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Abstract: In non-alcoholic steatohepatitis (NASH), many lines of investigation have reported a 
dysregulation in lipid homeostasis, leading to intrahepatic lipid accumulation. Recently, the role of 
dysfunctional sphingolipid metabolism has also been proposed. Human and animal models of 
NASH have been associated with elevated levels of long chain ceramides and pro-apoptotic 
sphingolipid metabolites, implicated in regulating fatty acid oxidation and inflammation. 
Importantly, inhibition of de novo ceramide biosynthesis or knock-down of ceramide synthases 
reverse some of the pathology of NASH. In contrast, cell permeable, short chain ceramides have 
shown anti-inflammatory actions in multiple models of inflammatory disease. Here, we 
investigated non-apoptotic doses of a liposome containing short chain C6-Ceramide (Lip-C6) 
administered to human hepatic stellate cells (hHSC), a key effector of hepatic fibrogenesis, and an 
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animal model characterized by inflammation and elevated liver fat content. On the basis of the 
results from unbiased liver transcriptomic studies from non-alcoholic fatty liver disease patients, 
we chose to focus on adenosine monophosphate activated kinase (AMPK) and nuclear factor-
erythroid 2-related factor (Nrf2) signaling pathways, which showed an abnormal profile. Lip-C6 
administration inhibited hHSC proliferation while improving anti-oxidant protection and energy 
homeostasis, as indicated by upregulation of Nrf2, activation of AMPK and an increase in ATP. To 
confirm these in vitro data, we investigated the effect of a single tail-vein injection of Lip-C6 in the 
methionine-choline deficient (MCD) diet mouse model. Lip-C6, but not control liposomes, 
upregulated phospho-AMPK, without inducing liver toxicity, apoptosis, or exacerbating 
inflammatory signaling pathways. Alluding to mechanism, mass spectrometry lipidomics showed 
that Lip-C6-treatment reversed the imbalance in hepatic phosphatidylcholines and diacylglycerides 
species induced by the MCD-fed diet. These results reveal that short-term Lip-C6 administration 
reverses energy/metabolic depletion and increases protective anti-oxidant signaling pathways, 
possibly by restoring homeostatic lipid function in a model of liver inflammation with fat 
accumulation. 

Keywords: non-alcoholic steatohepatitis (NASH); human hepatic stellate cells (hHSC); liposomes; 
ceramides; adenosine monophosphate-activated kinase (AMPK); nuclear factor-erythroid 2-related 
factor 2 (Nfe2l2/NRF2); inflammation; apoptosis; phosphatidylcholine (PC); diacylglycerol (DG); 
lipidomics; methionine-choline deficient diet (MCD) 

 

1. Introduction 

Nonalcoholic fatty liver disease (NAFLD) represents a major health issue worldwide, with 
evolution into non-alcoholic steatohepatitis (NASH) in 10% of cases, and possible further progression 
to liver cirrhosis and hepatocellular carcinoma (HCC) [1–3]. Consequently, major efforts are currently 
dedicated to discovering targetable pathogenic mechanisms and designing strategies able to reduce 
or arrest disease progression [4,5]. 

Studies in patients with NASH and animal models have provided evidence for an altered 
regulation of lipid metabolism in the progression from NAFLD to NASH [6,7]. In particular, human 
lipidomic/metabolomic studies have highlighted a significant increase of sphingolipid metabolites, 
including ceramides, in addition to elevations in tri- and di-glycerides [8,9]. 

Ceramides constitute a family of sphingolipids that consist of sphingosine covalently linked to 
a fatty acid, which are generated through de novo synthesis from serine and palmitate, 
sphingomyelin hydrolysis, or by sphingosine recycling from sphingolipids in the endosomes. The 
pathways leading to the synthesis of ceramides have shown abnormal profiles in NASH [10,11]. In 
addition, NASH phenotypes are mitigated by generic inhibitors of de novo ceramide metabolism 
[12,13], or exacerbated by over-expression of ceramide synthases [14,15]. Regardless, the overall 
biological actions of ceramides in the development and progression of NASH are only partially 
defined [11,16,17]. 

In broader terms, ceramide and its metabolites have profound effects on cellular metabolism and 
energy homeostasis, leading to a shift from anabolic to catabolic pathways [18–20]. Along these lines, 
multiple ceramide species have been shown to contribute to ectopic lipotoxicity and may interfere 
with cellular signaling pathways, thus promoting insulin resistance and type 2 diabetes [21,22]. 
Ceramides have also been shown to exert a negative impact on the regulation of energy homeostasis, 
including the inhibition of the energy-sensor adenosine monophosphate activated kinase (AMPK) 
phosphorylation [23] and transcription factors such as nuclear factor-erythroid 2-related factor 2 Nrf2 
(Nfe2l2) [24,25]. In addition, AMPK phosphorylates Nrf2 (Ser550) [25–27], which regulates 
transcriptional induction of antioxidant response element (ARE)-containing genes encoding 
antioxidant enzymes, electrophile-conjugating enzymes, ubiquitin/proteasomes, and 
chaperone/heat-shock proteins in response to oxidative stress [27]. Therefore, ceramides may also 
reduce the natural antioxidant response and favor lipid peroxidation and progression of NASH. 
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On the other hand, evidence suggests that the overall effects of ceramides may be dependent on 
the dosing regimen, specific chain-lengths, and inherent hydrophobicity and impermeability [14]. It 
has been demonstrated that short-chain C6-ceramide can actually exert anti-inflammatory and anti-
lipogenesis effects [28,29], and we are proposing Lip-C6, a non-toxic hydrophilic delivery liposome 
vehicle containing ceramide-C6, specifically designed for systemic administration [30–32]. 
Remarkably, cell permeable ceramides can increase nuclear translocation and DNA binding of Nrf2, 
as well as c-jun, to control ARE-mediated transcriptional activity [33,34]. These ceramides also 
increase the interaction between Nrf2 and c-jun, leading to up-regulation of antioxidant enzymes and 
resultant amelioration of oxidative stress in astrocyte models [35].  

In this study, we firstly show a perturbation in Nrf2 and AMPK pathway genes in the liver tissue 
of NASH patients. Further, we investigated the effects of non-apoptotic doses of the cell permeable 
ceramide Lip-C6 on AMPK-and Nrf2-dependent oxidative stress in an animal model recapitulating 
hepatic fat accumulation and tissue inflammation typical of NASH. Finally, the effects of Lip-C6 
found in vivo were also investigated in primary human hepatic stellate cells, in key cells in liver 
fibrosis, and in the progression from NAFLD to NASH. 

2. Materials and Methods 

2.1. Reagents 

All reagents used in this study were from Sigma Aldrich unless otherwise mentioned. The list 
of antibodies and qRT-PCR assays-on demand utilized are shown in Supplementary Table 1 and 
Table 2, respectively. 

2.2. RNA Sequencing of Human Tissue NAFLD 

For human RNAseq studies, human liver samples were obtained from the Human Biorepository 
Core from the NIH-funded international InTeam consortium (7U01AA021908-05) as previously 
described [36]. All patients gave written informed consent and the research protocols were approved 
by the local Ethics Committees and by the central Institutional Review Board of the University of 
North Carolina at Chapel Hill. For the present study, we compared non-diseased normal human 
livers (N = 10) with NAFLD patients according to Kleiner’s Criteria and without alcohol abuse (N = 
9) (Supplementary Table 3). Patients with malignancies were excluded from the study. 

RNA extraction, sequencing, and bioinformatic analysis: RNA extraction and sequencing was 
performed as indicated previously [36]. Total RNA from flash-frozen liver tissue was extracted by 
phenol/chloroform separation (TRIzol, Thermoscientific, Waltham, MA, USA). RNA purity and 
quality were assessed by automated electrophoresis (Bioanalyzer, Agilent, Santa Clara, CA, USA) 
and sequenced using Illumina HiSeq2000 platform. Libraries were built using TruSeq Stranded Total 
RNA Ribo-Zero GOLD (Illumina, San Diego, California, USA). Sequencing was paired end (2 × 100 
bp) and multiplexed. Ninety-four paired-end sequenced samples obtained an average of 36.9 million 
total reads with 32.5 million (88%) mapped to GRCh37/hg19 human reference. Short read alignment 
was performed using STAR alignment algorithm with default parameters. To quantify expression 
from transcriptome mappings we employed RSEM. 

2.3. Preparation of Nanoliposomal C6-Ceramide 

Briefly, 12% pegylated nanoliposomes (80 ± 15 nm in size) that contain 30 mol% ceramide were 
prepared as previously described with lipids 1,2-distearoyl-sn-glycero-3- phosphocholine, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine, N-hexanoyl-d-erythro-sphingosine (C6-ceramide), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy polyethylene glycol-2000], and N-
octanoylsphingosine-1-[succinyl(methoxy polyethylene glycol-750)] (PEG(750)-C8) combined in 
chloroform at a molar ratio of 3.75:1.75:3:0.75:0.75 [37]. Combined lipids were dried under C6-
nitrogen gas and resuspended in 0.9% sterile NaCl at 60 °C. Following rehydration, the resulting 
solution was sonicated for 5 min, followed by extrusion through a 100 nm polycarbonate membrane 
using the Avanti Mini Extruder (Avanti Polar Lipids, Alabaster, Alabama, USA). Control ghost 
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liposomes (Lip-G) were prepared in a similar manner, excluding N-hexanoyl-d-erythro-sphingosine 
(C6). Several Quality Assurance and Quality Control (QA/QC) parameters were evaluated after 
preparation of nanoliposomes that were formulated within the size range of 85 nM–90 nM, as 
measured by dynamic light scattering. Zeta potentials of the nanoliposomes were measured and were 
between –10 mV and –15 mV. For the MCD diet, each animal was given a single tail vein injection of 
100 µl of a 25 mg/ml solution of liposomes containing ceramide C6 (Lip-C6) or ghost (Lip-G). 

2.4. Animal Experiments 

Methionine choline deficient diet (MCD): Male BALB/c cN SPF mice, six weeks old, weighing 
between 20 and 25 grams, were purchased from Charles River Laboratories (Calco, Italy). All animals 
were housed five per cage and kept under a controlled temperature of 22 ± 2 °C, 50%–60% relative 
humidity, and 12 hours light/dark cycles. Injection of Lip-C6 and culling of animals were performed 
in the morning. Mice had free access to food and water ad libitum. One week after arrival, mice were 
subdivided and fed either a diet deficient in methionine and choline (MCD diet) or the same diet 
supplemented with methionine and choline (control diet, CD). Diets were prepared by Dottori 
Piccioni Laboratories (Milan, Italy) [38] and stored at 4 °C until used. After nine weeks on different 
diets, mice were further subdivided to receive a single tail vein injection of either C6-ceramide 
containing liposomes (Lip-C6) or empty liposomes (ghost, Lip-G), resulting in six experimental 
groups (CD n = 5; CD–Lip-G n = 5; CD–Lip-C6 n = 5; MCD n = 5; MCD Lip-G n = 5; and MCD–Lip-C6 
n = 10). One week after the tail vein injection, all mice were euthanized via exsanguination under 
anesthesia with an i.p. injection of 80 mg/kg 50% tiletamine hydrochloride and 50% zolazepam 
hydrochloride (Zoletil, Virbac, France). Body weight was recorded. Blood samples were centrifuged 
at 4500 rpm for 15 minutes at 4 °C to obtain serum that was kept at −20 °C until analyzed. Livers were 
rapidly dissected, weighed, snap-frozen in liquid nitrogen, and kept at −80 °C for further analysis. A 
portion of the liver was immediately fixed in formalin for histological analyses. Experimental 
protocols were conducted according to established international guidelines (Guide for the Care and 
Use of Laboratory Animals, NIH publication No. 86-23) and after approval by the University of 
Florence and Italian National Regulatory Authorities. 

2.5. Serum Aminotransferase Levels 

Serum alanine-aminotransferase (ALT) and aspartate aminotransferase (AST) activities were 
determined using a commercially available kit and Reflotron (Roche Diagnostic, Milan, Italy), as 
previously described [38]. 

2.6. Liver Histology 

A portion of liver tissue was fixed by immersion in 10% buffered formalin (pH 7.4) for 24 hours. 
The fixed tissue was dehydrated in graded ethanol, paraffin-embedded, and sectioned at a thickness 
of 4 µm. Hematoxylin–eosin (H&E) and Sirius Red staining were performed as previously described 
[39]. Images were captured with an Axiocam IcC5 using Zeiss Axiovision (version 4.8.2). Liver 
histology was evaluated according to the NASH CRN scoring system [40] by an experienced hepato-
pathologist (T.V.L.) blinded to the type of treatment received by the animals. Four histological 
variables commonly described in NASH were analyzed on the H&E stained sections: (1) the presence 
of predominantly macro-vesicular or large droplet steatosis, graded 0–3 based on percent of 
hepatocytes in the biopsy involved; (2) lobular inflammation, graded 0–3 based on inflammatory foci 
per 20× with a 20× ocular; (3) hepatocellular ballooning, graded 0–3 based on numbers of ballooned 
hepatocytes (none = 0, a few = 1 and many = 3); and (4) apoptotic bodies, counted per 20× and graded 
0–3, as in lobular inflammation. Fibrosis assessment was based on the use of Sirius Red stained 
sections and evaluated according to the NASH CRN fibrosis staging system [40]. 

2.7. Human Hepatic Stellate Cell Isolation and Culture 
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Primary human hepatic stellate cells (hHSCs) were isolated from wedge sections of liver tissue, 
obtained from patients undergoing surgery in the Royal Free Hospital after giving informed consent 
(NC2015.020 (B-ERC-RF). Cells were isolated according to Mederacke et al. [41] with modifications 
for human liver [42]. Briefly, 10 g of total human liver tissue was digested with 0.01% Collagenase, 
0.05% Pronase, and 0.001% DNase I without performing perfusion. The homogenate was filtered 
through a 100 µm cell strainer (BD Falcon) and the flow-through was centrifuged at 50× g for 2 
minutes at 4 °C. After washing the supernatant, gradient centrifugation was performed at 1400× g for 
17 minutes at 4 °C using an 11.5% Optiprep gradient. Finally, the interface was collected and washed. 
Purity of hHSC was established by detection of CD140b (PDGFRβ), CD29 (Integrin β1), and 
Cytoglobin B (CYGB). 

The obtained hHSC were cultured in IMDM supplemented with 20% fetal bovine serum (FBS), 
glutamine, nonessential amino acids 1×, 1.0 mM sodium pyruvate, 1× antibiotic-antimycotic (all Life 
Technologies), referred to as complete HSC medium hereinafter. Experiments described in this study 
were performed on hHSC of at least three independent cell preparations/donors, between passage 3 
and 8. 

2.8. Cytotoxicity, Cell Proliferation and ATP Assays 

Primary hHSC were seeded (density 26 × 103/cm2) under basic serum-rich conditions for 24 
hours, followed by serum deprivation (serum free medium, SFM) for the next 24 hours prior to 
liposomes exposure. Next, cells were treated for 24 hours with a range of concentrations (100–12.5 
µM) of either Lip-C6 or Lip-G. Cytotoxicity and cell proliferation were assessed by MTT/MTS test 
(Promega, Southampton, UK) and BrdU ELISA (Sigma Aldrich, Dorset, UK), respectively [43]. 
Moreover, the Lip-C6 inhibitory effect on cell proliferation was further quantified by employing ATP 
assay. Cells were seeded at a density of 10,000 cells/well/100 uL in a 96-well plate in culture medium 
and serum-starved for 24 hours followed by incubation with 6.25 µM of Lip-C6 for up to 24 hours. 
Cell lysis was induced using the CellTiter-Glo® Reagent (Promega, Southampton, UK), according to 
the manufacturer’s specification. Luminescence was recorded and the intracellular ATP 
concentration was calculated from an ATP standard curve and normalized to hHSC proliferation, as 
measured by BrdU assay. All samples were assayed in quadruplicates and according to the 
manufacturer’s manual and as previously described [43]. 

For protein analyses, hHSC were exposed to non-cytotoxic doses of Lip-C6 and Lip-G (6.25 and 
3.125 µM) for up to 24 hours and total protein lysates were analyzed by Western blot, as described 
below. 

In another set of experiments, liposome uptake was monitored in hHSC grown on glass chamber 
slides. After 24 hours of incubation with the same non-cytotoxic doses of 6.25 µM rhodamine-labelled 
Lip-C6 and Lip-G liposomes, nuclei were counterstained with Hoechst 33342 (1 µM, final 
concentration) for 10 minutes, cells were then washed three times in 1× HBSS, and observed under a 
fluorescence microscope (AxioScopeA1, Carl Zeiss Ltd, Cambridge, UK). 

2.9. RNA Isolation and Quantitative Real-Time PCR 

Total RNA was extracted using Qiazol reagent and RNeasy Universal Mini Kit (Qiagen, 
Manchester, UK) and quality and quantity was assessed by Nanodrop 2000 Spectrophotometer. One 
µg of total RNA was reverse transcribed with random primers and MultiScribe RT enzyme (Applied 
Biosystems, Paisley, UK). Taqman® gene expression assays were used (Supplementary Table 2) and 
the signal was acquired with Applied Biosystems 7500 Fast Real-Time PCR System (ThermoFisher 
Scientific, Paisley, UK). Data were expressed as 2-∆∆Ct and GAPDH served as endogenous control 
[44,45]. 

2.10. Protein Extraction and Western Blot Analysis  

Briefly, liver tissue and cells were lysed in RIPA buffer containing 20 mM/l Tris·HCl, pH 7.4, 150 
mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM Na3(VO)4, 1 mM/l PMSF, 1X proteinase inhibitor 
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cocktail, and 0.05% aprotinin. Insoluble proteins were discarded by centrifugation at 10,000 rpm at 4 
°C, and total proteins were measured (Pierce, Rockford, IL) and stored at −80 °C for further analysis. 
For immunoblot analysis, whole cell lysates (25–35 µg) were separated on SDS–PAGE, transferred to 
nitrocellulose, and immunoblotted as described previously. Equal loading was demonstrated by re-
probing membranes with antibody against either -actin, total actin, or vinculin [46]. 

2.11. Lipidomics 

Liver lipids were extracted using methyl-tert-butyl ether as described by others [47]. Extracts 
were separated on a 2.1 mm x 10 cm C8 Ethylene Bridged Hybrid (BEH) column (Waters Milford, 
MA, USA) with 60:40 water/acetonitrile 10 mM ammonium acetate and 90:10 
isopropranol/acetonitrile, 10 mM ammonium acetate as the mobile phases. Eluate was analyzed with 
an inline AB Sciex 5600 TripleTOF mass spectrometer (Sciex, Framingham, MA, USA) using 
information-dependent acquisition. Data were analyzed using Progenesis QI and SIMCA-P for 
multivariate analyses. Orthogonal partial least squares-discriminant analysis was performed to 
identify features that distinguished between the groups. A cut-off of VIP [2] score >3 was used for 
feature (lipid) identification. 

2.12. Statistical Analysis 

Body/liver weight, ALT/AST quantification, and cellular assays were analyzed with two-way 
analysis of variance (ANOVA) and Tukey’s multiple comparisons test using Prism software (Graph 
Pad, CA, USA). Semi-densitometry analysis for protein analysis was performed by employing Fiji 
ImageJ and GraphPad Prism was used for standard error (SE). Histograms represent averages ± SE 
of two samples of each of the conditions investigated. Statistical analysis for RNA sequencing: data 
are shown as box plots, indicating the median, the inter-quartile range, the maximum and minimum 
values, and occasionally the outliers. The comparison between normal and NAFLD RNA counts was 
made using a differential expression analysis and fitting a linear model using limma package. The p-
value was corrected with the Benjamini–Hochberg method to calculate the false discovery rate for 
each gene in Figure 1, panels C, D, and E. qPCR data were analyzed using unpaired T test and the 
mean value of the controls was set to 1. Data were analyzed with Prism software (Graph Pad, CA, 
USA). Lipidomics data were analyzed using Progenesis QI and SIMCA-P for multivariate analyses. 
Orthogonal partial least squares-discriminant analysis was performed to identify features that 
distinguished between the groups. A cut-off of VIP [2] score >3 was used for feature (lipid) 
identification. 

3. Results 

3.1. AMPK and Nrf2 Signaling Pathways are Significantly Affected in NAFLD Patients 

Unbiased transcriptomic and ingenuity pathway analyses (IPA) revealed that the Nrf2-mediated 
oxidative stress response network was upregulated in liver biopsies from NAFLD patients. Gene 
products associated with Nrf2-mediated transcription – oxidative stress response were upregulated 
(Figure 1A,B). Of interest, two Nrf2 pathway genes, implicated in the cellular stress-induced 
antioxidant response, and more specifically MGST1, which regulates inflammatory eicosanoid 
responses, was upregulated, and GSTA5, which catalyzes glutathione conjugation, was 
downregulated in NAFLD [48] (Figure 1C,E). Genes belonging to the unfolded protein response 
(ATF-4) [49] and ubiquitin B (UBB), which is necessary to fulfill the protein ubiquitination and one of 
the most important proteins in post-translational modifications, was significantly downregulated in 
NAFLD patients. The endoplasmic reticulum stress-related genes (DNAJB9, DNAJC3) and those 
involved in insulin resistance (PRKCε) [50] were all strongly upregulated in NAFLD patients. 

No AMPK-related pathway was significantly enriched in NAFLD patients. We thus unbiasedly 
generated a list of AMPK related genes by means of STRING analysis (http://string-db.org/) [51] and 
UCSC Genome Browser data mining tool goldenPath (https://genome.ucsc.edu/goldenPath) [52] 
(Supplementary Figure 1A,B), and evaluated this particular set of AMPK-related genes in the RNA-
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seq of patients with NAFLD (Figure 1D,E). Besides the downregulation of several AMPK subunits 
(PRKAB1, PRKAB2, PRKAG1) [26] in NAFLD patients, most strikingly, a perturbation was found in 
many AMPK pathway genes such as those affecting the insulin/glucose homeostasis and 
downstream regulators (TBC1D1, SLC2A4/GLUT4, AKT1/2) [53], those genes involved in the 
regulation of lipid metabolism and activation/phosphorylation of AMPK (Sirt3) [54], and TSC2 
regulating AMPK activation [55] displayed significant downregulation in NAFLD patients. Overall, 
these results suggested a dysregulated expression of several Nrf2 and AMPK pathway genes in 
NAFLD patients’ tissue indicating that both the endogenous anti-oxidant/detoxifying system and the 
AMPK-related energy homeostasis are altered in NAFLD patients and could represent possible 
targets for treatment. 

 
Figure 1. Adenosine monophosphate-activated kinase (AMPK) subunits and Nrf2 gene expression 
are significantly changed in nonalcoholic fatty liver disease (NAFLD) patients. RNA sequencing was 
performed on (A) normal (N = 10) and NAFLD derived liver tissue (N = 9 patients). (B) Summary of 
the functional enrichment analysis of the differentially expressed transcriptome using ingenuity 
pathway analysis. The significance of each gene set is indicated in the bar graph. The top functions 
belonging to the canonical pathway class are represented. The colors of the bars indicate the direction 
(blue meaning inhibition, and red activation) and the Z-score, which measures the magnitude 
(intensity of color) for the enrichment of a specific pathway. For some functions, no Z-score was 
calculated because of a lack of enough evidence regarding the specific gene functions or expression 
within a specific gene set (gray bars). The pathway “NRF2-mediated oxidative stress response” was 
significantly upregulated in patients with NAFLD. (C–D) Gene expression related to different Nrf2 
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and AMPK signaling pathways/mechanisms shown to be altered. (E) Representations of fold change 
(FC) and false discovery ratio (FDR) are shown for each gene investigated. 

3.1. Lip-C6 Affects Proliferation, and Promotes Phosphorylation of AMPK and the Endogenous Anti-
Oxidant System in Human Primary HSC 

As hepatic stellate cells (HSCs) are key cellular effectors in the progression from NAFLD to 
NASH and liver fibrosis, we investigated the effect of Lip-C6 treatment on energetic, metabolic, and 
anti-oxidant signaling pathways in cultures of primary human HSC (hHSC) in vitro. Cultured 
activated, serum-starved primary hHSCs were exposed to various concentrations (100 µM–3.125 µM) 
of Lip-C6 or Lip-G as control, for 24 hours. Higher doses of Lip-C6-treatment induced cytotoxicity 
(100 µM–12.5 µM, Figure 2A), whereas 6.25 µM Lip-C6 significantly inhibited hHSC proliferation 
without inducing cytotoxicity (Figure 2B). Next, immunofluorescence was performed and showed 
that liposomes containing rhodamine-labelled Lip-C6 and ghost were taken up as early as two hours 
after treatment (Figure 2C). On the basis of these data, we utilized non-toxic doses of Lip-C6 to 
investigate alterations of energy homeostasis and endogenous anti-oxidant signaling pathways in 
hHSC. Cells were exposed to 6.25 and 3.125 µM of Lip-C6 for up to 24 hours. Protein analysis showed 
an increase in activation/phosphorylation of AMPK and an upregulation in Nrf2 protein expression 
(Figure 2D). These data indicate that Lip-C6 inhibits proliferation in hHSC through activation of 
AMPK, which is possibly because of an increased production in ATP. Indeed, changes in ATP 
homeostasis were observed in cells exposed to 6.25 µM of Lip-C6 for up to 24 hours and showed 
increased ATP production (*p < 0.05, **p < 0.005 compared with SFM) (Figure 2E). 
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Figure 2. Liposomes containing short-chain ceramide C6 affect AMPK activation and proliferation, 
and promote the endogenous anti-oxidant system in primary human HSCs. Primary hHSCs were 
exposed to various concentrations (100–3.125 µM) of Lip-C6 or Lip-G for up to 24 hours. (A) Higher 
doses of Lip-C6-treatment induced cytotoxicity (100–12.5 µM) (n = 4 per condition) (*p < 0.05), whereas 
(B) 6.25 µM inhibited hHSC proliferation (*p < 0.05) compared with serum free medium (SFM) (n = 4 
per condition). (C) Representative images of liposomal uptake, which were evaluated by employing 
immunofluorescence and showed that liposomes containing ceramide-C6 with rhodamine (6.25 µM) 
were taken up as early as two hours after exposure. (D) Primary hHSCs were exposed to 6.25 and 
3.125 µM of Lip-C6 for up to 24 hours. Representative protein analysis showed an increase in 
phosphorylation of AMPK and upregulation of Nrf2 protein expression (n = 1 of 3 independent 
experiments). (E) Changes in ATP were observed when cells were exposed to 6.25 µM of Lip-C6 for 
up to 24 hours (n = 4 per condition, *p < 0.05, **p < 0.005 compared with SFM), Complete Medium 
(CM). 

3.3. Liposomal Treatment with Ceramide-C6 in MCD-Induced Liver Steatosis 

In this set of experiments, the possible beneficial effects of Lip-C6 treatment were analyzed in an 
in vivo model of fatty liver associated with inflammation and fibrosis, recapitulating some aspects of 
NASH. Animals fed the MCD diet had significant body weight loss and decrease in liver size 
regardless of the treatment with Lip-C6 or Lip-G in comparison with the control diet group (Figure 
3A,B ****p < 0.001). This coincided with no significant changes in the liver/body weight ratio (Figure 
3C). Administration of Lip-C6 or Lip-G did not alter the MCD-induced increase in ALT and AST 
levels (Figure 3D,3E). Histopathology data showed that MCD diet caused an accumulation of fat in 
hepatocytes, induced infiltration of inflammatory cells as stained with H&E, and collagen 
accumulation as stained with Sirius Red staining (Figure 3F). The NASH CRN scoring demonstrated 
that MCD-fed mice showed the presence of steatosis, mild lobular inflammation with minor 
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hepatocellular ballooning, and a fibrosis scoring of 1a (mild/delicate zone 3 perisinusoidal fibrosis) 
and 1b (moderate/dense zone 3 perisinusoidal fibrosis), in comparison with the control diet (Figure 
3G). 

 
Figure 3. Liposomal treatment with ceramide-C6 in methionine-choline deficient (MCD)-induced 
liver steatosis. (A) Animals fed the MCD diet have significant loss of body weight regardless of 
treatment with Lip-C6 or Lip-G in comparison with the control diet (CD) group (****p < 0.0001). (B) 
This coincided with a strong significant decrease in liver size in comparison with the control diet (CD) 
group (****p < 0.0001) without (C) changes in liver/body weight ratio when comparing the control diet 
with MCD-fed mice. (D, E) No significant differences were observed between alanine transaminase 
(ALT) and aspartate aminotransferase (AST) levels of animals treated with Lip-C6 or Lip-G in 
comparison with their specific control condition. (F) Lip-C6 treatment did not exacerbate the MCD 
diet, as analyzed by hematoxylin and eosin and Sirius Red. (G) NASH CRN scoring system 
demonstrating changes occurring during Lip-G and Lip-C6 treatment in MCD-fed mice (CD n = 5; 
CD–Lip-G n = 5; CD–Lip-C6 n = 5; MCD n = 5; MCD Lip-G n = 5; and MCD–Lip-C6 n = 9). 
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3.4. Lip-C6 Treatment in MCD Increases AMPK Phosphorylation/Activation, without Inducing Apoptosis 
in the MCD-Diet Model 

The effect of Lip-C6 treatment on AMPK and Nrf2 was investigated and showed that Lip-C6 
treatment induced a strong phosphorylation of AMPK in MCD-fed mice (Figure 4A, Supplementary 
Figure 3A). To exclude intra-variability within each group, samples belonging to each specific 
condition were pooled and protein analysis was performed. Densitometric analysis showed that 
MCD-fed mice had reduced AMPK protein levels in comparison with control diet-fed mice. Absolute 
levels of phosphorylated AMPK (P-AMPK), a marker of AMPK activation, were highly induced in 
MCD-Lip-C6 treated mice relative to both MCD-fed and MCD- Lip-G treated mice (Figure 4B). In 
this study, both Nrf2 and NQO1 protein expression were upregulated in MCD-fed mice in 
comparison with CD-fed mice, whereas Keap-1 protein expression was absent in MCD-fed mice 
(Figure 4C). Of interest, Lip-C6 did not alter Keap-1 or NQO1 levels in the control or MCD diet 
groups, but did slightly reduce Nrf2 protein expression induced by the MCD diet (Figure 4C, 
Supplementary Figure 3B). To see if any of these effects coincided with apoptosis under any of the 
conditions analysed and, more specifically, whether Lip-C6 injection coincided with cell death, 
several apoptotic markers and signalling pathways were investigated. The phosphorylation of the 
pro-apoptotic c-Jun N-terminal kinase (JNK) was investigated, as an increase in endogenous 
oxidative stress can induce JNK activation. Our data showed that JNK phosphorylation was absent 
in all MCD-fed mice in comparison with the control diet (Figure 4D). Further, cleaved poly (ADP-
ribose) polymerase (PARP) and cleaved caspase 3 protein expression were not observed in MCD-fed 
mice, with or without Lip-C6 treatment (Figure 4E, Supplementary Figure 3C,D). Moreover, 
phosphorylation of p62, which is regulated by the mRNA stabilizing protein HuR/ELAV1 and is 
known as an apoptotic marker, was not observed in MCD-fed mice, with or without Lip-C6 
treatment, indicating that the Lip-C6 treatment does not induce Keap1/p62 related apoptosis in our 
model (Supplementary Figure 2A). 

 
Figure 4. Liposome containing short-chain ceramide C6 treatment in MCD diet increases AMPK 
activation/phosphorylation and enhances the endogenous anti-oxidative stress signaling pathway 
without inducing apoptosis. (A) Representative Western blot analysis demonstrated an upregulation 
in activation/phosphorylation of AMPK by Lip-C6 treatment in MCD-fed mice in comparison with 
MCD-fed mice (n = 2 for each condition). (B) Inter-variability was assessed by protein analysis of 
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pooled samples of each condition and densitometry scanning. MCD-fed mice have reduced AMPK 
protein levels in comparison with control diet-fed mice. Absolute levels of phosphorylated AMPK (P-
AMPK) were highly induced in MCD-fed mice treated with Lip-C6 relative to MCD-fed mice and 
MCD-fed Lip-G treated mice. (C) Representative Western blot analysis demonstrated that Keap-1 
protein expression was absent in MCD-fed mice, whereas Nrf2 and NQO1 protein expression were 
upregulated in MCD-fed mice in comparison with CD-fed mice (n = 2 for each condition). (D) Lip-C6 
treatment in MCD-fed mice did not induce apoptosis by JNK activation/phosphorylation. (E) Cleaved 
poly (ADP-ribose) polymerase (PARP) and cleaved Caspase 3 protein expression showed to be absent 
in MCD-fed mice with no changes observed in Lip-C6 treated mice (n = 2 for each condition). 

3.5. Lip-C6 Does Not Alter the Pro-Inflammatory Response in MCD-Fed Mice 

In reason of the protective anti-oxidant Nrf2 and energetic AMPK signaling networks induced 
by Lip-C6 in the in vivo model, the pro-inflammatory mechanisms potentially affected by these 
pathways were analyzed. Quantitative RT-PCR showed that Lip-C6 treatment did not significantly 
affect gene expression in MCD-fed mice (Figure 5), as no significant changes were observed in CC 
chemokine ligand 2 (CCL2), CD11b, tumour necrosis factor α (TNFα), and nuclear factor kappa B 
(NF-kB) mRNA transcripts from control and MCD diets in the presence or absence of Lip-C6. 

 
Figure 5. Lip-C6 does not exacerbate the pro-inflammatory response in MCD-fed mice. qRT-PCR 
showed that the Lip-C6 treatment in MCD-fed mice did not induce significant changes in mRNA 
expression of pro-inflammatory key genes versus internal control diet (CD) (CD n = 2, CD-G n = 5, 
CD-C6 n = 5, MCD n = 2, MCD-G n = 5, and MCD-C6 n = 8, mean value of controls was set to 1). 

3.6. Lip-C6 Treatment Restores Specific Phosphatidylcholines and Diacylglycerides in MCD-Fed Mice 

It is well established that the MCD diet significantly reduces phosphatidylcholine (PC) pools 
and decreases PC/phosphatidylethanolamine (PE) ratio, as well as diacylglycerol (DG) classes, which 
are critical to maintain membrane integrity [56,57]. To understand whether Lip-C6 treatment could 
resolve the dysregulated lipid metabolism in MCD-fed mice, we assessed lipidomics via an 
untargeted Liquid chromatography–mass spectrometry ( LC-MS)-based approach, after a single tail 
vein injection of Lip-C6. Major changes were observed in the lipid classes of PC and DG. The MCD 
diet diminished the amount of multiple phosphatidylcholines, which included PC(16:0/18:1), 
PC(18:1/20:4), PC(18:2/20:4), PC(18:1/22:6), and PC(18:2/22:6) (Figure 6A), as well as a few 
diacylglycerides DG(16:0/18:1), DG(18:0/20:4), and DG(18:1/20:4) (Figure 6B). With the exception of 
PC(16:0/20:4), a single injection and short-term C6-ceramide treatment in MCD-fed mice did not 
rescue the decrease on these specific PCs. However, Lip-C6 treatment led to the elevation of other 
PCs that included PC (16:0/18:2), PC (18:1/18:1 and 18:0/18:2), PC (16:0/20:4), and PC (18:0/20:4). Lip-
C6 also increased PC (18:0/20:4) and PC (18:2/20:4) in mice on the control diet (Figure 6A). Likewise, 
Lip-C6 treatment led to elevated levels of DG(16:0/18:1), DG(16:0/18:2), DG(18:1/18:1 and 18:0/18:2), 
DG(18:1/18:2), DG(18:2/18:2), DG(18:0/20:4), DG(18:1/20:4), and DG(18:2/22:5) in mice on the MCD 
diet, but not the control diet (Figure 6B). Overall, these data indicate that Lip-C6 treatment has a 
beneficial effect on the dysregulated lipid metabolism in MCD-fed mice. 
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Figure 6. Lip-C6 treatment restores specific phosphatidylcholines (PC) and diacylglycerides (DC) in 
MCD-fed mice. Animals received MCD or CD diet for nine weeks and were further subdivided and 
administered a single tail vein injection of Lip-C6 or Lip-G. One week after treatment, all mice were 
euthanized. Lipids from liver samples were extracted and untargeted LC-MS/MS lipidomics 
approach was performed. (A) Major changes were observed in the lipid classes of 
phosphatidylcholine (PC) and (B) diacylglycerol classes (DG) when MCD-fed mice treated with Lip-
C6 were compared with MCD-fed mice treated with Lip-G. No changes were detected for short-chain 
DG and TG. * p < 0.05 CMCD + Lip-G (n = 5) vs. MCD + Lip-G (n = 5), CMCD + Lip-G vs. CMCD + 
Lip-C6 (n = 8) # p < 0.05 MCD + Lip-G vs. MCD + Lip-C6 (n = 9). 

4. Discussion 

The available literature makes a strong case for ceramide accumulation as a contributor to NASH 
progression as elevations in ceramides are observed in patient samples and various models of NASH, 
and pharmacological and molecular strategies to reduce ceramide levels are associated with reduced 
NASH progression [11]. Despite this body of evidence, the actual effects of non-apoptotic doses of 
ceramide on the pathophysiological mechanisms of NASH, and, in particular, energy homeostasis, 
are still controversial. 

For example, ultraviolet and H2O2 treatment generates ceramide, which activates AMPK [58], 
while short-chain ceramides inhibit Nrf2 activation [34], and knock out of acid ceramidase 3 
augments C18:1-ceramide levels, which alleviates early inflammation, oxidative stress, and fibrosis 
in a mouse model of NASH [59]. It has also been suggested that ceramide-activated AMPK can limit 
nutrient-induced stress and autophagy [60]. Altogether, these evidences could suggest an 
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unappreciated compensatory action of ceramides upon energy metabolism in NASH or, 
alternatively, that non-toxic sub lethal doses of exogenous ceramide may have unappreciated effects 
upon energy metabolism. Finally, it could be conceivable that ceramide metabolites, and not 
ceramide itself, have a role in NASH pathophysiology [61]. 

On the other hand, some studies have suggested that individual species of ceramide (C16 as 
compared with C24:1) are more inflammatory or apoptotic in NASH models [62]. On the basis of the 
available evidence, it seems that ceramide-C6, in contrast to physiological ceramides, is not as 
metabolically active, and exhibits unique improvement in energy metabolism surrogates, although 
the effects on AMPK and Nrf2 are unknown. Of note, short-chain C6-ceramide can exert anti-
inflammatory and anti-lipogenesis effects [28,29]. For these reasons, we choose to evaluate the effects 
of Lip-C6, a non-toxic hydrophilic delivery liposome vehicle containing C6-ceramide, specifically 
designed for systemic administration [30,31]. Preclinical toxicology studies, including 
physiochemical characterization and PK/PD analyses, showed that this 90 nm sized, −8 mV, 15 molar 
percent PEG, 30 molar percent C6-ceramide nanoliposome is non-toxic, where ceramide is released 
from Lip-C6 by intra-bilayer movement [32,63,64]. While Lip-C6 has been demonstrated as an anti-
neoplastic, pro-apoptotic, in vivo therapeutic agent by activating anti-tumor immune response of 
tissue-associated macrophages [65–67], the action of Lip-C6, at non-apoptotic doses, has not been 
investigated in models of NAFLD or NASH. 

On the basis of the evidence of a dysregulation in Nrf2 and AMPK pathway genes in liver tissue 
of patients with NAFLD by employing transcriptomic and RNA sequence analyses provided by the 
present study, we evaluated the effects of Lip-C6 on the AMPK/Nrf2 pathway in primary human 
HSC, key cellular effectors in the progression from NAFLD to NASH. Our results indicate that 
incubation with Lip-C6 activated AMPK, induced ATP and Nrf2, without inducing cell death. 

In addition, this possible beneficial effect of Lip-C6 was evaluated in an in vivo model of diet-
induced steatohepatitis and liver fibrosis. Although the methionine and choline-deficient (MCD) 
mouse model does not recapitulate the pathophysiological background on NASH in a context of 
metabolic syndrome, the model provides insights on the association of steatosis, inflammation, and 
fibrosis within the liver tissue. In particular, the MCD diet promotes a dysregulation in anti-oxidant 
homeostasis, and thus this model can serve to investigate the putative effect of ceramide upon AMPK 
and Nrf2 signaling oxidative stress, inflammation, and fibrosis. Lip-C6 treatment significantly 
elevated AMPK, while reducing Nrf2 expression in mice treated with the MCD-diet. 

Taken together, it is reasonable to speculate that elevations in Nrf2 transcriptional events are 
compensatory events to modulate the anti-oxidant stress responses in NASH, while the decrease in 
the energy-sensor AMPK expression, or activity, leads to a direct exacerbation of NASH pathology, 
which can be diminished by Lip-C6. Human NASH omics-studies have shown that a dysregulation 
in ceramides and a deficiency of both methionine and choline, essential precursors of hepatic 
phosphatidylcholine synthesis, provokes hepatic steatosis. The MCD diet used in this study is known 
to induce steatosis by choline deficiency [68–73]. In animals with the MCD diet, while liver injury 
and oxidative stress occur rapidly, inflammation and fibrosis develop only after prolonged feeding, 
typically longer than eight weeks, and the severity of the histological changes observed is dependent 
on the genetic background and gender of the mouse strain utilized. For example, Galastri et al. have 
identified that a lack of CCL2 in Balb/C MCD-fed mice reduces inflammation, oxidative stress, and 
fibrogenesis, but not in CCL2 deficient C57Bl/6 MCD-fed mice, indicating that the effects of CCL2 
deficiency in mice and their response to MCD are markedly dependent on the mouse genetic 
background [74,75]. Moreover, single amino acid methionine deprivation triggers dramatic and 
specific transcriptional amino acid responses in genes such as Nrf2, thus indicating a link between 
methionine deficiency and the endogenous anti-oxidative stress response of Nrf2 [76]. This 
association was further confirmed in the MCD diet used in this study with increased Nrf2 protein 
levels in MCD-fed mice and a modest decrease upon Lip-C6 treatment. 

Through an untargeted lipidomics analysis, the most significant features identified in mice on 
the MCD diet were characterized by a marked decrease of hepatic phosphatidylcholine and 
diacyglyceride levels. Surprisingly, a single Lip-C6 tail vein administration after nine weeks of MCD 
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diet reversed these pathological decreases in PC and DG species. The change in profile, especially in 
18:2 and 20:4 fatty acyl species, could reflect a global elevation or changes in omega-6 fatty acid 
uptake, metabolism, or oxidation. Of note, activated AMPK modulates fatty acid metabolism by 
controlling acetyl-CoA carboxylase, malonyl-CoA decarboxylase, and fatty acid synthase [77–79]. 
Alternatively, the enzyme sphingomyelin synthase, which generates diacylglycerides from 
phosphatidylcholine at the expense of forming sphingomyelin from ceramide may also be mediating 
the action of Lip-C6 to restore phosphatidylcholine levels [80]. 

Overall, the in vivo and in vitro data further support that AMPK and Nrf2 are potential Lip-C6 
“drug-able” target genes/proteins to treat NAFLD/NASH. Furthermore, the link between restoration 
of physiological lipid metabolism and activation of protective energetic and anti-oxidant cascades by 
Lip-C6 treatment deserves further investigation. 

Abbreviations 

AMPK Adenosine monophosphate-activated kinase 
PRKAA1 AMPK-α1, catalytic subunit 
PRKAA2 AMPK-α2, catalytic subunit 
PRKAB1 AMPK-β1, non-catalytic subunit 
PRKAB2 AMPK-β2, non-catalytic subunit 
PRKAG1 AMPK-γ1, non-catalytic subunit 
PRKAG2 AMPK-γ2, non-catalytic subunit 
Nfe2l2/Nrf2 nuclear factor-erythroid 2-related factor 2 
Keap1 Kelch ECH associating protein 1 
NQO1 NAD(P)H quinone oxidoreductase 1 
PARP poly (ADP-ribose) polymerase 
HuR ELAVL1 RNA binding protein 
ALT alanine transaminase 
AST aspartate aminotransferase 
CCL2 CC chemokine ligand 2 
CD11B Itgam, cluster of differentiation molecule 11B 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 
MCD diet methionine/choline-deficient diet 
NAFLD non-alcoholic fatty liver disease 
NASH non-alcoholic steatohepatitis 
ROS reactive oxygen species 
RT-QPCR real-time quantitative PCR 
NF-ĸB nuclear factor kappa B 
TNFα tumour necrosis factor α 
PC phosphatidylcholine 
DG diacylglycerol 
GSTA5 Glutathione S-Transferase Alpha 5 
MGST1 Microsomal Glutathione S-Transferase 1 
UBB protein ubiquitination 
ATF-4 Activating Transcription Factor 4 
DNAJB9 DnaJ Heat Shock Protein Family (Hsp40) Member B9 
DNAJC3 DnaJ Heat Shock Protein Family (Hsp40) Member C3 
PRKCε Protein Kinase C Epsilon 
ACTA1 Actin Alpha 1, Skeletal Muscle 
ACTA2 Actin Alpha 2, Smooth Muscle 
FGFR1-R4 fibroblast growth factor family receptors 1 and 4 
LKB1 (STK11) Serine/Threonine Kinase 11 
NOS3 Nitric Oxide Synthase 3 
CAMKK1 Calcium/Calmodulin Dependent Protein Kinase Kinase 1 
SIRT3 Sirtuin 3 
SLC2A4 GLUT4 Solute Carrier Family 2 Member 4 



Cells 2020, 9, 1237 16 of 21 

 

TBC1D1 TBC1 Domain Family Member 1 
AKT1–2 AKT Serine/Threonine Kinase 1 and 2 
MLST8 MTOR Associated Protein 
TSC2 TSC Complex Subunit 2 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4409/9/5/1237/s1, Figure 

S1: Overview of AMPK specific STRING analysis and UCSC Genome Browser datamining; Figure S2: Lip-C6 

treatment in MCD-fed mice enhances the endogenous anti-oxidative stress-signaling pathway without inducing 

apoptosis; Figure S3: semi-quantitative densitometric values of all proteins were normalized for phosphorylated 

versus total protein and/or to actin or Tubulin; Table S1: Primary and secondary antibodies used in this study; 

Table S2: qRT-PCR Assays-on-demand used in this study (Applied Biosystems); Table S3. Baseline 

characteristics of patients and controls at the time of liver biopsy. 

Author Contributions: Conceptualization, M.K., M.P., and K.R.; Formal analysis, F.Z., A.L., D.M., L.L., F.D.C., 
L.F., S.O., T.V.L., V.M., S.S.S., F.A., T.F., and J.M.; Funding acquisition, R.B., M.P., and K.R.; Investigation, F.Z., 
A.L., D.M., L.L., F.D.C., L.F., S.O., T.V.L., V.M., S.S.S., F.A., T.F., G.M., J.M., R.B., L.A.C., and M.K.; Methodology, 
F.Z., D.M., L.L., F.D.C., T.V.L., S.S.S., F.A., T.F., J.M., M.K., and K.R.; Project administration, K.R.; Resources, J.C., 
C.F., G.M., R.B., L.A.C., and K.R.; Supervision, R.B., L.A.C., M.K., and K.R.; Visualization, A.L., and K.R.; 
Writing—original draft, F.Z., A.L., D.M., L.L., F.D.C., L.F., S.O., T.V.L., V.M., J.C., C.F., S.S.S., F.A., T.F., G.M., 
J.M., R.B., L.A.C., and M.K., M.P., and K.R.; Writing—review & editing, M.K., M.P. and K.R. All authors have 
read and agreed to the published version of the manuscript. 

Funding: This research was funded in part supported by “Istituto Toscano Tumori” (ITT), the University of 
Florence and Regione Toscana “Ricerca Regionale in materia di salute D.D. n. 3242” (M.P.). This work was in 
part supported by Royal Free Charity and UCL NIHR Biomedical Research Centre (M.P. and K.R.). R.B. is 
supported by NIH/NIAAA grants AA026972, AA026978, and AA026264 and NIDDK grant P30DK120531. 

Acknowledgments: We thank Stefania Madiai, Sara Galastri, and Damiano Cavallaro for technical help, 
Department of Experimental and Clinical Medicine and Center of Excellence “DENOthe”, University of 
Florence, Florence, Italy. We thank Prof Brian Davidson, Prof Barry Fuller, and Dr Amir Gander (Tissue Access 
for Patient Benefit) Royal Free Hospital, London, UK and the NHSBT, for providing tissue samples for our 
research. 

Conflicts of Interest: “The funders had no role in the design of the study; in the collection, analyses, or 
interpretation of data; in the writing of the manuscript; or in the decision to publish the results”. Penn State 
Research Foundation has licensed ceramide nanotechnology to Keystone Nano, Inc. (PA, USA) and M.K. is 
cofounder and Chief Medical Officer of Keystone Nano. R.B. has done consulting services for Verlyx Pharma 
Inc. G.M., L.F., and L.L. are now full time employees at Engitix Ltd., and G.M., L.L., M.P., and K.R. own shares 
in Engitix Ltd. M.P. and K.R. receive consultancies from Engitix Ltd. 

References 

1. Blachier, M.; Leleu, H.; Peck-Radosavljevic, M.; Valla, D.C.; Roudot-Thoraval, F. The burden of liver disease 
in Europe: A review of available epidemiological data. J. Hepatol. 2013, 58, 593–608, 
doi:10.1016/j.jhep.2012.12.005. 

2. Yeh, M.M.; Brunt, E.M. Pathological features of fatty liver disease. Gastroenterology 2014, 147, 754–764, 
doi:10.1053/j.gastro.2014.07.056. 

3. Bataller, R.; Rombouts, K.; Altamirano, J.; Marra, F. Fibrosis in alcoholic and nonalcoholic steatohepatitis. 
Best. Pract. Res. Clin. Gastroenterol. 2011, 25, 231–244, doi:S1521-6918(11)00036-9 
[pii];10.1016/j.bpg.2011.02.010 [doi]. 

4. Drescher, H.K.; Weiskirchen, S.; Weiskirchen, R. Current Status in Testing for Nonalcoholic Fatty Liver 
Disease (NAFLD) and Nonalcoholic Steatohepatitis (NASH). Cells 2019, 8, doi:10.3390/cells8080845. 

5. Noureddin, M.; Sanyal, A.J. Pathogenesis of NASH: The Impact of Multiple Pathways. Curr. Hepatol. Rep. 
2018, 17, 350–360, doi:10.1007/s11901-018-0425-7. 

6. Browning, J.D.; Horton, J.D. Molecular mediators of hepatic steatosis and liver injury. J. Clin. Investig. 2004, 
114, 147–152, doi:10.1172/JCI22422. 



Cells 2020, 9, 1237 17 of 21 

 

7. Varela-Rey, M.; Embade, N.; Ariz, U.; Lu, S.C.; Mato, J.M.; Martinez-Chantar, M.L. Non-alcoholic 
steatohepatitis and animal models: Understanding the human disease. Int. J. Biochem. Cell Biol. 2009, 41, 
969–976, doi:10.1016/j.biocel.2008.10.027. 

8. Puri, P.; Wiest, M.M.; Cheung, O.; Mirshahi, F.; Sargeant, C.; Min, H.K.; Contos, M.J.; Sterling, R.K.; Fuchs, 
M.; Zhou, H.; et al. The plasma lipidomic signature of nonalcoholic steatohepatitis. Hepatology 2009, 50, 
1827–1838, doi:10.1002/hep.23229. 

9. Martel, C.; Esposti, D.D.; Bouchet, A.; Brenner, C.; Lemoine, A. Non-alcoholic steatohepatitis: New insights 
from OMICS studies. Curr. Pharm. Biotechnol. 2012, 13, 726–735. 

10. Dowman, J.K.; Tomlinson, J.W.; Newsome, P.N. Pathogenesis of non-alcoholic fatty liver disease. QJM 
Mon. J. Assoc. Phys. 2010, 103, 71–83, doi:10.1093/qjmed/hcp158. 

11. Nikolova-Karakashian, M. Alcoholic and non-alcoholic fatty liver disease: Focus on ceramide. Adv. Biol. 
Regul. 2018, 70, 40–50, doi:10.1016/j.jbior.2018.11.004. 

12. Kurek, K.; Piotrowska, D.M.; Wiesiolek-Kurek, P.; Lukaszuk, B.; Chabowski, A.; Gorski, J.; Zendzian-
Piotrowska, M. Inhibition of ceramide de novo synthesis reduces liver lipid accumulation in rats with 
nonalcoholic fatty liver disease. Liver Int. Off. J. Int. Assoc. Study Liver 2014, 34, 1074–1083, 
doi:10.1111/liv.12331. 

13. Martinez, L.; Torres, S.; Baulies, A.; Alarcon-Vila, C.; Elena, M.; Fabrias, G.; Casas, J.; Caballeria, J.; 
Fernandez-Checa, J.C.; Garcia-Ruiz, C. Myristic acid potentiates palmitic acid-induced lipotoxicity and 
steatohepatitis associated with lipodystrophy by sustaning de novo ceramide synthesis. Oncotarget 2015, 6, 
41479–41496, doi:10.18632/oncotarget.6286. 

14. Raichur, S.; Wang, S.T.; Chan, P.W.; Li, Y.; Ching, J.; Chaurasia, B.; Dogra, S.; Ohman, M.K.; Takeda, K.; 
Sugii, S.; et al. CerS2 Haploinsufficiency Inhibits beta-Oxidation and Confers Susceptibility to Diet-Induced 
Steatohepatitis and Insulin Resistance. Cell Metab. 2014, 20, 919, doi:10.1016/j.cmet.2014.10.007. 

15. Turpin, S.M.; Nicholls, H.T.; Willmes, D.M.; Mourier, A.; Brodesser, S.; Wunderlich, C.M.; Mauer, J.; Xu, E.; 
Hammerschmidt, P.; Bronneke, H.S.; et al. Obesity-induced CerS6-dependent C16:0 ceramide production 
promotes weight gain and glucose intolerance. Cell Metab. 2014, 20, 678–686, doi:10.1016/j.cmet.2014.08.002. 

16. Sauerbeck, A.D.; Laws, J.L.; Bandaru, V.V.; Popovich, P.G.; Haughey, N.J.; McTigue, D.M. Spinal cord 
injury causes chronic liver pathology in rats. J. Neurotrauma 2015, 32, 159–169, doi:10.1089/neu.2014.3497. 

17. Regnier, M.; Polizzi, A.; Guillou, H.; Loiseau, N. Sphingolipid metabolism in non-alcoholic fatty liver 
diseases. Biochimie 2019, 159, 9–22, doi:10.1016/j.biochi.2018.07.021. 

18. Guenther, G.G.; Edinger, A.L. A new take on ceramide: Starving cells by cutting off the nutrient supply. 
Cell Cycle 2009, 8, 1122–1126. 

19. Bikman, B.T.; Summers, S.A. Ceramides as modulators of cellular and whole-body metabolism. J. Clin. 
Investig. 2011, 121, 4222–4230, doi:10.1172/JCI57144. 

20. ElAzzouny, M.A.; Evans, C.R.; Burant, C.F.; Kennedy, R.T. Metabolomics Analysis Reveals that AICAR 
Affects Glycerolipid, Ceramide and Nucleotide Synthesis Pathways in INS-1 Cells. PLoS ONE 2015, 10, 
e0129029, doi:10.1371/journal.pone.0129029. 

21. Haus, J.M.; Kashyap, S.R.; Kasumov, T.; Zhang, R.; Kelly, K.R.; Defronzo, R.A.; Kirwan, J.P. Plasma 
ceramides are elevated in obese subjects with type 2 diabetes and correlate with the severity of insulin 
resistance. Diabetes 2009, 58, 337–343, doi:10.2337/db08-1228. 

22. Zhou, Y.T.; Grayburn, P.; Karim, A.; Shimabukuro, M.; Higa, M.; Baetens, D.; Orci, L.; Unger, R.H. Lipotoxic 
heart disease in obese rats: Implications for human obesity. Proc. Natl. Acad. Sci. USA 2000, 97, 1784–1789, 
doi:10.1073/pnas.97.4.1784. 

23. Liangpunsakul, S.; Sozio, M.S.; Shin, E.; Zhao, Z.; Xu, Y.; Ross, R.A.; Zeng, Y.; Crabb, D.W. Inhibitory effect 
of ethanol on AMPK phosphorylation is mediated in part through elevated ceramide levels. Am. J. Physiol. 
Gastrointest. Liver Physiol. 2010, 298, G1004–G1012, doi:10.1152/ajpgi.00482.2009. 

24. Meakin, P.J.; Chowdhry, S.; Sharma, R.S.; Ashford, F.B.; Walsh, S.V.; McCrimmon, R.J.; Dinkova-Kostova, 
A.T.; Dillon, J.F.; Hayes, J.D.; Ashford, M.L. Susceptibility of Nrf2-null mice to steatohepatitis and cirrhosis 
upon consumption of a high-fat diet is associated with oxidative stress, perturbation of the unfolded 
protein response, and disturbance in the expression of metabolic enzymes but not with insulin resistance. 
Mol. Cell. Biol. 2014, 34, 3305–3320, doi:10.1128/MCB.00677-14. 

  



Cells 2020, 9, 1237 18 of 21 

 

25. Mo, C.; Wang, L.; Zhang, J.; Numazawa, S.; Tang, H.; Tang, X.; Han, X.; Li, J.; Yang, M.; Wang, Z.; et al. The 
crosstalk between Nrf2 and AMPK signal pathways is important for the anti-inflammatory effect of 
berberine in LPS-stimulated macrophages and endotoxin-shocked mice. Antioxid. Redox Signal. 2014, 20, 
574–588, doi:10.1089/ars.2012.5116. 

26. Joo, M.S.; Kim, W.D.; Lee, K.Y.; Kim, J.H.; Koo, J.H.; Kim, S.G. AMPK Facilitates Nuclear Accumulation of 
Nrf2 by Phosphorylating at Serine 550. Mol. Cell. Biol. 2016, 36, 1931–1942, doi:10.1128/MCB.00118-16. 

27. Chambel, S.S.; Santos-Goncalves, A.; Duarte, T.L. The Dual Role of Nrf2 in Nonalcoholic Fatty Liver 
Disease: Regulation of Antioxidant Defenses and Hepatic Lipid Metabolism. Biomed. Res. Int. 2015, 2015, 
597134, doi:10.1155/2015/597134. 

28. Sun, Y.; Fox, T.; Adhikary, G.; Kester, M.; Pearlman, E. Inhibition of corneal inflammation by liposomal 
delivery of short-chain, C-6 ceramide. J. Leukoc Biol. 2008, 83, 1512–1521, doi:10.1189/jlb.0108076. 

29. Xu, F.; Yang, C.C.; Gomillion, C.; Burg, K.J. Effect of ceramide on mesenchymal stem cell differentiation 
toward adipocytes. Appl. Biochem. Biotechnol. 2010, 160, 197–212, doi:10.1007/s12010-008-8505-8. 

30. Barth, B.M.; Cabot, M.C.; Kester, M. Ceramide-based therapeutics for the treatment of cancer. Anti-Cancer 
Agents Med. Chem. 2011, 11, 911–919. 

31. Adair, J.H.; Parette, M.P.; Altinoglu, E.I.; Kester, M. Nanoparticulate alternatives for drug delivery. ACS 
Nano 2010, 4, 4967–4970, doi:10.1021/nn102324e. 

32. Kester, M.; Bassler, J.; Fox, T.E.; Carter, C.J.; Davidson, J.A.; Parette, M.R. Preclinical development of a C6-
ceramide NanoLiposome, a novel sphingolipid therapeutic. Biol. Chem. 2015, 396, 737–747, doi:10.1515/hsz-
2015-0129. 

33. Ishii, T.; Warabi, E. Mechanism of Rapid Nuclear Factor-E2-Related Factor 2 (Nrf2) Activation via 
Membrane-Associated Estrogen Receptors: Roles of NADPH Oxidase 1, Neutral Sphingomyelinase 2 and 
Epidermal Growth Factor Receptor (EGFR). Antioxidants 2019, 8, doi:10.3390/antiox8030069. 

34. Park, I.N.; Cho, I.J.; Kim, S.G. Ceramide, an apoptotic rheostat, inhibits CCAAT/enhancer binding protein-
beta and NF-E2-related factor-2 activation: The role in glutathione S-transferase A2 gene repression. Drug 
Metab. Dispos. 2004, 32, 893–897. 

35. Jung, J.S.; Choi, M.J.; Ko, H.M.; Kim, H.S. Short-chain C2 ceramide induces heme oxygenase-1 expression 
by upregulating AMPK and MAPK signaling pathways in rat primary astrocytes. Neurochem. Int. 2016, 94, 
39–47, doi:10.1016/j.neuint.2016.02.004. 

36. Argemi, J.; Latasa, M.U.; Atkinson, S.R.; Blokhin, I.O.; Massey, V.; Gue, J.P.; Cabezas, J.; Lozano, J.J.; Van 
Booven, D.; Bell, A.; et al. Defective HNF4alpha-dependent gene expression as a driver of hepatocellular 
failure in alcoholic hepatitis. Nat. Commun. 2019, 10, 3126, doi:10.1038/s41467-019-11004-3. 

37. Stover, T.C.; Sharma, A.; Robertson, G.P.; Kester, M. Systemic delivery of liposomal short-chain ceramide 
limits solid tumor growth in murine models of breast adenocarcinoma. Clin. Cancer Res. An Off. J. Am. Assoc. 
Cancer Res. 2005, 11, 3465–3474, doi:10.1158/1078-0432.CCR-04-1770. 

38. Vizzutti, F.; Provenzano, A.; Galastri, S.; Milani, S.; Delogu, W.; Novo, E.; Caligiuri, A.; Zamara, E.; Arena, 
U.; Laffi, G.; et al. Curcumin limits the fibrogenic evolution of experimental steatohepatitis. Lab. Invest. 2010, 
90, 104–115, doi:labinvest2009112 [pii];10.1038/labinvest.2009.112 [doi]. 

39. Bataller, R.; Schwabe, R.F.; Choi, Y.H.; Yang, L.; Paik, Y.H.; Lindquist, J.; Qian, T.; Schoonhoven, R.; 
Hagedorn, C.H.; Lemasters, J.J.; et al. NADPH oxidase signal transduces angiotensin II in hepatic stellate 
cells and is critical in hepatic fibrosis. J. Clin. Invest. 2003, 112, 1383–1394, doi:10.1172/JCI18212 
[doi];112/9/1383 [pii]. 

40. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, 
Y.C.; Torbenson, M.S.; Unalp-Arida, A.; et al. Design and validation of a histological scoring system for 
nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313–1321, doi:10.1002/hep.20701. 

41. Mederacke, I.; Dapito, D.H.; Affo, S.; Uchinami, H.; Schwabe, R.F. High-yield and high-purity isolation of 
hepatic stellate cells from normal and fibrotic mouse livers. Nat. Protoc. 2015, 10, 305–315, 
doi:10.1038/nprot.2015.017. 

42. Rombouts, K.; Carloni, V. Determination and Characterization of Tetraspanin-Associated 
Phosphoinositide-4 Kinases in Primary and Neoplastic Liver Cells. Methods Mol. Biol. 2016, 1376, 203–212, 
doi:10.1007/978-1-4939-3170-5_17. 

43. Marrone, G.; De Chiara, F.; Bottcher, K.; Levi, A.; Dhar, D.; Longato, L.; Mazza, G.; Zhang, Z.; Marrali, M.; 
Iglesias, A.F.; et al. The AMPK-v-ATPase-pH axis: A key regulator of the pro-fibrogenic phenotype of 
human hepatic stellate cells. Hepatology 2018, 10.1002/hep.30029, doi:10.1002/hep.30029. 



Cells 2020, 9, 1237 19 of 21 

 

44. Longato, L.; Andreola, F.; Davies, S.S.; Roberts, J.L.; Fusai, G.; Pinzani, M.; Moore, K.; Rombouts, K. 
Reactive gamma-ketoaldehydes as novel activators of hepatic stellate cells in vitro. Free Radic. Biol. Med. 
2017, 102, 162–173, doi:10.1016/j.freeradbiomed.2016.11.036. 

45. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 
2008, 3, 1101–1108. 

46. Jalan, R.; De Chiara, F.; Balasubramaniyan, V.; Andreola, F.; Khetan, V.; Malago, M.; Pinzani, M.; 
Mookerjee, R.P.; Rombouts, K. Ammonia produces pathological changes in human hepatic stellate cells 
and is a target of therapy of portal hypertension. J. Hepatol. 2015, 10.1016/j.jhep.2015.11.019, 
doi:10.1016/j.jhep.2015.11.019. 

47. Matyash, V.; Liebisch, G.; Kurzchalia, T.V.; Shevchenko, A.; Schwudke, D. Lipid extraction by methyl-tert-
butyl ether for high-throughput lipidomics. J. Lipid Res. 2008, 49, 1137–1146, doi:10.1194/jlr.D700041-
JLR200. 

48. Dodson, M.; de la Vega, M.R.; Cholanians, A.B.; Schmidlin, C.J.; Chapman, E.; Zhang, D.D. Modulating 
NRF2 in Disease: Timing Is Everything. Annu. Rev. Pharm. Toxicol. 2019, 59, 555–575, doi:10.1146/annurev-
pharmtox-010818-021856. 

49. Puri, P.; Mirshahi, F.; Cheung, O.; Natarajan, R.; Maher, J.W.; Kellum, J.M.; Sanyal, A.J. Activation and 
dysregulation of the unfolded protein response in nonalcoholic fatty liver disease. Gastroenterology 2008, 
134, 568–576, doi:10.1053/j.gastro.2007.10.039. 

50. Petersen, M.C.; Madiraju, A.K.; Gassaway, B.M.; Marcel, M.; Nasiri, A.R.; Butrico, G.; Marcucci, M.J.; 
Zhang, D.; Abulizi, A.; Zhang, X.M.; et al. Insulin receptor Thr1160 phosphorylation mediates lipid-
induced hepatic insulin resistance. J. Clin. Investig. 2016, 126, 4361–4371, doi:10.1172/JCI86013. 

51. Szklarczyk, D.; Morris, J.H.; Cook, H.; Kuhn, M.; Wyder, S.; Simonovic, M.; Santos, A.; Doncheva, N.T.; 
Roth, A.; Bork, P.; et al. The STRING database in 2017: Quality-controlled protein-protein association 
networks, made broadly accessible. Nucleic Acids Res. 2017, 45, D362-D368, doi:10.1093/nar/gkw937. 

52. Poon, H.; Quirk, C.; DeZiel, C.; Heckerman, D. Literome: PubMed-scale genomic knowledge base in the 
cloud. Bioinformatics 2014, 30, 2840–2842, doi:10.1093/bioinformatics/btu383. 

53. Fujimoto, T.; Sugimoto, K.; Takahashi, T.; Yasunobe, Y.; Xie, K.; Tanaka, M.; Ohnishi, Y.; Yoshida, S.; 
Kurinami, H.; Akasaka, H.; et al. Overexpression of Interleukin-15 exhibits improved glucose tolerance and 
promotes GLUT4 translocation via AMP-Activated protein kinase pathway in skeletal muscle. Biochem. 
Biophys. Res. Commun. 2019, 509, 994–1000, doi:10.1016/j.bbrc.2019.01.024. 

54. Zhang, Y.P.; Deng, Y.J.; Tang, K.R.; Chen, R.S.; Liang, S.; Liang, Y.J.; Han, L.; Jin, L.; Liang, Z.E.; Chen, Y.N.; 
et al. Berberine Ameliorates High-Fat Diet-Induced Non-Alcoholic Fatty Liver Disease in Rats via 
Activation of SIRT3/AMPK/ACC Pathway. Curr. Med. Sci. 2019, 39, 37–43, doi:10.1007/s11596-019-1997-3. 

55. Rhee, S.G.; Bae, S.H. The antioxidant function of sestrins is mediated by promotion of autophagic 
degradation of Keap1 and Nrf2 activation and by inhibition of mTORC1. Free Radic. Biol. Med. 2015, 88, 
205–211, doi:10.1016/j.freeradbiomed.2015.06.007. 

56. Li, Z.; Agellon, L.B.; Allen, T.M.; Umeda, M.; Jewell, L.; Mason, A.; Vance, D.E. The ratio of 
phosphatidylcholine to phosphatidylethanolamine influences membrane integrity and steatohepatitis. Cell 
Metab. 2006, 3, 321–331, doi:10.1016/j.cmet.2006.03.007. 

57. Igolnikov, A.C.; Green, R.M. Mice heterozygous for the Mdr2 gene demonstrate decreased PEMT activity 
and diminished steatohepatitis on the MCD diet. J. Hepatol. 2006, 44, 586–592, doi:10.1016/j.jhep.2005.08.026. 

58. Yao, J.; Bi, H.E.; Sheng, Y.; Cheng, L.B.; Wendu, R.L.; Wang, C.H.; Cao, G.F.; Jiang, Q. Ultraviolet (UV) and 
hydrogen peroxide activate ceramide-ER stress-AMPK signaling axis to promote retinal pigment 
epithelium (RPE) cell apoptosis. Int. J. Mol. Sci. 2013, 14, 10355–10368, doi:10.3390/ijms140510355. 

59. Wang, K.; Li, C.; Lin, X.; Sun, H.; Xu, R.; Li, Q.; Wei, Y.; Li, Y.; Qian, J.; Liu, C.; et al. Targeting alkaline 
ceramidase 3 alleviates the severity of nonalcoholic steatohepatitis by reducing oxidative stress. Cell Death 
Dis. 2020, 11, 28, doi:10.1038/s41419-019-2214-9. 

60. Peralta, E.R.; Edinger, A.L. Ceramide-induced starvation triggers homeostatic autophagy. Autophagy 2009, 
5, 407–409, doi:10.4161/auto.5.3.7809. 

  



Cells 2020, 9, 1237 20 of 21 

 

61. Simon, J.; Ouro, A.; Ala-Ibanibo, L.; Presa, N.; Delgado, T.C.; Martinez-Chantar, M.L. Sphingolipids in Non-
Alcoholic Fatty Liver Disease and Hepatocellular Carcinoma: Ceramide Turnover. Int. J. Mol. Sci. 2019, 21, 
doi:10.3390/ijms21010040. 

62. Hla, T.; Kolesnick, R. C16:0-ceramide signals insulin resistance. Cell Metab. 2014, 20, 703–705, 
doi:10.1016/j.cmet.2014.10.017. 

63. Zolnik, B.S.; Stern, S.T.; Kaiser, J.M.; Heakal, Y.; Clogston, J.D.; Kester, M.; McNeil, S.E. Rapid distribution 
of liposomal short-chain ceramide in vitro and in vivo. Drug Metab. Dispos. 2008, 36, 1709–1715, 
doi:10.1124/dmd.107.019679. 

64. Liu, X.; Ryland, L.; Yang, J.; Liao, A.; Aliaga, C.; Watts, R.; Tan, S.F.; Kaiser, J.; Shanmugavelandy, S.S.; 
Rogers, A.; et al. Targeting of survivin by nanoliposomal ceramide induces complete remission in a rat 
model of NK-LGL leukemia. Blood 2010, 116, 4192–4201, doi:10.1182/blood-2010-02-271080. 

65. Tagaram, H.R.; Divittore, N.A.; Barth, B.M.; Kaiser, J.M.; Avella, D.; Kimchi, E.T.; Jiang, Y.; Isom, H.C.; 
Kester, M.; Staveley-O’Carroll, K.F. Nanoliposomal ceramide prevents in vivo growth of hepatocellular 
carcinoma. Gut 2011, 60, 695–701, doi:10.1136/gut.2010.216671. 

66. Stover, T.; Kester, M. Liposomal delivery enhances short-chain ceramide-induced apoptosis of breast 
cancer cells. J. Pharmacol. Exp. Ther. 2003, 307, 468–475, doi:10.1124/jpet.103.054056. 

67. Li, G.; Liu, D.; Kimchi, E.T.; Kaifi, J.T.; Qi, X.; Manjunath, Y.; Liu, X.; Deering, T.; Avella, D.M.; Fox, T.; et 
al. Nanoliposome C6-Ceramide Increases the Anti-tumor Immune Response and Slows Growth of Liver 
Tumors in Mice. Gastroenterology 2018, 154, 1024–1036 e1029, doi:10.1053/j.gastro.2017.10.050. 

68. Kalhan, S.C.; Edmison, J.; Marczewski, S.; Dasarathy, S.; Gruca, L.L.; Bennett, C.; Duenas, C.; Lopez, R. 
Methionine and protein metabolism in non-alcoholic steatohepatitis: Evidence for lower rate of 
transmethylation of methionine. Clin. Sci. 2011, 121, 179–189, doi:10.1042/CS20110060. 

69. Imajo, K.; Fujita, K.; Yoneda, M.; Shinohara, Y.; Suzuki, K.; Mawatari, H.; Takahashi, J.; Nozaki, Y.; Sumida, 
Y.; Kirikoshi, H.; et al. Plasma free choline is a novel non-invasive biomarker for early-stage non-alcoholic 
steatohepatitis: A multi-center validation study. Hepatol. Res. Off. J. Japan Soc. Hepatol. 2012, 42, 757–766, 
doi:10.1111/j.1872-034X.2012.00976.x. 

70. Schattenberg, J.M.; Galle, P.R. Animal models of non-alcoholic steatohepatitis: Of mice and man. Dig. Dis. 
2010, 28, 247–254, doi:10.1159/000282097. 

71. Pogribny, I.P.; James, S.J.; Beland, F.A. Molecular alterations in hepatocarcinogenesis induced by dietary 
methyl deficiency. Mol. Nutr. Food Res. 2012, 56, 116–125, doi:10.1002/mnfr.201100524. 

72. Mehedint, M.G.; Zeisel, S.H. Choline’s role in maintaining liver function: New evidence for epigenetic 
mechanisms. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 339–345, doi:10.1097/MCO.0b013e3283600d46. 

73. Zeisel, S.H.; da Costa, K.A. Choline: An essential nutrient for public health. Nutr. Rev. 2009, 67, 615–623, 
doi:10.1111/j.1753-4887.2009.00246.x. 

74. Han, M.; Pioronska, W.; Wang, S.; Nwosu, Z.C.; Sticht, C.; Wang, S.; Gao, Y.; Ebert, M.P.; Dooley, S.; Meyer, 
C. Hepatocyte caveolin-1 modulates metabolic gene profiles and functions in non-alcoholic fatty liver 
disease. Cell Death Dis. 2020, 11, 104, doi:10.1038/s41419-020-2295-5. 

75. Galastri, S.; Zamara, E.; Milani, S.; Novo, E.; Provenzano, A.; Delogu, W.; Vizzutti, F.; Sutti, S.; Locatelli, I.; 
Navari, N.; et al. Lack of CC chemokine ligand 2 differentially affects inflammation and fibrosis according 
to the genetic background in a murine model of steatohepatitis. Clin. Sci. 2012, 123, 459–471, 
doi:10.1042/CS20110515. 

76. Tang, X.; Keenan, M.M.; Wu, J.; Lin, C.A.; Dubois, L.; Thompson, J.W.; Freedland, S.J.; Murphy, S.K.; Chi, 
J.T. Comprehensive profiling of amino acid response uncovers unique methionine-deprived response 
dependent on intact creatine biosynthesis. PLoS Genet. 2015, 11, e1005158, 
doi:10.1371/journal.pgen.1005158. 

77. Bravo-San Pedro, J.M.; Sica, V.; Martins, I.; Pol, J.; Loos, F.; Maiuri, M.C.; Durand, S.; Bossut, N.; 
Aprahamian, F.; Anagnostopoulos, G.; et al. Acyl-CoA-Binding Protein Is a Lipogenic Factor that Triggers 
Food Intake and Obesity. Cell Metab. 2019, 30, 1171, doi:10.1016/j.cmet.2019.10.011. 

78. Cruciani-Guglielmacci, C.; Lopez, M.; Campana, M.; le Stunff, H. Brain Ceramide Metabolism in the 
Control of Energy Balance. Front. Physiol. 2017, 8, 787, doi:10.3389/fphys.2017.00787. 

  



Cells 2020, 9, 1237 21 of 21 

 

79. Ruderman, N.B.; Cacicedo, J.M.; Itani, S.; Yagihashi, N.; Saha, A.K.; Ye, J.M.; Chen, K.; Zou, M.; Carling, D.; 
Boden, G.; et al. Malonyl-CoA and AMP-activated protein kinase (AMPK): Possible links between insulin 
resistance in muscle and early endothelial cell damage in diabetes. Biochem. Soc. Trans. 2003, 31, 202–206, 
doi:10.1042/bst0310202. 

80. Holthuis, J.C.; Luberto, C. Tales and mysteries of the enigmatic sphingomyelin synthase family. Adv. Exp. 
Med. Biol. 2010, 688, 72–85, doi:10.1007/978-1-4419-6741-1_5. 

  

 © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


