Differential Effects of Glucose and Alcohol on Reactive Oxygen Species
Generation and Intranuclear Nuclear Factor-kB in Mononuclear Cells
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It has previously been shown that oral intake of 300 calories of glucose (75 g), lipid, or protein increases reactive oxygen
species (ROS) generation by polymorphonuclear cells (PIVINL) and mononuclear cells (MNCs). We investigated the effects of
75 g glucose on proinflammatory transcription factor, nuclear factor-«B (NF«B), in mononuclear cells. To further investigate
whether the effects of macronutrient-induced oxidative stress are due to consumption of calories or are nutrient specific, we
investigated the effects of acute oral challenge of equicaloric amounts of alcohol (300 calories) on ROS generation and NF-«xB
activation in MNCs and PMNL and compared them with those of glucose and water (control). Sixteen normal healthy adult
volunteers were given either vodka (10 subjects), glucose solution (10 subjects), or 300 mL water (7 subjects). Vodka and
glucose drinks were equivalent to 300 calories. We measured ROS generation and intranuclear NF-«B activation by PMNL cells
and MNCs at 1 hour, 2 hours, and 3 hours following ingestion. ROS generation by both MNC and PMNL increased significantly
(P < .05 for MNC and P < .01 for PMNL) following intake of glucose solution, but did not change significantly following alcohol
or water. NF-«B binding activity in MNC nuclear extracts also increased (P < .001) following ingestion of glucose solution, but
did not change after the administration of alcohol or water. We conclude that (1) 75 g oral glucose increases NF-«B binding
activity in MNCs. (2) While 75 g glucose (300 calories) induces an increase in ROS generation and intranuclear NF-xB,
equicaloric amounts of alcohol did not produce these effects.
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E HAVE PREVIOUSLY shown that oral intake of 75 g
glucose (300 calories) induces an oxidative state by
increasing reactive oxygen species (ROS) generation by poly-
morphonuclear (PMNL) cells and mononuclear cells (MNCs).1
Oral intake of cream or protein also causes a significant in-
crease in ROS.2 A 48-hour fast in normal subjects resultsin a
reduction of ROS generation and oxidative damage to proteins,
amino acids, and lipids.® The state of obesity is associated with
low-grade inflammation,* and oxidative stress and 4 weeks of
energy (calorie) restriction (4,184 kJ/d) in the obese results in
amarked reduction of ROS generation and oxidative damage to
proteins, amino acids, and lipids.5 Similarly long-term calorie
restriction results in a decrease of plasma tumor necrosis fac-
tor-a (TNF-a) concentration, which is known to be elevated in
the obese.® Thus, macronutrient intake is a major determinant
of ROS generation and oxidative stress.

Nuclear factor-«B (NF-«B), a heterodimer of p65 (Rel A)
and p50 proteins is a proinflammatory transcription factor
located in the cytosol, where it is bound to inhibitor kB (IkB).
Inflammatory signals, such as endotoxin and proinflammatory
cytokines, cause phosphorylation and ubiquitination of 1«B,
thus liberating and activating NF-«B. This alows NF-«B to
translocate to the nucleus and to activate transcription of genes
that are involved in the inflammatory response, such as proin-
flammatory cytokines, and adhesion molecules. NF-kB is mod-

From the Division of Endocrinology, Diabetes, and Metabolism,
Sate University of New York at Buffalo and Kaleida Health, Buffalo,
NY.

Submitted March 10, 2003; accepted October 30, 2003.

Address reprint requests to Paresh Dandona, BSc, MBBS, DPhil,
FRCP, Director, Diabetes-Endocrinology Center of Western NY, Chief
of Endocrinology, State University of New York at Buffalo, 3 Gates
Circle, Buffalo, NY 14209.

© 2004 Elsevier Inc. All rights reserved.

0026-0495/04/5303-0014%$30.00/0

doi: 10.1016/j.metabol .2003.10.013

330

ulated by the redox status in the cell and ROS are known to
activate NF-«kB.7-11 Because glucose intake activates ROS gen-
eration, we decided to investigate the effect of 75 g glucose
intake on NF-«kB binding activity in MNCs.

Excessive consumption of calories results in obesity; and
obesity is a known to be a proinflammatory state. However, it
is not clear whether the oxidative stress that follows macronu-
trient intake is due to consumption of calories or is specific to
the type of macronutrient ingested.

Alcohol is consumed in sufficient amounts all over the world
to be considered a significant contributor to the caloric intakein
humans. We, therefore, investigated whether the intake of 2 U
acohol (300 calories) has a different effect on oxidative stress
and inflammatory mechanisms as compared with the effects of
an intake of glucose equivalent in energy to 2 U alcohol. We
aso investigated the effects of ingestion of equivalent volume
of water as a control arm in the study.

SUBJECTS AND METHODS

Twenty-seven normal, healthy, adult volunteers (ages 23 to 36 years;,
mean 28 * 1.8) were recruited into our study. All were nonsmokers,
normotensive, had a normal lipid profile, normal renal and liver func-
tion tests, and were not on any medications. All patients gave their
written, informed consent. Institutional Review Board of our hospital
approved the study protocol.

Ten subjects (7 men and 3 women; body mass index [BMI]: 23 + 1)
participated in the alcohol study and 10 subjects (8 men and 2 women;
BMI: 23 = 1) in the glucose study. Four men and 3 women participated
in the water challenge study (BMI: 22.7 = 1.2). Subjects arrived in the
morning to our Clinical Research Center after having fasted overnight.
A baseline blood sample was taken. Subjects were then given alcohol,
glucose solution, or water.

Alcohol was given asvodka, 2 mL/kg body weight (corresponding to
0.8 mg/kg ethanol). This is roughly equivalent to 2 regular drinks of
alcohol, corresponding to 300 calories of alcohol. The drink was mixed
with 300 mL water. The dose of alcohol was consumed evenly over 10
minutes. Blood samples were then drawn hourly for the next 3 hours.

Glucose solution was given as 75 g glucose dissolved in 300 mL
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water (Glucola) to drink over 5 minutes. Blood samples were then
drawn hourly for the next 3 hours.

A total of 300 mL water was given to the subjects in the water
challenge arm of the study, and blood samples were then drawn hourly
for the next 3 hours.

MNC and PMNL Isolation

Blood samples were collected in Na-EDTA as an anticoagulant. A
total of 3.5 mL of the anticoagulated blood sample was carefully
layered over 3.5 mL of the PMN isolation medium (Robbins Scientific,
Sunnyvale, CA). Samples were centrifuged at 400 X g in a swing out
rotor for 30 minutes at 18°C. At the end of the centrifugation, 2 bands
separate out at the top of the red blood cell (RBC) pellet. The top band
consists of MNC, while the lower consists of PMNL. The MNC band
was harvested with a Pasteur pipette, washed with Hank’ s balanced salt
solution (HBSS), and reconstituted to a concentration of 4 X 10°
cellsmL in HBSS. This method provides yields greater than 95% pure
MNC suspension.

Measurement of ROS Generation

Respiratory burst activity of PMNLs and MNCs was measured by
detection of superoxide radical via chemiluminescence.’213 A total of
500 uL PMNLs or MNCs (2 X 10° cells) was delivered into a
Lumiaggregometer (CHRONO-LOG Corp, Havertown, PA) plastic
flat-bottom cuvette to which a spin bar was added. Fifteen microliters
of 10 mmol/L luminol was then added, followed by 1 uL of 10 mmol/L
formylmethionylleucinylphenylalanine (FMLP). Chemiluminescence
was recorded for 15 minutes (a protracted record after 15 minutes did
not ater the relative amounts of chemiluminescence produced by
various cell samples). Our method, developed independently, is similar
to that published by Tosi and Hamedani.*4 The interassay coefficient of
variation (CV) for this assay is 6%. We have further established that in
our assay system, there is a dose-dependent inhibition of chemilumi-
nescence by superoxide dismutase and catalase: superoxide dismutase
inhibited chemiluminescence by 82% at 10 wg/mL, whereas catalase
inhibited chemiluminescence by 47% at 40 pg/mL. Chemilumines-
cence is also inhibited by diphenyleneiodonium chloride (data not
shown), a specific inhibitor of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase, the enzyme responsible for the production of
superoxide radicals.’> Our assay system is exquisitely sensitive to
diphenyleneiodonium chloride a nanomolar concentrations.

NF-kB Electrophoretic Mobility Shift Assay

NF-«kB gel retardation assay was performed as previously de-
scribed.1617 DNA-binding protein extracts were prepared from MNC
by the method described by Andrews et al.18 Total protein concentra-
tions were determined using bicinchoninic acid (BCA) protein assay
(Pierce, Rockland, IL). NF-«B gel retardation assay was performed
using NF-«B binding protein detection kit (Life Technologies, Long
Island, NY). Briefly, the double-stranded oligonucleotide containing a
tandem repesat of the consensus sequence for the NF-«B binding site
was radiolabeled with y-P*2 by T4 kinase. Then, 5 ug of the nuclear
extract was mixed with the incubation buffer, and the mixture was
preincubated at 4°C for 15 minutes. Labeled oligonucleotide (60,000
cpm) was added, and the mixture was incubated at room temperature
for 20 minutes. Samples were then applied to wells of 6% nondena
turing polyacrylamide gel. The gel was dried under vacuum and ex-
posed to x-ray film. Densitometry was performed using Bio-Rad (Her-
cules, CA) molecular analyst software. Specifity of the band was tested
by supershifting the band with antibody against p65 subunit, p50
subunit, and p75 (c-Rel) of NF-kB (Santa Cruz Biotechnology, Santa
Cruz, CA).
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Fig 1. Plasma glucose concentrations (mmol/L) at 0, 1, 2, and 3
hours following intake of glucose or alcohol. *P < .05 v zero hour.

Insulin, Glucose, and Alcohol Measurement

Plasma insulin was measured from fasting plasma samples using an
enzyme-linked immunosorbent assay kit (Diagnostics Systems Labo-
ratories, Webster, TX). Plasma glucose was measured in whole blood
by aHemocue glucose analyzer (Hemocue, Mission Vigjo, CA). Serum
acohol levels were measured by alcohol reagent (ALC)-induced
change in NADH absorbance (Synchron LX system, Brea, CA).

Statistical Analysis

Statistical analysis was performed using SigmaStat software (Jandel
Scientific, San Rafael, CA). All data are expressed as mean = SEM.
All data on ROS generation and NF-«B were normalized to a baseline
of 100% in view of the interindividual variability and are expressed
accordingly as percent of the baseline. Analysis was performed with
1-factor analysis of variance (ANOVA). Dunnett's method was used
for comparison against the baseline. Paired t test was used to compare
the change in glucose levels and insulin values. P < .05 was considered
significant.

RESULTS

Plasma Variables

The mean plasma a cohol concentration in the alcohol group
was 0 at zero hour, 111 = 7.8 mg/dL (24.1 = 1.7 mmol/L) at
1 hour, 96 = 8.9 mg/dL (20.8 = 1.9 mmol/L) at 2 hours, and
79 + 11.4 mg/dL (17.1 = 2.5 mmol/L) at 3 hours after alcohol
intake. Glucose and insulin concentrations tended to decrease
following alcohol, and the decrease was significant at 3 hours
(4.89 £ 0.11 mmol/L at zero hour v 4.56 = 0.08 mmol/L at 3
hours for glucose (P < .02); 71.65 = 11 pmol/L at zero hour
v 5447 = 11.57 pmol/L at 3 hours for insulin; P < .001).
Glucose and insulin concentrations increased significantly at 1
hour following glucose (Figs 1 and 2). There was no changein
insulin or glucose concentrations following water challenge
(data not shown).

ROS Generation

ROS generation by both MNC and PMNL increased signif-
icantly following intake of glucose solution and remained
higher than baseline until the end of 3 hours (P < .05 for MNC
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Fig 2. Plasma insulin concentrations (pmol/L) at 0, 1, 2, and 3
hours following intake of glucose or alcohol. *P < .001 as compared
with baseline (zero hour).

and P < .01 for PMNL). Thisis consistent with our previously
published results.t ROS generation did not change significantly
following the administration of alcohol or water (Figs 3 and 4).

Intranuclear NF-«B Binding Activity

NF-kB binding activity in MNC nuclear extracts increased
following ingestion of glucose solution (P < .001). Following
alcohal challenge, NF-kB binding activity was quite variable,
but did not change significantly (P = .241). There was no
change in NF-«B binding after the administration of water

(Fig 5).
DISCUSSION

Our data show clearly that the intake of 75 g glucose (300
calories) causes an increase in ROS generation by MNC and
PMNL cells. These observations are consistent with our previ-
ous demonstration that glucose, lipid, or protein challenge at an
energy equivaent of 300 calories causes a significant increase
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Fig 3. ROS generation by MNC at 0, 1, 2, and 3 hours following
intake of glucose, alcohol, or water. Results are expressed as %
increase over baseline. Baseline reading (= 100%): 130.2 = 29 mV for
glucose; 186 = 44.9 mV for alcohol; 166.7 = 16.7 mV for water; *P <
.05 as compared with baseline (zero hour).
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Fig 4. ROS generation by PMN at 0, 1, 2, and 3 hours following
intake of glucose, alcohol, or water. Results are expressed as %
increase over baseline. Baseline reading (= 100%): 144 + 43 mV for
glucose; 185 + 57 mV for alcohol; 195 + 84 mV for water; *P < .01 as
compared with baseline (zero hour).

in ROS generation: a 140% increase for glucose,! 100% for
lipid, and 80% for protein over the basal levels.2 Both glucose
and lipids also induce lipid peroxidation. We also show, for the
first time in humans in vivo, that the intake of glucose induces
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Fig 5. (A) A representative electrophoretic mobility shift assay
(EMSA) gel showing NF-«B binding activity levels in MNC nuclear
protein extracts following (A) glucose, (B) alcohol, and (C) water
intake. The sequence-specificity of the protein-DNA interactions was
determined by super-shift EMSA. (D) Lane (I) shows NF-«B binding
activity in nuclear extract for 1 of the subjects; lane (ll) super-shift
using an antibody against p50 subunit of NF-«B; lane (lll) against p65
subunit of NF-«B; lane (IV) p75 (c-Rel) of NF-kB. (B) Densitometric
analysis of NF-«B binding activities. All values were normalized to
100% for baseline time point and the following values were ex-
pressed as percent of basal level. The results are presented as
mean = SE (*P < .001 as compared with baseline [zero hour]).
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an increase in intranuclear NF-«B binding activity in mono-
cytes.

The increase in ROS generation and NF-«B following ma-
cronutrient intake is relevant to the fact that obesity is charac-
terized by increased oxidative stress and inflammation, which
arepartialy reversed by weight loss even over arelatively short
period of 4 weeks.#5 Thus, obesity may reflect a cumulative
pro-oxidant and proinflammatory effect of chronic excessive
intake of macronutrients. Excessive intake of caloriesresultsin
obesity; and obesity is a known risk factor for atherosclerosis.
Because atherosclerosis is considered to be an inflammatory
condition, activation of NF-«B following intake of glucose
suggests a causative role for glucose and calorie intake in the
development of inflammation, and possibly, atherosclerosis.

An equal amount of energy (300 calories) consumed as
acohol, however, did not cause an increase in ROS generation
by PMNL or MNC, nor did it change intranuclear NF-xB
binding in MNCs. Thus, whilethe major dietary macronutrients
cause oxidative stress and even inflammation, equicaloric
amounts of alcohol do not either activate ROS generation in
leukocytes or induce an increase in intranuclear NF-«B. This
is of importance because our data demonstrate for the first
time that macronutrient-induced oxidative stress and inflamma-
tion is not calorie intake—dependent, but is dependent upon
specific macronutrients. In the context of obesity and inflam-
mation, it is relevant that there is at least one food, “alcohol,”
which does not induce either ROS generation or inflammatory
activity.

Because NF-kB binding is modulated by the redox statusin
the cell and ROS are known to activate it,”-11 it is possible that
the absence of an increase in ROS generation following alcohol
is responsible for the absence of an increase in NF-«B.

It is aso of interest that modest alcohol intake has been
shown to be associated with diminished cardiovascular mortal-
ity in several studies.19-22 Although our studies do not demon-
strate an inhibitory effect of alcohol on either oxidative stress
or inflammation acutely in MNC, it does not cause a stimula-
tion of these processes either, despite the energy intake inher-
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ently associated with alcohol ingestion. Further investigations
are necessary to determine whether alcohol has other subtle
effects on inflammatory processes and oxidative stress. One
mechanism that we have previously shown to be relevant to
cardiovascular disease is the inhibition of platelet aggregation
and platelet thromboxane A2 synthesis by acute intake of
alcohoal .23 Chronic acohol intake is also associated with favor-
able changes in hemostatic and lipoprotein profile,2* lower
C-reactive protein (CRP) levels as compared with nondrinkers
and heavy drinkers?> and with platelet hypopaggregability.26

It has been shown in vitro that alcohol inhibits lipopolysac-
charide-, interleukin (IL)-1—, and TNF-a—induced NF-«kB acti-
vation in monocytes and does not result in induction of p65/p50
NF-kB heterodimer in unstimulated monocytes.27:28 |t is pos-
sible that alcohol may inhibit NF-«B in humans in vivo under
conditions of proinflammatory stress, such as obesity.

Red wine has been shown (in doses containing 20 to 35 g
ethanol) to inhibit postprandia increase of NF-«kB in MNCs
after a 602 kcal/m? meal .2 This effect may be related to the
flavonoid content of red wines3%31 Qur experiments, on the
other hand, avoid interference from other micronutrients.

Plasma glucose concentrations decreased significantly 3
hours after alcohol ingestion. Ethanol inhibits gluconeogenesis
and is known to cause hypoglycemia, especialy after an over-
night fast or during states of malnutrition when liver glycogen
stores are low.32 Insulin concentrations also decreased signifi-
cantly 3 hours after alcohol intake, and this is probably due to
the decrease in plasma glucose.

In conclusion, 75 g glucose causes an increase in both ROS
generation and intranuclear NF-xB binding in MNCs. Alcohol
intake equivalent in calories to 75 g glucose does not have the
effect of producing oxidative stress and inflammation as mea-
sured by NF-«B activation. This raises the possibility that
oxidative stress and inflammation are related to the type of
macronutrient ingested rather than the caloric intake per se.
These observations may be relevant to our search for foods
relatively safe in terms of generating oxidative stress and
causing inflammation, which are potentially atherogenic.
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