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As of 2018, 14.4 million adults ages 18 and older in the U.S had alcohol use disorder (AUD). However, only about 8% of adults who
had AUD in the past year received treatment. Surveys have also shown racial disparities regarding AUD treatments. Thus, it is
imperative to identify racial disparities in AUD patients, as it may indicate a specific underlying pathophysiology in an AUD
subpopulation. To identify racial disparity in AUD, we enrolled 64 cohorts, including 26 AUD participants and 38 healthy controls,
from Northwest Louisiana using community-based enrollment. Then, we used psychometric scales to assess alcohol drinking
patterns and measured blood metabolites change using LC-MS/MS. Alcohol-related scales from the questionnaires did not differ
between the Caucasian AUD participants and African-American AUD participants. From blood metabolomics analyses, we identified
that 6 amino acids were significantly different by AUD status and or race. Interestingly, Caucasian AUD participants had a higher
glutamate metabolism mediated by glutamine synthetase (GS). The correlation between blood glutamate/glutamine ratio and GS
activity was only significant in the Caucasian AUD group whereas no changes were observed in African-American AUD group or
controls. Taken together, our findings from this sample population demonstrate that blood GS is a potential biomarker associated
with Caucasian AUD, which is an important step towards the application of a new pharmacological treatment for AUD.
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INTRODUCTION
Alcohol use disorder (AUD) contributes significantly to the global
burden of disease measured by Disability-Adjusted Life Year
(DALY) (139 million disability-adjusted life-years) [1]. Thus,
effective clinical intervention is essential. However, this condition
is difficult to treat due to the heterogeneity of AUD, likely
involving multiple mechanisms. While a critical step in the
effective study and treatment of AUD is the identification of
disease subgroups, clear parameters for classification are elusive.
Research on disease subgroups has highlighted the importance

of discerning racial disparities, of which there are many in AUD.
Many studies have noted racial disparities in factors contributing
to AUD as well as its treatment. African-Americans may be
particularly vulnerable to the negative effects of economic
hardship. Following severe economic losses, African-Americans,
compared to other races, have a higher likelihood of developing
AUD [2]. Another study looked at whether neighborhood
disadvantage, defined by low levels of education, employment,
and income below the poverty line was likely to increase the
number of problem drinkers or persons with AUD. This study
suggested that racial differences may play a role in the
development of problem drinking, and African-Americans speci-
fically are more likely to develop AUD than Caucasians even when
factors like social/economic hardships are controlled for [3].
However, numerous studies have found that the African-American
population is more likely to abstain from alcohol completely, and

is more likely to consume less alcohol in a single episode than a
Caucasian population [4]. However, there is no evidence whether
biological or genetic factors contribute to the development of
alcohol craving or excessive alcohol drinking. Thus, it is necessary
to further investigate biological factors in the context of racial
disparity. Moreover, it is important to incorporate a diverse
population sample that has African-American AUD individuals.
One innovation of current clinical pharmacology is the use of

peripheral metabolites to predict neuropharmacological outcomes
against neuropsychiatric disorders [5, 6]. This approach suggests
that a genetic variant and/or alcohol drinking pattern possibly
modifies amino acid metabolism in both the peripheral and
neuronal nervous systems, and possibly in parallel. Importantly,
the LC/MS/MS-based metabolomics method is clinically applicable
to detect an individual’s metabolic profile; this includes profiles
from a healthy or disease condition, and signature metabolites can
be used to strengthen both diagnostic and therapeutic predic-
tions [7]. Using this method, the current study demonstrates
interesting points regarding glutamate biology in AUD. We
hypothesize that increased glutamate regulation may be asso-
ciated with clinical scales, both of which can help to provide more
information about an individual’s clinical diagnosis and on a larger
scale, to identify disease subpopulations of AUD [8].
Specifically, the pathophysiological development of AUD has

been associated with an imbalance between excitatory and
inhibitory neurotransmitters and the subsequent receptor-
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mediated signaling cascades in the brain [9]. Alterations in the
balance between glutamate and GABA levels have been demon-
strated to be major contributors to AUD [10]. Among several FDA-
approved medications for AUD treatment [11], the anti-
glutamatergic medication, acamprosate, increases the time to
relapse and helps to maintain abstinence, due to its ability to
stabilize glutamatergic imbalances in the brain [12, 13]. However,
the treatment outcome is not universal, as it appears that
acamprosate may only work in select subpopulations of indivi-
duals with AUD [14]. Using pharmacometabolomics, elevated
baseline serum glutamate levels mediated by glutamine synthe-
tase (GS) proved to be a potential biomarker associated with
positive acamprosate response [8].
In this study, we assessed whether there is any difference in

glutamate metabolism between Caucasian and African-American
AUD participants. First, we examined psychometric scales includ-
ing alcohol craving, alcohol intake, drinking pattern, anxiety, and
depression to identify possible racial disparities among 64 AUD
study participants from community-based recruitment. Using an
LC-MS/MS-based metabolomics platform, 16 amino acid metabo-
lites were profiled to determine metabolic differences due to AUD
diagnosis and or race. Overall, our findings will provide the
framework for developing criteria that can be used to determine
AUD subpopulations based on metabolic profiles and clinical
scales. Implementing such a method to research psychiatric
disease may help to identify disease subpopulations, including
those who may have a high probability of benefiting from certain
medication treatments based on their individual pathophysiology.

MATERIALS AND METHODS
Recruitment of participants for AUD
Sixty-four study participants were recruited through flyer advertisements
in the Shreveport and Bossier areas located in the Northwest Louisiana
region. Twenty-six participants were identified as meeting the AUD criteria
and identified as being Caucasian (n= 11) or African-American (n= 15).
Thirty-eight control participants included Caucasians (n= 16) and African-
Americans (n= 22) who indicated no AUD symptoms. Participants with
unstable medical or psychiatric conditions including suicidality, psychosis,
severe renal or liver function impairment were excluded from the study.
Control subjects included were considered to be normal and healthy
individuals with no major psychiatric illnesses or AUD diagnoses. The
inclusion criteria for AUD subjects were male or female patients, aged
21–55, with a diagnosis of AUD based on the Diagnostic and Statistical
Manual of Mental Disorders-5 (DSM-5) and confirmed with Alcohol Use
Disorders Identification Test (AUDIT-C) [15]. Two female Caucasian AUD
participants (2/11) and three female African-American AUD participants (3/
15) were enrolled. Two Caucasian AUD participants (2/11) and four African-
American AUD participants (4/15) were previously diagnosed with AUD
and had a history of AUD clinical treatment. Five Caucasian AUD
participants (5/11) and four African-American AUD participants (6/15)
had alcoholics anonymous (AA) fellowship history (Table 1). Exclusion
criteria included inability to provide informed consent, unstable medical or
psychiatric conditions, history of stroke, significant head trauma, brain
surgery, or diagnosis of active substance abuse other than alcohol or
nicotine. AUD participants with moderate to severe impairments in renal or
hepatic functions were not included in the study. Participants should not
have consumed alcohol within 24 h prior to beginning the study nor
present active signs of severe alcohol withdrawal during the study.
Subjects taking AUD medications or anti-psychotic medications at the time
of the study were excluded. Informed consent was obtained from all the
participants. This study was approved by the Institutional Review Board

(IRB000892, PI: Nam H.W.) of Louisiana State University Health Sciences
Center Shreveport and was conducted according to the Code of Ethics of
the World Medical Association (Declaration of Helsinki).

Study design and outcome measures
All potential AUD subjects were initially screened by phone using the
AUDIT-C as a way to quantify their general alcohol intake and gauge their
eligibility as an AUD participant. During the scheduled appointment, in-
person interviews were conducted by psychiatrists to determine AUD
according to the DSM-5 criteria. All study participants were able to provide
informed consent with no apparent compromise of judgement due to any
alcohol use on the day of study entry and had no active signs of severe
alcohol withdrawal. Timeline Follow Back (TLFB-7 days) [16], Penn Alcohol
Craving Scale (PACS) [17], Inventory of Drug-Taking Situations (IDTS-8) [18],
Patient Health Questionnaire (PHQ-9) [19], and Generalized Anxiety
Disorder Assessment (GAD-7) [20] were self-reported and scored by study
coordinators. All data pertaining to the study participant was deidentified
and labeled with their corresponding study participant identification
number.

Biospecimen collection and methods
Biospecimens from each subject were collected after administering the
psychometric tests. Venipuncture was performed using standard techni-
ques. A total of 12ml of blood was collected from each subject during the
course of the study. All tubes were deidentified with their study participant
identification number. After collection, samples were placed on ice until
being processed in the lab. There, samples were positioned upright at
room temperature for 15–20min and subsequently spun down for 10min
at 1500 × g at 4 °C. Serum and plasma were aliquoted into 250 μl samples
and stored at −80 °C within 2 h to minimize any possible metabolite
degradation. All samples were thawed on ice for −2 h before use.

Pharmacometabolomics using LC-MS/MS
Serum amino acid calibration standards were prepared with AccQ•Tag™
Ultra Amino Acid Analysis Solution (AA) kit from Waters according to
instructions with slight modifications for detection on a mass spectrometer
[21]. A 5-point standard concentration curve was made from the
calibration standard solution to calculate amino acid concentrations in
serum samples. Serum samples of 10 μl were spiked with an internal
standard, norvaline then derivatized according to AccQ•Tag instructions.
High-resolution separation was done using an ACQUITY UPLC system and
injecting 1 μl, with an Amino Acid Analysis column from Waters. Mass
detection was completed on a XEVO TQ-S Mass Spectrometry, Waters in
ESI positive mode.

GS enzyme assay
Plasma GS activity was measured by a colorimetric enzyme assay kit
(BioVison, Milpitas, CA). Ten microliters of plasma sample from each
participant was prepared in a 96-well plate and conditioned with assay
buffers. Based on the manufacturer’s instructions, we conducted GS-mediated
hydrolysis from Glutamate to Glutamine and ADP. Then, we measured ADP
production in the subsequent enzymatic reaction in the presence of ADP
Converter, ADP Developer Mix, and ADP Probe, which ultimately forms a
colorimetric product that is measured at OD 570 nm. Enzyme activity was
calculated as U units based on the standard calibration curve.

Statistical analysis
Data are described as mean ± SEM. Statistical analyses were performed
using Prism (v 8.00 GraphPad Software, La Jolla) and SigmaPlot (v13,
SYSTAT Software, Point Richmond). Each data was analyzed using the
Shapiro-Wilk test to confirm the normality of data distribution. For
parametric analysis, unpaired t-test or ANOVA were used. For non-
parametric analysis, Mann–Whitney test or Kruskal–Wallis test were used.

Table 1. Demographic statistics of Caucasian AUD participants and African-American AUD participants.

Sex Age (Mean ± SD) Clinical treatment AA fellowship Non-treated Alcohol withdrawal (DSM-5)

Caucasian AUD (n= 11) M: 9
F: 2

46.64 ± 6.51 18.2% (2/11) 45.4% (5/11) 36.3% (4/11) 54.5% (6/11)

African-American AUD (n= 15) M: 12
F: 3

49.33 ± 6.80 26.6% (4/15) 40.0% (6/15) 33.3% (5/15) 86.7% (13/15)
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Logistic regression analysis, receiver operating characteristic (ROC) curve
analyses and the areas under curve (AUCs) were analyzed by JMP16 (SAS,
Cary, NC). Results were considered significantly different when p < 0.05. For
the metabolomics profiling, the significance was adjusted for multiple
comparisons using Bonferroni correction p value < 3.0 × 10−3 (0.05/16).

RESULTS
Clinical characteristics of Caucasian AUD and African-
American AUD participants
For this racial disparity study, a total of 64 participants were enrolled
by community-based recruitment. AUD participants were diagnosed
with the Diagnostic and Statistical Manual of Mental Disorders-5
(DSM-5) and confirmed with Alcohol Use Disorders Identification
Test (AUDIT-C). Twety-six participants were identified as meeting the
AUD criteria and identified as being Caucasian (n= 11) or African-
American (n= 15). Demographic information for AUD participants is
presented in Table 1. A greater proportion of AUD participants were
male. There was no significant age difference between the
Caucasian AUD participants and African-American AUD participants.
18.2% of Caucasian AUD participants (2/11) and 26.6% of African-
American AUD participants (4/15) had a prior clinical diagnosis of
AUD and medication treatment history. 45.5% of Caucasian AUD
participants (5/11) and 40.0% of African-American AUD participants
(6/15) had a history of AA fellowship. Control participants included
Caucasians (n= 16) and African-Americans (n= 22) who indicated
no AUD symptoms or any psychiatric concerns.
Both Caucasian and African-American AUD participants did not

differ significantly in their clinical diagnosis by DSM-5 and AUDIT-C
(Fig. 1A). From the DSM-5 questionnaire, 86.7% of African-
American AUD participants reported having withdrawal syndrome
or drinking alcohol to avoid withdrawal in the last year, while 54.5
% of Caucasian AUD participants experienced alcohol withdrawal
(Table 1). Two-way ANOVA indicates that alcohol consumption
(measured by total drinks in the past 7 days by Time Line Follow
Back-7 (TLFB-7)) was significantly different between the control
group and AUD group (F(1,60)= 26.69, p < 0.0001), but not
significantly different between the Caucasian AUD participants
and African-American AUD participants (Fig. 1B). To measure
alcohol craving differences in participants, the Pennsylvania
Alcohol Craving Scale (PACS) was used [17]. Two-way ANOVA
indicates significant differences in PACS scores between control
and AUD participants (F(1,60)= 349.3, p < 0.0001), and consistently,
no differences in alcohol craving intensity between races in the
AUD group (Fig. 1C).
To clinically confirm alcohol use in AUD participants, liver

damage and kidney damage markers were examined. AUD
participants showed significantly increased gamma-glutamyl
transferase (GGT; (F(1,60)= 17.07, p= 0.0001)) and aspartate
aminotransferase (AST; (F(1,60)= 16.46, p= 0.0002)) levels com-
pared to those of control participants (Fig. 1D, E). Blood creatinine
levels indicating kidney function were in the normal range when
comparing between control and AUD participants, but two-way
ANOVA identified significantly increased creatinine in African-
American AUD participants (F(1,60)= 4.74, p= 0.033) compared to
Caucasian AUD participants (Fig. 1F), which is consistent with a
previous report [22]. Overall, no racial disparities between
Caucasian AUD and African-American AUD participants were
detected in alcohol craving, drinking patterns, and liver function
related to chronic alcohol use.

Negative emotion promotes alcohol drinking in African-
American AUD participants
Next, we examined whether depression or anxiety contributes to
excessive alcohol drinking in Caucasian and African-American AUD
participants differently. Intensity of depression (measured using the
Patient Health Questionnaire scale, PHQ-9) and anxiety (measured
using the Generalized Anxiety Disorder scale, GAD-7) symptoms in

AUD participants compared to control participants were measured.
Two-way ANOVA identifies that AUD participants showed signifi-
cantly increased PHQ-9 (F(1,60)= 15.22, p= 0.002) and GAD-7
(F(1,60)= 31.61, p < 0.001) scores compared to control participants
(Fig. 1G, H). These findings implicate that chronic alcohol use is
increasingly correlated to the intensity of depression and anxiety, of
which there are no racial differences. To assess the situational
antecedents to the use of alcohol in the past year between
Caucasian AUD participants and African-American AUD participants,
Inventory of Drug-Taking Situations (IDTS-8) was examined (Fig. 1I).
AUD participants indicated significantly increased responses to all
8 subscales compared to control participants. Among 8 subscales,
conflict with others (80%) was the most frequent trigger situation
that triggered heavy drinking in the African-American AUD group,
while unpleasant emotions (62%) was the most frequent situation
that triggered alcohol drinking in the Caucasian AUD participants.
All situations were significant for African-American AUD participants
compared to African-American control participants. All situations
except social pressure and pleasant time with others were
significant for Caucasian AUD compared to Caucasian control
participants. Conflict with others was the only racial difference that
was significant between the African-American AUD group and
Caucasian AUD group.

Multivariable analysis of psychometric scale and racial
difference
Then multivariable logistic regression models were used to
evaluate the association between race and psychometric scales
of alcohol craving, drinking levels, depression, and anxiety
intensity. In the Caucasian control group, alcohol craving (PACS;
y-axis) and drinking (TLFB-7; x-axis) indicated a significant positive
correlation (red circle; R= 0.62, p= 0.004) as expected in healthy
social drinkers (Fig. 2A). In the African-American control group,
alcohol craving (PACS; y-axis) and drinking (TLFB-7; x-axis) also
indicated significant positive correlation (red circle; R= 0.73, p=
0.001). In addition, depression (PHQ-9; x-axis) and anxiety (GAD-7;
y-axis) shows a significant positive correlation (red circle; R= 0.78,
p= 0.001) (Fig. 2B). The Caucasian AUD group showed a significant
negative correlation (blue circle) between alcohol drinking (TLFB-7;
x-axis) and depression (PHQ-9; y-axis, R=−0.79, p= 0.001), as well
as anxiety scales (GAD-7; y-axis, R=−0.69, p= 0.001). There is also
a positive correlation (red circle; R= 0.89, p= 0.001) between
depression (PHQ-9; x-axis) and anxiety (GAD-7; y-axis) (Fig. 2C).
Interestingly, the African-American AUD group only showed a
positive correlation (red circle; R= 0.81, p= 0.001) between
depression (PHQ-9; x-axis) and anxiety scale (GAD-7; y-axis) (Fig.
2D). Overall, our multivariable logistic regression model demon-
strated that the Caucasian AUD group shows a relationship
between heavy drinking and decreased symptoms of depression
and anxiety, which are contrary to observations in both the
African-American AUD group and the control groups.
To further investigate racial disparity in AUD, we employed

discriminant analysis for alcohol-related psychometric scales
against four participant groups. Using the psychometrics data
from 64 cohorts, scatterplots for principal component analysis
(PCA) were presented, and four clusters based on race and AUD
were identified (Fig. 2E). Notably, controls and AUD diagnosis can
be discriminated horizontally (canonical 1). However, race cannot
be discriminated vertically (canonical 2). Statistical analysis
identified that 14 cohorts (21.87%) are misclassified. Overall, the
entropy R2 is 0.62, thus, this method of psychometric scale-based
discrimination across groups was not significant.

Blood metabolites profiling for racial disparity in AUD
To identify possible blood metabolites that differ between Caucasian
and African-American AUD participants, we monitored 16 amino-acid
metabolites using UPLC-MS/MS [23]. Significant differences between
amino acids were assessed by two-way ANOVA and post hoc tests
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Fig. 1 Clinical characteristics of Caucasian AUD and African-American AUD participants. A AUD participants were diagnosed with the DSM-
5 and AUDIT-C. There were no significant differences between AUD groups in terms of their disease severity. B Alcohol consumption
measured by Timeline Follow Back-7 days (TLFB-7) is significantly increased in both AUD groups. C Alcohol craving measured by Pennsylvania
Alcohol Craving Scale (PACS) is increased in both AUD groups. Both TLFB-7 and PACS were significantly different between control and AUD
participants but not significant between Caucasian AUD and African-American AUD participants. D, E Liver damage markers, gamma-glutamyl
transferase (GGT) and aspartate aminotransferase (AST), were significantly higher in AUD groups compared to control participants. F Blood
creatinine levels were in the normal range in both control and AUD participants, but Two-way ANOVA indicates significantly increased
creatinine levels in African-American AUD participants compared to that of Caucasian AUD participants (#p < 0.05). G, H Symptoms of
depression (measured by patient health questionnaire; PHQ9) and anxiety (measured by generalized anxiety disorder; GAD7) were
significantly higher in AUD subjects compared to controls. I Inventory of Drug-Taking Situations (IDTS-8) provides a profile of eight types of
high-risk situations in which a participant has used alcohol over the past year. All data are presented as mean ± SEM. Statistics was by two-way
ANOVA followed by the Tukey post hoc test. *p < 0.05 indicates statistical significance between Caucasian AUD and Caucasian control. †p <
0.05 indicates statistical significance between African-American AUD and African-American control. #p < 0.05 indicates statistical significance
between Caucasian AUD and African-American AUD.

L. Nahar et al.

4

Translational Psychiatry           (2022) 12:71 



with Bonferroni correction for multiple comparisons (p< 0.003). Two-
way ANOVA indicates that six metabolite levels were significantly
changed between AUD and control groups. First, AUD participants
showed significant differences in metabolites Tyr, Leu/Ile, and Pro
compared to those of control participants (Fig. 3A and Supplemental
Table 1). AUD participants present 28.2% of the variation in Tyr
(Adjusted R2: coefficient of determination= 0.28), and it is significantly
useful in explaining Tyr, F(1, 62)= 25.74, p< 0.001. Compared to
controls, we expect the AUD group to have higher Tyr levels by
21.14 μM, on average (*p< 0.001). AUD explains 32.3% of the variation
in Leu/Ile (Adjusted R2: coefficient of determination= 0.32), and it is
significantly useful in explaining Leu/Ile, F(1, 62)= 31.08, *p< 0.001.
AUD participants indicated higher Leu/Ile levels by 85.20 μM
compared to controls. AUD participants presented 21.2% of the
variation in Pro (Adjusted R2: coefficient of determination= 0.21), and
showed significant changes in Pro levels, F(1, 62)= 17.95, *p< 0.001.

Second, three amino acids showed a statistical significance by
AUD diagnosis with a main effect in race (Fig. 3B and
Supplemental Table 1). The multiple linear regression model
explains 34% of the variation in Glu (Adjusted R2: coefficient of
determination= 0. 34), and it is significantly useful in explaining
blood Glu change, F(2, 61)= 17.23, p < 0.001. Compared to controls,
AUD groups had higher Glu by 18.40 μM, on average, keeping race
constant (*p < 0.001). Caucasian participants show increased Glu
(6.82 μM) compared to African-American participants, on average,
at the same level of AUD (#p= 0.045). Multiple linear regression
identifies 61% of the variation in Phe (Adjusted R2: coefficient of
determination= 0. 627), and it is significantly useful in explaining
Phe level changes, F(2, 61)= 50.31, p < 0.001. Compared to controls,
AUD show increased Phe (55.01 μM), on average, keeping race
constant (*p < 0.001). Compared to Caucasian participants, we
would expect African-American participants to show lower Phe

Fig. 2 Multivariable analysis of psychometric scales across groups. This regression model depicts the association between alcohol craving,
drinking levels, depression, and anxiety across race and AUD diagnosis. A Alcohol craving (PACS) and alcohol drinking (TLFB7) showed a
significant positive correlation (R= 0.62, p= 0.004) in Caucasian controls. B In African-American control group, alcohol craving (PACS) and
alcohol drinking (TLFB7) showed a significant positive correlation (R= 0.73, p= 0.001). Significant positive correlations were also found
between anxiety and depression in this sample group (R= 0.78, p= 0.001). C Significant negative correlation between alcohol intake (TLFB)
and depression (R=−0.79, p= 0.001) as well as anxiety (R=−0.69, p= 0.001) for the Caucasian AUD group, which is not present in African-
American AUD group. D African-American AUD groups showed a significant positive correlation (R= 0.81, p= 0.001) between depression and
anxiety. Red circle represents positive correlation, while blue circle represents negative correlation between the x-axis and y-axis. Circle size
indicates p-values. Green boxes indicate the statistically significant correlation (p < 0.05; correlation coefficient of >0.60). The correlations were
estimated by Row-wise method. E Principle component analysis (PCA) of psychometric scales can clearly discriminate healthy controls from
AUD subjects across the x-axis, but not by race. The algorithm was not able to distinguish race accurately, as seen by the overlapping of race
clusters and misclassified study subjects indicated by the dots.
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(25.10 μM), on average, at the same level of AUD (#p < 0.001).
Multiple linear regression identifies 62.7% of the variation in Trp
(Adjusted R2: coefficient of determination= 0.627), and it is
significantly useful in explaining Trp, F(2, 61)= 53.84, p < 0.001.
Compared to controls, we expect AUD participants to have higher
Trp by 40.75 μM, on average, keeping race constant (*p < 0.001).
Compared to Caucasian participants, we expect African-American
participants to have lower Trp by 23.84 μM, on average, at the
same level of AUD (#p < 0.001). These metabolomics results
demonstrate a possible racial difference between Caucasian and
African-American AUD participants that may elucidate an AUD
subpopulation with different pathophysiology.

GS-dependent glutamate metabolism in Caucasian AUD
participants
Of special importance are changes in levels of metabolites
involved in glutamate metabolism in AUD. Moreover, increased
glutamate/glutamine (Glu/Gln) ratio indicates a perturbation of
the glutamate-glutamine system in the brain and has been
implicated in alcohol withdrawal [24–26]. Elevated Glu/Gln ratios
in the brain are decreased by the anti-glutamatergic medication,
acamprosate [27, 28]. Consistently, higher blood glutamate levels
prior to treatment are a drug efficacy marker for the anti-
glutamatergic medication treating in human AUD [8]. Multiple
linear regression identifies 23% of the variation in Glu/Gln
(Adjusted R2: coefficient of determination= 0.23). Two-way
ANOVA identifies that blood Glu/Gln is significantly increased in
the AUD group (F(1,60)= 17.17, *p < 0.0001) compared to control
groups and in both Caucasian groups compared to both African-
American groups (F(1,60)= 4.35, p= 0.04) (Fig. 4A and Supple-
mental Table 1).
Among different pathways of blood glutamate metabolisms,

glutamate transformation to glutamine mediated by GS [29] is an
important pathway implicated in the hyper-glutamatergic condition
of AUD [30]. Therefore, we measured GS enzyme activity to
determine whether this pathway is relevant to glutamate

metabolism in our AUD sample population. Multiple linear
regression identifies 26% of the variation in GS activity (Adjusted
R2: coefficient of determination= 0.26). Two-way ANOVA identifies
that GS activity is significantly increased in the AUD groups (F(1,60)=
22.11, *p < 0.0001) and Caucasian groups (F(1,60)= 5.85, #p= 0.001).
Mann–Whitney test indicates that GS activity is significantly
increased in Caucasian AUD groups compared to African-American
AUD groups (% p= 0.039) (Fig. 4B and Supplemental Table 1).
Overall, we found that the serum GS activity was significantly
increased in the Caucasian AUD participants compared to their
respective race controls and African-American AUD participants.
Then, to determine the role of GS activity in AUD and racial disparity,
the receiver-operating characteristics (ROC) curve analysis was
conducted. Notably, blood GS levels are the best indicator of the
Caucasian AUD group with 0.84 area under the curve (Fig. 4C). This
result indicates that GS is a powerful discriminator between AUD
and race with significant specificity and sensitivity.
Both Glu/Gln ratio and GS activity were significantly increased in

the blood of AUD participants, especially Caucasian AUD
participants. A multivariable comparison was conducted to
determine the association between blood glutamate metabolism
and GS in Caucasian AUD. The multivariable comparison identified
that there is no significant correlation between Glu/Gln ratio and
GS activity in control groups (Fig. 4D, E). Notably, the Caucasian
AUD group indicates a significant positive correlation between
Glu/Gln ratio and GS activity, while this association is lacking in the
African-American AUD group (Fig. 4F, G). These findings based on
our sample population suggest that the glutamate metabolism
mediated by GS is more dominant in the Caucasian AUD groups.
Finally, we employed discriminant analysis using both psycho-

metric scales and 16 blood metabolite levels to discriminate four
subject groups. PCA indicated that control and AUD diagnosis can
be discriminated horizontally (canonical 1; x-axis) and by race,
discriminated vertically (canonical 2; y-axis). Statistical analysis
identified that 100% of the cohorts were classified (i.e., no
individuals were misclassified) with the entropy R2 being 0.99. This

Fig. 3 Metabolites profiling for racial disparity in AUD. A Tyr, Leu/Ieu, and Pro levels in both races of AUD participants are significantly
increased compared to healthy controls. B Glu, Phe, and Trp levels are significantly increased in AUD groups compared to controls and
Caucasian participants compared to African-American participants. Statistical significance of amino acid levels in response to AUD condition
(*p < 0.05) and race (#p < 0.05) were assessed by two-way ANOVA. Caucasian control (n= 16), Caucasian AUD (n= 11), African-American
control (n= 22), and African-American AUD (n= 15).
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result indicates that racial disparity is existent in AUD and can be
identified when both psychometric scales and blood metabolites
are incorporated (Fig. 5).

DISCUSSION
Our study demonstrated a possible biological mechanism of racial
differences in AUD subjects. Although there were no differences in
psychometric scales between the Caucasian AUD and African-

American AUD groups, data from blood metabolites demon-
strated significant differences between the Caucasian AUD group
and African-American AUD group compared to non-AUD controls.
Importantly, GS metabolism was significantly increased in the
Caucasian AUD group while the African-American AUD group, as
well as control groups, lacked this association. Although this study
was conducted in a community-based enrollment with small AUD
cohorts, however, our blinded analysis provides adequate
statistical power to identify biological changes in the blood [31].

Fig. 4 Increased glutamine synthetase-dependent glutamate metabolism in Caucasian AUD participants. A Glu/Gln ratio are significantly
increased in Caucasian AUD participants. B Glutamine synthetase (GS) activity of Caucasian AUD participants is significantly increased
compared to other groups. Statistical significance of GS activates in response to AUD condition (*p < 0.05) and race (#p < 0.05) were assessed
by two-way ANOVA. GS activity difference between Caucasian AUD groups and African-American AUD groups was measured by the
Mann–Whitney test (%p < 0.05). C GS levels were the best indicator of the Caucasian AUD group with 0.84 area under the receiver-operating
characteristics (ROC) curve. The blue line (Caucasian AUD) on the outer-most part of the graph measures the largest area under the curve and
demonstrates high sensitivity and specificity of GS. All data are presented as mean ± SEM. D, E There is no association between Glu/Gln ratio
(x-axis) and GS (y-axis) in Caucasian control and African-American control group. F, G There is a significant positive correlation between Glu/
Gln ratio and GS activity in Caucasian AUD group (red circle; R= 0.78, p= 0.001) whereas there is no significant correlation in African-
American AUD. The correlations were estimated by Row-wise method. Green boxes indicate the statistically significant correlation and the
corresponding graph in which the scores of individual subjects are plotted (p < 0.05; correlation coefficient of >0.60).

Fig. 5 Principle component analysis (PCA) of race differences using a combination of psychometric scales and blood metabolite profiles.
PCA shows that data from psychometric scales in conjunction with metabolites can clearly discriminate between clinical diagnosis of AUD (x-
axis) as well as race (y-axis), including between the two categories of specific race and diagnosis. The algorithm was able to distinguish the
four participant groups accurately, as there is a lack of overlapped clusters and no misclassified study subjects.
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Moreover, multivariable analysis enabled us to investigate the
relationships between the metabolic profiles of AUD participants
and their psychometric scales. Overall, using blood metabolomics
along with psychometric scales can be great prospects for
ultimately finding biomarkers related to AUD subpopulations.
Findings from this study may contribute greatly to the current

understanding of glutamate biology in AUD and provide more
evidence to tackle the glutamate theory of AUD. This study
attempts to: elucidate how glutamate is strongly related to alcohol
use and whether this relationship is consistent between different
races affected by AUD; and determine potential reliable biomar-
kers to identify clinical subpopulations to aid in the development
of individualized AUD treatments. Heavy alcohol drinking can
cause alterations in glutamate circuits in the brain, resulting in
habit formation and compulsion to use the drug. Specifically,
synaptic changes in glutamate-modulated N-methyl-D-aspartate
(NMDA) receptors and α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors in glutamatergic projections are
responsible for neurobehavioral adaptations to heavy alcohol use.
Upregulation of glutamatergic projections may create circuits in
the brain that react to conditioned cues and cause compulsive use
of alcohol in AUD individuals [32].
Our measurement of glutamate metabolism in this study was

restricted to peripheral function, mainly mediated by the liver. Our
results show that blood glutamate levels and the function of the
GS pathway for glutamate metabolism were significantly higher in
the AUD participants, whereas GS activity was not associated with
glutamate levels were observed in the healthy control group. A
previous brain magnetic resonance spectroscopy (MRS) study
reported that blood glutamate levels measured by LC-MS were
not associated with cortical glutamate levels measured by MRS
since glutamate transport to the brain is blocked by the blood-
brain barrier. However, the glutamine concentration in the cortex
is positively correlated with glutamine in plasma [33]. Nonetheless,
the intricate glutamate dynamics between plasma and the brain is
crucial for considering possible biomarkers. Therefore, we tried to
normalize the data since blood glutamine is positively associated
with brain glutamine levels and glutamate-glutamine dysregula-
tion in AUD can be indicated by Glu/Gln ratio.
Furthermore, it is required to investigate whether blood Glu/Gln

ratio or GS activity is correlated with brain Glu/Gln ratio. Since GS
is highly expressed in astrocytes [29] and associated with alcohol
withdrawal in the brain [34], our findings may help to provide a
possible mechanism alleviating a hyper-glutamatergic state in the
brain as found in AUD [13, 35]. Notably, a reduction in the serum
Glu/Gln ratio in response to the anti-glutamatergic medication,
acamprosate, during alcohol withdrawal is consistent with brain
glutamate level changes in response to acamprosate, and is
observed in both human and rodent brains measured by MRS
[27, 28]. Acamprosate is not a uniform pharmacological treatment
for AUD. Acamprosate was shown to have a significant beneficial
effect in enhancing abstinence in recently detoxified, AUD
individuals from European studies [14, 36]. However, acamprosate
was ineffective in reducing drinking in the East Asian sample
population [37]. The efficacy of acamprosate for African-American
AUD patients have never been reported, although the COMBINE
study examined the efficacy of naltrexone for the treatment of
AUD among African-American AUD patients [38]. The COMBINE
study reported that naltrexone treatment is not beneficial to
decrease alcohol drinking in the African Americans AUD
subpopulation because pharmacogenetic variants of the OPRM1
gene are infrequent among people of African descent. These
results and our study findings provide a further need to
investigate other possible variabilities between races such as GS
and whether its changes in the blood are reflected in the brain
consistently across individuals with AUD.
We expect that genetic variants of glutamate or glutamine

signaling may differentially affect GS functioning. Indeed, the

glutaminase (GSL1) genotype is associated with glutamate-
glutamine ratios in its alteration in the cortex measured by
in vivo MRS [24]. Furthermore, it is important to follow up on why
elevated glutamate levels regulated by GS metabolism is
predominant in Caucasian AUD because this emphasizes a specific
role of GS metabolism in heavy alcohol use. Particularly, in
Caucasian individuals with AUD in this study sample, GS activity is
positively correlated with Glu/Gln ratio more so than in their
African-American AUD and healthy control counterparts, which
indicates that the perturbation in the glutamate-glutamine
mechanism may be specific to race and AUD diagnosis [26, 27].
While the correlations between GS and Glu/Gln are higher in AUD,
interestingly, multivariable modeling identified a significant
positive correlation between GS and Glu/Gln only in the Caucasian
AUD population. It must be noted, however, that GS does not
solely reflect Glu/Gln because GS activity also requires ammonia
and ATP as co-factors. Ammonia can further contribute to the
discussion on peripheral metabolites influencing central functions.
While genetic variations of enzymes can contribute to the ratio of
substrate to products, glutamine to glutamate ratio has also been
shown to be modified by other factors like ammonia levels,
indicating that such indexes that are used to reflect synaptic levels
are influenced by non-synaptic metabolites. The Glu/Gln ratio can
also differ based on glutaminase activity [24].
Although we did not ask about the history of ICU admission for

severe alcohol withdrawal, we could get some information about
alcohol withdrawal based on DSM-5 questionnaire. 54% (6/11) of
Caucasian participants experienced withdrawal syndrome or
alcohol use to avoid withdrawal, while 87% (13/15) of African
American participants experienced alcohol withdrawal. Since
human MRS studies demonstrated excessive glutamate levels
and increased Glu/Gln ratio in the anterior cingulate cortex (ACC)
as a potential biomarker during acute alcohol withdrawal [25], it is
required to test whether blood GS activity or Glu/Gln ratio can also
indicate alcohol withdrawal.
We could not find any association between blood metabolites

and alcohol-related psychometric scales. We expected to observe
environmental or genetic factors that contribute to alcohol
drinking patterns or alcohol craving levels. As shown in Fig. 1,
average alcohol consumption (TLFB-7), craving (PACS), liver
damage (GGT and AST), depression (PHQ-9), and anxiety (GAD-
7) did not differ between the Caucasian AUD and African-
American AUD groups. Several AUD studies reported that patients
with AUD may have been attempting to self-medicate their
depressive symptoms by consuming alcohol [39]. This is also in
line with the findings of a 2018 review report that provided
several conclusions regarding patients’ use of alcohol to self-
medicate for anxiety and mood disorders: first, a large portion of
the population, between 21.9% and 24.1%, with anxiety and mood
disorders reports using alcohol for relief of their symptoms, and
longitudinal studies of these individuals show that they are
significantly more likely to develop AUD than those who do not
self-medicate [40]. There is a fine line between using alcohol to
self-medicate for these disorders and developing AUD; thus, it is
unknown whether such disorders further the development of AUD
or if AUD contributes to or exacerbates mood disorders. Notably,
we observed that Caucasian AUD participants demonstrate a
negative correlation between alcohol drinking and depression/
anxiety. Therefore, further details should be required to identify
the onset of AUD vs. the onset of anxiety or mood disorders in
order to examine whether Caucasian AUD groups use alcohol to
self-medicate before or after the onset of anxiety and mood
disorders. The lack of a clear relationship between the onsets of
these disorders suggests that there are multiple pathways for the
development of each and eventual comorbidity. Nevertheless,
there is strong evidence that patients who do choose to self-
medicate with alcohol for both mood and anxiety disorders have a
significantly higher risk of developing AUD as a result, and also to
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experience persistence and maintenance of the AUD once it has
developed [41].
Our AUD participants from Northwest Louisiana were selected

based on the Alcohol Use Disorders Identification Test (AUDIT-C)
and diagnosed clinically by psychiatrists using the Diagnostic and
Statistical Manual of Mental Disorders, 5th Edition (DSM-5). We
observed that both the Caucasian AUD and African-American AUD
groups had significantly increased PHQ-9 and GAD-7 levels
compared to the healthy control groups, making our AUD
demographic more “atypical” as opposed to ideal AUD partici-
pants who only present AUD symptoms and no symptoms of any
mood disorders. However, our participants may present a real-
world problem observed in our community of individuals suffering
from AUD. In addition, our AUD groups presented a correlated
pattern between anxiety and depression [42], which was
dramatically different to that of the Caucasian control group
(Fig. 2). Consistently, patients who had received a diagnosis of
both mood disorder and any anxiety disorder are more likely to
have an associated severe addictive behavior governed by a
dysregulation in the reward circuit. Particularly relevant to
mediating reward, the striatum has been demonstrated to be
abnormal as well in these two diagnoses. This effect is mostly seen
in patients experiencing anhedonia which can be a feature of both
depression and anxiety. This provides further evidence that certain
functional connectivity within certain circuits for AUD may be
similarly altered by depression and anxiety disorders [43]. AUD is
associated with most anxiety disorders among Caucasians and
African-Americans [44]. Therefore, an alternative approach to
treating AUD that may be more beneficial for this disease
subpopulation who have comorbid anxiety or depression are
medical treatments that target mood disorder-induced AUD. Both
mood and anxiety disorders have been well-reported in literature
to increase the odds of having a concurrent AUD [45, 46]. A
greater understanding of how these three mental pathologies
overlap and contribute to one another is important for the
development of treatment plans to address all aspects of a
patient’s mental health.
The most significant finding from our study is increased GS

activity in this sample Caucasian AUD population. Because GS is
highly expressed in the cortex and regulates glutamate metabo-
lism, we need to examine brain Glu/Gln ratios in patients with
AUD. Several lines of evidence suggest that the anterior cingulate
cortex (ACC) is a key brain region that influences alcohol craving
[47]. The ACC is strategically positioned to regulate emotions and
behavioral conflict and plays a major role in reward-based
decision-making for alcohol drinking. On a neurochemical basis,
the vast majority of ACC neurons are glutamatergic and its
dysregulation during different stages of addiction has been well-
documented [48]. Therefore, it is necessary to replicate and
validate our finding on a larger scale by measuring brain
metabolites using MRS and to determine whether the GS-
mediated glutamate to glutamine mechanism is dominant in
Caucasian AUD individuals.
Importantly, increased blood and brain glutamate metabolism

is known as a predictive biomarker for the FDA-approved anti-
glutamatergic medication, acamprosate, for AUD treatment.
Acamprosate responder groups demonstrated elevated baseline
serum glutamate mediated by GS [8]. The levels of ACC glutamate
were also reduced by acamprosate treatment in AUD patients [49].
Therefore, significantly elevated blood glutamate levels mediated
by GS in the Caucasian AUD group may implicate acamprosate
treatment to be beneficial and possibly at a higher efficacy
compared to that for the African-American AUD group if such a
study was conducted. Moreover, our finding may suggest that
glutamate dysregulation in AUD is more prevalent in the
Caucasian population than in African-Americans with AUD.
Although some Caucasian AUD participants show normal gluta-
mate levels and some African-American AUD participants show

elevated glutamate levels, the correlation between glutamate
levels and GS enzyme activity was discriminant between races.
The role of GS in AUD has not been studied thoroughly, although
it plays an important role in glutamate-glutamine transformation
in the astrocytes and ammonia-related liver toxicity. It is unclear
why our Caucasian AUD participants demonstrated a significant
correlation between blood Glu/Gln and GS levels, while the
control and African-American AUD groups lacked such a strong
association.
Using blood metabolomics, we also observed significant

changes in metabolites between healthy controls and AUD
participants regardless of race. Our results are consistent with
the literature described previously showing increased blood
glutamate levels in chronic alcohol abuse [8]. Dietary phenylala-
nine and tyrosine serve as a precursor in catecholamine synthesis,
notably dopamine. Therefore, the availability of tyrosine influences
the body’s ability to produce dopamine [50]. This is particularly
important when considering the dopaminergic hypothesis of
addiction. Human and non-human primate studies demonstrated
that a diet deficient in phenylalanine/tyrosine decreases alcohol
self-administration [51, 52]. Consistently, acute phenylalanine/
tyrosine depletion reduces motivation to smoke cigarettes across
stages of addiction [53]. Several studies have demonstrated that
there is a measurable hyperprolinemia associated with a history of
alcohol abuse. The elevation in serum proline has been attributed
to both an increase in its production from biochemical precursors
and a decrease in proline degradation by proline oxidase in the
liver [54, 55]. Animal and human models have both demonstrated
that chronic alcohol use leads to an increase in the branched-
chain amino acids (BCAA), such as leucine [56, 57]. In rats that
consumed alcohol chronically, leucine metabolism was altered as
demonstrated by tracer-labeled leucine metabolism studies. These
metabolic changes include increased leucine turnover, increased
oxidation, and decreased leucine incorporation into the liver and
muscle. It is not surprising, therefore, that our participants
demonstrated altered BCAA metabolism. However, fewer studies
have investigated the inverse relationship of leucine on alcohol,
i.e. the effects of leucine on the metabolism of alcohol. One such
study has demonstrated that leucine accelerates alcohol clearance
from the blood via increased activity of the alcohol dehydrogen-
ase (ADH) enzyme [58]. The combined effect of an alcohol-
induced increase in serum leucine levels and an increased rate of
alcohol metabolism likely results in a self-perpetuating cycle of
increased alcohol use to achieve the same level of psychoactive
effects that are commonly seen in AUD. Overall, the metabolomics
data from 64 cohorts enabled us to obtain both statistical
significance and power in assessing possible AUD subpopulations.
Our findings should be considered in the context of the following

limitations. First, the use of community-based enrollment means
that the study samples collected in our discovery cohorts do not
allow for analyses generalizing race-specific differences in AUD.
Thus, we need to replicate our GS findings using larger cohorts that
are also of different regions throughout the country and using brain
imaging techniques such as MRS to relate peripheral metabolites to
central metabolites in the brain. Several brain and blood
metabolomics studies focusing on glutamate signaling achieved
statistical significance using 10–20 cohorts per group [26, 27]. Our
study was a feasibility endeavor to identify possible subpopulations
in AUD and results suggested that glutamate metabolism may
differ between races. Larger sample size will help us to further
distinguish the glutamate pathophysiology in Caucasian AUD and
African-American AUD. Moreover, we enrolled the control partici-
pants to elucidate the factors that could impact chronic alcohol-
induced changes in amino acids between races. However, social
and economic conditions can be very different between AUD and
control groups and within groups as well, and thus, should be
considered as a possible limitation of our study. The second
potential limitation is that we have only investigated amino acids
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and their derivatives. Metabolic abnormalities associated with
chronic alcohol use have been well-documented and warrant
further exploration to assess racial disparities as a way to
understand possible pathophysiological mechanisms of AUD. This
metabolomics platform can be applied to studying various other
diseases and disorders and may give rise to individualized
treatment options that cater to different symptoms and disease
characteristics. In conclusion, our study demonstrated that GS-
mediated glutamate metabolism is significant in the sample
Caucasian AUD population compared to that of the African-
American AUD participants, and this may provide important
information to how the glutamate theory of AUD is applied in
establishing a personalized approach to treating AUD.
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