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Kupffer cells are protective in alcoholic steatosis☆ 
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A B S T R A C T   

Massive accumulation of lipids is a characteristic of alcoholic liver disease. Excess of hepatic fat activates Kupffer 
cells (KCs), which affect disease progression. Yet, KCs contribute to the resolution and advancement of liver 
injury. Aim of the present study was to evaluate the effect of KC depletion on markers of liver injury and the 
hepatic lipidome in liver steatosis (Lieber-DeCarli diet, LDC, female mice, mixed C57BL/6J and DBA/2J back
ground). LDC increased the number of dead hepatocytes without changing the mRNA levels of inflammatory 
cytokines in the liver. Animals fed LDC accumulated elevated levels of almost all lipid classes. KC ablation 
normalized phosphatidylcholine and phosphatidylinositol levels in LDC livers, but had no effect in the controls. A 
modest decline of trigylceride and diglyceride levels upon KC loss was observed in both groups. Serum amino
transferases and hepatic ceramide were elevated in all animals upon KC depletion, and in particular, cytotoxic 
very long-chain ceramides increased in the LDC livers. Meta-biclustering revealed that eight lipid species 
occurred in more than 40% of the biclusters, and four of them were very long-chain ceramides. KC loss was 
further associated with excess free cholesterol levels in LDC livers. Expression of inflammatory cytokines did, 
however, not increase in parallel. In summary, the current study described a function of KCs in hepatic ceramide 
and cholesterol metabolism in an animal model of LDC liver steatosis. High abundance of cytotoxic ceramides 
and free cholesterol predispose the liver to disease progression suggesting a protective role of KCs in alcoholic 
liver diseases.   

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CE, cholesteryl ester; Clec4f, C-Type Lectin Domain Family 4 Member F; DG, 
diglycerides; Elovl6, fatty acid elongase 6; Fasn, fatty acid synthase; Hmgcr, 3-hydroxy-3-methylglutaryl coenzyme A reductase; Il, interleukin; KC, Kupffer cells; LDC, 
Lieber-DeCarli diet; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; MU, monounsaturated; PC, phosphatidylcholine; PE, phosphatidylethanol
amine; PI, phosphatidylinositol; PS, phosphatidylserine; PU, polyunsaturated; TG, triglycerides; Scd1, stearoyl-CoA desaturase 1; UMAP, Uniform Manifold 
Approximation and Projection. 

☆ Loss of Kupffer cells in alcoholic steatosis is associated with increased hepatic ceramide and free cholesterol levels 
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1. Introduction 

Ethanol abuse causes alcoholic liver disease ranging from fatty liver 
to hepatitis, liver fibrosis and cirrhosis [1,2]. Steatosis is the initial stage 
of alcoholic liver disease and is reversible with the abstinence from 
ethanol [1]. Disturbed hepatic lipid metabolism is a key feature of 
alcoholic liver disease, and liver steatosis is a risk factor for progressive 
liver damage [1]. 

Alcohol consumption is more prevalent in males, but the incidence is 
increasing in women [3,4]. Females respond differentially to toxins than 
men and are more susceptible to alcoholic liver injury [5]. Thus, liver 
steatosis and fibrosis have been reported to be higher in female than 
male mice exposed to ethanol for 4 weeks [6]. Most animal studies used 
male mice and adequate inclusion of female animals is essential to better 
understand disease pathology in both genders [7]. 

Metabolic dysfunction is a common cause of liver steatosis and a 
major risk factor for non-alcoholic fatty liver disease (NAFLD). Patients 
who have NAFLD and an excessive alcohol consumption have a higher 
risk to develop progressive liver disease. Prevalence of NAFLD is up to 
30% in Western countries, and about 5% of adults in the United States 
have alcoholic fatty liver. Thus, 0.84% of the Americans have both, 
alcoholic and metabolic liver disease [8]. Alcoholic liver disease and 
NAFLD both range from steatosis to inflammation and to cirrhosis. 
Presence of metabolic syndrome increases the progression of alcoholic 
liver disease and alcohol intake promotes the advancement of NAFLD 
[9]. A significant overlap in disease pathogenesis exists, and in 2020 it 
was proposed to replace NAFLD by metabolic (dysfunction) associated 
fatty liver disease (MAFLD) [10]. In comparison to NAFLD, MAFLD does 
not require the exclusion of patients with excessive alcohol intake or 
viral hepatitis [8]. Notably, there are also considerable differences be
tween alcoholic and non-alcoholic liver diseases, and these are related to 
functions associated with the immune response [9]. In alcoholics un
saturated rather than saturated dietary fats seem to be harmful sug
gesting that lipid metabolism may vary as well [11,12]. 

About 60 to 90% of patients with ethanol abuse have liver steatosis, 
and triglycerides accumulate in the liver [13,14]. Ethanol increases the 
hepatic uptake and synthesis of fatty acids and inhibits lipid oxidation, 
and this ultimately results in liver steatosis [1]. Ethanol consumption, 
moreover, induces adipose tissue dysfunction, thereby enhancing 
lipolysis in fat tissues and deposition of these fatty acids in peripheral 
organs, such as the liver [15]. Inflamed adipose tissues releases in
flammatory cytokines and adipokines, which further advance liver 
injury [16–19]. 

Regarding that steatosis is a risk factor for progressive liver damage 
[1], detailed analysis of the hepatic lipidome may give important in
sights into the pathology of alcoholic liver disease. 

Ceramides are bioactive sphingolipids that can induce apoptosis and 
modulate insulin signaling [20]. Hepatic ceramide levels were found 
increased in the human alcoholic liver [21]. In a rodent model using 
male Long Evans rats, higher hepatic concentrations of long-chain 
ceramides were described [22]. Upregulation of ceramide levels upon 
alcohol feeding was, however, not observed in a separate experimental 
study, which analyzed C57BL/6 mice [23]. 

Chronic ethanol consumption further increased hepatic cholesterol 
levels in deer mice. Notably, accumulation of esterified cholesterol and 
triglycerides was only observed in alcoholic dehydrogenase deficient 
animals [24]. In male C57BL/6 mice, where ethanol was applied by 
intragastric feeding, hepatic free cholesterol levels, and thus total 
cholesterol amount, even declined [25]. Notably, in male C57BL/6 mice 
and rats hepatic cholesterol levels were nevertheless found to increased 
upon chronic ethanol infusion [26]. 

Phosphatidylcholine (PC) regulates cholesterol trafficking pathways 
and feeding baboons ethanol combined with PC protected against liver 
fibrosis [27,28]. Rodent studies indeed described that hepatic PC levels 
declined in alcoholic liver disease [14,24]. The cholesterol/PC ratio in 
plasma membranes is essential for cell viability and cell signaling [27], 

and was disturbed in alcoholic liver disease [14,24,29]. 
It was also reported that C18:0 and C22:6 containing lipids increased 

in livers of mice fed the Lieber-DeCarli (LDC) diet, which represents a 
widely used model to investigate alcoholic liver disease [1,30]. Several 
studies identified a shift towards unsaturated acyl chains in rodent 
alcoholic liver, and levels of monounsaturated and polyunsaturated 
lipids were elevated [1]. Accumulation of unsaturated fat contributes to 
oxidative stress and progressive liver damage [20] and may promote 
liver injury. 

Results regarding cholesterol and ceramide levels in murine alco
holic steatosis are disconcordant [25,26]. Age, gender, genetic, and 
environmental factors, which may all also affect the microbiome, are of 
key importance in the regulation of the hepatic lipid composition 
[14,31,32], and also have to be considered in experimental models for 
alcoholic liver diseases [33]. C57BL/6J and DBA/2J mice are commonly 
used mouse strains, greatly vary genetically and differently respond to 
alcohol [34–36]. Hybrid mice of these two strains are more resistant to 
diseases, live longer and have larger litters [37]. The better physical 
condition of these animals may be an advantage over the inbred pro
genitor strains when studying alcoholic liver disease. 

Ethanol abuse increases gut permeability and facilitates trans
location of bacterial components, such as lipopolysaccharide [38]. 
When Kupffer cells (KC), the resident macrophages of the liver, are 
exposed to these bacterial products, they become activated, produce 
pro-inflammatory cytokines, chemokines, and reactive oxygen species, 
which finally progress liver damage [38–40]. Agents that block pro- 
inflammatory pathways in KCs accordingly alleviated alcoholic liver 
diseases [38]. Depletion of KCs reduced hepatic injury in a murine 
model for early ethanol-induced hepatitis [41]. Steatosis, necrosis, and 
inflammation scores were all improved in KC depleted animal models of 
alcoholic liver disease [42]. 

KCs have a central function in lipid metabolism. Cholesterol and 
cholesteryl ester (CE) levels of KCs are high in comparison to paren
chymal liver cells [43]. These cells react to lipids, such as ceramides, and 
moreover, contribute to liver steatosis [44,45]. 

The effect of KC depletion on the hepatic lipidome of mice with liver 
steatosis has not been studied in very detail so far. To the best of our 
knowledge, no data are available in the literature, which undertook a 
lipidomic profiling of Kupffer cell depleted livers, neither under normal 
diet nor upon a steatosis-inducing diet. Here, female mice were fed the 
LDC diet or a control chow for 6 weeks (Fig. 1). Phosphate buffered 
saline as control or clodronate liposomes were administered by intra
peritoneal injection. Liver lipids were quantified by mass spectrometry. 
LDC feeding induced hepatic triglyceride and cholesterol amounts, and 
levels of these lipids were not grossly changed upon KC deficiency. 
Unexpectedly, KC loss increased hepatic long-chain ceramide and free 
cholesterol levels in LDC treated mice, suggesting a protective role of 
KCs in alcoholic steatosis. 

2. Materials and methods 

2.1. Animal experiments 

Animal studies were approved by of the local animal welfare com
mittee of Saarland University (permission number: 38/2013). Mice were 
housed in a 12/12 h light/dark cycle under constant conditions (tem
perature: 22 ± 2 ◦C; relative humidity: 55 ± 10%) with food and water 
ad libitum. Female mice on mixed genetic background, i.e. C57BL/6J and 
DBA/2J, were randomly divided into the experimental groups at the age 
of 3 weeks. The control group received normal chow (#1320, Altromin, 
Lage, Germany). The other group was fed the Lieber-DeCarli 
(#F1258SP, BioServ, Flemington, NJ, USA) diet as the only food 
source. The compositions of these diets are given in Table S1. 

The LDC diet was prepared based on the manufacturer's instructions 
and Bertola et al. [46] with a magnetic stirrer and a magnetic stir bar. To 
one-third of the dry mix one-third of warm water was added, and mixed 
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until the product dispersed. This step was repeated, ethanol was added, 
and the product was dispensed into liquid diet feeding tubes (#13260, 
BioServ, Flemington, NJ, USA). Mice were accustomed to the liquid diet 
without ethanol for 1 week. Afterwards, the ethanol concentration was 
raised stepwise by 1% to a final concentration of 5% according to Fen
gler et al. [47]. Due to unexpected spontaneous death events, the 
ethanol concentration was decreased to 4% during the feeding period 
(Table 1). In addition to the diet, animals were injected intraperitoneally 
with either sterile PBS (#9872, Cell Signaling, Danvers, MA, USA) or 
clodronate liposomes (Liposoma B.V., Amsterdam, Netherlands) ac
cording to an injection volume of 10 μl per mg body weight. Liposomes 
were resuspended in sterile PBS to a final concentration of 5 mg/ml 
clodronate in the suspension. 2 to 3 days prior to the onset of the control 
or LDC diet, injections were started and repeated every 5 to 7 days until 
mice were sacrificed at the age of 9 weeks. Total number of animals in 
the different diet and treatment groups are shown in Table 1. 

2.2. Serum parameters 

Whole blood was collected in 1.1 ml Z-Gel microtubes 
(#41.1500.005, Sarstedt, Nümbrecht, Germany), incubated for 1 h at 

room temperature and centrifuged for 10 min at 6000 ×g and 4 ◦C. The 
supernatant was transferred into a fresh tube and stored at − 80 ◦C until 
measurement. Serum levels of alanine aminotransferase (ALT), aspar
tate aminotransferase (AST), cholesterol, glucose, and triglycerides 
(TGs) were determined by the Cobas®8000 Modular Analyzers using 
Roche® reagents. The serum was diluted with 0.9% NaCl prior to 
analysis. 

2.3. Measurement of endotoxins 

Serum endotoxins were measured using the EndoZyme® II Recom
binant Factor C (rFC) Assay (#890030, Lot# 18238, Hyglos GmbH, 
Bernried am Starnberger See, Germany). In contrast to the classical 
Limulus Amebocyte Lysate (LAL) test, a recombinant Factor C (rFC) 
assay has a higher specificity and sensitivity [48]. Still, sera might 
contain assay inhibitors, making endotoxin detection challenging, 
which is why heating and diluting was performed as recommended for 
patient sera [49]. For analysis of endotoxin levels serum of the mice was 
diluted 1:500 in endotoxin-free water and preheated for 15 min at 75 ◦C, 
as recommended by the manufacturer. For spike recovery, exogenous 
LPS (0.1 EU/ml) was added. The assay was performed according to the 
manufacturer's protocol. Samples with a recovery rate lower than 50% 
were excluded from the analysis. 

2.4. Isolation of RNA and qPCR 

Snap-frozen liver tissue was homogenized by using a high- 
performance dispenser (T25 digital IKA® ULTRA-TURRAX® dis
persers). Subsequently, total RNA was extracted in 600 μl Qiazol® lysis 
reagent (#79306, Qiagen, Hilden, Germany) based on the manufac
turer's instructions. DNase I digestion was performed with the Ambion 
DNA-free™ kit (#AM1906, Invitrogen by Thermo Fisher Scientific, 
Carlsbad, CA, USA) and RNA concentrations were determined using the 
Thermo Scientific NanoDrop Lite Spectrophotometer (Wilmington, DE, 
USA). 500–1000 ng of RNA was reverse transcribed into cDNA using the 

Fig. 1. Overview of the experimental workflow. Design of the lipidomic study displaying all experimental groups. Co: control diet, sham injections (PBS); Co+Clo: 
control diet, injections of clodronate (Clo) liposomes; LDC: Lieber-DeCarli diet, sham injections (PBS); LDC+Clo: Lieber-DeCarli diet, injections of clodronate li
posomes; Lower panel: sample processing for lipidomics and bioinformatic analysis. Graphic was created with BioRender.com. 

Table 1 
Feeding and treatment conditions of all experimental groups. Mice were fed 
either regular chow (Co) or the liquid ethanol Lieber-DeCarli diet (LDC) and 
underwent i.p. injections of sterile PBS or clodronate liposomes.   

Co Co + Clo LDC LDC + Clo 

Injections every 5–7 days PBS Clo PBS Clo 
+ regular chow 10 12 – – 
+ 22 days 5% + 7 days 4% EtOH – – 1 1 
+ 12 days 5% + 17 days 4% EtOH – – 1 – 
+ 6 days 5% + 23 days 4% EtOH – – 2 2 
+ 29 days 4% EtOH – – 9 8 
Animals per experimental group 10 12 13 11 
Total number of animals 59 

PBS: Phosphate Buffered Saline; Clo: clodronate liposomes; EtOH: ethanol. 

N. Köhler et al.                                                                                                                                                                                                                                  

http://BioRender.com


BBA - Molecular Basis of Disease 1868 (2022) 166398

4

high-capacity cDNA reverse transcription kit (#4368814, Applied Bio
systems by Thermo Fisher Scientific, Vilnius, Lithuania) with an RNase 
inhibitor (RNaseOUT™, #10777019, Invitrogen by Thermo Fisher Sci
entific) according to the manufacturers' protocol. qPCR was performed 
using 5× HOT FIREPol® EvaGreen® qPCR Mix Plus (Solis BioDyne, 
Tartu, Estonia) according to the manufacturer's instructions to amplify 
the following transcripts (for: forward primer, rev: reverse primer): 

ApoA4 (for: TACGTTGCTGATGGGGTGC, rev: ATCATGCGGTCACG
TAGGTC), Clec4f (for: CTTCGGGGAAGCAACAACTC, rev: CAAG
CAACTGCACCAGAGAAC), Elovl6 (for: ACAATGGACCTGTCAGCAAA, 
rev: GTACCAGTGCAGGAAGATCAGT), Emr1 (F4/80, for: CTTTGGCTA 
TGGGCTTCCAGTC, rev: GCAAGGAGGACAGAGTTTATCGTG), Fasn (for: 
GGCTGCTACAAACAGACCAT, rev: CACGGTAGAAAAGGCTCAGT), 
Hmgcr (for: ATCCAGGAGCGAACCAAGAGAG, rev: CAGAAGCCCCAAG
CACAAAC), Il1b (for: GAGAGCCTGTGTTTTCCTCC, rev: GATGCTGCC
TAATGTCCC), Il6 (for: AAGAAATGATGGATGCTACCAAACTG, rev: 
GTACTCCAGAAGACCAGAGGAAATT), Scd1 (for: GATCTCCAGTTCT
TACACGACCAC, rev: CTTTCATTTCAGGACGGATGTCT), Tnf (for: 
CCATTCCTGAGTTCTGCAAAGG, rev: AGGTAGGAAGGCCTGAGATCTT 
ATC), Tsc22d3 (Gilz) (for: GGGATGTGGTTTCCGTTAAACTGGA, rev: 
TGCTCAATCTTGTTGTCTAGGGCCA). 

Three housekeeping genes (18S rRNA, cyclophilin (Ppia), and casein 
kinase 2 alpha 2 (Csnk2a2)) were tested using the GeNorm tool and 
Normfinder [50,51] Csnk2a2 was best suited as housekeeper and was 
amplified with the primers for: GTAAAGGACCCTGTGTCAAAG, rev: 
GTCAGGATCTGGTAGAGTTGCT. 

All samples and standards were analyzed in triplicates and melting 
curve analysis was performed as a quality control. 

2.5. Histology and staining 

2.5.1. Sudan III 
Unfixed samples were cut on a Leica CM1950 cryostat at 8 μm, 

mounted onto TOMO IHC adhesive glass slides (Matsunami) and air- 
dried. Then, they were fixed in 4% neutral-buffered formaldehyde for 
10 min and then briefly washed in aqua dest. After 1 min in 50% EtOH 
the slides were transferred into a Sudan III solution for 15 min. 

The solution was made by adding 100 ml hot 70% EtOH to 0.25 g 
Sudan III (Scharlau), letting it incubate over night at 50 ◦C while mixing, 
and then, after letting it cool off, filtrating it. 

The slides were briefly washed in 50% EtOH and aqua dest. Finally, it 
was counterstained for 5 min, each, in haematoxylin (Sanova) and tap 
water and then coverslipped with Aquatex (Merck). 

2.5.2. Oil Red O 
Unfixed samples were cut on a Leica CM1950 cryostat at 8 μm, 

mounted onto TOMO IHC adhesive glass slides (Matsunami) and air- 
dried. Then, they were fixed in 4% neutral buffered formaldehyde for 
10 min and then briefly washed in aqua dest, after which they were 
treated with 60% isopropyl alcohol for 5 min and transferred to the Oil 
Red O solution for 10 min. 

The Oil Red O stock solution was made by dissolving 0.5 g Oil Red O 
(Fluka) in 100 ml 99% isopropyl alcohol. To ready it for usage it was 
diluted 3:2 with aqua dest and filtrated after 24 h. 

The slides were washed in both 60% isopropyl alcohol and aqua dest 
and then counterstained in haematoxylin (Sanova) and tap water for 5 
min, each. They were coverslipped with Aquatex (Merck). 

2.6. Extraction and quantification of lipids 

Samples were spiked with internal standards prior to lipid extraction 
(solvent of standards was removed by vacuum centrifugation). An 
amount of 2 mg liver (wet weight) was subjected to lipid extraction 
according to the protocol described by Bligh and Dyer [52] with a total 
chloroform volume of 2 ml. An amount of 0.5 ml of the separated 
chloroform phase was transferred into sample vials by a pipetting robot 

(Tecan Genesis RSP 150, Männedorf, Switzerland) and vacuum dried. 
The residues were dissolved in 1.2 ml chloroform/methanol/2-propanol 
(1:2:4 v/v/v) with 7.5 mM ammonium formiate. Direct flow injection 
analysis with a hybrid quadrupole Orbitrap mass spectrometer or a triple 
quadrupole mass spectrometer were used to quantify lipids, and this was 
described in great detail elsewhere [53–56]. Lipid species were anno
tated as reported [57]. Liver lipids are given as nmol/mg wet weight. 

2.7. Statistical analysis 

Data are summarized with boxplots, which display the median value, 
the range of the values, the lower and upper quartiles. Small circles 
indicate outliers greater than 1.5 times the interquartile range and stars 
outliers greater than 3.0 times the interquartile range. In the case that 
more than one lipid class was shown in a figure, the median values are 
displayed. Statistical analysis was done by Kruskal-Wallis-Test (SPSS 
Statistics 25.0 program, IBM, Leibniz Rechenzentrum, München, 
Germany). 

2.8. Bioinformatic analysis 

For meta-biclustering the following biclustering algorithms were 
used: FABIA [58], ISA [59,60], Qubic [61], Plaid [62]* and Spectral 
[63]* (* implemented in the biclust R package [64]). In contrast to the 
classical one-dimensional clustering, which can either find similar 
samples or similar features, biclustering simultaneously clusters samples 
and features, i.e. lipids in this case, to a subset of the full matrix. The 
applied meta-biclustering approach utilizes the multitude of biclustering 
algorithms developed and their potential to uncover different types of 
relations by constructing a bicluster network, in which each node is a 
bicluster and each edge represents a minimum similarity between the 
two biclusters connected. Edges are computed based on the similarity 
between biclusters with respect to samples and lipids. Optimal similarity 
cutoffs are computed from an error model, which evaluates the chance 
of random bicluster overlap [65]. A detailed description of the imple
mentation can be found in Rose et al. (65). The corresponding package is 
available through Bioconductor as “mosbi”. 

The Louvain method for community detection [66] as implemented 
in the igraph package [67] was used to find densely connected (i.e. 
similar with respect to sample and lipid composition) communities of 
biclusters, which are less connected to biclusters outside the community. 

Communities with less than 4 biclusters composed of at least 5 
samples were excluded to prevent a strong influence of single samples 
and to reduce random effects. Additionally, four bicluster communities 
from the full lipidome data and three from the phospho− /sphingolipid 
only data were not considered due to impurity with respect to sample 
groups. 

3. Results 

3.1. Hepatic expression of macrophage related genes, body weight change, 
serum glucose, and serum lipids of mice with alcoholic liver disease and 
Kupffer cell depletion 

In order to assess the role of KC on alcohol-induced hepatic lipid 
deposition, these cells were depleted [68]. In parallel, mice were either 
fed a regular chow or the Lieber-DeCarli (LDC) diet for 6 weeks (Fig. 1). 
The mRNA levels of the KC specific gene C-Type Lectin Domain Family 4 
Member F (Clec4f) [69,70] were hardly detectable in the liver of KC 
depleted mice confirming successful KC depletion (Fig. 2A). F4/80 
mRNA, which is highly expressed by macrophages [69], was also 
strongly reduced in the mice with KC loss (Fig. 2B). 

Body weight change during the study period was comparable in all of 
the mouse groups (Fig. 2C). Serum glucose was neither altered by diet 
nor KC depletion (Fig. 2D). Mice fed the LDC diet had increased serum 
triglyceride (TG) and cholesterol levels, and this was not modified by KC 

N. Köhler et al.                                                                                                                                                                                                                                  



BBA - Molecular Basis of Disease 1868 (2022) 166398

5

ablation (Fig. 2E, F). 

3.2. Liver weight, aminotransferase levels and hepatic inflammation of 
mice with alcoholic liver disease and Kupffer cell depletion 

Liver weight of mice consuming ethanol was not increased (Fig. 3A). 
Unexpectedly, levels of alanine- and aspartate aminotransferase (ALT, 
AST) (Fig. 3B, C) did not rise in serum of mice fed the LDC diet. ALT and 
AST were higher in the KC depleted animals irrespective of the chow 
(Fig. 3B, C). 

Expression of inflammatory cytokines is regarded as a valuable 
marker of liver inflammation [71]. Tnf, Il6 and Il1b mRNA levels were, 
however, not induced in LDC livers (Fig. 3D - F). The decline of Il6 and 
Il1b mRNA in KC-depleted livers is in line with the high expression of 
these cytokines by macrophages (Fig. 3E, F). Il1b mRNA was, however, 
not changed by KC deficiency in the LDC liver (Fig. 3F). Gene expression 
of the anti-inflammatory regulator glucocorticoid-induced leucine 
zipper (Gilz/Tsc22d3) was found reduced in human alcoholic hepatitis 
[72]. Accordingly, its expression was downregulated in the liver of mice 
fed the LDC diet (Fig. 3G). GILZ is abundant in KCs, and therefore 
declined in the control group when KCs were depleted (Fig. 3G). 

Histologically scored lobular inflammation and infiltration did 

neither change with diet nor KC deficiency (data not shown). Hepato
cyte death was higher in mice fed alcohol irrespective of KC loss 
(Fig. 3H). 

Endotoxin concentrations were 36 (29–79) EU/ml in the sera of 
control mice and 46 (26–89) EU/ml in LDC animals, and therefore, were 
not significantly elevated in the latter group. Quantification of endo
toxin is challenging and does, moreover, not provide information about 
its biologic activity. Thus, functional tests should be performed in the 
future [73]. 

3.3. Hepatic lipidome of mice fed the LDC diet and effect of Kupffer cell 
depletion 

Dimensionality reduction using Uniform Manifold Approximation 
and Projection (UMAP) and hierarchical clustering using Spearman 
correlation as a distance measure visualized global differences between 
the experimental groups, clearly separating controls from LDC samples 
(Fig. 4). Particularly, TG, DG, and CE species were elevated in LDC-fed 
mice, whereas some PC and Cer species were reduced compared to Co 
mice. These unsupervised clustering algorithms showed that KC loss was 
associated with less pronounced changes in lipid composition (Fig. 4). 

Meta-biclustering was used to identify possible differences in the 

Fig. 2. Effect of KC depletion on macrophage genes, body weight change, and serum glucose and lipids in control mice and LDC animals. (A) Expression of Clec4f in 
the liver of control mice (Co) and animals fed alcohol (LDC), and effect of KC depletion (+Clo). (B) F4/80 mRNA in these tissues. (C) Body weight (BW) change of the 
mice. (D) Serum glucose. (E) Serum triglycerides (TG) and (F) serum cholesterol. *p < 0.05, **p < 0.01, ***p < 0.001. 
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lipid signatures between KC-depleted and sham-treated animals within 
one diet. This approach was not only performed on the complete data set 
(Fig. 5A), but also after removing the ubiquitous intracellular storage 
lipids TG, DG, and CE from the analysis (reduced data set, Fig. 5B). Both 
strategies revealed distinct Louvain communities of biclusters discrim
inating all experimental groups (encircled in Fig. 5). 

3.4. Analysis of single lipid classes and genes involved in lipid metabolism 
in the liver of mice with alcoholic liver disease and effect of Kupffer cell 
depletion 

3.4.1. Triglycerides, diglycerides, and cholesterol 
UMAP and hierarchical clustering showed that normal and alcoholic 

liver greatly differed in TG and DG levels (Fig. 4) and this was significant 

for both lipid classes (Fig. 6A, B). According to bicluster analysis, TGs 
were, among all lipids, the most important ones in separating the 
different experimental groups (Fig. 6C, D). 

H&E staining, Oil Red O, and Sudan Red staining of liver slices 
revealed microvesicular steatosis in animals fed the LDC diet (Fig. S1A). 
Steatosis score was significantly induced in the liver of animals fed with 
alcohol (Fig. S1B). 

To describe the more subtle changes caused by KC depletion, lipid 
classes were analyzed separately. KC loss was associated with reduced 
cellular TG and DG concentrations in both groups (Fig. 6A, B). This ef
fect was significant for DG levels in the mice fed the LDC diet (Fig. 6B). 

Lipids are classified as saturated, monounsaturated (MU) and poly
unsaturated (PU) fat [20,74]. Whereas MU-TGs and PU-TGs were 
strongly induced, the low abundant saturated TGs did not change in the 

Fig. 3. Effect of KC depletion on liver 
weight, aminotransferases, hepatic 
inflammation and hepatocyte death in 
control mice and animals fed alcohol. 
(A) Liver weight of control mice (Co) 
and animals fed alcohol (LDC), and ef
fect of KC depletion (+Clo). (B) ALT in 
serum of these mice. (C) AST in serum 
of these mice. (D) Expression of Tnf 
mRNA in the liver. (E) Expression of Il6 
mRNA in the liver. (F) Expression of 
Il1b mRNA in the liver. (G) Expression 
of Tsc22d3 (Gilz) mRNA in the liver. (H) 
Cell death scores in the liver. *p < 0.05, 
**p < 0.01, **p < 0.01, ***p < 0.001.   
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steatotic liver (Fig. 6E, F). Saturated DGs even declined in the liver of 
alcohol fed mice, and MU-DG and PU-DG were induced (Fig. 6G, H). 

Elimination of KCs diminished levels of saturated DGs in the control 
group (Fig. 6G). In the LDC group this intervention had the opposite 
effect, and saturated DGs increased (Fig. 6G). 

Loss of KCs did not change MU-DGs in both groups (Fig. 6H). KC 
ablation did not affect PU-DGs in the control mice but caused a reduction 
of PU-DGs in the alcohol group (Fig. 6H). This illustrates that the LDC 
livers not only accumulate TGs and DGs, but also have modified ratios of 

saturated to unsaturated fats. 
Cholesteryl ester (CE) levels were higher in the LDC liver, and were 

not modified by KCs (Fig. 7A). This applied to saturated, MU-CE, and 
PU-CE species (Fig. 7A). Free cholesterol levels increased in the LDC 
liver upon KC depletion (Fig. 7B). 

HMGCR is the rate-limiting enzyme in cholesterol biosynthesis [20]. 
Hmgcr mRNA levels were similar in all groups (Table 2). Fasn and Scd1 
mRNA expression were reduced by depletion of KCs in the control group 
and also declined upon alcohol feeding (Table 2). Because of a high 

Fig. 4. Cluster analysis of lipid data. Hierarchical clustering (upper panel) and UMAP analysis (lower panel) of all analyzed lipid species visualizes the separation of 
control (blue and orange) from LDC diet (green and red) samples. 
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variation in the expression levels of these genes a significant effect was 
only observed for the decline of Fasn in the controls upon KC ablation. 
The difference between control-fed mice and alcohol-fed animals was 
also significant for Fasn (Table 2). 

A recent paper described an upregulation of Elovl6 by alcohol con
sumption [75], which did not occur in the current model (Table 2). 
Apolipoprotein A4 is induced by ethanol in HepG2 cells and was found 
increased in the human alcoholic fatty liver [76,77]. Here, high apoli
poprotein A4 mRNA levels were detected in ethanol-fed mice with loss 
of KCs (Table 2). 

3.5. Sphingolipids in the liver of mice with alcoholic liver disease and 
effect of Kupffer cell depletion 

There is evidence that alcohol can activate acid sphingomyelinases, 
which hydrolyze sphingomyelin (SM) and produces ceramide [78,79]. 
Sphingomyelinase activity has been reported to correlate with hepatic 
injury [80]. SM and ceramide level were, however, not changed in the 
LDC liver of the mice analyzed (Fig. 7C, D). 

Ceramide levels were elevated in both groups when KCs were 
removed (Fig. 7D). A close association between KC depletion and the 
ceramide species Cer18:1;O2/22:0, 23:0, 24:0 and 24:1 was supported 

by the biclustering results without neutral lipids (Fig. 7G, H and 
Table S2). Interestingly; the long-chain ceramide Cer18:1;O2/16:0 was 
not included in a bicluster (Table S2). 

Total ceramide levels were lower in the KC depleted LDC liver 
compared to the KC depleted liver of controls (Fig. 7D). Higher ceramide 
amounts were not accompanied by lower SM levels (Fig. 7C, D), and 
accordingly, the ceramide/SM ratio was increased in the liver of KC 
depleted mice (data not shown). 

3.6. Phospholipids in the liver of mice with alcoholic liver disease and 
effect of Kupffer cell depletion 

Alcohol metabolites inhibit phosphatidylethanolamine-N-methyl
transferase and production rate of phosphatidylcholine (PC) from 
phosphatidylethanolamine (PE) was reduced [14,28]. However, in the 
current experimental model, PC and PE levels were both increased in the 
liver of mice fed alcohol (Fig. 8A - C). Saturated PC and PU-PC con
centrations were not changed, and MU-PC was higher in the steatotic 
liver (Fig. 8B) Saturated PE levels were too low to obtain valid measures 
and unsaturated species were induced in the LDC liver (Fig. 8C and data 
not shown). 

KC depletion did not affect hepatic PE levels (Fig. 8C). Removal of 
KCs caused a decline of PU-PC, and thus total PC levels, in the alcohol 
model (Fig. 8A, B). 

The PC to PE ratio is essential for cell membrane integrity [27] and 
was lower in the alcohol group (Fig. 8D). Loss of KCs had no effect on 
this ratio in both groups (Fig. 8D). 

Phosphatidylinositols, with all of the measured species having at 
least two double bonds, was induced in the liver of LCD fed mice and 
normalized upon KC depletion (Fig. 8E). Phosphatidylserine was neither 
changed by diet nor removal of KCs (Fig. 8F). 

Our biclustering analysis independently revealed an association of 
PE species with the LDC diet, but no indications of KC depletion affecting 
PE levels were found. (Fig. 9A). PE 34:2 was in more than 50% of the 
biclusters (Table S2). This specific PE species seems to have diverse roles 
in alcoholic liver disease. Detailed evaluation of the physiological and 
pathophysiological function of PE 34:2 is, however, a difficult task. 

Associations of the LDC diet with PI were also identified by biclus
tering analysis (Fig. 9B). As mentioned above, measured PIs have a high 
degree of desaturation, also reflected in the most frequent PI species of 
the afore described community. 

3.7. PE-plasmalogens and lysophospholipids in the liver of mice with 
alcoholic liver disease and effect of Kupffer cell depletion 

Plasmalogens may protect from oxidative stress [81] but levels of PE- 
plasmalogens (PE-P) were not significantly changed upon alcohol 
feeding or KC depletion (Fig. 10A). Interestingly, PE-P 16:0/22:6 and 
PE-P 18:0/22:6 were often part of biclusters (Table S2) suggesting a role 
of specific PE-P species in LDC steatosis. 

Lysoglycerophospholipids, such as lysophosphatidylcholine (LPC) 
and lysophosphatidyl-ethanolamine (LPE), are generated by phospho
lipases from PC or PE, respectively [82]. LPC and LPE concentrations did 
not change in the LDC liver (Fig. 10B, C). Levels of both lipids were 
induced in the KC depleted liver of LCD fed mice in comparison to KC 
depleted controls. In the case of LPC, saturated and MU species were 
induced (Fig. 10D). Regarding LPE, upregulation in the LDC liver with 
KC ablation was caused by the increase of MU-LPE (Fig. 10E). 

4. Discussion 

The current lipidomic study revealed that TG, DG, CE, PC, PE, and PI 
levels were induced in the fatty liver of mice fed an LDC diet. KC 
depletion in these animals normalized PC and PI levels. Of note, this 
intervention increased FC and ceramide concentrations in alcohol fed 
mice. Biclustering analysis also revealed a central role of ceramide 

Fig. 5. Meta-biclustering of the complete and reduced data set. Each node 
represents a bicluster, the size of which is proportional to the number of sam
ples from each experimental group. Pie chart coloring of the biclusters visual
izes the proportion of the different experimental groups. Connected bicluster 
nodes share similar samples and lipid species. (A) Meta-bicluster analysis of the 
complete data set including neutral storage lipids, i.e. triglycerides (TG), di
glycerides (DG), and cholesteryl esters (CE). (B) Meta-biclusters of the reduced 
data set excluding TG, DG, and CE. Both graphs revealed communities (encir
cled) that share similar lipid patterns. The single lipid species contained in these 
communities are mainly responsible for the discrimination between the diet and 
treatment groups. 
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Fig. 6. Effect of KC depletion on triglyceride and diglyceride levels in the liver of control mice and animals fed alcohol. (A) Hepatic triglyceride (TG) levels. (B) 
Hepatic diglyceride (DG) levels. (C) Neutral Lipid Enriched Communities. The Community enriched in samples fed with a Lieber-DeCarli diet. Biclusters colored by 
the proportion of samples from each diet + treatment group. The pie-sizes in the pie-chart directly correspond to sample group distribution in the respective bicluster 
and its lipid profile mostly consists of TG species (D). Biclusters colored by the proportion of lipid species from each lipid class. The pie-sizes in the pie-chart directly 
correspond to lipid class distribution in the respective bicluster. (E) Saturated (sat) TGs. (F) Median levels of sat., monounsaturated (MU) and polyunsaturated (PU) 
TGs. Data are plotted on a logarithmic scale. P-values next to the labels refer to the differences between Co and LDC or Co+ lo and LDC+Clo, respectively. (G) Sat 
DGs. (H) Median levels of sat., MU- and PU-DGs. Data are plotted on a logarithmic scale. P-values next to the labels refer to the differences between Co and LDC or 
Co+Clo and LDC+Clo, respectively. The * in the green boxes indicates a significant effect of KC depletion on PU-DG levels in the alcohol fed mice. *p < 0.05, **p <
0.01, ***p < 0.001. 
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species in KC depleted LDC livers. The mice studied did not develop liver 
inflammation or fibrosis, and are thus a model for simple alcoholic 
steatosis. Present findings suggest a function of KCs in phospholipid, FC, 
and ceramide metabolism in alcoholic liver steatosis. 

Hepatic steatosis is an early manifestation of alcohol abuse and oc
curs in up to 90% of the patients. Steatosis is considered a significant risk 
factor for progressive liver disease [83]. Hepatic lipid composition has a 
role in disease pathology [14], and thus, characterization of lipid classes 
modified by heavy drinking is essential for understanding the molecular 
pathways involved. 

A strong accumulation of TGs and DGs was already described in the 
alcoholic liver [84,85], and was also observed in the current experi
mental model. MU-TG, PU-TG, MU-DG, and PU-DG species were 
induced, saturated TG species did not change and saturated DGs even 
declined in the liver of alcohol fed mice. In line with the current findings 
recent studies also reported that unsaturated DGs were higher in the 
alcoholic murine liver [84,85]. 

Expression of the lipogenic genes Fasn and Scd1 even declined in the 
liver of the LDC diet fed animals, rather suggesting that de novo lipo
genesis does not contribute to lipid accumulation. A role for de novo 

Fig. 7. Effect of KC depletion on cholesterol and sphingolipid levels in the liver of control mice and animals fed alcohol. (A) Median levels of saturated (sat), 
monounsaturated (MU) and polyunsaturated (PU) cholesteryl ester (CE). P-values next to the labels refer to the differences between Co and LDC or Co+Clo and 
LDC+Clo, respectively. (B) Free cholesterol (FC). (C) Sphingomyelin (SM). (D) Ceramide. (E) Ceramide Enriched Community. Each node represents a bicluster and 
each edge a minimum overlap of samples and lipid species in the two connected biclusters. Biclusters colored by the proportion of samples from each diet + treatment 
group. Samples are mostly KC depleted and fed the control diet. (F) Biclusters colored by the proportion of lipid species from each lipid class. The lipid signature is 
enriched with ceramide species. *p < 0.05, **p < 0.01, ***p < 0.001. 
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lipogenesis in alcoholic steatosis was also not evident in a further study, 
which suggested that uptake of fatty acids was enhanced [86]. Expres
sion of genes for de novo lipogenesis is induced in the liver of ApoA4 KO 
rats indicating that this apolipoprotein suppresses synthesis of fatty 
acids [87]. ApoA4 mRNA levels were strongly induced in the alcoholic 
fatty liver upon KC depletion, but this was not accompanied by lower 
expression of lipogenic genes. 

ELOVL6, an enzyme involved in the elongating of 16 carbon fatty 
acids to yield 18 carbon fatty acids, was found induced in the liver of 
alcohol-fed rodents [75]. The mRNA levels of this enzyme were, how
ever, similar in all of the mice analyzed herein, excluding that 

upregulation of this gene is a general feature of alcoholic liver disease. 
Saturated fat in general harms health more than unsaturated fat [88], 

suggesting that the lower levels in the alcoholic liver may protect from 
progressive liver disease. Contrary to this assumption, convincing evi
dence shows that unsaturated rather than saturated fat damages the 
alcoholic liver. Dietary unsaturated, but not saturated, fat induced 
plasma ALT, liver steatosis, and inflammation [11,89,90]. In human 
alcoholic fatty liver an accumulation of oleate was identified [91]. PU- 
lipids can be easily oxidized, and thereby, bioactive lipids are pro
duced. These molecules contribute to oxidative stress and inflammation, 
and progress of liver injury [90,92–94]. 

Table 2 
Expression of genes with a role in lipid metabolism. Mice were fed either regular chow (Co) or the liquid ethanol Lieber-DeCarli diet (LDC) and underwent i.p. injections 
of sterile PBS or clodronate liposomes (Clo).   

Co Co + Clo LDC LDC + Clo 

Fatty Acid Synthase (Fasn) 9.4 (2.8–17.9)aa,b 0.5 (0.1–17.5)aa 1.7 (0.1–84.0)b 1.7 (0.2–48.5) 
Stearoyl-CoA Desaturase 1 (Scd1) 4.9 (1.5–10.4) 1.5 (0.1–11.3) 0.5 (0.1–37.0) 1.4 (0.1–30.1) 
HMG-CoA-Reductase (Hmgcr) 13.9 (6.5–31.8) 7.7 (3.5–18.1) 10.5 (1.3–28.9) 9.9 (2.9–37.2) 
Fatty acid elongase (Elovl6) 5.2 (3.7–8.0) 5.7 (1.3–20.4) 6.6 (1.8–22.6) 7.3 (1.4–23.5) 
Apolipoprotein A4 (ApoA4) 27.2 (4.2–76.3) 13.5 (9.7–62.2)bb 22.2 (5.1–131.8)a 52.3 (14.0–98.0)a,bb 

For variables with the same letters the difference is significant. 
a p < 0.05. 
aa p < 0.01. 
b p < 0.05. 
bb p < 0.01. 

Fig. 8. Effect of KC depletion on phospholipid levels in the liver of control mice and animals fed alcohol. (A) Phosphatidylcholine (PC). (B) Median levels of saturated 
(sat), monounsaturated (MU) and polyunsaturated (PU) PC. P-values next to the labels refer to the differences between Co and LDC or Co+Clo and LDC+Clo, 
respectively. Not significant (ns). The ** in the green box indicates downregulation of PU-PC upon KC depletion in the alcohol fed mice. Data are plotted on a 
logarithmic scale. (C) Phosphatidylethanolamine (PE). (D) PC/PE ratio. (E) Phosphatidylinositol (PI). (F) Phosphatidylserine (PS). *p < 0.05, **p < 0.01, ***p 
< 0.001. 
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Accumulation of PU-lipids predisposes the liver to further injury 
[11,89,90]. As the mice in the current study did not display any sign of 
hepatic inflammation further factors may have a role herein. Adolescent 
(postnatal day 21) mice were fed alcohol in the current study and 
younger people have a lesser degree of alcohol-induced liver injury [95]. 
On the other hand, female mice were studied, which have a higher risk 
for alcoholic liver disease [96]. The final dietary alcohol concentration 
in the current experiments was 4% instead of the usually administered 
5% [97], and this may also explain absence of liver inflammation. He
patocyte death was nevertheless higher in the alcohol-fed mice con
firming alcohol hepatotoxicity. 

KC depletion was associated with a decline of TG and DG levels. This 
effect was not enough to normalize hepatic concentrations of these lipids 
in mice fed the LDC diet. Notably, a strong effect of KCs on hepatic fatty 
acid levels was described in animals fed a methionine-choline deficient 
diet to induce non-alcoholic steatohepatitis. Here, KC loss nearly abro
gated fatty acid accumulation [98]. In high fat diet-fed mice hepatic 
triglycerides declined when KCs were depleted [44]. This anti-steatotic 
effect was partly explained by lower expression of Il1b, a cytokine shown 

to impair fatty acid oxidation [44]. 
Free fatty acids trigger the secretion of TNF by KCs, and this in turn 

leads to TG accumulation in hepatocytes [99]. The levels of Tnf mRNA 
did not decline upon KC depletion, although the expression of the 
macrophage expressed genes Clec4f, Emr1 (F4/80), and Il6 were mark
edly reduced. Hepatocytes also express TNF [100] and KCs seem not to 
be the major producers of liver TNF. Further, in the current model, Tnf 
was not induced in the alcoholic fatty liver. This principally argues 
against a role for TNF in alcohol-induced liver steatosis. Notably, 
Tsc22d3 (Gilz) declined in the alcoholic liver in accordance with ob
servations in humans [72]. Low expression of GILZ was suggested to 
contribute to hepatic inflammation [72]. This protein is most abundant 
in KCs [72] and declined in the liver of control mice when KCs had been 
removed. Such a downregulation was not observed in the alcoholic liver 
upon KC loss, and further research is needed to clarify the expression 
and role of GIST. 

IL6 is a multifunctional cytokine and was shown to enhance lipo
genesis of hepatocytes [101]. Chronically high IL6 increased the 
expression of lipogenic genes, such as Fasn and Scd1 [102]. Hepatic Il6 

Fig. 9. Phospholipid Enriched Communities. Each node represents a bicluster and each edge a minimum overlap of samples and lipid species in the two connected 
biclusters. A Community enriched in samples fed with a control diet. The lipid profile of the same biclusters consists largely of PI species. B Biclusters of samples from 
the Lieber-DeCarli control group are simultaneously enriched with PE and PE-plasmalogens (PE-P) lipid species. 
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mRNA declined upon KC depletion, and Fasn and Scd1 expression were 
also decreased. Such a downregulation was not observed upon KC loss in 
the LDC diet fed mice. Thus, low IL6 expression in the liver may have a 
minor, if any, role for hepatic triglyceride levels in alcohol fed mice. 

Serum IL6 is increased in obesity [103] and systemic rather than 
liver-expressed IL6 may be more important for hepatic lipid metabolism. 
Though weight gain upon alcohol feeding was reported by previous 
studies [86,104], this was not the case in the current study in accordance 
with separate investigation [85,105]. Data published so far are also 
discordant regarding hepatomegaly, which was observed in some but 
not all studies including the current one [75,86,104,105]. 

DGs are converted to TGs and PCs [99], and PC was also induced in 
the alcoholic fatty liver. A rise of PC in mice on an ethanol containing 
chow has been already described [85]. This previous study also identi
fied higher PE, PI and LPE levels [85]. Concordant with that finding [85] 
PE and PI were also induced in the current model. Whether the rise of all 
of these phospholipids may protect the alcoholic liver from disease 
progression is unclear. PC favors the release of very low density lipo
protein particles [27], and serum TGs and cholesterol were indeed high 
in the alcohol-fed mice. 

A decreased hepatic PC/PE ratio was associated with the develop
ment of hepatic steatosis and inflammation [106], and was described in 
murine and human alcoholic liver [84]. The PC/PE ratio was reduced in 
the present model following alcohol consumption. This suggests that the 
low PC/PE ratio may increase the risk for progressive liver disease upon 
prolonged alcohol abuse. 

Fatty acids in phospholipids are mostly unsaturated, and MU-PC, 
MU-PE, PU-PE and PU- PI were induced in the alcoholic fatty liver. As 
discussed above, unsaturated fat contributes to oxidative stress in the 
alcoholic fatty liver [11,43,89] and higher levels of these phospholipids 
may be regarded as harmful. 

PC regulates cellular cholesterol levels [27], and higher PC levels in 
the alcoholic liver may reduce the cytotoxic effects of excess cholesterol. 
Accumulation of cholesterol in the liver of mice fed alcohol is in line 
with previous findings [14]. As in the case of lipid saturation, dietary 
cholesterol was reported to protect from liver injury [11,14]. Further 
research is needed to evaluate the pathophysiological role of cholesterol 
deposition in the alcoholic liver. 

Gene expression of the rate-limiting enzyme in cholesterol biosyn
thesis, HMGCR, was not induced in the alcoholic liver in accordance 
with a former study [104]. In the latter study the authors provide evi
dence for a role of impaired bile acid excretion in the hepatic accumu
lation of cholesterol [104]. 

Ceramides are a comparatively well described lipid class [107–109]. 
Ceramide was induced in the liver of ethanol fed mice and blockage of de 
novo ceramide synthesis improved hepatic steatosis [108]. In the present 
model, ceramides were not elevated in the alcoholic liver. Ceramide 
concentration were, however, increased upon KC cell depletion in both 
mouse groups. This principally indicates a protective role of KCs in the 
normal liver and in alcoholic liver steatosis. Very long chain ceramides 
cause oxidative stress and inflammation, and were induced upon 
depletion of KCs [20]. This observation fits the assumption that KCs are 
protective in alcoholic fatty liver. Increase of free cholesterol in alco
holic liver with KC loss further strengthens this hypothesis. Excess 
unesterified cholesterol is cytotoxic and maintenance of a steady-state is 
achieved by various pathways [110,111]. It is well known that macro
phages participate in reverse cholesterol transport, and thereby 
contribute to biliary elimination of cholesterol [110]. Approaches that 
increased KC populations in a murine atherosclerosis model reduced 
cholesterol in plasma, the liver, and atherosclerotic lesion [112]. A rise 
of free cholesterol upon KC depletion did not occur in mice fed the 
control diet showing that this pathway is highly relevant when excess 
cholesterol is deposited in the liver. 

It is noteworthy that LPC and LPE were induced in the alcohol-fed 
state when KCs were removed. LPC is generated by phospholipases A1 
and A2 from PC, and is regarded as an inflammatory and cytotoxic lipid 
[113]. Phospholipase A2 also generates LPE from PE whose biological 
function was less well studied [82]. Saturated-LPC, MU-LPC, and MU- 
LPE were increased in the alcoholic liver with KC loss. On the other 
hand, total PE levels were not changed and only PU-PC declined upon 
KC ablation. This shows that production of these LPE and LPC species 
involves further enzymes and can not be explained by the activity of 
phospholipases alone. Phospholipases not only generate lysophospho
lipids, but also release PU fatty acids indicating that higher activity 
contributes to hepatic injury in the alcoholic liver [113,114]. 

KC ablation had little effect on the hepatic lipidome in mice fed a 

Fig. 10. Effect of KC depletion on PE-plasmalogen, lysoglycerophospholipid levels in the liver of control mice and animals fed alcohol. (A) PE-plasmalogen (PE-P). 
(B) Lysophosphatidylcholine (LPC). (C) Lysophosphatidylethanolamine (LPE). (D) Median levels of saturated (sat), monounsaturated (MU), and polyunsaturated (PU) 
LPC. P-values next to the labels refer to the differences between Co and LDC or Co+Clo and LDC+Clo, respectively. Not significant (ns). (E) Median levels of sat., MU- 
and PU-LPE. P-values next to the labels refer to the differences between Co and LDC or Co+Clo and LDC+Clo, respectively. Not significant (ns). **p < 0.01, ***p 
< 0.001. 
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control chow. As discussed above, ceramide levels were induced. 
Moreover, a decline of saturated DGs was observed in the control group. 
Saturated DGs activate protein kinase C and thereby contribute to in
sulin resistance [115]. Insulin signaling was, however, not affected by 
KC depletion in standard diet fed rats [116], and further research is 
needed to clarify the function of KCs in the healthy liver. Here, it has to 
be considered that inflammatory cytokines also contribute to hepatic 
insulin resistance [117]. Il1b was low in the liver of mice fed a control 
chow and devoid of KCs, and this was most likely an effect of KC loss 
[71]. IL1B contributes to liver steatosis, inflammation, insulin resis
tance, and cell death [71], suggesting that low expression is beneficial 
for the injured liver. Such a decline upon KC ablation was not observed 
in the alcoholic liver showing that Il1b expression of other liver resident 
cells was induced. Increase of ALT and AST was observed in both mouse 
groups with KC ablation. One study described that KCs are involved in 
the elimination of these enzymes and higher levels of ALT and AST are 
the consequence of KC depletion and not a marker of tissue injury [118]. 
A second analysis nevertheless found lower levels of AST and ALT in the 
KC depleted liver of mice fed alcohol [119]. In the present analysis 
serum levels of AST and ALT were not induced in alcoholic liver and 
increased concentrations in KC depleted animals most likely reflect 
impaired clearance by KCs rather than liver injury. 

This work has several limitations. One is that cells were depleted by 
intraperitoneal injection of clodronate liposomes, and besides KCs, 
visceral adipose tissue macrophages are also removed by this interven
tion [68]. Unfortunately, visceral fat depots were not collected and 
expression of macrophage markers could not be examined in adipose 
tissues. Though it is likely that macrophages in fat were also depleted 
[68], for practical reasons these mice were referred to as KC-depleted 
animals in the manuscript. Analysis of inflammatory cytokines and en
zymes with a role in lipid metabolism was only done on the mRNA level, 
and protein was not determined. Moreover, female mice with a mixed 
background were examined and conclusions may not be valid in 
different models. In contrast, although different backgrounds differ in 
their susceptibility to steatohepatitis models (47), it might rather be of 
advantage to use mixed genetic backgrounds to recapitulate the per se 
heterogenous human population (118). Animals had simple alcoholic 
steatosis, which is an early and mostly reversible state of alcoholic liver 
disease [2], and future studies should examine the role of KCs in 
advanced disease. 

Despite these limitations the current study provides evidence for a 
central role of KCs in hepatic lipid metabolism. KC depletion in the 
alcoholic fatty liver led to higher levels of very long-chain ceramide and 
free cholesterol, which are all cytotoxic metabolites, suggesting a pro
tective function of KCs in alcoholic liver steatosis. 
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