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Abstract

Glucagon-like peptide-1 (GLP-1)-based therapies, effective in treating obesity and
type 2 diabetes, hold potential for reducing alcohol-seeking behaviour. However, the
understanding of how alcohol consumption affects endogenous GLP-1 responses—
important for understanding GLP-1-based therapies' potential in addressing alcohol
misuse—is limited, given the absence of placebo-controlled studies examining these
effects. This study aimed to determine the acute effects of alcohol ingestion on
GLP-1 and other peptides and evaluate whether metabolic surgery, which increases
GLP-1 responses, blood alcohol concentrations (BAC) and alcohol misuse risk, influ-
ences this effect. Additionally, we assessed the acute effects of alcohol on plasma
glucose and insulin concentrations. Using a placebo-controlled crossover study, we
examined hormonal and glucose responses after oral alcohol consumption (0.5 g/kg
of fat-free mass) versus placebo drinks in 18 women who underwent metabolic
surgery <5 years ago and in 14 non-operated controls (equivalent in age, body mass
index [BMI], race and alcohol consumption patterns). Women had a mean (SD) age of
41 (10) years and a BMI of 33 (5) kg/m?2. Compared with the control group, the sur-
gery group exhibited a higher peak BAC (0.99 [0.20] g/L vs. 0.75 [0.16] g/L;
P < 0.005). Alcohol decreased GLP-1 by 34% (95% Cl, 16%-52%) in both groups and
decreased ghrelin more in the control (27%) than in the surgery group (13%). Alcohol
modestly decreased plasma glucose and transiently increased insulin secretion in
both groups (P < 0.05). However, alcohol lowered blood glucose concentrations to
the hypoglycaemic range in 28% of the women in the surgery group versus none in
the control group. These findings provide compelling evidence that acute alcohol
consumption decreases GLP-1, a satiation signal, elucidating alcohol's ‘apéritif’ effect.
This study also highlights the potential increase in alcohol-related hypoglycaemic

effects after metabolic surgery.
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1 | INTRODUCTION

There is a growing interest in innovative approaches to treating
alcohol use disorder (AUD), including a recent focus on gut-brain pep-
tides that regulate both homeostatic hunger and reward processing
and motivation for food-seeking.!™* One such peptide is glucagon-like
peptide-1 (GLP-1), an anorectic incretin hormone derived from
intestinal preproglucagon-containing cells and neurons in the nucleus
tractus solitarii.> Indeed, GLP-1 receptor agonists are among the most
efficacious treatments for managing obesity and type 2 diabetes, and
growing evidence suggests that those GLP-1 receptor agonists show
promise in reducing alcohol consumption and seeking behaviour in
animal models.}™#%7 Although clinical data are limited, a Danish
pharmacoepidemiologic study found that GLP-1-based therapies for
diabetes management were associated with reduced alcohol-related
events within the initial 3 months of prescription compared to the
corresponding 3-month period pre-treatment.® Additionally, results
from a randomized, double-blind, placebo-controlled clinical trial
involving treatment-seeking patients with AUD indicate that exena-
tide, a first-generation GLP-1 receptor agonist, reduced heavy drink-
ing days and overall alcohol intake in a sub-group of patients with
AUD and obesity.” Finally, a recent study revealed that 12-week
treatment with dulaglutide, another GLP-1 receptor agonist, reduced
weekly alcohol intake in patients treated for smoking cessation.'®

However, these results”1°

are in need of replication, given that they
were based on secondary analysis.

To better determine the potential of GLP-1-based therapies for
AUD, it is also important to understand how alcohol consumption
affects endogenous GLP-1 responses. Although there are limited
human data on alcohol's impact on GLP-1, recent secondary analyses
of studies with non-treatment-seeking AUD people suggest that acute
alcohol exposure reduces plasma GLP-1 concentrations.*! However,
given the nature of this initial work (secondary analyses in studies
designed to address different a priori outcomes), essential controls
were not included, such as comparing alcohol to a placebo condition
or considering concurrent food intake, which could confound alcohol's
effects on GLP-1 responses.

The primary focus of this study was to assess the acute effects of
alcohol, compared to placebo, on plasma GLP-1 concentrations.
Recognizing GLP-1's fundamental role in glucose regulation, the
potential hypoglycaemic effects of alcohol and its crosstalk with other
gut-brain peptides, we also aimed to determine the acute effects of
oral alcohol intake on plasma glucose, C-peptide, insulin and ghrelin
concentrations. The rationale for measuring ghrelin is that, like GLP-1,
ghrelin plays a role in food and alcohol reward® and is affected by
metabolic surgery. Additionally, we aimed to determine whether met-
abolic surgeries, such as Roux-en-Y-gastric bypass (RYGB) and sleeve
gastrectomy (SG), which enhance GLP-1 responses?? and alcohol
misuse risk,'>"1® influence these effects. Although it appears contra-
dictory that surgeries increasing GLP-1 endogenous responses also
raise AUD risk, it is noteworthy that the AUD risk typically does not
increase until 2 years post-surgery. In contrast, 40%-50% of patients

with high-risk alcohol use before surgery effortlessly reduce their
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harmful alcohol intake within the first year post-procedure.’”?°

Therefore, metabolic surgery provides a valuable experimental model
to further assess the acute effect of alcohol ingestion on hormonal
responses. Accordingly, using a cross-sectional study design, we com-
pared hormonal and glucose responses to acute alcohol consumption
in participants who underwent metabolic surgery versus non-operated
controls. We hypothesized that compared to consuming a placebo
beverage, consuming a moderate dose of alcohol would lead to
decreased plasma GLP-1, ghrelin and glucose concentrations in both
groups. However, because of surgery-induced alterations in alcohol
pharmacokinetics that can double peak blood alcohol concentration
(BAC) compared to when drinking the same amount before

surgery,21-23

we hypothesized that participants in the surgery group
would be more likely to experience alcohol-induced hypoglycaemia

than those in the control group.

2 | METHODS

21 | Participants

This study was part of a larger one on bariatric surgeries' effects on
alcohol pharmacokinetics and pharmacodynamics.?*™2% The parent
study included women who were planning to undergo bariatric
surgery as well as women who underwent bariatric surgery in the last
5 years and a non-operated control group. The study focused exclu-
sively on women because they represent the vast majority of patients
undergoing bariatric surgery,?* and sex can affect alcohol pharmacoki-
netics.2®> During the initial screening, women were excluded if they
were abstaining from drinking alcohol or reported consuming more
than seven standard drinks per week (or more than four standard
drinks per drinking occasion, considering one standard drink contains
approximately 14 g of pure alcohol). The rationale for excluding risky
drinking is that we aimed to study bariatric surgeries' effects on
alcohol pharmacokinetics and pharmacodynamics in participants who
were not already at high risk for AUD. They were also excluded if they
were younger than 21 years of age or older than 64; were pregnant or
breastfeeding; had anaemia, gastritis, colitis, Crohn's disease, malab-
sorptive diseases, inflammatory diseases, liver disease (i.e., aspartate
aminotransferase or alanine aminotransferase >2 times the upper ref-
erence range of normal or abnormal bilirubin), kidney disease (i.e. out
of normal range plasma sodium, creatinine and BUN), stroke or severe
organ dysfunction or cancer less than 5 years ago; had a diagnosis of
alcohol abuse or dependence or current regular use of drugs with
potential for misuse (based on an interview with the Semi-Structured
Assessment for Genetics of Alcoholism [SSAGA]? that refers to
DSM-IV diagnostic terminology); were taking medications that could
affect alcohol metabolism; were currently smoking cigarettes or quit-
ted smoking less than 2 months ago; or had a body weight >450 Ibs
(because of a weight limit on the dual-energy x-ray absorptiometry
[DXA] machine). Additional eligibility criteria for the control group
were having no history of gastric surgery and being equivalent in age,

race, body mass index (BMI) and alcohol intake to those in the surgery
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group. A total of 82 participants underwent screening for eligibility in
this parent study. Of these, 50 were excluded from further analysis in
this data set for reasons detailed in the flow diagram (Figure 1). Data
on alcohol pharmacokinetics from a subsample of these subjects have

been reported previously.2*~2%

2.2 | Study approval

The University of lllinois at Urbana-Champaign (UIUC) and the Carle
Foundation Hospital (CFH) Institutional Review Boards approved the
study protocol; all participants provided written informed consent
before participation, and guidelines from the National Institute on
Alcohol Abuse and Alcoholism (NIAAA) on ‘Administering Alcohol in
Human Studies’ were followed.

2.3 | Screening visit

All potential participants completed an in-person screening evaluation.
We performed a detailed medical, medication and socio-demographic
history, including a review of pre-surgery medical records, routine
blood tests and a urine pregnancy test to confirm non-pregnancy.
Participants were also asked to complete a series of standardized
questionnaires, including the Alcohol module of the SSAGA.2® Body
fat-free mass (FFM) was assessed using DXA (Horizon® DXA system,
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Hologic Inc., MA) and/or air displacement plethysmograph (BODPOD;
COSMED USA Inc., IL) to calculate alcohol dose based on FFM.?” To
ensure that differences in the dose of alcohol calculated with FFM
estimated from Bod Pod and DXA were acceptable, we measured
FFM for 26 participants using both methods. Although Bod Pod
consistently overestimated FFM (the mean difference between the
two methods was 5.0 + 0.5 kg), this resulted in only a 3 mL difference
in the alcohol dose calculated by DXA. Because this volume of alcohol
is the same amount that we use to spray on the placebo drink as a
flavour mask, we considered the discrepancy between methods in

calculating FFM acceptable for this purpose.

2.4 | Oralalcohol challenge test

Participants were evaluated in a private room in CFH or UIUC over
two visits approximately 2 weeks apart (the average days between
visits was 14 + 2 days). Before each challenge test began, we
rechecked non-pregnancy status with a urine pregnancy test. After
abstaining from alcohol for at least 3 days, participants arrived at
approximately 8:00 AM after an overnight fast and remained fasted
during the entire testing procedure. Approximately 30 min after
arrival, an intravenous line attached to a three-way stopcock for blood
collection was inserted into a hand vein. After acclimatization, arteria-
lized heated-hand venous blood samples were obtained before and at
various times after consuming 0.5 g of alcohol per kilogram of FFM

Assessed for eligibility with
screening visit (n=82)

Excluded (n=50)

« Screening failures (n=19)

« No time or interest in participating (n=9)
« Pre-surgery only or LAGB (n=10)

« Diabetes (n=4)

« Did not complete one of the oral
challege tests (n=3)

« Other reasons (n=5)

Control group (n=14)

Placebo - Alcohol (n=8)
Alcohol - Placebo (n=6)

Y
Surgery group (n=18)

A

Placebo - Alcohol (n=7)
Alcohol - Placebo (n=11)

No BAC assessment due to arterialized
technique problems (n=4)

Y

Analyzed data on:
« Alcohol pharmacokinetics (n=14)
« Alcohol effects on blood GLP-1, ghrelin, glucose, insulin, and
C-peptide (n=14)

Analyzed data on:
* Alcohol pharmacokinetics (n=14)
« Alcohol effects on blood GLP-1, ghrelin, glucose, insulin, and
C-peptide (n=18)

FIGURE 1 Flow diagram of study participants.
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mixed with a non-caloric fruity juice (alcohol condition) or a non-
alcohol version of the same drink (placebo condition) on visit one and
the alternative drink during visit two. The alcohol drink was prepared
as a 20% vol/vol solution of 190-proof ethanol mixed with a fruit-
flavoured juice (Kool-Aid, Kraft Heinz Company, Chicago, IL) sweet-
ened with Splenda (Heartland Consumer Products, Carmel, IN).?* The
drinks were provided in two equally divided aliquots, each consumed
within two consecutive 5-min periods (i.e. 10 min total), and the rim
of the cups containing all drinks was sprayed with 2 mL of alcohol to

serve as a smell and flavour mask, as previously described.?!

2.5 | Biochemical measurements

Blood samples were collected in chilled EDTA tubes containing a pro-
tease inhibitor cocktail (Millipore, Billerica, MA). These samples were
placed on ice and centrifuged at 4°C, and the plasma was immediately
aliquoted in four different tubes and stored at —80°C for subsequent
analyses. Plasma active GLP-1 (here referred to as GLP-1) and active
ghrelin (‘active’ is the term used by the manufacturer in reference to
acyl-ghrelin?® and here referred to as ghrelin) were measured by
radioimmunoassay (Millipore RIA kits, Billerica MA). For GLP-1,
samples were extracted with 95% ethanol, dried under nitrogen,
rehydrated with sample hydrating solution and then assayed per the
kit instructions. For ghrelin, samples were acidified with 1 N HCI
before analysis and then analysed per kit instructions. Insulin and
C-peptide were measured by electrochemiluminescence using Roche
Elecsys kits on the Roche Cobas e 601 module for immunoassay tests
(Roche Diagnostics, Indianapolis, IN). All hormones were measured at
the Core laboratory at Washington University in St. Louis. Plasma
glucose concentrations were measured at the bedside using a
biochemistry analyser (YSI 2300 STAT plus; Yellow Spring Instrument
Co., Yellow Springs, OH). BAC was determined by headspace gas
chromatography in our laboratory, as described.?! The total areas
under the curve (AUC) for alcohol, GLP-1, ghrelin, glucose, insulin and
C-peptide were calculated using the trapezoid method.?’

2.6 | Classical alcohol pharmacokinetic measures

We used BAC data to determine peak, time-to-peak and AUC. We
also determined the disappearance rate of alcohol (o), the total
amount of alcohol eliminated per hour (bgo) and the alcohol elimina-
tion rate (R) as previously described.®® The disappearance rate of
alcohol (Beo) was estimated for each participant from the slope of the
linear least-squares regression lines within the apparent linear portion
of the descending limb of the BAC versus time curve. To exclude the
upper distribution phase and lower first-order elimination phase of
the apparent lineal portion of the curve, the first value was taken
0.5 h after the peak BAC, and all subsequent readings 20.20 g/L were
used. The total amount of alcohol eliminated per hour (bgg) was calcu-
lated as follows: bgo = Pgo x TBW/B,,, with total body water (TBW),
TBW = [0.1069 x height (cm)] + [0.2466 x weight (kg)] — 2.097, and

SSAEET

MOLINA-CASTRO ET AL.

B,, = 0.80. This standardized anthropometric equation estimates
TBW for women with a precision of +9%-11%.3! Alcohol elimination
rate (R) was expressed as the amount of alcohol eliminated per kilo-

gram of the body per hour (R = bgo/weight).

2.7 | Statistical analysis
This study was part of a larger investigation into the effects of
bariatric surgeries on alcohol (NCT02766322). Our power calculations
relied on primary endpoints—alcohol pharmacokinetics (e.g. peak
BAC) and subjective effects. We used mean and SD differences from
the literature®? and our preliminary data. Preliminary results showed
that post-RYGB women had a peak BAC of 1.10 g/L, post-SG women
0.86 g/L and controls 0.67 g/L (similar to pre-surgery). With 16 indi-
viduals per group, we had 80% power to detect these differences in
peak BAC. Sample sizes like this are also typical for studies examining
alcohol's hormonal effects.33~3°

The differences in the hormonal and metabolic responses to alco-
hol consumption between surgery and control groups were evaluated
using general linear mixed models (PROC MIXED). Condition (placebo
and alcohol), time and group (control and surgery), as well as all inter-
actions, were included in the model and treated as fixed effects, and
the subject was included as a random effect. We originally also
included order of the visit as a between factor, that is, alcohol-placebo
versus placebo-alcohol to investigate whether the order in which they
were assessed influenced the outcome variables. Because the order of
the visits did not interact with condition or group for any of the
outcome variables, this factor was excluded from further analysis.
Considering that differences in the risk of developing AUD varied with
times since surgery, we explored whether acute effects of alcohol on
these responses differed in women who underwent surgery <2 years
ago (n = 14) versus >2 years ago (n = 4). Results were similar for both
subgroups; therefore, all women who underwent surgery <5 years ago
were included in the analysis. When applicable, significant interactions
were further analysed using Fisher's least significance difference tests.
Differences between the two groups' clinical characteristics and
alcohol-related variables were compared using a two-sample indepen-
dent t-test or Mann-Whitney U test when data were not normally dis-
tributed. We used SAS version 9.4 (SAS Institute Inc. Cary, NC, USA)
for statistical analysis. We adjusted for multiple testing using the false
discovery rate (FDR; Benjamini-Hochberg)®® and a P-value < 0.028

determined statistical significance.

2.8 | Missing data

The study design included 640 plasma samples (20 samples per woman:
10 for the alcohol and 10 for the non-alcohol placebo condition, x32
women). Due to technical difficulties with the IV line, we missed one
plasma sample from three participants (two on the placebo and one on
the alcohol condition). We replaced the missing values (3 out of 640)

with the value from the closest time point to the missing point.
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3 | RESULTS

3.1 | Characteristics of study participants

Thirty-two women completed the study. Eighteen of these women
underwent metabolic surgery (14 SG and 4 RYGB), hereafter

referred to as surgery group, and 14 were in the non-operated

TABLE 1

Characteristic
No. of participants
Age, mean (SD), yr
Race
White, n (%)
Black/African American, n (%)
Asian/Asian American, n (%)
Weight, mean (SD), kg
BMI, mean (SD), kg/m?
FFM, mean (SD), kg
Time from surgery, mean (SD), yr
Fasting plasma concentrations
Glucose, mean (SD), mmol/L
Insulin, median (IQR), pmol/L
C-peptide, mean (SD), nmol/L
GLP-1, median (IQR), pmol/L
Ghrelin, mean (SD), pg/mL
HOMA-IR2, median (IQR)
Alcohol-related variables
Age
Onset of alcohol drinking, mean (SD), yr
Regular drinking began, median (IQR), yr
Drinking over the past 6 months
No. of drinking days per month, median (IQR)
No. of alcohol drinks per drinking day, median (IQR)
Classical alcohol pharmacokinetics
No. of participants
Peak BAC, mean (SD), g/L
Time to reach peak BAC, mean (SD), h®
Area under the BAC time curve, mean (SD), g/L x hg_3
Alcohol elimination measures
Disappearance rate, f40, mean (SD), g/L x ho-3
Total eliminated, bgo, mean (SD), g/h
Elimination rate, R, mean (SD), g/kg of body weight /h

No. of standard drinks given on alcohol challenge test, mean (SD)

Addiction Biolt
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control group, hereafter referred to as control group. The study
cohort characteristics are shown in Table 1. As expected, women in
the surgery group had higher fasting plasma GLP-1 concentrations
(mean difference 9.4 pmol/L, 95% Cl, 1.9-16.9 pmol/L), lower
fasting plasma ghrelin (mean difference —40.3 pg/mL, 95% Cl,
—73.5 to —7.0 pg/mL), glucose (mean difference —0.40 mmol/L,95%

Characteristics of study participants and alcohol-related variables.

Cl, —0.65 to —-0.16 mmol/L) and insulin (mean difference:
Control group Surgery group P value
14 18 NA
40.8 (9.1) 40.5 (10.5) 0.93
13 (93) 7 (94) 0.69

0(0) 1(6)
1(7) 0(0)
91.4(19.2) 88.2 (12.4) 0.57
33.3(5.5) 32.7 (4.7) 0.75
49.0 (8.7) 49.2 (5.6) 0.92
NA 5(0.9) NA
5.1(0.3) .7 (0.3) 0.002
85.9 (53.5) 37.3(30.2) 0.004
0.9 (0.3) 8(0.2) 0.20
5.5 (4.6) 13.0(11.8) 0.01
128.4 (32.7) 88.1 (58.0) 0.03
1.6 (0.9) 7 (0.6) 0.004
16.4(2.8) 16.1 (4.2) 0.81
19.0 (4.0) 19.5(3.0) 0.78
2.1(2.0) 1.7 (1.3) 0.19
2.0(1.0) 1.0(1.0) 0.06
14 142 NA
0.75(0.16) 0.99 (0.20) 0.002
0.5(0.2) 0.3(0.1) <0.001
1.04 (0.21) 1.20(0.22) 0.06
0.19 (0.04) 0.17 (0.05) 0.35
8.9 (2.3) 8(2.1) 0.20
0.10 (0.02) 0.09 (0.03) 045
1.7 (0.3) 7(0.2) 0.89

Note: Conversions to Sl units have been made in this table as follows: glucose mg/dL x 0.0555 = mmol/L, insulin plU/mL x 6.945 = pmol/L, C-peptide
ng/mL x 0.331 = nmol/L. Values in bold indicate significant differences between groups.

Abbreviations: BAC, blood alcohol concentration; BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); FFM, fat-
free mass; HOMA-IR2, Homeostatic Model Assessment-Insulin Resistance 2; NA, not applicable.

@Pharmacokinetics data from four participants was excluded due to problems with the arterialized technique.

bFrom the time of the first sip of alcohol drink consumed over 10 min.
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—37.7 pmol/L, 95% Cl, —63.6 to —11.7 pmol/L) concentrations and reduced GLP-1 concentrations in both groups (Figure 2 and Table 2).

were more insulin sensitive than the control group (mean difference Because of the different GLP-1 baseline values between groups, we
in HOMA-IR2-0.7, 95% Cl, —1.2 to —0.2). Groups were similar in calculated the % alcohol-associated decrease in total GLP-1 AUC for
their frequency of alcohol consumption per month, but compared to each participant with respect to their placebo day (i.e. delta differ-
the control group, those in the surgery group tended to consume ence; Figure 2D). Alcohol similarly reduced GLP-1 AUC versus

fewer alcohol drinks per drinking day (mean [SD], 2.0 [1.0] vs. 1.0 placebo by ~34% in both groups (mean difference in delta GLP-1

[1.0]; P=0.06), reached a higher peak BAC (mean difference AUC between groups=9.1 pmol/L x hg_3, 95% Cl, —-5.2-

0.25 g/L; 95% Cl, 0.10-0.39 g/L) sooner (mean difference —0.2 h, 23.4 pmol/L x h_3); P = 0.19).

95% Cl, —0.3 to —0.1 h) and, therefore, tended to exhibit a greater

alcohol bioavailability (i.e. greater BAC AUC) after consuming the

same dose of alcohol during the study visit (Table 1). 3.3 | Effects of the oral alcohol challenge test on
plasma ghrelin concentrations

3.2 | Effects of the oral alcohol challenge test on In contrast to GLP-1, the surgery group had lower overall ghrelin con-
plasma GLP-1 concentrations centrations than the control group. Compared with the placebo drink,

the alcohol drink reduced ghrelin concentrations in both groups
Overall, the surgery group had higher GLP-1 concentrations than the (Figure 3 and Table 2). However, the reduction in ghrelin AUC was

control group, and compared with the placebo drink, the alcohol drink smaller in the surgery than in the control group (mean difference in

(A) (B) (€)

309 30+ 30+
2 g Placebo a
S S = t + t
O 204 O 204 O 204
£ £ £ Placebo
Q. Q. 4 Q.
- - Alcohol -
5 7 Placebo 5 7 5 3 Alcohol
o o o fy ottt o

Alcohol
0 T T T T T T T T 1 0 T T T T T T T T 1 0 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time, min Time, min Time, min

(D)

NS

50

Delta GLP-1 AUC,
pmol/L X h‘o_a)

-50 - L4
100+ .
-150 -

Control  Surgery
group group

FIGURE 2 Differences in plasma GLP-1 concentrations for control and surgery groups after ingestion of alcohol and placebo drinks. Effect of
ingesting an alcohol drink (0.5 g/kg fat-free mass; ~1.7 standard drinks; red closed symbols) compared with drinking a non-alcohol version of the
same drink sprayed with 2 ml of alcohol (placebo; blue open symbols) over 10 min (grey bar) on plasma GLP-1 (A-C) for the control group (A,

n = 14), for the surgery group (B; n = 18) and for both groups averaged (C; n = 32). Data in D represent the difference in AUCs within conditions
(alcohol minus placebo) for each participant between groups for plasma GLP-1. Plasma GLP-1 concentrations were analysed using separate
general linear mixed model (PROC MIXED) analyses. Condition (placebo and alcohol), time and group (control and surgery), as well as all
interactions, were included in the model and treated as fixed effects, and subject was included as random effect. Post hoc Fisher's least significant
difference was used when interactions were statistically significant. Main effect of group: F(; 30) = 11.62, P = 0.002; time x condition:

Fi9,270) = 2.72, P = 0.005 (C); time x condition x group: Fg 270) = 1.77, P = 0.07 (A and B, no post hoc shown because no significant triple
interaction). Individual differences in GLP-1 AUCs between alcohol and placebo conditions (delta GLP-1 AUC) were analysed using a two-sample
independent t-test. t(z3) = 1.32, P = 0.20. Data are presented as mean values + SEM, and D includes individual data points within each group.
*Signifies difference from placebo at P < 0.05. 1Signifies difference from baseline value within each condition (blue symbol for placebo and red
symbol for alcohol) at P < 0.05.
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TABLE 2 Total AUCs for GLP-1, ghrelin, glucose, insulin, and C-peptide and differences between groups (control and surgery) and within
conditions (alcohol and placebo drinks).

Control grou| Surgery grou
sroup sery eroup Difference between Difference within
AUC placebo AUC alcohol AUC placebo AUC alcohol control and surgery group  alcohol and placebo drink
(mean £ SEM)  (mean + SEM) (mean £ SEM) (mean £ SEM) (mean, 95% Cl) (mean, 95% Cl)
GLP-1 total AUC, 242 +3.1 13.8+24 63.4 +13.0 439 +11.1 —34.7 (-59.6, —9.8) —14.9(-22.7,-7.2)
pmol/L x hi_3)
Ghrelin total AUC, 411.6 + 32.8* 300.3 + 12.0 260.6 + 34.2 226.6 +23.8 112.3 (36.4, 188.3) —72.6 (—102.2, —43.0)
pg/mL x hi-3
Glucose total AUC, 14.7 £ 0.2 14.0+0.3 13.8+0.2 13.3+0.2 0.8(0.1,1.4) —0.6 (0.8, -0.4)
mmol/L x hg_g
Insulin total AUC, 2424 + 34.7 263.4 + 33.1 1404 £ 19.7 131.3 £ 15.7 117.1(39.8, 194.3) 5.9 (-14.0, 25.9)
pmol/L x hi-g
C-peptide total AUC, 25+0.2 25+0.2 22+0.2 20+0.2 0.3(-0.2,0.9) -0.1(-0.2,0.1)

nmol/L x hi-g

Note: Conversions to Sl units have been made in Table 2 as follows: glucose mg/dL x 0.0555 = mmol/L, insulin plU/mL x 6.945 = pmol/L, C-peptide
ng/mL x 0.331 = nmol/L. AUCs were analysed using separate general linear mixed model (PROC MIXED) analyses. Condition (placebo and alcohol), group
(control and surgery) and their interaction were included in the model and treated as fixed effects, and the subject was included as a random effect. Post
hoc Fisher's least significant difference was used when interaction was statistically significant. GLP-1: Group, F; 30) = 6.68, P = 0.01 condition,

Fi1,30) = 15.45, P = 0.0005; group x condition, F; 30) = 1.44, P = 0.24, group x condition; ghrelin, F(1 30 = 9.13, P = 0.005, group; F1 30) = 25.09,

P < 0.0001, condition; F(1 30 = 7.11, P = 0.01; glucose, group, F(1 30y = 5.43, P = 0.03 (this main effect did not pass FDR); condition, F(; 30y = 30.68,

P < 0.0001; group x condition, F; 30 = 1.13, P = 0.30; insulin, F; 30) = 11.41, P = 0.002, group; F(1 30) = 0.37, P = 0.55, condition; F; 30) = 2.37,

P = 0.13, group x condition; C-peptide, F; 30 = 1.94, P = 0.17, group; F(1,30) = 1.31, P = 0.26, condition. F(; 30) = 1.21, P = 0.28, group x condition.
Abbreviation: AUC, total area under the curve.

*Signifies difference from all ghrelin means at P < 0.05.
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FIGURE 3 Differences in plasma ghrelin concentrations for control and surgery groups after ingestion of alcohol and placebo drinks. Effect
of ingesting an alcohol drink (0.5 g/kg fat-free mass; ~1.7 standard drinks; red closed symbols) compared with drinking a non-alcohol version
of the same drink sprayed with 2 mL of alcohol (placebo; blue open symbols) over 10 min (grey bar) on plasma ghrelin (A,B) for the control
group (A; n = 14) and the surgery group (B; n = 18). Data in C represent the difference in AUCs within conditions (alcohol minus placebo) for
each participant between groups for plasma ghrelin. Plasma ghrelin concentrations were analysed using separate general linear mixed model
(PROC MIXED) analyses. Condition (placebo and alcohol), time and group (control and surgery), as well as all interactions, were included in the
model and treated as fixed effects, and subject was included as random effect. Post hoc Fisher's least significant difference was used when
interactions were statistically significant. Time x condition x group F9 270) = 2.85, P = 0.003. Individual differences in ghrelin AUCs within
alcohol and placebo conditions (delta ghrelin AUC) were analysed using a two-sample independent t-test. t19) = — 2.49, P = 0.02. Data are
presented as mean values +SEM, and C includes individual data points within each group. *Signifies difference from placebo at P < 0.05.

1Signifies difference from baseline value within each condition (blue symbol for placebo and red symbol for alcohol) at P < 0.05. +Signifies a
difference between groups at P < 0.05.

delta ghrelin AUC between groups = —77.3 pg/mL x hi_g), 95% Cl, 3.4 | Effects of the oral alcohol challenge test on

—142.3 to —12.3 pg/mL x hg_g; P =0.02; Figure 3). Compared plasma glucose, insulin and C-peptide concentrations
with placebo, alcohol reduced ghrelin by 27% (95% Cl, 12%-42%)

in the control group and by 13% (95% Cl, 2%-24%) in the On average, compared with the control group, the surgery group had

surgery group. lower glucose and insulin concentrations across time and smaller
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glucose and insulin AUCs (Figure 4 and Table 2). C-peptide concentra-
tions were also lower in the surgery than in the control group, but
only transiently (25-45 min) (Figure 4), and C-peptide AUCs were
similar between groups (Table 2). Compared with placebo, alcohol
ingestion decreased plasma glucose in both groups (Figure 4). How-
ever, alcohol ingestion had a biphasic effect on glucose in the surgery
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group, manifested by an early increase and subsequent decrease in
plasma glucose concentrations (Figure 4). All in all, alcohol slightly
reduced the glucose AUC similarly in both groups (mean difference in
glucose AUC between placebo and alcohol drink for both groups
averaged = —0.59 mmol/L x h_g, 95% Cl, —0.81 to —0.37 mmol/
L x hp-3y; Table 2 and Figure 4C). However, 28% (5/18) of the
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FIGURE 4 Differences in plasma glucose, insulin and C-peptide concentrations for control and surgery groups after ingestion of alcohol and
placebo drinks. Effect of ingesting an alcoholic drink (0.5 g/kg fat-free mass; ~1.7 standard drinks; red closed symbols) compared with drinking a
non-alcoholic version of the same drink sprayed with 2 mL of alcohol (placebo; blue open symbols) over 10 min (grey bar) on plasma glucose (A,B),
insulin (D,E) and C-peptide (G,H) for the control group (left panel; n = 14) and the surgery group (middle panel; n = 18). Data in C, F and I (right
panel) represent the difference in AUCs within conditions (alcohol minus placebo) for each participant between groups for plasma glucose |,
insulin (F) and C-peptide (I). Plasma glucose, insulin and C-peptide concentrations were analysed using separate general linear mixed model (PROC
MIXED) analyses. Condition (placebo and alcohol), time and group (control and surgery), as well as all interactions, were included in the model and
treated as fixed effects, and subject was included as random effect. Post hoc Fisher's least significant difference was used when interactions were
statistically significant. Glucose: time x condition x group, F(10300) = 2.32, P = 0.01; insulin: time x condition x group, F(s 270) = 4.59,

P < 0.0001; C-peptide: time x condition x group, Fg 270) = 6.29, P < 0.0001. Individual differences in glucose, insulin and C-peptide AUCs within
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women in the surgery group but none (0/14) in the control group
reached plasma glucose in the hypoglycaemic range (<3.9 mmol/L)
3 hours post-alcohol consumption (Figure S1). The effect was specific
to alcohol because none of the women in either group reached plasma
glucose concentrations <3.9 mmol/L after consumption of the pla-
cebo drink (Figure S1). Of note, none of the participants required a
medical intervention because of their hypoglycaemic levels.

The consumption of a drink (either alcohol or placebo) triggered a
small but significant transient increase in insulin and C-peptide in both
groups (Figure 4). However, alcohol caused a more sustained increase
in insulin and C-peptide than placebo, and both insulin and C-peptide
concentrations returned to baseline levels sooner in the surgery than
in the control group (Figure 4). Compared to placebo, alcohol did not
significantly change total insulin or C-peptide AUCs in either group
(Table 2).

4 | DISCUSSION

There is a high interest in GLP-1-based therapies, currently a power-
house for weight loss and type 2 diabetes treatment, for their poten-
tial to decrease alcohol consumption.>™* However, to better evaluate
the suitability of GLP-1-based therapies for AUD, it is also essential to
understand the relationship between alcohol exposure and the GLP-1
system, including how alcohol, a potential hypoglycaemic agent,
affects endogenous GLP-1 responses. This study provides compelling
evidence that alcohol consumption decreases endogenous GLP-1 in
women who drink moderately, regardless of whether they have
undergone metabolic surgery. Not only do our findings confirm previ-
ous results from non-treatment-seeking AUD patients,'? but they also
significantly extend and provide novel information by (1) using a
placebo-control design, which allows us to differentiate the effects of
alcohol consumption on GLP-1 (and on other peptides) from endo-
crine responses that may naturally vary over time, and (2) comparing
people with versus without history of metabolic surgery.

Despite women in the surgery group achieving a higher peak BAC
when consuming the same alcohol dose as women in the control
group, both groups experienced a similar reduction of ~34% in plasma
GLP-1 in response to alcohol. Although we did not test different
doses of alcohol in this study, it is possible that the alcohol dose
tested in the control group was already sufficient to reach a plateau
effect in reducing GLP-1 concentrations; hence, the higher alcohol
exposure in the surgery group did not lead to further reductions in the
peptide levels.

The effect of alcohol on endogenous GLP-1 was unclear before
our current study, as the few previous studies that had investigated
such an effect have had limitations on their study design, and their
conflicting results have further added to the uncertainty.***"*8 For
example, one study showed a reduction in endogenous GLP-1 after
both oral and intravenous alcohol administration,** while the other
reported no change.®® Notably, in the former study,'? alcohol expo-
sure was confounded with food consumption, which affects GLP-1

responses, and none of these two studies included a placebo control.
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Our data emphasize that the decline in GLP-1 induced by alcohol is
only apparent when comparing GLP-1 concentrations on the alcohol
consumption day with that on the placebo day. GLP-1 differences
from baseline levels within the alcohol condition were subtle, suggest-
ing that acute alcohol consumption decreases the tonic release of
GLP-1 during fasting.

In addition to GLP-1, we also measured ghrelin levels. Here, alco-
hol had a more pronounced effect on lowering ghrelin concentrations
in the control group compared to the surgery group. This observed
disparity in ghrelin response might be attributed to floor effects, as
women in the surgery group, as expected, had lower basal ghrelin con-
centrations (along with elevated GLP-1 levels) than women in the
control group due to surgical alterations in the gastrointestinal
system.

Our findings on ghrelin were expected, as several studies have
documented that acute alcohol exposure lowers plasma ghrelin con-
centrations in people with or without AUD.33-3%37:39-41 Although it
has been hypothesized that this effect may be mediated, at least in
part, by alcohol calories, the exact mechanisms of how alcohol acutely
lowers ghrelin levels are unclear. Indeed, a recent set of ex vivo,
rodent and human studies confirm alcohol's acute effects in reducing
plasma ghrelin concentrations but not in proportion to alcohol's calo-
ric value or through direct interaction with ghrelin-secreting gastric
mucosal cells of its receptor.*?

It is widely recognized that alcohol consumption before a meal,
and even during a meal, leads to increased food intake in the short
term, a phenomenon known as the apéritif's effect.3?*344 Despite its
well-known occurrence, the mechanism underlying such an effect has
remained elusive. Our findings suggest that one of the potential
mechanisms for the apéritif's effect is attributable to decreased satia-
tion resulting from alcohol's reduction of endogenous GLP-1. In fact,
previous research indicates that alcohol ingestion before a meal does
not increase self-reported hunger but results in delayed satiation.*3*4
Supporting this theory, findings from clinical studies that focused on
the effects of alcohol consumption on hormonal responses to mixed
meals suggest that alcohol suppresses or delays the secretion of incre-
tins early in the postprandial phase in both participants with type
2 diabetes*® and healthy individuals.*® Additionally, a neuroimaging
study using intravenous alcohol before a meal confirmed the apéritif
effect and revealed heightened hypothalamic responses to food
aromas compared to non-food aromas. The hypothalamus, crucial for
feeding behaviour, has a high GLP-1 receptor expression.*”

Despite decreasing GLP-1, alcohol transiently and modestly
increased insulin secretion and decreased plasma total glucose AUC in
both groups. However, consistent with earlier findings in our labora-
tory, when studying women who underwent RYGB,*® we observed a
distinct effect of alcohol consumption post-surgery, characterized by
an initial rise followed by a subsequent decrease in plasma glucose
concentration in this predominantly post-SG women sample. The
mechanism underlying the transient increase in plasma glucose
observed after women drank alcohol post-surgery is unknown.
However, it might be caused by the impact of the sharp peak BAC
achieved after surgery on liver metabolism. Supporting this
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hypothesis, a recent study in men whose BAC resembled those of our
surgery group (they reached a BAC of ~1.0 g/L within 15 min of
receiving alcohol as an intragastric bolus infusion) also found that
plasma glucose initially increased by ~0.4 mmol/L above baseline fol-
lowed by a gradual decline.*® While acute alcohol consumption is typi-
cally associated with hypoglycaemic effects through decreased
gluconeogenesis,*” data from rodent models revealed that when
directly infused into the liver, alcohol increases plasma glucose by
decreased glycogenesis and increased glycogenolysis.>®* Our current
study lacked glucose tracers; however, a previous study from our lab-
oratory that did include glucose tracers revealed a biphasic effect of
alcohol on plasma glucose of women assessed post-RYGB surgery
that was characterized by an initial increase followed by a decrease in
endogenous glucose production rate.*® Suggesting that metabolic sur-
gery increases the risk of experiencing alcohol-induced hypoglycae-
mia, 28% of women in the surgery group experienced plasma glucose
in the hypoglycaemic range following alcohol consumption, contrast-
ing with none in the control group.

The reason why women in the surgery group were at higher risk
for alcohol-induced hypoglycaemia, despite returning sooner toward
insulin and C-peptide baseline concentrations after ingesting alcohol
than those in the control group, is unclear. However, we hypothesized
that surgery-associated improvements in insulin sensitivity'? com-
bined with the inhibitory effects of alcohol on gluconeogenesis*’ may
partially account for it. Supporting this notion, although the groups
were matched in sex, age, BMI and body composition, women in the
surgery group exhibited lower HOMA-IR2 than those in the control
group, indicating they were less insulin resistant (i.e. more insulin
sensitive).

A limitation of this study is the exclusion of men. Given that the
vast majority (~80%) of bariatric patients are women,2* we focused
on women to control for sex-related variations in alcohol pharmacoki-
netics.?® Nevertheless, the previous study, which showed reduced
plasma GLP-1 associated with alcohol exposure in non-treatment-
seeking patients with AUD, primarily involved men,'? suggesting that
our findings may generalize to other populations. However, additional
limitations should be considered, as our findings may not extrapolate
to groups of younger age, lower BMI, heavier patterns of alcohol con-
sumption or chronic versus acute effects of alcohol consumption.

In conclusion, this study demonstrates that acute alcohol con-
sumption reduces plasma GLP-1 concentrations in women irrespec-
tive of metabolic surgery status. Furthermore, this study aligns with
findings from several studies that show that despite alcohol's
appetite-stimulating effects, it acutely reduces plasma ghrelin and
suggests that such apéritif's effect may result from impaired satiation.
Additionally, our findings highlight an increased risk for alcohol-
associated hypoglycaemia post-metabolic surgery that is not driven by
GLP-1 or an insulinogenic effect.
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