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INTRODUCTION

ABSTRACT

Aims/Introduction: Alcohol consumption has been reported to cause hypoglycemia.
However, the mechanism involved has not been unequivocally established. This study
comprised healthy volunteers. We carried out a prospective trial to compare the effects of
glucose and alcohol consumption, alone or in combination, on glucose and lipid metabo-
lism.

Materials and Methods: A 75-g oral glucose tolerance test (OGTT), a combined 75-g
glucose plus 20-g alcohol tolerance test (OGATT) and a 20-g alcohol tolerance test (OATT)
were carried out in the participants. Plasma glucose, insulin, triglyceride and ethanol con-
centrations during each test were compared.

Results: We studied 10 participants. Their plasma glucose concentrations 15 and

30 min after the intake of 75 g of glucose were significantly higher during the OGATT
than the OGTT. Hypoglycemia occurred in five participants after the OGATT, which was
significantly more frequently than after the OGTT (P = 0.046). Hypoglycemia did not occur
after the OATT, and the ethanol concentration was significantly lower after the OGATT
than the OATT. The changes in triglyceride concentration from 30 min after the consump-
tion of 75 g of glucose were significantly greater during the OGATT than the OGTT. The
plasma insulin concentrations peaked after 60 min during both the OGTT and OGATT,
and were significantly higher during the OGATT (P = 0.047). There were no differences
between the two interventions in the Matsuda or disposition indexes.

Conclusions: Hypoglycemia occurred more frequently after the simultaneous con-
sumption of alcohol plus glucose than after the consumption of glucose alone, suggest-
ing that alcohol in the combination of glucose induces reactive hypoglycemia.

a number of heterogeneous effects of alcohol on carbohydrate

Alcohol consumption has been well known to be associated
with hypoglycemia'. In previous studies, the hypoglycemic
mechanism of alcohol has been described as a decline in hep-
atic gluconeogenesis’ and/or an increase in insulin secretion™*.
Furthermore, some previous studies showed that alcohol con-
sumption increases peripheral insulin resistance™, whereas
others have made the seemingly contradictory findings of
greater insulin secretion™ or lower insulin resistance® ‘2. Thus,
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metabolism have been hypothesized, presumably because of
variations in the study participants, differences in the assess-
ment of hypoglycemia or differences in the food consumed
with the alcohol. We speculate that the trend of low-carbohy-
drate diets is correlated with the increase of people drinking
alcohol without carbohydrate intake. Therefore, it is also impor-
tant to clarify whether simultaneous carbohydrate intake influ-
ences the effects of alcohol.

The purpose of the present study was to clarify the relation-
ship between glucose and alcohol metabolism in individuals
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with normal glucose tolerance, by measuring the blood glucose,
immunoreactive insulin (IRI) and ethanol concentrations after
the intake of glucose and alcohol, alone or in combination.

METHODS

Participants

The present study comprised healthy volunteers who had not
been diagnosed with impaired glucose tolerance. The exclusion
criteria were severe liver, kidney or heart disease, alcohol intol-
erance, a history of ill health caused by alcohol or hypersensi-
tivity to alcohol, pregnancy, breast-feeding or a chance of
becoming pregnant, and intention to drive on a study day. The
participants provided their written informed consent to partici-
pate in the study before entry and after explaining the potential
risks, such as abdominal symptoms and acute alcohol intoxica-
tion. The study was carried out in accordance with the Declara-
tion of Helsinki and with the approval of the Sapporo Medical
Association’s Ethical Review Board. The study was registered
with the University Hospital Information Network Clinical Tri-
als Registry (ID UMIN 000031993).

three months

http://wileyonlinelibrary.com/journal/jdi

Methods
This was a prospective trial carried out between March and
June 2017. A sweat-patch alcohol test was used to identify alco-
hol resistance. We genotyped the alcohol dehydrogenase
(ADH)IB and aldehyde dehydrogenase (ALDH)2 loci in saliva
samples using real-time polymerase chain reaction (552C Regu-
lar Flocked Swab, Nylon Tip; NSD Co., Ltd.,, Tokyo, Japan).
The participants then completed a questionnaire regarding their
drinking habits (frequency and amount of alcohol consumption
on a single occasion). When we verified that the potential par-
ticipants were biologically capable of consuming alcohol, using
these tests, they were enrolled in the study.

Each participant made three visits on separated days within
3 months of providing their informed consent. A 75-g oral glu-
cose tolerance test (OGTT) was carried out at visit 1, then a
combined 75-g glucose and 20-g alcohol tolerance test
(OGATT) was carried out at visit 2. Finally, a 20-g alcohol tol-
erance test (OATT) was carried out to determine the effects of
alcohol alone on blood glucose concentration at visit 3 (Fig-
ure 1). A total of 20 g of alcohol was loaded, because this

consititution able to

obtaining swear-patch alcohol test, ingest alcohol Visit 1 Visit2 | ] Visit3 | completed
consent genotyping of ADH1B/ALDH2 load test 1 load test 2 load test 3 P
constitution unable to | |
ingest alcohol
We performed OGTT, OGATT, OATT at Visit 1~3.
Exclusion
OGTT
® & A @ & ®
glucose 1 759
alcohol ‘ 10g ‘ 59 ‘59
OGATT ® & & & L 9
glucose 1 759
onTT alcohol } 109 ‘ 59 ‘59
& ® ® ® ®
0 15 30 60 120 180
(minutes)
| ® measure PG, IRl, ethanol, TG I

Figure 1 | Flow diagram. We carried out the 75-g oral glucose tolerance test (OGTT), combined 75-g glucose and 20-g alcohol tolerance test
(OGATT) and 20-g alcohol tolerance test (OATT) on separate days, early in the moring and after an overnight fast. IRI, immunoreactive insulin; PG,

plasma glucose; TG, triglyceride.

652

J Diabetes Investig Vol. 12 No. 4 April 2021

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

amount is the daily intake limit recommended by the Ministry
of Health, Labor and Welfare, Japan. Participants were prohib-
ited from drinking alcohol the day before each visit, and visited
early in the morning after an overnight fast. Shochu (a Japanese
distilled alcoholic beverage) was used in the alcohol-loading
test. For the OGTT, Trelan-G75g (AY Pharmaceuticals Co.,
Ltd., Tokyo, Japan) was used. In the OGATT, each participant
consumed 62.5 mL of shochu, equivalent to 10 g of alcohol,
with Trelan-G75g, and after 30 and 60 min, they consumed
3125 mL of straight shochu, (5 g of alcohol each). In the
OATT, each participant consumed 62.5 mL of shochu with
sugar-free carbonated water, and after 30 and 60 min, they
consumed a further 31.25 mL of straight shochu. In considera-
tion of participant safety against acute alcohol poisoning, the
protocol was designed to administer alcohol in separate
amounts, rather than all at once.

At each visit, we collected blood before loading, and 15, 30,
60, 120 and 180 min after loading, to measure plasma glucose,
IR, triglyceride and ethanol concentrations. We also calculated
the Matsuda Index' as an indicator of insulin resistance, the
insulinogenic index (II) at 15 and 30 min (AIRI
[15'] / Aplasma glucose [15'], AIRI [30] / Aplasma glucose
[30']) as an indicator of initial insulin secretory capacity, and
the disposition index as a combined index of insulin secretion
and insulin sensitivity'®. We measured IRI using an E-test
Tosoh II kit (Tosoh, Tokyo, Japan), and whole blood ethanol
concentration was measured by gas chromatography at the
Specimen Research Laboratory (Tokyo, Japan).

The primary end-points were the changes in plasma glucose
and IRI concentrations during glucose loading in the presence/
absence of alcohol. The secondary end-points were the changes
in serum ethanol concentration during alcohol loading in the
presence/absence of glucose. Hypoglycemia was defined as a
blood glucose of <54 mg/dL. We express the values as the
mean * standard deviation. We used the Wilcoxon rank sum
test and McNemar test for statistical analysis, and accepted
P < 0.05 as denoting statistical significance. Data were analyzed
using Ekuseru-Toukei 2015 software (Social Survey Research
Information, Tokyo, Japan).

RESULTS

Characteristics of the participants

A total of 10 participants without diabetes (five women and
five men) were included and all completed the study. The par-
ticipants were aged 36.1 + 6.5 years, and had a hemoglobin
Alc concentration of 5.3 * 04%, a body mass index of
21.7 + 2.6 kg/m’, a homeostatic model assessment for B-cell
function of 76.6 + 34.1 and a homeostasis model assessment
for insulin resistance of 1.1 = 0.5. With respect to their alcohol
tolerance genotypes, seven had active ADHIB and ALDH2, and
three had active ADHIB and inactive ALDH2 genotypes. Their
stated alcohol consumption frequencies were: daily (n = 2), 5-6
times a week (n = 2), 34 times a week (n = 1), 1-2 times a
week (n = 2), 1-3 times a month (n = 2) and seldom (n = 1).
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The usual quantity of alcohol consumed per occasion was 80—
100g (n=1), 60-80¢g (n=1), 4060g (n=1), 2040 g
(n =5) and <20 g (n = 2; Table 1). There were no differences
in the results of glucose and/or alcohol loading between the
sexes, participants with differing alcohol metabolism genotypes,
or participants with differing alcohol consumption habits.

Comparison of changes in the plasma glucose and IRI
concentrations during glucose loading in the presence/
absence of alcohol

The plasma glucose concentrations 15 and 30 min after a 75-g
glucose load were significantly higher during the OGATT than
during the OGTT (P = 0.047 and P = 0.037, respectively). The
plasma glucose concentrations peaked at 30 min during both
the OGTT and OGATT (Figure 2; Table 2). We identified
hypoglycemia in one participant after the OGTT and five

Table 1 | Characteristics of the participants

Person with
normal glucose
tolerance
n 10
Sex (women/men) 5/5
Age (years) 361 £ 65
BMI (kg/m?) 217+26
Cre (mg/dL) 076 = 0.1
AST (U/L) 237 £ 7.1
ALT (U/L) 234+ 128
yGTP (U/L) 261 £ 150
T-Cho (mg/dL) 2105 £ 27.7
TG (mg/dL) 940 + 385
HDL-Cho (mg/dL) 757+ 116
LDL-Cho (mg/dL) 1169 £ 260
HbA1c (%) 53+ 04
GA (%) 148 + 20
HOMA-B 766 = 34.1
HOMA-IR 1.1+ 05
Genotyping of ADH1B/ALDH2 (active 7/3
ADH1B and ALDH2/active ADH1B
and inactive ALDH2)
Alcohol consumption frequency 2/2/1/2/2/1
(daily/5-6 times a week/3—4 times
a week/1-2 times a week/1-3 times
a month/seldom drank)
Amount of one-time alcohol 1/1/1/5/2

consumptiorfr (80—100/60-80/40—60/20-40/<20 @)

YGTP, gamma-glutamy! transpeptidase; ADH, alcohol dehydrogenase;
ALDH, aldehyde dehydrogenase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMI, body mass index; Cre, creatinine; GA,
glycated albumin; HbA1c, hemoglobin Alc; HDL-Cho, high-density
lipoprotein cholesterol; HOMA-IR, homeostasis model assessment for
insulin resistance; HOMA-3, homeostatic model assessment for p-cell
function; LDL-Cho, low-density lipoprotein cholesterol; T-Cho, total
cholesterol; TG, triglyceride. "Values are expressed as the mean + stan-
dard deviation. Converted to the amount of ingested alcohol.

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

653

J Diabetes Investig Vol. 12 No. 4 April 2021



ORIGINAL ARTICLE

Oba-Yamamoto et al.

150

130

PG
(mg/dL)

110

90

70

50

100

80

IRI
(LU/mL)

60

40

20

&——® OGATT

http://wileyonlinelibrary.com/journal/jdi

60 120 180

(minutes)

Figure 2 | Changes in plasma glucose (PG) and immunoreactive insulin (IRl) during the combined 75-g glucose and 20-g alcohol tolerance test
(OGATT) and 75-g oral glucose tolerance test (OGTT). The PG concentrations 15 and 30 min after the start of each test were significantly higher
during the OGATT than during the OGTT. The IRl concentrations 60 min after the start of the test were significantly higher during the OGATT.
Values are expressed as the mean + standard deviation. The Wilcoxon rank-sum test was used for statistical analysis. *P < 0.05.

participants after the OGATT, and there was a significant dif-
ference (P = 0.046, Table 3). Although almost all participants
experienced hypoglycemia at 180 min, one participant had
hypoglycemia at 120 min (plasma glucose level of 33 mg/dL).
Therefore, the missing values at 180 min in this participant
were complemented using a single imputation method. IRI
concentrations peaked after 60 min during the OGTT and
OGATT, with significantly different changes of 52.3 + 27.2 and
94.7 = 682 pU/mL, respectively (P = 0.013). The changes in
triglyceride 30, 60, 120 and 180 min after a 75-g glucose load
were significantly higher during the OGATT than during the
OGTT (P = 0.028, P = 0.019, P = 0.022 and P = 0.017, respec-
tively). There were no differences between the two interventions
in the Matsuda Index, II or disposition Index (Table 3).

Comparison of changes in serum ethanol concentration
during alcohol loading in the presence/absence of glucose
The ethanol concentrations peaked 120 min after loading dur-
ing both the OGATT and OATT (0.14£0.07 and
0.24 + 0.16 mg/dL, respectively). The ethanol concentration
was significantly lower during the OGATT than during the

OATT 15, 30, 60 and 120 min after a 20-g ethanol load
(Table 4).

Plasma glucose and insulin concentrations did not change
during the OATT, and hypoglycemia was not identified
(Table S1). There were no differences in plasma glucose or
ethanol fluctuations between the sexes, participants with differ-
ing alcohol-metabolism genotypes, or participants with differing
alcohol consumption habits. We observed no adverse events
after alcohol consumption.

DISCUSSION

This was the first trial in which both OGTTs and OGATTSs
were carried out in individuals with normal glucose tolerance
since 1975. Two studies were carried out in white volunteers at
that time>'®, but none have been carried out in Asian volun-
teers. We have shown three important findings in the present
prospective pilot study. First, hypoglycemia did not occur after
an alcohol load alone (OATT was not carried out in the previ-
ous two studies). Second, simultaneous consumption of glucose
and alcohol was associated with lower ethanol concentrations
than the consumption of alcohol alone. Third, simultaneous
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Table 2 | Changes in the measured values during the 75-g oral
glucose tolerance test and combined 75-g glucose and 20-g alcohol
tolerance test

OGTT OGATT P
Glucose (mg/dL)
of 877 £ 88 882+ 67 0.760
15 1297 £ 114 1409 + 228 0047
30 1382 £ 379 1625 + 349 0037
60’ 1242 + 332 1473+ 412 0.241
120 1019 £+ 244 908 + 303 0.260
180/ 708 £ 195 622 + 227 0.067
IRl (WU/mL)
o 48+ 17 50+ 27 0.721
15/ 341 £ 159 402 £ 190 0445
30 480 + 237 510+ 277 0.721
60/ 523+ 272 94.7 + 682 0013
120/ 436 = 238 564 £+ 508 0.386
180/ 89+ 90 185 £ 263 0028
ATG (mg/dL)
o 00 £ 00 00 £ 00 NA
15/ -25+32 06 £ 64 0.169
30 18+ 42 136 + 146 0028
60’ -11x£70 166 £ 155 0019
120/ —6.7 £ 117 51109 0022
180/ -103 + 160 49+ 119 0017

Values are expressed as the mean = standard deviation. IR, immunore-
active insulin; NA, data not available; OGATT, combined 75-g glucose
and 20-g alcohol tolerance test; OGTT, 75-g oral glucose tolerance test;
TG, triglyceride.

Table 3 | Comparisons of the 75-g oral glucose tolerance test and
combined 75-g glucose and 20-g alcohol tolerance test data

OGTT OGATT P-value
PG-AUC (mg/dL) 19,540 + 3663 20374 £ 4189 04157
IRFAUC (uU/mL) 6863 + 3137 9987 + 7004  0047"
Hypoglycemia (n (%)) 1 (10%) 5 (50%) 0046+
Matsuda Index 900 + 391 847 + 457 05757
15 min |l 0732+ 0468 0725+ 0369 07997
30 min | 1127 £ 0928 0848+ 0919 0139
15 min Disposition Index 0107 £ 0120 0137 £ 0130 0386
30 min Disposition Index  0.150 £ 0.134 0.145 £ 0.123 04417

Hypoglycemia was defined as a plasma glucose (PG) <54 mg/dL. 15-
min I, AIRI(15") / APG(15"); 30-min 1I, AIRI30') / APG(30'); 15-min Dispo-
sition Index, 15-min Il / Matsuda Index; 30-min Disposition Index, 30-
min Il / Matsuda Index; AUC, area under the curve; Il, insulinogenic
index; IRI, immunoreactive insulin; OGATT, 75-g glucose and 20-g alco-
hol tolerance test; OGTT, 75-g oral glucose tolerance test; PG, plasma
glucose. "Values are expressed as the mean + standard deviation. Wil-
coxon signed-rank test. *McNemar test.

consumption of alcohol and glucose led to significantly higher
plasma glucose concentrations 15-30 min after loading, and
significantly greater insulin secretion 60 min after loading, than

ORIGINAL ARTICLE
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Table 4 | Changes in the ethanol values during the 75-g glucose and
20-g alcohol tolerance test and 75-g oral glucose tolerance test

AEthanol (mg/mL) OGATT OATT P

of 0.00 £ 000 000 £ 000 NA
15 004 £ 005 016 £ 012 0043
30 006 £ 007 0.18 £ 008 0012
60’ 009 £ 007 022 +£0.10 0008
120 0.14 £ 007 024 £ 0.16 0028
180 003 £ 005 011 +£013 0068

Values are expressed as the mean * standard deviation. NA, data not
available; OATT, 20-g alcohol tolerance test; OGATT, combined 75-g glu-
cose and 20-g alcohol tolerance test.

glucose consumption alone. Reactive hypoglycemia was more
likely after a combined alcohol and glucose load than after a
glucose load alone.

These data have confirmed the very early increase in plasma
glucose after glucose and alcohol consumption, which is fol-
lowed by an increase in insulin secretion. In the previous two
studies carried out with white participants without diabetes, the
plasma glucose concentrations were slightly higher'®> or lower’
at the 15- or 30-min time points. Plasma insulin concentrations
were also higher 15 or 30 min™'® after loading with glucose
and ethanol than after glucose alone. The authors speculated
that the mechanism for the increase in insulin secretion might
have been an ethanol-induced increase in glucose absorption
from the gut'® or an increase in gastrointestinal secretagogue
secretion’. These glucose and insulin responses were different
from those in the present study. There was an initial ethanol-
induced glucose disappearance in healthy participants, but not
in participants who were obese or had diabetes, in one previous
study'”. This suggests that the response to ethanol consumption
might differ, depending on the individual’s insulin secretory
ability or degree of insulin resistance, as well as between white
and Asian individuals.

On the basis of previous findings made not only in healthy
individuals™', but also in patients with type 1 or type 2 dia-
betes, several mechanisms for alcohol-induced hypoglycemia
have been proposed. Namely, a reduction in glucose production
in the liver as a result of a reduction in hepatic gluconeogene-
sis” and/or glycogenolysis'®, an increase in insulin secretion®*, a
reduction in intestinal glucose absorption™”'®, and a suppres-
sion of growth hormone secretion'. Although insulin resistance
in peripheral tissues is increased by long-term alcohol
intake’™*!, no significant differences were identified at the 15-
or 30-min time points in the II, Matsuda Index or the disposi-
tion index between the OGTT and OGATT in the present
study, which suggests that insulin secretion and resistance do
not change in the first 30 min after alcohol loading. Therefore,
changes in insulin secretion or peripheral insulin resistance dur-
ing the first 30 min do not represent a likely mechanism for
the hypoglycemic events identified in the present study.

© 2020 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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In the present study, the circulating ethanol concentration
decreased, and the plasma glucose and serum triglyceride con-
centrations increased during the early phase of the OGATT,
relative to those during the OATT or OGTT. Similar results
have been previously reported for simultaneous fructose con-
, which were ascribed to a reduction in intestinal
alcohol absorption®**> or an increase in the rate of alcohol
metabolism in the liver. This might occur because fructose
metabolism generates nicotinamide adenine dinucleotide, which
is required for the oxidation of ethanol by ADH****. However,
these findings could also be explained by the increase in triglyc-
eride identified in the present study, which was probably the
result of hepatic insulin resistance. Hepatic insulin resistance
might be marked when glucose is consumed with alcohol, com-
pared with the consumption of alcohol or glucose alone. Fur-
thermore, intestinal glucose absorption might be increased
under the same circumstances'>”. Those two mechanisms
would be associated with increases in glucose and triglyceride
concentrations early in an OGATT, resulting in hyperinsuline-
mia at 60 min and reactive hypoglycemia toward the end of
the OGATT in healthy individuals. To confirm the speculated
mechanisms underlying the glucose and lipid metabolic
changes, in vitro studies using hepatic cells or insulinoma cell
lines loaded with glucose and ethanol, alone or in combination,
are required in the future.

Considering the possibility that inactive ALDH2 genotypes
might influence the results, additional analyses were carried out
in the subgroup of participants with both active ADHIB and
ALDH2 genotypes. The OGTT, OGATT and OATT in this
subgroup showed similar patterns and tendencies to those in all
participants, although the differences did not reach statistical
significance because of the smaller sample size (Tables S2-S5).
It is necessary to confirm these findings by accumulating more
cases in the future.

The present study had some limitations. The first was the
small number of participants and the lack of randomization of
the order of each test. The second was the divided administra-
tion of the alcohol load and its volume containing 20 g; differ-
ences in the loading methods might have affected carbohydrate
metabolism and alcohol-induced hypoglycemia differently. In
addition, other nutrient loads, such as a complex carbohydrate-
or protein-rich meal, could have induced different effects. The
third limitation was that the study was only of participants
without diabetes. The results might have been different for
patients with diabetes, who have a lower insulin secretory
capacity. The fourth limitation was that the study used the
Matsuda Index as the only indicator of insulin resistance. More
detailed data might be obtained through the use of methods
such as the glucose clamp technique. Finally, we did not mea-
sure the concentrations of hormones, such as growth hormone,
cortisol and incretins, or free fatty acids. Such measurements
might have assisted understanding of the mechanisms of the
effects of glucose and alcohol consumption on blood glucose
fluctuations.

http://wileyonlinelibrary.com/journal/jdi

We have shown that hypoglycemia occurs more frequently
after the simultaneous consumption of alcohol and glucose than
the consumption of glucose alone. The concurrent carbohydrate
intake might be the principal reason for the sensation of hun-
ger after alcohol consumption in the non-diabetic participants.
Although we did not study the effects of simultaneous protein
or fat consumption in the present study, intake of these nutri-
ents with alcohol might be able to prevent the reactive hypo-
glycemia. We speculate on the basis of the present and
previous findings that alcohol-induced hypoglycemia might rep-
resent reactive hypoglycemia caused by hepatic insulin resis-
tance, an increase in intestinal glucose absorption or altered
lipid metabolism. Further studies are required to confirm the
mechanisms of this reactive hypoglycemia.
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