Alcohol and Glucose Counterregulation During Acute Insulin-Induced
Hypoglycemia in Type 2 Diabetic Subjects
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To investigate the influence of alcohol on glucose counterregulation and recovery during acute insulin-induced hypoglycemia
in type 2 diabetic subjects, 8 diet-treated type 2 diabetic subjects were examined twice after an overnight fast. A graded
hyperinsulinemic (1 mU/kg/min, 60 to 195 minutes) euglycemic/hypoglycemic clamp was performed with concomitant
infusion of 3-3H-glucose to assess glucose turnover. After a euglycemic baseline period (150 to 180 minutes), 200 mL of water
was taken either alone or with alcohol (0.4 g/kg body weight). Hypoglycemia (plasma glucose nadir, 2.8 mmol/L) was
subsequently induced, and the recovery period followed after discontinuation of insulin and the variable glucose infusion. On
both study days, circulating concentrations of insulin and glucose were comparable. Alcohol intake markedly increased
plasma lactate (area under the curve [AUC], recovery period) (244 + 30 v 12 + 4 mmol/L X 240 minutes; P = .00009) and
suppressed plasma nonesterified fatty acids (NEFA) (AUC, recovery period) (95 = 13 v 161 = 18 mmol/L X 240 minutes; P =
.0008). No differences were found in the counterregulatory response of catecholamines, cortisol, and growth hormone (GH).
However, alcohol intake decreased peak glucagon significantly (155 + 12 v 200 + 17 pg/mL; P = .038). In diet-treated, mild
type 2 diabetic subjects, alcohol does not modify recovery from insulin-induced hypoglycemia.
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YPOGLYCEMIA IS A common and feared complication duration was 3= 1 years. They were well regulated with a glycosylated

in type 1 diabetes3 Being a potent inhibitor of glu- hemoglobin (HbA)) of 6.3% *+ 0.2% and a fasting plasma glucose on
coneogenesis through its effect on the hepatic redox 4tatethe 2 different study days of 66 0.4 and 6.7+ 0.4 mmol/L (control

alcohol intake highly increases the risk of hypoglycemia. Theand alcohol, respectively). All subjects were treated with diet only.

oxidation of ethanol to acetaldehyde and then to acetate re(gpart from background retinopathy, none of the subjects had any signs

. L . . . . of diabetic complications or any history of heart disease, liver disease,
quires nicotinamide adenine dinucleotide (NAD) as a cofactor X :
or alcohol abuse. None were treated with beta blockers. All subjects

W'th the ;ubsequent formation of d|.hydr0n|cot|.narr.1!de adenlneWere recruited from the outpatient clinic and were fully informed of the
dinucleotide (NADH), thus decreasing the availability of NAD  gyperimental nature of the investigation, which had been approved by
for the conversion of gluconeogenic precursors to glu€ose.the local ethics committee. Informed consent was obtained before the
Alcohol-induced hypoglycemia occurs especially when hepaticstudy began, and all subjects participated with full compliance to the
glycogen stores are deplet@ik, in relationship to inadequate protocol.

food intake or exercise. Type 1 diabetic subjects are predis-

posed to hypoglycemia by a defective glucose counterregulaExperimental Protocol

tion. A deficient glucagon response is acquired during the early  aster an overnight fast (10 hours), the subjects randomly participated

course of type 1 diabetes, being almost universally present aften 2 study days with a minimum interval of 2 weeks. No major physical

5 years of diabetes duratiGmifter 5 to 10 years, a decreased exercise, no alcohol intake, or medication was allowed on the day

epinephrine response follows, and eventually impairment ofbefore the study, and the subjects consumed a weight maintenance diet

growth hormone and cortisol secretion may octur. containing at least 250 g carbohydrate. Each study day commenced at
In type 2 diabetes, plasma glucose levels seem to be les® AM; 2 catheters were placed, 1 in a heated dorsal hand vein for

influenced by alcohol than in type 1 diabe®es,and obese sampling of arterialized blood and 1 in the contralateral antecubital

nondiabetic subjects seem refractory to alcohol-induced hypoYein for infusions.
) Y yp The subjects were examined during a graded hyperinsulinemic hy-

lycemial2-14 However, alcohol m r nterregula- ; . ) . . .
glycemia owever, alcohol may decrease counterregula poglycemic clamp lasting 420 minutes. Insulin (Insulin Actrapid hu-

tory hormone responses to hypoglycemia in normal Sub'man; Novo Nordisk, Copenhagen, Denmark) was infused at a rate of

jects=1and defective glucoregulatory mechanisms have beerzo mU/kg/min (0 to 30 minutes), 1.5 mU/kg/min (30 to 60 minutes),

observed in type 2 diabetic subjeéts. and 1.0 mU/kg/min (60 to 195 minutes). At 195 minutes, insulin
Alcohol intake impairs glucose counterregulation during in-

sulin-induced hypoglycemia in type 1 diabetes and inhibits

spontaneous recovery from hypoglycerHfiaThis raises the ] ]
. - - ; From the Department of Endocrinology and Metabolism, Aarhus
gyistlton whether aICtOhO(; C:un?r? hypoglycefmla ﬁlso ml type .2Amtssygehus, Aarhus University Hospital, Aarhus; and the Medical
labetes may prevent or delay the recovery from nypog yCem"”‘Department M (Endocrinology and Diabetes), Aarhus Kommunehos-
The present study was performed to assess the effect of alcohgla) aarhus University Hospital, Aarhus, Denmark.
intake on glucose counterregulation and recovery in response to sybmitted June 26, 2000; accepted October 19, 2000.

acute insulin-induced hypoglycemia in type 2 diabetic subjects. Supported by grants from the National Board of Health (Board of
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infusion was discontinued. Throughout the study’H3glucose (Du  phy (HPLC)2?5 For determination of tritiated glucose activity, plasma
Pont New-England Nuclear, Boston, MA) was infused in a primed (17 was deproteinized using 0.3 mol/L Ba(GH)nd 5% ZnSg, after which

rCi) continuous (0.17uCi/min) manner, as well as in a variable the supernatant was evaporated under vacuum, resuspended in distilled
manner (17Q.Ci/1,000 mL 20% glucose) according to the principles of water, and counted by a liquid scintillation counter after the addition of
hot ginf2° all to assess glucose metabolism. Two hours were allowed5 mL Aqualuma Plus (Lumbac, Schaesburg, the Netherlands).

for appropriate tracer equilibration. During the initial 150 minutes of

the study, plasma glucose was decreased to 5 mmol/L. After a euglyStatistical Methods

cemic baseline period (150 to 180 minutes) 200 mL of water was taken h ’ al d di d
either alone or with alcohol 0.4 g/kg body weight (195 minutes). The rate of total glucose appearance (Ra) and disappearance (Rd)

Hypoglycemia, aiming at a plasma glucose nadir of 2.8 mmol/L wasvere determined from tritiated glucose samples drawn from minutes
then acutely induced by reducing the variable glucose infusion. The-20 10 420 The values were calculated according to the nonsteady-state
recovery period was followed after discontinuation of the insulin infu- equations of Steefé as modified by De_ Bodo et &L.A distribution )
sion (Fig 1). volume of 220 mL/kg and a pool fraction of 0.65 was used. Hepatic
Analyses were performed for Hh4 glucose, glucose-specific -ac glucqse production (HGP) was calculated by subtracting the glucose
tivity, insulin, lactate, ethanol, nonesterified fatty acids (NEFA), trig- infusion rate (GIR) from Ra. The Igctate, NEFA, and counterregulator_y
lycerides (TG), glucagon, growth hormone (GH), cortisol and cat- responses are expressed as the incremental area above the 180-minute

echolamines. Samples for plasma glucose were drawn every 5 minutegevel (end of the baseline period), the area under the curve, designated

the other samples with intervals as shown in the figures. Samples fo'rAUC (180 to 420). This is calculated according to the trapezoid rule, in

plasma glucose were mixed with fluoride and analyzed in duplicatewlhICh velt(l_uesf belgw tl_he lgg'_?(';nme levels are |gn0%d5hécose,
immediately. Samples for lactate and glucose-specific activity weredUC0S€ KINEUCS, Insulin, an TESpoONSes are expressed as means.

mixed with fluoride, samples for glucagon with aprotinin, samples forﬂ_1e fasting values are the mean values of measurementS and 0 .
HbA, . with EDTA before being stored at20°C for later analyses minutes. The peak values are calculated as the means of the maximal
c .

Serum for the other samples was stored-@0°C, and samples for response occurring after the administration of ethanol/placebo and the

catecholamines were mixed with glutathion-EDTA and stored atdevelopment of insulin-induced hypoglycemia. The nadir values are
—80°C for later analyses calculated as the means of the lowest value for each subject during the

7 hours.
Analytical Methods The TG data did not fulfill the assumption of normality before being

transformed to natural logarithms, the other data fulfilled the assump-

Plasma glucose was analyzed on a glucose analyzer (Beckmagyn of normality and homogeneity of variance. A 2-way analysis of

Instruments, Palo Alto, CA). Serum insulin was measured by an enyriance (ANOVA) for repeated measurements of 2 factors (time and

zyme-linked immunosorbent assay using a commercial kit (DAKO yeatment) was used a priori to test for changes with time and between
Diagnostics, Cambridgeshire, UK) Plasma lactate was measured by reatments. If this test showed significant differences, it was followed
an oxidase method using a YSI Model 2300 Stat Plus lactate analyze[5y Student'st test for paired samplé8.The statistical software used
(Yellow Springs, OHR? HbA,. was measured by a commercial kit 45 spsS (SPSS, Chicago, IL). Results are given as meSEM

with a range of 3.5% to 5.5% (Bio-Rad, Richmond, CA). Serum yi5o for the transformed data for the sake of comparison) dhieel

ethanol was measured by gas chromatography using the head spaggs than .05 is considered statistically significant.
techniquez® Serum TG and NEFA levels were measured by standard

enzymatic colorimetric assays using commercial kits (Boehringer,

Mannheim, Germany and Wako Chemicals, Neuss, Germany). Plasma
glucagon was determined by radioimmunoassay as previously deSerum Insulin
scribed with the modification that polyethylen glycol (PGE) was used

. L . Fasting serum insulin levels (3¢ 6 v 34 = 7 pmol/L) and
for separation before determination and that plasma was extracted wnB line i lin | | tralalcohol) did not differ (377+
ethanok4 Serum GH and serum cortisol were measured using an aseline insulin levels (contrelalcohol) did not differ (377

immunofiuorometric sandwich assay with 2 monoclonal antibodies21V 385+ 15 pmol/L) (Fig 2A). After discontinuation of the
(AutoDelfia hGH kit and AutoDelfia Cortisol kit; Wallace Oy, Turku, insulin infusion (195 minutes), insulin levels rapidly decreased
Finland). Plasma epinephrine and norepinephrine were determined bgnd reached the fasting level, 34 pmol/L at 224 minutes (cal-
electrochemical detection after high performance liquid chromatograculated by interpolation).

RESULTS

2 1.5 1 mU/kg/min insulin infusion
o |

3-2H-glucose infusion, primed (17 uCi), continous (0.17 pyCi/min) manner

[ I

3-3H-glucose infusion (170 uCi/l 20% glucose), variable manner
I I

baseline  zalcohol hypoglycemia

0 60 120 150 180 195 210 240 300 360 420

min Fig 1. Study design.
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No difference was seen in fasting plasma glucose levels on Fasting (1.52+ 0.33 v 1.67 = 0.52 mmol/L) and mean
both days (6.6= 0.4v 6.7 = 0.4 mmol/L; controlv alcohol) (1.28+ 0.31v 1.46 = 0.49 mmol/L) serum TG levels (control
(Fig 2B). In response to insulin infusion, plasma glucose levelsv alcohol) did not differ on the 2 study days. No difference was
did not differ during baseline, 150 to 180 minutes (5:1D.1v seen in fasting serum NEFA (Fig 3A) (contral alcohol)

5.1 + 0.1 mmol/L), hypoglycemia, 205 to 215 minutes (29  (0.70 = 0.08v 0.78 = 0.10 mmol/L) and NEFA levels were
0.1v 3.0 = 0.2 mmol/L), or during the recovery period, 215 to equally and almost totally suppressed by the insulin infusion at
420 minutes (4.5- 0.6v 4.6 = 0.9 mmol/L; control alcohol).  baseline (0.06+= 0.01 v 0.09 = 0.03 mmol/L). After 210
Glucose nadirs did not differ (2. 0.1v 2.9 = 0.2 mmol/L; minutes (serum insulin 70 pmol/L), NEFA levels increased
controlv alcohol). The duration of hypoglycemia was initially rapidly on both days, however, the AUC (180 to 420) remained
planned to last for 30 minutes (minutes, 210 to 240), howeversignificantly lower (95* 13 v 161 = 18 mmol/L X 240
due to the efficiency of counterregulatory responses, it lastedninutes,P = .0008) when alcohol was taken.

for only 10 minutes (205 to 215 minutes). To observe the

recovery period without the influence of hyperinsulinemia, pjasma Lactate

insulin infusion was discontinued at 195 minutes, and hypo-
glycemia was sustained by decreasing the variable glucosg
infusion.

Fasting plasma lactate levels (Fig 3B) did not differ on the 2
ays (1.42+ 0.25v 1.21 = 0.13 mmol/L; controlv alcohol),
and alcohol intake significantly increased the plasma lactate
Glucose Kinetics AUC (180 to 420) (244~ 30v 12 = 4 mmol/L X 240 minutes;

P=. .
Mean HGP responses (controlalcohol) were comparable 00009)

(1.89 = 0.1v 1.87 = 0.08 mg/kg/min) as were peak values

(3.56= 0.3v3.74= 0.2 mg/kg/min). No difference was found Counterregulatory Hormones

between glucose infusion rate (GIR) at baseline (7:10.65v No difference was found in glucagon responses (Fig 4) AUC
6.10= 0.95 mg/kg/min), mean glucose utilization (Rd) (340 (180 to 420) on the 2 days (12,098 957 v 9,953 = 2,027
0.27v 3.17 = 0.33 mg/kg/min) or Ra (3.47 0.26v 3.24 + pg/mL X 240 minutesP = .38) (controlv alcohol). Interest-
0.31 mg/kg/min) (control/ alcohol). ingly, alcohol suppressed peak glucagon levels significantly
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225 17 minutes) and 505- 83 v 513 = 101 pg/mL); neither did the
norepinephrine responses (Fig 5D) (43575 v 355 = 47

2007 pg/mL). The time course of the counterregulatory responses to
175 1 acutely induced hypoglycemia was not changed by alcohol.
E 1507
é Ethanol
~ 157 Serum ethanol peaked at 13t81.5 mmol/L (230 minutes)
6 100 + on the alcohol day. Ethanol concentration at time of the gly-
2 1 cemic nadir was 8.2 mmol/L. Fasting values on both study days
8 75 and peak time values on the control day were undetectable.
O 51
DISCUSSION
25 T . . . . .
This study shows that in diet-treated type 2 diabetic subjects
0 — 4t a moderate alcohol intake corresponding to 2 to 3 drinks before
© 8888 8 ¢g § 8§ 8 8 8 § acute insulin-induced hypoglycemia by a graded, hyperinsu-
linemic euglycemic/hypoglycemic clamp does not influence the
Time (min) gy yPogy P

recovery of plasma glucose. This is in contrast to the adverse
Fig 4. Plasma glucagon on the control day (>—<) and after alco- effe_cts OI’? glucose counterr_egglgtion observed in type 1 diabetic
hol (m —m). Data are means = SE. subjects in whom alcohol inhibits spontaneous recovery from
hypoglycemiat® The type 2 diabetic subjects investigated had
mild diabetes with moderate overweight and relative insulin
(155+ 12v 200 = 17 pg/mL;P = .038), but despite this, the sensitivity. The counterregulatory hormone responses to hypo-
hepatic glucose production did not differ on the 2 days. Weglycemia was found to be prominent in these subjects. Abnor-
found no difference in cortisol responses (Fig 5A) AUC (180 to mal counterregulation might have been found at a diabetes
420) or cortisol peak values on the 2 days (contrallcohol)  duration of more than 3 years or at a more advanced stage of
(38,024 8,457v 33,606 8,699 nmol/LX 240 minutes) and diabetes.
(595 £ 37 v 561 = 55 nmol/L), respectively. Neither the Glucagon plays a primary role in glucose counterregulation,
plasma GH response (Fig 5B) AUC (180 to 420) nor the GHstimulating both glycogenolysis and gluconeogenesis. Blunted
peak values differed on the 2 days (contvalcohol) (365+ glucagon responses to hypoglycemia may occur in patients
87 v 378 = 179 ng/mL X 240 minutes) and (7.2& 1.34v with type 2 diabetes, although less severely than in type 1
7.04 = 2.42 ng/mL), respectively. The plasma epinephrinediabete$ The responsible mechanisms are unknown. They
AUC (180 to 420) and peak values did not differ (contvol cannot be ascribed to autonomic neuropathy or to changes in
alcohol) (22,078+ 5,599v 21,383 = 7,272 pg/mLX 240  the beta cell functiod? and they do not improve after intensi-
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fied glucoregulatiod! Bolli et al*2 found a defective glucose glucagon and epinephrine, glucose recovery fails to ofur.
counterregulation after subcutaneous insulin in type 2 diabeti®Norepinephrine, released from sympathetic postganglionic
subjects. The presence of alcohol and its metabolites are able tweurons, exerts hyperglycemic effects through the same mech-
enhance alpha cell secretion in vigdPalmer and Ensinék  anisms?! Alcohol may cause a dose-dependent increase in
showed that a small decrease in extracellular glucose, complasma norepinephrine and may reduce norepinephrine clear-
bined with relative insulin deficiency in the presence of alcohol,ancez® However, alcohol intake did not increase the catechol-
resulted in exaggerated glucagon release in normal subjectamine secretion in type 2 diabetic subjettsind similar cat-
Avogaro et al® showed that alcohol significantly increases echolamine responses to insulin-induced hypoglycemia were
plasma glucagon during hypoglycemia in both normal and typeound irrespective of alcohol intake in normal subjéeéts.
1 diabetic subjects. However, despite the increased glucagon In our study, NEFA levels were maximally suppressed by
response, an increased glucose production did not occur. On thesulin infusion. The effect of insulin on lipolysis and very—low-
other hand Yki-Jevinen et at> reported that alcohol adminis- density lipoprotein (VLDL) TG production vanes simultaneously
tration during a euglycemic, hyperinsulinemic clamp did not with the increasing effect of serum ethanol. Our findings of de-
influence the glucagon response in normal subjects. creased NEFA levels and similar TG levels after alcohol corrob-

In our study, the type 2 diabetic subjects had a reduced pea&rates our previous studi$! This does not, however, exclude
glucagon response to hypoglycemia after alcohol administrathat long-term alcohol consumption or greater amounts of alcohol
tion, although no difference in the overall glucagon responsemay elevate the circulating TG. NEFAs play a crucial role in the
was seen on the study days. This finding is consistent withintegrated response to hypoglycemic counterregulatiamd al-
Kolaczynski et &° who found reduced responses of glucagon, cohol may interfere with glucose recovery not only because of its
cortisol, and GH after alcohol in response to hypoglycemia ininhibition of gluconeogenesis, but also because of its ability to
normal subjects, and Lecavalier etfalho showed that alcohol  depress lipolysis. Thus, Avogaro etf&found impaired glucose
reduced the initial, but not the overall, response of glucagon irrecovery after alcohol in type 1 diabetic subjects, and when the
normal subjects. The inconsistent findings may be due to egalcohol-induced inhibition of lipolysis was counteracted by hepa-
differences in study subjects, differences in duration and degregn and Intralipid infusions, glucose counterregulation to hypogly-
of alcohol intoxication, differences in rate of fall, duration, and cemia was normalized.
degree of hypoglycemi, degree of insulin resistance, and As expected, we found an increased lactate response to
insulin levels at the time of hypoglycemia. Thus, high insulin alcohol. This may be due to either an increased hepatic lactate
concentrations prevent the stimulation of glucagon release bproduction or a decreased hepatic uptake of lactate derived
glucopeniead” Also to be considered is the ability of NEFAs to from peripheral tissues or both.
inhibit38 and of the gluconeogenic precursor, alanine, to stim- Interestingly, we found that alcohol did not influence plasma
ulate®® glucagon secretion. Due to the shift in redox potential glucose levels, HGP, or glucose utilization during acute insu-
and an inhibition of lipolysis by acetate, both the alanine levelslin-induced hypoglycemia in diet-treated, mild type 2 diabetic
and the NEFA levels decrease after alcohol int&k&. We subjects. Thus, alcohol intake in these type 2 diabetic subjects
found a significantly lower peak glucagon after alcohol in our does not influence spontaneous recovery from hypoglycemia
study with similar insulin and glucose levels on the 2 days, anddespite suppression of NEFA levels and a diminished peak
the NEFA levels being equally and almost totally suppressedylucagon level. In this context, it is interesting that we recently
by insulin at baseline. showed that the combination of alcohol intake and exercise

Cortisol and GH antagonize the effects of insulin, thus in-with or without a meal does not elicit acute hypoglycemia in
hibiting glucose utilization and stimulating glucose production. type 2 diabetic subjects. A plausible explanation for our
These hormones are, in particular, important for recovery fromfinding may be that alcohol inhibits gluconeogenesis, but not
prolonged hypoglycemia, as their effects require several hourglycogenolysis, and recovery from short-term hypoglycemia is
to occurt” Alcohol has a direct effect on the hypothalamus- largely a result of increased glycogenolysis. Our results do not
pituitary-adrenal axis probably based on stimulation of adreno-exclude that type 2 diabetic subjects may experience a deficient
corticotropic hormonéz Bellet et af?® found increased GH alcohol-induced glucose recovery in the presence of depleted
levels to alcohol in normal subjects, while Puhakainen €t al glycogen stores, at a more advanced stage of diabetes or, eg,
showed no effect of acute alcohol administration on cortisol orafter insulin or sulfonylurea treatment.
GH levels, confirming previous studiés4>Others have shown In conclusion, alcohol intake in diet-treated, mild type 2
that hypoglycemia decreased GH and cortisol responses tdiabetic subjects does not influence spontaneous recovery from
alcohol in normal>16and in type 1 diabetic subject8Acetate,  hypoglycemia induced by a graded, hyperinsulinemic, eugly-
which is metabolized by the brain at hypoglycerfiamay = cemic/hypoglycemic clamp. No alterations were seen in the
inhibit the secretion of GH explaining a blunted respotisie. counterregulatory hormone responses apart from a suppression
our type 2 diabetic subjects, neither GH nor cortisol responsesf the peak glucagon response.
to hypoglycemia differed regardless of whether alcohol was
taken or not. ACKNOWLEDGMENT
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