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Abstract The aim of the study was to determine whether fatty 
acid ethyl esters, nonoxidative products of ethanol metabolism 
selectively present in organs damaged by ethanol abuse, are de- 
tectable in the serum after ethanol ingestion. Serum samples of 
hospital emergency room patients with positive (n = 32) and 
negative (n = 5) blood ethanol levels were assayed for fatty acid 
ethyl esters. In a separate study, five healthy subjects received an 
ethanol dose based on body weight mixed with fruit juice in a 
1:2 ratio and administered by measured ingestion. Fatty acid 
ethyl esters were found in the serum of hospital emergency room 
patients with positive blood ethanol levels. The concentration of 
fatty acid ethyl esters in these patients correlated with the con- 
centration of blood ethanol ( 7  = 0.57; 95% confidence interval 
0.28 to 0.77; P = 0.0002). In the controlled ethanol ingestion 
study with five healthy subjects, it was also determined that the 
serum fatty acid ethyl ester concentration began to decrease wi- 
thin 2 h of the time ethanol ingestion had been stopped. The 
fatty acid ethyl esters in the serum were bound to lipoprotein 
and albumin, and there was a higher percentage of saturated 
fatty acids in the FAEE pool than in the serum free fatty acid 
and triglyceride pools. These studies indicate that fatty acid 
ethyl esters, which have been implicated as mediators of ethanol- 
induced organ toxicity, are present in serum after ethanol inges- 
tion.-Doyle, K. M., D. A. Bird, S. Al-Salihi, Y. Hallaq, J. E. 
Cluette-Brown, K. A. GOSS, and M. Laposata. Fatty acid ethyl 
esters are present in human serum after ethanol ingestion. J.  
Lipid Res. 1994. 35: 428-437. 
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Fatty acid ethyl esters (FAEEs) are esterification 
products of fatty acids and ethanol (1). They are gener- 
ated through the enzymatic action of FAEE synthase and, 
unlike acetaldehyde, represent a metabolic product of 
ethanol that is not generated by oxidation of ethanol. In 
a 1986 study (2) using postmortem organ samples from 
individuals who were acutely intoxicated at the time of 
death, FAEEs were found selectively in the organs most 
frequently damaged by ethanol abuse, with large amounts 
in pancreas and liver, and moderate amounts in heart and 

highest levels of FAEE synthase activity of all or- 
gans/tissues tested. This strong correlation between both 
FAEE accumulation and FAEE synthase activity and the 
well-recognized pattern of ethanol-induced organ damage 
led to the hypothesis that FAEEs are, at least in part, 
responsible for ethanol's pathological effect. In this report, 
there was no assessment of FAEE concentration or FAEE 
synthase activity in the blood. In support of the conclu- 
sion that FAEE may mediate ethanol-induced organ 
damage, we recently observed that FAEEs delivered to 
HepG2 cells via reconstituted LDL exert a direct toxic 
effect, decreasing [SHIthymidine uptake by HepG2 cells 
by 45% when compared to cells incubated with LDL 
reconstituted with triglycerides (Szczepiorkowski, Z. M. 
and M. Laposata, unpublished observations). 

Postmortem analysis of organs and tissues from known 
chronic alcoholics in the same study (2) who had undetec- 
table levels of ethanol at the time of death showed FAEEs 
only in adipose tissue. The presence of FAEEs in adipose 
tissue, their absence in the other organs of chronic alco- 
holics, and the presence of FAEEs in highest concentra- 
tion in liver and pancreas of acutely intoxicated in- 
dividuals led to the hypothesis that FAEEs are synthesized 
in the the liver and pancreas, secreted from one or both 
of these organs, and transported through the blood to adi- 
pose tissue. It has been further suggested that in adipose 
tissue, FAEEs persist with a long half-life because the 
hydrophobic FAEEs are slowly degraded in this environ- 
ment (2). If this hypothesis were true, there is reason to 
believe that FAEEs are present in the blood at some point 

Abbreviations: FAEE, fatty acid ethyl esters; FAME, fatty acid methyl 
esters; TLC, thin-layer chromatography; GC, gas chromatography; 
GC-MS, gas chromatography-mass spectroscopy; VLDL, very low den- 
sity lipoproteins; LDL, low density lipoproteins; HDL, high density 
lipoproteins; PRS, phosphate-buffered saline; NEFA, nonesterified fatty 
acid; CI ,  confidence level. 
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brain. There was also a substantial concentration of 

more, it was reported that these five organshissues had the 
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FAEEs in the adipose Of these subjects. Further- 
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after ethanol ingestion. As strong circumstantial evidence 
exists that FAEEs can be toxic mediators of ethanol- 
induced organ damage (2-4), serum FAEE measurement 
may have substantial clinical significance in the intoxi- 
cated patient, particularly if the FAEE can be eliminated 
before inducing organ damage. A separate report (5) indi- 
cated that white blood cells from outdated whole blood 
products had the capacity to synthesize FAEEs when in- 
cubated with very high concentrations of ethanol in vitro 
(0.1-1.0 molh), increasing the speculation that FAEEs are 
present in the blood. The use of serum for FAEE detection 
avoids the more difficult, if not impractical, alternative for 
clinical FAEE measurement using fat biopsy samples (6). 
Although obtaining fat or organ biopsies is not problematic 
in the postmortem state for forensic application, FAEEs 
must be detectable in the blood for routine clinical use. 

In this study, we measured the serum FAEE concentra- 
tion in two groups of subjects. The first group included 
patients who presented in the hospital emergency room 
with blood ethanol concentrations from 0.03 to 0.67 9%. 
The second group was comprised of five normal subjects 
who ingested a known amount of ethanol at a controlled 
rate. The data indicate that FAEEs are present in the se- 
rum after ethanol ingestion and that there is a correlation 
between the serum concentrations of ethanol and FAEEs. 
We also show that FAEEs are bound to lipoproteins and 
albumin in the serum, and that the serum concentration 
of FAEEs increases with ethanol ingestion and begins to 
decrease shortly after it is ended. 

METHODS 

Patient specimens 

Blood was obtained from 32 patients who presented in 
a hospital emergency room with elevated blood ethanol 
levels and from 5 control patients with undetectable blood 
ethanol levels. Serum was isolated by centrifugation of 
samples collected in vacuum tubes without anticoagulant 
at 1250 g for 10 min and was stored up to 3 months at 
-80°C. Serum ethanol levels were determined in the clin- 
ical laboratory by gas chromatography (GC) using stan- 
dard methods (7). Briefly, an internal standard of 
1-propanol was mixed with the serum sample, prior to in- 
jection of a 1-p1 sample into a Hewlett-Packard 5890 gas 
chromatograph containing a 5% Carbowax 20 M/60/80 
Carbopack B column (Supelco, Bellefonte, PA), with an 
oven temperature set isothermally at 100OC. The ethanol 
peak was identified by comparison to known standards. 

FAEE isolation and quantitation 

An internal standard of 50 nmol of ethyl heptadecano- 
ate (ethyl 17:O) (Nu-Chek Prep, Elysian, MN) was added 
to each sample. Lipids were extracted by a modified Folch 
method (8). FAEEs were isolated from the organic phase 

by thin-layer chromatography (TLC) using a petroleum 
ether-diethyl ether-acetic acid 75:5:1 solvent system and 
silica gel 60 plates (E. Merck, Darmstadt, Germany) (9). 
The isolated FAEEs were scraped from the TLC plate in 
an atmosphere of nitrogen and eluted from the silica gel 
with 2.5 ml acetone. The FAEEs in the eluate were con- 
centrated by drying the sample under nitrogen. A 1- to 
2 - 4  sample of the concentrated eluate was then injected 
into a Perkin-Elmer 8500 GC with a WCOT Supelcowax 
capillary column (Supelco, Bellefonte, PA). The FAEEs 
were separated and quantitated using a temperature pro- 
gram from 15OOC - 25OOC increasing at 10°C/ min. In- 
dividual FAEEs were identified by comparison to known 
FAEE standards (Nu-Chek Prep, Elysian, MN). Using 
this temperature program, all FAEE tested (16:0, 16:l n-7, 
18:0, 18:l n-9, 18:2 n-6, and 20:4 n-6) were clearly 
resolved from their corresponding fatty acid methyl esters. 
In addition, no fatty acid methyl esters were detected in 
any of the samples. 

In a separate experiment, lipids were extracted from se- 
rum and separated by TLC as described above. FAEEs 
were then identified by gas chromatography-mass spec- 
troscopy (GC-MS). GC-MS analysis was performed on 
a Hewlett-Packard 5890 gas chromatograph coupled to 
Hewlett-Packard 5970 mass spectrometer with a WCOT 
Supelcowax capillary column (Supelco, Bellefontc , PA). 
The injector was maintained at 26OoC, the MS detector 
at 28OoC, and the oven was heated from 15OOC to 25OOC 
increasing at a rate of 10°C/min and maintained at 
25OOC for 6 min. Total ion chromatograms were gener- 
ated using an ionization energy of 70 eV. 

Lipoprotein separation 

Sera from 15 of the emergency room patients were 
pooled and subjected to density gradient ultracentrifuga- 
tion according to Redgrave, Roberts, and West (10). Se- 
rum was adjusted to d 1.21 g/ml by addition of KBr. Sub- 
sequent solutions of d 1.063, d 1.019, and d 1.006 g/ml 
were carefully overlayered forming a discontinuous gra- 
dient. The samples were then centrifuged at 286,000 g at 
2OoC for 48 h. Serum lipoproteins (VLDL, LDL, HDL) 
and the serum fraction with a density > 1.21 g/ml were 
isolated. The above fractions were dialyzed, and from 
each the lipids were then extracted. FAEEs were isolated 
by TLC and quantitated by GC as described above. 

LDL isolation and reconstitution with radiolabeled 
FAEE 

LDL were isolated by density gradient centrifugation 
as described by Havel, Eder, and Bragdon (11) and recon- 
stituted with [ 14C]ethyl palmitate prepared from 
[ 14C]tripalmitin (40 mCi/mmol) (DuPont-New England 
Nuclear, Boston, MA) using the method of Krieger et al. 
(12). The specific activity of the radiolabeled FAEEs was 
29.3 dpmlpmol in a 4.0 ml volume of reconstituted LDL. 
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In the experiments to assess transfer of FAEEs from LDL 
to HDL and to albumin, the mixtures contained 4.0 ml 
of LDL (76.3 mg/dl apolipoprotein B, final concentra- 
tion), 3.0 ml HDL (50 mg/dl apolipoprotein A-I, final 
concentration), and 1.7 ml delipidated serum with 1% 
thimerosol. After an incubation at 37'C for 4 h, the 
8.7-ml volume was added as an overlay to 17.3 ml of a so- 
lution containing 0.269 mM Na2 EDTA and 3.05 mM so- 
dium azide with NaBr (2.47 mo1/1000-g) at a density of 
1.177 g/ml for ultracentrifugation at 115,250 g for 20 h to 
collect LDL. After the LDL was removed, the remaining 
infranatant was overlaid with a solution containing 0.269 
mM Nap EDTA and 3.05 mM sodium azide with NaBr 
(8.15 mo1/1000 g solution) at a density of 1.504 g/ml. The 
sample was centrifuged again at 115,250 g for 20 h and the 
HDL was removed. The albumin-bound FAEEs were in 
the infranatant from this centrifugation. 

FAEE binding to albumin 

To directly assess FAEE binding to albumin, 75 nmol 
of ethyl oleate in hexane was dried completely under 
nitrogen and then 40 p1 human serum was added to the 
same tubes with vigorous mixing for 1 min. Human se- 
rum albumin was immunoprecipitated from the 40-pl se- 
rum samples which had been incubated with the ethyl ole- 
ate at 37% for 0 or 2 h. After the addition of 480 pl of 
rabbit antiserum to human albumin (2.4 mg antibody 
protein) (Cappel Research Products, Durham, NC), the 
samples were diluted with distilled water to a total volume 
of 2 ml. The samples were agitated for 1 h at 8 inver- 
sions/min at room temperature and then incubated at 
4OC overnight. The albumin-antibody complexes were 
then isolated by centrifugation at 2500 g for 20 min at 
4OC. The precipitate was washed 3 times with cold 
phosphate-buffered saline (PBS) (8.1 mmol/l Na2 HP04, 
137 mmol/l NaCl, 1.5 mmol/l KH2P04,  2.7 mmol/l KCl, 
pH 7.3), and then resuspended in 1 ml of PBS (13). The 
lipids were extracted from the precipitate using a 
modified Folch method (8) and the FAEEs were isolated 
by TLC and quantitated as described above. 

FAEE binding to lipid carriers in the serum 

[ 14CIFAEEs were prepared by incubating 0.2 mmol/l 
[ 14CIoleate (56 mCi/mmol) (DuPont-New England 
Nuclear, Boston, MA) with 1 mol/l absolute ethanol and 
rat liver homogenate as a source of FAEE synthase for 4 
h at 37°C (14). The [l4C]FAEEs generated were extracted 
and isolated by TLC as described above. The radiola- 
beled FAEEs (200 dpm/pl) in hexane were dried com- 
pletely under nitrogen, after which 1 ml of human serum 
was added with mixing for 1 min. The mixture was in- 
cubated with normal human serum for 2 h at 37OC and 
then subjected to gel filtration using Sephacryl S-200 H R  
(Pharmacia/LKB Biotechnology, Piscataway, NJ), packed 

in a 1.5 x 100 cm column equilibrated with PBS. Frac- 
tions (0.35 ml/min) were collected and monitored for ab- 
sorbance at 280 nm. Radioactivity in the fractions was 
measured by liquid scintillation counting. 

Fatty acid composition 

Blood was obtained from nine nonfasting healthy sub- 
jects. For the nonesterified fatty acid (NEFA) quantita- 
tions, lipids were extracted from the plasma as previously 
described. The NEFAs were isolated by TLC and scraped 
from the plate in an atmosphere of nitrogen, and then 
transesterified using acetyl chloride and methanol (15). 
Fatty acid methyl esters were separated and quantitated 
using a temperature program from 15OOC to 25OOC in- 
creasing at lO"C/min, and identified by comparison to 
known fatty acid methyl ester standards (Nu-Chek Prep, 
Elysian, MN). 

For experiments involving fatty acid analysis of 
triglycerides from the sera of 15 of the emergency room 
patients with elevated blood ethanol and high serum 
FAEE concentrations (3.8-46.1 pM), the lipids were ex- 
tracted from the samples using a modified Folch extrac- 
tion (8) with a triheptadecanoin internal standard (20.9 
nmol). The extract was dried to completion under nitro- 
gen and the triglycerides were isolated by thin-layer chro- 
matography using a solvent system of petroleum 
ether-diethyl ether 75/15 (v/v). The triglycerides were 
scraped from the plate using precautions to limit fatty 
acid oxidation (15) and then eluted from the silica gel with 
chloroform. The eluted triglycerides were then subjected 
to hydrolysis with fatty acid methylation in alkaline 
methanol (16). The fatty acid methyl esters were analyzed 
by GC-MS as described above for FAEE, and the data for 
each fatty acid were calculated as percent of total fatty acid. 

Ethanol ingestion study 

A controlled study to assess the relationship between 
ethanol intake and the production of FAEEs was con- 
ducted. The study was approved by the institutional 
review board, and written informed consent was obtained 
from each patient. The five healthy subjects ingested a 
low-fat breakfast 3-4 h prior to ethanol intake and they 
had ingested no ethanol for the previous 72 h. An initial 
serum sample for baseline ethanol and FAEE levels was 
taken. The subjects were then given measured amounts of 
vodka mixed with fruit juice in a 1:2 ratio based upon 
their weight to raise their blood ethanol levels to 0.07-0.10 
g %. Four of the five subjects ingested 150 ml of vodka and 
the fifth (smaller) subject ingested 120 ml. The alcoholic 
drink was divided into 9 equal aliquots, and the volun- 
teers drank each aliquot over a 10-min time period. Blood 
was drawn after cessation of drinking (.90 min after the 
start of ethanol ingestion) and again 2 h later. Blood 
ethanol and total FAEEs were measured as described above. 
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Fig. 1. A: GC-MS tracing of a serum sample containing fatty acid ethyl esters from a subject with a blood ethanol 
level of 0.1 g%. B: Electron-impact mass spectrum of ethyl 16:O from Fig. IA. C: Electron-impact mass spectrum 
of authentic ethyl 16:O. 
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Fig. 7. A: Mean total serum FAEE versus time in five volunteer sub- 
jects ingesting measured amounts of ethanol at a controlled rate. Values 
represent mean f SEM for five subjects. Lipids were extracted, and 
FAEEs were isolated and quantitated by GC. B: Total FAEE versus time 
in five volunteers ingesting ethanol at a controlled rate. 

(0.30 pM). The data for the five individual subjects (Fig. 
7B) show that four of the five subjects experienced a 
decrease in FAEE concentration 2 h after ethanol inges- 
tion was stopped. 

DISCUSSION 

The observation that FAEEs are present in serum after 
ethanol ingestion allows for determination of FAEE con- 
centrations in living patients. Because evidence currently 

exists that FAEEs may be toxic metabolites of ethanol (3, 
4), this observation of FAEE presence in the serum could 
lead to the development of a valuable diagnostic test in 
patients ingesting an overdose of ethanol. 

Earlier observations that FAEEs are present in organs 
after ethanol ingestion, while they are highly significant, 
do not have great diagnostic implications in living pa- 
tients. The collection of a fat biopsy sample with the use 
of a vacutainer tube is the only reasonable option for sam- 
ples other than blood. However, this approach still 
represents an invasive and painful procedure for FAEE 
quantitation. The measurement of serum FAEEs may not 
only be valuable as an assessment of alcohol ingestion, but 
it may have another important diagnostic advantage over 
ethanol measurement. There have been reports (6, 17) in- 
dicating that the half-life of FAEEs in adipose tissue is 
prolonged, on the order of 16-24 h. This has led to the 
hypothesis that adipose FAEEs may be analogous to red 
blood cell hemoglobin Ale, in that they may represent a 
long term marker of ethanol ingestion. Because of the 
difficulties associated with collection of. fat samples from 
living patients, the current study raises the possibility that 
serum FAEEs rather than adipose FAEEs might be useful 
as a convenient long-term marker of ethanol ingestion. 
Studies are ongoing to determine the time of appearance 
and disappearance of FAEEs in the serum after ethanol 
ingestion in a highly controlled clinical study with 19 time 
points over 24 h for FAEE and ethanol quantitation. The 
value of serum FAEEs as a diagnostic marker for ethanol 
ingestion is independent of its potential role as a toxic 
metabolite of ethanol-induced organ damage. 

It is not stated in the 1986 autopsy study in which 
FAEE were found in tissues and organs (2) whether serum 
was tested for the presence of FAEEs or whether an ex- 
amination of the blood in these subjects revealed FAEEs. 
We speculate that FAEEs would not have been detected in 
the earlier study because a packed column GC methodol- 
ogy was used. The use of capillary GC in the current 
study increased the sensitivity of FAEE detection at least 
100-fold over packed column methods and, therefore, may 
explain why it was possible to detect and quantitate serum 
FAEEs. It is also possible that FAEEs are degraded after 
death and that postmortem blood would be negative for 
FAEEs as a result of esterase action upon the FAEE. This 
may not occur as quickly in organs and tissues, particu- 
larly adipose, where the FAEEs are in a more hydropho- 
bic environment than in the aqueous-based environment 
of the blood. 

The origin of the FAEEs in the serum has not yet been 
determined. It has been reported (5), and we have re- 
cently demonstrated in our laboratory, that FAEEs can be 
synthesized in vitro by white blood cells. It is possible, 
therefore, given the presence of FAEE synthase in white 
blood cells, that NEFAs in the plasma or NEFAs in white 
blood cells serve as substrates for white blood cell FAEE 
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synthase and that FAEEs are made within the vascular 
compartment. Upon ethanol ingestion, FAEEs could be 
synthesized by white blood cells and released into the 
plasma with subsequent binding to albumin or 
lipoproteins. It is also possible that the major organs for 
FAEE production, pancreas and liver, synthesize FAEEs 
and secrete them into the blood. In the case of the liver, 
FAEEs could be packaged into the core of lipoproteins at 
the time of synthesis. At present, the location of the FAEE 
synthase responsible for generation of FAEEs detectable 
in the serum after ethanol ingestion remains to be identified. 

Recently, encapsulated n-3 fatty acid dietary supple- 
ments in the form of FAEEs instead of triglycerides have 
become available. The  use of FAEEs rather than triglycer- 
ides as n-3 fatty acid carriers permits delivery of a higher 
concentration of n-3 fatty acids relative to other fatty 
acids. Studies on the efficiency of absorption of FAEEs 
from the gut and the extent of FAEE hydrolysis within the 
gut have yielded a variety of different results probably due 
to many differences in experimental design. In rats given 
FAEEs, FAMES, and triglycerides by stomach tube, 
Yang, Kuksis, and Myher (18) demonstrated during peak 
absorption that the appearance of fatty acids in lymph 
chylomicrons and in intestinal mucosal cells from the 
digestion and absorption of FAEE and FAME was nearly 
50% lower than corresponding triglycerides. They also 
demonstrated uptake by enterocytes of intact FAMES and 
FAEEs (4-22% of administered amounts). Other studies 
in humans by Nordoy et al. (19) suggest that intestinal ab- 
sorption of fatty acids as FAEEs is equivalent to the ab- 
sorption of fatty acids within triglycerides. In  addition, 
the data in this report (19) suggest that there is little or no ab- 
sorption of intact FAEEs with complete or near complete 
hydrolysis of FAEEs in the gut. Interestingly, Newsome 
and Rattray (20) demonstrated that pancreatic extracts 
were able to enzymatically esterify fatty acids with long 
chain alcohols in vitro, raising the possibility that ethyl es- 
ter formation may also occur within the gastrointestinal 
tract from ingested ethanol and fatty acids. In prelimi- 
nary studies in our  laboratory, after ingestion of FAEE- 
containing capules, FAEEs do  appear in both blood and 
adipose tissue. If FAEEs are shown to be toxic mediators 
of ethanol abuse, the long-term use of these newly availa- 
ble dietary supplements may have pathological implica- 
tions. In conclusion, the present observation that FAEEs 
are detectable in serum after ethanol ingestion could lead 
to a major improvement in the monitoring of ethanol inges- 
tion and the treatment of ethanol-induced organ damage. 
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