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Abstract

Specific fatty acid ethyl esters (FAEE) in meconium of newborns have been shown to correlate
with maternal ethanol exposure. An animal model is needed to assess the validity of this
biomarker. We hypothesized that the pregnant/fetal sheep is a feasible animal model for validating
FAEE as a biomarker of prenatal ethanol exposure. Nine pregnant ewes were treated during the
third trimester with different i.v. ethanol doses. The control group consisted of 14 pregnant ewes
exposed to similar volumes of saline. On gestational d 133, the fetuses were delivered and
meconium samples removed. FAEEs were quantified by gas chromatography-flame ionization
detection. FAEEs were found in both control and ethanol exposed fetuses. Ethyl oleate, ethyl
linoleate, and ethyl arachidonate levels were significantly higher in the ethanol-exposed sheep.
Ethyl oleate was the FAEE that correlated most strongly with alcohol ingestion during pregnancy
and had the greatest area under the curve (0.94). Using a cut-off value of 131 ng/g ethyl oleate dry
weight, sensitivity was 89% and specificity was 100%. In conclusion, pregnant ewes are a feasible
model for validating biomarkers of prenatal ethanol exposure. Ethyl oleate, ethyl linoleate, and
ethyl arachidonate may be useful biomarkers of prenatal alcohol exposure.

Alcohol, one of the most frequently reported addictions in the U.S (1), is a known teratogen
of the fetus. It is estimated that 1% of all U.S. newborns are affected by prenatal ethanol
exposure (2), most of whom are not diagnosed at birth (3). Prevention is the best course of
action, but, unfortunately, the results of current efforts are unsatisfactory. Early
identification of an affected infant is important and may prevent secondary disabilities (4).
Since maternal self-report is not a reliable diagnostic tool (5-7), the development of a
biomarker for in utero alcohol exposure becomes a necessity.

To date, the most promising biomarkers are fatty acid ethyl esters (FAEE). FAEE are a
stable product of nonoxidative ethanol metabolism and are formed by the conjugation of
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ethanol to endogenous FFA and fatty acyl-CoA. FAEE have been studied in different
species (mouse, rat, sheep, guinea pig, and human) and can be detected in blood, hair,
placenta, and meconium of newborns exposed in utero to ethanol (Mac et al., Society for
Pediatric Research, May 1-5, 1994, Seattle, WA) (8 —12). Unlike blood, where FAEE have
a short half-life (24 h after alcohol intake) (9), meconium and hair can accumulate FAEE for
extended periods of time. Easy access and lack of invasiveness make meconium and hair
attractive for the study of biomarkers.

Several human studies have shown that FAEE could serve as a reliable biomarker for
prenatal alcohol use (11-15). However, the limitation of these studies is their dependence on
maternal self-report. An objective, bias-free animal model for validating this biomarker is
needed.

Several animal models have been used for investigating alcohol teratogenesis and/or
validating biomarkers. Caprara et al. (10) used the guinea pig animal model to demonstrate
that chronic exposure to alcohol during pregnancy resulted in increased levels of FAEE in
both maternal and neonatal hair. Additionally, the pregnant ewe has been used as a model of
fetal alcohol syndrome (16).

Here, we investigate whether the pregnant/fetal ewe is a feasible animal model for validating
FAEE as a biomarker of prenatal ethanol exposure.

METHODS

Animals

This study was approved by the Texas A&M University Institutional Animal Care and Use
Committee and was subject to AAAALAC, PHS Policy on Humane Care and Use of
Laboratory Animals. Suffolk ewes ranging in age from 2 to 6 y were bred to Suffolk rams.
Estrus was induced by introducing vaginal progesterone implants (Eazi-Breed CIDR for
sheep and goats, Pharmacia & Upjohn, Auckland, NZ) and then removing them 12 d later.
The following day, the ewes were mated with rams fitted with marking harnesses. The day
that the ewes were marked by the rams was designated as gestational day (GD) 0. Marked
ewes were assessed ultrasonographically to confirm pregnancy and to determine the number
of fetuses. Ewes were maintained in shaded outdoor pens with herdmates before mating
until GD 90. On GD 90, the ewes were moved indoors. A constant temperature of 22°C and
a 12:12 light/dark cycle were maintained. All animals received 2 kg/d of a “complete” ration
(Sheep and Goat Pellet, Producers Cooperative Association, Bryan, TX).

Study design and ethanol dosing protocol

The human brain growth spurt peaks at the time of parturition, whereas the ovine brain
growth spurt peaks approximately on GD 133 (17). Therefore, this study began on GD 109,
the approximate beginning of the third trimester equivalent, and was terminated on GD 135
to correspond with the human in utero brain growth spurt.

The study consisted of five groups, including four ethanol treatment groups (1.25, 1.5, 1.75,
and 2 g/kg) and a control group that received normal saline at a similar volume and infusion
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rate as the highest ethanol dose group. On GD 109, a catheter (16 G, 5.25-in Angiocath,
Becton Dickinson, Sandy, UT) was placed percutaneously into the jugular vein. On GD 113,
the ewes were anesthetized (0.2 mg/kg diazepam, 4 mg/kg ketamine, 0.5-0.25% isoflurane)
and a polyvinyl chloride catheter was placed in the vena cava via insertion into the femoral
vein. Infusion solutions were delivered by peristaltic pump (Masterflex, model 7014-20,
Cole Parmer, Niles, IL) through a 0.2-um bacteriostatic filter. Pumps were calibrated before
each infusion. Ethanol infusions were 40% wt/vol in sterile saline administered over 1 h.
The ethanol dosing regimen was designed to mimic a common human binge pattern of
drinking; ewes received ethanol on three consecutive days followed by 4 d without ethanol
from GD 109 to 132 of gestation. The last dose of ethanol was given on GD 132. Nine ewes
were entered into the treatment groups and 14 ewes were in the control group.

Meconium collection and preparation

On GD 133, approximately 24 h after the last dose of ethanol, the ewes were euthanized by
an overdose of sodium pentobarbital (75 mg/kg). The fetus was then removed from the
uterus and weighed. The large intestine of the fetus was dissected intact from the peritoneal
cavity and quickly frozen in liquid nitrogen. At the time of analysis, the specimen was
weighed and total length measured. The intestine was opened longitudinally, and all
meconium removed, weighed, and analyzed for FAEE.

FAEE analysis

Isolation of FAEE from meconium was performed as previously described (18). The total
amount of meconium (removed from one intestine) was divided into multiple aliquots of 1 g
wet weight. FAEE were isolated and quantified by gas chromatography-flame ionization
detection. For each animal, the mean value of each FAEE was calculated by averaging the
FAEE ng/g measured values of all 1-g aliquot. Personnel performing FAEE analysis were
blinded to exposure conditions.

Statistical analysis

Analyses were carried out to compare meconium weight and FAEE levels between the
ethanol exposed sheep and controls. For these comparisons, we used t test for variables with
normal distribution and the nonparametric Wilcoxon test when the distribution was not
normal. To test the correlation between FAEE levels and dosage of ethanol exposure, we
conducted a linear regression analysis. A receiver operating characteristic (ROC) analysis
was performed to assess the ability of FAEE to differentiate between ethanol-exposed sheep
and controls. ROC curves of FAEE were plotted and the area under the curve (AUC)
calculated. Using the ROC curves, the cut-off values that provide both the highest sensitivity
and the highest specificity were determined and sensitivity rate, specificity rate, and positive
and negative predictive values were calculated.

The Wilcoxon signed-rank test was used to compare between FAEE concentrations in the
first 1-g aliquot (proximal) and last 1-g aliquot (distal) colon segments of each animal. A
qualitative comparison between our finding and a previous human study was conducted
without formal test of significance. The SAS software version 8.1 was used for analyses
(SAS Institute, Carey, NC). p Values < 0.05 were considered significant.
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The amount of meconium in ovine fetuses did not differ between the ethanol exposed group
and controls (11.6 versus 10.6 g, respectively, p = 0.54). In addition, we did not find any
correlation between the amount of meconium and ethanol dosage.

FAEE were detected in both control and ethanol exposed sheep (Table 1). Control sheep had
predominantly ethyl palmitoleate > ethyl linoleate > ethyl myristate. The predominant FAEE
differed in ethanol exposed sheep and were ethyl palmitoleate > ethyl oleate> ethyl

linoleate. Of interest, ethyl arachidonate was found only in the meconium of ethanol
exposed animals.

The mean concentrations of some FAEE were significantly higher in ethanol exposed
animals compared with control animals. As shown in Table 1, the mean concentrations of
ethyl oleate, ethyl linoleate, and ethyl arachidonate were significantly higher than those of
control animals. There was a trend toward significance with ethyl palmitate and ethyl
linolenate. The predominant FAEE in both control and ethanol exposed sheep, ethyl
palmitoleate, was not significantly different between the two groups.

To determine whether the sum of all FAEE was significantly different between control and
treated groups, we summed the mean values of FAEE for each animal (Table 1). This total
FAEE concentration had higher levels in ethanol exposed fetuses compared with control
(1252 and 827 ng/g, respectively). However, this difference was not statistically significant
(p = 0.115). When the mean of the concentrations of three FAEEs (ethyl oleate, ethyl
linoleate, and ethyl arachidonate) was summed, a significant association between ethanol
exposure and higher levels of FAEE was seen (306 ng/g in controls versus 495 ng/g in
ethanol exposed, p = 0.002) (Table 1).

The relationships between alcohol dosage and FAEE concentrations were examined using a
linear regression analysis. We did not find any correlation between FAEE levels and ethanol
dosage. To address whether meconium FAEE varied according to the time of exposure, we
compared the FAEE concentration in the first (proximal) 1-g aliquot and last (distal) 1-g
aliquot. No significant difference between the first and last aliquot was seen either in control
or in ethanol-treated animals.

To assess the efficiency of FAEE as a biomarker for ethanol exposure we conducted a ROC
analysis (Table 2). For each FAEE, a ROC curve was plotted and the AUC calculated.
Figure 1 shows a representative ROC curves for the three most useful FAEE. Of all FAEE,
ethyl oleate was the best indicator of alcohol exposure with an AUC of 0.94 (95%
confidence interval, 0.83-1.00). At a cut-off value of 131 ng/g wet weight ethyl oleate,
sensitivity was 89%, specificity was 100%, positive predictive value was 1.00, and negative
predictive value was 0.93. Other FAEE showing significant difference were ethyl
arachidonate and ethyl linoleate with AUC of 0.78 and 0.75, respectively. Ethyl palmitate
and ethyl linolenate had AUC of 0.72 and 0.71, respectively, but did not reach statistical
significance. A ROC analysis of the cumulative three FAEE concentrations generated an
AUC of 0.88 with a 95% confidence interval of 0.71-1.00. At a cut-off value of 376 ng/g,
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sensitivity was 89%, specificity was 93%, positive predictive value was 0.89, and negative
predictive value was 0.93.

An essential step in validating any animal model is a comparison to human studies. The
comparison between our findings and our previously reported Cleveland population
(abstainers and nonabstainers groups) (13) (Fig. 2) yielded several observations. In the
control groups, the profile of the FAEE was different between sheep and human. The main
difference was in the predominant FAEE. In sheep controls, the predominant FAEE were
ethyl palmitoleate, ethyl linolenate, and ethyl myristate whereas in human controls they
were ethyl palmitoleate, ethyl oleate, and ethyl linolenate. Beside these differences, we
recognized a resemblance between the levels of most FAEE among sheep and human
controls. Notably, ethyl arachidonate was not found in the meconium of control sheep.

In the groups exposed prenatally to ethanol, both sheep and humans demonstrated a general
raise in FAEE levels compared with controls. Moreover, the same FAEE become
predominant in human and sheep (ethyl palmitoleate, ethyl oleate, and ethyl linolenate). As
opposed to the human study where six of seven FAEE were significantly different between
nonabstainers and abstainers groups (13), in sheep, only ethyl oleate, ethyl linoleate, and
ethyl arachidonate levels were significantly higher in the ethanol exposed group.

Lastly, using ROC analysis, both studies found ethyl oleate, ethyl linoleate, and ethyl
arachidonate to be the best indicators of prenatal ethanol exposure.

DISCUSSION

In the last decade, our understanding of ethanol teratogenicity has substantially expanded.
Nevertheless, our ability to screen newborns for prenatal ethanol exposure is still lacking.
Except for cases that present with obvious features of fetal alcohol syndrome, most babies
exposed in utero to ethanol are neither dysmorphic nor present with any characteristics that
help with the diagnosis. As a result, the majority of babies are not diagnosed until late
childhood (3,19). It became clear that maternal self-report is not sensitive or reliable (5) and
alternative ways for screening are needed.

FAEE is one of the biomarkers that has emerged because of ongoing research. Both
meconium and neonatal hair are good materials for collecting and measuring FAEE
accumulated during fetal life. Studies of pregnant women have found a correlation between
elevated FAEE levels in meconium and alcohol consumption (11-13,15,20). However,
further validation of this biomarker requires confirmation with an animal model that
eliminates the dependence on maternal self-report.

In this study, we used the sheep model for validating FAEE as a biomarker of prenatal
ethanol exposure. We selected the sheep fetus due to its similarity to the human fetus. The
sheep fetus has a relatively long gestation (147 d). Fetal size is equivalent to that of humans
and has a similar prenatal high-velocity brain growth as in humans (16).

Using this model, we demonstrated that prenatal ethanol exposure resulted in higher FAEE
levels compared with control. Sheep ethyl oleate was the FAEE with the most significant
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difference between ethanol exposed and control groups. Other FAEE, such as ethyl linoleate
and ethyl arachidonate, also had significantly higher levels in the ethanol exposed sheep.
However, their ability to predict ethanol exposure [AUC of 0.78 and 0.75 respectively
(Table 2)] was less than that of ethyl oleate.

The resemblance of our findings to those of a recent human study (13) is of great
importance. Both sheep and human FAEE levels were the same order of magnitude. In
addition, both studies reported the same three FAEE as the best indicators of ethanol
exposure. These observations not only support our hypothesis but also authenticate the
results of the human study.

Other reported observations have also shown a significant association between elevated
FAEE in meconium and in utero alcohol exposure (11,12,15,20,21). However, these studies
vary in the types of FAEE found to be highly indicative of ethanol exposure. The FAEE
identified in these studies included ethyl linoleate (11,15,21), ethyl oleate (12,21), ethyl
arachidonate (15), ethyl laurate, ethyl palmitate, and ethyl stearate (20). The results from
existing animal research are not homogenous either. Brien et al. (22) reported a 5-fold
higher concentrations of ethyl laurate, ethyl palmitate, ethyl stearate, and ethyl oleate in
meconium of term fetal guinea pigs exposed prenatally to ethanol. A different model using
Guinea pig hair found an association between ethyl oleate and ethanol exposure (23). There
is no evident explanation for the differences between the various studies and our findings.
The different populations studied, maternal diet (24), and genetic polymorphism may play
an important role in influencing FAEE composition.

Our findings of elevated ethyl arachidonate levels in ethanol exposed animal are intriguing
for several reasons. First, ethanol reduces blood linoleic acid levels (the precursor of
arachidonate) and blocks conversion of linoleic acid and gamma-linolenic acid to
arachidonic acid (25,26). This casts doubt on the source of elevated ethyl arachidonate levels
in ethanol exposed animals. Probably, ethanol’s ability to increase phospholipase-A2 and
phospholipase-C activity (27) causes a release of arachidonic acid from membrane
phospholipids that later on is converted to ethyl arachidonate. Second, none of the
specimens from the control group contained ethyl arachidonate. A study by Moore et al.
(21) supports our findings, whereas others have shown detectable levels of ethyl
arachidonate in controls (13,15). Refaai et al. (28) reported the presence of ethyl
arachidonate only in tissue of individuals with detectable blood ethanol at the time of
autopsy. These conflicting reports raise important questions. Were newborns in the human
control group exposed prenatally to alcohol? Can we be absolutely sure of the drinking
history of the mothers? Regardless of the answer, if our observation is true, any detection of
ethyl arachidonate in meconium will be exceptionally specific for ethanol exposure. We
believe that a combination of ethyl arachidonate and ethyl oleate will provide a highly
sensitive and specific screening test for ethanol exposure.

Interestingly, fetuses from the control group had significant amounts of FAEE in the
meconium. It is evident from preliminary human studies that FAEE can be found in the
meconium of newborns without prenatal ethanol exposure (12,13,15,29). Other animal
studies also found small amounts of FAEE in hair of neonatal guinea pigs that were not
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exposed prenatally to ethanol (10). As for the human studies, one can always claim that
maternal history is not accurate and some of the babies in the abstaining group were actually
exposed in utero to ethanol. Also, small quantities of ethanol may be present in certain
medication, maternal diet [e.g. olive oil (30)] and food additives. Lastly, it is known that
small amounts of ethanol are a normal by-product of metabolism in the human gut (31).
Most likely, FAEE found in controls are a result of both ingestion and/or endogenous
production of ethanol.

Although animals in the ethanol treatment group showed an association between ethanol
dose and FAEE levels (data not shown), it did not reach statistical significance. Probably,
the small sample size of this study accounts for this lack of statistical significance. In
addition, no difference in regional distribution of FAEE was found. However, this study was
not designed to determine regional distribution, so this result should be interpreted
cautiously.

A number of studies suggested the use of combined FAEE concentrations as a better
biomarker of ethanol exposure (10,22). We conducted a similar analysis using the sum of
FAEE concentrations. Ethanol-exposed fetuses did have higher levels of total FAEE, but the
difference was not statistically significant. When a combination of the three FAEE with the
most significant differences between the groups was used, significantly higher levels of
cumulative FAEE were noticed in the ethanol-exposed group (p = 0.02). Yet, the use of
combined FAEE did not have any advantage over ethyl oleate as a biomarker of alcohol
consumption (AUC of 0.88 versus 0.94, respectively).

Our study is not without limitations. This pilot study included a small number of animals
that might not reflect the true range and levels of FAEE in meconium. Moreover, the small
sample size makes it harder to find a true correlation between different ethanol dosages and
FAEE levels even if it exists, leading to type Il error. In addition, the method we used for
ethanol exposure (parenteral infusion) is different from the way ethanol is consumed by
humans. The “physiologic” absorption of ethanol in humans may result in a different pattern
of blood alcohol levels and may affect FAEE levels in a different way compared with i.v.
infusion of alcohol.

Given that humans and sheep do not consume the same diet, it is possible that fatty acids
composition will differ between the species. As fatty acids are the source of FAEE, it was
essential to compare between the two species. Surprisingly, plasma fatty acids composition
in pregnant sheep and pregnant women did not differ significantly (32,33). Our ruminant
animal model also has a different type of digestion than humans. Ruminant animals are
capable of producing small amounts of alcohol from fermentation of glycerol (34), which
could explain the presence of FAEE in the meconium of our controls. Nevertheless, this is
not different from human’s endogenous production of ethanol and should not impede future
use of ruminant animals as an animal model for ethanol exposure.

The ability to collect all of the meconium is feasible with an animal model, but more
difficult in a clinical setting, especially when some infants pass their first meconium before
delivery. When all the samples are collected, the chance of a bias is decreased. Thus, a
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random sample of meconium is most probably a practical way for screening but may carry
the risk of a bias given that FAEE can accumulate unevenly in meconium. However, our
preliminary results do not support an uneven distribution of FAEE within meconium.

To our best knowledge, this is the first study using the sheep model to test the association
between FAEE in meconium and ethanol exposure. It is an important step toward our ability
to validate the biomarker in an objective way. Furthermore, it partially supports the results
found in human studies making the probability for a bias in these studies less likely.

We conclude that sheep are a reliable and feasible model for validating biomarkers of
prenatal ethanol exposure. Specific FAEE in meconium, in particular ethyl oleate, ethyl
linoleate, and ethyl arachidonate, may provide an accurate indicator of maternal alcohol use
during pregnancy. Further studies with larger number of animals are needed and may
provide the ability to determine the pattern, amount, and timing of ethanol exposure
according to levels and profile of specific FAEE in meconium.
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Figure 1.
ROC curve assessing the sensitivity and specificity of ethyl oleate, ethyl linoleate, and ethyl

arachidonate concentrations in meconium for identifying prenatal ethanol exposure. Ethyl
oleate (18:1) (@); ethyl linoleate (18:2) (O); and ethyl arachidonate (20:4) (7).
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Figure2.
Median fatty acid ethyl ester levels (ng/g) in meconium of control and alcohol exposed

sheep and humans. Sheep controls (open bars), human controls (gray bars), ethanol exposed
sheep (black bars), ethanol-exposed humans (hatched bars). The data of human groups
reflects Cleveland’s abstainers and nonabstainers and was modified with permission from
Bearer CF et al. J Pediatr 146:824 — 830. Copyright © 2005 Elsevier Inc.
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Table 1

The mean concentration of FAEE in the meconium of control and ethanol exposed sheep

FAEE Control (ng/g), median (range) Ethanol exposed (ng/g), median (range) p Value
Ethyl myristate 14:0 110 (0-699) 136 (50-336) 077"
Ethyl palmitate 16:0 87 (18-366) 163 (20-776) 0.09*
Ethyl palmitoleate 16:1 307 (160-716) 341 (76-532) 0.81F
Ethyl oleate 18:1 69 (0-131) 298 (28-1045) <0.001"
Ethyl linoleate 18:2 215 (61-441) 293 (117-878) 0.05"
Ethy! linolenate 18:3 0 (0-57) 8.2 (0-626) 0.07*
Ethyl arachidonate 20:4 0(0) 6.6 (0-224) 0.002"
Sum of total FAEEs 827 (458-1567) 1252 (303-3873) 0.115"
Sum of 3 FAEEs (18:1+18:2+20:4) 306 (81-544) 495 (145-1703) 0.002*

*

+

Wilcoxon test;

t test.
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