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Abstract
Background—Biochemical diagnostics of ethanol intake would improve alcohol abuse
treatment and have applications in clinical trial and public safety settings. Self-reporting of alcohol
use has clinical utility, but lacks the desired reliability. Previously proposed single-analyte
biochemical tests of alcohol intake suffer from low sensitivity and specificity or examine only
acute drinking and have therefore seen limited clinical use.

Methods—To address this unmet need, plasma protein biomarker discovery and validation were
performed using an alcohol self-administering non-human primate model system to develop a
diagnostic that accurately classifies subjects into non-drinking, non-abusive drinking, and abusive
drinking categories.

Results—A 17 plasma protein panel was determined that correctly classifies abusive drinking
with 100% sensitivity and also differentiates any level of drinking from alcohol abstinence with
88% accuracy.

Conclusions—The biomarker panel reflects changes in multiple organ systems and suggests
robust changes in the plasma proteome with drinking that may serve as a sensitive and specific
diagnostic test. The specific plasma proteins altered with alcohol self-administration may represent
indicators of alcohol-induced stress on a variety of organ systems.
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Introduction
Alcohol abuse and alcoholism exact a tremendous cost on society. In economic terms, over
$170,000,000 is lost each year to the effects of excessive drinking (1). This economic
burden is in addition to well-documented emotional and personal costs. Consumption of
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alcohol in the U.S. is unevenly distributed, with 64% of the adult population actively
drinking alcohol but 20% of the drinking population consuming approximately 80% of all
alcohol sold. Unfortunately, the clinical treatment community lacks reliable biomarkers to
monitor at-risk populations such as recovering alcoholics, pregnant women, and critical
members of the community (e.g., public transportation employees, active duty military, and
healthcare providers) (2). Self-reported alcohol use can be extremely informative but, in
some scenarios (e.g., social stigma associated with alcohol abuse and the potential legal/
social ramifications of frank alcoholism), can be inconsistent (3;4). Indeed, there is strong
motivation for some subjects to deny drinking (5). This has led to the search for objective
biochemical markers of alcohol abuse. Several biochemical markers of alcoholism have
been proposed (6;7), but there are limitations to the accuracy and sensitivity of these assays
(8–10). To overcome the limitations of these unitary analyte diagnostics, we performed a
screen of 90 known plasma proteins and used machine learning algorithms to develop a
panel of biomarkers with high sensitivity and specificity.

Non-human primates serve as a valuable model system for studies of the effects of alcohol.
Macaque neuroanatomy, neurochemistry, and physiology are similar to humans and are
subject to similar disease processes (11). Monkeys display alcohol absorption and
metabolism pharmacokinetics that are similar to human beings (12) and display
commonalities with changes in human plasma proteins (13), while simultaneously offering a
well controlled experimental model. This study used a non-human primate model of chronic
ethanol exposure where animals self-administer large quantities of ethanol continuously
over 12–18 months (14–17).

Methods and Materials
Ten male cynomolgus monkeys (macaca fascicularis), were part of a 21-month
experimental time line (Figure 1A). For the first year (Naïve samples), monkeys were
acclimatized to the study environment and operant instrumentation. Monkeys were induced
to consume liquids under a schedule of food pellet deliveries (i.e., schedule-induced
polydipsia (18)) as described previously (15). Following one month of 0.5 g/kg/day ethanol
(two drink equivalents, Induction samples), the animals were escalated to drink 1.0 g/kg/day
for 30 consecutive days, and finally, 1.5 g/kg/day for 30 consecutive days. Following the 90-
day induction period of alcohol consumption, animals were given unlimited access (22 hours
per day) to either ethanol or water for the next six months (Drinking samples) (15;17). Two
independent samples (A and B) were collected on different days from each state in the
experimental time line (Figure 1A).

Plasma protein profiling was performed at Rules-Based Medicine, Inc. (Austin, Texas) using
standard Luminex technology. Differential abundance of individual plasma proteins was
determined using a conservative approach with a One-Way repeated measures ANOVA and
Bonferroni multiple testing correction (p<0.05). To identify the most consistent plasma
protein changes, only those differences significant by a Student Newman-Keuls pair-wise
post-hoc test (p<0.05) between two time points and for both the A and B samples were
considered. Support Vector Machine (SVM) classification analysis was performed using
GeneSpring 7.3 (Agilent) with a polynomial kernel function and no scaling factor (Figure
S1). Database searching for tissue origin of proteins was performed using Ingenuity Pathway
Analysis software (Ingenuity, Redwood City CA). Additional methodological details see
presented in the Supplementary Methods.

Freeman et al. Page 2

Biol Psychiatry. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Ethanol Self-Administration

The cumulative intake for these animals at the collection time points is presented in Figure
1B. With chronic and compulsive drinking, there was naturally a higher total level of total
consumption. During the 2 weeks prior to sample collection for the A and B Drinking
samples, however, the level of alcohol consumption was not significantly different (Figure
1C). There was a tightly controlled 0.5 g/kg/day (2 drink equivalents per day) consumption
during the initial month of ethanol induction which resulted in blood ethanol levels between
20–40 mg/dL depending on the drinking typography (15). The two Drinking time points
(following 3 and 6 months of 22/hr/day access) had essentially the same amount of ethanol
intake over the two weeks preceding sample collection when given unlimited assess (ca. 3 g/
kg/day; approximately 12 drink equivalents per day).

Biomarker Analysis
Initial biomarker discovery was conducted by multiplex Luminex analysis of 90 known
plasma cytokines, growth factors, and other proteins (Table S1). Two independently
collected samples (A and B) were analyzed for each of the three drinking states (Naïve,
Induction, Drinking) (Figure 1A) to identify the most consistently altered proteins. Sixty-one
of the 90 proteins were present at detectable levels. Correlation of ethanol consumption with
the level of protein concentration changes did not reveal significant associations (data not
shown). Proteins to be included in the biomarker panel were selected based on statistically-
significant differences in protein abundance between both A and B samples in at least two of
the three pair-wise drinking state comparisons (Figure S2). The 17 proteins that met this
criterion were tested for their classification accuracy using a Support Vector Machine
(SVM) algorithm. Using a cross-validation approach, alcohol abuse was correctly classified
with 92% accuracy (Drinking vs. Naïve and Induction) (Figure 2A) using a three protein
biomarker set [adiponectin (ADIPOQ), alpha-2-macroglobulin (A2M), complement
component 3 (C3)]. Alcohol use (Induction and Drinking samples) was correctly classified
with 88% accuracy from non-alcohol using samples (Naïve) (Figure 2B) using a 14 protein
biomarker panel [(CD40, chemokine ligand 5 (CXCL5), Factor VII (F7), IgE, IGF1,
interleukin 2 (IL2), interleukin 7 (IL7), chemokine (C-C motif) ligand 3 (CCL3), chemokine
(C-C motif) ligand 4 (CCL4), matrix metallopeptidease 2 (MMP2), kallikrein-related
peptidase 3 (KLK3), glutamic-oxaloacetic transaminase 1 (GOT1), thrombopoietin (THPO),
vascular endothelial growth factor A (VEGFA)]. The combined biomarker panel is
presented in Figure 2C. While additional data sets will need to be collected before truly
independent Training Set/Test Set analysis can be conducted, using A samples as a Training
Set and B samples as a Test Set, the accuracy of the alcohol abuse and alcohol use
classifications were 87% and 97% respectively (Figure S3). Reversal of the training and test
sets returned similar results and use of an alternate algorithm (K-means nearest neighbor)
resulted in similar accuracy (data not shown).

Discussion
The combined set of 17 differentially-regulated plasma proteins could potentially be used as
a diagnostic to differentiate subjects into non-drinking, non-abusive drinking, and abusive
drinking categories. This panel includes both inductions and reductions in protein levels
(Figure 2C). Notably, several of these proteins have been previously reported to be
responsive to alcohol intake. We have previously described ApoAI induction in non-human
primates (13) and this has been observed in humans as well (19). GOT1 is well known to be
induced in humans with alcohol consumption and reduced IGF1 plasma levels have been
observed in rodent studies (20). In general, this panoply of circulating proteins may
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represent indicators of alcohol-induced stress. That is, specific proteins that are altered may
reflect well-known clinical sequela of alcohol consumption such as cardiovascular disease
(F7, THPO), liver disease (ADIPOQ, GOT1), central and peripheral nervous system damage
(IGF1), osteoporosis (MMP2), and immune deficiency (A2M, C3, CCL3, CCL4, CD40,
CXCL5, IgE, IL-2, IL-7). Subsets of proteins from the biomarker panel may also have
application as indicators of tissue damage to specific organs. It is important to note that
many proteins comprising the diagnostic panel do not originate solely or at all from the liver
(Table S2). A common problem for liver-enzyme based diagnostics to alcohol abuse is that
they are not specific for alcohol abuse, but rather indicate general liver dysfunction. By
using a panel of proteins from different tissue sources, a potential test is less likely to return
false-positive for other disease states.

Future studies will require examination of the biomarker panel’s persistence with cessation
of ethanol self-administration. This is an important step in the development of a clinical
diagnostic, as the biomarker panel should return to a normal state with alcohol abstinence. It
remains possible that the observed changes may not normalize with alcohol abstinence,
which would indicate long-lasting organ damage or epigenetic changes. Additionally, these
findings must be replicated in a clinical setting to examine: 1) the classification ability of the
biomarker panel in the heterogeneous (e.g., diet, genetics, co-morbid drug use) human
population; 2) the duration of alcohol abuse required to initiate the biomarker signature; and
3) the persistence of the these plasma protein changes with cessation of drinking. While this
study pursued a directed biomarker discovery approach, additional studies using proteome-
wide methods may identify additional proteins for development as biomarkers.

This study demonstrates that a panel of 17 plasma proteins can be used to accurately
differentiate non-human primates into non-drinking, non-abusive drinking, and abusive
drinking categories. This model system provides the closest animal model to human
alcoholism with similar physiology and durations of drinking. Quantitative analysis of
plasma samples by the Luminex measurement technology is well-suited for direct translation
into the clinical setting without additional technical optimization. This biomarker panel will
now require testing in human subjects to establish its clinical utility.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Time course of non-human primate alcohol self-administration and plasma sampling
points. Two independent samples (A and B) were collected from each condition (Naïve,
Induction, and Drinking) for biomarker discovery and classification analysis testing. (B) The
cumulative self-administered intake of the monkeys at Induction and Drinking time points.
(C) In the two weeks prior to plasma sampling time points, the average daily intake was the
same for A and B samples in the Induction or Drinking states. Data are presented with mean
lines and dots for each animal and time point (n=10 for each sample).
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Figure 2.
(A) Using a three protein panel and Support Vector Machine (SVM) classification
algorithm, alcohol abuse samples (Drinking) were correctly classified from non-alcohol
abusing samples (Naïve and Induction) with 92% accuracy and 100% sensitivity. (B) Using
a fourteen protein panel and SVM classification algorithm, alcohol using samples (Induction
and Drinking) were correctly classified from non-alcohol using samples (Naïve) with 88%
accuracy and 95% sensitivity. (C) Heatmap representation of the seventeen protein
biomarker panel and clustering of the sample groups. Mean expression levels, normalized to
a mean naïve level of 1, for each drinking state and time point were clustered by condition.
Increased abundance, compared to mean Naive, is presented in red and reduced abundance
in green. Independent samples from each drinking state clustered together.
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