SD. * P< 0.05 t-test versus control.
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the cells with etomoxir, an inhibitor of FA oxidation. However we did not observe an effect of this 

inhibitor on rat HSC activation (Fig. 9), although we could see a two-fold increase in TAG levels in 

the presence of this FA oxidation-inhibitor (results not shown). Thus, we consider it more likely 

that the hydrolysis of a specific lalistat-sensitive pool of TAGs is involved in HSC activation.

DISCuSSION

We here show that lalistat, a specific inhibitor of the Lipa gene product LAL, affects the levels of 

three classes of neutral lipids, i.e CEs, TAGs and REs, in rat and mouse HSCs. The lalistat-induced 

increase in CEs is in line with the established function of LAL in degrading CEs from lipoproteins in 

the lysosome 16, 17. As expected the increase was much lower in medium depleted of lipoproteins. 

The residual increase in the absence of exogenous lipoproteins may be caused by inhibiting the 

degradation of CEs delivered to the lysosome by the autophagy pathway, similarly as has been 

described in macrophages 14, 27. Orlistat was less potent in comparison to lalistat in inhibiting the 

breakdown of CEs, indicating that it inhibited LAL to a lesser degree in HSCs at the concentration 

used. 

LD pools

The comparison between the effects of the inhibitors lalistat and orlistat on TAG levels clearly 

indicated the existence of different pools of TAGs. Orlistat was more potent at inhibiting the deg-

radation of newly synthesized TAGs, as judged from its large inhibitory effect on the breakdown of 

labeled TAGs. In contrast, lalistat was more potent in inhibiting the “old”/pre-existing lipid pool as 

it did not inhibit the degradation of newly labeled TAGs, but prevented the breakdown of existing 

TAGs, when new TAG synthesis was blocked. We have additional evidence for metabolically dif-

ferent TAG pools in HSCs from studies with ATGL-/- mice and the DGAT1 inhibitor T863 8. We there 

reported that the TAG lipase ATGL specifically targets newly synthesized TAGs, made preferential 

by DGAT1 in combination with ACSL4, and thus enriched in PUFAs. These newly formed TAGs are 

likely to form new LDs. Now,  in the presence of lalistat, we also observe two pools of LDs by live 

cell-imaging of rat HSCs. One containing retinoids, located predominately around the nucleus and 

a pool present in the periphery of the HSCs that did not contain REs. The combined breakdown of 

LDs in one place and resynthesis in another, would explain our previous observations in activated 

rat HSCs i.e. that LDs reduce in size, but increase in number and are localized in cellular extensions 
4. We originally speculated that the new small LDs were caused by fission of the ‘’old’/large LDs 

and subsequent extensive migration to the periphery, as we observed by Raman spectroscopy 

that in activated rat HSCs all LDs had a similar lipid spectrum containing a low amount of REs 4. 

To explain that both the new and the old LDs contain small amounts of REs at day 7, we have to 
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assume that REs are incorporated in the new LDs. From D4-palmitate labeling studies we have 

now evidence that indeed REs, like TAGs, are partly resynthesized during activation.

The lipase inhibitors orlistat and lalistat also caused a different effect on the morphology of the 

LDs. Lalistat increased the number but not the size of the LDs, whereas orlistat and Atglstatin 8 

also increased the size of the LDs. This suggests that inhibition of lipase activity on the new LDs 

allow them to grow beyond a certain limit maintained under normal conditions by the consorted 

action of the TAG synthesizing enzyme (presumably DGAT1) and the TAG degrading activity 

(presumably ATGL). If we assume that Lipa/LAL is the predominant target of Lalistat, and that 

the cytosolic TAG is routed to the lysosomes by autophagy 12, 13, this would implicate that the 

autophagy pathway engulfs lipid fragments of the size of the new LDs around 0.8 µm (Figure 4B). 

This would be compatible with the reported sizes of autophagosomes ranging between 0.50 and 

1.5 µm 28, 29, and with the observation in rat HSCs analyzed by EM, that the sub population of LDs 

that was surrounded by lysosomes, was smaller than the cytosolic LDs 30. 

Lipa and retinyl ester hydrolysis

Besides inhibiting the degradation of CEs and TAGs, lalistat proved to be potent inhibitor of 

RE degradation. As we observed REs in the acidic compartment after treatment with lalistat, a 

lysosomal lipase is involved in the breakdown of REs in activated HSCs. The most likely REH is 

Lipa/LAL and we found that it has clear REH activity in vitro. The REs are most likely delivered to 

the lysosomes by the autophagy pathway known to be active in activated HSCs 12, 13 (Figure 1). 

Unfortunately we could not quantitatively asses the contribution of the autophagy pathway in 

the degradation of REs since inhibitors of this pathway affected the viability of the rat and mouse 

HSCs under our conditions. 

The presence of a non Lipa/non-autophagy degradation pathway for REs likely exist in mouse 

HSCs. RE levels in mouse HSC drop by approx. 90 % from day 1 to day 7 8, implying that only 10 % is 

left at day 7. The 2.5-fold increase seen in the presence of lalistat indicates that still 75% of the RE 

pool has disappeared from the mouse HSCs in the presence of the LAL-inhibitor. For comparison, 

rat HSCs at day 7 still have 30-20 % of the RE content of day 1 in the absence of lalistat 4, and retain 

most of their REs in the presence of this inhibitor (Fig 3B). A number of neutral carboxyl esterases 

was found to have REH activity, including ES4, ES10 and ES22 31. The patatin-like phospholipase 

domain-containing 3 (PNPLA3) protein was also shown to have retinyl-palmitate lipase activity in 

human hepatic stellate cells 32. However the relative contribution of any of these enzymes in RE 

degradation in HSCs upon activation is unknown.
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Lipa and hSC function

Despite the absence of LAL, a clear decrease of REs was found in livers from 20 week old mice as 

compared to livers of younger mice (7 weeks old). this could indicate the presence of a different 

REH activity but it turned out to be related to the presence of HSCs per se. Retinoid storage in the 

liver is thought to be comprised of two stages. First REs packaged in chylomicron remnants are 

taken up by hepatocytes and degraded in a non-lysosomal compartment 33. Subsequently, retinol 

is transferred from the hepatocytes to HSCs, where it is esterified by LRAT and stored in LDs 31. The 

absence of a role of Lipa/lysosomal compartment in the uptake RE in the liver was also suggested 

by our observation that the RE levels in the livers of the young (7 week old mice) Lipa-/- mice 

were not accumulated as was observed for the cholesterol levels, but were even somewhat lower. 

As LRAT expression was not affected in the young Lipa-/- mice, the REs are presumably stored 

predominantly in HSCs similarly as in wt mice. The observed loss of REs in the older mice (week 20) 

is however most likely occurring in HSCs of the liver. This is corroborated by the concomitant loss 

of LRAT, a marker for quiescent HSCs 26.  The HSCs were not yet fully activated in the 20 week old 

Lipa-/- mice, as we found no upregulation of the HSC activation marker α-SMA. In earlier studies on 

the Lipa-/- mice it was described that in young mice (1.5 months) lipid (CE/TAG) was predominantly 

accumulated in hepatocytes, but that in older mice (5-8 months) macrophages, became the major 

lipid storing cells 34. This suggests that the influx of macrophages might be the cause of the disap-

pearance of quiescent HSCs in the 20 week old Lipa-/- mice. The absence of quiescent HSCs is 

probably followed by a fibrotic stage as in older (24 weeks) Lipa-deficient mice clear liver fibrosis 

was detected 35. Likewise humans with mutations in Lipa are known to develop liver fibrosis 17.

The effect of lalistat and orlistat on lipid levels in rat and mouse HSCs generally correlated with 

their effect on HSC activation. Lalistat increased all classes of neutral lipids in both rat and mouse 

HSCs and attenuated activation in rat and mouse HSCs to a similar, albeit relatively low degree 

(30-40%, Fig. 9). Orlistat was more potent in rat HSCs as compared to mouse cells, both in in-

creasing neutral lipid levels and preventing activation. The inhibitory effect of lalistat and orlistat 

on rat HSC activation was comparable to the effect of another lipase inhibitor, Atglistatin 8. In 

comparison with lalistat, Atglistatin is more potent in inhibiting TAG breakdown, but less potent 

in preventing RE and CE degradation. Although we cannot exclude the possibility that these 

drugs affect HSCs activation by other, non-lipid related pathways, their effects on HSC activation 

correlated with their effect on of neutral lipid breakdown. Therefore, it seems that HSCs require 

an available TAG/RE pool for optimal functioning. This pool may act as a buffer for FAs required 

for energy 13, or synthesis of membranes or bioactive lipids, like prostanoids. In rat HSCs we could 

not find evidence for a requirement for FA as source of energy, as the beta–oxidation inhibitor 

etomoxir did not affect activation. Another possibility would be that the neutral lipids by their 

physical presence in the cytosol, interfere with adaptations needed for activation, like ER and 
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Golgi expansion. This would also explain that mouse HSCs containing almost no LDs by a lack of 

LRAT show a normal activation response to liver injury 26. 
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SuPPLEmENTARy DATA 

Table1. Rat primer sequence for the target genes used in qPCR

Table 2. MRM-transitions of HPLC-MS/MS

Gene Accession Number Forward primer 5 → 3 Reverse primer 5 → 3 Tm

α-SMA      NM_031004      AGATGGCGTGACTCACAACGTG AGGAATAGCCACGCTCAGTCAG 65ºC

Lipa   NM_012732 TCACAGATGCCTGAACTGGCAAAG TGCTTCTGCCCAAACAAGTCCTC 63ºC

Mouse primer sequence for the target genes used in qPCR

Gene Accession Number Forward primer 5 → 3 Reverse primer 5 → 3 Tm

α-SMA      NM_007392   TCTTCCAGCCATCTTTCATTGGG CCTGACAGGACGTTGTTAGCATAG 61ºC

Lrat  NM_023624 CAGATATGGCTCTCGGATCAG GACAATAGATGCTAATCCCAAGAC 65ºC

Analyte Q1 Q3 dwell time declustering 
potential

collision 
energy

(m/z) (m/z) (msec) (v) (v)

cholesterol, cholesteryl esters 369.3 287.3 20 80 27

D7-cholesterol, D7-cholesteryl esters 376.3 293.3 20 80 27

retinol, retinyl esters 269.2 93.1 100 50 33

retinyl palmitate (C16:0) 525.5 269.2 150 75 26

retinyl palmitate-D4 (C16:0-D4) 529.5 269.2 150 75 26

retinyl oleate (C18:1) 551.5 269.2 150 75 26

retinyl stearate (C18:0), 553.5 269.2 150 75 26

retinyl arachidonate (C20:4) 573.6 269.2 150 75 26
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Figure S1. Lalistat induces two population of LDs in rat HSCs. Confocal images of HSCs isolated from rats 
incubated from day 1 to day 4 in medium with 10% FBS serum in the presence of 100 µM lalistat. Live HSCs were 
stained with Lysotracker Red DND99 (red) and Bodipy (LD dye, green) for 30 min before imaging. Blue is the UV 
autoflorescence signal from REs. White arrows point out some RE-containing LDs.
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ABSTRACT

Liver fibrosis is mediated by a complex interplay of both pro- and anti-fibrotic factors, including 

eicosanoids like prostaglandins (PGs) and leukotrienes (LTs). Hepatic stellate cells (HSCs) play a 

central role in liver fibrosis as they can transdifferentiate into a myofibroblastic state. During this 

so-called activation, HSCs were shown to accumulate arachidonic acid, a known precursor for 

eicosanoid production. To assess whether HSCs can be a source of eicosanoids during liver fibro-

sis, we analyzed the eicosanoid secretion pattern of primary mouse and rat HSCs by HPLC-MS. 

We observed that quiescent mouse and rat HSCs can secrete substantial amounts of prostanoids, 

predominantly PGE2 and PGD2, but almost no LTs. Upon activation, the profile, but not the total 

amount of the prostanoids has changed, and this change was different in mouse and rat cells. 

Notably, in activated mouse HSCs, PGI2/prostacyclin secretion was upregulated, but in activated 

rat HSCs, thromboxane A2 synthesis was increased. Overall there was a good correlation between 

the changes in secretion of a specific prostanoid and the mRNA expression level of its respective 

synthase. Inhibitors of PG synthesis, indomethacin and celecoxib, did not affect expression of 

the activation marker α-SMA in HSCs at concentrations that inhibited PG secretion. However, 

exogenous PGE2 stimulated rat HSCs activation. In conclusion this study shows that HSCs can be 

an important source of PGs and that  PGs can affect HSC activation during liver injury and repair.

Keywords: Hepatic stellate cells, prostaglandins, eicosanoids, lipidomics, gene expression
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INTRODuCTION 

Hepatic stellate cells (HSCs), perisinusoidal mesenchymal cells residing in the subsinusoidal space 

of Disse,  are the primary effector cells that play a pivotal role in the fibrogenic cascade 1. They 

represent 5-8% of the total number of resident cells in normal liver 2. In a healthy liver, HSCs are 

found in the quiescent state functioning to store vitamin A in the form of retinyl esters together 

with triacylglycerol (TAG) and cholesteryl esters in their lipid droplets (LDs). Upon liver injury, the 

number of activated HSCs dramatically increases at sites of inflammation, thus promoting exces-

sive deposition of extracellular matrix components, predominantly type I collagen 3. A number 

of compounds derived from the injured hepatocytes or activated Kupffer cells may initiate this 

transition, such as transforming growth factor beta (TGF-β). Production of TGF-β and other hor-

mones by activated HSCs can further stimulate the transdifferentiation in an autocrine manner, 

leading to the formation of scar tissue in the liver 1-3. 

During the transdifferentiation into myofibroblasts, HSCs gradually lose their LDs. We previously 

reported that LD degradation in activated HSCs is a highly dynamic and regulated process 4, 5. 

During the first 7 days of HSC culture, the LDs reduce in size. In addition, small LDs appear at 

cellular extensions in this first phase, before all LDs disappear in a later phase. During the initial 

phase of HSC activation, the retinyl esters disappear and concomitantly, a large and specific 

increase in poly-unsaturated fatty acid (PUFA)-containing TAG species was observed. The increase 

in PUFA-TAGs was caused by a large increase in the uptake of PUFAs including arachidonic acid 

(AA) 4.  Elevation of TAG-PUFA species may be physiologically relevant as storage pools for PUFAs, 

waiting to be incorporated in phospholipids (PLs) 6. Phospholipids containing PUFAs render the 

membrane more flexible, which reduces the energy required for deformation 7. Elevation of PUFA-

TAGs may also be relevant as a source of AA for eicosanoid synthesis. Eicosanoids are signaling 

lipids that play a role in a broad range of processes, such as modulation of inflammation and 

blood pressure 8.  In white blood cells there are significant correlations between lipid droplet 

formation and enhanced eicosanoid generation 9, suggesting that the presence of LDs in cells, as 

observed in HSCs, enhances the capacity to secrete eicosanoids. 

Eicosanoid synthesis typically starts with the release of AA from the sn-2 position of PLs by spe-

cific Ca2+-dependent phospholipases in response to hormones/cytokines 10. Subsequently AA is 

converted to various eicosanoids like prostaglandins (PGs), thromboxanes (TXs), or leukotrienes 

(LTs), depending on the relative activity of their respective synthases 8, 11. The first step in the syn-

thesis of prostaglandins and thromboxanes is catalyzed by prostaglandin-endoperoxide synthase 

(PTGS) 1 and/or 2, which convert AA into prostaglandin H2. These enzymes are also known as 

COX-1 and COX-2, respectively. COX-1 (PTGS1) is constitutively expressed in most cells, whereas 

COX-2 (PTGS2) is induced during stimulation. COX-2 is a key executor of inflammation and its 
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inhibition represents a major target in the treatment of inflammatory disorders 12. It was reported 

that human HSCs express COX-2 only after activation,  suggesting that the COX-2 pathway has 

a role in hepatic fibrogenesis 13. Prostaglandin H2 is subsequently converted into the various 

prostaglandins and thromboxanes by different synthases named after their main product. Some 

of the produced eicosanoids are rather labile and are non-enzymatically converted to more stable 

metabolites. For example, 6-keto-PGF1α and thromboxane B2 (TXB2) are derived by hydrolysis of 

prostacyclin (prostaglandin I2) and TXA2, respectively 8.

The synthesis of leukotrienes (LTs) starts with the conversion of AA by various lipoxygenases 

(LOXs) into hydroxyeicosatetraenoic acids (HETEs).  The potent bioactive leukotrienes, LTB4 and 

the cysteinyl leukotrien LTC4, for instance, are derived from 5-hydroxyeicosatetraenoic acid (5-

HETE), the product of the conversion of AA by 5-LOX 14. 

Studies with inhibitors of eicosanoid producing enzymes, like PTGS1 and 2 and 5-LOX, or with 

mice with genetic alterations in these enzymes, point to important, although as yet conflicting, 

roles of eicosanoids in liver fibrosis 15-21. Some studies point to a protective effect of eicosanoids 

against liver fibrosis 15, 16, 19, 21, whereas others report a contributing function of these inflammatory 

agents to liver fibrosis 17, 20. Yet some report no effects of eicosanoids produced by PTGS2/COX-2 

on liver fibrosis 18. 

Due to the multitude of cell types in the liver besides HSCs like hepatocytes, Kupffer cells, liver 

progenitor cells and endothelial cells, and the various different types of eicosanoids, it is not clear 

what the role of HSCs is in eicosanoid signaling in the liver. Therefore, we characterized the eico-

sanoid secretion potential of quiescent and activated mouse and rat HSCs by analyzing a number 

of eicosanoid metabolites and expression of eicosanoid related genes. To investigate whether 

eicosanoid secretion does affect HSC activation in an auto/ paracrinic way, we also studied the 

effects of pharmacological inhibitors of eicosanoid secretion on the expression of the HSC activa-

tion marker α-smooth muscle actin (α-SMA).

mATERIALS AND mEThODS

Reagents

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), and penicillin/strep-

tomycin were obtained from Gibco (Paisley, UK). Collagenase (Clostridium histolyticum Type 

I), Ca2+ ionophore A23187 were obtained from Sigma-Aldrich (St. Louis, MO, USA). The cAMP-

analogs, N6-Mono-tert.Butyl carbamoyl adenosine-3’,5’-cyclic monophosphate (6-MBC-cAMP) 

and 5,6-Dichloro benzimidazole riboside-3’,5’-cyclic monophosphorothioate, Sp-isomer (Sp-5,6-
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DCl-cBIMPS) were from BIOLOG Life Science Institute (Bremen, Germany).  Eicosanoid standards, 

including PGE2, were from Cayman Chemical (Ann Arbor, MI, USA), and HPLC-MS solvents were 

from Biosolve (Valkenswaard, the Netherlands).

Isolation and culture of rat and mouse hepatic stellate cells and hepatocytes

Primary HSCs and hepatocytes were isolated from 10-12 week-old C57BL/6J mice or adult male 

Wistar rats (300–400 g) by collagenase digestion followed by differential centrifugation as de-

scribed 5. After isolation, cells were plated in 12 well plates at a density of 5 × 104 cells/well, and 

maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml streptomy-

cin and 4 μl/ml Fungizone in a humidified 5% CO2 incubator at 37 °C. Procedures of mouse and 

rat care and handling were in accordance with governmental and international guidelines on 

animal experimentation, and were approved by the Animal Experimentation Committee (Dierex-

perimentencommissie; DEC) of Utrecht University (DEC-numbers: 2010.III.09.110, 2012. III.10.100, 

and 2013.III.09.065).

microarray analysis 

Gene expression profiling was performed in mouse hepatic stellate cells grown for 1 day or 7 days 

in 24 well plates in DMEM containing 10 % FBS. RNA was isolated with the RNeasy® Mini Kit (Qia-

gen, Venlo, the Netherlands). cRNA synthesis and hybridization to Mouse Genome 430 2.0 arrays 

(Affymetrix, Freiburg) were performed at the Functional Genomics Center Zürich (Switzerland) 

according to standard protocols. CustomCDF by Brainarray with Entrez based gene definitions 

(Entrez basic version 13) was used to annotate the arrays 22. 

RNA isolation, cDNA synthesis and QPCR

Total RNA was isolated from rat and mouse HSCs grown in a 24-well plate using RNeasy Mini 

Kit (Qiagen, Venlo, the Netherlands) including the optional on-column DNase digestion (Qiagen 

RNase-free DNase kit). RNA was dissolved in 30 μl of RNase free water and was quantified spectro-

photometerically using a Nanodrop ND-1000 (Isogen Life Science, IJsselstein, the Netherlands). 

An iScript cDNA Synthesis Kit (Bio-Rad, Veenendaal, the Netherlands) was used to synthesize 

cDNA, and a SYBR Green based quantitative RT-PCR (Q-PCR) was performed on a Bio-Rad My-IQ 

detection system as described previously 5 for up to 45 cycles. Details of the primers and PCR con-

ditions are listed in Tables S1 and S2 in the Supplemental data. Sequencing reactions confirmed 

amplification of the specific primer products in the Q-PCR reaction. Normalization was based 

on their stable expression in stellate cells by using at least three independent reference genes 

namely, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (Ywhaz), 

hypoxanthine phosphoribosyl transferase (Hprt), and hydroxyl methylbilane synthase (Hmbs). 
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Analysis of prostaglandins using mass spectrometry 

Isolated mouse HSCs were grown in a 12-well plate for 1 day or 7 days in normal medium contain-

ing 10 % FBS. To reduce the background levels of eicosanoids present in serum, the cells were 

washed with PBS and subsequently DMEM containing 0.5% FBS and 10 µM Ca2+ ionophore A23187 

was added 1hr before harvesting. Eicosanoids secreted in the low serum medium were extracted 

and analyzed as described elsewhere with slight modifications 23. Briefly, samples were recovered 

in a total volume of 1 mL of 15 % (v/v) methanol + 0.5 % glacial acetic acid in the presence of 10 

pmol 16,16-dimethyl-PGF2α that served as an internal standard to determine the recovery of the 

compounds of interest. Samples were then centrifuged at 2,000 rpm at 24°C for 10 min. To isolate 

the compounds of interest, partial purification of samples was achieved through extraction on 

C18 solid-phase extraction columns. The eicosanoids were eluted with 2 x 0.35 mL ethyl acetate 

and evaporated to dryness under nitrogen. Evaporated samples were reconstituted with 50μL 

of 50% ethanol and subject to HPLC–MS analysis using the multiple reaction monitoring (MRM) 

mode as described previously 23. Molecule specific transitions used for the detection of individual 

eicosanoids are described in Supplemental data, Table S3. For normalization of the data, the cells 

were scraped and protein was determined by the Pierce® BCA protein assay kit (Thermo scientific, 

Rockford, IL, USA) with BSA as standard. 

RESuLTS

hSCs change their eicosanoid secretion profile upon activation

In order to determine whether HSCs play a role in the production of eicosanoids during liver 

injury and repair, we compared the secretion of various eicosanoids in quiescent and activated 

mouse and rat HSCs. Isolated mouse and rat HSCs at day 1 after plating  were shown to be in 

their quiescent state and to be activated at day 7 as determined by the expression of α-smooth 

muscle actin (α-SMA) 4, 6.  Microarray analysis of the mouse HSCs at day 1 and day 7 confirmed 

the  upregulation of a number of activation markers like α-smooth muscle actin (Acta2; 76-fold 

upregulated), matrix metallo peptidase 3 and 10 (Mmp3 and Mmp10;  43- and 960-fold upregu-

lated, respectively), and various collagens  (Col1a1, Col5a2, Col 8a1, and Col12a1; 10-, 18-, 16-, and 

30-fold upregulated, respectively).

As shown in Fig. 1, we could detect a number of different eicosanoids in the medium of the HSCs 

after stimulating the cells with Ca2+-ionophore A23187. In the absence of Ca2+-ionophore, the 

eicosanoid patterns were similar, but the levels were more than 10-fold lower (data not shown) 
6. Quiescent mouse and rat HSCs had a somewhat similar secretion pattern. In HSCs from both 

species, PGE2 was the most secreted eicosanoid followed by PGD2 (Figs 1 and 2). Activation of the 

HSCs revealed a more distinct eicosanoid secretion capacity of mouse and rat cells, although in 
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Figure 1. HSCs change their eicosanoid secretion profile upon activation. Primary mouse HSCs or hepatocytes 
and rat HSCs were grown for 1 day or 7 days in 12 well plates. Subsequently cells were incubated for 1 hr in 1 ml 
of DMEM with 0.5 % FBS and 10 µM Ca2+-ionophore A23187. Eicosanoids secreted in the medium were analyzed 
by HPLC-MS as described in the Methods section after addition of 10 pmol of 16,16-dimethyl PGF2α (dimethyl 
PGF2α) as internal standard. Representative chromatograms of A: mouse HSCs on day1; B: activated mouse HSC 
on day 7; C: rat HSCs on day1; D: activated rat HSC on day 7; E: mouse hepatocytes on day 1, notice that the 
amount of cellular protein is much higher in case of hepatocytes compared to HSCs and the maximum of the 
Y-axis is lower. 6-k-PGF1α = 6-keto-PGF1α
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Figure 2. Quantitation of the main eicosanoids secreted by mice and rat HSCs. Primary HSCs from mouse 
(upper panels; A) or rat (lower panels; B) were grown for 1 day (white bars) or 7 days (grey bars) in 12 well plates. 
Subsequently cells were incubated for 1 hr in 1 ml of DMEM with 0.5 % FBS and 10 µM Ca2+-ionophore A23187. 
Eicosanoids secreted in the medium were analyzed by HPLC-MS after addition of 10 pmol of 16,16-dimethyl 
PGF2α as internal standard. Notice the different scale of the Y axis in case of HETEs.  Shown are means and SD of 
4 experiments. 6-k-PGF1α = 6-keto-PGF1α. 
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Table 1. Correlation between changes in eicosanoid secretion and eicosanoid-related gene expression upon 
activation of mouse and rat HSCs. 

Primary mouse and rat HSCs were grown for 1 day or 7 days in culture. Eicosanoids secreted for 1 hr in medium 
with 0.5 % FBS and 10 µM Ca2+-ionophore  A23187 were determined by HPLC-MS. Gene expression was 
determined by microarray analysis in case of mouse cells and by qPCR in case of rat HSCs. Data are expressed as 
the means of the level at day 7 divided by the level at day 1 (fold up) of 3 experiments ± SD. nd = not detectable

microarray qPCR

Eicosanoids mouse Rat Gene Description mouse Rat

Fold up Fold up Fold up Fold up

phospholipase A2, group IVA 6.20 ± 1.42 4,35 ± 2,83

total PGs 1.31 ± 0.12 0.7 ± 0.12 prostaglandin-endoperoxide synthase 1 0.85 ± 0.18 6,57 ± 4,06

11-HETE 0.91 ± 0.34 0.95 ± 0.28 prostaglandin-endoperoxide synthase 2 1.00 ± 0.37 0,08 ± 0,11

PGD2 0.30 ± 0.13 0.52 ± 0.39 prostaglandin D2 synthase 0.41 ± 0.10

PGE2 0.95 ± 0.20 0.61 ± 0.26 prostaglandin E synthase 3.87 ± 0.83 0,29 ± 0,20

prostaglandin E synthase 2 4.75 ± 0.89 0,30 ± 0,04

prostaglandin E synthase 3 0.93 ± 0.08 0,38 ± 0,09

6-k-PGF1α 3.64 ± 1.06 0.89 ± 0.53 prostaglandin I2 (prostacyclin) synthase 7.48 ± 3.49

TXB2 0.29 ± 0.18 1.99 ± 0.93 thromboxane A synthase 1 0.22 ± 0.08 2,88 ± 0,79

5-HETE nd nd arachidonate 5-lipoxygenase 0.87 ± 0.23 4,02 ± 2,51

12-HETE 1.27 ± 0.76 1.7 ± 1.6 arachidonate 12-lipoxygenase 0.04 ± 0.02

15-HETE 0.82 ± 0.22 1.04 ± 0.5 arachidonate 15-lipoxygenase 0.41 ± 0.01

LTB4 nd nd leukotriene C4 synthase 0.17 ± 0.08

prostaglandin reductase 1 6.19 ± 1.34

prostaglandin reductase 2 2.33 ± 0.53

prostaglandin E receptor 1 (EP1) 1.48 ± 0.55

prostaglandin E receptor 2 (EP2) 0.95 ± 0.26

prostaglandin E receptor 3 (EP3) 2.24 ± 0.42

prostaglandin E receptor 4 (EP4) 0.28 ± 0.11
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both cell types PGD2 secretion was decreased. Activated mouse HSCs typically increased the se-

cretion of 6-keto-PGF1α almost 4-fold, making this the most highly secreted eicosanoid (Figs 1and 

2; Table 1). PGF2α was also elevated in the medium of activated mouse HSCs, but not detectable 

in that of rat HSCs. Activated rat HSCs, on the other hand, specifically increased the secretion of 

thromboxane B2 two-fold (Figs 1 and 2; Table 1). 

The leukotrien LTB4 and its precursor 5-HETE were not detectable in the medium from either 

quiescent and activated mouse and rat HSCs (Table 1). The most abundant HETEs,11-HETE and 

15-HETE, were secreted at much lower rates compared to the prostanoids. As these HETEs can 

be generated by pathways not involving lipoxygenases 24, they may not be directly related to 

leukotrien production.

To investigate whether HSCs may be a relevant source of eicosanoids in the liver, we compared 

the eicosanoid secretion by HSCs with that by hepatocytes.  As shown in Figure 1A, mouse he-

patocytes secreted less prostanoids after 1 hr stimulation with Ca2+-ionophore as compared to 

mouse HSCs, although they were seeded at a higher density. Especially PGE2, the highest secreted 

prostanoid by HSCs, was virtually absent in the hepatocyte medium.

hSCs change the expression of eicosanoid-related genes upon activation

As shown in Table 1, there was generally a good correlation between the changes in specific 

eicosanoid secretion rates in activated HSCs and the changes in expression of their respective 

synthases. For instance, the increase in 6-keto-PGF1α, the stable metabolite of PGI2/prostacyclin, 

was accompanied by a large up-regulation of prostaglandin I2/prostacyclin synthase in mouse 

HSCs. Whereas, the higher secretion of TXB2, the stable metabolite of thromboxane A2, was 

mirrored by upregulation of the mRNA for thromboxane A synthase 1 in activated rat HSCs. The 

changes in PGE2 secretion (i.e no changes in mouse HSCs and a decrease in rat HSCs) were best 

correlated with the changes in expression of the PGE synthase 3 isoform  (Table1). This isoform is 

also the highest expressed PGE synthase at the mRNA level in rat HSCs (Fig. 3A). 

Surprisingly, we observed an isotype switch in mRNA expression of the first genes in the formation 

of prostanoids from Ptgs2 (COX-2) to Ptgs1 (COX-1) in rat HSC upon activation (table 1, Fig. 3A). 

However, the change in mRNA expression of COX-2 and COX-1 in rat HSCs was not reflected in 

expression of their respective enzymes, as the COX-2-specific inhibitor celecoxib was almost as 

potent in activated rat HSCs as it was in quiescent cells (Fig. 3B). The isotype switch in mRNA 

expression from COX-2 to COX-1 was not observed in mouse HSCs, and the IC50 for celecoxib and 

the general COX-inhibitor indomethacin were around 0.1 µM in both activated and quiescent 

mouse and rat HSCs (Fig. 3B).
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Effect of eicosanoids on hSC activation

To investigate whether the observed secretion of eicosanoids by HSCs has an autocrine/paracrine 

effect on HSC activation, we determined the effect of various inhibitors of eicosanoid secretion 

on the expression level of the HSC activation marker, α-SMA. The Ca2+-dependent phospholipase 

A2-inhibitor arachidonyl trifluoromethyl ketone (AACOCF3) caused a clear inhibition of α-SMA ex-

pression in both mouse and rat HSCs at µmolar concentrations (Fig. 4A and 4B). The COX-inhibitors 

celecoxib and indomethacin did also inhibit rat HSC activation, however, at concentrations that 

were more than 100-fold higher than required for inhibition of prostaglandin secretion (cf. Figs 3B 

and  4B). In mouse HSCs, a high concentration (100 µM) of celecoxib did inhibit α-SMA expression, 

but indomethacin did not affect activation (Fig 4A). This suggests that under our culture condi-
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Figure 3. Expression of prostaglandin synthesizing genes in rat HSCs and sensitivity to COX inhibitors. Primary 
rat HSCs were grown for 1 day or 7 days in culture. A: Gene expression was determined by qPCR. B and C: 
Prostaglandins secreted for 1 hr in medium with 0.5 % FBS and 10 µM Ca2+-ionophore  A23187 in the presence 
of different concentration of the Ptgs2/COX-2-selective inhibitor celecoxib (B), or the non-specific Ptgs/COX 
inhibitor indomethacin (C), were determined by HPLC-MS. Data are expressed as percentage of the total level of 
PGs secreted in the absence of inhibitors (control), and are the means of 3 experiments ± SD. 
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tions , either para/autocrine prostaglandin secretion is unlikely to affect HSC activation, or that 

very low amounts of eicosanoids are sufficient for HSC activation.

To see whether prostaglandins can influence the activation process, we tested exogenous PGE2 

on HSC activation. As shown in Fig. 4C, incubation of rat HSCs with10nM PGE2 for 3 and 6 days 

had an approximately two-fold and a 1.5-fold higher expression of α-SMA as compared to vehicle 

treated cells, respectively, suggesting that PGE2 can stimulate HSC activation. There are four types 
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Figure 4. Effects of COX- and cPLA2-inhibitors and PGE2 on HSC activation. Primary mouse (A) or rat (B) HSCs 
were incubated in the absence (control) or presence of various concentrations of the selective COX-2 inhibitor 
celecoxib, the COX-1 and COX-2-inhibitor indomethacin, or the cPLA2-inhibitor AACOCF3 from day 1 until day 
7. At day 7, relative gene expression of αSMA (HSC activation marker) was measured by qPCR. C. Primary rat 
HSCs were grown for 3 days or 6 days in the presence of exogenous PGE2 (10nM), or vehicle (DMSO), or for 6 
days in the presence of 100 µM of PK-A-specific the membrane permeable cAMP-analogs (cAMP), N6-Mono-
tert.Butyl carbamoyl adenosine-3’,5’-cyclic monophosphate and 5,6-Dichloro benzimidazole riboside-3’,5’-cyclic 
monophosphorothioate, Sp-isomer. Cells were harvested at either day 4 or day 7, and relative gene expression 
of αSMA was measured by qPCR. Shown are means ± SD of 3 experiments.  * P< 0.05 t-test versus control.
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of G-protein-coupled Prostaglandin E2 receptors described, EP1-EP4 25. Two of them, i.e. EP2 and 

EP4, are known to raise the second messenger cAMP by activating an adenylyl cyclase-stimulating 

G-protein, Gs , whereas EP1 and EP3 are coupled to a Ca2+-signaling pathway or an inhibitory 

G-protein, Gi, respectively 25. We therefore investigated the effect of protein kinase A-site specific 

membrane permeable cAMP-analogs 6-MBC-cAMP and Sp-5,6-DCl-cBIMPS 26 on HSCs activation. 

As shown in Fig 4C, the cAMP-analogs inhibited α-SMA mRNA expression, suggesting that the 

stimulating effect of PGE2 is mediated by an EP1 or EP3 receptor. Interestingly, both EP1 and EP3 

were upregulated, and EP4 was down regulated  in activated mouse HSCs (Table 1). 

DISCuSSION

In this report, we show that mouse and rat HSCs can secrete substantial amounts of prostanoids, 

but almost no leukotrienes. The amount of prostanoids secreted by the HSCs  (more than 1 µg/

mg protein/hr) are comparable, if not higher, than the values reported for other cell types thought 

to be responsible for eicosanoid secretion in the liver i.e. sinusoidal endothelial cells and Kupffer 

cells 27, 28. The hepatocytes themselves are not considered a large source of these bioactive lipids 
28, as was also found by us in experiments with primary mouse hepatocytes treated under similar 

conditions as the HSCs. The total amount of secreted prostanoids did not change much upon 

activation. In mouse HSCs, this was in line with a minimal shift in the expression of the first en-

zymes of the prostanoid synthesis, PTGS/COX 1 and 2. In rat HSCs, however, we observed a shift in 

mRNA expression from the PTGS2/COX-2 isotype to the PTGS1/COX-1 isotype. This is unexpected 

as COX-1 is considered the ‘constitutional’ isoform, whereas COX-2 is found to be expressed in 

most cell types only after induction by certain inflammatory stimuli. Also in primary human HSCs, 

COX-2 was reported to be upregulated after 3 days in culture as compared to freshly isolated 

cells 13. But in cultured rat HSCs COX-2 protein levels were reported to decrease from day 1 to 

day 7, in line with our mRNA data 29.  This demonstrates that HSCs from different species are not 

regulating enzymes from the eicosanoid  pathways in a quantitatively similar way, not even in 

related animals such as rat and mice. 

We also observed that activated rat and mouse HSCs upregulated different prostanoids. The 

TXA2 secretion was increased in activated rat HSCs, whereas PGI2/prostacyclin became the most 

secreted eicosanoid in activated mouse cells. The physiological relevance of these shifts are not 

immediately apparent as both PGI2 and TXA2 have multiple biological functions, which are mostly 

counteracting 8, 30. A synthetic PGI2/prostacyclin analog was shown to suppress liver fibrosis in 

mice by stimulating the secretion of HGF 31. Furthermore, in a mice model with a genetic ablation 

of COX-2, both PGE1/2 and PGI2/prostacyclin agonists could decrease concanavalin A-induced liver 

injury 15. This suggests that the upregulation of the PGI2/prostacyclin by activated mouse HSCs 
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could serve as a feedback mechanism to dampen liver fibrosis. TXA2 , on the other hand, is re-

ported to have profibrotic effects, as a thromboxane receptor (TP) agonist was found to stimulate 

collagen expression and proliferation in rat HSCs 32. 

To investigate whether the eicosanoids secreted by the HSCs could affect the activation of the 

HSCs in an auto/paracrinic way, we tested the effect of inhibitors of eicosanoid secretion. The 

general COX-inhibitor, indomethacin, at concentrations that almost completely inhibited pros-

taglandin secretion, was unable to alter the expression of the HSC activation marker α-SMA. 

The inhibition of HSC activation by higher doses of the COX-2 specific inhibitor celecoxib and 

by the PLA2-inhibitor AACOCF3 are therefore most likely mediated by mechanisms other than 

prostaglandin secretion. The PLA2-inhibitor AACOCF3 was suggested to inhibit HSC activation by 

preventing the PLA2 stimulation of the profibrotic transcription factor PPAR-β 29. The lack of effect 

of COX-inhibitors at concentrations that inhibit eicosanoid secretion on HSC activation does not 

exclude the possibility that HSCs are affected by eicosanoids at concentrations that are higher 

than obtained under our culture conditions in the absence of stimuli like Ca2+-ionophore. HSC 

activation was reported to be influenced by exogenous prostaglandins like the tromboxane re-

ceptor (TP) agonist, isoprostane 32, and a PGD2 receptor  agonist 33. We also found an effect of PGE2, 

the most abundantly secreted eicosanoid by mouse and rat HSCs, by mouse and rat HSCs upon 

activation.. The stimulatory effect of PGE2 in our system is most likely mediated by an EP1 or EP3 

receptor, as it was not mimicked by cAMP. Interestingly, the inhibitory effects of prostanoids like 

PGD2  on HSC activation seems to be mediated via a cAMP pathway 33, 34, whereas the stimulatory 

effects are mediated by G-protein receptor coupled to Gq or Gi 30, 32.

In conclusion this study demonstrates that HSCs can both act as receivers, and as secretors of 

various prostanoids, when properly stimulated. Thus, depending on the circumstances/fibrotic 

stimuli, prostanoids may either stimulate or dampen the fibrotic process.
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Table S1. Rat primer sequence for the target and reference genes used in qPCR

Gene Accession Number Forward primer 5 → 3                      Reverse primer 5 → 3                      Tm

α-SMA   NM_031004 AGATGGCGTGACTCACAACGTG AGGAATAGCCACGCTCAGTCAG 65ºC

Hprt NM-012583             GTGTTGGATACAGGCCAGACTTTG TCCACTTTCGCTGATGACACAAAC 60ºC

Hmbs NM_013168             GCTTCGCTGCATTGCTGAAAGG ACTCCACCAGTCAGGTACAGTTG 60 ºC

Ywhaz NM_013011             ACATCTGCAACGACGTACTGTCTC AGCAGCAACCTCAGCCAAGTAG 58ºC

Pla2g4a NM_133551 AGCATGGCACTGTGTGATCAGG AAATGGCCACCACAGGCACATC 64ºC

Ptgs1 NM_017043          CAACACTTCACCCACCAG ACTGTCGTTCCAGACTATCTC 63ºC

Ptgs2 NM_017232          CTTGAACACGGACTTGCT CTCTGCTCTGGTCAATGG 60.5ºC

Ptges NM_021583          CAGGAGTGACCCAGATGTG  AAATGTATCCAGGCGATGAGAG 65ºC

Ptges2 NM_001107832    ATCATCACTTATTACCCACCC CACTTCATCTCCTCCGTC 70ºC

Ptges3 NM_001130989    CTTAATTGGCTTAGTGTGGAC CTGCTCCGTCTACTTCTG 63ºC

Tbxas1 NM_012687           GATTCTGCCCAATAAGAACCGA TCAAAGGCTTCTACACCCAC 65ºC

Alox5 NM_012822           GATGCTAAATGCCACAAGGA ATGAAGCGATTGATGAACAGG 63ºC

Table S2. Mouse primer sequence for the target and reference genes used in qPCR

Gene Accession Number Forward primer 5 → 3                      Reverse primer 5 → 3                      Tm

α-SMA   NM_007392          TCTTCCAGCCATCTTTCATTGGG CCTGACAGGACGTTGTTAGCATAG 61ºC

Hprt NM_013556          TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 64ºC

Hmbs NM_001110251    ACTCTGCTTCGCTGCATTG AGTTGCCCATCTTTCATCACTG 58 ºC

Ywhaz NM_001253805    AACAGCTTTCGATGAAGCCAT TGGGTATCCGATGTCCACAAT  64ºC

Table S3. MRM transitions of the main eicosanoids analyzed

Analyte mRm (m/z)

PGE1 353 → 317

PGE2 351 → 271

PGD2 351 → 271

TXB2 369 → 195

6-keto-PGF1α 369 → 163

PGF2α 353 → 193

5-HETE 319 → 115

11-HETE 319 → 167

12-HETE 319 → 179

15-HETE 319 → 175

LTB4 335 → 195

dimethyl PGF2α (IS) 381 → 319
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INTRODuCTION

Chronic liver diseases comprise a significant clinical problem. A critical step in the development of 

chronic liver disease is the transition from the so-called inflammatory stage to the fibrotic stage. 

As described in chapter 1, an important role in this transition is played by hepatic stellate cells 

(HSCs). In a healthy liver, HSCs are involved in vitamin A (retinol) homeostasis as they are filled 

with large lipid droplets containing retinyl esters (REs), together with triacylglycerols (TAGs) and 

cholesterol esters (CEs). However, upon liver injury/inflammation, HSCs transdifferentiate into a 

myofibroblastic cell type. In this so called “activated” phenotype, HSCs have lost their lipid drop-

lets and secrete fibrillar collagen and growth factors. The activated HSCs are thought to represent 

a dual edged sword in liver disease. On the one hand, they are believed to enhance liver repair 

as they secrete factors regulating the proliferation and differentiation of hepatocytes and liver 

progenitor cells (LPCs), respectively. In this respect HSC are thought to be a part of the liver “stem 

cell niche” responsible for liver regeneration after injury. However, the molecular mechanisms of 

interaction between the different cell types in the liver have so far not been clarified, but may 

comprise lipid mediators, like prostaglandins. On the other hand, HSCs are the major source of 

fibrillar collagens that are characteristic for liver fibrosis and subsequent cirrhosis. Regarding this 

latter aspect it is generally believed that prevention of HSC activation or conversion of activated 

HSC back to their quiescent/lipid droplet containing state would be desirable to attenuate liver 

fibrosis and subsequent cirrhosis. 

One of the unresolved issues in the field of HSC research is whether the change in lipid metabo-

lism is causally related to the activation process. In other words, can HSC activation be altered 

when formation or breakdown of lipid droplets is disturbed? In order to answer this question 

a more fundamental knowledge on the molecular mechanism of lipid droplet homeostasis in 

HSCs is required as this is currently lacking. The main objective of the experiments described in 

this thesis was to unravel the (retinoid)lipid-related pathways involved in the transformation of 

hepatic stellate cells into an activated state, and to investigate whether disruption of these lipid 

pathways prevents or reverses the activated state of hepatic stellate cells.  As some lipids, e.g. 

polyunsaturated fatty acids (PUFAs), are precursors for the signaling molecules like eicosanoids, 

we also investigated the potential of HSCs to secrete these lipid mediators.

LIPID mETABOLISm IN ACTIvATED hSCs

An overview of lipid metabolism in HSCs as derived from experiments described in this thesis and 

from other studies is depicted in Figure 1. In prior studies we established that the lipid composi-

tion of the HSC changes dramatically after activation in vitro. Activated rat HSCs gradually lose 
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their main retinoid species, and this decrease in retinoids is accompanied by an increase in CEs 

and PUFA-containing TAG species1. In chapter 2, we described our studies on the mechanism 

responsible for the increase in PUFA-TAGs during the fi rst phase of rat HSC activation. We found 

that an isotype switch in the fatty acid (FA)-CoA ligases of the ACSL family, from the non-specifi c 

type 1 to the PUFA-specifi c type 4, was largely responsible for the observed increase in PUFA-

TAGs. In fi rst instance the ACSL isotype switch will aff ect the composition of the acyl-CoA pool. In 

order to change the composition of the TAG pool, we must assume that the newly formed PUFA-

enriched acyl-CoAs are rapidly incorporated in TAGs, replacing the existing TAGs. Such a relatively 
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Figure 1. Lipid pathways in activated HSCs. Lipids and other metabolites are in bold and the abbreviations 
of gene families implicated in their formation/degradation are between parenthesis. In red are lipid enzymes 
described in this thesis, and in green the inhibitors used to delineate their function. This fi gure also shows possible 
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fast remodeling of TAGs by a concerted action of TAG synthesis and lipolysis was indeed observed 

in rat HSCs in studies with deuterium labeled fatty acids (FAs) as described in chapter 3. In mouse 

HSCs, we observed a similar switch from ACSL1 to ACSL4 upon activation as in rat cells, but no 

clear increase in PUFA-TAGs. Mouse HSCs were shown to have a lower rate of TAG synthesis, and 

only in the absence of the TAG-lipase, ATGL, the increase in PUFA-TAG formation was unmasked. 

These studies reveal the importance of both TAG synthesizing and degrading enzymes in the 

appearance in PUFA-TAGs.

A fast mobilization of the PUFA-TAG pool is also a requirement to serve as a storage site of PUFAs 

to protect the cells against a shortage of these essential FAs for eicosanoid secretion as proposed 

in chapter 2.  As shown in Figure 1, there are a number of connections between TAG metabolism 

and phospholipid (PL) metabolism, and from PL to eicosanoid formation. All these connections 

start with the lipolysis of TAG to DAG, releasing a PUFA, or a PUFA-containing DAG, which can 

be subsequently converted to PUFA-PLs. The changes in the expression of the various enzymes 

involved in the synthesis of eicosanoids by activated HSCs are described in detail in chapter 5. We 

found that these changes were different in mouse and rat cells.

In activated mouse HSCs, prostaglandin I2/prostacyclin synthase was upregulated. In activated 

rat HSCs, however, thromboxane A synthase was increased. In rat HSCs, but not in mice, we also 

observed a shift in mRNA expression from the PTGS2/COX-2 isotype to the PTGS1/COX-1 isotype. 

The precise function of the observed shifts in eicosanoid secretion capacity is as yet unknown, 

but they demonstrate that HSCs can be a source of prostaglandins during liver injury and repair.

In chapter 3, we identified enzymes involved in the rapid TAG formation and breakdown. We 

found that DGAT type 1 was especially involved in the formation of TAG during activation. For 

the degradation of TAGs we observed a role for at least three lipases: ATGL, LAL/Lipa, and an as 

yet unidentified lipase (depicted as LipX in Figures 1 and 2). This unknown lipase was found to 

be sensitive to the presumed ATGL-specific inhibitor, Atglistatin, and might therefore resemble 

characteristics of ATGL. From studies with mice deficient in the ATGL-regulator, comparative gene 

identification-58 (CGI-58), it was also evident that there is at least one other TAG-lipase resem-

bling ATGL in the way it is regulated 2, as the CGI-58 knock-out mice have a disturbed lipolysis in 

different places as compared to ATGL-deficient mice. 

In rat and mouse HSCs we have strong evidence that the different lipases do not target the same 

LDs, but that HSCs have different pools of LDs as will be discussed in more detail in the next 

section.
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ACTIvATED hSCs hAvE TWO DIFFERENT mETABOLIC POOLS OF LDs

We have found evidence for metabolically different LD pools in HSCs from studies using deuter-

ated FAs in combination with the different lipase inhibitors (lalistat, orlistat and atglistatin), the 

DGAT1 inhibitor T863, and from experiments in ATGL-/- mice, as described in chapters 3 and 4.  We 

here propose that activated HSCs contain a pool of pre-existing/“old” LDs, and a relatively rapid 

recycling pool of “new” LDs. The “old” LDs, containing predominantly TAGs and REs, are localized 

around the nucleus, and are degraded with a half time of a few days, partly in the lysosome by 

LAL/Lipa, and partly by an unidentified lipase (LipX) and a cytosolic RE-esterase (REHX; Figure 2). 

The TAGs in the “new” LDs are made at the periphery of the cells, preferential by DGAT1 in com-

bination with ACSL4, and are thus enriched in PUFAs. The TAGs in the “new” LDs are degraded by 

ATGL, possibly in combination with LipX. Turnover of the newly-incorporated (deuterated) FAs 

from the new LDs is relatively fast. We observed half times of less than 8 hrs for the removal of 

the newly incorporated FAs from TAG (chapter 3). Interestingly, in model cells also evidence for 

different pools of LDs was obtained. In these cells, DGAT1 has been associated with the formation 
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Figure 2. Activated HSCs have two different metabolic pools of LDs. Pre-existing/”old” LDs and associated 
enzymes in blue, and “new” LDs and its synthesizing and degrading enzymes are in red. Black arrows show TAG 
metabolism, red arrows show retinoid flow, and green arrows show sterol flow. 
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of small new LDs, whereas DGAT2 was involved in the enlargement of existing LDs 3, similarly to 

their here proposed role in HSCs. Furthermore, isolated HSCs from Dgat1 -/- mice have larger and 

fewer LDs compared to their wild type controls 4. 

From studies with both deuterium–labeled glucose and FAs, we observed that FAs were incor-

porated in “new” glycerol-backbones derived from glucose, but also in pre-existing glycerol-

backbones, presumably as replacement of an acyl chain released by a lipase (M. Tuohetahuntila, 

unpublished observations). This latter mechanism can be used to remodel TAGs as it is very similar 

to the Lands’ cycle, known to remodel PLs 5. In this TAGs equivalent of the Lands’ cycle, ATGL 

and DGAT1 fulfill similar roles as PLA2 and LPLATs, respectively, in the original Lands’ cycle  (see 

Figure 1).  

The above described two-pool model, depicted in Figure 2, explains also previous observations in 

activated HSCs, that LDs reduce in size, but increase in number and are localized in cellular exten-

sions 1, without having to assume fission of the LDs and extensive migration to the periphery. The 

new model explains the apparent redistribution of LDs by a degradation of the lipid content (both 

TAGs and REs) of original LDs, concurrent with an rapid resynthesis of TAGs and REs in novel lipid 

droplets in the cell periphery. In the presence of an inhibitor of RE degradation, lalistat, we could 

actually observe by live-cell imaging two pools of LDs, one with RE in the center of the cell, and 

one without REs in the periphery (chapter 4). The FAs and free retinol required for the synthesis 

of the new TAGs and REs are partly derived from the “old” lipids (recycling) but can also come 

from the external medium. The recycling pathway is especially important for the RE synthesis 

as external retinol concentrations are low. The recycling of retinol also explains our inability to 

observe the different pools of LDs in the absence of lalistat, and in previous studies using Raman 

imaging to visualize LDs 1. 

We could not observe a contribution of de novo synthesized FAs by the lipogenic pathway (see 

Figure 1) to the newly formed TAGs in studies with deuterium-labeled glucose (M. Tuohetahuntila, 

unpublished observations). 

Finally, it must be noted that the rapid and dynamic alteration in HSC lipid metabolism described 

above were observed in cell culture. Therefore, it remains to be established whether similar 

changes in lipid metabolism occur during stellate cell activation under various pathophysiologi-

cal situations in vivo. 
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EFFECT OF ChANGES IN LIPID mETABOLISm ON hSC ACTIvATION 

The identification of a number of important lipid metabolizing enzymes allowed us to investigate 

the role of lipid metabolism in the activation of HSCs, one of the major aims of this thesis research 

project. In table 1, the effects of various inhibitors on lipid levels are compared to their effects 

on HSC activation. In rat HSCs we found that all of the compounds that either inhibited lipid 

synthesis (rosiglitazone and T863) or inhibited lipid degradation (Atglistatin, lalistat, and orlistat), 

inhibited in vitro activation of the HSCs.  Mice HSCs were more resistant to these treatments, as 

both the effects on lipid levels and on activation were lower or absent. The lower effect of the 

inhibitors in mice HSCs on lipid levels might be caused by the lower turnover of TAGs in mouse 

cells (chapter 3). So in general there is a good correlation between the effect on lipid levels and 

the effect on activation, suggesting that a rather large disturbance in lipid metabolism is required 

to inhibit HSC activation. As inhibition of TAG and/or RE formation had the same effect as inhibit-

ing their breakdown, HSCs seem to require a dynamic neutral lipid pool for optimal functioning. 

It was suggested that the TAG pool may act as a buffer for FAs required for energy 6, or synthesis 

Table 1. Effect of inhibitors on lipid metabolism and HSC activation. 
The roles of the various targets and their inhibitors in HSC lipid metabolism are depicted in Figure 1.

Inhibitor Presumed target Effect on lipid content/metabolism
 (at day 7)

Effect on activation
(α-SmA expression at 
maximal dose)

Reference

Rosigli-tazone ACSL4  ~60% lower levels of TAG, ~80 % lower levels of 
PUFA-TAG, no effect on CE and RE  (rat)

~50%  Inhibition (rat) Chap. 2

T863 DGAT1 ~80% lower the levels of TAG, and CE,  ~60% 
lower levels of RE (rat)

~30 % Inhibition (rat) Chap. 3

no effect total TAG, ~50% lower levels of PUFA-
TAG, and CE (mouse)

no  Inhibition (mouse)

Atglistatin ATGL
LipX

~10-fold higher levels of TAG, 
no effect on CE and RE (Rat)

~30 % Inhibition (rat) Chap. 3

~3.5-fold higher levels of TAG, no effect on CE 
and RE (mouse)

no  Inhibition (mouse)

Lalistat LAL/Lipa 3-4-fold higher levels of TAG, CE and RE  (rat) ~30 % Inhibition (rat) Chap. 4

2-3-fold higher levels of TAG, and RE, 
~8-fold higher levels of CE (mouse)

~30 % Inhibition (mouse)

Orlistat LAL/Lipa (partly)
ATGL, LipX

~3.5-fold higher levels of TAG, 
~2-fold higher levels of CE and RE (rat)

~70 % Inhibition (rat). Chapt. 4

~1.5-fold higher levels of TAG,  
~3.5-fold higher levels of CE (mouse)

no  Inhibition (mouse)

Etomoxir CPT1 (β-oxidation) ~2-fold higher levels of TAG (rat) no Inhibition (rat) Chapt. 4
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of membranes or bioactive lipids, like prostanoids 7. We found no evidence that the activation 

of rat HSCs requires either FAs for energy or prostanoid synthesis, as neither an inhibitor of the 

β-oxidation (etomoxir; table 1) nor of prostaglandin synthesis (low dose of indomethacin; chapter 

5) inhibited HSC activation. The requirement for HSCs during activation to make or degrade LDs, 

rather than a pre-existing pool of lipids, would not be in conflict with observations in mouse 

LRAT-/- HSCs. These cells were shown to activate normally despite their initial lack of large LDs 
8, as they have no defect in making LDs during in vitro activation (M.R. Molenaar, unpublished 

observations). 

The use of pharmaceutical tools to delineate the role of specific pathways is almost always flawed 

by possible off-target effects and so it cannot provide an entirely conclusive answer regarding the 

role of lipid metabolism in HSC activation. Therefore, we also investigated the effects of genetic 

interventions in lipid metabolism. We observed normal activation in atgl-deficient mouse HSCs 

and in rat HSCs with siRNA-mediated knock-down of ATGL or DGAT1  (chapter 3). Since the ef-

fects on lipid levels of these genetic models were rather small compared to the pharmaceutical 

interventions, these studies corroborate the notion that relatively small disturbances in lipid 

metabolism are without effect on HSC activation in vitro. However, these studies offer no insight 

in the effects of large  disturbances. 

Evidence that genetic manipulation of lipid metabolism can effect HSC activation are so far 

limited. One study reported the effects of forced expression of PPARγ in culture-activated rat 

HSCs. The expression of PPARγ itself was shown to be sufficient to reverse the morphology of 

activated HSC to the quiescent phenotype, including an accumulation of retinyl palmitate.  As the 

ectopic expression of PPARγ in these cells induces a panel of (adipogenic) transcription factors, 

it is not clear whether the observed phenotypic reversal to quiescent HSC is caused directly by 

the change of lipid metabolism or that it is caused by changes in expression of other genes, more 

directly associated with HSC activation 9, 10. Another study showed that knockdown of Dgat1 in rat 

liver in vivo inhibited activation of HSCs in vitro 11. Interestingly, levels of LRAT and cellular retinol 

binding protein-1 were upregulated during the DGAT1 knockdown, so increased storage of REs 

might be involved in the protective action of the DGAT1 knockdown. On the other hand, deletion 

of Dgat1 in mice had no effect on subsequent HSC activation in culture 4. Interestingly, the latter 

study also indicated that a limited effect on HSC activation in vitro, does not preclude a significant 

effect on HSC activation  in vivo, as the DGAT1-deficient mice were less sensitive to induction of 

liver fibrosis.

Extrapolation of the effects of drugs on HSC activation in vitro to their effects in whole animal 

models is also hampered by potential side effects on other cell types. The use of lipase inhibitors, 

for instance, may only be used for limited time periods as chronic treatments are expected to have 
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serious side effects, since Atgl-/- and Lipa-/- mice develop severe pathologies 12 13. DGAT1-inhibitors 

are more likely to be tolerated in mice models as Dgat1−/− mice are viable, lean, resistant to diet-

induced obesity 14, and have an attenuated response to agents that induce liver fibrosis 4. Due 

to their potential as treatment for  obesity and diabetes type II, various DGAT1 inhibitors were 

already tested in human clinical settings. In these studies, problems with intestinal side effects like 

diarrhea were noted, which may be related to the inhibition of DGAT1-mediated lipid synthesis in 

the gut 15. Finally, the ACSL4 inhibitor used in our study, rosiglitazone, was also tested in humans 

for its potential to treat metabolic disease by activating PPARγ. In patients with non-alcoholic 

steatohepatitis  (NASH), it was found to improve ballooning degeneration, but not fibrosis 16. 

However, the concentrations used were presumable too low to inhibit ACSL4 as rosiglitazone has 

a higher affinity for PPARγ (see chapter 2). 

In conclusion, the here described studies provide ample evidence for a role of lipid metabolism in 

the activation of (rodent) HSCs in vitro. Therefore, investigations to the effects of lipid metabolism 

altering treatments on liver fibrosis in whole animal models are warranted, but will require careful 

titration as total neutral lipid levels nor the extend of accumulation/degradation is a good indica-

tor for the effect on HSC activation. Rather interference with neutral lipid fluxes may be worth 

considering in future research.
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INLEIDING

De lever speelt een belangrijke rol in het lichaam. Dit orgaan is onder andere betrokken bij de 

energievoorziening en bij het verwijderen van schadelijke stoffen. Lever fibrose, en zijn vervolg 

stadium levercirrose, zijn dan ook levensbedreigende aandoeningen. Leverfibrose wordt deels 

veroorzaakt door speciale levercellen die littekenweefsel vormen. Deze zogenaamde hepatische 

stellaatcellen (HSCs) zijn in een gezonde lever gevuld met vetdruppeltjes, waarin de reserve 

voorraad vitamine A zit. Vitamine A heet ook wel retinol en is nodig voor een aantal processen, 

bijvoorbeeld in het oog, om licht te kunnen waarnemen. De gezonde toestand van de stellaatcel-

len, waarin ze boordevol met vetdruppels zitten, noemen we de “rustende” staat. Maar na besch-

adiging of ontsteking van de lever verliezen de stellaatcellen hun vetdruppels met vitamine A en 

veranderen ze in bindweefsel cellen, die fibrose veroorzaken. We noemen deze overgang de “ac-

tivering” van de hepatische stellaatcellen. Omdat de geactiveerde stellaatcellen verantwoordelijk 

zijn voor de voortschrijdende littekenvorming in de lever, wordt algemeen aangenomen dat het 

tegen gaan van het activeringsproces een belangrijke bijdrage kan leveren aan het voorkomen of 

herstellen van lever fibrose. 

Het is onduidelijk of het verdwijnen van de vitamine A gevulde vetdruppels een oorzakelijke rol 

speelt in het activeringsproces. Anders gezegd, verloopt de activering anders wanneer wordt 

voorkomen dat de stellaatcellen hun vetdruppels verliezen? Om deze vraag te kunnen beant-

woorden moeten we eerst weten welke eiwitten betrokken zijn bij de vorming en afbraak van de 

vetdruppels in de hepatische stellaat cellen.

Het belangrijkste doel van de onderzoeken beschreven in dit proefschrift is dan ook de iden-

tificatie van eiwitten die betrokken zijn bij de vetstofwisseling in hepatische stellaat cellen. 

Vervolgens is bestudeert of het remmen van die eiwitten leidt tot een vermindering van het 

activeringsproces.  Door te bestuderen hoe de stellaatcellen precies hun vetdruppels verliezen 

hopen we aangrijpingspunten te vinden voor therapieën tegen leverfibrose.  

vetstofwisseling in geactiveerde hepatische stellaatcellen

Tot de vetten, ook wel lipiden genoemd, behoren een groot aantal verschillende stoffen, die ge-

meen hebben dat ze slecht oplossen in water. Lipiden worden gebruikt bij de energie voorziening 

van cellen (vnl. vetzuren), als bouwstenen voor celmembranen (vnl. fosfolipiden en cholesterol), 

maar ook voor specifieke zaken als het waarnemen van licht (de uit vitamine A gemaakte stof 

retinal) en communicatie tussen cellen (bijvoorbeeld de uit meervoudig-onverzadigde vetzuren 

gemaakte eicosanoiden en de uit vitamine A gemaakte stof retinolzuur). Een overschot aan 

lipiden kan worden opgeslagen in cellen in vetdruppels.  Om te worden opgeslagen in vetdrup-

pels moeten de lipiden maximaal waterafstotend zijn. Hiertoe worden retinol/vitamine A en 
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cholesterol aan vetzuren gebonden via een esterbinding tot respectievelijk retinylesters (REs) en 

cholesterylesters (CEs). De vetzuren zelf worden met zijn drieën aan een glycerol veresterd tot 

tri-acylglycerolen (TAGs).  De eiwitten waarvan bekend is dat ze een rol spelen in de vorming en 

afbraak van de lipiden-esters zijn beschreven in hoofdstuk 1.

Om het vetmetabolisme te bestuderen in hepatische stellaat cellen tijdens de activering, werden 

stellaat cellen geïsoleerd uit ratten of muizen levers.  De cellen werden vervolgens buiten de lever 

gekweekt in plastic bakjes, waarin ze spontaan een proces ondergaan wat lijkt op de activering 

door leverschade.  De hoeveelheid van de verschillende lipiden werd vervolgens bepaald met 

behulp van massaspectrometrie (MS) na scheiding van de lipiden met behulp van hogedruk 

vloeistof chromatografie (HPLC). Uit eerder onderzoek aan stellaatcellen was gebleken dat er in 

de eerste fase van de activering in de kweekbakjes een grote verschuiving in de samenstelling 

van de vetdruppels optreedt. De hoeveelheid retinylesters neemt af en de hoeveelheid van tri-

acylglycerolen met meervoudig onverzadigde verzuren (PUFAs) neemt toe. Verder ontstaan er 

meer maar kleinere vetdruppels (proefschrift N. Testerink). 

In hoofdstuk 2 beschrijven we dat de toename van meervoudig onverzadigde vetzuur bevat-

tende tri-acylglycerolen veroorzaakt wordt door een verandering in de hoeveelheid van enzymen 

van de klasse van vetzuur-CoA synthases (ACSLs). Deze enzymen zorgen ervoor dat vetzuren 

ingebouwd kunnen worden in triacylglycerolen door aan de vetzuren een energierijke chemische 

molecuul (CoA) te plakken. Tijdens de activering verliezen de hepatische stellaatcellen ACSL1, die 

een voorkeur heeft voor verzadigde vetzuren, terwijl de hoeveelheid ACSL4, die een voorkeur 

heeft voor meervoudig onverzadigde vetzuren, juist toeneemt (zie figuur 1 uit hoofdstuk 6).  

Een mogelijke rol voor de ophoping van meervoudig onverzadigde vetzuur bevattende tri-

acylglycerolen is dat ze een buffer vormen voor meervoudig onverzadigde vetzuren die nodig 

zijn tijdens de activering. Arachidonzuur, een specifiek meervoudig onverzadigde vetzuur, is 

namelijk de uitgangsstof voor de synthese van een klasse van hormonen, de eicosanoiden. In 

hoofdstuk 2 laten we zien dat een remmer van ACSL4 de synthese door de stellaatcellen van deze 

vetzuur-afgeleide hormonen remt. 

In hoofdstuk 3 wordt onderzoek beschreven met behulp van speciale vetzuren die gemarkeerd 

zijn met zware isotopen, zodat ze onderscheiden kunnen worden met massa spectrometrie. 

Hieruit bleek dat de tri-acylglycerolen zowel worden opgebouwd als afgebroken met een relatief 

grote snelheid.  Met behulp van remmers van specifieke enzymen en met genetische manipulatie 

van de hoeveelheid van bepaalde enzymen vonden we dat de tri-acylglycerolen niet allemaal 

even snel worden afgebroken en opgebouwd, maar dat dat afhangt van de soort vetdruppels 

waarin de tri-acylglycerolen zitten. De oorspronkelijke grote vetdruppels waarin vooral tri-acylg-

lycerolen en retinolesters zitten, worden relatief langzaam afgebroken door een nog onbekend 
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lipase (LipX in figuur 1 en 2 van hoofdstuk 6) en door het lysosomale lipase (LAL). Stukjes van 

de originele vetdruppels worden afgesnoerd door een proces dat autofagie genoemd wordt en 

naar het lysosoom vervoerd voor afbraak door LAL. In hoofdstuk 4 wordt ook aangetoond dat het 

lysosomale lipase naast tri-acylglycerolen ook de retinolesters en cholesterolesters kan afbreken. 

Naast de afbraak van de originele ”oude” vetdruppels vindt er een snelle opbouw van nieuwe 

vetdruppels plaats door het enzym DGAT1, die het derde vetzuur aan di-acylglycerol (DAG) kop-

pelt zodat tri-acylglycerol ontstaat. Deze nieuwe vetdruppels worden specifiek afgebroken door 

de lipase ATGL (zie hoofdstuk 3). De combinatie van de afbraak van de grote originele vetdruppels 

en de vorming en afbraak van steeds nieuwe vetdruppels in de stellaat cellen tijdens de activer-

ing zorgt er voor dat het totale aantal vetdruppels sterk toeneemt, maar dat de vetdruppels wel 

kleiner worden. Een model van het dynamische vetmetabolisme in de hepatische stellaatcellen is 

geschetst in figuur 2 van hoofdstuk 6. 

Effect van verstoringen in het lipide metabolisme op de activering van hepatische 

stellaatcellen

De identificatie van een aantal enzymen die betrokken zijn bij de aanmaak en afbraak van lipiden 

en de beschikbaarheid van remmers van die enzymen maakt het mogelijk om het effect van het 

lipide metabolisme op de activering van de stellaatcellen te bestuderen. We vonden dat alle stof-

fen die òf de aanmaak òf de afbraak van vetten remden, ook de activering van ratten stellaatcelen 

in het kweekbakje remden (zie tabel 1 in hoofdstuk 6). De stellaatcellen uit muizenlevers werden 

echter minder of helemaal niet beïnvloed door deze remmers.  In het algemeen lijkt er een goed 

verband te bestaan tussen de verandering in het lipide metabolisme en de mate van activer-

ing van de stellaatcellen. Ook bleek dat er relatief grote veranderingen in lipide metabolisme 

nodig zijn om de activering te remmen. Dit laatste werd bevestigd door proeven waarbij we de 

hoeveelheid van de lipide enzymen met behulp van genetische manipulatie lieten afnemen. 

Hierbij vonden we kleine effecten op het lipide metabolisme en geen effecten op de activering 

van de stellaatcellen (hoofdstukken 2, 3 en 4). De precieze reden dat stellaatcellen lipide druppels 

moeten kunnen maken voor hun activering is nog onduidelijk. Maar het kan zijn dat ze een buffer 

van (specifieke) vetzuren nodig hebben voor membraanopbouw, energie of voor de vorming van 

eicosanoide-hormonen.

In hoofdstuk 5 beschrijven we vervolgens welke specifieke eicosanoiden de stellaatcellen precies 

kunnen uitscheiden en hoe dat verandert na de activering. We vonden dat in geactiveerde muizen 

stellaatcellen de expressie van prostaglandine I2/prostacycline synthase omhoog was gegaan. In 

geactiveerde ratten stellaatcellen daarentegen was de hoeveelheid van een ander eicosanoide-

vormend enzym, namelijk thromboxaan A synthase, verhoogd.  De activering van stellaatcellen 

werd versneld als we de eicosanoide prostaglandine E2 toevoegde aan het kweekmedium. De 

stellaatcellen scheiden zelf vermoedelijk te weinig eicosanoiden uit in de kweekbakjes om 
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zichzelf te activeren, want we vonden geen verschil in activering als we de eicosanoide secretie 

verhinderden met specifieke remmers. 

Conclusie 

Tijdens de activering van hepatische stellaatcellen in een kweekbakje vinden er grote veranderin-

gen plaats in lipide metabolisme door een aantal specifieke enzymen. Remmers van die enzymen 

veroorzaakte een verminderde activering van de geïsoleerde stelaatcellen. Deze studies bieden 

daarom voldoende aanleiding voor het testen van dergelijke geneesmiddelen op leverfibrose in 

diermodellen. 
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