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ARTICLE INFO ABSTRACT

Keywords: Metabolic dysfunction-associated steatotic liver disease (MASLD) is closely associated with obesity. Excess

High'ﬁ_‘t diet cholesterol, the hepatic and circulating levels of which are regulated by proprotein convertase subtilisin/kexin

Eini' liver | type 9 (PCSK9), exacerbates MASLD. Data on hepatic and circulating PCSK9 protein expression in MASLD are
olestero.

inconsistent, and PCSK9 levels in different adipose tissues have not been well studied. Here, we used two MASLD
mouse models that develop hepatic steatosis, one with weight gain and one with weight loss. These models
enable distinguishing between the effects of obesity and MASLD. In the high-fat diet model, hepatic PCSK9
protein was normal. PCSK9 protein was increased in the serum and epididymal fat of the mice. In mice fed a
methionine-choline-deficient diet, PCSK9 protein was normal in the liver, brown fat, subcutaneous fat, epidid-
ymal, and perirenal adipose tissue. Serum PCSK9 levels were reduced, suggesting that the lower fat mass of these
mice contributed to the reduction. It is noteworthy that PCSK9 expression was low in adipocytes compared to
hepatocytes. In addition, stromal vascular cells residing within adipose tissue contribute to PCSK9 protein levels
in adipose tissue. PCSK9 protein was similar in subcutaneous, epididymal, and perirenal adipose tissue and was
lowest in brown adipose tissue, indicating a more prominent expression in white adipose tissues. The current
study shows that PCSK9 is expressed in both white and brown adipose tissues, and suggests that obesity rather
than liver steatosis is associated with higher serum PCSK9 levels.

Adipose tissue

1. Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays an
essential role in cholesterol metabolism, and high levels of PCSK9 in the
circulation result in hypercholesterolemia due to reduced low-density
lipoprotein (LDL) uptake by hepatocytes (Grewal and Buechler, 2022).
Blocking PCSK9 lowers serum cholesterol levels and enhances hepatic
LDL uptake by increasing the expression of LDL receptors (Grewal and
Buechler, 2022).

Metabolic dysfunction-associated steatotic liver disease (MASLD),
formerly known as non-alcoholic fatty liver disease (NAFLD), is a
common chronic liver disease. Patients with MASLD are often over-
weight or obese and store excess triglycerides in the liver (Buechler

et al., 2011; Tilg, 2010; Yeh and Brunt, 2014). There is experimental
evidence that PCSK9 has a role in the pathogenesis of MASLD. Male
PCSK9—/— mice on a high-fat diet had excessive liver steatosis,
inflammation, and fibrosis compared with their respective controls
(Lebeau et al., 2019a). PCSK9—/— mice fed a high-fat, high-cholesterol
diet accumulated free cholesterol, which is a cytotoxic metabolite, in the
liver and displayed more inflammation and fibrosis than controls
(loannou et al., 2022). Whereas these studies suggest a protective role of
PCSK9, there is also evidence that PCSK9 contributes to MASLD severity.
Male C57BL/6 N mice with human PCSK9 overexpression in the liver
had increased plasma cholesterol and triglyceride levels, hepatic stea-
tosis, and inflammation (Grimaudo et al., 2021). Blocking PCSK9 with
alirocumab ameliorated methionine-choline-deficient (MCD) diet-
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Table 1
Body weight, liver weight, weights of white adipose tissues, and serum insulin
levels of mice fed a SD or HFD for 14 weeks.

Tissue weights and lipid levels SD HFD p-value
Body weight, g 32 (28-38) 44 (37-48)

Liver weight, g 1.3 (1.1-1.7) 3.3 (1.4-4.0)
Subcutaneous fat, g 0.5 (0.2-0.8) 1.4 (1.2-1.6)

Perirenal fat, g 0.4 (0.3-0.6) 1.1 (1.0-1.1

Epididymal fat, g 1.0 (0.6-1.7) 1.7 (1.6-2.0)

Serum insulin, pg/1 0.5 (0.3-0.71) 1.1 (0.8-2.5)

* p <0.05.

" p<0.01.

induced steatohepatitis (He et al., 2021).

Clinical studies have provided evidence for the beneficial effects of
PCSK9-inhibiting antibody therapies in MASLD (Scicali et al., 2021;
Shafiq et al., 2020). Whether carriers of PCSK9 loss-of-function variants
are protected from MASLD is less clear. This was described in one study
(Grimaudo et al., 2021), whereas increased hepatic steatosis of carriers
compared to non-carriers was observed by a second study (Baragetti
et al., 2017). Others have reported normal liver function in PCSK9 loss-
of-function carriers (Kotowski et al., 2006; Lebeau et al., 2021; Rimbert
et al., 2021).

It is not yet clear whether hepatic PCSK9 levels are altered in patients
with MASLD (Grewal and Buechler, 2022). Here, increased hepatic
expression of PCSK9, as well as similar levels to those observed in the
livers of control subjects, has been reported (Emma et al., 2020; Gri-
maudo et al., 2021; Theocharidou et al., 2018). Similarly, the associa-
tion of blood PCSK9 levels with liver steatosis and clinical markers of
liver injury is still unclear (Paquette et al., 2020; Ruscica et al., 2016;
Wargny et al., 2018).

Mice fed a high-fat diet to induce liver steatosis are commonly used
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in MASLD research (Schattenberg and Galle, 2010), and increased
PCSK?9 protein was detected in the liver and in the blood of overweight
mice (Lebeau et al., 2019b). Mice fed an MCD diet develop metabolic
dysfunction-associated steatohepatitis (MASH) and also have higher
hepatic PCSK9 expression and blood PCSK9 levels (Mijiti et al., 2024).
These studies suggest that PCSK9 expression of hepatocytes, which are
the major site of PCSK9 synthesis, is increased in MASLD and contributes
to higher serum levels (Grewal and Buechler, 2022).

Notably, PCSKO9 is also expressed in adipocytes, and PCSK9—/— mice
had excess intra-abdominal fat when fed a normal or a high-fat diet
(Baragetti et al., 2017; Roubtsova et al., 2011). Fat accumulation in the
visceral regions of the body is associated with a high risk of developing
MASLD (Buechler et al., 2011; Gordito Soler et al., 2024), showing that
PCSK9 loss may have MASLD promoting activities. However, an
increased fat mass of the PCSK9 null mice was not observed in the study
by Lebeau et al., and here male control and PCSK9 null mice had com-
parable gonadal, inguinal, and brown fat mass (Lebeau et al., 2019a).

PCSKO9 expressed in visceral adipose tissue was positively associated
with body mass index (Bordicchia et al., 2019), and serum PCSK9 levels
were increased in the obese. In obese patients following weight loss after
bariatric surgery, circulating PCSK9 levels were decreased
(Jamialahmadi et al., 2022; Zenti et al., 2020) whereas Ghanim et al.
reported only a marginal effect of marked weight loss on plasma PCSK9
levels (Ghanim et al., 2018).

At present, the role of PCSK9 in obesity and MASLD as well as its
expression in the liver and serum levels in these diseases are unclear and
it is difficult to define whether it is associated with body mass index
alone, with liver steatosis or both. Obese people commonly have hy-
percholesterolemia (Feingold, 2000) caused by disturbed cholesterol
synthesis and absorption, as well as processing of lipoproteins (Mc
Auley, 2020), but whether PCSK9 has a role herein is unclear. Moreover,
besides the liver, adipose tissue may provide PCSK9 to the circulation
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Fig. 1. Cholesterol, triglycerides, and PCSK9 in the serum and liver of mice fed a standard diet (SD) or a high-fat diet (HFD). A Cholesterol in the blood of mice fed an
SD or an HFD. B Triglycerides in the blood of mice fed an SD or an HFD. The small circle in the box plot marks an outlier. C Cholesterol in the liver of mice fed an SD
or an HFD. The small circle in the box plot marks an outlier. D Triglycerides in the liver of mice fed an SD or an HFD. The small circle in the box plot marks an outlier.
E PCSK9 protein in the liver of 6 mice fed an SD, and 6 mice fed an HFD. Coomassie-stained membrane was used as a loading control. F PCSK9 protein in the liver of 6
mice fed an SD and 6 mice fed an HFD was quantified by ImageJ. The small circle in the box plot marks an outlier. G PCSK9 protein in the serum of 4 mice fed an SD
or HFD. Coomassie-stained membrane was used as an loading control. H PCSK9 protein in serum of 5 mice each was quantified by ImageJ. I PCSK9 protein in serum
of 5 mice fed an SD and 5 mice fed an HFD analysed by ELISA. The small asterisk in the box plot marks an outlier. * p < 0.05.
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Fig. 2. PCSK9 protein in adipose tissues of mice fed a standard diet (SD) or a
high-fat diet (HFD). A PCSK9 protein in brown fat, B subcutaneous fat, C per-
irenal fat and D epididymal fat of 4 mice fed an SD and 4 mice fed an HFD, and
quantification of PCSK9 protein in 6 mice each. Cyclophilin A was used as
loading control. * p < 0.05. Small circles and asterisks in the box plots mark
outliers. * p < 0.05.

Table 2
Body weight, liver weight, weights of white adipose tissues, and lipid levels of
mice fed a control chow or MCD diet for 2 weeks.

Tissue weights and lipid levels Control MCD p-value
Body weight, g 28 (25-28) 20 (17-20)
Liver weight, g 1.2 (1.1-1.3) 0.8 (0.6-1.2)

0.30 (0.20-0.37)
0.25 (0.15-0.35)
0.66 (0.56-0.83)

0.09 (0.09-0.11)
0.03 (0.02-0.04)
0.14 (0.09-0.14)

Subcutaneous fat, g
Perirenal fat, g
Epididymal fat, g

Liver triglycerides, mmol/g 7.3 (4.3-12.6) 30.8 (24.0-41.2)
Liver cholesterol, nmol/mg 6.3 (5.8-7.8) 6.4 (4.3-10.5)
Serum cholesterol, mg/dl 116 (94-168) 73 (62-138)

" p <0.05.

" p <0.01.

and contribute to hypercholesterolemia, a common comorbidity of
obesity and MASLD (Feingold, 2000; Nabi et al., 2022).

There are different types of fat in the body. Brown fat produces heat,
and its activation may achieve weight loss (Harb et al., 2023). Storage of
triglycerides in subcutaneous fat protects other organs from steatosis
and insulin resistance (Bluher, 2020; Hajer et al., 2008). Intra-
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abdominal fat, such as visceral fat, is associated with metabolic dis-
eases, including type 2 diabetes and MASLD (Jensen, 2008; Schaffler
et al., 2005; Wajchenberg, 2000). Gonadal and perirenal adipose tissues
in mice are often used to study the role of visceral fat in metabolic
diseases (Masternak et al., 2012; Mulder et al., 2016).

PCSK?9 protein levels in the different fat depots of mice with MASLD
have not been determined. Obesity is a risk factor for MASLD, and most
patients have excess body fat (Tilg and Moschen, 2010). Therefore, it is
difficult to discriminate between the effects of obesity and liver steatosis.
In this study, hepatic PCSK9 protein was determined in mice fed either a
high-fat diet or an MCD diet to evaluate whether hepatic steatosis is
related with higher systemic PCSK9. High-fat diet leads to weight gain
and MCD diet to weight loss but both models develop liver steatosis
(Schattenberg and Galle, 2010). PCSK9 is detected in serum, is expressed
in liver and adipose tissue (Grewal and Buechler, 2022), and in this
study, PCSK9 protein expression was determined in blood, liver, sub-
cutaneous, epididymal, perirenal, and brown adipose tissue of mice with
MASLD.

2. Materials and methods
2.1. Animal experiments

Male wild type mice were obtained from The Jackson Laboratory
(Bar Harbor, USA). Mice were maintained on a 12-h light/dark cycle and
housed in groups of three to five animals per cage. At 14 weeks of age,
animals were given either ad libitum access to a control diet (ssniff® EF
acc. D12450B(I) mod., SD) or a high-fat diet (ssniff® EF R/M, D12451,
42% energy from fat, HFD) (Ssniff, Soest, Germany) for a further 14
weeks (n = 6 per group). Mice (14 weeks old) were also fed an MCD diet
(E15653-94, Ssniff, Soest, Germany) or the respective control diet for a
further two weeks (n = 6 per group). Rising concentrations of CO2
produced loss of consciousness, which was followed by cervical dislo-
cation. Liver, and adipose tissue, and serum were collected from over-
night fasted mice. Tissues were excised, frozen in liquid nitrogen, and
stored at —80 °C.

The procedures were approved by the laboratory animal committee
of the University of Regensburg and complied with the German Animal
Welfare Act and the guidelines for the care and use of laboratory animals
of the Institute for Laboratory Animal Research, 1999. Experiments were
performed in accordance with institutional and governmental regula-
tions for the use of animals (Government of Upper Palatinate and Lower
Franconia, numbers of ethics votes: 54-2532.1-30/13 and 54-2532.1-
31/14).

2.2. Immunoblot

Tissues were solubilised in radioimmunoprecipitation assay lysis
buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% v/v
Nonidet P-40, 1% v/v sodium deoxycholate, 1% v/v Triton X-100 and
0.1% v/v SDS). Twenty pg of protein was separated by SDS-PAGE and
transferred to PVDF membranes (Bio-Rad Laboratories GmbH, Feld-
kirchen, Germany). Incubations with antibodies were performed over-
night in 1% BSA in PBS, 0.1% Tween. Immunodetection was performed
using the ECL Western blot detection system (Amersham Pharmacia,
Deisenhofen, Germany). Antibodies against GAPDH (order number:
2118) and cyclophilin A (order number: 2175) were purchased from Cell
Signaling Technologies (Leiden, Netherlands), and antibodies against
PCSK9 from Bio-techne (order number: MAB3888; Wiesbaden-
Nordenstadt, Germany).

2.3. Quantification of fecal fatty acids and bile acids
Mouse feces were collected in 70% isopropanol and stored at —80 °C

until use. Feces samples were homogenised in a gentleMACS™ dis-
sociator (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), and
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Fig. 3. PCSK9 in the serum and liver of mice fed a control or a methionine-choline deficient (MCD) diet. A Interleukin (IL)-6 mRNA of 4 mice fed a control (C), and 5
mice fed a MCD diet. B Tumor necrosis factor (TNF) mRNA of 6 mice fed a control (C), and 4 mice fed a MCD diet. C Alpha-smooth muscle actin (SMA) mRNA of 6 mice
fed a control (C), and 6 mice fed a MCD diet. D PCSK9 protein in the liver of 4 mice fed a control (C), and 4 mice fed a MCD diet. Coomassie stained membrane was
used as loading control. E PCSK9 protein in the liver of 5 mice each was quantified by ImageJ. The small asterisk in the box plots marks an outlier. F PCSK9 protein in
the serum of 4 mice fed a control (C), and 4 mice fed a MCD diet. Coomassie-stained membrane was used as loading control. G PCSK9 protein in the serum of 5 mice
each was quantified by ImageJ. H PCSK9 protein in serum was quantified by ELISA. The small circle in the box plot marks an outlier. * p < 0.05.

prepared for analysis as described for human fecal samples (Schott et al.,
2018).

Concentrations of total fecal fatty acids were determined by gas
chromatography coupled to mass spectrometry as described previously
(Ecker et al., 2012) with some modifications. Homogenates were
derivatized to fatty acid methyl ester. The initial column temperature of
50 °C was held for 0.75 min, increased with 40 °C/min to 110 °C, with
6 °C/min to 210 °C, with 15 °C/min to 250 °C and held for 2 min. Iso-
and anteiso- fatty acid methyl ester standards were applied to identify
branched chain fatty acids and to calibrate the instrument response.

Fecal bile acids were quantified by liquid chromatography-tandem
mass spectrometry using a modified method for serum with stable
isotope dilution analysis (Krautbauer et al., 2016; Scherer et al., 2009).

2.4. Analysis of serum and liver lipids

Triglyceride concentrations were measured using the GPO-PAP
micro-test (purchased from Roche, Mannheim, Germany). Serum
cholesterol was analysed with an assay from Diaglobal (Berlin, Ger-
many) or electrospray ionization tandem mass spectrometry (ESI-MS/
MS) (Liebisch et al., 2006). Lipids quantification in liver tissues by direct
flow injection ESI-MS/MS was done in positive ion mode as described
(Liebisch et al., 2004). Briefly, samples were prepared according to the
method by Bligh and Dyer (1959), and non-naturally occurring lipid
species were added as internal standards. Analysis was performed on a
Quattro Ultima triple-quadrupole mass spectrometer (Micromass,
Manchester, UK) equipped with an autosampler (HTS PAL, Zwingen,
Switzerland) and a binary pump (Model 1100, Agilent, Waldbronn,
Germany). Free cholesterol and cholesteryl ester levels were measured

using a fragment ion of m/z 369 (Liebisch et al., 2006). Liver lipids are
expressed as nmol/mg wet weight (Haberl et al., 2021; Horing et al.,
2021).

2.5. Cell culture

The 3 T3-L1 preadipocytes were from the American Type Culture
Collection (Manassas, VA, USA). Cells were cultured at 37 °C in 5% CO-
in Dulbecco's modified Eagle's medium (Biochrom, Berlin, Germany)
supplemented with 10% neonatal calf serum (Sigma Bioscience, Dei-
senhofen, Germany) and 1% penicillin/streptomycin (PAN, Aidenbach,
Germany). For adipogenesis, 3 T3-L1 preadipocytes were grown to
confluence and differentiated into adipocytes as described (Bauer et al.,
2011).

2.6. Semiquantitative real-time PCR

Semiquantitative real-time PCR used the LightCycler® FastStart DNA
Master SYBR Green I Kit from Roche (Mannheim, Germany) as described
(Bauer et al., 2011). Primers were 5'ttc cat cca gtt gec tte tt 3'and 5'ttc tge
aag tgc atc atc gt 3' to analyse IL-6, 5'ccg atg ggt tgt acc ttg tc 3’ and 5'ggg
ctg ggt aga gaa tgg at 3' to analyse TNF, 5' cca gca cca tga aga tca ag 3'and
5' ctt cgt cgt att cct gtt tge 3'for alpha-smooth muscle actin, and 5'gat tga
tag ctc ttt ctc gat tec 3'and 5'cat cta agg gea tca cag acc 3' to analyse 18S
rRNA. Expression of PCSK9 and GAPDH was determined using the
LightCycler 480 from Roche. PrimePCR™ PreAmp for SYBR® Green
Assay: Pcsk9, Mouse and PrimePCR™ PreAmp for SYBR® Green Assay:
GAPDH, Mouse (BioRad, Hercules, CA, USA) were used for
amplification.
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Fig. 4. PCSK9 in adipose tissues of mice fed a control or a methionine-choline
deficient (MCD) diet. A PCSK9 protein in brown fat, B subcutaneous fat, C
perirenal fat and D epididymal fat of 4 mice fed a control (C) and 4 mice fed a
MCD diet, and quantification of PCSK9 protein in 5 mice each. Cyclophilin A
was used as loading control. Small circles and asterisks in the box plots
mark outliers.

2.7. Sirius Red staining, immunohistochemistry of PCSK9, and insulin
and PCSK9 ELISA

Formalin-fixed liver tissues were embedded in paraffin. Slices were
cut into 3 pm sections and stained with Sirius Red. Immunohistochem-
istry of human adipose tissue was performed as described (Weber et al.,
2023) using a monoclonal human PCSK9 antibody from ThermoFisher
(order number: MA5-32843, Waltham, MA, USA). Immunohistochem-
istry to detect alpha-smooth muscle actin in murine liver used the
antibody from Abcam (order number: ab7817, Cambridge, UK; dilution
1:75). The protocol for this method has been described (Rein-Fischboeck
et al., 2017). Insulin ELISA was from Mercodia (order number: 10-1247-
10, Uppsala, Sweden). ELISA for murine PCSK9 analysis was from Bio-
techne (order number: MPC900).

2.8. Statistics

Data are shown as box plots, with small circles and asterisks indi-
cating outliers. Mild outliers (between 1.5 and 3 interquartile ranges
from the box) are denoted by circles, while extreme outliers (beyond 3
interquartile ranges from the box) are signified by asterisks. Mann-
Whitney U test, Kruskal-Wallis test and Student's t-test were used as
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statistical tests (SPSS 26; IBM Corp., Armonk, NY, USA, released 2019).
Data in tables are presented as median, minimum and maximum values.
A value of p < 0.05 was considered significant.

3. Results

3.1. PCSKO9 protein in the liver, adipose tissues, and serum of mice fed a
high-fat diet

The expression of hepatic and serum PCSK9 protein in MASLD is still
unresolved (Grewal and Buechler, 2022). Adipose tissue has a crucial
role in MASLD (Adolph et al., 2017), but PCSK9 levels in fat have been
hardly studied. Therefore, PCSK9 protein levels were analysed in adi-
pose tissues and the liver of mice fed a standard diet (SD) or a high-fat
diet (HFD). Tissues and serum were obtained of mice, which were fas-
ted overnight. These latter mice had higher body weight, liver weight,
and subcutaneous, perirenal, and epididymal fat mass (Table 1). Serum
insulin of mice fed a HFD was increased (Table 1).

Mice fed the HFD had higher cholesterol in the blood in the fasted
state (p = 0.055; Fig. 1A). Serum triglycerides of the SD and HFD-fed
mice were similar between the groups (Fig. 1B). Liver cholesterol and
triglycerides of the mice were significantly increased (Fig. 1C, D).

Cholesterol can be converted to bile acids for fecal excretion
(Calzadilla et al., 2022). The primary bile acid chenodeoxycholic acid
and the secondary bile acid deoxycholic acid did not change in the feces
of HFD-fed mice (Fig. S1A, B). The levels of fecal ursodeoxycholic acid
strongly declined (Fig. S1C).

Mice fed a HFD had increased levels of serum insulin (Table 1) and
fecal fatty acids (Fig. S1D).

PCSKO9 in the liver, which was analysed by immunoblot in tissues of 6
SD and 6 HFD-fed mice (Fig. 1E, F) and by ELISA in tissues of 4 animals
each where levels were 73 (35-87) pg PCSK9/mg protein for SD and 183
(49-498) pg PCSK9/mg protein for HFD (p = 0.122), were similar.
PCSK9 mRNA was significantly increased in the liver of the HFD-fed
mice. Expression was 3.1 (0.8-6.7) for 6 SD and 12.8 (6.0-25.6) for 6
HFD-fed mice (p = 0.006). Serum PCSK9 levels, which were analysed in
5 animals/group either by immunoblot or ELISA, were increased in the
high-fat diet fed mice (Fig. 1G, H, I).

It was also analysed whether PCSK9 levels change in mice under fed
conditions. These mice were fed an SD or HFD diet for 14 weeks, and the
study protocol was identical to that of the animals described in Table 1.
Body weight, liver weight (p = 0.055), and adipose tissue weights were
increased upon HFD feeding (Table S1). Here, serum and liver tissues
were obtained from overnight fasted mice as well as mice with access to
food.

Mice fed the HFD had higher cholesterol in the blood in the fasted
and fed state (Fig. S2 A). This difference was significant for the mice in
the fasted situation (Fig. S2 A). Triglycerides increased in the fed
compared to the fasted state of SD fed mice. This effect was blunted in
the HFD-fed animals in accordance with previous studies (Uchida et al.,
2012) (Fig. S2B). Otherwise, blood triglyceride levels were similar be-
tween the groups (Fig. S2B).

Serum PCSK9 levels of the HFD-fed mice in the fed state were
significantly increased, and there was a similar trend in the fasted mice
(p = 0.071) (Fig. $2C).

PCSK?9 protein was also analysed by immunoblot in brown fat, sub-
cutaneous, perirenal, and epididymal adipose tissues of 6 mice fed an SD
and 6 mice fed an HFD. PCSK9 protein was higher in the epididymal fat
depot of HFD-fed mice, and did not differ from the controls in the other
fat depots (Fig. 2A - D). PCSK9 protein analysed by ELISA in epididymal
fat of 5 mice fed the SD, and 6 mice fed the HFD was 1.0 (0.2-1.2) ng
PCSK9/mg total protein and 1.8 (1.0-3.3) ng PCSK9/mg total protein,
respectively (p = 0.018). There was no significant difference in PCSK9
levels in brown fat (p = 0.127) in accordance with immunoblot data
(Fig. 2A).

PCSK9 mRNA in epididymal fat of 3 SD fed mice was 1.6 (1.6-1.8)
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Fig. 5. PCSK9 in adipocytes and adipose tissues. A Immunohistochemistry of PCSK9 protein in human adipose tissue (black arrows point to endothelial cells and
adipocytes expressing PCSK9). B PCSK9 protein of primary human adipocytes (PHA) and HepG2 cells. The samples were analysed on the same membrane, which was
cut to remove data not relevant for this analysis. C PCSK9 protein of 3 T3-L1 adipocytes compared to PCSK9 in the murine liver. Coomassie-stained membrane and
GAPDH were used as loading controls. D PCSK9 protein in epididymal fat (epi), perirenal fat (periren), subcutaneous fat (subcut), and brown fat (BAT) of mice. E
Quantification of PCSK9 in the different fat depots of 3 mice. Coomassie-stained membrane was used as loading control.

and was 1.2 (0.5-4.5) in 6 HFD-fed animals and did not differ between
the groups (p = 0.439).

PCSK9 protein in the liver, adipose tissue, and serum of mice fed a
methionine-choline deficient diet.

The MCD diet induces metabolic dysfunction-associated steatohe-
patitis (MASH) in mice and lowers body weight and fat mass
(Schattenberg and Galle, 2010) (Table 2).

The mice developed liver inflammation as assessed by higher
expression of interleukin-6 and tumor necrosis factor mRNA (Fig. 3A, B
and (Rein-Fischboeck et al., 2019)). The expression of alpha-smooth
muscle actin of mice fed the control and MCD diet was similar (Fig. 3C
and (Rein-Fischboeck et al., 2019)). Alpha-smooth muscle actin immu-
nostaining could not detect this protein in the liver of control and MCD
animals (Fig. S3A, B). Sirius Red staining showed that fibrosis did not
develop in the mice fed the MCD chow for 2 weeks (Fig. S3C,D).

The hepatic cholesterol concentration and serum cholesterol levels
did not significantly change (Table 2 and (Rein-Fischboeck et al.,
2019)). Liver triglycerides of mice fed the MCD diet were significantly
increased (Table 2 and (Rein-Fischboeck et al., 2019). PCSK9 protein
levels in the liver of both groups were similar (Fig. 3D, E). PCSK9 ana-
lysed by ELISA in the liver of 5 mice fed the control diet and 5 mice fed
the MCD diet was 90 (40-120) pg PCSK9/mg total protein and 110
(40-180) pg PCSK9/mg total protein, respectively (p = 0.347).

Serum PCSKO levels of mice with MASH were significantly reduced,
as shown by immunoblot and by ELISA (Fig. 3F-H). PCSK9 mRNA in the
liver of 6 control fed mice was 99 (43-194) and 23 (4-131) in the liver of
6 MCD diet fed animals, and was similar between the groups (p = 0.078).

The expression of PCSK9 in the fat depots of different mice showed a
high variability in brown fat and perirenal adipose tissue. Expression of
PCSK9 in the different adipose tissues did not decline in the MCD diet fed
mice (Fig. 4A-D). PCSK9 mRNA in epididymal fat of 5 control fed mice
was 9.8 (0.7-73.5) and 3.8 (1.9-7.3) in 5 MCD fed mice and did not
differ between the groups (p = 0.117).

3.2. PCSK9 protein in adipocytes

Though it is known for a long time that PCSK9 is expressed in adipose

tissue (Grewal and Buechler, 2022), this has not been analysed in depth.
Immunohistochemistry of human adipose tissue revealed expression of
PCSKO9 protein by adipocytes and endothelial cells of the blood vessels
(Fig. 5A). Immunoblot of protein isolated from primary human adipo-
cytes of three different donors, and HepG2 cells (4 different batches)
could hardly detect PCSK9 protein in the fat cells. HepG2 cells expressed
PCSK9 protein as expected (Thorlacius-Ussing et al., 2016). Chemerin, a
protein known to be expressed by adipocytes and hepatocytes (Spirk
et al., 2020; Wanninger et al., 2012), could be detected in all cell lysates
(Fig. 5B). The murine 3 T3-L1 cell line can be differentiated to mature
adipocytes and is used as an in-vitro model (Takahashi et al., 2008;
Temple et al., 2007). In agreement with data from human cells, the
expression of PCSK9 protein in these cells was low (Fig. 5C).

Analysis of different murine fat tissues could easily detect the PCSK9
protein (Fig. 5D), indicating that PCSK9 is expressed in adipocytes and
stromal vascular cells, such as preadipocytes and/or blood vessels.
Comparison of epididymal, perirenal, subcutaneous, and brown fat of
three different mice showed the lowest expression of PCSK9 in brown
fat, whereas levels in the other three fat depots were similar (p = 0.063;
Fig. 5D, E).

4. Discussion

This is, to our knowledge, the first study to investigate the expression
of PCSK9 protein in serum, the liver, and adipose tissues in murine
MASLD. The analyses provide preliminary evidence suggesting that
adipose tissue may contribute to PCSK9 levels in the blood.

PCSKO9 has a central role in the regulation of blood cholesterol levels
(Grewal and Buechler, 2022) and thus is of clinical relevance. Hyper-
cholesterolemia is common in patients with MASLD (Nabi et al., 2022),
and higher serum PCSK9 levels described in MASLD may be associated
with this comorbidity (Emma et al., 2020; Ruscica et al., 2016). Obesity
is a risk factor for MASLD occurrence and progression (Cusi, 2012;
Marengo et al., 2015; Younossi et al., 2018), but adipose tissue expres-
sion of PCSK9 in experimental MASLD has not been determined to our
knowledge.

Mice fed an HFD had increased weight of all white fat depots and the
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liver. These animals stored excess triglycerides and cholesterol in the
liver. Bile acids are essential for cholesterol excretion, but fecal levels of
chenodeoxycholic acid and deoxycholic acid were normal. Another
study also observed normal chenodeoxycholic acid but an increase of
deoxycholic acid in the feces of high-fat diet fed mice (Xu et al., 2023).
Fecal levels of the secondary bile acid ursodeoxycholic acid of mice fed
the high-fat diet were low in accordance with previous observations
(Stenman et al., 2012; Xu et al., 2023). Fecal fatty acids of the obese
mice were markedly increased, as has been shown before (Zeng et al.,
2022).

Hepatic PCSK9 protein levels of SD and HFD-fed mice were compa-
rable, and were increased in serum and epididymal fat of these animals.
Serum cholesterol levels of the HFD-fed mice were higher in accordance
with increased serum PCSK9 levels. PCSK9 mRNA expression in the liver
of HFD-fed mice was almost 4-fold increased in comparison to SD-fed
animals. Higher systemic PCSK9 protein levels and PCSK9 mRNA
levels in the liver have been described in patients with liver steatosis
(Grimaudo et al., 2021; Paquette et al., 2020; Ruscica et al., 2016).

This suggests higher PCSK9 protein synthesis and release into the
blood in murine and human liver steatosis. However, Wargny et al. did
not detect higher levels of PCSK9 in the blood of patients with MASLD.
This study also showed that hepatic PCSK9 mRNA levels did not corre-
late with MASH histological severity (Wargny et al., 2018). Increased
PCSK9 mRNA expression in MASH, a decline of PCSK9 protein during
the progression of MASLD and normal serum PCSK9 levels have also
been reported (Castellano-Castillo et al., 2024). Thus, the association of
PCSK9 in the blood and the liver with MASLD is still unresolved, and
obesity may be a confounding factor.

Mice fed an HFD have increased fat mass and higher levels of PCSK9
protein in their epididymal fat, suggesting that adipose tissue contrib-
utes to the systemic levels of PCSK9 in obesity. Consistent with this
hypothesis, six months after undergoing bariatric surgery, patients had
lost a significant amount of adipose tissue, and their plasma PCSK9
levels had decreased considerably (Zenti et al., 2020). However, higher
levels of PCSK9 protein in the epididymal fat of mice fed an HFD were
not associated with changes in PCSK9 mRNA levels. Typically, a higher
level of PCSK9 protein is the result of more PCSK9 mRNA. Processes
affecting the stability of the mRNA, its translation into protein, or the
fate of the protein may be altered (Xia et al., 2021). However, higher
levels of PCSK9 protein in tissue may also be caused by increased uptake
of PCSK9 from the bloodstream (Grewal and Buechler, 2022), or may
reflect changes in the cellular composition of obese fat tissue (Sarvari
et al., 2021). Serum PCSKO9 levels of patients with liver cirrhosis decline,
and the severity of the underlying liver disease is a confounding factor
for studies analysing serum PCSK9 in MASLD (Feder et al., 2021).

The murine MCD model is characterized by massive storage of tri-
glycerides in the liver and hepatic inflammation (Schattenberg and
Galle, 2010). Cholesterol levels in the liver and serum cholesterol of the
mice with MASH were normal. These animals had hepatic inflammation,
as assessed by higher expression of interleukin-6 and tumor necrosis factor.
There were no signs of liver fibrosis, and two weeks of feeding may not
be sufficient for the development of liver fibrosis. Feeding animals an
MCD diet is related to massive loss of body fat mass, and the mice lost
about 80% of their white fat depots. Serum PCSK9 levels were markedly
declined at the end of the study. Hepatic and adipose tissue protein
levels of PCSK9 as well as hepatic and epididymal PCSK9 mRNA
expression of the MCD fed mice did not significantly change, suggesting
that reduced fat mass is related to lower systemic PCSK9 levels.

Serum and liver PCSK9 protein in MCD-diet fed mice have been
analysed before. Mice fed the MCD diet developed marked steatohepa-
titis and had increased hepatic PCSK9 expression and PCSK9 in blood
(Mijiti et al., 2024). These animals lost about 60% of their body weight
during the 6-week MCD feeding (Mijiti et al., 2024). The findings of our
current study, where mice were fed the MCD diet for only 2 weeks and
previous study, where mice were fed the MCD diet for 6 weeks (Mijiti
et al., 2024) are not concordant with so far unknown reasons.
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The mechanisms causing liver steatosis in HFD and MCD diet are
different. In the HFD model, excess dietary fat induces steatosis, whereas
in the MCD model, a lack of choline impairs hepatic lipid release
(Schattenberg and Galle, 2010). Although sterol regulatory element-
binding protein 2, the major transcription factor of PCSK9 expression,
is induced in both models, upregulation of PCSK9 mRNA was only
detected in the HFD model (Deng et al., 2017; Grewal and Buechler,
2022; Hu et al., 2020). The present study shows that hepatic steatosis
alone is not a relevant trigger for higher PCSK9 serum levels in MASLD
and that the underlying mechanisms are largely unknown. Therapies
with PCSK9 blocking antibodies may not be efficient in improving
MASLD (Al Hashmi et al., 2024), and the results of clinical studies are
currently inconsistent (Giglio et al., 2023). The present analysis suggests
that excess adipose tissue contributes to serum PCSK9 levels, empha-
sising the need for therapies that lower fat (Al Hashmi et al., 2024).

It should be noted that the liver weight of the MCD-diet fed mice was
reduced by about 35%, and lower liver mass may also contribute to
lower serum PCSK9 levels of these mice. In the high-fat diet model, liver
weight was increased by 250%, and this is mostly because of the
excessive storage of lipids in the liver which will not contribute to higher
PCSKO9 levels.

In healthy humans, fasting for up to 12 h did not alter plasma PCSK9
levels (Browning and Horton, 2010; Brugger et al., 1997), and in our
mice, there were no significant differences in the systemic PCSK9 levels
of fed and fasted mice. However, prolonged fasting has been associated
with a decline in plasma PCSK9 levels (Browning and Horton, 2010).

The hepatocyte-specific PCSK9 knockout revealed that, in the liver,
PCSK9 is exclusively expressed in hepatocytes and that the circulating
PCSK9 is >95% from hepatic origin (Zaid et al., 2008). In the meantime
it has been shown that hepatic stellate cells (Luquero et al., 2022) and
endothelial cells also express PCSK9, which is induced in endothelial
cells by high glucose (Gao et al., 2024). Moreover, the present study
provided preliminary evidence that adipose tissue may contribute to
circulating PCSK9 levels.

This study showed that PCSK9 protein was similarly expressed in all
of the white fat depots analysed. In brown adipose tissue, PCSK9 protein
levels were the lowest in comparison to the white fat depots. White and
brown fat differ in many aspects, including triglyceride storage, number
of mitochondria, localization in the body, and their secretomes
(Hachemi and Mueez U-Din, 2023). Of the white fat depots, subcu-
taneous fat expansion is regarded as protective, whereas excess intra-
abdominal fat is linked with metabolic diseases and MASLD (Adolph
et al., 2017; Buechler et al., 2011; Farrell et al., 2012). Despite the
different physiological functions of the fat tissues, PCSK9 levels in all of
the adipose tissues was comparable. PCSK9 expression in 3 T3-L1 adi-
pocytes and primary human adipocytes was rather low, and the PCSK9
protein of stromal vascular cells, which are composed of endothelial
precursor cells, mesenchymal stem cells, T cells, macrophages, and
preadipocytes (Nguyen et al., 2016), contributes to the PCSK9 protein
level detected in whole adipose tissue. Immunohistochemistry also
showed high expression of PCSK9 in blood vessel endothelial cells.

A limitation of this experimental study is that it does not provide
conclusive evidence that PCSK9 levels are derived from the different
adipose tissues. Despite normal hepatic PCSK9 protein expression, the
levels released by the liver can be higher in MASLD.

In summary, this analysis is the first to study the PCSK9 protein in
different fat depots of mice. This analysis shows that the PCSK9 protein
is present in both brown and white adipose tissues. Further study is
needed to determine whether higher PCSK9 expression in epididymal fat
contributes to elevated PCSK9 serum levels in obesity.
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