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Abstract

BACKGROUND

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is abundantly expressed by
hepatocytes and regulates the uptake of low-density lipoprotein by these pare-
nchymal cells. Little research has been conducted on PCSK9 expression in non-
hepatocyte liver cells.

AIM
To investigate PCSK9 levels in the supernatant of different liver cells and its
regulation in hepatic stellate cells (HSCs).

METHODS

PCSKO levels were measured in the cell culture medium of primary human he-
patocytes, HepG2 and Huh?7 cells, primary human HSCs, the HSC cell line LX-2,
primary human Kupffer cells, and primary human sinusoidal endothelial cells.
The effects of cytokines, adipokines, lipopolysaccharide, transforming growth
factor beta (TGF-f) and ligands of nuclear receptors on PCSK9 levels in LX-2 cells
during 24 hours of culture were determined using enzyme-linked immunosorbent
assay.

RESULTS

Primary human hepatocytes, HepG2, Huh7, HSCs, and LX-2 cells secreted sig-
nificant levels of PCSK9. There were low levels of PCSK9 in the supernatant of
Kupffer cells and sinusoidal endothelial cells. Interleukin-6 reduced PCSK9 in LX-
2 cells to 86% of controls and lipopolysaccharide increased it by 7%, whereas
tumor necrosis factor, as well as exogenous adiponectin and leptin had no effect.
Chemerin-156, but not chemerin-155 or chemerin-157 isoform overexpressed in
LX-2 cells, reduced PCSK9 to 84% of the controls. TGF-f reduced PCSK9 in LX-2
cell culture media to 68% of controls and lowered its cellular level. Activation of
liver X receptor but not farnesoid X receptor or peroxisome proliferator-activated
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receptor gamma, reduced PCSKO levels by 42% in LX-2 cell culture medium.

CONCLUSION
Profibrotic TGF-p and the antifibrotic liver X receptor ligand both reduced PCSK9 in LX-2 medium, showing that
PCSKO9 is not a marker of HSC activation.

Key Words: Hepatic stellate cells; Kupffer cells; Leptin; Lipopolysaccharide; Transforming growth factor beta; Proprotein
convertase subtilisin/kexin type 9; Liver X receptor
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Core Tip: This study showed that primary hepatic stellate cells and the LX-2 cell line secrete proprotein convertase
subtilisin/kexin type 9 (PCSK9). Levels of PCSK9 in the medium of LX-2 cells were found to be reduced by interleukin-6,
chemerin-156, and transforming growth factor beta, and increased by lipopolysaccharide. The liver X receptor agonist
lowered PCSKO9 levels in the cell medium. As transforming growth factor beta is a fibrotic cytokine and activation of the
liver X receptor exerts antifibrotic effects, PCSK9 levels in the cell medium cannot be used as a marker of activated hepatic
stellate cells.
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INTRODUCTION

The liver is composed of various cell types, and approximately 80% of them are hepatocytes. The remaining 20% are non-
parenchymal cells, including immune cells such as Kupffer cells, dendritic cells, and T cells, as well as sinusoidal
endothelial cells, biliary epithelial cells, and hepatic stellate cells (HSCs)[1]. HSCs are mesenchymal cells that reside in the
space of Disse, the perisinusoidal area between endothelial cells and hepatocytes. HSCs are the main storage site for
retinyl esters, which are found in cytoplasmic lipid droplets. In addition to retinyl esters, these lipid droplets contain
triglycerides, free fatty acids, phospholipids, free cholesterol, and cholesteryl ester[2,3]. HSCs play a central role in
fibrogenesis, and when activated, produce the extracellular matrix. During activation, these cells deplete their lipid
droplets[4].

HSC activation can be achieved through various stimuli. Chronic liver disease is associated with a leaky intestinal
barrier and exposure of the liver to lipopolysaccharide (LPS). HSCs express the Toll-like receptor 4, and respond to
bacterial LPS[5]. In the liver, interleukin (IL)-6 can bind to the IL-6 receptor, which is located on the surface of hepatocytes
and HSCs. This forms the IL-6/IL-6 receptor complex, which subsequently recruits glycoprotein 130 to initiate down-
stream signaling[6]. Under physiological conditions, IL-6 is involved in liver regeneration, defense against infection, and
metabolic functions. However, chronic activation of the IL-6 pathway is detrimental, contributing to inflammation and
fibrosis[6,7]. Tumor necrosis factor (TNF) produced by Kupffer cells increases the IL-6 secretion from these cells[6]. Both
TNF and IL-6 can induce quiescent HSCs to transform into myofibroblasts[8,9].

Excess adipose tissue is a risk factor for the progression of chronic liver diseases[10,11]. IL-6 can also be considered an
adipokine, as it is produced in adipose tissue and its levels increase with obesity[12]. All proteins released by adipose
tissue are called adipokines and can be cytokines, chemokines, and hormones. The adipokines that are mostly produced
by adipocytes are adiponectin and leptin[13,14]. Adiponectin exerts anti-inflammatory effects and reduces the prolif-
eration of HSCs and synthesis of the extracellular matrix[15]. The adipokine leptin, which is increased in the serum of
obese individuals[13,14], is a profibrotic adipokine[15]. Chemerin is expressed by adipocytes and hepatocytes, and
circulates in the serum as an inactive precursor protein (chemerin-163). C-terminal cleavage of chemerin produces active
isoforms, one of which is chemerin-156. The exact biological functions of the different chemerin isoforms have not been
defined, and both pro- and anti-inflammatory effects have been described[16]. Overexpression of chemerin-156 in the
HSC cell line LX-2 increases IL-6, IL-8, and galectin-3 in the cell supernatant, showing that this isoform activates these
cells[16,17].

Transforming growth factor beta (TGF-B) is a cytokine that regulates a variety of cellular functions. It controls the
immune response, inflammation, cell differentiation, and proliferation. In situations of infection or chronic injury, TGF-p
signaling becomes dysregulated, and the activation of TGF-B is sufficient to induce fibrogenesis[18,19]. TGF- activates
HSCs to become myofibroblasts and enhances the proliferation of these cells and the production of extracellular matrix
proteins, such as collagens[4,20]. This process is physiologically halted upon depletion of active TGF-B, a pathway that is
dysfunctional in chronic liver disease[18].
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LX-2 cells are a human HSC cell line that retains most of the characteristics of primary HSCs[21]. Gene expression in
LX-2 cells and in primary HSCs shows 98.7% similarity, and both cell types increase procollagen messenger RNA
(mRNA) expression when stimulated with TGF-B[21].

Nuclear receptors are considered therapeutic targets for different diseases. Agonists of the liver X receptor (LXR)
prevent the activation of HSCs, and LXR null mice exhibit increased liver injury in experimental models[22]. A farnesoid
X receptor (FXR) agonist has also been shown to protect mice against hepatic inflammation and fibrosis[23]. The
downregulation of peroxisome proliferator-activated receptor gamma (PPAR-y) in activated HSCs contributes to cell
proliferation and collagen synthesis[24]. As specific agonists of these nuclear receptors are available, they can be used to
treat chronic liver disease[22-24].

Proprotein convertase subtilisin/kexin type 9 (PCSKD9) is highly expressed by hepatocytes and inhibits recycling of the
low-density lipoprotein (LDL) receptor. Consequently, LDL uptake by the liver is reduced and LDL levels in the blood
increase[25-27]. Overexpression of PCSK9 in cardiac fibroblasts, as well as the addition of recombinant PCSK9 to the cells,
activates them to become myofibroblasts with higher collagen and alpha-smooth muscle actin synthesis[28]. PCSK9 also
increases the expression of nucleotide-binding domain-like receptor protein 3 and nuclear factor kappa B signaling in
cardiac fibroblasts[29]. These studies showed that PCSK9 plays a role in myofibroblast activation. PCSK9 in HSCs is
induced by cholesterol loading. However, feeding a hypercholesterolemic diet reduces its expression in the liver, dem-
onstrating the differential regulation of PCSK9 in HSCs compared to parenchymal cells[30].

In HepG2 cells, TNF increases PCSK9 via a pathway involving suppressor of cytokine signaling-3[31]. LPS increases
PCSK9 mRNA and reduces LDL receptor protein in the murine liver[32]. Leptin also induces PCSKO9 levels in HepG2
cells, which are associated with lower LDL receptor levels[33,34]. Conversely, IL-1p reduces PCSK9 and increases the LDL
receptor in HepG2 cells[35]. This demonstrates that pro-inflammatory stimuli have opposing effects on PCSK9 expression
in HepG2 cells. Moreover, adiponectin receptor agonists, which protect from metabolic diseases and inflammation[15,36],
induce PCSK9 expression and its serum levels in wild-type mice[37]. It is also worth noting that adiponectin receptor
agonists upregulate the LDL receptor, ultimately reducing LDL cholesterol levels[37].

PCSK9 expression is regulated both transcriptionally and post-transcriptionally, and its secretion is regulated by
unknown pathways[38]. Most circulating PCSK9, which has a half-life of about 5 minutes in rodents, is derived from
hepatocytes[38]. This suggests that the protein is cleared rapidly and that continuous synthesis is needed to maintain
serum PCSKO levels. However, the expression of PCSK9 in different liver cells and how it is regulated in cells other than
hepatocytes, has hardly been studied.

This study first measured PCSKO9 in the supernatant of primary hepatocytes, HSCs, Kupffer cells, and sinusoidal
endothelial cells, as well as in the hepatocyte cell lines Huh7 and HepG2 and the HSC line LX-2[21]. As PCSK9 was found
to be abundant in LX-2 cells, this study focused on its regulation by the cytokines IL-6, TNF, and TGF-p, as well as by the
adipokines leptin, adiponectin and chemerin, in these cells. The effects of PPAR-y, LXR, and FXR ligands on PCSK9 were
also studied, since these ligands inhibit the activation of HSCs[22,24].

MATERIALS AND METHODS

Ethical statement

Primary hepatocytes and supernatants for the isolation of HSCs were provided by the group of Professor Dr. Thomas
Weiss (University Children’s Hospital Regensburg, Regensburg, Germany). Experimental procedures were performed
according to the guidelines of the charitable state-controlled foundation Human Tissue and Cell Research, with written
informed patient consent approved by the local Ethical Committee of the University Hospital of Regensburg (Approval
No. 12-101-0048).

Cell lines

HepG2 and Huh?7 cells were obtained from the American Type Culture Collection (Manassas, VA, United States). The
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high glucose (PAA Laboratories GmbH, Karlsruhe,
Germany) supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin. The LX-2 cells were from
Merck Chemicals GmbH (Darmstadt, Germany) and were cultured in DMEM high glucose containing 2% FCS and 1%
penicillin/streptomycin. HepG2, Huh7, and LX-2 cells used in the current experiments were sub-cultured to passages 7,
8, or 9.

Primary cells

Human hepatic sinusoidal endothelial cells of three different donors were obtained from ScienCell (Carlsbad, CA, United
States) and cultured according to the supplier’s recommendations. The cells were cryopreserved at passage 1 and used at
passage 2. Human Kupffer cells of two different donors were purchased from Thermo Fisher Scientific (Schwerte,
Germany) and used after overnight culture at passage 0.

Purification of primary hepatocytes

Primary hepatocytes were isolated by the group of Prof. Dr. Thomas Weiss (University Children’s Hospital Regensburg)
and cultivated as previously described[39]. Hepatocytes were isolated by a modified two-step ethylene glycol-bis(p-
aminoethyl ether)-N,N,N’,N'-tetraacetic acid/ collagenase perfusion procedure[39]. Human liver tissue was obtained from
liver resections performed on patients undergoing partial hepatectomy due to metastatic liver tumors associated with
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colorectal cancer. Primary human hepatocytes (PHHs) were cultured in serum-free DMEM supplemented with 4.5 g/L
glucose, 0.4 ng/mL hydrocortisone, 0.415 x 10¢ U/mL insulin, 2 mmol/L glutamine, and 100 U/mL penicillin/stre-
ptomycin[40]. The viability of the isolated hepatocytes was assessed using trypan blue exclusion, and only cells with
viability greater than 85% were used for cell culture. The cells were plated onto collagen-coated 6-well plates at a density
of 1 x 10° cells/cm?, using an appropriate volume of culture medium, and were used after 24 hours of culture at passage
0.

Purification of primary HSCs

The supernatant, which lacked hepatocytes, was used to isolate HSCs. The supernatant was centrifuged at 50 g for 5
minutes to obtain the nonparenchymal cells. Then the cells were suspended in 10 mL of DMEM high glucose supple-
mented with 10% FCS and 1% penicillin/streptomycin and transferred to cell culture flasks. The medium was replaced
after 90 minutes and changed daily for 4 days. After a 14-day cultivation period, human stellate cells were successfully
obtained. These cells express alpha-smooth muscle actin and collagen 1al, markers of activated HSCs[4]. A total of 40000
cells were incubated in 1 mL of medium. HSC cells were used at passage 3, 4, or 5.

Incubation of cells with LPS
LPS was purchased from Sigma (Deisenhofen, Germany). Stimulation with LPS was performed in medium containing 2%
FCS. LPS was used at high concentrations (1 pg/mL and 10 pg/mL). Previously, Jeschke et al[40] used 10 pg/mL of LPS
to activate primary human liver cells, and Chen et al[41] used 0.1 ng/mL, 1 ng/mL, 10 ng/mL, and 100 ng/mL for LX-2
cells. Three wells were used for each experimental setup. Mean values were used for calculations and four independent
experiments were performed.

Incubation of cells with cytokines

TNF, TGF-B, and IL-6 were obtained from R&D Systems (Wiesbaden-Nordenstadt, Germany). Incubations with cytokines
were performed in serum-free medium. TNF was used at concentrations of 0.2 ng/mL, 2 ng/mL, and 4 ng/mL, corres-
ponding to TNF levels released by the livers of rats injected with LPS[42] and to serum TNF levels in patients with liver
disease[43]. IL-6 was used at concentrations of 5 ng/mL, 10 ng/mL, and 20 ng/mL, which correspond to serum levels of
patients with chronic liver disease[44]. TGF-p was used at concentrations of 0.2 ng/mL, 2 ng/mL, and 4 ng/mL, which
are similar to serum levels in patients with liver disease[45], and the 2 ng/mL and 5 ng/mL used in recent studies[43,46].
It should be noted that the different cytokine enzyme-linked immunosorbent assays (ELISAs) are not standardized, which
makes it difficult to compare absolute levels determined by different studies. Three wells were used for each experi-
mental setup. Mean values were used for calculations and at least three independent experiments were performed.

Incubation of cells with adipokines

Recombinant human adiponectin and leptin were obtained from R&D Systems (Wiesbaden-Nordenstadt, Germany).
Incubations with adiponectin and leptin were performed in serum-free medium. Adiponectin was used at a concentration
of 10 pg/mL, while leptin was used at concentrations of 4 ng/mL, 10 ng/mL, and 20 ng/mL. These concentrations cor-
respond to the serum levels of these adipokines[47,48]. Three wells were used for each experimental setup, and mean
values were used for calculations. At least four independent experiments were performed.

Incubation of cells with agonists of nuclear receptors

The LXR agonist T0901317 and the FXR agonist GW4064 were purchased from Sigma (Deisenhofen, Germany). Rosigl-
itazone, an agonist for PPAR-y, was from Biomol GmbH (Hamburg, Germany). LXR ligand was used at 5 pmol/L and
10 pmol/L, and up to 1 pmol/L and 10 pmol/L have been used in prior studies[49,50]. GW4064 was used at 1 pmol/L in
a prior study[51], and 1 pmol/L and 2 pmol/L were used in the current experiments. PPAR-g ligand was used at
7.5 pmol/L and 15 pmol/L, similar to a previous study using 10 pmol/L[24]. Three wells were used for each experi-
mental setup, and mean values were used for calculations. At least three independent experiments were performed.

Overexpression of chemerin isoforms in LX-2 cells

The chemerin isoform chemerin-155, chemerin-156, and chemerin-157 were overexpressed in LX-2 cells cultured in
medium with 2% FCS as described in our previous study[17]. PCSK9 was measured in the cell culture medium at 24
hours post-transfection. Four independent experiments were performed.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis and immunoblotting

Twenty micrograms of protein were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Bio-Rad, Munich, Germany). Then membranes were incubated with
antibodies in a solution of 1.5% bovine serum albumin in tris(hydroxymethyl)aminomethane-buffered saline containing
0.1% Tween. Signals were detected using enhanced chemiluminescence Prime Western Blot Reagent (Amersham Ph-
armacia, Deisenhofen, Germany). Image] software (National Institutes of Health, Bethesda, MD, United States)[52] was
used for signal quantification. The PCSK9 antibody (#85813), cyclophilin antibody (#2175), and GAPDH antibody (#2118)
were obtained from Cell Signaling Technology (Leiden, the Netherlands).

PCSK9 ELISA
The PCSK9 ELISA Kit (No. DY3888) was from Bio-Techne in Wiesbaden-Nordenstadt, Germany. Supernatants were
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analyzed without dilution. All measurements were performed twice, and the mean values were used for subsequent
calculations.

Statistical analysis

Data are shown as mean * SD. The statistical tests used were a paired t-test (for comparison of two groups) and a one-
factor analysis of variance followed by a Fisher’s Least Significant Difference post hoc test (for comparison of three or more
different groups; IBM SPSS Statistics 26.0; IBM Corp., Armonk, NY, United States). P < 0.05 was considered statistically
significant.

RESULTS

PCSKQ9 levels in the supernatants of liver cells

PCSKO levels were determined (via ELISA) in the cell culture supernatant of 6 different LX-2 cell cultures, primary human
HSCs from 9 different donors, PHHs from 10 different donors, 16 different Huh? cell cultures, 5 different HepG2 cell
cultures, human hepatic sinusoidal endothelial cell cultures from 3 different donors, and primary human Kupffer cell
cultures from 2 different donors (Table 1). PCSK9 levels were calculated for 10° plated cells. As the number of primary
cells does not increase and the number of cells was not determined at the end of the study, the PCSKO levels of the cell
lines may be 20%-30% lower than those of the primary cells. However, they are still much higher than those of the
primary cells.

The highest levels of PCSK9 were found in HepG2 cells, followed by Huh? cells. By contrast, Kupffer cells and hepatic
sinusoidal endothelial cells exhibited very low PCSK9 levels in their supernatant (Figure 1A; Table 1). PCSK9 levels in the
PHH supernatant were much lower than in the HepG2 and Huh? cell supernatants, and also lower than that in the LX-2
cell supernatant. PCSK9 levels in PHHs and HSCs were comparable (Figure 1A; Table 1).

Immunoblot analysis of HepG2 and Huh7 cells showed much higher expression of PCSK9 in the latter cell line
(Figure 1B). Immunoblots were quantified by Image] software and the PCSK9 protein levels were normalized by dividing
them by the housekeeping protein GAPDH. PCSK9 levels were 0.14 + 0.03 in HepG2 and 1.16 + 0.34 in Huh7 cells (P =
0.002). Immunoblot analysis of PCSK9 in HepG2 and LX-2 cells showed an expression of 0.52 + 0.33 in LX-2 cells and of
0.94 £ 0.72 in HepG2 cells, and cellular protein levels in both cell lines were similar (P = 0.475; Figure 1C). Here, cy-
clophilin A was used as a housekeeping protein, which was similarly expressed in both cell lines (Figure 1C). Quanti-
fication of immunoblots is semiquantitative, and values of different experiments cannot be compared.

PCSK?9 levels of LX-2 cells during culture and the effects of LPS and TGF-f8

The level of PCSK9 in the LX-2 cell culture supernatant increased during cultivation (Figure 1D). Levels increased to 216%
after 48 hours and to 366% after 72 hours, compared to cells cultivated for 24 hours (Figure 1D). As the doubling time of
this cell line is 3 days to 4 days[21], it can be concluded that the higher levels are not primarily due to a higher cell count.
This suggests that PCSKO9 is relatively stable in LX-2 cell culture medium.

Both LPS and TGF-p activate HSCs[5]. Cultivation of LX-2 cells exposed to 10 pg/mL of LPS increased PCSK9 levels by
7% compared to the controls (Figure 2A). LPS at a concentration of 1 pg/mL had no effect (Figure 2A). TGF-B reduced
PCSK9 by 32% over 24 hours of culture with 7 ng/mL TGF-B. A similar effect was observed with 5 ng/mL, but this was
not significant as the results were based on only three independent experiments (Figure 2B).

As the effect of TGF- was greater than that of LPS and within the range that could be detected by immunoblot, the
impact of TGF- on cellular PCSK9 was examined. Immunoblot analysis showed downregulation of PCSK9 in LX-2 cell
lysates by 5 ng/mL and 7 ng/mL TGF-b (Figure 2C).

Effect of TNF and IL-6

The levels of PCSK9 in LX-2 cell culture supernatant did not change following stimulation with 0.2 ng/mL, 2 ng/mL, or
4 ng/mL of TNF (Figure 3A). IL-6 significantly reduced PCSKO9 levels to 86% of those in the control group at 20 ng/mL
and showed a trend towards reducing PCSKO levels (P = 0.085) at 10 ng/mL (Figure 3B). The concentration of 5 ng/mL of
IL-6 had no effect (Figure 3B).

Effect of adipokines

Adiponectin is an antifibrotic adipokine, whereas leptin exhibits pro-fibrotic activity[14]. Neither of these adipokines
changed the PCSKO9 levels of LX-2 cells (Figure 3C and D). Adiponectin was used at a concentration of 10 png/mL, while
leptin was used at concentrations of 4 ng/mlL, 10 ng/mL, and 20 ng/mL. The overexpression of chemerin-155, an inactive
chemerin isoform, and chemerin-157, a highly active isoform[16], had no effect on PCSK9 levels. However, chemerin-156
lowered PCSK9 by 16% compared to the controls (Figure 3E).

Our group has previously described LX-2 cells that overexpress chemerin isoforms[17]. The concentration of total
chemerin in the supernatant measured by ELISA was 0.5 ng/mL in control-transfected LX-2 cells, 8 ng/mL in chemerin-
155-overexpressing cells, 3 ng/mL in chemerin-156 cells, and 9 ng/mL in chemerin-157-overexpressing cells[17].
Chemerin ELISA cannot differentiate the chemerin isoforms. Cellular PCSK9 levels were not measured due to the modest
effect of chemerin-156 on soluble levels.
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Table 1 Proprotein convertase subtilisin/kexin type 9 levels in supernatants of primary liver cells and cell lines, mean * SD

Cells LX-2 HSC PHH Huh7 HepG2 HHSEC KC
Number of cultures 6 9 16 5

Number of donors 10 3 2
PCSK9 (ng/mL) 6.8+1.7 1.7+£15 24+05 172+69 270+15 02+0.1 0.1+0.0

Proprotein convertase subtilisin/kexin type 9 protein levels of 10° cells are listed in the table. PCSK9: Proprotein convertase subtilisin/kexin type 9; HSC:
Hepatic stellate cell; PHH: Primary human hepatic; HHSEC: Human hepatic sinusoidal endothelial cell; KC: Kupffer cell.
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Figure 1 Proprotein convertase subtilisin/kexin type 9 in the supernatants of 10° liver cells cultivated for 24 hours, cellular levels of
HepG2, Huh7, and LX-2 cells, and of LX-2 cells during culture. A: Proprotein convertase subtilisin/kexin type 9 (PCSK9) in the supernatant of LX-2 cells
(6 different cultures), primary human hepatic stellate cells from 9 donors, primary human hepatocytes from 10 donors, Huh7 cells (16 different cultures), HepG2 cells
(5 different cultures), human hepatic sinusoidal endothelial cells from 3 donors and primary human Kupffer cells from 2 donors; B: Immunoblot of PCSK9 protein in
Huh7 and HepG2 cells, glyceraldehyde-3-phosphate dehydrogenase was used for normalization; C: Immunoblot of PCSK9 protein in LX-2 and HepG2 cells,
cyclophilin A was used for normalization; D: PCSK9 protein in the supernatant of LX-2 cells cultivated for 24 hours, 48 hours, and 72 hours. PCSK9: Proprotein
convertase subtilisin/kexin type 9; HSC: Hepatic stellate cell; PHH: Primary human hepatic; HHSEC: Human hepatic sinusoidal endothelial cell; KC: Kupffer cell;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

Effect of nuclear receptor agonists

Ligands of PPAR-y, LXR, and FXR inhibit the activation of HS5Cs[22,24]. When used at concentrations of 1 pmol/L and
2 pmol/L, the FXR agonist GW4064 did not alter PCSK9 levels in the cell medium (Figure 3F). The LXR agonist T0901317
reduced PCSKD in the cell medium at a concentration of 10 pmol/L but had no effect at 5 pumol/L (Figure 3G). Rosigl-
itazone, which activates PPAR-y, had no effect at concentrations of 7.5 pmol/L and 15 pmol/L (Figure 3H).

DISCUSSION

This study demonstrated that PCSK9 is abundantly expressed in LX-2 cells. PCSK9 is downregulated in the cell and the
cell medium when the cells are incubated with the fibrotic cytokine TGF-B. The LXR ligand, which exhibits antifibrotic
properties, also reduces PCSK9 levels in the LX-2 cell medium. Therefore, PCSK9 levels in the cell medium of LX-2 cells
are not associated with HSC activation.

Previous studies had suggested that hepatocytes were the main source of serum PCSK9[53]. This study demonstrated
that HSCs secrete comparable levels of PCSK9 to PHHs. However, as hepatocytes make up the majority of cells in the
liver[1], they are likely to be the most important contributors to blood PCSK9 levels. Whether HSCs also significantly
contribute to circulating PCSK9 levels cannot be answered by our descriptive study. It is unlikely that Kupffer cells and
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Figure 2 Effect of lipopolysaccharide and transforming growth factor beta on proprotein convertase subtilisin/kexin type 9 in the culture
medium of LX-2 cells. A: Proprotein convertase subtilisin/kexin type 9 (PCSK9) in the LX-2 cell culture medium after 24 hours of cultivation with 0 pg/mL, 1
pg/mL, or 10 pg/mL lipopolysaccharide (4 independent experiments); B: PCSK9 in the LX-2 cell culture medium after 24 hours of cultivation with 0 ng/mL, 5 ng/mL, or
7 ng/mL transforming growth factor beta (TGF-f3; 6 independent experiments for controls and 7 ng TGF-B, and 3 independent measures for 5 ng/mL); C: PCSK9
protein of LX-2 cells cultivated with 0 ng/mL, 5 ng/mL, or 7 ng/mL TGF-8 for 24 hours. PCSK9: Proprotein convertase subtilisin/kexin type 9; TGF-p: Transforming
growth factor beta; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

endothelial sinusoidal cells affect serum PCSK9 concentrations, given that they both have very low PCSKO levels in their
cell culture medium. Macrophages were shown to express cellular PCSK9 protein in one study[54], whereas another
study did not detect it in these cells[55].

Interestingly, hepatocyte cell lines and LX-2 cells had higher PCSK9 levels than the respective primary cells. Eso-
phageal squamous cell carcinoma cells exhibited higher PCSK9 expression than non-tumor esophageal tissues[56]. In
hepatocellular carcinoma, both high and low expression of PCSK9 have been reported in tumors. Inhibiting PCSK9 in
Huh? and HepG2 cells reduced the proliferation of both cell lines, showing that PCSK9 contributes to tumor progression
[57]. From our analysis, it is suggested that PCSK9 is increased in parenchymal liver tumor cells, and is also induced in
the LX-2 cell line compared to primary HSCs. Unlike cell lines, primary hepatocytes and Kupffer cells do not proliferate
during culture. Therefore, having a higher number of these cells in the study sample at the end of the experiment may
also contribute to their increased PCSK9 levels. The doubling time is 2 days for HepG2 and Huh?7 cells[58] and 3 days to
4 days for LX-2 cells[21]. Although we calculated PCSKO9 levels relative to the number of cells plated, we did not de-
termine the number of cells at the end of the study. Taking proliferation into account, therefore, PCSK9 levels in the
culture medium of HepG2 and Huh?7 cells are likely to be about 30% lower and 20% lower in LX-2 cells.

PCSK9 levels were higher in the cell culture medium of HepG2 cells than in Huh? cells, but cellular expression was
lower. This shows that cellular expression and secretion of PCSK9 are not necessarily correlated. It is suggested that
increased PCSK9 release from HepG2 cells is associated with lower cellular levels and vice versa in Huh? cells. This
hypothesis needs to be evaluated in the future.

HSC and LX-2 cells secrete considerable levels of PCSK9, and this study analyzed the regulation of PCSK9 in the LX-2
cell line by LPS, cytokines, and the adipokines adiponectin, leptin, and chemerin known to regulate HSC activation. This
study further investigated the effect of nuclear receptor agonists, all of which are described as exerting antifibrotic
activities in HSCs[4,22,59]. Overall, the impact of these agents on PCSKO levels in the cell culture medium was modest yet
significant.

IL-6, which induces the acute-phase response[6], was shown to reduce PCSKO levels. In rheumatoid arthritis synovial
fibroblasts, IL-6 was found to lower PCSK9 enzymatic activity[60]. Knockdown of signal transducer and activator of
transcription 3 (STAT3) induced PCSK9 in HepG2 cells. This is consistent with lower PCSK9 levels following IL-6
stimulation, which activates STAT3[6,31]. Thus, IL-6 downregulates PCSK9 in different cells including HSCs.

However, TNF, which is also an inflammatory cytokine[61], had no effect on the PCSK9 levels in LX-2 cells. In HepG2
cells, TNF increased PCSK9 levels[31] but lowered PCSK9 in rheumatoid arthritis synovial fibroblasts[60], demonstrating
that the effect of TNF is cell-type specific.

LPS was the only agent to induce PCSK9 levels in the medium of LX-2 cells. However, this effect was modest, at less
than 10% compared to the controls. LPS increased PCSK9 mRNA in the murine liver[32], which is principally concordant
with our observation. This study did not perform cell type-specific analysis[32], and mRNA expression was not studied
in the present investigation; therefore, it is difficult to compare these results. In humans, endotoxin infusion did not
change plasma PCSK9 levels[62]. Notably, LPS was found to strongly reduce PCSK9 expression in human gut xenografts
[63]. Overall, the regulation of PCSK9 by TNF and LPS is more complex than was initially suggested.

It is well documented that chronic inflammation lowers serum LDL levels[64], which is compatible with low PCSKO.
However, the level of PCSK9 in the blood increases in cases of sepsis, whereas the level of LDL decreases[25,64,65]. First,
this suggests that PCSK9 is not essential for maintaining LDL levels in these patients. Second, the factors contributing to
high PCSK9 and low LDL levels in inflammation remain unclear.

Adipokines have emerged as essential proteins that target almost all of the body’s organs[14,66-68]. Adiponectin
protects against liver disease and fibrosis, whereas leptin promotes fibrosis[13,14]. Adiponectin receptor agonists were
found to increase PCSK9 levels in HepG2 cells. In wild-type mice, this agonist increased PCSK9 levels, whereas in
apolipoprotein E-deficient mice, which are prone to atherosclerosis, it lowered them[37]. However, in LX-2 cells, adi-
ponectin did not regulate PCSK9 levels in the cell medium. These results suggest that the regulation of PCSK9 by
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Figure 3 Regulation of proprotein convertase subtilisin/kexin type 9 levels in LX-2 cells by cytokines, adipokines, and nuclear receptor
agonists. A and B: Proprotein convertase subtilisin/kexin type 9 (PCSK9) levels in LX-2 cells cultivated with tumor necrosis factor and interleukin-6. PCSK9 levels in
the LX-2 cell supernatant after 24 hours of cultivation with 0 ng/mL, 0.2 ng/mL, 2 ng/mL, or 4 ng/mL tumor necrosis factor, 4 independent experiments (A); PCSK9
levels in the LX-2 cell supernatant after 24 hours of cultivation with 0 ng/mL, 5 ng/mL, 10 ng/mL, or 20 ng/mL interleukin-6, 4 independent experiments (B); C-E:
PCSK9 levels during LX-2 cell cultivation with adipokines and chemerin isoform overexpression. PCSK9 levels in the LX-2 cell culture supernatant after 24 hours of
cultivation with 0 pg/mL or 10 ug/mL adiponectin, 6 independent experiments (C); PCSK9 levels in the LX-2 cell culture supernatant after 24 hours of cultivation with
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chemerin-155, chemerin-156, or chemerin-157 and in control transfected cells, 4 independent experiments (E); F-H: PCSK9 levels during LX-2 cell cultivation with
nuclear receptor agonists. PCSK9 levels in the LX-2 cell culture supernatant after 24 hours of cultivation with 0 ymol/L, 1 ymol/L, and 2 ymol/L GW4064, 5
independent experiments (F); PCSK9 levels in the LX-2 cell culture supernatant after 24 hours of cultivation with 0 pmol/L, 5 pmol/L, and 10 pmol/L T0901317, 3
independent experiments (G); PCSK9 in the supernatant of LX-2 cells cultivated for 24 hours with 0 umol/L, 7.5 pmol/L, and 15 umol/L rosiglitazone, 3 independent
experiments (H). PCSK9: Proprotein convertase subtilisin/kexin type 9; TNF: Tumor necrosis factor; IL: Interleukin; Chem: Chemerin.

adiponectin and its receptor agonists requires further study.

Leptin was also shown to increase PCSK9 levels in HepG2 cells, and STAT3 was involved in the upregulation of PCSK9
[34]. These studies used concentrations of leptin of 50 ng/mL and 100 ng/mL, which were higher than those used in the
current analysis. When used at concentrations of up to 20 ng/mL, leptin did not modulate PCSK9 levels in LX-2 cells.
Moreover, it was not analyzed whether leptin also increases PCSK9 in the cell medium of the HepG2 cells[34]. Currently
it is unclear whether leptin has a role in PCSK9 secretion of hepatocytes.

Chemerin-156, an isoform of chemerin related to the activation of HSCs when overexpressed[17], has been shown to
reduce PCSK9 levels of LX-2 cells. Chemerin was originally described as a chemotactic protein; meanwhile, various
functions of chemerin, such as its role in glucose metabolism, hypertension, and carcinogenesis, have been identified[16].
The effect of chemerin on PCSK9 expression in liver cells has not been studied, to our knowledge.

The strongest effect on PCSKO levels was exerted by TGF-B, which lowered PCSKO9 in cell medium and cell lysate by
approximately 30%. TGF-B is a well-described profibrotic protein that activates HSCs and stimulates the synthesis of the
extracellular matrix[19]. TGF-p inhibits the transcription of cholesterol biosynthesis genes in hepatocytes[47], such as
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sterol regulatory element-binding protein 2 (SREBP-2), which induces PCSK9 expression[25]. HSC activation is associated
with cholesterol depletion and reduced expression of the LDL receptor, which is a target gene of SREBP-2[69], consistent
with reduced SREBP-2 activity. Therefore, it is likely that the low levels of SREBP-2 in TGF-f-treated HSCs contribute to
the reduction in cellular and soluble PCSK9 levels.

Ligands of the nuclear receptors FXR, LXR, and PPAR-y can counteract HSC activation[22,24]. However, the LXR
ligand also lowered PCSK9 levels in the cell medium. LXR activation was shown to increase cholesterol efflux, thereby
reducing cellular cholesterol levels[70]. LXR agonists have also been shown to reduce LDL receptor protein levels on the
cell surface[70,71]. One study found this effect to be independent of PCSK9, whereas a second analysis found it to be
associated with higher PCSKO levels[71,72]. In LX-2 cells, the LXR agonist reduced PCSK9, which is consistent with the
PCSK9-independent lowering of LDL receptors in these cells.

Low cellular cholesterol levels and suppression of SREBP-2 are common to both LXR agonist-activated and TGF--
activated HSCs[47,71,73]. This suggests that the reduced level of PCSK9 in the cell medium is due to the reduced activity
of SREBP-2 in these cells. Loading HSCs with aggregated LDL increased PCSK9 levels in the cell supernatant, consistent
with cholesterol-dependent regulation[30]. However, the depletion or overexpression of SREBP-2 affect PCSK9 levels
either way, so it is difficult to prove whether this transcription factor is involved in the effects of TGF-f and LXR.

This study did not evaluate the signaling pathways underlying the regulation of PCSK9 levels by LPS, IL-6, TGF-b and
chemerin-156. Both TGF-p and LPS activate mothers against decapentaplegic homolog 2 (SMAD2) in LX-2 cells[19,74], but
have opposing effects on PCSK9 in these cells. IL-6 and TNF activate STAT3[6,75], but only IL-6 reduced the level of
PCSK9 in the cell medium of LX-2 cells. The signaling pathways that regulate PCSK9 levels in LX-2 cells are currently
unclear, as is the question of whether PCSK9 transcription, post-transcriptional processing, or secretion is affected by the
factors studied herein. The scope of these studies is too extensive for this investigation.

The role of PCSK9 in HSCs has yet to be determined. It is unclear whether PCSK9 contributes to the cellular cholesterol
levels of these cells. The serum PCSK9 levels of patients with liver cirrhosis are reduced[25], which is consistent with the
downregulation of PCSK9 by TGF-B. However, liver synthesis capacity is low in cirrhosis[76] and may be the main reason
for reduced PCSK9 levels in the circulation.

This study had several limitations. The cells were incubated for 24 hours, and the effects of incubation for longer or
shorter time intervals were not tested. Furthermore, cellular PCSK9 protein levels are not necessarily correlated with
secreted levels[38], and cellular PCSK9 proteins were mostly not analyzed. Finally, we used the LX-2 cell line in our
study, which may behave differently from primary HSCs.

Future studies should analyze the levels of mRNA and PCSK9 protein (both cellular and secreted) in HSCs from
different donors, using different concentrations of IL-6, TGF-b, chemerin-156, and LPS for varying incubation times. This
could provide insights into the signaling pathways that regulate PCSK9 levels in HSCs. Future work should focus on
clarifying the role of cellular and secreted PCSK9 in these cells. Immunohistochemistry may be used to determine the
expression of PCSK9 in biopsies of patients with liver fibrosis of different etiologies.

CONCLUSION

This study is the first to compare the levels of PCSK9 in different liver cells and to demonstrate that HSCs secrete consid-
erable amounts of PCSKO. It was shown that IL-6, TGF-, chemerin-156, and LXR activation all reduce PCSK9 levels in the
LX-2 cell culture medium, whereas LPS induces them. From these in vitro data, it can be concluded that secreted PCSK9 is
reduced in activated HSCs, as most inflammatory agents, as well as TGF-, lowered it levels.
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