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Abstract
Background—Chronic alcohol consumption is a major factor for several human diseases and
alcoholism is associated with a host of societal problems. One of the major alcohol- induced
metabolic changes is the increased NADH levels, which reduces glucose synthesis and increases
fatty acid (FA) synthesis. Probably more important is the induction of FA synthesizing enzymes
under the control of sterol regulatory element binding proteins (SREBP), plus increased malonyl-
CoA which blocks FA entry to the mitochondria for oxidation. The changes in FA-related lipids,
particularly lysophospholipids (LPLs) and ceramides (Cers), in different tissues in ethanol-fed
have not been reported.

Methods—We systematically determined the levels of FA-related lipids, including FAs,
phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), lysophosphatidic acid (LPA),
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylinositol
(LPI), sphingomyelins (SMs), and ceramides (Cers) in the serum and different tissues by high-
performance-liquid-chromatography electrospray ionization tandem mass spectrometry (HPLC-
ESI-MS/MS). The study was performed in C57BL/6J mice fed with Lieber DeCarli diet; in which
ethanol was added to account for 27.5% of total calories. The serum and tissues were collected at
the time of sacrifice in these mice and the results were compared to pair-fed controls.

Results—The important observation was that ethanol induced tissue-specific changes, which
were related to different FA chains. Several 22:6 FA, 18:0 FA, 18:0 to 18:3 FA-containing lipids
were significantly increased in the serum, liver, and skeletal muscle, respectively. In the kidney,
all 22:6 FA-containing lipids detected were increased. In addition, alterations of other lipids in
tissues, except adipose tissue, were also observed.

Conclusions—We found tissue-specific alterations in the levels of FA-related lipids after
ethanol administration. The implications of these findings pertinent to human physiology/
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pathology warrant further investigation. More studies are needed to explore the mechanisms on the
different effects of ethanol on certain lipids in different tissues.
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Introduction
Alcohol is causally related to several medical conditions and accounts for 4% of the global
burden of disease (Room et al., 2005). One of the major consequences of alcohol
metabolism is the production of an excess amount of NADH, which reduces glucose
synthesis and fatty acid (FA) oxidation (Crabb and Liangpunsakul, 2006; Salaspuro and
Lieber, 1979). FAs are part of the building blocks for glycerol phospholipids including
lysophospholipids (LPLs). While the effects of alcohol on FA, cholesterol, and triglycerides
in the liver have been studied (You et al., 2002), alcohol's effects on other FA-related lipids
have not been analyzed in multiple tissues in ethanol-fed animals. Phospholipids (PLs),
including sphingolipids and lysophospholipids (LPLs) have been shown to be extracellular
signaling molecules, regulating a vast array of biological function, including cell survival
and apoptosis (Billich and Baumruker, 2008; Chatterjee et al., 2006; Claus et al., 2009;
Moolenaar, 1999). These lipids are intertwined through complex metabolic pathways and
FAs are the important building blocks for these lipids (Merrill, 1983; Merrill and Williams,
1984; Salaspuro and Lieber, 1979). Very recently, our laboratory showed that ethanol
increases ceramide in cultured cells and liver from ethanol fed mice (Liangpunsakul et al.,
2010).

Several LPLs are potential markers for cancers, including ovarian and colorectal cancers
(Sutphen et al., 2004; Xiao et al., 2000; Xiao et al., 2001; Xu et al., 1998; Zhao et al., 2007).
There are several thousand publications describing the cellular and physiological functions
of these FA-related lipids. In this work, we have extensively analyzed FA-related lipids in
10 groups (see Materials and Methods) with a total of 52 lipids in the serum and five tissues
(liver, kidney, skeletal muscle, heart, and adipose tissues) in mice fed with ethanol and pair-
fed controls. Such knowledge is of importance as it will help understand the process of
dysregulation of lipid metabolism induced by alcohol.

Materials and Methods
Materials

Standard Lipids, including fatty acids (FAs), phosphatidylcholines (PCs),
phosphatidylethanolamines (PEs), lysophosphatidic acids (LPAs), lysophosphatidylcholines
(LPCs), lysophosphatidylethanolamines (LPEs), lysophosphatidylinositol (LPIs),
sphingosine-1-phosphate (S1P), ceramides (Cers), and sphingomyelins (SMs) were
purchased from Avanti Polar lipids (Birmingham, AL) or sigma (St. Louis, MO). HPLC-
grade methanol (MeOH) and ammonium hydroxide (NH4OH) were purchased from sigma
(St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).

Animals and Diets
To study the effect of ethanol on organ lipids in vivo, 6- to 8-week-old male C57BL/6J mice
(The Jackson Laboratory, Bar Harbor, ME) were fed with Lieber-DeCarli diet as previously
described (You et al., 2004). In brief, animals were housed individually in a room with
controlled temperature (20-22 °C), humidity (55-65%), and lighting (on at 6 a.m. and off at
6 p.m.). Protein content was constant at 18% of calories, and each diet had identical mineral
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and vitamin content. The animals were divided into two dietary groups: (a) control diet (fat
comprising 10% of total calories, 6% from cocoa butter, and 4% from safflower oil, 72% of
calories as carbohydrate, 10 mice) and (b) ethanol-containing diet (identical to the control
diet but with ethanol added to account for 27.5% of total calories and the caloric equivalent
of carbohydrate (maltose-dextrin) removed, 10 mice). The animals were pair-fed for 4
weeks then sacrificed. The experimental protocols were approved by the Indiana University
School of Medicine Animal Care and Use Committee.

Tissue/serum lipid extraction and analysis
At the time of sacrifice, blood was withdrawn by cardiac puncture. Gastrocnemius muscle,
liver, heart, kidneys, and epididymal fat were harvested, as rapidly as possible, immediately
freeze-clamped with Wollenberger tongs at the temperature of liquid nitrogen, powdered
under liquid nitrogen with a mortar and pestle, and stored at -85°C for analysis.

All extractions were performed either in siliconized tubes (PGC Scientifics, Frederick,
Maryland) or in glass tubes. We have developed a simple phospholipid extraction method
and call it “the MeOH method” (Zhao and Xu, 2010). In brief, tissue powders in water were
further homogenized using a Brinkmann POLYTRON PT 10/35 Homogenizer. 50 μL (∼5.0
mg of the tissue) from each tissue sample or 10 μL of serum were added into 1 mL of
MeOH with 500 pmol of 12:0 LPC, 100 pmol of 14:0 LPA and 100 pmol of 17:0 Cer as the
internal standard (IS). After vortex and incubation on ice for 10 min, the mixture was
centrifuged (10,000g, 5min, room temperature), and 120 μL of supernatant were directly
used for mass spectrometry (MS) analysis.

MS analyses were performed using API-4000 (Applied Biosystems/MDS SCIEX) with the
Analyst data acquisition system. Multiple reaction monitoring (MRM) mode was used for
measurement of lipids. Standard curves were established for quantitative analyses of all
lipids. Typical operating parameters are as follows: nebulizing gas (NEB) 15, curtain gas
(CUR) 8, collision-activated dissociation (CAD) gas 35, electrospray voltage 5000 with
positive ion MRM mode or -4200 with negative ion MRM mode, and a temperature of
heater at 500°C. Negative ion MRM mode was used for the quantitative analysis of FAs,
S1P, LPAs, LPEs, LPIs, and PEs. HPLC conditions were totally same as we described
previously (Zhao and Xu, 2010). Samples (10 μL) were loaded through a LC system
(Agilent 1100) with an auto sampler. The mobile phase was MeOH/water/NH4OH
(90:10:0.1, v/v/v) and the HPLC separations were 15 min/sample. Cers were also detected
by negative ion MRM mode, and LPCs, SMs and PCs were determined by positive ion
MRM mode for the quantitative analysis. While HPLC separation was not necessary for
these lipids, samples (10 μL) were directly injected into the MS ion source, and the mobile
phase was MeOH/water/NH4OH (90:10:0.1, v/v/v) and the flow rate was 0.2 mL/min, with a
duration time 1.5 min/sample.

Statistical analysis
Different values among groups were compared using Student's t test. Correlation analyses of
lipids among several tissues were performed using Pearson's correlation coefficient. In order
to study whether there are across organ differences in lipids levels between control and
ethanol groups, a hierarchical cluster analysis was performed using the R package ‘pvclust’.
All statistical tests were two-sided, and P values less than .05 were considered to be
statistically significant. The package provides two types of p-values: AU (Approximately
Unbiased) p-value and BP (Bootstrap Probability) value. AU p-value is a better
approximation to unbiased p-value than BP value. We thus used AU p-values to determine
clustering.
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Results
Ethanol intake had no apparent effect on the health status of the animals. A steady average 2
to 3 g increase in the body weight was observed in both groups during the entire 4-week
study; however, body weight did not vary between these two groups at the end of
experiment. There was significant hepatic steatosis at the end of 4-week experiment in
ethanol-fed mice when compared to pair-fed controls.

Major lipid changes in the serum and different tissues
The significant lipid changes in the serum and other tissues are shown in Tables 1 to 5. In
the serum, the total FAs and SMs were significantly increased in the alcohol-fed group.
While the total lipids in other groups did not significantly change, some individual lipids
containing a 22:6 fatty acid chain were significantly increased by 34-137%. All SMs tested
were also significantly increased by 18-48% (Table 1). On the contrary, lipids containing a
16:0 and/or a 18:0 FA chain were significantly decreased by 23-39%.

In hepatic tissues, lipids containing 18:0 fatty acid chain were significantly increased by
31-36% and 22:6 LPE increased ∼100% in ethanol-fed mice (P<0.05) (Table 2). On the
contrary, several lipids were reduced in the alcohol group, including 22:5 FA and 18:1 LPA
(decreased ∼50%), as well as lipids containing 20:4 fatty acid chain decreased by 23-31%.

In the kidney, total FA and total PC were significantly increased in ethanol fed mice
compared to controls Administration of alcohol also significantly increased all 22:6 FA-
containing lipids by 30-160% (Table 3, P<0.05). Several 16:0 FA-containing lipids were
also increased by 13-70% in ethanol-fed mice, but 16:0 LPI and 16:0 Cer were decreased
(Table 3). In fact, most Cers profoundly decreased by 29-44%, and only two (24:1 and 24:0
Cer) increased (by 16-46%) in ethanol-fed mice compared to pair-fed controls (Table 3).

Total lipids in skeletal muscle were not changed significantly. However, when we
considered each lipid individually, many lipids containing 18:3, 18:2, 18:1, and/or 18:0 FA
were significantly increased by 41-152%. We, however, observed significant decreased in
the levels of 16:0/20:4 PC and 16:0/22:6 PC by 29-35% in muscles (Table 4).

Among the nine groups of lipids analyzed in the cardiac muscle, the PE and SM were
significantly increased and reduced, respectively, in the alcohol group. Among the 8 PEs
analyzed, 6 were significantly increased in the alcohol group (by 17-132%), while 3 of 3 of
SMs tested were decreased in this group. Other decreased lipids are shown in Table 5.

Of all the lipids being analyzed in adipose tissue, total PC (∼2,700 pmol/mg), SM (∼1,400
pmol/mg), LPC (∼240 pmol/mg) and Cer (∼140 pmol/mg) were the most abundant. There
were no significant changes in adipose tissue lipids after alcohol administration (data not
shown).

Cross tissue comparisons
While our data suggest that alcohol's effects on FA-related lipid are highly tissue specific,
we also conducted cross tissue comparison and correlation studies. We found that the total
PEs were significantly higher in the cardiac tissues compared to those from the skeletal
muscle, kidney, and adipose tissues. In control mice, the levels of cardiac PEs were 4- and
12- fold higher than those in the kidney and skeletal muscle. We also found that ethanol
increased PEs in the heart (3567 ± 1039 pmol/mg vs. 2596 ± 648 pmol/mg, P= 0.02).
Consistent with PC being the main cell membrane component, we found that PC is the most
abundant phospholipids in all tissues. The levels of other major lipids varied depending on
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the tissue being analyzed. For example, SM and PE are the second most abundant lipids in
kidney and heart, respectively (data not shown).

Among the lipids we determined, there was a trend of increase of 22:6 FA in the serum and
all tissues collected after administration of alcohol. In particular, significant increases in
22:6 FA in the serum and kidney were observed. A correlation coefficient of 0.82
(P<0.0001) suggests that the increases of this FA in the serum and kidney are well correlated
(Figure 1).

In addition, we found a correlation of 16:0/20:4 PC between the hepatic tissues and serum (r
= 0.89, P=0.006), a correlation of 22:5 FA between the hepatic and renal tissues (r = 0.84,
P=0.002), and between the hepatic and cardiac tissues (r = 0.83, P=0.003) as well as a
correlation of 16:0 LPI between the serum and hepatic tissues (r = 0.81, P=0.004). In cluster
analyses based on p-values between the control and ethanol groups, we found that
significant clustering in the levels of phospholipids in kidney, serum, and liver by using .90
as the cut-off for the approximated unbiased (AU) p-values. This indicates that lipids among
these three organs tend to behave similarly in contrast with those in muscle, heart, or
adipose.

Discussion
This study provides initial data for lipid alterations in the serum and different tissues. In
contrast to heavily studied cholesterol and triglycerides (You et al., 2002), we focus on a
group of extracellular and intracellular signaling lipid molecules. The most striking finding
is that the lipid alterations induced by alcohol are highly tissue specific, suggesting that the
pathological effects of alcohol in different tissues may have different molecular mechanisms
and may be related to many factors including the accumulation/generation rate of alcohol
and its metabolites in different tissues, the different enzymes involved, and the different
basal lipid compositions in different tissues. The importance of omega-3 (such as 20:4, 22:5,
22:6) FAs have been extensively studied. (de Deckere, et al., 1998; Harris, 2007; Harris,
2010). Interestingly, we have found that 22:6 FA, an omega-3 FA and several 22:6-FA
containing lipids were increased in the serum and kidney, but not in other tissues, including
heart, where 22:6 FA has been shown to have protective effects. On the other hand, 22:5 FA,
an omega-3 and omega-6 FA, was not changed in the serum and kidney, but decreased in the
liver, skeletal muscle, and heart. The levels of different FA-containing lipids in different
tissues are regulated by a complex array of many enzymes including phospholipase A1s and
A2s, phospholipiase Ds, acyl-transferase, sphingomyelinases, and ceramidases. As a note, it
is possible that the lipid changes observed in the heart, as well as in other tissues, may not
directly be contributed from changes in cardiomyocytes or the cells in the particular organ,
but rather from infiltrated adipocytes and/or other cells. Whether alcohol induces differential
infiltrations in different organs is highly interesting, which warrants further investigation.
The results of our study should be viewed as the starting points for future studies on the
mechanisms of these alterations and their potential pathological functions.
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Figure 1.
The correlation of 22:6 FA between the serum and the renal tissue.
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Figure 2.
Cluster dendrogram based on the cluster analyses to determine the cross-organ differences
of tissue phospholipids
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