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Abstract

Background High fat diet (HFD) increases the likelihood of dyslipidemia, which can be a serious risk factor for athero-
sclerosis, diabetes or hepatosteatosis. Although changes in different blood lipid levels were broadly investigated, such
alterations in the liver tissue have not been studied before. The aim of the current study was to investigate the effect
of HFD on hepatic triglyceride (TG), diglyceride (DG) and ceramide (CER) levels and on the expression of four key
genes involved in lipid homeostasis (Pcsk9, Ldlr, Cd36 and Anxa?2) in the liver. In addition, the potential role of PCSK9 in
the observed changes was further investigated by using PCSK9 deficient mice.

Methods We used two in vivo models: mice kept on HFD for 20 weeks and PCSK9™'~ mice. The amount of the major
TGs, DGs and CERs was measured by using HPLC-MS/MS analysis. The expression profiles of four lipid related genes,
namely Pcsk9, Ldlr, Cd36 and Anxa2 were assessed. Co-localization studies were performed by confocal microscopy.

Results In HFD mice, hepatic PCSK9 expression was decreased and ANXA2 expression was increased both on mRNA
and protein levels, and the amount of LDLR and CD36 receptor proteins was increased. While LDLR protein level was
also elevated in the livers of PCSK9™/~ mice, there was no significant change in the expression of ANXA2 and CD36

in these animals. HFD induced a significant elevation in the hepatic levels of all measured TG and DG but not of CER
types, and increased the proportion of monounsaturated vs. saturated TGs and DGs. Similar changes were detected in
the hepatic lipid profiles of HFD and PCSK9™~ mice. Co-localization of PCSK9 with LDLR, CD36 and ANXA2 was veri-
fied in HepG2 cells.

Conclusions Our results show that obesogenic HFD downregulates PCSK9 expression in the liver and causes altera-
tions in the hepatic lipid accumulation, which resemble those observed in PCSK9 deficiency. These findings suggest
that PCSK9-mediated modulation of LDLR and CD36 expression might contribute to the HFD-induced changes in
lipid homeostasis.
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Background

Dyslipidemia is a complex medical condition that is
characterized by increased concentration of low-density
lipoprotein cholesterol (LDL-C) and triglyceride (TG)
and/or low level of high-density lipoprotein (HDL) in
the blood. The above-mentioned dysfunction is consid-
ered to account for a high risk of metabolic syndrome,
obesity, non-alcoholic fatty liver disease (NAFLD) or
combined hyperlipidemia [1, 2]. According to the WHO
report (2008), Europe is leading with the prevalence of
a total cholesterol level > 4.9 mmol/L of 54% and is fol-
lowed by North and South America (48%) [3]. Moreover,
based on 2019 WHO statistic, dyslipidemias became one
of the most important risk factors for two global causes
of death: stroke and ischemic heart disease [4].

Cholesterol (C) and TG levels in the plasma are highly
associated with LDL particle number. LDL binds to sev-
eral receptors on the surface of hepatocytes, such as low-
density lipoprotein receptor-related protein 1 (LRP1 or
CD091), fatty acid translocase scavenger receptor (CD36)
and low-density lipoprotein receptor (LDLR), the latter
being the most important. There are two types of LDLR,
soluble and membrane-bound [5]. Studies show that
soluble LDLR levels correlate with several lipoprotein
parameters [6] and that hepatic LDLR levels inversely
correlate with plasma LDL-C concentration [7]. Hepatic
LDLR activity is modulated by different hormones and
growth factors, such as insulin [8] and estradiol [9]. The
key regulator of LDLR gene expression at the transcrip-
tional level in hepatocytes is sterol regulatory element-
binding protein 2 (SREBP2) [10].

Degradation and recirculation of LDLR to the plasma
membrane surface is highly affected by the propro-
tein convertase subtilisin/kexin type 9 serine protease
(PCSK9). PCSK9 binds the EGF-A domain of LDLR
through its catalytic domain [11], and thus directs LDLR
to the endocytic pathway towards the lysosomes, which
prevents the recycling of the receptor protein. The sig-
nificance of this PCSK9-LDLR interaction in the modula-
tion of blood cholesterol level was emphasized by genetic
studies. In humans, PCSK9 loss-of-function mutations
are associated with hypocholesterolemia while gain-of-
function mutations are associated with a familial hyper-
cholesterolemia [12, 13]. As a regulator of LDLR, PCSK9
has been recognized as a promising therapeutic target
in dyslipidemia related diseases, and various therapeu-
tic strategies [14] have been studied for patients where
statins have no/insufficient pharmacological effect [15].

In addition to LDLR, PCSK9 also enhances the degra-
dation of CD36 [16]. CD36 has many lipid related func-
tions in the liver, such as binding free long-chain fatty
acids or LDL and facilitating their transport into the cells
[17]. Similarly to LDLR, the level of CD36 is increased
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in hepatocytes under lipotoxic conditions or in NAFLD
[18].

The PCSK9-mediated control of LDLR recycling is also
influenced by another protein, Annexin A2 (ANXA2).
Allosteric regulation by ANXA?2 causes a conformational
change in PCSK9 protein that hampers its binding to
LDLR [19]. Recent studies showed that LDLR levels were
decreased by 20% in the liver of ANXA2~/~ mice and the
reduction was even more marked in tissues like adrenal
glands and colon, which are known to be rich in ANXA2
and resistant to PCSK9 effect [20, 21].

Lipids accumulate in the liver mainly as TGs [22].
Under dyslipidemic conditions, the type and quantity of
accumulated lipids change in hepatocytes, which influ-
ence the outcome and the severity of liver diseases [23].
For instance, ceramides (CERs) modulate insulin sen-
sitivity, cause metabolic derangement and in high con-
centration, stimulate cell death [24—-26]. Additionally, it
has been reported that the lipid composition of the diet
modulated the lipid content and oxidation of LDL [27]
and various diets such as HFD or an olive oil rich diet can
change the lipid profile in hepatocytes differently. Fur-
thermore, some lipids are more toxic than others and can
induce oxidative and inflammatory processes [27]. Thus,
a shift toward toxic lipids can promote the progression
and severity of dyslipidemia-associated diseases, such as
NAFLD.

Moreover, hepatic uptake of lipids largely influences
the composition and amount of plasma lipids. Inhibition
of PCSKO9 significantly decreased plasma levels of sev-
eral lipid classes, including sphingolipids (dihydrocera-
mides, glucosylceramides, sphingomyelines, ceramides),
cholesteryl esters and free cholesterol, while inflamma-
tion related eicosanoids, were not altered. Recent stud-
ies show that many lipid homeostasis-related genes
are modulated in mice fed with HFD. For example, an
alteration in the expression and activity of serine palmi-
toyltransferase entails changes in net accumulation of
dihydrosphingosine and dihydroceramide [28].

The aim of the present study was to investigate how
chronic exposure to an obesogenic HFD changes the
lipid content and expression of certain lipid homeosta-
sis related genes in the liver. Since the different lipids
do not weigh equally in the development of liver toxic-
ity, we considered it important to measure the amount of
selected lipids (subtypes of TGs, DGs and CERs) by mass
spectrometry in liver tissue of mice on HFD.

It is known that PCSK9 has a role in the regulation of
lipid accumulation in the liver [29], but its effects have
been poorly characterized. Therefore, we also aimed to
investigate the alterations in the lipid profile of PCSK9~/~
mice. While lipid accumulation in hepatocytes is affected
by many proteins, we chose to assess changes in two
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major lipid uptake receptors (LDLR, CD36) as the recy-
cling of these proteins is controlled by PCSK9 and its
natural inhibitor ANXA2. Our findings suggest that the
HFD-induced changes in lipid homeostasis can be partly
attributed to the PCSK9-mediated modulation of LDLR
and CD36 expression. Investigation of LDLR/CD36-
PCSK9-ANXA?2 axis may contribute to the understand-
ing of liver diseases and open new perspectives for the
development of novel therapeutic strategies.

Methods

Mice

Mouse experiments followed the Council Directive of the
European Union (86/609/EEC), and ethics approval was
obtained from the Semmelweis University’s Institutional
Animal Care and Use Committee (PE/EA/1655-7/2018).
Male, C57BL/6 and PCSK9~'~ (C57BL/6 background,
n=>5 in each group) mice were purchased from the Jack-
son Laboratory. Mice were maintained at the animal
facility of the Department of Genetics, Cell- and Immu-
nobiology, with a normal light cycle (12-12 h) and fed
ad libitum. At 6 weeks of age, wild-type (WT) C57BL/6
mice were randomly allocated into two groups and fed
either a HFD (45 kcal% fat, D12451, Research Diets,
USA) or a normal mouse diet for 20 weeks. Mice kept
on control diet or HFD, as well as 12-week-old WT and
PCSK9~/~ mice were sacrificed with CO,, 5 h after food
deprivation. Liver pieces were collected and were snap
frozen in liquid nitrogen and stored at —80 °C until fur-
ther use.

Evaluation of hepatic lipid accumulation by HPLC-MS/MS
Two pieces of 1-2 mg weight were collected from each
liver of five mice, and their CER, DG and TG contents
were measured and normalized to proteins according to
Sarnyai et al. [30].

Briefly, a piece of liver was lysed in buffer containing
0.1% SDS, 5 mM EDTA, 150 mM NaCl, 50 mM Tris, 1%
Tween 20, 1 mM Na;VO,, 1 mM PMSE, 10 mM benzami-
dine, 20 mM NaF, 1 mM pNPDP, and a protease inhibitor
cocktail. Lysates were centrifuged (10 min, 10,000 rpm,
4 °C). The protein concentration of the supernatant was
determined by Pierce BCA Protein Kit Assay (Ther-
moFisher, USA). An additional excel file shows the pro-
tein concentration of the liver samples (Additional file 1).

Liver samples were suspended in a mixture of metha-
nol-isopropanol (1:1 ratio) containing ceramide 17:0
(500 ng/mL), DG 17:0/17:0 d5 (1 pg/mL) and TG
17:0/17:0/17:0 (1 pg/mL) internal standards. The samples
were homogenized with an ultrasonic sonotrode and cen-
trifuged (10 min, 13,400 rpm, 24 °C). The supernatants
were transferred to vials for HPLC-MS/MS analysis.
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5 uL samples were injected in the HPLC (Agilent 1100).
A Kinetex® 5 pym, C8 100 A, LC (100 x 3 mm) column
was used with a gradient elution of 10 mM ammonium-
acetate (mobile phase A) and methanol (mobile phase B)
and isopropanol (mobile phase C): 0 min at 10% A, 90%
B, 0% C; 5 to 7 min at 5% A, 95% B, 0% C; 14 to 16 min at
5% A, 55% B and 40% C; 17 to 23 min at 10% A, 90% B,
0% C. 1. CER, DG and TG species were detected using a
triple quadrupole mass spectrometer (SCIEX 3500). The
instrument was used in positive multiple reaction moni-
toring mode. The ion spray temperature was set to 450 °C
and the voltage to 5500 V. Quantitative analysis was
based on internal standard method by using non-physio-
logical metabolite analogues, i.e., ceramide 17:0 (500 ng/
mL), DG 17:0/17:0 d5 (1 pg/mL) and TG 17:0/17:0/17:0
(1 pg/ml) internal standards. An Additional file 1 shows
the measured lipid concentration of the liver samples
(Additional file 1).

Gene expression analysis

For gene expression analysis, 40—50 mg liver sample was
homogenized with a micropestle and syringe in Qiazol
Lysis Reagent (QIAGEN, Germany). Total RNA was puri-
fied using a Blood/Cell Total RNA Mini Kit (Geneaid,
Taiwan). The quantity of the RNA was measured using
a Nanodrop-1000 (ThermoFisher, USA). We used Sen-
siFAST c¢DNA Synthesis Kit (Bioline, UK) to prepare
c¢DNA from 1 pg of total RNA. Quantitative real-time
PCR (RT-qPCR) was performed on the 7900 HT Fast
Real-Time PCR System (Applied Biosystems, USA), using
SensiFAST Probe Hi-ROX Kit (Bioline, UK) according to
the instructions of the manufacturer. Briefly, each reac-
tion was performed in the final volume of 10 pL, includ-
ing 50 ng of cDNA (in 4.5 pL), 0.5 pL of Tagman assay
and 5 pL of SensiFAST Probe Hi-ROX mix. Tagman
assays were used for Gapdh (Mm9999915 gl), Cd36
(MmO00432403_m1), Ldlr (MmO01177349 ml), Anxa2
(MmO00500307_m1) and Pcsk9 (Mm01263609_gl). The
fold changes of mRNA were calculated using 2744t
method, normalized to Gapdh RNA internal control.

Western blot analysis

Liver LDLR, CD36 and ANXAZ2 levels were assessed
by Western blot. Liver lysate was prepared from 15 to
25 mg of tissue. Tissue pieces were homogenized with
a micropestle rod and syringe in lysis buffer (Cell Lysis
Buffer, Cell Signaling, USA) supplemented with protease
inhibitors (Complete Protease Inhibitor, EDTA-free,
Sigma, USA). Samples were incubated on ice for 30 min
and regularly vortexed at maximum speed (30 rpm). The
lysates were sonicated for 10 min in a cooled sonicator
and the remaining tissue pieces were removed by pellet-
ing at 14,500 g for 10 min at 4 °C. The supernatant was
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aspirated to avoid floating fat and the protein content of
the samples was determined by Micro BCA assay (Ther-
moFisher, USA).

Proteins were separated on a 10% polyacrylamide gel
(acrylamide/bisacrylamide ratio 37.5:1) by size using a
MiniProtean (BioRad, USA) gel running system. For eas-
ier solubilization of membrane proteins, protein samples
were mixed with equal volumes of 0.1% TritonX®-100
and Leammli buffer (3x). Thirty pg of protein/sample was
loaded into the gel pockets. Following electrophoretic
separation, the proteins were applied to a polyvinylidene
fluoride membrane (Serva, Germany). The membrane
was blocked with 5% low fat milk powder for 1 h at room
temperature with rotation. Primary antibodies were
incubated overnight with the membrane at 4 °C by rota-
tion in 5% low fat milk powder. The following antibodies
were used: monoclonal rabbit anti-Annexin A2 (1:1,000,
clone: JA42-30, ThermoFisher, USA), monoclonal mouse
anti-CD36 (1:500, clone: D-2712, ThermoFisher, USA),
rabbit monoclonal anti-LDLR (1:1,000, clone: SJ0197,
ThermoFisher, USA), polyclonal rabbit anti-actin
(1:2,000, Sigma, USA). After the removal of primary anti-
body in excess, membranes were incubated with HRP-
labeled polyclonal anti-rabbit IgG and anti-mouse IgG
secondary antibodies (Abcam, UK, 1:20,000) for 40 min
at room temperature in 1% low-fat milk powder. A solu-
tion of ECL Western Blotting Substrate (ThermoFisher,
USA) was used as HRP substrate. The chemiluminescent
signal was detected using an Imager CHEMI Premium
(VWR, USA) image analysis system. The optical densi-
ties of the obtained bands were determined with Image]J
software for 5 samples. Original blots and two additional
samples are presented as Additional file 2: Figs. S2 and
S3. Each value was normalized to the actin internal con-
trol protein. All antibodies used in these experiments are
listed in Additional file 2: Table S1.

Evaluation of hepatic PCSK9 concentration

Liver PCSK9 protein levels were determined by ELISA.
Protein lysate was prepared as recommended by the
LEGEND MAX"™ Mouse PCSK9 ELISA Kit (BioLegend,
USA). Liver tissue (30—40 mg) was frozen in liquid nitro-
gen and was homogenized in ice cold PBS supplemented
with a protease inhibitor (Complete Protease Inhibi-
tor with EDTA, Sigma, USA) using a micropestle rod
and syringe. The remaining larger pieces of tissue were
removed by centrifugation (10,000 g, 15 min, 4 °C). The
protein content of the supernatant was determined with
a Micro BCA assay (ThermoFisher, USA).

Cell culture
HepG2 (ECACC 85,011,430) human hepatocellular car-
cinoma cells were purchased from Merck (Germany) and
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were cultured in DMEM medium (low glucose, 1 g/L),
supplemented with 10% fetal bovine serum (FBS, Gibco,
USA) 1,000 U/L penicillin, 1,000 pg/L streptomycin,
2 mmol/L L-glutamine (Sigma). Cells were maintained
at 37 °C in a humidified atmosphere containing 5% CO,.
The cells were plated either in 24-well TC-treated plate
(Eppendorf, Germany) or on gelatin-fibronectin coated
coverslipes (12 mm, VWR, USA) with a density of 5 x 10*
cells/well. After the seeding, we allowed the cells to reach
55-60% confluency (~ 3 days) (Additional file 2: Fig. S4).

FBS is known to decrease the expression of proteins
involved in lipid metabolism [31]. For this reason, the
FBS content of the medium was reduced to 2% before
any further analysis. At 16 and 40 h after the medium
change, the confluence of the cells was determined with
Image] software. The cells were then detached from the
surface of the plate and the cell number and cell viabil-
ity were determined by hemocytometer with Trypan blue
staining.

Assessment of the PCSK9 secretion by HepG2 cells

PCSKO9 production of HepG2 cells was quantified 16 and
40 h after we decreased the FBS content of the medium.
PCSK9 secretion was measured from the conditioned
medium using a LEGEND MAX " Human PCSK9 ELISA
Kit (BioLegend, USA).

Co-localization of PCSK9 with LDLR, CD36 and ANXA2

For immunocytochemistry, HepG2 cells were plated on
fibronectin-gelatin coated coverslips (12 mm, VWR,
USA). Cells were fixed with 4% PFA for 40 h after we
reduced FBS content of the medium. The plasma mem-
brane was stained with lactadherin (Haematologic Tech-
nologies, labelled with Atto-488 Fast Conjugation Kit,
Abcam) as described previously [32]. After a postfixa-
tion step with 4% PFA, the samples were blocked with
PBS containing 10% FBS, supplemented with 0.3% Tri-
ton X-100 (Molar Chemicals Kft., Hungary). Primary
antibodies were incubated overnight at 4 °C in 1:100
dilution (monoclonal mouse anti-CD36, clone: FA6-
152, Abcam, UK; monoclonal rabbit anti-LDLR, clone:
SJ0197, ThermoFisher; monoclonal rabbit anti-Annexin
A2, clone: JA42-30, ThermoFisher; polyclonal goat anti-
PCSK9, Sigma; monoclonal mouse anti-PCSK9, clone:
2F1, ThermoFisher). After washing out the primary anti-
bodies, secondary antibodies were incubated for 1 h in
1:1000 dilution at room temperature with shaking (goat
polyclonal anti-rabbit IgG-AF700, ThermoFisher; goat
polyclonal anti-mouse 1gG-eF570, ThermoFisher; rabbit
polyclonal anti-goat IgG-Cy3, Sigma, USA; goat poly-
clonal anti-mouse Cy5, ThermoFisher). Samples were
washed with PBS, distilled water and covered with Pro-
Long " Gold antifade reagent with DAPI (ThermoFisher).
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The slides were examined with Leica TCS SP8 Confocal
Laser Scanning microscope (Leica, Germany). All anti-
bodies used in these experiments are listed in Additional
file 2: Table S1. Co-localization rate of PCSK9 protein
with LDLR, CD36 and ANXA2 was analyzed in Leica
Application Suite X (LAS X) software.

Statistics

Statistical analyses were performed using Prism 7.00
(GraphPad Software Inc. USA). Results are expressed as
mean =+ standard deviation (SD). Normal distribution of
data was evaluated with Shapiro—Wilk normality test.
Differences between normally distributed groups were
evaluated by unpaired T-test, multiple T-test or one-way
ANOVA combined with Tukey’s multiple comparisons
test. A probability value of p <0.05 was considered statis-
tically significant.

Results

Hepatic lipid profile of WT mice on control diet and HFD
HFD is known to increase lipid accumulation in the liver.
WT mice were kept on HFD for 20 weeks before the
lipid composition of their livers was analyzed by HPLC—
MS/MS. Among the lipid types detected, 1,2-dioleyl-
3-palmitoylglycerol (52:2), 1,2,3-trioleylglycerol (54:3),
1,2-dioleylglycerol (36:2), 1-stearyl-2-oleylglycerol (34:1),
as well as docosenoic acid (22:1) and tetracosenoic acid
(24:1) containing CERs predominated in both the control
and HED groups (Fig. 1).

After 20 weeks on HFD diet, there was a significant
increase in the detected TG and DG subtypes and in
their total quantity (Fig. 1A, B, F and G). The levels of
CERs containing stearic acid (18: 0) and eiocosenoic
acid (20:1) were significantly increased (Fig. 1K), but the
total concentration of CERs did not change (Fig. 1L). We
examined the relative contribution of the saturated and
monounsaturated fatty acids to the total lipid content of
the liver tissue. The proportion of saturated TGs and DGs
decreased significantly (Fig. 1C, H), while the proportion
of monounsaturated TGs and DGs increased (Fig. 1D,
I). No such trend was observed when the CERs were
analyzed (Fig. 1M, N). The ratio of monounsaturated/
saturated fatty acids was significantly higher in TGs and
DGs in the HFD group (Fig. 1E, J), but no change was
observed in case of CERs (Fig. 10).

(See figure on next page.)
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Expression of PCSK9, LDLR, CD36 and ANXA2 in the liver

of WT mice fed with HFD

We assessed the hepatic expression of Pcsk9, Ldlr, Cd36
and AnxA2 in mice after 20 weeks of HFD feeding, and
the results generally show a decrease in PCSK9 while an
increase in the others. The expression of Pcsk9 decreased,
while the mRNA level of AnxA2 increased upon HFD
(Fig. 2A, C). PCSK9 protein levels were significantly
decreased (Fig. 2B), LDLR and ANXA2 protein levels
were significantly elevated (Figs. 2D, 3B) and a non-sig-
nificant positive change was seen in CD36 protein levels
(Fig. 3A) in the HFD group.

Hepatic lipid profile of WT and PCSK9—/— mice fed

with control diet

To evaluate the effect of PCSK9 on hepatic lipid accumu-
lation, we compared the relevant lipid contents in the liv-
ers of WT and PCSK9~/~ mice. Although, the differences
in the dominant lipid subtypes (52:2, 54:4, 36:2, 34:1,
22:1, 24:1) were not statistically significant (Fig. 4A, F and
K), the total measured TG level was significantly elevated
in PCSK9~/~ mice (Fig. 4B). The proportion of saturated
TGs and CERs decreased (Fig. 4C, M), while the pro-
portion of monounsaturated forms increased (Fig. 4D,
N) significantly, and a significant increase was observed
in the monounsaturated/saturated ratio of TGs (Fig. 4E)
and CERs (Fig. 40) in the PCSK9~'~ mice compared to
the WT group. Similar changes were seen when the DG
contents were compared (Fig. 4H-J), but without statisti-
cal significance.

Expression of PCSK9, LDLR, CD36 and ANXA2 in the liver

of PCSK9—/— mice fed with control diet

Lack of PCSK9 expression in PCSK9~/~ mice was con-
firmed at both mRNA (Fig. 5A) and protein levels
(Fig. 5B). Ldlr, CD36 and Anxa2 mRNA levels remained
unchanged when compared to the WT group (Figs. 5C,
6A, C). The LDLR protein level was significantly elevated,
while the expression of CD36 and ANXA2 proteins was
not changed (Figs. 5D and 6B, D).

Co-localization of PCSK9 with LDLR, CD36 and ANXA2

in HepG2 cells

Co-localization of the PCSK9 protein with the LDLR,
CD36 and ANXA?2 proteins was tested in HepG2 hepa-
tocellular carcinoma cells using laser scanning confo-
cal microscopy (Fig. 7). The cells showed epithelial-like

Fig. 1 Lipid accumulation in the liver after 20 weeks on HFD. Lipid composition of the liver was analyzed by HPLC-MS/MS after 20 weeks on control
or HFD diet. The concentration of TG, DG and CER subtypes (A, F, K), their total amount (B, G, L), the proportion of saturated and monounsaturated
TGs, DGs and CERs relative to total amount (C, D, H, I, M, N) and the ratio of monounsaturated and saturated lipids were determined (E, J, O). Values
are reported as mean = SD; n =5 in each group. The p value was determined by multiple T-test (A, F, K) or unpaired T-test (all the others). *p < 0.05,

**p<0.01,***p<0.001
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polygonal morphology in cell culture (Additional file 2:
Fig. S4A). The FBS content of the medium was reduced
to 2%, which did not cause a significant change in the
cell viability at 16 (91.7 £3.2%) or 40 (93.7£3.1%) hours
(Additional file 2: Fig. S4B). The cell number (16 h:
3.6 x 10°+8.8 x 10% 40 h: 4.6 x 10°+£1.2 x 10%) and the
confluence (16 h: 55.0 = 4.4%; 40 h: 67.0 =9.0%) were also
detected (Additional file 2: Fig. S4B). Since PCSK9 secre-
tion (Fig. 7A) was higher at 40 h after medium change,
this time point was chosen to perform the co-localization
analysis (Fig. 7B and C). The degree of overlap between
the two channels was expressed with co-localization rate

by analyzing individual cells as region of interest. PCSK9
showed the highest overlap with LDLR (39.4+£12.1%),
while it was co-localised with CD36 and ANXA2 in lower
rate (24.6 +6.7% and 7.6 £ 1.3%, respectively) (Fig. 7C).

Discussion

We assessed the effect of 20 weeks long HFD on the
hepatic lipid content in WT mice, and detected changes
in different types of TGs, DGs and CERs. The hepatocel-
lular synthesis of these lipids is affected by the fatty acid
supply, which in turn depends on the receptor mediated
uptake of free fatty acids (FFAs) and lipoproteins. In
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this study, we performed experiments to test the role of
alterations in LDLR, CD36, PCSK9 and ANXA2 in the
changes actually manifested in the hepatic lipid profile
after chronic obesogenic HFD and in PCSK9~/~ mice.
FFA uptake is largely enhanced by the activity of CD36 in
the liver [33] and, to some extent, by free fatty acid recep-
tors (FFARs) [34], while the endocytosis of LDL is medi-
ated predominantly by LDLR.

Our results are summarized on Fig. 8. We show here
that in mice, LDLR level increased upon HFD, and

accordingly, the expression of PCSK9, a major negative
regulator of these receptors [12, 16] decreased while the
expression of PCSK9 inhibitor, ANXA2 increased both at
protein and mRNA levels. The turnover of the two recep-
tors is affected through direct interaction with PCSK9
and ANXAZ2, and the co-localization of the four proteins
was confirmed in HepG2 cells. Moreover, we demon-
strate that WT and PCSK9~'~ mice fed with control diets
have different lipid profiles, and the changes in PCSK9~/~
mice show similarities with those of WT mice in HFD.
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Fig. 7 Co-localization of PCSK9 with LDLR, CD36 and ANXA2. HepG2 cells were examined for PCSK9 secretion 16 and 40 h after serum depletion (A,
n=3). Cellular localization of PCSK9, LDLR, CD36 and ANXA2 proteins was examined by laser scanning confocal microscopy (B). Co-localization rate
was used to quantify the degree of co-localization (C, n=5). The scale bar has a width of 5 um. Values are reported as mean = SD. The p value was
determined by unpaired T-test (A) or one-way ANOVA combined with Tukey’s multiple comparisons test (C). *p < 0.05, **p <0.01, ***p < 0.001

In both cases (HFD/CTRL, PCSK9~/~/CTRL), total TG
levels were elevated, and the percentage of SATs were
decreased and UNSATs increased. We did not observe
equivalent changes in different TGs, DGs and CERs. In
both HFD animals (where the level of PCSK9 enzyme
was low) and in PCSK9~/~ mice (where this enzyme is
missing), LDLR protein levels were increased. These two
gene products share some regulatory pathways, e.g., both
of them are under control of SREBP, which might imply
their simultaneous regulation [35].

In PCSKO9 deficient mice, there were no significant dif-
ferences in the amount of individual hepatic lipids, while
we found elevations in many lipid species in HFD mice.
Although recent knowledge is scarce and mixed, it sug-
gests, that type-dependent alterations and quantity
changes of lipids have clinico-pathological relevance. As
an example, accumulation of fat droplets can be protec-
tive against lipotoxicity, through decreasing the concen-
tration of acyl-CoA in the cytoplasm [36]. On the other
hand, fat deposition is a key marker of NAFLD, along-
side liver damage and inflammation [37]. This is in line
with the low toxicity of oleic acid, which promotes TG

accumulation, compared to palmitic acid, which is poorly
incorporated into TGs and causes apoptosis [30, 38].
Clinical studies on lipid levels are more consequent, such
as one showing that fatty liver diseases can be character-
ized with different TG amounts and compositions [39].
They revealed elevation of the same TGs (48:0, 50:0, 50:1,
50:2, 54:2, 54:3) in liver diseases as in HFD mice in our
experiments (Fig. 1). DG accumulation has a significant
role in the development of hepatic insulin resistance [40,
41] and in the progress of NAFLD [42]. In our experi-
ments, total DG amount and specifically 32:0, 34:1, 36:1,
36:2 DGs were increased in the liver of mice fed with
HED (Fig. 1). In agreement with these results, another
study found that a single in vitro treatment of hepatoma
cells with palmitate increases the level of DG 32:0 [1,2
dipalmitoyl-glycerol (16:0/16:0)] and DG 34:1 [1-palmi-
toyl-2-oleoyl-glycerol (16:0/18:1)], 45-fold and threefold,
respectively [30].

CERs also contribute to the pathogenesis of liver
diseases. Elevated levels of CER intermediates (dihy-
drosphingosine and dihydroceramide) were found in
mice fed with diet containing 42% saturated fats/1.5%
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Fig. 8 Overview figure summarizing the content of the manuscript. The figure represents changes in PCSK9, LDLR, ANXA2 and CD36 levels
after 20 weeks HFD and in PCSK9 gene knockout mice. The quantity of the colour coded proteins is proportional with the amount found under
experimental conditions. Changes in different lipid levels are listed in the tables

cholesterol [28]. Pro-apoptotic and pro-inflammatory
CERs (16:0, 18:0) were increased in a study with LDLR ™/~
animals [43]. CER dysregulation was observed in human
studies in the late stage of NASH (nonalcoholic steato-
hepatitis) [44]. In our experiments, C:21:1 and C:18 levels
where significantly increased after 20 weeks on HFD.

We investigated the effect of HFD on LDLR and CD36
receptors and their regulators PCSK9 and ANXA2. LDLR
levels are regulated by many factors, their level correlates
with the plasma concentration of various lipids and lipo-
proteins [45-47], e.g., in some animal species, hepatic
LDLR mRNA level depends on the saturated/unsatu-
rated lipid content of diets [48]. In our present study,
obesogenic diet increased hepatic LDLR protein level.
Similarly, LDLR protein but not mRNA levels were found
to increase in PCSK9~'~ mice. However, such phenom-
enon is not unprecedented as Luo and coworkers found
decreased LDLR protein levels without change in mRNA
amount in PCSK9 overexpressing transgenic mice [49].
Moreover, statin treatments, known to induce PCSK9
enzyme, have been repeatedly reported to result in
increased mRNA and unchanged protein levels of LDLR
[50, 51]. In our study, LDLR protein levels were increased
in both HFD animals (presenting with lower PCSK9 lev-
els) and in PCSK9~'~ mice. Despite the known role of
PCSKO9 in the control of LDLR recycling, further studies

might unveil the involvement of SREBP mediated mecha-
nisms, or even the contribution of epigenetic regulation
of LDLR [35].

Recent studies show that increased CD36 levels are
accompanied with elevated FFA uptake and TG storage,
while hepatocyte-specific Cd36 deletion protects against
HFD-induced liver steatosis, thus this protein might
have a crucial role in NAFLD pathology [52, 53]. CD36
has also been linked to metabolic diseases such as insu-
lin resistance, obesity and type 2 diabetes mellitus, with
an increasing subpopulation of overweight individuals in
Western societies [52]. We found no significant change in
CD36 expression, but an increasing trend was observed
in the protein level after 20 weeks of treatment.

PCSK9 levels can be modified by many factors, among
which, diet, obesity and metabolic diseases are the most
important [54]. Its level is regulated by LDL, insulin,
fibroblast growth factor 21 (FGF21) and some plant fla-
vonoids (e.g., berberine) mainly through sterol regula-
tory-element binding protein 2 (SREBP2), mammalian
target of rapamycin complex 1 (mTORC1), hepatocyte
nuclear factor 1 o (HNF1la), forkhead box O-3 (FoxO3)
and miR-27a [55]. We demonstrated that HFD decreases
the level of PCSK9 mRNA/protein in mice. PCSK9 can
be linked to many pathological conditions, such as insu-
lin resistance, liver steatosis or atherosclerosis [56].
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Additionally, it was reported that altered PCSK9 levels
contribute to lipid accumulation in hepatocytes [29],
but this is the first report on the changes of different
lipid types in PCSK9~/~ mice compared to WT mice.
Comparing the lipid profile of PCSK9~/~ and WT mice,
we observed increased amounts of total TG and mono-
unsaturated lipids and decreased amounts of saturated
lipids. Quantity of saturated and unsaturated CERs and
their ratio were also altered in PCSK9~'~ mice compared
to wild type animals. Thus, we assume that selective
accumulation of different lipids depends on the activity
of PCSKO.

ANXA2? is a natural inhibitor of PCSK9 [57]. Studies
with knockout animals showed that in the absence of
this protein, plasma PCSK9 levels are increased, LDLR
expression is reduced, and thus, LDL-C levels and the
risk for atherosclerosis are higher [58]. Human genetic
variants of ANXA2 (rs11633032 and rs17191344) causing
decreased quantity of this protein show similar changes
to those found in ANXA2 KO mice. ANXA2 is also
involved in the regulation of lipid content in liver cells;
it is one of the most important markers of steatosis [59].
In our study, the level of this protein was increased, and
as expected, the level of LDLR was also increased in HFD
fed mice.

Conclusion

In conclusion, our results show that 20 weeks on HFD
and the lack of PCSK9 modulates the amount and type
of TGs, DGs and CERs in liver cells. Additionally, our
experiments highlight the importance of CD36, LDLR
and ANXA? in alterations of hepatic lipid metabolism
and provide additional evidence for the complex regula-
tory mechanisms mediated by the interplay of these pro-
teins. Our findings raise new questions that we would
like to address in our future research. It would be impor-
tant to elucidate which hepatic lipids are mostly affected
by PCSK9 in obesity. Obesity and hypercholesterolemia
are known risk factors for cardiovascular diseases, and
they are often treated with PCSK9 inhibitors. A better
understanding of the consequences of PCSK9 inhibition
on the hepatic lipid levels could highlight certain on and
off target effects of these drugs.

Abbreviations

ANXA2 Annexin A2

CD36 Fatty acid translocase scavenger receptor
CER Ceramide

DG Diglyceride

FFA Free fatty acid

FFAR Free fatty acid receptor

FGF21 Fibroblast growth factor 21

FoxO3 Forkhead box O-3

HFD High fat diet
HNF1a Hepatocyte nuclear factor 1a
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LDL-C Low density lipoprotein cholesterol
LDLR Low density lipoprotein receptor
LRP1 Low density lipoprotein receptor-related protein 1

mTORCT  Mammalian target of rapamycin complex 1

NAFLD Non-alcoholic fatty liver disease

PCSK9 Serine protease proprotein convertase subtilisin/kexin type 9
SREBP2 Sterol regulatory element-binding protein 2

TG Triglyceride
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