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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a prevalent liver pathology 

worldwide, closely associated with obesity and metabolic disorders. Increasing evidence suggests 

that macrophages play a crucial role in the development of MASLD. Several human studies 

have shown an inverse correlation between circulating lysosomal acid lipase (LAL) activity and 

MASLD. LAL is the sole enzyme known to degrade cholesteryl esters (CE) and triacylglycerols 

in lysosomes. Consequently, these substrates accumulate when their enzymatic degradation is 

impaired due to LAL deficiency (LAL–D). This study aimed to investigate the role of hepatic 

LAL activity and liver-resident macrophages (i.e., Kupffer cells (KC)) in MASLD. To this end, 

we analyzed lipid metabolism in hepatocyte-specific (hep)Lal−/− mice and depleted KC with 

clodronate treatment. When fed a high-fat/high-cholesterol diet (HF/HCD), hepLal −/− mice 

exhibited CE accumulation and an increased number of macrophages in the liver and significant 

hepatic inflammation. KC were depleted upon clodronate administration, whereas infiltrating/

proliferating CD68-expressing macrophages were less affected. This led to exacerbated hepatic CE 

accumulation and dyslipidemia, as evidenced by increased LDL-cholesterol concentrations. Along 

with proteomic analysis of liver tissue, these findings indicate that hepatic LAL-D in HF/HCD-fed 
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mice leads to macrophage infiltration into the liver and that KC depletion further exacerbates 

hepatic CE concentrations and dyslipidemia.
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1 Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously known as 

non-alcoholic fatty liver disease, encompasses a broad spectrum of disorders characterized 

by hepatic lipid accumulation in the absence of alcohol abuse or infectious etiology [1]. The 

primary risk factors for the development of MASLD include obesity, insulin resistance, and 

type 2 diabetes mellitus [1]. From 1991 to 2019, the global prevalence of MASLD exhibited 

a gradual increase, rising from 21.9 % to 37.3 % [2]. Hepatic steatosis is a less severe 

form of the disease, characterized by lipid deposition in the liver without hepatocellular 

damage. In contrast, metabolic dysfunction-associated steatohepatitis (MASH) is associated 

with hepatic steatosis, liver inflammation, and hepatocyte ballooning without or with 

fibrosis [1,3]. Lipidomic analyses revealed an accumulation of triacylglycerol (TG) and 

free cholesterol (FC) without a similar increment in cholesteryl esters (CE) in both steatosis 

and MASH patients [4]. These pathological conditions may eventually lead to cirrhosis and 

ultimately to the development of hepatocellular carcinoma [3,5]. Up to 30 % of MASLD 

patients develop MASH [5]. All histological stages of MASLD are linked to a marked 

increase in overall mortality, which is directly proportional to the severity of MASH and the 

stage of fibrosis [6].

Numerous studies have demonstrated a correlation between decreased lysosomal acid lipase 

(LAL) activity in the blood [7–14] or liver [13] and MASLD. Reduced circulating LAL 

activity was found to be independently associated with non-cirrhotic MASLD (patients with 

steatosis or MASH without fibrosis), alcoholic cirrhosis, and MASH-related cirrhosis, but 

not with non-cirrhotic alcoholic liver disease. In contrast, patients with metabolic syndrome 

but normal blood LAL activity were less prone to develop MASLD [14]. LAL is the only 

known enzyme responsible for the hydrolysis of CE [15] and TG in lysosomes at acidic 

pH [16]. Various mutations of the LAL-encoding LIPA gene have been associated with the 

loss of LAL enzymatic activity and the development of LAL deficiency (LAL–D) [17]. Low 

to no residual LAL activity is linked to hepatosplenomegaly, liver steatosis and fibrosis, 

adrenal calcification, and malabsorption, which ultimately leads to death in infancy [18–

20]. Patients with up to 10 % residual LAL activity develop late-onset LAL–D. Although 

the International LAL-D Registry (NCT01633489), which enrolled 228 patients, did not 

explicitly mention changes in life expectancy [21], another study reported that >50 % of 

these patients died of liver failure by the age of 21 years due to hepatic steatosis, cirrhosis, 

and dyslipidemia [22]. Given the unspecific clinical manifestations of liver disease presented 

by patients with LAL–D, there is a risk of being misdiagnosed as MASLD [22].
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The progressive pathogenesis of LAL-D has been extensively studied in LAL-deficient 

(Lal−/−) mice, which develop hepatosplenomegaly, liver steatosis, and dyslipidemia [23–

25], similar to the symptoms observed in LAL-D patients. To study the role of LAL 

in liver pathology, hepatocyte-specific Lal−/− (hepLal−/−) mice may be more suitable 

since the severe phenotype observed in Lal−/− mice affects numerous organs [26]. In 

contrast to the mild phenotype of hepLal−/− mice fed a chow diet, feeding a high-fat/high-

cholesterol diet (HF/HCD) results in increased liver weight, liver fibrosis, and infiltration 

of liver macrophages [26]. This histopathology is comparable to that of MASH mouse 

models [27–30]. In addition, hepLal−/− mice develop liver injury as early as 10 weeks 

of HF/HCD, whereas C57BL/6 J mice develop profound hepatic steatosis, inflammation, 

fibrosis, and other features that resemble human MASH only after 30 weeks of HF/HCD 

feeding [28]. One proposed mechanism for the development of MASH is the accumulation 

of cholesterol/CE crystals in hepatocytes, which activates Kupffer cells (KC), leading to 

immune cell infiltration and liver inflammation [27]. KC have been shown to affect the 

progression of MASLD [31–33], but their role in the context of decreased hepatic LAL 

activity in MASLD remains elusive.

The present study aimed to investigate the impact of decreased hepatic LAL activity 

on liver pathology under HF/HCD feeding and to assess the contribution of KC to the 

development of a MASH-like phenotype by KC depletion in the presence and absence of 

hepatic LAL. Our findings demonstrate that decreased hepatocyte LAL activity promotes 

liver inflammation and fibrosis, whereas KC depletion alters lipid metabolism in hepLal−/− 

livers without further aggravating liver injury.

2 Material and methods

2.1 Animals

The experiments were performed with age-matched female hepLal−/− mice (C57BL/6 J 

background) and their corresponding Lipaflox/flox (WT) littermates [26]. The mice were 

housed in a clean and temperature-controlled environment (22 °C ± 1 °C) with unlimited 

access to chow diet (Altromin 1324, Lage, Germany) and water, following a regular 12-h 

light/12-h dark cycle. Female hepLal−/− and control mice used for the KC depletion study 

received HF/HCD (60 % caloric intake from fat plus 1 % cholesterol; D12492 (II) mod. plus 

1 % Cholesterol; Ssniff, Soest, Germany) for 15 weeks, starting at 7 to 13 weeks of age. 

Male and female hepLal−/− and control mice used for hepatocyte isolation were fed either 

chow or HF/HCD for 20 weeks. The animal experiments were conducted in accordance 

with the European Directive 2010/63/EU, complied with national laws, and were approved 

by the Austrian Federal Ministry of Education, Science and Research, Vienna, Austria 

(BMBWF-66.010/0106-V/3b/2019, BMWFW-66.010/0109-WF/V/3b/2015).

2.2 Depletion of KC by clodronate treatment

After 14 weeks of HF/HCD feeding, hepLal−/− and control mice received intraperitoneal 

(i.p.) injections of three doses of clodronate liposomes (10 μL/g body weight, clodronate 

concentration ~ 5 mg/mL) or control (PBS-containing) liposomes (Liposoma BV, 
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Amsterdam, Netherlands) 48 h apart. Two days after the third dose, mice were fasted for 4 h 

before blood sampling, sacrifice, and organ collection.

2.3 Hepatocyte and non-parenchymal cells isolation

Hepatocytes were isolated following a previously described protocol with minor 

modifications [34]. In brief, mice were anesthetized with a terminal anesthetic mixture 

containing ketamine and xylazine diluted in PBS. All buffers used were kept at 

approximately 36 °C to ensure proper digestion and cell viability. The livers were perfused 

with a perfusion buffer (0.5 mM EDTA and 25 mM HEPES in Hanks’ Balanced Salt 

Solution (HBSS) without Ca2+ and Mg2+) via the inferior vena cava, and the liquid was 

drained by cutting the portal vein. The livers were digested by perfusion for 10 min with 

digestion buffer (1 mg/mL Liberase TM Research Grade (Sigma-Aldrich, St. Louis, MO) 

and 25 mM HEPES in HBSS with Ca2+, Mg2+, and phenol red). The digested livers were 

carefully dissected and transferred into Dulbecco’s Modified Eagle Medium (DMEM; 1 

g/L glucose and sodium pyruvate; Thermo Fisher Scientific, Waltham, MA). Cells were 

squeezed from the digested liver into DMEM, and the suspension was filtered through a 

70-μm cell strainer. The plate was rinsed once with 10 mL DMEM, and the suspension was 

again filtered through a 70-μm cell strainer. The suspension was centrifuged at 50 xg for 3 

min, and the supernatant was transferred to another tube, while the hepatocyte pellet was 

resuspended in 10 mL DMEM, centrifuged at 20 xg for 3 min, and the pellet was stored at 

−80 °C as hepatocyte-enriched fraction. The supernatant was centrifuged again at 50 xg for 

3 min, the supernatant was collected and centrifuged at 650 xg for 5 min. The pellet was 

washed with 10 mL DMEM, centrifuged at 650 xg for 5 min, and stored at −80 °C as the 

nonparenchymal cells-enriched (NPC) fraction.

2.4 RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from the liver and perigonadal white adipose tissue (pWAT) using 

TriFast (Peqlab, Erlangen, Germany) following the manufacturer’s protocol. Isolated RNA 

(1 μg) was then reverse transcribed using the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Carlsbad, CA). qRT-PCR analyses were performed using GoTaq® 

qPCR Mastermix (Promega, Fitchburg, WI) and the Bio-Rad CF X96 real-time PCR 

system (Bio-Rad Laboratories, Hercules, CA). mRNA expression was analyzed in duplicate, 

normalized to the expression of cyclophilin A, and calculated using the 2−ΔΔCT method. The 

primer sequences are listed in Supplementary Table S1.

2.5 Quantification of protein concentration and Western blotting experiments

The liver tissue from the larger lobe was sonicated in lysis buffer (250 mM sucrose, 100 mM 

potassium phosphate, 1 mM EDTA, pH 7) supplemented with 1 mM dithiothreitol (DTT) 

and protease inhibitor cocktail (P8340, 1:1000; Sigma–Aldrich, St. Louis, MO) for 4 ×10 s 

each on ice. The lysates were then centrifuged at 20,000 xg and 4 °C for 10 min, and the 

protein concentration in the supernatant was determined using the DC™ Protein Assay Kit 

(Bio-Rad Laboratories, Hercules, CA). Fifty micrograms of protein were separated by SDS-

PAGE and transferred to a PVDF membrane, which was then incubated overnight at 4 °C 

with the following primary antibodies: CD68 (SM1550P, 1:1000; Ori-Gene Technologies, 

Rockville, MD), CLEC4F (PA5–47396, 1:1000; Thermo Fisher Scientific, Waltham, MA), 
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LAL (PA5–27346, 1:1000; Thermo Fisher Scientific), β-actin (sc-47,778, 1:10,000; Santa 

Cruz, Heidelberg, Germany), and α-tubulin (NB100–690; 1:5000, Novus Biologicals LLC, 

Centennial, CO). Secondary anti-mouse (P0260; 1:500; Dako, Glostrup, Denmark), anti-rat 

(31,470; 1:2000; Thermo Fisher Scientific), and anti-goat (sc-2922; 1: 5000; Santa Cruz, 

Heidelberg, Germany) antibodies were incubated with the membrane for 2 h at room 

temperature (RT). Proteins were visualized using ECL (Bio-Rad Laboratories) and the 

ChemiDoc™ Imaging System (Bio-Rad Laboratories).

2.6 H&E and Sirius red staining

Fresh liver tissue was fixed in 4 % PBS-buffered paraformaldehyde for 24 h, embedded in 

paraffin, and sectioned (5 μm). The tissue sections were deparaffinized and then incubated 

with hematoxylin (Sigma-Aldrich, St. Louis, MO) for 10 min, followed by eosin for 1 min. 

Picro-Sirius red staining (ScyTek Laboratories, Inc., Logan, UT) was performed for 1 h at 

RT on sections that had been incubated with hematoxylin for 8 min and washed for 2 min 

in warm tap water. The sections were dehydrated (2× dH2O, 75 % EtOH, 98 % EtOH, 

xylene/EtOH, xylene), and mounted in a resinous medium.

2.7 Immunofluorescence

Paraffin-embedded liver tissue was deparaffinized, washed with 0.1 % Tween-20 in 

PBS (PBS-T), and sectioned (5 μm). The sections were incubated in PBS-T/10 % goat 

serum and anti-mouse CD16/CD32 monoclonal antibody (1:1000; 14–0161-85; Thermo 

Fisher Scientific, Waltham, MA) for 30 min. Primary rabbit anti-LAL antibody (1:200; 

PA5–27346, Thermo Fisher Scientific) and rat anti-CD68 (1:250; SM1550PS; OriGene 

Technologies, Rockville, MD) were diluted in PBS-T containing 10 % goat serum and 

incubated with the liver sections overnight at 4 °C. The samples were washed with PBS-T 

prior to incubation with the secondary antibodies (1:500; goat anti-rabbit IgG (H + L) 

cross-adsorbed secondary antibody, Alexa Fluor™ 594 (red) and goat anti-rat IgG (H + L) 

cross-adsorbed secondary antibody, Alexa Fluor™ 488 (green)) in PBS-T containing 10 % 

goat serum for 90 min at RT. The samples were washed with PBS-T, stained with DAPI 

for 5 min, and mounted with Vectashield Antifade Mounting Medium (Vector Laboratories, 

Newark, CA). The liver sections were imaged with an Olympus BX63 microscope.

2.8 Hepatic lipid extraction and quantification

The liver tissue from the larger lobe was processed as described in Section 2.5, and lipids 

from the lysates containing 1 mg of protein were extracted using the Folch method. TG, 

total cholesterol (TC), and FC concentrations were measured using enzymatic kits (DiaSys, 

Holzheim, Germany) according to the manufacturer’s guidelines. CE concentrations were 

calculated by subtracting FC from TC.

2.9 Plasma parameters

Plasma was isolated by centrifugation of freshly drawn EDTA blood for 7 min at 5200 

x g and 4 °C. TG, TC, FC, and CE concentrations were determined as described in 

Section 2.8. Lipid distribution in lipoprotein particles was determined by measuring 

TG and TC concentrations in lipoprotein fractions after separation of 200 μL pooled 
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plasma by fast protein liquid chromatography (FPLC; Pharmacia P-500, Uppsala, Sweden) 

equipped with a Superose 6 column. Plasma from lithiumheparinized blood was isolated 

by centrifugation at 5200 xg and 4 °C for 7 min and used for the measurement of alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) on Fuji Dri-Chem NX500 

(FUJIFILM Holdings Corporation, Tokyo, Japan) with F1512 and F1511 slides for ALT and 

AST, respectively.

2.10 White blood cell counts

White blood cell counts from freshly drawn blood in EDTA-coated tubes were determined 

using the V-Sight Vet Hematology Analyzer (A. Menarini Diagnostics, Florence, Italy) 

according to the manufacturer’s protocol.

2.11 TG and CE hydrolase activity assays

TG hydrolase (TGH) and CE hydrolase (CEH) activities were measured at neutral (pH 

7) and acidic (pH 4.5) conditions as described previously [35] with minor modifications. 

Briefly, proteins were extracted from a portion of pWAT and liver tissue using lysis buffer 

supplemented with 1 mM DTT and protease inhibitor cocktail, as described in Section 

2.5. CEH activities at pH 7 and pH 4.5 were determined using a substrate containing 

200 μM cholesteryl oleate and 0.04 μCi cholesteryl [1-14C]-oleate (Amersham Biosciences, 

Piscataway, NJ) per sample solubilized in 455 μM mixed micelles of phosphatidyl-choline 

and phosphatidylinositol (3:1). TGH activities at pH 4.5 were determined using 300 

μM triolein and 0.5 μCi [9,10-3H(N)]-triolein (Perkin Elmer, Waltham, MA) per sample 

solubilized in 455 μM of the above-described mixed micelles. The substrate for TGH pH 7 

activity was solubilized in 45 μM of the micelles. Fifty micrograms of protein were mixed 

with the appropriate substrate and diluted in either 100 mM citrate buffer (pH 4.2) or in 100 

mM potassium phosphate buffer (pH 7). Assays were performed by incubating the samples 

at 37 °C for 1 h before stopping the reaction and measuring and calculating the activity, as 

recently described [25].

2.12 Total collagen assay

The total collagen assay kit based on the alkaline hydrolysis to yield free hydroxyproline 

(#ab222942; Abcam, Cambridge, UK) was utilized to determine collagen levels in the livers 

by following the manufacturer’s protocol with minor modifications. Briefly, the liver tissue 

was homogenized and sonicated in 100 μL dH2O per 10 mg of tissue, treated with 100 μL 

of 10 N NaOH, and boiled at 120 °C for 1 h. The boiled lysates were neutralized with 100 

μL of 10 N HCL, vortexed, and centrifuged at 10,000 xg for 5 min. An aliquot of 10 μL was 

evaporated and redissolved in 100 μL of an oxidation mixture for 20 min. Subsequently, 50 

μL of a developer solution was added and incubated at 37 °C for 5 min. Before sealing the 

plate and incubating the mixture at 65 °C for 45 min, the DMAB concentrate solution was 

added. The collagen levels were determined by measuring the absorbance at 562 nm and are 

represented in arbitrary units (AU).
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2.13 Sample preparation for mass spectrometry (MS)-based proteomic and measurement

Thirty milligrams of pulverized and homogenized liver tissue were lysed with 1.4-mm 

ceramic beads (OMNI International, Inc., Kennesaw, GA) in 50 mM HEPES/5 % sodium 

deoxycholate (SDC) (pH 8.5), supplemented with 1× cOmplete™, EDTA-free Protease 

Inhibitor Cocktail and PhosSTOP phosphatase inhibitors (Sigma–Aldrich, St. Louis, MO). 

Afterwards, the samples were diluted to a final concentration of 2.5 % SDC in 50 mM 

HEPES (pH 8.5) and lysed by sonication for 4× 30 s at 60% amplitude. The samples 

were denatured by incubation at 99 °C and 700 rpm for 5 min. After centrifugation at 

20,000 xg for 20 min, the infranatant was transferred into a new low-binding tube, and the 

protein concentration was determined using the Pierce™ BCA Protein Assay Kit (Thermo 

Fisher Scientific, Waltham, MA). Per sample, 20 μg of protein were reduced and alkylated 

with 10 mM DTT and 20 mM iodoacetamide, respectively. The proteins were digested 

overnight at 37 °C with LysC (0.04 activity units per mg of protein) and trypsin (5 %). 

The following day, an additional 1 % trypsin was added, and the samples were incubated 

for 2 h at 37 °C. Half of the digested proteins were transferred to another tube, and SDC 

was precipitated with 2 % trifluoroacetic acid (TFA). After centrifugation at 20,000 xg 
for 5 min, the supernatant was purified using C18 stage tips (Thermo Fisher Scientific). 

Peptides were eluted from the C18 stage tips with 65 % acetonitrile in 0.1 % TFA, vacuum-

dried, resuspended in 50 μL of 0.1 % formic acid, and shaken at 2500 rpm for 15 min. 

Peptide concentrations were measured using the NanoPhotometer N60 (IMPLEN, Munich, 

Germany), and 200 ng of peptides were loaded onto EvoTips (Evosep, Odense, Denmark) 

following the manufacturer’s protocol. The peptides were then separated using the “30 

samples per day” method on a 15-cm EV1106 Endurance Column packed with 150 μM 

C18 beads (1.9 μm) (Evosep) using an Evosep ONE HPLC connected to a timsTOF Pro 2 

mass spectrometer (MS) (Bruker Daltonics, Bremen, Germany). The MS was operated in the 

dia-PASEF mode with a CaptiveSpray ionization source. MS data were collected between 

100 and 1700 m/z. TIMS settings were set as: 1/K0 start 0.6 Vs/cm2; 1/K0 end 1.6 Vs/cm2; 

Ramp time 100 ms: Accumulation time 100 ms. Ion mobility was calibrated using 622.0290, 

922.0098, and 1221.9906 Tuning Mix ES-TOF. Dia-PASEF settings included: dia-PASEF 

cycles of 1.7 s; 1/K0 from 0.66 to 1.4 Vs/cm2; 26 mass steps per cycle.

2.14 Proteomic data quantification and bioinformatics

Protein quantification was performed using DIA-NN (1.9) [36,37] by searching the raw 

data against the Mouse Uniprot reviewed FASTA file downloaded on July 01, 2024. The 

following parameters were used for precursor ion generation: FASTA digest for library-free 

search/library generation; deep learning-based spectra, retention time, and ion mobility 

spectra prediction; trypsin digestion with 2 missed cleavages; N-terminal methionine 

excision and carbamidomethylation on cysteine were set as fixed modifications; a maximum 

of 2 variable modifications were allowed, including oxidation on methionine and acetylation 

on the N-terminus; peptide length range was set to 7–30 amino acids; precursor charge 

range was set to 1–4; precursor m/z range was 300–1800; fragment ion m/z range was 200–

1800. The precursor false discovery rate (FDR) was set to 1 %. Mass accuracy and MS1 

accuracy were set to 15 ppm and 20 ppm, respectively. Peptidoforms, match between runs, 

heuristic protein inference, and exclusion of shared spectra were enabled. Protein inference 

was performed based on genes. The rest of the parameters were kept at default settings.
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Data were analyzed with Perseus (2.0.10.0) [34] and Jupyter Notebook with Python 3.11.5. 

One of 5 WT+ Clod and 2 of 7 hepLal−/− + Clod samples measured were excluded due 

to poor data quality or sample preparation-related issues. The data were filtered for at 

least 70 % valid values in the entire dataset. Protein intensities were log2 transformed and 

missing values were imputed using MissForest algorithm in Jupyter Notebook utilizing 

the packages Pandas, Numpy, StandardScaler (sklearn.preprocessing), and MissForest. The 

data were median-normalized and the statistical significance was determined using 2-way 

ANOVA in Perseus. FDR correction was calculated in Jupyter Notebook utilizing Pandas 

and Numpy packages with a Benjamini-Hochberg test, and the significance threshold was 

set <5 %. Z-scored data were used for principal component analysis in Perseus. The heatmap 

with significantly changed proteins between WT and hepLal−/− samples was generated 

with Euclidean clustering in Perseus. A KEGG PATHWAY analysis was performed with the 

obtained clusters utilizing the Fisher exact test with a Benjamini-Hochberg FDR correction 

of 2 %. The top 20 enriched pathways in hepLal−/− compared to WT samples and vice 

versa were visualized in Jupyter Notebook using the packages Pandas, Numpy, Seaborn, 

Matplotlib.pyplot, Re, and Two-SlopeNorm from matplotlib.colors. Other heatmaps for 

significantly changed proteins were generated in Jupyter Notebook using Seaborn, 

Matplotlib.pyplot, Pandas, Numpy, Linkage, and Dendrogram from scipy.cluster.hierarchy.

The mass spectrometry proteomic data have been deposited to the ProteomeXchange 

Consortium via the PRIDE [38] partner repository with the dataset identifier “PXD056343”.

2.15 Statistical analysis

The data are presented as mean ± SD. Statistically significant differences were calculated 

using GraphPad Prism 10.3.1 software, with comparisons made using 2-way ANOVA 

followed by Tukey post-hoc test. *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001 indicate statistical 

significance for comparisons between different genotypes within the same treatment group 

(WT vs hepLal−/− (PBS) or WT vs hepLal−/− (clodronate)); #p < 0.05, ##p ≤ 0.01, ###p 

≤ 0.001 indicate statistical significance for comparisons between different treatment groups 

within the same genotypes (PBS vs clodronate (WT) or PBS vs clodronate (hepLal−/−)). For 

the comparison between only WT PBS vs hepLal−/− PBS and hepLal−/− PBS vs hepLal−/− 

Clod, 1-way ANOVA followed by Bonferroni post-hoc test was used. A 3-way ANOVA was 

used to compare the effects of cell type (NPCs and hepatocytes), diet (chow and HF/HCD), 

and genotype (WT and hepLal−/−).

3 Results

3.1 Increased liver and spleen weights and macrophage infiltration in hepLal−/− mice 
after HF/HCD feeding

To induce a MASLD-like phenotype, we challenged female hepLal−/− and control mice 

with HF/HCD, which resulted in a comparable increase in body weight in both genotypes 

(Fig. S1A). After 14 weeks of HF/HCD feeding, the animals received three doses of 

clodronate or PBS-containing liposomes via i.p. injection and were euthanized 48 h after 

the third dose to investigate the consequences of KC depletion. Clodronate treatment had 

no effect on body weight (Fig. 1A) or on the weights of subcutaneous white adipose tissue 
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(sWAT), perigonadal WAT (pWAT), brown adipose tissue (BAT), liver, small intestine, and 

spleen (Fig. 1B) in either genotype. Liver and spleen weights, however, were increased in 

hepLal−/− mice regardless of clodronate treatment (Fig. 1B). Increased mRNA expression 

of the macrophage markers Emr1 and Cd68 indicated a greater macrophage infiltration/

proliferation in the livers of PBS liposome-injected hepLal / compared with WT mice (Fig. 

1C). The expression of the monocyte chemoattractant Ccl2 tended to be elevated and the 

expression of its receptor (Ccr2) and the proinflammatory cytokine Tnfa was significantly 

increased in hepLal−/− livers. The efficacy of the clodronate treatment was confirmed by 

the reduced expression of the KC marker Clec4f and of Emr1 in both WT and hepLal−/− 

livers. Cd68 mRNA expression was also strongly decreased in the livers of both genotypes 

after clodronate treatment, although it remained higher in hepLal−/− compared to WT 

mice (Fig. 1C), suggesting that the circulating monocytes may have had sufficient time to 

repopulate due to their relatively short lifespan in the blood, ranging from 20 h to 2 days 

[39]. The protein expression of CD68 and CLEC4F corresponded to their mRNA expression 

(Fig. 1D). These results indicated that liver inflammation and macrophage infiltration were 

increased in HF/HCD-fed hepLal−/− mice, and that clodronate was effective in reducing 

liver macrophages in both WT and hepLal−/− mice.

3.2 Clodronate treatment reduces mRNA expression of fibrotic genes in HF/HCD-fed 
hepLal−/− mice

Given the pivotal role of KC and monocyte-derived macrophages in MASLD progression 

[40], we assessed the impact of hepatic macrophage depletion on the mRNA expression 

of markers of fibrosis. We observed a significant upregulation of the liver fibrosis markers 

Col1a1 and Col1a2 in hepLal−/− compared with WT livers (Fig. 2A), with clodronate 

treatment significantly reducing Col1a2 mRNA expression in hepLal−/− livers. The mRNA 

expression of the majority of genes involved in fibrogenesis and fibrolysis, including 

metalloproteinase (Mmp)2, Mmp12, Mmp13, metallopeptidase inhibitor (Timp)1, and 

Timp2, was elevated in hepLal−/− compared with WT livers, and clodronate treatment 

decreased their expression in the livers of hepLal−/− mice (Fig. 2A). Mmp19 expression 

was reduced in the livers of PBS-treated hepLal−/− compared to WT mice, whereas smooth 

muscle actin α2 (Acta2), Mmp1a, and Mmp14 expression remained unaltered. Timp3 was 

the sole MMP inhibitor whose expression was decreased by clodronate treatment in the 

livers of WT and hepLal−/− mice (Fig. 2A). The presence of liver fibrosis in hepLal−/− 

mice was confirmed by H&E, Sirius red staining, and collagen quantification, regardless of 

KC depletion, whereas livers of WT mice did not exhibit any liver fibrosis (Fig. 2B and 

C). Plasma AST levels were markedly increased in hepLal−/− mice regardless of treatment, 

whereas ALT levels tended to be elevated in hepLal−/− mice, but only reached significance 

in clodronate-treated animals (Fig. 2D). Clodronate did not alter circulating ALT and AST 

levels, indicating that KC or their depletion in hepatocyte-specific LAL-D have a minor 

effect on liver injury. Loss of LAL in hepatocytes also tended to increase the number of 

circulating white blood cells (WBC), lymphocytes, granulocytes, and monocytes. However, 

these cell counts remained unaffected by clodronate treatment (Fig. 2E). Collectively, these 

data suggest that loss of LAL in hepatocytes may promote liver injury and increase systemic 

inflammation.
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3.3 KC contribute to CE degradation in livers of hepLal−/− mice

To examine the consequences of LAL-D and KC depletion on hepatic lipid homeostasis, 

we analyzed the mRNA expression of multiple genes related to lipid metabolism. The 

expression of genes involved in TG synthesis (Agpat2, Agpat3, Gpat1, Dgat1, Dgat2) was 

reduced in the livers of untreated hepLal−/− mice, and clodronate treatment reduced the 

expression of Acc, Fasn, Agpat3, Gpat1, Dgat1, and Dgat2 compared with WT controls 

(Fig. 3A). Hmgcr mRNA expression was unaffected by genotype and treatment. The mRNA 

expression of several genes involved in fatty acid oxidation (Acsl1, Acox1, Ppara) was 

downregulated in hepLal−/− livers irrespective of treatment (Fig. 3B). The administration of 

clodronate reduced Acsl1 mRNA expression in WT mice, whereas Cpt1a and Ppargc1a were 

unchanged in both genotypes (Fig. 3B).

Unaltered Cd36 and Ldlr but decreased Lrp1 expression indicated reduced uptake of 

chylomicron remnants and VLDL in the livers of hepLal−/− compared with WT mice, 

regardless of treatment (Fig. 3C). The expression levels of the cytosolic lipases Lipe 
(encoding hormonesensitive lipase) and Mgll (encoding monoglyceride lipase) were lower 

in PBS- and clodronate-injected hepLal−/− mice, whereas the expression of Pnpla2 
(encoding adipose triglyceride lipase) and its co-activator Abhd5 were unchanged (Fig. 3D). 

As expected, Lipa mRNA expression was markedly decreased in the livers of hepLal−/− 

mice and tended to be further reduced by clodronate treatment (Fig. 3D), most likely due to 

the diminished number of LAL-expressing KC. The elevated TC and CE concentrations in 

hepLal−/− livers were further increased by clodronate treatment (Fig. 3E). Since clodronate 

treatment did not affect TC and CE levels in WT livers (Fig. 3E), this result indicates 

that CD68-positive macrophages are essential for CE degradation in livers that lack LAL 

specifically in hepatocytes.

3.4 HF/HCD restored LAL activity in hepLal−/− livers

Although Lipa mRNA expression was decreased in the livers of hepLal−/− mice (Fig. 

3D), LAL protein expression (Fig. 4A) as well as TG and CE hydrolase activities at pH 

4.5 were unchanged (Fig. 4B, C). As expected, TG and CE hydrolase activities at pH 7 

remained comparable in the livers of both genotypes (Fig. 4D, E). These results suggest 

that LAL released from apoptotic or newly infiltrating macrophages contributes to LAL 

expression and activity in the livers of hepLal−/− mice. It is worth noting that acid TG 

and CE hydrolase activities were significantly decreased in the livers of chow diet-fed 

hepLal−/− compared with WT mice [41], demonstrating the lack of LAL activity in the 

livers of hepLal−/− mice. Clodronate treatment had a minor effect on overall LAL activity 

in the liver tissue, despite the observed depletion of liver macrophages that contribute 

to hepatic LAL activity. The infiltration/proliferation of LAL-expressing CD68-positive 

macrophages increased due to HF/HCD feeding (Fig. 1C, D), and these cells are most 

likely responsible for the comparable overall activity of LAL in the livers of hepLal−/− 

mice (Fig. 4B, C). Co-immunofluorescence staining of LAL and CD68 revealed that LAL 

expression was uniformly distributed (most likely in hepatocytes) in WT liver sections 

due to the low abundance of macrophages, regardless of clodronate treatment (Fig. 4F). 

In the livers of hepLal−/− + PBS mice, the majority of LAL-positive cells were either 
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CD68-positive or located near CD68-positive cells. Macrophage depletion markedly reduced 

the CD68-positive cells in hepLal−/− livers.

3.5 Hepatocyte LAL-D and KC depletion are associated with elevated circulating 
cholesterol levels

Next, we examined the impact of hepatocyte LAL-D and KC depletion on plasma lipid 

parameters. The circulating TC concentrations tended to be elevated in hepLal−/− mice and 

reached significance following clodronate treatment. CE concentrations were increased in 

hepLal−/− compared to clodronate-treated WT mice. However, TG and FC levels remained 

unchanged (Fig. 5A). Low-density lipoprotein (LDL)-TC, which was already increased in 

the plasma of untreated hepLal−/− mice, was further aggravated by clodronate treatment. In 

contrast, very low-density lipoprotein (VLDL)-TC and high-density lipoprotein (HDL)-TC 

remained comparable (Fig. 5B). In contrast, untreated chow diet-fed WT and hepLal−/− 

mice had comparable lipoprotein profiles (Supplementary Fig. S2A), corroborating the fact 

that hepatocyte LAL plays a crucial role in lipoprotein metabolism only upon HF/HCD 

feeding. Overall, these data suggest that loss of LAL in hepatocytes of HF/HCD-fed mice, 

with or without KC depletion, affects plasma lipid and lipoprotein levels.

Neither hepatocyte-specific LAL-D nor clodronate treatment influenced the expression of 

lipid metabolism-related genes in pWAT of HF/HCD-fed mice. Despite repeated clodronate 

injections, the expression of macrophage markers remained unchanged in pWAT of both 

genotypes (Supplementary Fig. S2B). The mRNA expression of genes involved in lipid 

synthesis (Acc, Fasn, Hmgcr, Agpat2, Gpat1, Dgat1, Dgat2) (Supplementary Fig. S2C) 

and lipid degradation (Pnpla2, Abhd5, Lipe, Mgll, Lipa) (Supplementary Fig. S2D) were 

comparable between the genotypes, regardless of clodronate treatment. Consistent with 

these results, TG and CE hydrolase activities at pH 4.5 (Supplementary Fig. S2E, F) and 

pH 7 (Supplementary Fig. S2G, H) were unaltered. These data demonstrate that neither 

hepatocyte-specific LAL-D nor clodronate treatment affects lipid metabolism in pWAT. The 

changes observed in plasma parameters are most likely the consequence of macrophage 

depletion in the liver.

3.6 Liver proteomic analysis revealed significant proteome differences between 
genotypes, with minor changes observed between treatments

To investigate the effects of LAL-D and clodronate treatment on liver metabolism and 

inflammation in more detail, we performed a proteomic analysis. Principal component 

analysis revealed a clear separation between the liver proteomes of HF/HCD-fed WT and 

hepLal−/− mice (Fig. 6A). The less distinctive differences between PBS- and clodronate-

treated livers supported the mRNA expression data, confirming the minor effect of KC 

depletion on the overall proteomic variation. We identified 1046 proteins that were 

significantly altered between the livers of HF/HCD-fed WT and hepLal−/− mice and showed 

similar expression patterns, irrespective of clodronate treatment (Fig. 6B). Conversely, only 

5 proteins were significantly changed when the interaction between genotype and treatment 

was taken into account (Fig. 6C). Cathepsin S (CTSS), a lysosomal cysteine protease 

involved in inflammatory signaling [42], was the only significantly altered protein linked to 

the gene ontology biological process (GOBP) term containing “inflammatory”. Following 
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clodronate treatment, CTSS expression decreased in WT livers but increased in hepLal−/− 

livers, whereas its overall expression remained higher in hepLal−/− livers compared to 

WT, regardless of treatment. Notably, CTSS was the only protein found to be significant 

across all three comparisons: genotype, treatment, and their interaction. Sorting nexin 12 

(SNX12), a protein associated with endocytic degradative pathways [43], exhibited the same 

expression trend as CTSS. Glycerol-3-phosphate phosphatase (PGP) expression decreased 

in WT livers following clodronate treatment, while it remained comparable between PBS 

and clodronate-treated hepLal−/− livers. Significance testing identified 22 significantly 

altered proteins (Fig. 6D), with 5 of these proteins (legumain (LGMN), plastin-2 (LCP1), 

complement C4–B (C4B), interferon-induced transmembrane protein 2 (IFITM2), and large 

proline-rich protein BAG6 (BAG6)) associated with GOBP terms containing “leukocyte” or 

“cytokine.” LGMN and LCP1 exhibited lower expression in clodronate- compared to PBS-

treated livers, whereas C4B, IFITM2, and BAG6 showed higher expression in clodronate-

treated livers.

To explore the dysregulated processes driven by the major proteome changes observed in 

WT vs hepLal−/− livers, we performed KEGG pathway analysis. In hepLal−/− livers, the 

highest enriched KEGG pathways of significantly altered proteins indicated upregulation of 

lysosomal proteins and pathways related to inflammation, such as leukocyte transendothelial 

migration, chemokine signaling, and Fc gamma R-mediated phagocytosis, as well as 

fibrosis-related pathways, including TGF-beta signaling (Fig. 7A). In contrast, the top 

20 KEGG pathways downregulated in hepLal−/− livers included those related to lipid 

metabolism (linoleic, arachidonic, fatty acid metabolism) and energy metabolism (oxidative 

phosphorylation, citrate cycle, and metabolism of essentially all amino acids) (Fig. 7B). 

Since lipoprotein profiles are altered in hepLal−/− mice (Fig. 5B), we explored which 

lipoprotein metabolism-related proteins were significantly changed between WT and 

hepLal−/− livers. Microsomal triglyceride transfer protein (MTTP), apolipoprotein A-II 

(APOA2), and APOC2 were reduced in hepLal−/− livers compared to WT regardless of 

treatment, indicating diminished VLDL and HDL synthesis and LPL activation (Fig. 7C). 

In contrast, the expression of APOA4 and APOE was higher in hepLal−/− compared to 

WT livers, suggesting a complex dysregulation of lipoprotein metabolism. Consistent with 

the LAL protein expression (Fig. 4A) and activity (Fig. 4B and C), proteomic analysis also 

revealed no change in LAL abundance (Supplementary Table S2), most likely due to the 

prevalence of infiltrating macrophages in the livers of HF/HCD-fed hepLal−/− mice.

3.7 Hepatocytes isolated from HF/HCD-fed hepLal−/− mice exhibited impaired lipid 
metabolism

To further scrutinize lipid metabolism specifically in hepatocytes, we isolated hepatocytes 

and NPC from chow- and HF/HCD-fed WT and hepLal−/− mice. mRNA expression of the 

hepatocyte marker G6pase confirmed the successful hepatocyte isolation (Supplementary 

Fig. S3A). In contrast, the NPC markers Emr1, Cd31, Clec4f, and Cd68 were almost 

exclusively expressed in the NPC fraction (Fig. S3B-E). Following HF/HCD feeding, NPCs 

from WT and even more from hepLal−/− mice exhibited a markedly increased expression of 

Cd68 (Fig. S3E), consistent with the hypothesis that CD68-positive macrophages increase in 

the liver following a HF/HCD challenge. Hepatocyte TG concentrations were significantly 
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elevated in both HF/HCD-fed WT and hepLal−/− mice compared to chow-fed mice (Fig. 

8A). In addition, hepatocyte TC content was higher in HF/HCD-fed hepLal−/− than in 

chow-fed hepLal−/− mice and HF/HCD-fed WT mice (Fig. 8B), and CE levels were 

increased in HF/HCD-fed hepLal−/− mice compared to WT mice (Fig. 8C). CEH activity 

in the hepatocytes at pH 4.5, resembling LAL activity, was significantly reduced in hepLal / 

mice in both feeding conditions (Fig. 8D). Moreover, HF/HCD decreased LAL activity in 

WT hepatocytes (Fig. 8D). Ldlr expression was comparable between WT and hepLal−/− 

mice in both hepatocytes and NPCs (Fig. 8E), suggesting that no major transcriptional 

regulation of lipoprotein uptake occurs in hepLal−/− mice. Elevated hepatic Lrp1 mRNA 

expression in HF/HCD-fed hepLal−/− compared to both HF/HCD-fed WT and chow-fed 

hepLal−/− mice (Fig. 8F) may suggest increased uptake of APOE-containing lipoproteins. 

Increased Lpl and Cd36 levels in HF/HCD-fed hepLal−/− hepatocytes compared to both 

HF/HCD-fed WT and chowfed hepLal−/− mice (Fig. 8G, H) suggested increased TG 

hydrolysis from lipoproteins and enhanced uptake of fatty acids. Increased TG hydrolysis 

from VLDL may explain the elevated LDL levels observed in HF/HCD-fed hepLal−/− mice 

(Fig. 5B). Increased mRNA expression levels of the lysosomal markers Lamp1 and Lamp2 
in hepatocytes of HF/HCD-fed hepLal−/− mice (Fig. 8I, J) suggest lysosomal accumulation 

to compensate for an impaired lysosomal function.

4 Discussion

The growing evidence points to an important role of LAL and macrophages [40] in the 

pathogenesis of MASLD. Recent findings suggested that circulating LAL activity inversely 

correlates with MASLD severity [44]. In light of these findings, we analyzed hepatic lipid 

metabolism in HF/HCD-fed hepLal−/− mice with or without KC depletion. Fed a chow 

diet, hepLal−/− mice accumulate CE in the liver but lack significant alterations in genes 

related to hepatic lipid homeostasis [26,45]. When challenged with a HF/HCD, hepLal−/− 

mice exhibit impaired glucose metabolism, dyslipidemia, and profound liver injury and 

inflammation [26]. In addition to hepatomegaly, we observed that these mice develop 

splenomegaly, which was also demonstrated in MASLD patients with reduced circulating 

LAL activity in the absence of advanced chronic liver disease and portal hypertension 

[46]. We attempted to measure LAL activity in mouse blood following the dried-blood 

spot method developed for human samples [47]. However, pronounced LAL activity in the 

blood of Lal−/−mice prevented a reliable estimation of circulating LAL levels, hindering 

a direct correlation of hepatic LAL deficiency with systemic enzyme activity. Clodronate-

mediated depletion of KC neither affected body nor tissue weights of either genotype. The 

livers of hepLal−/− mice showed decreased expression of genes involved in lipid synthesis, 

transport, and degradation as well as fatty acid oxidation, which were all largely unaltered 

by clodronate treatment. Proteome changes were mostly in line with the observed mRNA 

changes. Since we determined mRNA and protein expression in bulk liver tissue, we cannot 

exclude the possibility that the observed expression changes may result from alterations in 

the distribution of the subpopulations.

Depletion of LAL-expressing macrophages in hepLal−/− mice increased TC and CE levels 

in the liver. Interestingly, lower PGP levels observed in hepLal−/− livers regardless of the 

treatment are linked to enhanced TG synthesis and reduced fatty acid oxidation, whereas 
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higher PGP levels are known to decrease CE concentrations in primary hepatocytes [42]. As 

both LAL [15] and KC [48] are critical for LDL degradation, the increase in circulating 

LDL-TC concentrations and an additional increase upon KC depletion were expected. 

Despite unchanged Ldlr mRNA expression in isolated hepatocytes and NPCs, several 

proteins involved in lipoprotein metabolism were dysregulated in hepLal−/− livers (MTTP, 

APOA2, APOC2, APOA4, APOE) and Lpl and Cd36 mRNA expression were increased in 

hepatocytes, suggesting that VLDL synthesis and VLDL-TG hydrolysis might be affected 

in hepatic LAL–D. This finding could contribute to increased LDL levels, especially when 

endolysosomal function is compromised, as in LAL–D. In general, Lpl is expressed at very 

low levels in the livers of adult mice; however, hepatic deletion of Lpl results in decreased 

plasma LPL concentrations and impaired plasma TG clearance [49]. Our results suggest that 

i.p. injected clodronate primarily targets liver resident macrophages, as there were no effects 

of hepatocyte LAL-D and clodronate treatment on macrophage- and inflammation-related 

genes in pWAT. The unaltered mRNA expression of genes involved in lipid synthesis and 

hydrolysis, as well as unchanged lipase activities in pWAT, exclude the possibility that the 

observed changes in liver and plasma lipid metabolism are a consequence of impaired lipid 

metabolism in WAT.

Despite decreased Lipa mRNA expression, acidic CE and TG hydrolase activities and 

LAL protein levels were comparable in the liver of both genotypes when fed a HF/HCD. 

These observations contradict the previous findings of decreased acid CE and TG hydrolase 

activities in chow diet-fed hepLal−/− mice [41]. However, the unchanged acidic CE and 

TG hydrolase activities in HF/HCD-fed hepLal−/− mice might occur due to the massive 

infiltration of LAL-expressing macrophages. This hypothesis is supported by the fact that 

(i) macrophage-specific LAL expression in mice with global LAL-D significantly reduces 

CE and TG levels in the liver [50], (ii) LAL activity was decreased in hepatocytes isolated 

from HF/HCD-fed hepLal−/− mice, and (iii) LAL was co-expressed with CD68 in the liver 

of these mice. Reduced LAL activity correlates with MASLD [11,51,52], so decreased LAL 

activity in HF/HCD-fed WT mice might hint at MASLD development. Clodronate treatment 

depleted Clec4f-expressing KC but failed to deplete all macrophages in hepLal−/− livers. 

This may be caused by the massive infiltration/proliferation of CD68-positive cells or the 

impairment of the phagocytic function of macrophages, as demonstrated in MASH mouse 

[53] and rat models and in macrophages from MASLD patients [54].

Elevated WBC counts suggest that hepatocyte LAL-D is associated with systemic 

inflammation. KC and infiltrating monocytes/macrophages promote the development of 

MASLD and the progression to MASH and fibrosis, particularly in the context of HF/HCD 

feeding [40]. Conversely, infiltrating macrophages may also exhibit tissue remodeling and/or 

antifibrotic properties [55]. The mechanism by which KC may trigger the development of 

MASH includes the following: (i) the accumulation of cholesterol in hepatocytes and the 

formation of cholesterol (ester) crystals, which eventually lead to hepatocyte death; (ii) KC 

subsequently may surround the dead hepatocytes and hydrolyze CE remnants, leading to 

(iii) increased inflammatory signaling and MASH [56]. The absence of liver fibrosis in 

control mice even after 14 weeks of HF/HCD was consistent with previous data showing 

that only feeding a HF/HCD for 30 weeks, but not for 12 weeks, caused liver fibrosis in 

WT mice [28]. In contrast, despite remaining lean, HF/HCD-fed hepLal−/− mice were prone 
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to developing liver fibrosis, as evidenced by increased expression of multiple markers of 

liver fibrosis, including Mmps and Timps [57], collagen content, and Sirius red staining. 

Although MASLD is often associated with obesity, up to 20 % of patients are lean [58]. It is 

elusive whether LAL activity might be a contributing factor to the development of MASLD 

in individuals with a lean phenotype. At least in mice challenged with HF/HCD, decreased 

LAL activity in hepatocytes is sufficient to trigger liver inflammation and macrophage 

infiltration.

The depletion of KC by clodronate resulted in a reduction in the mRNA expression of 

Mmps, Timps, fibrosis-related markers, and macrophage-related genes in the livers of 

hepLal−/− mice. An improvement of hepatic steatosis and inflammation by KC depletion 

was also observed in other mouse [31,32,59] and rat models [60] of MASLD. However, two 

studies indicated no significant [61] or even negative effects [33] of KC depletion on liver 

steatosis and inflammation. We observed that short-term depletion of liver macrophages 

through clodronate treatment failed to alter collagen levels in hepLal−/− mice, indicating 

that acute targeted removal of resident macrophages may not be sufficient to improve 

an already injured liver. In addition, lysosomal lipid hydrolysis in macrophages provides 

precursor molecules for critical lipid mediators [62], suggesting that removing macrophages 

(infiltrating and/or resident ones) may have adverse effects on MASLD. Despite a reduction 

in the mRNA expression of fibrosis-related genes, ALT and AST levels were unaffected 

by clodronate treatment. It is expected that a pronounced remodeling of the liver with less 

damage would take much longer than one week of clodronate treatment.

KEGG pathway analysis of proteins upregulated in hepLal−/− livers revealed increased 

leukocyte migration, phagocytosis, and chemokine signaling, which demonstrated 

pronounced inflammation. Clodronate treatment reduced the expression of LGMN, a 

protein involved in the degradation of fibronectin, which typically increases during the 

differentiation of monocytes into macrophages [63,64]. These results imply that clodronate 

may promote an environment favorable for fibrosis development, potentially explaining why 

collagen staining remained unchanged despite the downregulation of mRNA expression of 

fibrosis-related genes. LCP1, which plays a crucial role in the regulation of inflammatory 

cell migration [65], was similarly downregulated by clodronate. However, given that LCP1 

activity is mainly controlled through phosphorylation [65], alterations in expression levels 

may not reflect its functional implications. C4B, IFITM2, and BAG6 were among the 

inflammation-related proteins whose expression increased following clodronate treatment. 

Upregulated expression of C4B indicated elevated phagocytosis of pathogens and dead or 

dying cells [66], suggesting the removal of dead macrophages by other cells after clodronate 

treatment. Since hepatocytes are also competent efferocytes [67], their ability to capture 

dying macrophages might also explain restored LAL activity in hepLal−/− livers. Clodronate 

injection led to elevated IFITM2 levels in both genotypes. Since IFITM2 is expressed by 

T cells and plays a role in their differentiation into T helper 2 cells [68], T cells may 

be mobilized to support tissue repair after macrophage depletion [69]. Although we did 

not detect specific markers of other immune cells in the proteomic analysis, increased 

expression of BAG6 after clodronate treatment indicated changes in natural killer (NK) 

cell activation [70]. Inhibition of CTSS also reduces NK cell expansion [42] and decreases 

NF-κB-dependent hepatic inflammation [71]. Thus, increased CTSS levels in hepLal−/− 
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livers may implicate enhanced NK cell expansion and hepatic inflammation. Clodronate 

treatment slightly decreased CTSS levels in hepLal−/− livers, consistent with the fact that 

macrophages are a major hepatic source of CTSS [72]; nevertheless, other liver cells also 

express significant amounts of CTSS [71]. Cathepsins, usually found in endolysosomal 

compartments, are also involved in the development of lysosomal storage disorders [73]. 

The deficiency of LAL in hepatocytes results in massive infiltration of macrophages and 

lipid buildup in lysosomes, impairing their function [26]. As a result, macrophages may 

account for most of the hepatic CTSS expression in hepLal−/− mice. In contrast, clodronate 

treatment of WT mice resulted in higher CTSS abundance, and hepatocytes are likely the 

primary source of CTSS due to less infiltrating macrophages. Based on proteomic analysis, 

we conclude that LAL-D in hepatocytes triggered significant proteome changes, leading 

to the enrichment of multiple inflammation-related KEGG terms. In contrast, clodronate 

treatment had a milder and more specific effect, affecting only a limited number of proteins, 

some of which play a key role in regulating the inflammatory response. Of note, the hepatic 

immune landscape was not characterized directly, e.g. by flow cytometry, but rather assessed 

indirectly based on proteomic data. Several compounds that act on macrophages, primarily 

by inhibiting inflammatory processes, are currently being tested as attractive therapeutic 

targets for treating MASLD, however, with varying degrees of success [40]. Therefore, it is 

recommended to explore the potential treatment option of modulating inflammation instead 

of depleting macrophages in liver pathologies with reduced LAL activity.

We conducted the experiments exclusively in female mice. Whether male mice may have 

responded differently to the clodronate treatment remains to be investigated. Nevertheless, 

our data demonstrate that the loss of LAL in hepatocytes leads to the accumulation of 

CE, macrophage infiltration, inflammation, and fibrosis in the livers of female mice fed a 

HF/HCD. The depletion of KC causes an aggravation of liver and plasma cholesterol levels 

with minor effects on inflammation and no significant impact on fibrosis in hepLal−/− mice. 

Decreasing the inflammatory phenotype of macrophages rather than depletion of these cells 

may therefore be a more viable treatment to reduce liver fibrosis without compromising 

lipoprotein metabolism.
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Abbreviations

ALT alanine aminotransferase

Apo apolipoprotein

AST aspartate aminotransferase

BAT brown adipose tissue

BAG6 large proline-rich protein

C4B complement C4-B

CE cholesteryl ester

CEH cholesteryl ester hydrolase

CTSS cathepsin S

FC free cholesterol

GOBP gene ontology biological process

HDL high-density lipoprotein

HF/HCD high fat/high cholesterol diet

IFITM2 interferon-induced transmembrane protein 2

KC Kupffer cells

LAL lysosomal acid lipase

LAL-D lysosomal acid lipase deficiency

LCP1 platin-2

LDL low-density lipoprotein

LGMN legumain

MASLD metabolic dysfunction-associated steatotic liver disease

MASH metabolic dysfunction-associated steatohepatitis

MTTP microsomal triglyceride transfer protein

NPC non-parenchymal cells

PGP glycerol-3-phosphate phosphatase

SNX12 sorting nexin 12

sWAT subcutaneous white adipose tissue

TC total cholesterol
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TG triacylglycerol

TGH triacylglycerol hydrolase

pWAT perigonadal white adipose tissue

VLDL very low-density lipoprotein

WBC white blood cells

WT wild-type

Data availability

Data will be made available on request.

References

[1]. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, Charlton M, Sanyal AJ. 
The diagnosis and management of non-alcoholic fatty liver disease: practice guideline by the 
American Association for the Study of Liver Diseases, American College of Gastroenterology, 
and the American Gastroenterological Association. Hepatology. 2012; 55 (6) 2005–2023. 
[PubMed: 22488764] 

[2]. Le MH, Yeo YH, Li X, Li J, Zou B, Wu Y, Ye Q, Huang DQ, Zhao C, Zhang J, Liu C, et al. 2019 
Global NAFLD prevalence: a systematic review and meta-analysis. Clin Gastroenterol Hepatol. 
2022; 20 (12) 2809–2817. e28 [PubMed: 34890795] 

[3]. Diehl AM, Day C. Cause, pathogenesis, and treatment of nonalcoholic steatohepatitis. N Engl J 
Med. 2017; 377 (21) 2063–2072. [PubMed: 29166236] 

[4]. Puri P, Baillie RA, Wiest MM, Mirshahi F, Choudhury J, Cheung O, Sargeant C, Contos MJ, 
Sanyal AJ. A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology. 2007; 46 (4) 
1081–1090. [PubMed: 17654743] 

[5]. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of 
nonalcoholic fatty liver disease-meta-analytic assessment of prevalence, incidence, and outcomes. 
Hepatology. 2016; 64 (1) 73–84. [PubMed: 26707365] 

[6]. Simon TG, Roelstraete B, Khalili H, Hagstrom H, Ludvigsson JF. Mortality in biopsy-confirmed 
nonalcoholic fatty liver disease: results from a nationwide cohort. Gut. 2021; 70 (7) 1375–1382. 
DOI: 10.1136/gutjnl-2020-322786 [PubMed: 33037056] 

[7]. Baratta F, Pastori D, Del Ben M, Polimeni L, Labbadia G, Di Santo S, Piemonte F, Tozzi G, Violi 
F, Angelico F. Reduced lysosomal acid lipase activity in adult patients with non-alcoholic fatty 
liver disease. EBioMedicine. 2015; 2 (7) 750–754. DOI: 10.1016/j.ebiom.2015.05.018 [PubMed: 
26288848] 

[8]. Baratta F, Pastori D, Ferro D, Carluccio G, Tozzi G, Angelico F, Violi F, Del Ben M. Reduced 
lysosomal acid lipase activity: a new marker of liver disease severity across the clinical 
continuum of non-alcoholic fatty liver disease?. World J Gastroenterol. 2019; 25 (30) 4172–4180. 
DOI: 10.3748/wjg.v25.i30.4172 [PubMed: 31435171] 

[9]. Selvakumar PK, Kabbany MN, Lopez R, Tozzi G, Alisi A, Alkhouri N, Nobili V. Reduced 
lysosomal acid lipase activity - a potential role in the pathogenesis of non alcoholic fatty liver 
disease in pediatric patients. Dig Liver Dis. 2016; 48 (8) 909–913. [PubMed: 27198736] 

[10]. Tovoli F, Napoli L, Negrini G, D’Addato S, Tozzi G, D’Amico J, Piscaglia F, Bolondi L. 
A relative deficiency of lysosomal acid lypase activity characterizes non-alcoholic fatty liver 
disease. Int J Mol Sci. 2017; 18 (6) 1134 doi: 10.3390/ijms18061134 [PubMed: 28587063] 

[11]. Shteyer E, Villenchik R, Mahamid M, Nator N, Safadi R. Low serum lysosomal acid lipase 
activity correlates with advanced liver disease. Int J Mol Sci. 2016; 17 (3) 312. doi: 10.3390/
ijms17030312 [PubMed: 26927097] 

Bradić et al. Page 18

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2026 January 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[12]. Baratta F, Pastori D, Tozzi G, D’Erasmo L, Di Costanzo A, Arca M, Ettorre E, Ginanni Corradini 
S, Violi F, Angelico F, Del Ben M. Lysosomal acid lipase activity and liver fibrosis in the clinical 
continuum of non-alcoholic fatty liver disease. Liver Int. 2019; 39 (12) 2301–2308. [PubMed: 
31392821] 

[13]. Gomaraschi M, Fracanzani AL, Dongiovanni P, Pavanello C, Giorgio E, Da Dalt L, Norata GD, 
Calabresi L, Consonni D, Lombardi R, Branchi A, et al. Lipid accumulation impairs lysosomal 
acid lipase activity in hepatocytes: evidence in NAFLD patients and cell cultures. Biochim 
Biophys Acta Mol Cell Biol Lipids. 2019; 1864 (12) 158523 [PubMed: 31505261] 

[14]. Ferri F, Mischitelli M, Tozzi G, Messina E, Mignini I, Mazzuca S, Pellone M, Parisse S, 
Marrapodi R, Visentini M, Baratta F, et al. Reduced lysosomal acid lipase activity in blood and 
platelets is associated with nonalcoholic fatty liver disease. Clin Transl Gastroenterol. 2020; 11 
(2) e00116 doi: 10.14309/ctg.0000000000000116 [PubMed: 32463622] 

[15]. Goldstein JL, Dana SE, Faust JR, Beaudet AL, Brown MS. Role of lysosomal acid lipase in 
the metabolism of plasma low density lipoprotein. Observations in cultured fibroblasts from a 
patient with cholesteryl ester storage disease. J Biol Chem. 1975; 250 (21) 8487–8495. [PubMed: 
172501] 

[16]. Warner TG, Dambach LM, Shin JH, O’Brien JS. Purification of the lysosomal acid lipase from 
human liver and its role in lysosomal lipid hydrolysis. J Biol Chem. 1981; 256 (6) 2952–2957. 
[PubMed: 7204383] 

[17]. Carter A, Brackley SM, Gao J, Mann JP. The global prevalence and genetic spectrum of 
lysosomal acid lipase deficiency: a rare condition that mimics NAFLD. J Hepatol. 2019; 70 
(1) 142–150. [PubMed: 30315827] 

[18]. Abramov A, Schorr S, Wolman M. Generalized xanthomatosis with calcified adrenals. Am J Dis 
Child. 1956; 91 (3) 282–286. [PubMed: 13301142] 

[19]. Pericleous M, Kelly C, Wang T, Livingstone C, Ala A. Wolman’s disease and cholesteryl 
ester storage disorder: the phenotypic spectrum of lysosomal acid lipase deficiency. Lancet 
Gastroenterol Hepatol. 2017; 2 (9) 670–679. [PubMed: 28786388] 

[20]. Jones SA, Valayannopoulos V, Schneider E, Eckert S, Banikazemi M, Bialer M, Cederbaum S, 
Chan A, Dhawan A, Di Rocco M, Domm J, et al. Rapid progression and mortality of lysosomal 
acid lipase deficiency presenting in infants. Genet Med. 2016; 18 (5) 452–458. DOI: 10.1038/
gim.2015.108 [PubMed: 26312827] 

[21]. Balwani M, Balistreri W, D’Antiga L, Evans J, Ros E, Abel F, Wilson DP. Lysosomal acid lipase 
deficiency manifestations in children and adults: baseline data from an international registry. 
Liver Int. 2023; 1537–1547. [PubMed: 37222260] 

[22]. Bernstein DL, Hulkova H, Bialer MG, Desnick RJ. Cholesteryl ester storage disease: review of 
the findings in 135 reported patients with an underdiagnosed disease. J Hepatol. 2013; 58 (6) 
1230–1243. [PubMed: 23485521] 

[23]. Du H, Heur M, Duanmu M, Grabowski GA, Hui DY, Witte DP, Mishra J. Lysosomal acid lipase-
deficient mice: depletion of white and brown fat, severe hepatosplenomegaly, and shortened life 
span. J Lipid Res. 2001; 42 (4) 489–500. [PubMed: 11290820] 

[24]. Du H, Duanmu M, Witte D, Grabowski GA. Targeted disruption of the mouse lysosomal acid 
lipase gene: long-term survival with massive cholesteryl ester and triglyceride storage. Hum Mol 
Genet. 1998; 7 (9) 1347–1354. [PubMed: 9700186] 

[25]. Kuentzel KB, Bradić I, Akhmetshina A, Korbelius M, Rainer S, Kolb D, Gauster M, Vujić 
N, Kratky D. Defective lysosomal lipolysis causes prenatal lipid accumulation and exacerbates 
immediately after birth. Int J Mol Sci. 2021; 22 (19) 10416 doi: 10.3390/ijms221910416 
[PubMed: 34638755] 

[26]. Leopold C, Duta-Mare M, Sachdev V, Goeritzer M, Maresch LK, Kolb D, Reicher H, Wagner 
B, Stojakovic T, Ruelicke T, Haemmerle G, et al. Hepatocyte-specific lysosomal acid lipase 
deficiency protects mice from diet-induced obesity but promotes hepatic inflammation. Biochim 
Biophys Acta Mol Cell Biol Lipids. 2019; 1864 (4) 500–511. DOI: 10.1016/j.bbalip.2019.01.007 
[PubMed: 30639734] 

[27]. Ioannou GN, Haigh WG, Thorning D, Savard C. Hepatic cholesterol crystals and crown-like 
structures distinguish NASH from simple steatosis. J Lipid Res. 2013; 54 (5) 1326–1334. DOI: 
10.1194/jlr.M034876 [PubMed: 23417738] 

Bradić et al. Page 19

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2026 January 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[28]. Savard C, Tartaglione EV, Kuver R, Haigh WG, Farrell GC, Subramanian S, Chait A, Yeh 
MM, Quinn LS, Ioannou GN. Synergistic interaction of dietary cholesterol and dietary fat in 
inducing experimental steatohepatitis. Hepatology. 2013; 57 (1) 81–92. DOI: 10.1002/hep.25789 
[PubMed: 22508243] 

[29]. Ioannou GN. The role of cholesterol in the pathogenesis of NASH. Trends Endocrinol Metab. 
2016; 27 (2) 84–95. [PubMed: 26703097] 

[30]. Gallage S, Avila JEB, Ramadori P, Focaccia E, Rahbari M, Ali A, Malek NP, Anstee QM, 
Heikenwalder M. A researcher’s guide to preclinical mouse NASH models. Nat Metab. 2022; 4 
(12) 1632–1649. [PubMed: 36539621] 

[31]. Rivera CA, Adegboyega P, van Rooijen N, Tagalicud A, Allman M, Wallace M. Toll-like 
receptor-4 signaling and Kupffer cells play pivotal roles in the pathogenesis of non-alcoholic 
steatohepatitis. J Hepatol. 2007; 47 (4) 571–579. DOI: 10.1016/j.jhep.2007.04.019 [PubMed: 
17644211] 

[32]. Stienstra R, Saudale F, Duval C, Keshtkar S, Groener JE, van Rooijen N, Staels B, Kersten S, 
Muller M. Kupffer cells promote hepatic steatosis via interleukin-1beta-dependent suppression 
of peroxisome proliferator-activated receptor alpha activity. Hepatology. 2010; 51 (2) 511–522. 
[PubMed: 20054868] 

[33]. Clementi AH, Gaudy AM, van Rooijen N, Pierce RH, Mooney RA. Loss of Kupffer cells 
in diet-induced obesity is associated with increased hepatic steatosis, STAT3 signaling, and 
further decreases in insulin signaling. Biochim Biophys Acta. 2009; 1792 (11) 1062–1072. DOI: 
10.1016/j.bbadis.2009.08.007 [PubMed: 19699298] 

[34]. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox J. The Perseus 
computational platform for comprehensive analysis of (prote) omics data. Nat Methods. 2016; 13 
(9) 731–740. [PubMed: 27348712] 

[35]. Bradić I, Kuentzel KB, Honeder S, Grabner GF, Vujić N, Zimmermann R, Birner-Gruenberger 
R, Kratky D. Off-target effects of the lysosomal acid lipase inhibitors Lalistat-1 and Lalistat-2 
on neutral lipid hydrolases. Mol Metab. 2022; 61 101510 doi: 10.1016/j.molmet.2022.101510 
[PubMed: 35504532] 

[36]. Demichev V, Szyrwiel L, Yu F, Teo GC, Rosenberger G, Niewienda A, Ludwig D, Decker J, 
Kaspar-Schoenefeld S, Lilley KS, Mülleder M, et al. dia-PASEF data analysis using FragPipe 
and DIA-NN for deep proteomics of low sample amounts. Nat Commun. 2022; 13 (1) 3944 doi: 
10.1038/s41467-022-31492-0 [PubMed: 35803928] 

[37]. Demichev V, Messner CB, Vernardis SI, Lilley KS, Ralser M. DIA-NN: neural networks and 
interference correction enable deep proteome coverage in high throughput. Nat Methods. 2020; 
17 (1) 41–44. DOI: 10.1038/s41592-019-0638-x [PubMed: 31768060] 

[38]. Perez-Riverol Y, Bai J, Bandla C, García-Seisdedos D, Hewapathirana S, Kamatchinathan S, 
Kundu DJ, Prakash A, Frericks-Zipper A, Eisenacher M, Walzer M, et al. The PRIDE database 
resources in 2022: a hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res. 
2022; 50 (D1) D543–d552. DOI: 10.1093/nar/gkab1038 [PubMed: 34723319] 

[39]. Mildner A, Marinkovic G, Jung S. Murine monocytes: origins, subsets, fates, and functions, 
microbiology. Spectrum. 2016; 4 (5) [PubMed: 27780020] 

[40]. Lefere S, Tacke F. Macrophages in obesity and non-alcoholic fatty liver disease: crosstalk 
with metabolism. JHEP Rep. 2019; 1 (1) 30–43. DOI: 10.1016/j.jhepr.2019.02.004 [PubMed: 
32149275] 

[41]. Bradić I, Liesinger L, Kuentzel KB, Vujić N, Trauner M, Birner-Gruenberger R, Kratky D. 
Metabolic changes and propensity for inflammation, fibrosis, and cancer in livers of mice lacking 
lysosomal acid lipase. J Lipid Res. 2023; 64 (9) 100427 doi: 10.1016/j.jlr.2023.100427 [PubMed: 
37595802] 

[42]. de Mingo Pulido Á, de Gregorio E, Chandra S, Colell A, Morales A, Kronenberg M, Marí 
M. Differential role of cathepsins S and B In hepatic APC-mediated NKT cell activation 
and cytokine secretion. Front Immunol. 2018; 9 doi: 10.3389/fimmu.2018.00391 [PubMed: 
29541077] 

[43]. Priya A, Sugatha J, Parveen S, Lacas-Gervais S, Raj P, Gilleron J, Datta S. Essential and selective 
role of SNX12 in transport of endocytic and retrograde cargo. J Cell Sci. 2017; 130 (16) 2707–
2721. [PubMed: 28705836] 

Bradić et al. Page 20

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2026 January 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[44]. Carotti S, Aquilano K, Valentini F, Ruggiero S, Alletto F, Morini S, Picardi A, Antonelli-Incalzi 
R, Lettieri-Barbato D, Vespasiani-Gentilucci U. An overview of deregulated lipid metabolism 
in nonalcoholic fatty liver disease with special focus on lysosomal acid lipase. Am J Physiol 
Gastrointest Liver Physiol. 2020; 319 (4) G469–G480. [PubMed: 32812776] 

[45]. Pajed L, Wagner C, Taschler U, Schreiber R, Kolleritsch S, Fawzy N, Pototschnig I, Schoiswohl 
G, Pusch LM, Wieser BI, Vesely P, et al. Hepatocyte-specific deletion of lysosomal acid lipase 
leads to cholesteryl ester but not triglyceride or retinyl ester accumulation. J Biol Chem. 2019; 
294 (23) 9118–9133. DOI: 10.1074/jbc.RA118.007201 [PubMed: 31023823] 

[46]. Polimeni L, Pastori D, Baratta F, Tozzi G, Novo M, Vicinanza R, Troisi G, Pannitteri G, Ceci 
F, Scardella L, Violi F, et al. Spleen dimensions are inversely associated with lysosomal acid 
lipase activity in patients with non-alcoholic fatty liver disease. Intern Emerg Med. 2017; 12 (8) 
1159–1165. [PubMed: 28900817] 

[47]. Civallero G, De Mari J, Bittar C, Burin M, Giugliani R. Extended use of a selective inhibitor 
of acid lipase for the diagnosis of Wolman disease and cholesteryl ester storage disease. Gene. 
2014; 539 (1) 154–156. [PubMed: 24508470] 

[48]. Kamps JA, Kruijt JK, Kuiper J, Van Berkel TJ. Uptake and degradation of human low-density 
lipoprotein by human liver parenchymal and Kupffer cells in culture. Biochem J. 1991; 276 (Pt 1) 
135–40. DOI: 10.1042/bj2760135 [PubMed: 1903931] 

[49]. Liu G, Xu J-N, Liu D, Ding Q, Liu M-N, Chen R, Fan M, Zhang Y, Zheng C, Zou D-J, Lyu J, et 
al. Regulation of plasma lipid homeostasis by hepatic lipoprotein lipase in adult mice [S]. J Lipid 
Res. 2016; 57 (7) 1155–1161. DOI: 10.1194/jlr.M065011 [PubMed: 27234787] 

[50]. Yan C, Lian X, Li Y, Dai Y, White A, Qin Y, Li H, Hume DA, Du H. Macrophage-specific 
expression of human lysosomal acid lipase corrects inflammation and pathogenic phenotypes in 
lal −/− mice. Am J Pathol. 2006; 169 (3) 916–926. DOI: 10.2353/ajpath.2006.051327 [PubMed: 
16936266] 

[51]. Gravito-Soares M, Gravito-Soares E, Gomes D, Tome L. Lysosomal acid lipase: can it be a new 
non-invasive serum biomarker of cryptogenic liver fibrosis and cirrhosis?. Ann Hepatol. 2019; 18 
(1) 78–88. [PubMed: 31113613] 

[52]. Korbelius M, Kuentzel KB, Bradic I, Vujic N, Kratky D. Recent insights into lysosomal acid 
lipase deficiency. Trends Mol Med. 2023; 29 (6) 425–438. DOI: 10.1016/j.molmed.2023.03.001 
[PubMed: 37028992] 

[53]. Itoh M, Kato H, Suganami T, Konuma K, Marumoto Y, Terai S, Sakugawa H, Kanai S, 
Hamaguchi M, Fukaishi T, Aoe S, et al. Hepatic crown-like structure: a unique histological 
feature in non-alcoholic steatohepatitis in mice and humans. PLoS One. 2013; 8 (12) e82163 doi: 
10.1371/journal.pone.0082163 [PubMed: 24349208] 

[54]. Asanuma T, Ono M, Kubota K, Hirose A, Hayashi Y, Saibara T, Inanami O, Ogawa Y, Enzan 
H, Onishi S, Kuwabara M, et al. Super paramagnetic iron oxide MRI shows defective Kupffer 
cell uptake function in non-alcoholic fatty liver disease. Gut. 2010; 59 (2) 258–266. [PubMed: 
19919948] 

[55]. Liu R, Scimeca M, Sun Q, Melino G, Mauriello A, Shao C, Francesca B, Pierluigi B, Eleonora 
C, Valentina R, Giuseppe S, et al. Harnessing metabolism of hepatic macrophages to aid liver 
regeneration. Cell Death Dis. 2023; 14 (8) 574. doi: 10.1038/s41419-023-06066-7 [PubMed: 
37644019] 

[56]. Ioannou GN, Subramanian S, Chait A, Haigh WG, Yeh MM, Farrell GC, Lee SP, Savard C. 
Cholesterol crystallization within hepatocyte lipid droplets and its role in murine NASH. J Lipid 
Res. 2017; 58 (6) 1067–1079. DOI: 10.1194/jlr.M072454 [PubMed: 28404639] 

[57]. Roeb E. Matrix metalloproteinases and liver fibrosis (translational aspects). Matrix Biol. 2018; 
68-69: 463–473. [PubMed: 29289644] 

[58]. Vilarinho S, Ajmera V, Zheng M, Loomba R. Emerging role of genomic analysis in clinical 
evaluation of lean individuals with NAFLD. Hepatology. 2021; 74 (4) 2241–2250. DOI: 10.1002/
hep.32047 [PubMed: 34233030] 

[59]. Reid DT, Reyes JL, McDonald BA, Vo T, Reimer RA, Eksteen B. Kupffer cells undergo 
fundamental changes during the development of experimental NASH and are critical in 
initiating liver damage and inflammation. PLoS One. 2016; 11 (7) e0159524 doi: 10.1371/
journal.pone.0159524 [PubMed: 27454866] 

Bradić et al. Page 21

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2026 January 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



[60]. Huang W, Metlakunta A, Dedousis N, Zhang P, Sipula I, Dube JJ, Scott DK, O’Doherty RM. 
Depletion of liver Kupffer cells prevents the development of diet-induced hepatic steatosis 
and insulin resistance. Diabetes. 2010; 59 (2) 347–357. DOI: 10.2337/db09-0016 [PubMed: 
19934001] 

[61]. Bader JE, Enos RT, Velazquez KT, Carson MS, Sougiannis AT, McGuinness OP, Robinson CM, 
Murphy EA. Repeated clodronate-liposome treatment results in neutrophilia and is not effective 
in limiting obesity-linked metabolic impairments. Am J Physiol Endocrinol Metab. 2019; 316 (3) 
E358–E372. DOI: 10.1152/ajpendo.00438.2018 [PubMed: 30576244] 

[62]. Schlager S, Vujic N, Korbelius M, Duta-Mare M, Dorow J, Leopold C, Rainer S, Wegscheider 
M, Reicher H, Ceglarek U, Sattler W, et al. Lysosomal lipid hydrolysis provides substrates for 
lipid mediator synthesis in murine macrophages. Oncotarget. 2017; 8 (25) 40037–40051. DOI: 
10.18632/oncotarget.16673 [PubMed: 28402950] 

[63]. Morita Y, Araki H, Sugimoto T, Takeuchi K, Yamane T, Maeda T, Yamamoto Y, Nishi K, 
Asano M, Shirahama-Noda K, Nishimura M, et al. Legumain/asparaginyl endopeptidase controls 
extracellular matrix remodeling through the degradation of fibronectin in mouse renal proximal 
tubular cells. FEBS Lett. 2007; 581 (7) 1417–1424. [PubMed: 17350006] 

[64]. Solberg R, Smith R, Almlöf M, Tewolde E, Nilsen H, Johansen HT. Legumain expression, 
activity and secretion are increased during monocyte-to-macrophage differentiation and inhibited 
by atorvastatin. Biol Chem. 2015; 396 (1) 71–80. [PubMed: 25205715] 

[65]. De Clercq S, Boucherie C, Vandekerckhove J, Gettemans J, Guillabert A. L-plastin nanobodies 
perturb matrix degradation, podosome formation, stability and lifetime in THP-1 macrophages. 
PLoS One. 2013; 8 (11) e78108 doi: 10.1371/journal.pone.0078108 [PubMed: 24236012] 

[66]. Ricklin D, Reis ES, Lambris JD. Complement in disease: a defence system turning offensive. Nat 
Rev Nephrol. 2016; 12 (7) 383–401. DOI: 10.1038/nrneph.2016.70 [PubMed: 27211870] 

[67]. Davies SP, Reynolds GM, Stamataki Z. Clearance of apoptotic cells by tissue epithelia: a 
putative role for hepatocytes in liver efferocytosis. Front Immunol. 2018; 9: 44. doi: 10.3389/
fimmu.2018.00044 [PubMed: 29422896] 

[68]. Yánez DC, Ross S, Crompton T. The IFITM protein family in adaptive immunity. Immunology. 
2020; 159 (4) 365–372. DOI: 10.1111/imm.13163 [PubMed: 31792954] 

[69]. Walker JA, McKenzie ANJ. TH2 cell development and function. Nat Rev Immunol. 2018; 18 (2) 
121–133. [PubMed: 29082915] 

[70]. Barrow AD, Martin CJ, Colonna M. The natural cytotoxicity receptors in health and disease. 
Front Immunol. 2019; 10: 909. doi: 10.3389/fimmu.2019.00909 [PubMed: 31134055] 

[71]. de Mingo Á, de Gregorio E, Moles A, Tarrats N, Tutusaus A, Colell A, Fernandez-Checa JC, 
Morales A, Marí M. Cysteine cathepsins control hepatic NF-κB-dependent inflammation via 
sirtuin-1 regulation. Cell Death Dis. 2016; 7 (11) e2464 doi: 10.1038/cddis.2016.368 [PubMed: 
27831566] 

[72]. Zuo T, Xie Q, Liu J, Yang J, Shi J, Kong D, Wang Y, Zhang Z, Gao H, Zeng DB, Wang X, et al. 
Macrophage-derived cathepsin S remodels the extracellular matrix to promote liver fibrogenesis. 
Gastroenterology. 2023; 165 (3) 746–761. e16 [PubMed: 37263311] 

[73]. De Pasquale V, Moles A, Pavone LM. Cathepsins in the pathophysiology of 
mucopolysaccharidoses: new perspectives for therapy. Cells. 2020; 9 (4) 979. doi: 10.3390/
cells9040979 [PubMed: 32326609] 

Bradić et al. Page 22

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2026 January 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 1. Hepatosplenomegaly and an increased number of macrophages in hepLal−/− mice fed a 
HF/HCD.
(A) Body weight (n = 5–6) and (B) weight of subcutaneous white adipose tissue (sWAT), 

perigonadal WAT (pWAT), brown adipose tissue (BAT), liver, intestine, and spleen of 4-h 

fasted WT and hepLal−/− mice injected i.p. with PBS- or clodronate (Clod)-liposomes (n = 

4–6). (C) mRNA expression of macrophage-related genes in the liver of WT and hepLal−/− 

mice (n = 3–7). (D) Western blots of CD68 and CLEC4F protein expression and their 

densitometric analyses in livers of WT + PBS (black box), WT + Clod (black border), 

hepLal−/− + PBS (magenta box), and hepLal−/− + Clod (magenta border) normalized to 

B-ACTIN and represented as arbitrary units (AU) (n = 3). Statistically significant differences 
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were calculated by 2-way ANOVA followed by Tukey post-hoc test. *p < 0.05, **p ≤ 0.01, 

***p ≤ 0.001 for comparisons between different genotypes with the same treatment (WT + 

PBS vs hepLal−/− + PBS and WT + Clod vs hepLal−/− + Clod); #p < 0.05, ##p ≤ 0.01, ###p 

≤ 0.001 for comparisons between different treatments of the same genotypes (WT + PBS vs 

WT + Clod and hepLal−/− + PBS vs hepLal−/− + Clod). Data represent mean values + SD. 

(For interpretation of the references to color in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 2. HF/HCD-fed hepLal−/− mice are more prone to liver injury than WT mice independent of 
KC depletion.
(A) mRNA expression of fibrosis-related genes in livers of 4-h fasted WT and hepLal−/− 

mice injected i.p. with PBS- or clodronate (Clod)-liposomes (n = 4–7). (B) H&E (scale 

bar, 200 μm) and Sirius red staining (scale bar, 100 μm) of liver sections. (C) Hepatic 

collagen concentrations (n = 3–5). (D) Plasma alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) concentrations (n = 4–6). (E) White blood cell (WBC), lymphocyte 

(LYMPH), granulocyte (GRAN), and monocyte (MON) counts (n = 3–4). (A, C, D) 

Statistically significant differences were calculated by 2-way ANOVA followed by Tukey 

post-hoc test. (E) Statistically significant differences were calculated by 1-way ANOVA 

followed by Bonferroni post-hoc test. **p ≤ 0.01 and ***p ≤ 0.001 for comparisons between 
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different genotypes with the same treatment (WT + PBS vs hepLal−/− + PBS and WT + 

Clod vs hepLal−/− + Clod); #p < 0.05 and ###p ≤ 0.001 for comparisons between different 

treatments of the same genotypes (WT + PBS vs WT + Clod and hepLal−/− + PBS vs 

hepLal−/− + Clod). (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 3. Altered liver lipid metabolism in HF/HCD-fed hepLal−/− mice.
Livers were isolated from 4-h fasted WT and hepLal−/− mice injected i.p. with PBS- or 

clodronate (Clod)-liposomes. mRNA expression of genes involved in (A) lipid synthesis 

(n = 5–7), (B) fatty acid oxidation (n = 4–7), (C) lipid transport (n = 4–7), and (D) lipid 

degradation (n = 4–7). (E) Quantification of triacylglycerol (TG), total cholesterol (TC), free 

cholesterol (FC), and cholesteryl ester (CE) concentrations (n = 3–4). Statistically significant 

differences were calculated by 2-way ANOVA followed by Tukey post-hoc test. *p < 0.05, 

**p ≤ 0.01, ***p ≤ 0.001 for comparisons between different genotypes with the same 
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treatment (WT + PBS vs hepLal−/− + PBS and WT + Clod vs hepLal−/− + Clod); #p < 0.05 

and ##p ≤ 0.01 for comparisons between different treatments of the same genotypes (WT + 

PBS vs WT + Clod and hepLal−/− + PBS vs hepLal−/− + Clod).
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Fig. 4. Unchanged LAL protein expression and activity in HF/HCD-fed hepLal−/− mice.
Livers were isolated from 4-h fasted WT and hepLal−/− mice injected i.p. with 3 doses of 

PBS- or clodronate (Clod)-liposomes. (A) Western blot of LAL and densitometric analyses 

in livers of WT + PBS (black box), WT + Clod (black border), hepLal−/− + PBS (magenta 

box), and hepLal−/− + Clod (magenta border) normalized to α-tubulin and represented 

as arbitrary units (AU) (n = 3). (B, D) Hepatic TG hydrolase (TGH) and (C, E) CE 

hydrolase (CEH) activities at (B, C) pH 4.5 (n = 4–6) and (D, E) pH 7 (n = 4–6). (F) 

Immunofluorescence staining for LAL (red) and CD68 (green), nuclei are stained for DAPI 
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(blue); magnification, 10×. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.)
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Fig. 5. Hepatocyte-specific loss of LAL affects plasma lipid and lipoprotein profiles in HF/HCD-
fed mice.
Plasma and pWAT were isolated after 4 h of fasting from HF/HCD-fed WT and hepLal−/

− mice injected i.p. with 3 doses of PBS- or clodronate (Clod)-liposomes. (A) Plasma 

TG, TC, FC, and CE concentrations (n = 3–6). (B) Lipoprotein profiles (very low-density 

lipoprotein (VLDL), low-density lipoprotein (LDL), high-density lipoprotein (HDL)) of TC 

after separation by fast performance liquid chromatography of pooled plasma (mean of 

two independent measurements with total pooled samples n = 4–6). Statistically significant 

differences were calculated by 2-way ANOVA followed by Tukey post-hoc test. *p < 0.05 

and **p ≤ 0.01 for comparisons between different genotypes with the same treatment (WT + 

PBS vs hepLal−/− + PBS and WT + Clod vs hepLal−/− + Clod). p < 0.05 for comparisons 

between different treatments of the same genotypes (WT + PBS vs WT + Clod and hepLal−/

− + PBS vs hepLal−/− + Clod).
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Fig. 6. Hepatocyte-specific LAL-D triggers liver proteome changes in HF/HCD-fed mice.
Livers were isolated from 4-h fasted WT and hepLal−/− mice injected i.p. with 3 

doses of PBS- or clodronate (Clod)-liposomes. (A) Principal component analysis plot. 

Heatmap of z-scored significantly changed proteins between (B) hepLal−/− and WT, (C) 

interaction, and (D) PBS- vs Clod-treated mice. Proteins marked with red are associated 

with inflammation. Significantly changed proteins were determined with 2-way ANOVA and 

Benjamini-Hochberg FDR correction (FDR < 0.05). (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Hepatocyte-specific LAL-D dysregulates multiple lipid metabolism-related KEGG terms 
and impairs expression of proteins involved in lipoprotein metabolism in HF/HCD-fed mice.
Top 20 KEGG pathways highest enriched in livers of (A) hepLal−/− and (B) WT mice. (C) 

Heatmap showing z-scored intensities of significantly changed proteins between hepLal−/− 

and WT livers annotated to lipoprotein-related gene ontology biological process (GOBP) 

terms. Significance was determined with (A, B) Fisher exact test and Benjamini-Hochberg 

FDR correction set at under 0.02 or with (C) 2-way ANOVA and Benjamini-Hochberg FDR 

correction (FDR < 0.05).
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Fig. 8. Hepatocytes from HF/HCD-fed hepLal−/− mice accumulate cholesterol and have 
impaired expression of genes involved in lipid transport and degradation.
Hepatocyte- and non-parenchymal cell-enriched fractions were isolated from WT and 

hepLal−/− mice fed either chow or HF/HCD. Quantification of (A) TG, (B) TC, and (C) CE 

concentrations (n = 5). (D) Hepatocyte CE hydrolase (CEH) activity at pH 4.5 (n = 3–5). (E–

J) mRNA expression of lipid metabolism-related genes in hepatocyte- and non-parenchymal 

cell-enriched fractions (n = 3–5). Statistically significant differences were calculated by (A, 

B, D) 2-way ANOVA followed by Tukey post-hoc test, (C) 2-tailed Student’s t-tests, or 
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(E–J) 3-way ANOVA followed by Tukey post-hoc test. *p < 0.05, **p ≤ 0.01, and ***p ≤ 

0.001.
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