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Abstract
Background—Chronic ethanol consumption coupled with folate deficiency leads to rapid liver
fat accumulation and progression to alcoholic steatohepatitis (ASH). However, the specific effects
of alcohol on key liver lipid metabolic pathways involved in fat accumulation are unknown. It is
unclear whether lipid synthesis, lipid export, or a combination of both is contributing to hepatic
steatosis in ASH.

Methods—In this study we estimated the flux of fatty acids (FA) through the stearoyl-CoA
desaturase (SCD), phosphatidylethanolamine-N-methyltransferase (PEMT), and fatty acid
elongation pathways in relation to liver triacylglycerol (TG) content in Yucatan micropigs fed a
40% ethanol folate deficient diet with or without supplementation with S-adenosyl methionine
(SAM) compared with controls. Flux through the SCD and PEMT pathways was used to assess
the contribution of lipid synthesis and lipid export respectively on the accumulation of fat in the
liver. Liver FA composition within TG, cholesterol ester (CE), phosphatidylethanolamine (PE),
and phosphatidylcholine (PC) classes was quantified by gas chromatography.

Results—Alcoholic pigs had increased liver TG content relative to controls, accompanied by
increased flux through the SCD pathway as indicated by increases in the ratios of 16:1n7 to 16:0
and 18:1n9 to 18:0. Conversely, flux through the elongation and PEMT pathways was suppressed
by alcohol, as indicated by multiple metabolite ratios. SAM supplementation attenuated the TG
accumulation associated with alcohol.

Conclusions—These data provide an in vivo examination of liver lipid metabolic pathways
confirming that both increased de novo lipogenesis (e.g. lipid synthesis) and altered phospholipid
metabolism (e.g. lipid export) contribute to the excessive accumulation of lipids in liver affected
by ASH.
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Introduction
Although steatosis is usually benign in its earliest stages, simple steatosis can progress to
steatohepatitis, which is associated with inflammation, hepatocyte damage, and further
complications including fibrosis, cirrhosis, and liver cancer (Brunt, 2002). Excessive alcohol
consumption leads to ASH (Adachi and Brenner, 2005) which is one of the main causes of
end-stage liver disease worldwide. In the United States, alcohol-related liver disease is the
second most common cause of liver transplantation (Mandayam et al., 2004).

The micropig is a suitable model of ASH due to the propensity to develop alcoholism and
liver injury spontaneously with voluntary ethanol consumption, and has been shown to
develop fibrosis and inflammation, as well as other histological and biochemical markers of
alcoholic liver disease over 12 months of ethanol consumption (Esfandiari et al., 2005;
Esfandiari et al., 2007; Niemela et al., 1999; Niemela et al., 1995; Parkkila et al., 1999;
Villanueva et al., 1994; Villanueva et al., 2006). Disturbances in lipid status and metabolism
were found in this model, including reduction in the activity of key lipid metabolic enzymes
such as delta-5 and delta-6 desaturase (Nakamura et al., 1994), as well as changes in the
metabolism of SAM and related metabolites (Halsted et al., 2002c; Villanueva et al., 2001).
A role for aberrant folate dependent methionine metabolism in the pathogenesis of ASH was
shown by acceleration of histopathology by the inclusion of folate deficiency with ethanol
feeding of micropigs (Esfandiari et al.; Halsted et al., 2002b) and the finding that ASH could
be prevented in ethanol fed micropigs by supplementation of the diet with SAM (Esfandiari
et al.; Villanueva et al.).

Steatosis, or the accumulation of lipid in the liver, is regulated by multiple metabolic
pathways. Transport of TG out of the liver via lipoprotein synthesis and secretion is
regulated by sterol regulatory element binding protein (SREBP) and liver X receptor
activation (Grefhorst et al., 2002; Lin et al., 2005). De novo lipogenesis, or the synthesis of
FA and their incorporation into TG and CE is also regulated by SREBP and liver X receptor,
and is additionally induced by carbohydrate feeding (Chong et al., 2008; McDevitt et al.,
2001). The regulation of FA import via FA binding proteins is not well understood, however
there is some indication that the expression of certain FA binding proteins is associated with
insulin resistance (Gertow et al., 2006; Maeda et al., 2003). FA oxidation is regulated by the
peroxisome proliferator-activated receptors, particularly peroxisome proliferator-activated
receptor-α (Ferre, 2004; Yu et al., 2003). Steatosis in ASH could be related to decreased
transport via VLDL and/or increased lipogenesis, increased import of FA from periphery, or
decreased FA oxidation.

One of the main functions of SAM is its role as a methyl donor in the PEMT reaction for
conversion of PE to PC, which is required for the subsequent synthesis and secretion of
VLDL by the liver (Vance and Vance, 1985; Yao and Vance, 1988) (Figure 1). The primary
mechanism for 70% of PC synthesis in the liver is the de novo or cytidine 5′-
diphosphocholine pathway, in which diacylglycerol (DG) and cytidine 5′-diphospho-choline
are combined to produce PC and cytidine 5′-monophosphate by cholinephospho-transferase
(McMaster and Bell, 1997). The other 30% of PC is synthesized via the PEMT pathway, in
which PE is sequentially methylated by SAM to yield PC (Vance and Ridgway, 1988).
Watkins et al. (Watkins et al., 2003) showed in male PEMT homozygous-deficient mice that
PEMT deficiency contributed to fat accumulation in the liver, and that this was associated
with compositional changes in plasma VLDL FA. Specifically, in plasma PC of PEMT
deficient mice there was a decrease in stearic acid (18:0), docosahexaenoic acid (22:6n3),
and arachidonic acid (20:4n6) with a concomitant increase in linoleic acid (18:2n6). These
findings confirm those of kinetic studies with labeled choline and ethanolamine that show
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the preferential incorporation of 18:0, 20:4n6, and 22:6n3 into PC synthesized via the PEMT
pathway (Reo et al., 2002).

In the liver SAM is converted to S-adenosylhomocysteine (SAH) by donating its methyl
moiety in a process mediated by methyltransferases including PEMT. SAH is a potent
inhibitor of methyltransferases, and the ratio of SAM to SAH is an indicator of methylation
capacity (Mudd et al., 1980). The effects of ethanol feeding and SAM supplementation were
also examined in the livers of alcoholic pigs (Esfandiari et al., 2007). In this experiment, in
which all pigs were fed folate deficient diets in order to maximize potential alcohol effects
(Halsted et al., 2002a) alcohol-treated pigs had 1.5-fold lower levels of SAM, 1.6-fold
higher levels of SAH and a 2.5-fold lower SAM to SAH ratio than found in pigs fed control
diets without ethanol. The animals treated with alcohol and supplemented with SAM, on the
other hand, had intermediate levels of SAM and SAH, with significant improvement in the
SAM to SAH ratio that was 1.3-fold higher than alcohol-treated animals without SAM.
SAM supplementation attenuated the increase in liver fat accumulation leading to steatosis
that was induced by ethanol feeding. However, the specific effects of these changes in
methylation on the flux of metabolites through the PEMT pathway were not quantified.

Ethanol consumption induces de novo lipogenesis from excess acetyl-CoA generated by the
breakdown of ethanol. Lipogenesis is regulated by SREBP proteins, particularly SREBP-1c,
which activates FA and TG synthesis (You and Crabb, 2004). SREBP-1c target genes
include acetyl-CoA carboxylase, fatty acid synthase, glycerol-3-phosphate acyltransferase,
and SCD. SCD desaturates FA at the Δ9 position in the acyl chain, converting 16:0 to
16:1n7 and 18:0 to 18:1n9, thus the product to substrate ratios 16:1n7/16:0 and 18:1n9/18:0
are indicators of flux through the SCD pathway and of de novo lipogenesis. The use of the
product to substrate ratio, or desaturase index (DI), as an estimate of SCD activity is well
established (Chong et al., 2008; Petersson et al., 2008; Riserus et al., 2005; Sjogren et al.,
2008; Steffen et al., 2008; Warensjo et al., 2006; Warensjo et al., 2008a; Warensjo et al.,
2008b). The SCD DI is positively associated with cardiovascular mortality (Warensjo et al.,
2008b), insulin resistance (Sjogren et al., 2008), and inflammation (Petersson et al., 2008).

SCD is a key enzyme in the regulation of energetics and metabolism (Dobrzyn and Ntambi,
2005). SCD deficiency was associated with increased FA β-oxidation in muscle (Dobrzyn et
al., 2005) and in liver (Dobrzyn et al., 2004), increased insulin signaling and glycogen
metabolism in the adipose (Rahman et al., 2005), and reduced liver steatosis (Miyazaki et
al., 2004). Ethanol feeding of micropigs increased the hepatic expression of SREBP-1c and
its target genes acetyl-CoA carboxylase, fatty acid synthase, and glycerol-3-phosphate
acyltransferase, but the increase in SCD expression did not reach statistical significance
(Esfandiari et al., 2007). In other studies, ethanol consumption decreased SCD activity in
rats (Venkatesan et al., 1990), and Hep G2 human hepatoma cells (Angeletti and de Alaniz,
1996). It is unclear how chronic ethanol feeding modifies FA flux through the SCD
pathway.

The aim of the present study was to measure the effects of ethanol feeding combined with
folate deficiency on the metabolism of lipids in the liver and its potential modulation by
supplementation of the diet with SAM. Using liver samples from our recent study
(Esfandiari et al.), we estimated the flux of FA through the SCD pathway by using the DI as
well as single metabolite concentrations in order to determine whether this pathway is
associated with increased de novo lipogenesis in our pig model (Fig. 1). Also, we estimated
the flux of FA through the PEMT pathway to determine the combined impact of ethanol
feeding and folate deficiency with and without SAM supplementation on the synthesis of PC
via the PEMT pathway for export of lipids from the liver (Fig. 1). In addition, we examined
fluxes through selected FA elongation pathways to examine the potential additional impacts
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of chronic alcohol consumption on FA metabolism. Thus, in this study we provide an in
vivo examination of liver lipid metabolic pathways in ASH.

Materials and Methods
Animal Model

The development of the micropig model of ASH and its modification with dietary folate
deficiency was described previously in detail (Halsted et al., 2002c). Briefly, 6-month–old
male Yucatan micropigs, 20 to 40 kg in size, were pair fed diets in which ethanol was
substituted for carbohydrate at 40% of daily energy needs, with fat in the form of corn oil at
30%, carbohydrate in the form of corn starch at 15%, and protein at 15% of kcal. The
control animals received the same diet minus the ethanol, providing instead 55%
carbohydrate as corn starch. Peak blood ethanol levels exceeding 200 mg/dL and rises in
aspartate aminotransferase and alanine aminotransferase were observed within 3 months,
whereas histological findings of steatosis, inflammation, and fibrosis were observed by 6
months.

In contrast to our original model (Halsted et al., 1993), we found that administering a folate-
deficient diet with the ethanol accelerated the development of ASH from 12 mo to 3 months
(Halsted et al., 1993). Folate deficiency is frequent in chronic alcohol drinkers, and is the
most common vitamin deficiency in patients with alcoholic liver disease (Leevy et al.,
1965). Chronic alcoholics are also prone to intestinal folate malabsorption (Halsted, 1971;
Halsted, 1973). The present study used frozen liver specimens from our published study on
the effect of SAM supplementation in prevention of ASH in micropigs fed ethanol with
folate deficient diets (Esfandiari et al., 2007). Liver specimens from 9 animals were
examined 3 in each of the three treatment groups, all of which were placed on folate-
depleted diets for 12 weeks, including A) alcohol at 40% of kCal, AS) alcohol + SAM at 0.4
g/1000 Cal, and C) control. Except for dietary folate, all essential micronutrients were
provided to meet known requirements for swine. Diets were provided as three equal meals
per day. The pigs were housed and cared for according to standards and procedures
approved by the Institutional Animal Care and Use Committee of the University of
California Davis. Liver samples were obtained after termination at 14 weeks and were
immediately frozen at −70°C for lipid analysis.

Lipid Analysis
Quantitative lipid analysis was performed according to Watkins et al. (Watkins et al., 2002).
Briefly, liver tissue was homogenized, and lipids were extracted in the presence of authentic
internal standards by the method of Folch et al. (Folch, 1957) using chloroform-methanol
(2:1, v/v). The internal standards used were: TG17:1, DG17:1, PC17:0, PE17:0, FFA15:1,
and CE17:0. Individual lipid classes –TG, DG, CE, FA, PC, and PE –were separated by thin
layer chromatography. Each isolated lipid class fraction was trans-esterified in 3N
methanolic-HCl. The resulting FA methyl esters were separated and quantified by capillary
gas chromatography using a gas chromatograph (Hewlett-Packard model 6890, Wilmington,
DE) equipped with a 30 m DB-225MS capillary column (J&W Scientific, Folsom, CA) and
a flame-ionization detector. The following FA were quantified: 16:0, 16:1n7, 18:0, 18:1n7,
18:1n9, 18:2n6, 18:3n3, 18:3n6, 20:0, 20:1n9, 20:2n6, 20:3n3, 20:3n6, 20:4n6, 20:5n3, 22:0,
22:1n9, 22:2n6, 22:4n6, 22:5n3, 22:6n3, 24:0, and 24:1n9. The total liver TG content of the
three groups was compared to confirm that the pigs in the alcohol (A) group had higher
levels of fat accumulation than controls, and to ascertain whether SAM supplementation
attenuated steatosis.
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SCD and PEMT flux measurements
The lipid composition of separated lipid classes was analyzed for markers of de novo
lipogenesis that included SCD and elongase, and for markers of PEMT. SCD markers
included the monounsaturated fatty acids 16:1n7 and 18:1n9, which are increased in animal
models of obesity and diabetes (Wang et al., 2006), and the ratios of 16:1n7/16:0 and
18:1n9/18:0, which are well-established markers of desaturase activity. Elongase markers
included the metabolites 18:1n7, 22:1n9, 24:1n9, 20:2n6, 20:3n6, 22:0, 24:0, 22:5n3, and
flux was measured as the ratios of products to substrates: 18:1n7/16:1n7, 20:1n9/18:1n9,
22:1n9/20:1n9, 20:0/18:0, 22:0/20:0, 24:0/22:0, 20:3n6/18:3n6, 20:2n6/18:2n6,
20:3n3/18:3n3, and 22:5n3/20:5n3. PEMT fluxes were measured according to the ratios
18:0/16:0, 20:4n6/18:2n6, 22:6n3/18:1n9, 22:6n3/18:2n6, and 20:4n6/18:1n9, and the levels
of the metabolites 18:0, 20:4n6, 22:6n3 within PC and PE.

Data Analysis and Statistics
Lipid class totals are presented as mg/g liver tissue. FA are presented as mol % for each
lipid class (mg FA/total mg of all FA within lipid class) in Table 1 and as absolute
concentrations (mg FA/g sample) in Table 2. One-way ANOVA was used to assess
statistical significance for each metabolite. All pairwise comparisons among levels of groups
were conducted with Tukey 95% simultaneous confidence intervals with individual
confidence level = 97.80%. All confidence intervals were conducted based on pooled
standard deviations.

Results
The liver TG concentrations in each group (mean ± SE) were: A) 2.27 ± 0.05; AS) 1.13 ±
0.31; and C) 1.06 ± 0.13 mg TG/g tissue, and were significantly different when assessed by
ANOVA (p=0.008), with the A group significantly (2-fold) higher than both AS and C by
post-hoc analysis.

The significant SCD and elongase markers are listed in Table 1. The absolute concentrations
of each of the key metabolites found to be significant as individual markers and as ratios are
shown in Table 2. Among the SCD flux ratios in each lipid class, 16:1n7/16:0-PC,
16:1n7/16:0-PE, and 18:1n9/18:0-TG were significantly lower in control group livers
compared with results from livers of alcoholic micropigs, and values in AS animals were
intermediate between the two. The 18:1n9/18:0-PC ratio was lower in controls but not
significantly different from alcoholic animals by post-hoc analysis. The 18:1/9/18:0-TG
ratio was elevated in group A and intermediate in group AS compared to the control group.

On the other hand, opposite effects were found among elongase flux ratios 18:1n7/16:1n7-
PC, 20:0/18:0-TG, 20:1n9/18:1n9-PC, 20:3n3/18:3n3-PC and -PE, 22:0/20:0-TG, 22:0-TG,
20:3n6-TG, 22:5n3-TG, and 22:5n3/20:5n3-PE were significantly higher in controls than in
alcoholic animals, and 18:1n7/16:1n7-PE, 20:1n9/18:1n9-PE, 24:0-CE, 20:2n6-PC, and
22:5n3-CE were higher but not significantly different between controls and alcoholic
animals by post-hoc analysis. The AS group was intermediate or lower than A. This
suggests that in the alcohol group, the elongase pathway was suppressed whereas SCD was
activated, relative to the control animals.

The significant markers of PEMT are also shown in Table 1. 18:0 and 18:0/16:0 were higher
in controls compared to alcoholic animals in PC, though these differences were not
statistically significant by post-hoc analysis, whereas in the AS animals 18:0/16:0 was
significantly lower than in control animals. In the PE lipid class the reverse was true:
controls were significantly lower than alcoholic animals in 18:0 and 18:0/16:0, and non-
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significantly lower in 20:4n6/18:2n6 (data not shown), with AS animals also significantly
lower than alcoholic animals. This would suggest a higher flux through the PEMT pathway
in controls, with the precursor pool (PE) depleting and the product pool (PC) enriching in
the FA that are preferentially transferred through this pathway.

Discussion
Our findings indicate that differences in flux through specific lipid metabolic pathways in
the liver were discernible through quantitative lipid profiling. We show that indicators of
flux through the SCD pathway were higher in the alcohol group versus controls, and that
SAM supplemented animals were intermediate between the two, suggesting a partial
attenuation of the effect of alcohol on lipogenesis. However, prior analysis showed that
neither ethanol feeding nor SAM supplementation influenced SCD expression in these
animals (Esfandiari et al., 2007). Thus, post-translational modification or other forms of
metabolic regulation associated with SAM supplementation and ethanol feeding may be
involved in the induction of de novo lipogenesis and the SCD pathway.

The use of product to precursor ratios to estimate enzyme activity is well established in the
literature. The DI is a particularly well-established marker of enzyme activity and has been
shown to independently predict cardiovascular mortality, insulin resistance, and
inflammation in large prospective studies (Petersson et al., 2008; Sjogren et al., 2008;
Warensjo et al., 2008b). SCD enzyme activity was found to correlate with DI in an animal
model (Mainieri et al., 2006).

We observed increased 18:1n9/18:0 and 16:1n7/16:0 in alcoholic animals and suggest that
this implies increased flux through the SCD pathway, which assumes that the substrate
specificity of downstream enzymes does not change according to phenotype. If the substrate
specificity of the downstream enzyme DG acyltransferase, for example, changes in response
to alcohol feeding, then it is possible that the observed increases in 18:1n9/18:0 and
16:1n7/16:0 in the TG lipid class result from this change in substrate specificity rather than
from increased flux through the SCD pathway. However, there is no evidence, to our
knowledge, that the specificity of enzymes such as DG acyltransferase changes in response
to phenotype. On the other hand, confocal microscopy, coimmunoprecipitation, and
fluorescence resonance energy transfer experiments in vitro show that SCD and DG
acyltransferase colocalize, providing evidence for substrate channeling of newly synthesized
MUFA for TG assembly (Man et al., 2006). There is also evidence that several different
amino acid substitutions in the catalytic region of the glycerol-3 phosphate acyltransferase
enzyme did not result in changes to substrate specificity despite significant changes in
enzyme activity upwards of 90% (Dircks et al., 1999).

Conversely, indicators of flux through the elongase pathway were higher in controls than in
alcoholic animals and in AS animals, suggesting that alcohol may suppress FA elongation
and that SAM supplementation does not rescue this effect. Flux through the PEMT pathway
was also suppressed in alcoholic animals, as indicated by the enrichment of PEMT
indicators in the PE lipid class, and concomitant depletion of PEMT indicators in the PC
lipid class relative to controls. These findings are in agreement with previous reports
indicating that ethanol suppresses the activity of PEMT and that this suppression is
associated with steatosis (Kharbanda et al., 2007; Lieber, 2000).

Our findings with regard to the effects of SAM supplementation on flux through the PEMT
pathway are inconclusive. The original report showed that SAM supplementation increased
the SAM to SAH ratio (Esfandiari et al., 2007). In the present study we found that SAM
supplementation reduced the accumulation of the PEMT marker 18:0/16:0 in the PE lipid
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class to control levels, but that 18:0/16:0 in the PC lipid class did not increase in AS animals
relative to controls. The marker 18:0/16:0 may also be a marker of elongation however, this
marker differed significantly only in the PC and PE lipid classes, whereas we would expect
to see differences also in TG and CE if the ratio were a marker of elongation. Another
possibility is that the level of SAM supplementation did not fully attenuate the metabolic
effects of folate deficiency combined with alcohol consumption in these animals and that
instead of a complete conversion of PE to PC, there was an incomplete conversion to the
intermediates phosphatidylmonomethyl-ethanolamine and
phosphatidyldimethylethanolamine. Because we did not measure the levels of the mono- and
dimethylethanolamines it is not possible to determine whether this was the reason for the
observed lack of effect in the PC lipid class.

TG was higher in alcoholic animals than in controls and the effect of SAM supplementation
was statistically significant in this study, consistent with our original report that measured
TG in a larger number of animals (Esfandiari et al., 2007). It is possible that the intermediate
phosphatidyldimethylethanolamine was partially able to substitute for the fully formed PC
particle in VLDL synthesis and secretion, since it has been shown that
phosphatidyldimethylethanolamine can partially correct for impaired VLDL secretion in
cultured hepatocytes (Yao and Vance, 1988). However, because neither of the intermediates
of the PEMT pathway were measured, it is not possible to determine whether the effect of
SAM supplementation on liver TG had to do with the PEMT pathway, the partial attenuation
of lipogenesis, or some other unknown mechanism.

Whether changes in DI, other product to substrate ratios, and single metabolite markers
indicate quantitative changes in substrate flux through the respective pathways is not
possible to determine without the use of labeled isotopes. Our data therefore cannot
definitively prove changes in flux through the measured pathways in treated vs. control
animals but rather provide reasonable estimates of these changes. In a multi-component
system or biochemical pathway that is comprised of a sequence of individual reactions, only
those reactions that show a change in the product to substrate ratio indicate a crossover point
(Chance et al., 1958). These crossover point reactions display characteristic sensitivity to
substrate and product concentrations, and act as points of regulation of flux through a
pathway (Crabtree and Newsholme, 1978). Our data confirm previous findings that SCD
(Dobrzyn and Ntambi, 2005) and PEMT (Vance and Vance, 1985) act as metabolic control
points.

The present data in Yucatan micropigs suggest that chronic alcohol consumption increases
flux through the SCD pathway, implicating the de novo lipogenesis of FA in the
accumulation of fat in the liver. Conversely, alcohol’s suppressive effects on both FA
elongation and the PEMT pathway may be involved in decreasing the ability of the liver to
produce and secrete VLDL particles, thereby blocking the export of lipids from the liver.
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FA fatty acids
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SCD stearoyl-CoA desaturase

PEMT phosphatidylethanolamine-N-methyltransferase

TG triacylglycerol

SAM S-adenosyl methionine

CE cholesterol esters

PE phosphatidylethanolamine

PC phosphatidylcholine

SREBP sterol regulatory element binding protein

DG diacylglycerol

SAH S-adenosylhomocysteine

DI desaturase index
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Figure 1. Biochemical pathways of lipid import and export in the liver
Shown are key pathways involved in lipid import (e.g. de novo lipogenesis) and lipid export
(e.g. phosphatidylcholine (PC) synthesis pathways: cytidine 5′-diphospho (CDP)-choline
pathway, and phosphatidylethanolamine-N-methyltransferase (PEMT) pathway). De novo
lipogenesis induction includes the induction of stearoyl-CoA desaturase (SCD), the enzyme
that desaturates 16:0 and 18:0 at the Δ9 position in the acyl chain to produce 16:1n7 and
18:1n9 respectively. 16:1n7 and 18:1n9, in turn, are incorporated into cholesterol esters
(CE), triacylglycerols (TG), and phospholipids. The PEMT pathway involves the sequential
methylation of phosphatidylethanolamine (PE) to phosphatidylmonomethylethanolamine
(PMME), phosphatidyldimethylethanolamine (PDME), and finally to PC by S-adenosyl
methionine (SAM) which is converted to S-adenosylhomocysteine (SAH) in the process.
The CDP-choline pathway involves the conversion of diacylglycerol (DG) to PC by
incorporation of CDP-choline, which is converted to cytidine 5′-monophospho (CMP)-
choline in the process. The fatty acids 18:0, 20:4n6, 20:5n3, and 22:6n3 are preferentially
incorporated into PC synthesized via the PEMT pathway, and a relative increase in these
fatty acids indicates a relative increase in flux through the PEMT pathway. The fatty acids
16:0, 18:2n6, and 18:1n9 are preferentially incorporated into PC synthesized via the CDP-
choline pathway, and a relative increase in these fatty acids indicates a relative increase in
flux through the CDP-choline pathway.
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Table 2

Absolute concentrations of key fatty acids

Group:* A AS C

Lipid Class FA Mean ± SEM Mean ± SEM Mean ± SEM

PC

16:0 2.18 ± 0.40 2.91 ± 1.02 1.36 ± 0.05

16:1n7 0.04 ± 0.01 0.04 ± 0.02 0.01 ± 0.001

18:0 7.81 ± 0.57 8.41 ± 1.57 7.74 ± 0.67

18:1n7 0.15 ± 0.02 0.24 ± 0.03 0.19 ± 0.01

18:1n9 1.52 ± 0.13 1.93 ± 0.62 0.89 ± 0.05

18:3n3 0.14 ± 0.02 0.15 ± 0.05 0.04 ± 0.005

20:1n9 0.02 ± 0.004 0.02 ± 0.003 0.02 ± 0.001

20:3n3 0.03 ± 0.01 0.04 ± 0.004 0.04 ± 0.01

20:3n6 0.36 ± 0.07 0.24 ± 0.04 0.18 ± 0.02

Total 23.17 ± 2.03 25.98 ± 5.86 20.47 ± 1.30

PE

16:0 0.12 ± 0.02 0.30 ± 0.15 0.18 ± 0.02

16:1n7 0.003 ± 0.0005 0.003 ± 0.001 0.002 ± 0.0001

18:0 2.06 ± 0.06 2.61 ± 1.26 1.41 ± 0.25

18:1n7 0.02 ± 0.004 0.05 ± 0.03 0.04 ± 0.005

18:1n9 0.23 ± 0.02 0.35 ± 0.17 0.24 ± 0.03

18:3n3 0.03 ± 0.002 0.04 ± 0.02 0.02 ± 0.002

20:1n9 0.01 ± 0.001 0.01 ± 0.004 0.01 ± 0.001

20:2n6 0.04 ± 0.01 0.06 ± 0.03 0.05 ± 0.01

20:3n3 0.01 ± 0.001 0.01 ± 0.01 0.01 ± 0.002

20:5n3 0.02 ± 0.003 0.04 ± 0.03 0.01 ± 0.002

22:5n3 0.03 ± 0.004 0.10 ± 0.07 0.03 ± 0.01

Total 3.49 ± 0.14 5.21 ± 2.69 2.56 ± 0.49

TG

18:0 0.17 ± 0.004 0.12 ± 0.04 0.08 ± 0.01

18:1n9 0.45 ± 0.02 0.25 ± 0.07 0.21 ± 0.03

20:0 0.003 ± 0.0002 0.003 ± 0.001 0.002 ± 0.0002

20:3n6 0.02 ± 0.001 0.01 ± 0.003 0.02 ± 0.002

22:0 0.001 ± 0.0001 0.001 ± 0.0002 0.001 ± 0.0001

22:5n3 0.01 ± 0.0004 0.01 ± 0.001 0.003 ± 0.00003

Total 2.27 ± 0.05 1.13 ± 0.31 1.06 ± 0.13

CE

22:5n3 0.01 ± 0.002 0.005 ± 0.002 0.02 ± 0.01

24:0 0.001 ± 0.001 0.001 ± 0.0001 0.01 ± 0.002

Total 0.46 ± 0.07 0.49 ± 0.002 0.44 ± 0.03

*
Fatty acid (FA) values are presented as mg FA/g sample, and total lipid classes are presented as mg lipid class/g sample. Values represent means

± SEM for each metabolite within each lipid class within each group: A) alcohol, AS) alcohol + S-adenosyl methionine, C) control. PC:
phosphaptidylcholine; PE: phosphatidylethanolamine; TG: triacylglycerol; CE: cholesteryl ester.
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