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Abstract

Chronic alcohol consumption can lead to the development of alcoholic fatty liver disease. The 

underlying pathogenic mechanisms however, have not been fully elucidated. Here, we review the 

current state of the art regarding the application of lipidomics to study alcohol’s effect on hepatic 

lipids. It is clear that alcohol has a profound effect on the hepatic lipidome, with documented 

changes in the major lipid categories (i.e. fatty acyls, glycerolipids, glycerophospholipids, 

sphingolipids, sterol lipids and prenol lipids). Alcohol’s most striking effect is the marked change 

in the hepatic fatty acyl pool. This effect includes increased levels of 18-carbon fatty acyl chains 

incorporated into multiple lipid species, as well as a general shift toward increased unsaturation of 

fatty acyl moieties. In addition to our literature review, we also make several recommendations to 

consider when designing lipidomic studies into alcohol’s effects. These recommendations include 

integration of lipidomic data with other measures of lipid metabolism, inclusion of multiple 

experimental time points, and presentation of quantitative data. We believe rigorous analysis of the 

hepatic lipidome can yield new insight into the pathogenesis of alcohol-induced fatty liver. While 

the existing literature has been largely descriptive, the field is poised to apply lipidomics to yield a 

new level of understanding on alcohol’s effects on hepatic lipid metabolism.
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General introduction

Alcohol abuse is associated with a significant global health burden, accounting for 6% of all 

deaths in the Americas, as well as ~9% of all disability-adjusted life years.1 A large part of 

this burden is associated with disease of the liver, of which there is a well-characterized 

disease spectrum beginning with alcohol-induced fatty liver, and then progressing to 

hepatitis, fibrosis and cirrhosis.2 As the initial step in this disease pathway, alcohol-induced 

fatty liver is of particular interest. Although this condition is commonly regarded as 

reversible with the cessation of alcohol consumption, it is well-recognized that the 

development of both non-alcoholic and alcohol-induced fatty liver confers an increased risk 

for the development of hepatitis, hepatic fibrosis and cirrhosis, as well as hepatocellular 

carcinoma.3,4,5,6,7,8 In this regard, an improved understanding of the pathogenesis of 

alcohol-induced fatty liver would be beneficial for the development of therapies that not only 

reverse lipid accumulation in the liver, but also counteract the progression of fatty liver to 

more severe forms of disease.

Fatty liver (steatosis) occurs when lipid - primarily triacylglycerol - accumulates in the liver, 

and is technically defined by a hepatic fat content in excess of 5-10% of liver weight.9 

Theoretically, fatty liver can develop through multiple pathways,10 as summarized in Fig. 1. 

Many of these pathways have been implicated in the context of alcohol-induced fatty liver, 

including increased fatty acid uptake from the circulation into the liver, increased de novo 

lipogenesis, decreased fatty acid oxidation, and impaired VLDL secretion.11,12 The relative 

importance of these pathways and their contribution to alcohol-induced fatty liver remains 

unclear. Indeed, given the complexity and uncertainties surrounding the pathogenesis of 

alcohol-induced fatty liver, the ability to quantitatively and specifically measure multiple 

lipid species in the liver at the same time is advantageous. In this regard, new lipidomic 

techniques are available to capture the effect of alcohol on the hepatic lipidome and provide 

new insight into the pathogenesis of alcohol-induced fatty liver. In this review, we will 

introduce the basic principles of lipidomic analyses, consider recent attempts to characterize 

the hepatic lipidome, and discuss the current literature describing alcohol’s effects on the 

hepatic lipidome.

An introduction to lipidomics

Lipids are a major class of biologically important molecules that can be broadly 

characterized as insoluble in water and soluble in organic solvents, thereby comprising small 

molecules that are hydrophobic or amphipathic. In this review, we strived to use the 

comprehensive classification system and nomenclature established by the LIPID MAPS 

consortium in accord with the International Lipids Classification and Nomenclature 

Committee, as outlined in Fig. 2.13,14 In simple terms, lipidomics refers to the 

comprehensive analysis of lipids in a given cell or tissue, and can be considered as a 
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subdivision of analyses designed to determine the complete set of chemicals within cells (i.e. 

metabolomics). More broadly, lipidomics is a burgeoning scientific endeavor to identify and 

quantify the thousands of distinct lipids present in various cell types, and to establish lipid 

functions in health and disease. According to these definitions, when referring to the hepatic 

lipidome, we mean the complete spectrum of lipids within this tissue.

The complex analysis of lipids in biological samples was made possible by analytical 

advances in the field of mass spectrometry (MS).15 While gas chromatography MS (GC-

MS) and tandem MS were developed in the second half of the 20th century and allowed the 

analysis of some lipids, the more recent introduction of electrospray ionization (ESI) 

allowed for a highly sensitive and specific analysis of molecules faster and more cheaply 

than before. In this regard, ESI-MS is currently thought to be the most sensitive, specific and 

direct technique for assessing the lipidome of biological samples.15 Parallel improvements in 

liquid chromatography (LC; e.g. ultra-high performance liquid chromatography), computing 

power, and the development of specific software applications have also greatly facilitated the 

production and analysis of lipidomic data.

Most MS-based lipidomic analyses follow a standard workflow, as summarized in Fig. 3. 

While this workflow provides a general framework within which the profiling of lipids in 

biological samples can be conducted, there are two different analytical methods that can be 

used to identify and quantify lipids: LC-MS and shotgun lipidomics. LC-MS uses LC to 

separate lipids prior to MS, whereas shotgun lipidomics works by the direct infusion of lipid 

extracts into the MS. An in-depth discussion of the respective merits of LC-MS vs. shotgun 

lipidomics, and their technical refinements is beyond the scope of the current review, and the 

reader is referred to the following literature.16,17 In brief, the advantages of using LC-MS 

include higher sensitivity and quantification, especially for low abundance lipids. The use of 

LC to separate lipids prior to MS is particularly advantageous when analyzing complex 

biological samples such as the liver; furthermore, the use of LC allows retention time to be 

used as an additional analytic parameter. In accordance with the multiple categories of lipids 

and their numerous constituents, several different LC-MS protocols have been developed 

and optimized to measure specific lipids. An in-depth discussion of these different 

techniques is not possible in the current review; however, the reader is referred to the 

following publications that provide a detailed description of analytical protocols for 

measuring lipids in different categories.18,19,20,21,22,23,24 While less sensitive, shotgun 

lipidomics has the advantage of allowing large scale, high-throughput analysis of samples 

without the possibility of chromatographic anomalies. The direct infusion of samples also 

allows for a more complete analysis of low volume samples, though this is not necessarily a 

limiting factor when studying the liver because of its relatively large size. In shotgun 

lipidomics, a greater emphasis is placed on computational analysis for lipid identification 

and relative quantification.

MS-based approaches are not the only techniques for generating lipidomic data. Nuclear 

magnetic resonance (NMR) spectroscopy can also be used for this purpose, applying a 

similar workflow to that of MS-based techniques (Fig. 3).25 Both approaches are 

comparable in terms of the time taken for sample analysis and data processing; however, 
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NMR spectroscopy is less sensitive and the resonance overlay can limit the ability to identify 

and quantify molecules in complex samples.25,26

Irrespective of the analytical method chosen, the large quantity of data and its complexity 

makes the analysis and interpretation of lipidomic data a major challenge. Indeed, a strong 

bioinformatics component is essential if lipidomic datasets are to be effectively utilized, with 

limitations in data analysis and interpretation potential limiting factors in gathering the most 

information from these datasets.27,17. In terms of data analysis, several proprietary and open-

source software platforms are available to facilitate the processing of MS data, particularly 

in terms of lipid identification, quantification and statistical analysis. Unsurprisingly, 

different data processing software packages are available depending on the analytic method 

used, for example Lipid Inspector is designed for shotgun lipidomic data, whereas Lipid 

Data Analyzer is designed for LC-MS data.17 Successful interpretation of lipidomic data 

requires accurate placement in a biological context, which is greatly facilitated by the 

construction of lipid pathways. These pathways annotate lipids along with accompanying 

enzymes involved in their synthesis and degradation, as well as potentially relevant binding 

proteins and other functional effectors (e.g. receptors). For example, the Kyoto Encyclopedia 

of Genes and Genomes (KEGG; www.genome.jp/kegg) contains a collection of lipid-

specific pathways that can be used to create representations of specific pathways with 

integrated data.

There has been a recent proliferation in the number of published lipidomic studies, 

facilitated by rapid technological developments that have allowed improved data collection, 

analysis and interpretation. Although the complete characterization of the mammalian 

lipidome is a significant endeavor, progress has been made in the field. The LIPID MAPS 

structures database now contains over 37,000 biologically relevant lipids, and in 2009, 342 

lipid species were identified in the yeast Saccharomyces cerevisiae, estimated to reflect 95% 

coverage of the complete yeast lipidome.28 More recently, changes in the lipidome of 

murine macrophages were characterized in response to stimulation with lipopolysaccharide; 

however this study only focused on 400 lipids out of a predicted total in the order of 

thousands.29 As discussed in the next section, the hepatic lipidome is beginning to be 

explored, allowing an improved understanding of the role lipids play in the normal 

functioning of this important organ.

The hepatic lipidome

Methodological strategies for the lipidomic analysis of liver tissue have been described; 

however, at this time there are fewer than 100 studies catalogued in the MEDLINE database 

that primarily report an analysis of the hepatic lipidome.30 It should also be noted that the 

majority of these studies describe the analysis of the hepatic lipidome in animal models, 

with few studies using human liver samples. In general, hepatic lipidomics studies can be 

split into two categories, technical papers describing methods to facilitate the analysis of 

hepatic lipids, and applied papers typically focusing on a particular type of liver disease.

Technical papers have reported methods for the analysis of constituents from the major lipid 

categories in the liver (i.e., fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, 
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sterol lipids and prenol lipids), including both LC-MS and shotgun lipidomics.31,32. 

Regarding applied papers, there is an increasing number of studies that focus on the hepatic 

lipidome in various disease states, including non-alcoholic fatty liver disease,30,33,34 non-

alcoholic steatohepatitis,35 liver cancer,35,36, and of course, alcoholic liver injury (discussed 

below). These papers can be divided generally into those attempting to identify a particular 

lipid biomarker of disease, or more mechanistic studies that are aimed at improving 

understanding disease pathogenesis though lipidomic data. As an example of the former, 

Kwan et al. set out to identify and validate biomarkers for hypertriglyceridemia in two 

different mouse models.37 The authors studied lipid levels in the liver and serum, and 

identified individual fatty acids and fatty acyl CoAs in the liver that formed a specific 

signature associated with hypertriglyceridemia. As an example of the latter, Fu et al. used 

lipidomic methods combined with proteomics to better understand the mechanisms 

underlying hepatic endoplasmic reticulum stress secondary to obesity.38 Using this 

approach, the authors concluded that abnormal lipid metabolism contributes to the 

development of endoplasmic reticulum stress in the livers of obese mice.

Attempts to characterize the hepatic lipidome have one important caveat: data reported from 

whole liver extracts reflect analytes from a heterogeneous cell population. There are at least 

four major cell types to consider in the liver: hepatocytes, hepatic stellate cells, Kupffer cells 

and endothelial cells. Thus, lipidomic analysis of liver samples reflects a composite lipidome 

of all the cells of the liver. This limitation becomes apparent when one considers 

experiments into specific liver diseases. For example, studies into hepatic steatosis would 

benefit from the specific analysis of hepatocytes – the primary site of triacylglycerol 

accumulation in the fatty liver; whereas studies into hepatic fibrosis might benefit from the 

specific analysis of hepatic stellate cells – which, when activated, are the primary 

contributors of extracellular matrix deposition in the fibrotic liver. Two approaches have 

been successfully applied to overcome this limitation. One approach involves MS imaging; 

this technique yields high resolution spatial localization of lipids in cross sections of the 

liver at the cellular level, and has been used successfully to visualize fatty acyls, 

glycerolipids, glycerophospholipids, sterol lipids and prenol lipids in the liver.39,40. Instead 

of imaging lipids in situ, a second approach is to isolate the particular cell type of interest 

prior to MS analysis. For example, lipidomic analyses of isolated hepatocytes, hepatic 

stellate cells and Kupffer cells have all been reported, whereas others have focused on 

specific organelles, including the analysis of purified mitochondria and hepatocyte lipid 

droplets.41,42,43,44,45

A further methodological approach that greatly improves the utility of lipidomic data 

obtained from liver samples is its coupling with other analyses. While differences in lipid 

levels can be informative, accompanying measures such as the concentration of related non-

lipid metabolites or the expression level of related enzymes, allow the construction of 

integrated pathways that provide a more complete picture of lipid metabolism under 

different experimental conditions. Indeed, the literature contains several examples of 

researchers who have coupled their lipidomic analyses with a survey of gene expression at 

the mRNA level using quantitative PCR.34,46,47. At a more sophisticated level, others have 

combined lipidomics with broader metabolomic, proteomic and transcriptomic analyses to 

obtain a more complete picture of both metabolite, protein and gene expression levels, 
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respectively.35,38,48,49,50,51,52 Indeed, this combined approach is well-suited to studies in the 

liver because of the abundance of tissue available. For example, the liver of a 3 month-old 

male mouse typically provides ~1 g of tissue available for analysis, whereas other organs 

such as the heart or kidneys typically weigh only ~0.15 g. This relatively large amount of 

tissue is advantageous because it allows multiple analyses from the same animal, thereby 

reducing the effect of biological variability between experimental animals in a given dataset. 

In our laboratory, we can routinely analyze the profile of lipids in a given liver, as well as 

perform separate analyses of RNA and protein expression levels using the same sample.47

The entire hepatic lipidome has yet to be characterized, although some authors have reported 

80% coverage of the total lipid mass of the liver, including hundreds of its most abundant 

lipids.31 Despite the challenge that complete coverage of the hepatic lipidome represents, 

strategies for the comprehensive analysis of hepatic lipids, particularly in the context of 

hepatic steatosis, have been described.30 The next section reviews the current literature 

describing the effect of chronic alcohol consumption on the hepatic lipidome.

The effect of chronic alcohol consumption on the hepatic lipidome

At the time of writing, we identified eight publications from the MEDLINE database where 

the primary goal was to describe the metabolomic/lipidomic profile of liver tissue collected 

from control and alcohol-fed experimental animals.47,53,54,55,56,57,58,59 As summarized in 

Table 1, these publications encompass studies in different species, with different alcohol 

feeding protocols and methods of analysis. A brief summary of each of these reports is 

provided below, including information on the analytical method, experimental model, main 

findings and conclusions. Later, we will discuss patterns and trends that emerge from the 

available data, make some recommendations to be considered when designing studies into 

alcohol’s effect on the hepatic lipidome, and finish with an overall summary of the current 

state of the art with respect to the effect of chronic alcohol consumption on the hepatic 

lipidome. It should be noted that other researchers have analyzed alcohol’s effects on the 

lipid content of other tissues in addition to the liver. This work has largely focused on the 

identification of biomarkers for alcohol-induced liver injury in readily collected tissues such 

as plasma and urine.60,61 These papers will not be discussed further in this review because 

they do not specifically focus on hepatic lipids or the hepatic lipidome.

Metabolomic profiling of a modified alcohol liquid diet model for liver injury in the mouse 
uncovers new markers of disease

Bradford et al. studied the effect of alcohol on the hepatic metabolome in male mice 

consuming control and alcohol-containing Lieber-DeCarli liquid diets for up to 5 weeks.53 

Data on lipid levels in the liver were obtained using direct infusion (shotgun) ESI-MS. 

While the majority of the data presented in this paper concerns non-lipid metabolites, it is 

included here because it was one of the first published studies to perform a metabolomic 

analysis of the alcohol-exposed liver. The lipid data reported in this paper focused on 

relative changes in fatty acyls, primarily fatty acids. It should be pointed out that the 

identification of lipids in this study was based primarily on mass, cross-referenced with 

known metabolite information available in the Human Metabolome Database and the LIPID 
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MAPS database. This method of identification can be equivocal, for example a significant 

increase in a metabolite with the exact mass of 282.255 was observed, but the authors were 

unable to definitively ascertain if this related to vaccenic acid (C18:1 n-7) or oleic acid 

(C18:1 n-9).

1H and 31P NMR lipidome of ethanol-induced fatty liver

Here, we consider two papers published by Fernando and colleagues in 2010 and 2011.54,55 

These papers describe changes in the hepatic lipidome of rats in response to consumption of 

Lieber-DeCarli liquid diets containing 5% ethanol for 1, 2 and 3 months. The 2010 paper 

focuses on changes in the hepatic lipidome at the 1 month time point, while the subsequent 

paper focuses on the 2 and 3 month time points. Both studies use the same analytical 

approach complimented by histology and basic biochemical measures. Methodologically, 

the authors used proton (1H) and phosphorous (32P) NMR spectroscopy to observe changes 

in hepatic lipids in response to alcohol. The main findings of both papers are in agreement, 

with both reporting increased levels of hepatic cholesterol and decreased 

phosphatidylcholine levels in response to alcohol. The extent of acyl chain saturation in all 

liver lipids was also observed to change in response to alcohol in both studies, such that 

there was decreased saturation of fatty acyls in alcohol-fed rats. These studies provide 

examples of the limitations of using NMR spectroscopy to study the hepatic lipidome. While 

the authors provided an excellent time series of changes in the hepatic lipidome in response 

to alcohol consumption, the lack of quantitative data made it impossible to discern 

progressive changes in lipid levels over time. Furthermore, NMR spectroscopy’s lack of 

specificity was apparent in the equivocal identification of some lipids. For example, while 

cholesterol could be positively identified through its unique composition, changes in 

metabolites with CH=CH groups could only be attributed to the subclass of unsaturated fatty 

acids. This limitation also extended into difficulties identifying lipid classes, for example the 

authors mentioned in their discussion that triacylglycerols could not be identified because of 

resonance overlap between the glycerol backbone of triacylglycerol and phospholipids.55 

Similarly, the changes in fatty acyl chain composition could not be ascribed to changes in a 

specific lipid category.54 Nevertheless, these reports provide important reference data and 

allow comparisons to be made between studies using NMR spectroscopy vs. MS-based 

approaches.

Altered hepatic lipid metabolism in C57BL/6 mice fed alcohol: a targeted lipidomic and 
gene expression study

Our group has also contributed to the literature regarding alcohol’s effects on the hepatic 

lipidome.47 In our study, we analyzed the effect of chronic alcohol consumption in mice 

using Lieber-DeCarli liquid diets (up to 6.4% alcohol for 5 weeks). Analytically, we used an 

LC-MS based approached that was targeted to specific fatty acyls and sphingolipids, 

allowing quantitative lipid levels to be obtained in the liver and plasma. With regard to fatty 

acyls, our main findings included the observation that alcohol feeding was associated with 

increased hepatic levels of fatty acids and decreased levels of CoAs. Whereas our analysis of 

sphingolipids revealed broad increases in ceramide levels, which was associated with 

increased levels of their precursor molecules sphingosine and sphinganine. Our study was 

different from the other alcohol-related papers discussed here in that we also performed an 
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analysis of gene expression levels in the liver, allowing an improved mechanistic insight into 

alcohol’s effects on specific lipid pathways. For example, we correlated decreased 

expression of the enzyme Elovl5 with increased levels of the fatty acid C18:3. Given that the 

Elovl5 gene product catalyzes the elongation of the long-chain fatty acid C18:3 to C20:3, we 

interpreted this data to indicate that the accumulation of the C18:3 fatty acid could be 

explained by its decreased elongation to C20:3.47

Metabonomic investigation of liver profiles of nonpolar metabolites obtained from alcohol-
dosed rats and mice using high mass accuracy MSn analysis

Loftus et al. studied alcohol’s effect on hepatic lipid levels in rats and mice using intragastric 

infusion of ethanol over a period of 4 weeks.56 Hepatic lipid levels were measured using 

LC-MS and the data included the relative quantification of lipids from all the major lipid 

categories (fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids and 

prenol lipids). The major findings reported in this paper include a relatively large decline in 

hepatic retinol and cholesterol levels, as well as consistently elevated levels of several fatty 

acid ethyl ester species (including ethyl arachidonate, oleate and linoleate). A strength of 

this paper was the analysis of liver tissue from alcohol-fed rats and mice. This allowed cross-

species comparisons, showing that both species of rodent generally responded similarly to 

alcohol in terms of changes to the hepatic lipidome. While this paper had the broadest 

coverage of lipid categories compared to all the other papers reviewed here, it was limited by 

the fact the authors only reported relative changes in lipid levels. Indeed, in the discussion of 

their paper the authors proposed that further studies were needed to develop quantitative 

measures of lipids.

Ethanol-induced alterations in fatty acid-related lipids in serum and tissues in mice

Zhao et al. studied alcohol’s effects on lipids in a mouse model, using Lieber-DeCarli liquid 

diets (5% alcohol for 4 weeks).57 In this comprehensive study, the authors used LC-MS to 

study the effect of alcohol on the lipidomes of multiple tissues, including the liver, skeletal 

muscle, heart, kidneys, white adipose and serum. The study’s key findings include the 

observation that alcohol has a tissue specific effect on lipid levels, although some consistent 

patterns emerged between tissues. Strikingly, the authors observed that lipids containing 18 

carbon fatty acyl species were increased in multiple tissues, including C18:0 sphingomyelin, 

C18:0 ceramide, and C18:0/C18:2 phosphatidylcholine. Similarly, lipids containing a C22:6 

fatty acyl moiety also increased in many tissues. Cluster analysis of phospholipid changes in 

the different organs studied revealed significant clustering between the liver and serum 

relative to the changes observed in other tissues. This observation was taken to indicate that 

alcohol’s effects on lipid levels in the liver and serum are somewhat comparable, and opens 

the possibility of using changes in serum lipid levels as a proxy for changes in the liver, and 

therefore the development of serum biomarkers for alcohol toxicity. Strengths of this study 

include the analysis of multiple distinct lipids in several lipid categories (fatty acyls, 

glycerophospholipids, and sphingolipids), the analysis of different tissues, and the reporting 

of quantitative data.
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Metabolic profiling of an alcoholic fatty liver in zebrafish (Danio rerio)

Jang et al. studied alcoholic fatty liver in zebrafish.59 This experimental model has 

previously been shown to be suitable for the study of alcoholic liver disease and has several 

unique advantages, particularly with respect to the economics of the research.62,63 The 

relatively short alcohol feeding protocol used in this study involved the direct addition of 

ethanol (1.2% v/v) into the fish’s water for 9 hours a day, repeated over a period of 7 days. 

The authors compiled a metabolomic profile of the liver of alcohol-exposed zebrafish, 

including lipids, combining data collected using 1H-NMR spectroscopy and GC-MS. 

Similar to the limitations experienced by Fernando et al.,58 the identification of individual 

lipids by 1H-NMR spectroscopy was limited and only changes in broad lipid categories were 

identified. For example, alcohol exposure was associated with increased hepatic 

phosphatidylcholine levels. The author’s GC-MS data allowed a more specific look at 

several distinct lipid species, including the alcohol-induced elevation of multiple fatty acids, 

including palmitic (C16:0), oleic (C18:1) and arachidonic acids (C20:4). The use of two 

analytic methods (1H-NMR spectroscopy and GC-MS) was a strength as it provided a 

broader array of analytic data, as well as a means to confirm data obtained by one method of 

analysis with the other. This study provides important data demonstrating that global 

metabolomic profiling of the zebrafish liver is possible and applicable for the study of 

alcoholic liver disease, highlighting the utility of this unique animal model.

Hepatic lipid profiling of deer mice fed ethanol using 1H and 31P NMR spectroscopy: a 
dose-dependent subchronic study

In addition to their studies in the rat model described above, Fernando et al. also used 1H 

and 32P NMR spectroscopy to study the hepatic lipidome of deer mice fed ethanol.58 These 

authors used Lieber-DeCarli liquid diets to feed deer mice alcohol for two months, at a final 

ethanol concentration of 1%, 2% or 3.5%. Moreover, they also compared the effect of 

alcohol feeding in the liver of wild-type animals, with deer mice carrying a natural genetic 

mutation in hepatic alcohol dehydrogenase (ADH), as previously described.64 The main 

findings of this study focused on the mutant ADH group fed 3.5% ethanol for 2 months, 

which had the most profound hepatic pathology compared to the other experimental groups. 

In this group, several changes were observed in the hepatic lipidome, including relatively 

increased levels of total cholesterol, cholesterol esters, fatty acid methyl esters, and 

triacylglycerols. The authors also reported decreased levels of free cholesterol and 

phospholipids in alcohol-fed animals. Although changes were observed in the hepatic 

lipidome, the author’s analysis did not generally extend beyond general lipid categories, thus 

little information on individual lipid species was available. Indeed, the authors concluded 

that there is a need for an alternative “approach to identify the individual lipid(s) at various 

stages of [alcohol liver disease]”.58 Indeed, this particular study can perhaps be best viewed 

as a proof of principle study, highlighting the utility of using NMR spectroscopy to probe 

the hepatic lipidome. Through the use of mutant ADH deer mouse, this study also highlights 

the benefits of using animal models with genetic mutations to gain further insight into the 

pathogenesis of alcohol-induced liver disease. Furthermore, through their use of low doses 

of alcohol, the authors were able to conclude that lipidomic approaches are sensitive enough 

to show changes in the lipid profile of the liver prior to the onset of frank fatty liver disease.
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Emerging insights from the lipidomic analysis of the alcohol-exposed liver

The eight papers discussed in detail above analyze alcohol’s effect on hepatic lipids using 

distinct methodologies; including differences in the species studied, alcohol feeding protocol 

and/or analytical method. Such diversity in experimental approaches provides an opportunity 

to ask questions about what general trends emerge regarding alcohol’s effect on hepatic 

lipids. While it is well-established that chronic alcohol consumption is associated with an 

increase in hepatic triacylglycerol levels, lipidomic approaches allow us to dig deeper to 

yield new and potentially important information. Given the large amount of lipidomic data 

presented in these papers, it is not possible to provide a synthesis of all the reported results; 

however, the text below will discuss selected lipids where sufficient data is available to allow 

for comparisons between studies.

Fatty acyls are one of the more diverse lipid categories in the mammalian lipidome, and as 

shown in Fig. 1, fatty acids and fatty acyl CoAs are important building blocks that are 

incorporated into many other more complex lipids. The majority of data on this lipid 

category with regard to alcohol’s effects is primarily focused on the fatty acids. The studies 

by Bradford, Clugston, Jang, Loftus and Zhao et al. present data on specific fatty acids in the 

alcohol-exposed liver. A review of this data reveals several striking patterns. Most notably, 

fatty acid levels are increased by alcohol consumption. This finding is entirely consistent 

with historical data showing that alcohol is associated with increased hepatic fatty acid 

levels,65 though the use of lipidomic analyses allows a closer examination of individual fatty 

acid species. In particular, it is apparent that alcohol has a profound effect on fatty acids with 

an 18 carbon acyl chain. Specifically, alcohol increases multiple 18-carbon fatty acids with 

varying degrees of saturation (indicated in parentheses), as seen in the studies reported by 

Bradford (C18:0, C18:1 and C18:2), Clugston (C18:0, C18:1, C18:2 and C18:3), Loftus 

(C18:2 and C18:3), and Jang et al. (C18:0, C18:1 and C18:2).47,53,56,59 Other notable effects 

of alcohol on specific fatty acids include consistently reported increases in the level of 

docosahexaenoic acid (C22:6), which was significantly increased by alcohol in three of the 

studies reviewed.47,56,59 As a precursor for eicosanoid synthesis, arachidonic acid (C20:4) is 

also of particular interest; however, there is no clear consensus on alcohol’s effect on this 

important lipid. Bradford and Loftus et al. both reported that arachidonic acid was 

significantly decreased by alcohol in the mouse liver.53,56 Conversely, arachidonic acid 

levels were increased in the liver of rats and zebrafish.56,59 Thus, it appears alcohol may 

have a species-specific effect on arachidonic acid, or at least its response to alcohol is more 

complex than the other fatty acids mentioned above.

Fatty acyl ether esters (FAEEs) are an important lipid class within the category of fatty acyls. 

Only two of the lipidomic papers we reviewed reported FAEE data;47,56 however, they have 

been included in this synthesis for three reasons; first, FAEEs can be formed by the non-

oxidative metabolism of ethanol and have been widely proposed to be biomarkers of alcohol 

consumption;66 second, the accumulation of FAEEs has been reported in multiple tissues 

(e.g. liver, heart, and lung), with increasing evidence suggesting they may be 

cytotoxic;67,68,69 and third, the observed pattern of FAEE accumulation in the alcohol-

exposed liver is consistent with broader changes in the hepatic lipidome. Specifically, both 

Clugston and Loftus et al., reported significant increases in hepatic FAEE levels, with the 
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largest increases observed for ethyl stearate (C18:0), oleate (C18:1) and linoleate 

(C18:2).47,56 Thus, similar to the accumulation of fatty acids described above, there is a 

propensity for FAEEs with an 18-carbon acyl chain to accumulate in the liver of alcohol-fed 

mice. It should be noted however, that increases in FAEEs were not limited to this group of 

lipids, with both Clugston and Loftus et al. reporting increased levels of ethyl palmitate 

(C16:0).47,56

Another group of lipids that have received wide attention in the literature are ceramides. It is 

becoming apparent that these sphingolipids are important in numerous cellular signaling 

pathways and their accumulation has been proposed to be cytotoxic.70,71 For example, it is 

thought that the accumulation of ceramide in the heart can cause cardiac dysfunction.72 

There is also growing literature linking ceramides with hepatic steatosis and alcoholic liver 

injury.73,74 In terms of the effect that chronic alcohol consumption has on hepatic ceramide 

levels, Clugston et al. reported increased levels of total ceramide, with individual increases 

in multiple ceramides including N-stearoyl ceramide (C18:0 Cer) and N-oleoyl ceramide 

(C18:1 Cer).47 Zhao et al. also reported increased levels of N-stearoyl ceramide (C18:0 Cer) 

in the liver of alcohol-fed mice, as well as increased levels of N-palmitoyl ceramide (C16:0 

Cer).57

Alcohol has a profound effect on the acyl composition of hepatic lipids. If we consider that 

fatty acids are important building blocks for the synthesis of many other complex lipids, then 

perhaps, unsurprisingly, the significant increases in 18-carbon fatty acids are reflected in 

many other lipid species that incorporate acyl chains derived from fatty acids. What is also 

apparent from several of the studies discussed here is the shift toward increasingly more 

unsaturated acyl chains. In absolute terms, Clugston et al. demonstrated that while the 

concentration of saturated fatty acids did not significantly increase in the liver of alcohol-fed 

mice, mono- and polyunsaturated fatty acids both significantly increased.47 This shift 

towards greater unsaturation is also reflected in the other studies that report specific levels of 

hepatic fatty acids, and in all three studies reported by Fernando et al. the authors reported 

an overall shift from lipids with saturated fatty acyl chains to those with unsaturated fatty 

acyl chains.54,55,58 Future studies into this general shift toward unsaturated fatty acyls, 

particularly those with 18-carbon acyl chains, are required to determine this shift’s possible 

impact on the initiation and progression of alcoholic liver injury. Given that oleic acid 

(C18:1) is known to be more steatogenic than palmitic acid, there could be a clear link 

between the accumulation of this lipid and the development of alcoholic fatty liver.75

It is well-established that chronic ethanol consumption is associated with increased hepatic 

triacylglycerol accumulation. Many of the studies reviewed here report increased hepatic 

triacylglycerol levels in alcohol consuming mice based on histology or simple biochemical 

assays; however, the use of lipidomic approaches to measure triacylglycerol composition has 

not yet provided much additional information. Those investigators using NMR spectroscopy 

all reported data on triacylglycerols, focusing on metabolites identified as comprising the 

glycerol backbone of triacylglycerols.54,55,58,59 These studies all reported an alcohol-

associated increase in hepatic triacylglycerol levels, but were unable to provide further 

information, such as the fatty acyl composition or identification of individual triacylglycerol 

species. The MS-based approach used by Loftus et al. reported an alcohol-induced increase 
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in specific triacylglycerols; however, changes in several possible isomers could have 

explained the effect.56 One of the reasons that triacylglycerols are not more widely studied is 

because of their complex molecular structure and the large number of unique triacylglycerol 

species present in the lipidome. For example, Murphy et al. highlighted the large number of 

triacylglycerols present in the mammalian lipidome, identifying >500 unique 

triacylglycerols in RAW 264.7 cells.76 Analyzing such a diverse class of lipids is 

complicated further by the presence of multiple isobaric species, for example 

triacylglycerols with the combined fatty acyl composition of C52:2 could reflect a molecule 

containing the fatty acyl moieties C16:0/C14:0/C22:2 or C16:0/C16:0/C20:2. Thus, the 

quantitative analysis of triacylglycerols requires the use of specialized MS protocols, 

meaning this class of lipids is under-studied in the context of alcohol’s effect on the hepatic 

lipidome.

Another lipid category that has only been studied at a superficial level in the livers of 

alcohol-fed animals is the glycerophospholipids. This is another complex category of lipids 

that contains multiple classes and sub-classes of lipids with their own high level of 

complexity and diversity. In their description of a LC-MS method to analyze 

glycerophospholipids, Retra et al. identified over 400 unique lipid species in the rat liver, 

highlighting the challenge that analysis of this lipid category represents.77 As described 

above for triacylglycerols, multiple isobaric species can also exist, making the identification 

of glycerophospholipids more difficult. For example, it is common to report the combined 

fatty acyl composition of phosphatidylcholines (e.g. C36:4), without providing additional 

information on the contributing fatty acyl groups.78 The papers we reviewed here reported 

alcohol’s effects on the following glycerophospholipids: glycerophosphocholines 

(phosphatidylcholine and lysophosphatidylcholine), glycerophosphethanolamines 

(phosphatidylethanolamine and lysophosphatidylethanolamine), glycerophosphoserines 

(phosphatidylserine) and glycerophosphoinositols (phosphatidylinositol).54,55,56,58,59. 

Similar to the triacylglycerols discussed above, the available data on the different 

glycerophospholipid classes only provides information on alcohol’s effect on the entire 

class, be it increased or decreased, with no information available on individual species 

within the class, or their fatty acyl composition.

Recommendations for future studies in the effect of alcohol on the hepatic 

lipidome

The research undertaken for this review has given us the opportunity to gain perspective on 

the advantages and limitations of using lipidomic approaches to study alcohol’s effect on 

hepatic lipids. Based on this analysis of the literature, we propose four recommendations 

that in our opinion are important considerations when designing studies into alcohol’s effect 

on the hepatic lipidome

1. Integrate lipidomic data with other metrics of lipid metabolism.

As discussed above, a comprehensive knowledge of lipid levels in a given tissue provides an 

important insight into the state of lipid metabolism within that tissue. It is important to 

enhance this level of understanding by providing complementary data on other important 
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effectors in these pathways, such as enzymes, binding proteins, or receptors. An integrated 

approach fosters thinking in terms of metabolic pathways, and not just individual lipids in 

isolation. Complementary data can take the form of comprehensive metabolomic, proteomic 

or transcriptomic analyses, or more targeted protein and gene expression analyses similar to 

the approach we have used.47 This dual approach allows different datasets to be integrated, 

thereby providing a deeper level of understanding. As Zhao et al. concluded in their study of 

alcohol’s effect on tissue lipid levels, the “evaluation of specific enzymes and genes that are 

responsible for the observed lipidomic changes…could be useful in understanding the 

mechanism of early stage (alcoholic liver disease)”.57

2. Include multiple time points to capture dynamic changes in the hepatic lipidome

There are two related considerations relevant to the timing of data collection: first, that 

multiple experimental time points reveal dynamic changes in lipid levels and, second, that 

changes in lipids prior to the onset of diseases may reveal important information for 

understanding the pathogenic process. Our recent study into the effect of alcohol on the acyl 

composition of hepatic retinyl esters highlights the additional insight gained by studying 

multiple time points.78 Through the use of multiple time points – particularly those early in 

the alcohol feeding protocol – we revealed that while retinyl palmitate levels precipitously 

dropped shortly after the onset of alcohol consumption, there was a compensatory increase 

in retinyl oleate levels, such that total hepatic retinyl ester levels remained unchanged early 

on. Thus, through the use of multiple experimental time points, we established that alcohol 

has a dynamic effect on hepatic retinyl ester levels, providing a new understanding of 

alcohol’s known effects on hepatic retinoids.79 Fernando et al. studied the effect of chronic 

alcohol consumption for 1, 2 and 3 months in rats, revealing the dynamic effects of alcohol 

on broad lipid categories within the liver.54,55,58 These authors also highlighted the utility of 

using lipidomics at early time points, prior to the development of alcoholic fatty liver 

disease. While we recognize that the addition of extra experimental time points is not always 

practical, we do believe the extra information derived from such an experimental design is 

advantageous for a more meticulous understanding of alcohol’s effect on the lipidome.

3. Be quantitative

Only two of the eight studies we reviewed above provide quantitative data on hepatic lipid 

levels.47,57 While certain methodological approaches only generate relative data, we are of 

the opinion that quantitative data is more valuable because it provides an extra dimension of 

information that can highlight the biological relevance of the findings. Reporting relative 

changes in lipid levels clearly highlights what has changed in response to alcohol 

consumption, but provides no information on the relative abundance of lipids. For example, 

Bradford et al. highlighted that alcohol consumption increased hepatic levels of eicosadenoic 

acid (C20:2), yet this low abundance lipid accounts for less than 1% of fatty acids in the 

liver.53 On the other hand, the increase in oleic acid (C18:1) reported by several groups 

could be considered more biologically important since this lipid accounts for ~40% of 

hepatic fatty acids.47 This need for more quantitative studies is echoed by Loftus et al. who 

concluded that “the development of fully quantitative assays…will be required to better 

assess their value in understanding these models of alcohol-induced liver injury”.56 We do 

recognize however, that the presentation of relative data can be advantageous because it 
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readily allows the reader to determine the direction of change of a given analyte. In this 

regard, our analysis of the hepatic lipidome included heat maps and bar charts showing 

relative changes in the lipids measured, but also supplied quantitative data in the 

supplemental material.47

4. Report ‘negative’ data

Seven of the eight studies reviewed here only presented data on lipids whose level had 

changed in response to alcohol. While this approach makes data presentation easier, the 

authors deny the reader a deeper understanding of the study’s findings. If a particular lipid is 

not presented in a table or figure should the reader assume that it was not measured, or that it 

was measured and found to be unchanged? The study by Zhao et al. shows that they were 

able to measure >50 unique lipids in the tissues of alcohol-fed mice, but only presented data 

on the 10 whose concentrations were altered in the liver.57 The presentation of ‘negative’ 

data is essential to understanding alcohol’s effects on the hepatic lipidome, and identifying 

pathways or classes of lipids that do not change are equally as informative as delineating 

pathways that do change. Similar to our recommendation regarding quantitative data, 

negative data could be published in the supplemental material to avoid cluttering the main 

manuscript.

The general recommendations listed above reflect our opinion on the important information 

that should be provided when studying the hepatic lipidome. An extra layer of complexity 

must be considered when we think about experimental models of chronic alcohol 

consumption. As highlighted in Table 1, the studies we have discussed used different alcohol 

feeding protocols in different species. A discussion of the advantages and limitations of 

these different approaches is beyond the scope of this review, and we do not make any 

specific recommendations in this regard. We do, however, refer the reader to the recent 

review by de la Hall et al. that critically evaluates different models of alcoholic liver disease, 

as well as the recent description of the National Institute of Alcohol Abuse and Alcoholism 

models of chronic and binge alcohol feeding.80,81 Suffice to say that methodological 

diversity is advantageous because it allows the identification of general phenomena that are 

not unique to a specific species or route of alcohol exposure, while a more uniform approach 

allows results from different research groups to be compared directly and integrated easily. 

In this respect, it would seem that the preferred model would be the one that best 

recapitulates alcohol’s effects in humans; however, to our knowledge no lipidomic studies 

into liver tissue from human alcoholics have been published.

A further important consideration when designing studies into the hepatic lipidome is what 

lipids to focus on. Ideally, methods that cover the entire hepatic lipidome would provide a 

complete snapshot of the entire lipid content of the liver. In practical terms, however, this 

complete coverage is not possible, therefore decisions on what lipids to study must be made 

a priori.

Given the current state of our knowledge, it is unsurprising that alcohol has an effect on 

hepatic fatty acids and triacylglycerol levels, but when we consider the pathogenesis of 

alcoholic fatty liver disease and its progression, what other lipids should be routinely 

included in lipidomic analyses of the alcohol-exposed liver? As discussed above, it is 
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becoming apparent that ceramides can be lipotoxic and have been linked to alcoholic liver 

disease, thus their further study is warranted.73,73 Other toxic lipids that have been 

associated with liver disease include diacylglycerols, yet they are understudied in the context 

of alcoholism.82 Similarly, there is a growing literature linking endocannabinoid signaling 

and alcoholic liver disease, with our own lipidomic analysis reporting increased levels of 

anandamide in the alcohol-exposed liver.47,83 A particular group of lipids that is pertinent to 

our own research are the retinoids; there is a longstanding literature linking chronic alcohol 

consumption with the depletion of hepatic retinoid content, but it remains unclear what the 

disease-related significance of this is.78,79

When one considers the wide array of lipids that could be studied in the liver that may be 

important in the pathogenesis of alcohol-induced fatty liver, lipidomic analyses yield a 

double-edge sword. Lipidomics allows the identification of hundreds of lipids in the liver, 

with the hard task becoming sifting through the data and identifying pathologically 

significant changes. As discussed above, there is continual improvement in the 

bioinformatics resources available to investigators performing lipidomic studies. We believe 

these improvements, in combination with the above recommendations, should allow more 

meaningful data to be extracted from large lipidomic datasets.

Concluding remarks

Alcohol clearly has a profound effect on the hepatic lipidome, but it is also apparent that our 

knowledge of the large array of lipids normally present in the liver and their physiological 

significance is evolving constantly. As the methods for lipidomic analyses advance, we 

expect to learn more about the complex interplay of lipid metabolic pathways in the liver, 

and how these pathways are affected by chronic alcohol intake. This review establishes that 

alcohol has an effect on members of all the major lipid categories in the liver. The most 

striking change routinely observed is a shift towards unsaturation of the hepatic fatty acyl 

pool, with a propensity for significantly increased levels of mono- and poly-unsaturated 18 

carbon fatty acyls. While the current literature describing alcohol’s effects on the hepatic 

lipidome is mostly descriptive, we anticipate that future studies will be more hypothesis 

driven and move toward an improved mechanistic understanding of the development of 

alcoholic fatty liver, especially when integrated with other relevant data.
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Fig. 1. Multiple possible pathways contribute to the development of alcohol-induced fatty liver
This schematic highlights four pathways through which chronic alcohol consumption has 

been proposed to cause hepatic steatosis. 1) Alcohol stimulates the uptake of circulating 

fatty acids into the liver, which are then used as a substrate for triacylglycerol synthesis. 2) 

Alcohol stimulates de novo lipogenesis, with the newly synthesized fatty acids acting as a 

substrate for triacylglycerol synthesis. 3) Alcohol inhibits mitochondrial β-oxidation of 

hepatic fatty acids, leading to their accumulation and availability for synthesis of 

triacylglycerol. 4). Alcohol inhibits VLDL secretion from the liver, limiting the liver’s 

ability to secrete triacylglycerol and causing it to accumulate. FA: fatty acids, TAG: 

triacylglycerol; CHO: carbohydrate; VLDL: very low-density lipoprotein.
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Fig. 2. Major mammalian lipid categories and their inter-relationships
This scheme shows the major lipid categories as classified by the LIPID MAPS consortium 

including fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids and 

prenol lipids. This scheme also highlights the central importance of fatty acyls (i.e. fatty 

acids and fatty acyl CoAs) in the biosynthesis of other lipids (Adapted from Dennis et al., 
2010, and Quehenberger et al., 2010).24,84
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Fig. 3. Representative workflow for the lipidomic analysis of biological samples
This scheme shows the typical workflow for the analysis of biological samples using 

lipidomics (Adapted from Graessler et al., 2009).85
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