Acute Effects of Fructose and Glucose Ingestion With and Without Caffeine
in Young and Old Humans

Naomi K. Fukagawa, Helen Veirs, and Gail Langeloh

Aging is associated with a decline in energy expenditure (EE), glucose intolerance, and a reduction in body nitrogen content. In
addition, a reduction in the thermic response to glucose but not to fructose or protein has been reported in the elderly. The
present study was conducted to further examine nutrient-induced thermogenesis and the effects of specific sugars on amino
acid metabolism in relation to age. After 3 days on a weight-maintaining, 250-g carbohydrate diet, 16 healthy non-obese men
and women in two age groups (18 to 29 and 66 to 80 years) consumed on 4 different days 500 mL of either a 75-g fructose or 75-g
glucose solution, with or without 300 mg caffeine or vitamin C as a placebo. Blood substrate and hormone levels and EE, using
indirect calorimetry, were measured at timed intervals for 3 hours after consumption of the drinks. There was no difference in
the carbohydrate-induced increase in EE in either young or old even after adjustments for body weight and fat-free mass (FFM).
An approximately 20-fold increase in serum caffeine levels increased EE in both groups (P < .003), but had minimal effects on
substrate and hormone responses. In contrast to glucose, fructose induced a marked elevation in plasma alanine from
combined basal levels of 301 + 24 to approximately 500 + 18 pmol/L {mean = SEM) in both groups (P < .001). However, hoth
fructose and glucose ingestion resulted in a similar decline in branched-chain and aromatic amino acids. The older group had
higher insulin (P < .06) and glucose {P < .03) levels overall than the young, although both responded with a similar magnitude
of change after both meals. Insulin and glucose levels were higher after glucose than after fructose, whereas uric acid levels,
reflecting adenine nucleotide catabolism, increased 20% within 90 minutes of ingestion of fructose but not glucose. These
findings bring into question the existence of diminished carbohydrate-induced thermogenesis in the old, emphasizing the need

for further investigation before dietary or therapeutic recommendations are made.

Copyright © 1995 by W.B. Saunders Company

DECLINE IN ENERGY expenditure (EE) is com-
monly associated with advancing age.!> We previously
reported that there was no effect of age on the postprandial
increase in EE after a protein meal.® In contrast, a reduced
thermic response to glucose has been reported in the
elderly,>*7 and was attributed in one study’ to insulin
resistance and shown to be alleviated by an isocaloric
amount of fructose. With the underlying premise that there
is indeed an age-related difference in specific nutrient
effects on EE, we designed the present study to examine the
possible mechanisms underlying differences in the meta-
bolic response to nutrients in young and old volunteers.
Both fructose and caffeine are common food additives
reported to influence EE. Fructose, a naturally occurring
carbohydrate in food and honey, has been widely used in
processed foods since the introduction of high-fructose
corn syrup in the late 1960s. Since neither the transport of
fructose into the cell nor its subsequent metabolism is
dependent on an increase in plasma insulin concentra-
tion,%1 it has been recommended as a sweetener for
diabetic, insulin-resistant, or obese individuals. Caffeine,
used in food and pharmaceutical preparations, is a known
stimulant of metabolic rate in humans.!'> Both fructose
and caffeine influence adenine nucleotide pathways. Fruc-
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tose alters adenine nucleotide catabolism, thereby account-
ing for the hyperuricemic effects of the sugar.’ Caffeine is a
competitive inhibitor of adenosine reeeptors, and it and
other xanthines have been shown to potentiate the thermic
effects of ephedrine by influencing negative-feedback
mechanisms operating both extracellularly (eg, via adeno-
sine) and intracellularly (eg, via cyclic adenosine monophos-
phate phosphodiesterases).'4!> Therefore, the present study
was conducted to determine whether either caffeine or
fructose, alone or in combination, would ameliorate the
age-related differences in glucose-induced thermogenesis
(GIT).

The results of this study indicate that the age-related
difference in the thermic response to glucose and fructose is
smaller than expected, and suggest that the thermic re-
sponse to a nutrient is more a function of the nutrient itself
rather than of an individual’s body size or mass.

SUBJECTS AND METHODS
Subjects

Sixteen healthy non-obese volunteers in two age groups partici-
pated in the study. The young group (age range, 18 to 29 years)
consisted of six men and two women, and the elderly group (66 to
80 years), four men and four women. Characteristics of the subjects
are listed in Table 1. None of the volunteers were taking medica-
tions, and none had any known abnormalities of carbohydrate
metabolism. Before participation in the study, each subject gave
informed voluntary written consent. The research protocol was
reviewed and approved by the Committee on Clinical Investigation
at Beth Israel Hospital and the Committee on the Use of Humans
as Experimental Subjects at Massachusetts Institute of Technol-

ogy.
Study Design

Subjects were admitted to the Clinical Research Center at Beth
Israel Hospital or Massachusetts Institute of Technology on four
separate occasions in the evening before each study. All subjects
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Table 1. Subject Characteristics

Fasting Fasting
Subject Age Height Weight FEM* Glucose Insulin RMR
No. Sex/Group {yr) {cm) {kg) (kg) {mg/dL) (plU/mlL) (kcal/min)
1 M/Y 29 185.0 86.1 62.6 93 ’ 5.5 1.57
2 M/Y 19 181.2 66.5 52.3 91 6.4 1.39
3 M/Y 19 172.7 62.2 47.9 79 4.7 1.15
4 M/Y 19 190.7 74.5 59.9 78 5.1 1.48
5 M/Y 18 179.2 69.6 54.1 85 4.4 1.28
6 M/Y 24 1715 69.9 53.2 81 4.8 1.00
7 F/Y 20 163.6 60.9 35.3 86 71 0.98
8 FIY 19 166.5 60.7 45.6 80 34 1.06
g M/0 75 164.0 715 49.3 101 5.3 1.05
10 M/O 75 171.9 85.4 50.7 99 8.4 1.18
1 M/O 74 174.2 79.9 61.2 89 5.4 1.08
12 M/0 80 173.6 73.9 52.5 77 4.7 1.04
13 F/O 69 1656.2 51.2 32.2 96 6.2 0.85
14 F/O 72 157.0 48.0 35.0 80 54 0.88
15 F/O 66 158.8 60.6 329 92 6.8 0.83
16 F/0 76 153.5 48.3 27.9 109 7.7 0.82
Mean + SEM
Y 21«1 176.3 £ 3.3 68.8 = 3.0 51.4 = 3.0 84+20 5204 1.24 = 0.08
(o] 732 164.8 + 2.8t 64.8 + 5.28 42.7 + 4.3§8 93 + 3.88 6.2 + 0.58 0.97 + 0.05%

NOTE. Values are the mean = SEM.

Abbreviations: Y, young; O, old.

*Estimated from bioelectrical impedance measures.
TP < .02, P < .01, 8P = NS: young v old.

consumed a diet containing at least 250 g carbohydrate and less
than 200 mg caffeine per day during the 3 days preceding each of
the four separate admissions. Young women were studied during
the follicular phase of the menstrual cycle; elderly women were
postmenopausal and not on hormone replacement therapy. An
index of body composition was obtained, as previously described,*
using a Bioelectrical Impedance Analyzer (RJL Systems, Detroit,
MI). After a 10- to 12-hour overnight fast, an intravenous catheter
was inserted into an arm vein, kept patent with heparinized saline
solution (1 mU heparin/mL), and used for obtaining blood samples
at timed intervals. After a 30- to 45-minute rest in bed or in a
reclining chair, continuous respiratory exchange measurements
were begun as previously described using a ventilated-hood sys-
tem.*6 After a 30-minute measurement of resting metabolic rate
(RMR), each subject consumed, on separate days, one of four
drinks: 75 g fructose with 300 mg vitamin C (placebo), 75 g fructose
with 300 mg caffeine, 75 g glucose with 300 mg vitamin C (placebo),
or 75 g glucose with 300 mg caffeine. It should be noted that there is
a limjtation to how much simple sugar can be consumed orally by
an individual at one time. The choice of a 75-g dose of glucose was
made based on it being a recognized standard dose for oral glucose
tolerance tests, and the dose of fructose was limited by symptoms
experienced by the volunteers. It would not have been possible to
select a higher dose to try to elicit differences because the results
would have been confounded by heightened symptoms. The
fructose or glucose was dissolved in 500 mL water flavored with
lemon. Vitamin C was chosen as a placebo because the tablet was
identical in appearance to caffeine—pilot studies demonstrated
that the volunteers’ behavior was altered when they were informed
that they were ingesting caffeine tablets. There was no evidence in
the literature that a single dose of 300 mg vitamin C would alter
EE. The studies were performed in a randomized order at 1- to
3-week intervals. All subjects completed all four tests. Indirect
calorimetry measurements were continued for 180 minutes after
initial ingestion of the drink. Blood samples for determination of
glucose, amino acid, insulin, and glucagon concentrations were

obtained at 30-minute intervals, and for cholesterol, uric acid, and
phosphate levels, at 90-minute intervals, during the basal state and
throughout the study. Arterial blood pressure and pulse were
measured every 15 minutes using an automated sphygmomanom-
eter (Dinamap, Critikon, Applied Medical Research, Tampa, FL).

Analytical Procedures

Plasma glucose was determined by the glucose oxidase method
using a Beckman Glucose Analyzer II (Beckman Instruments,
Fullerton, CA). Serum insulin and plasma glucagon levels were
measured by standard radioimmunoassay (Coat-a-Count Diagnos-
tic Products, Los Angeles, CA). Plasma amino acid and caffeine
concentrations were measured using high-performance liquid chro-
matography (Beckman Instruments). Uric acid and cholesterol
levels were measured in the clinical laboratory at Beth Israel
Hospital by a computerized analyzer (SMAC I1, Technicon Instru-
ments, Tarrytown, NY).

Calculations

Data for EE are also expressed as previously described,?? where
the thermic response to either glucose or fructose is expressed as a
percentage increase over the premeal resting EE, or GIT, ie,
GIT = [(postmeal EE — premeal EE)/premeal EE] x 100, and
the change in EE is expressed as a percent of the energy content of
the meal, ie, %E = [(postmeal EE — premeal EE)/3.74 x 75] x
180 x 100.

Statistical Analysis

All data are presented as the mean + SEM. BMDPC Statistical
Software (Los Angeles, CA) and Statistical Analysis System (Cary,
NC) were used for all statistical analyses. Comparisons between
groups in response to the test meals and caffeine were evaluated
using ANOVA with repeated measures using one grouping vari-
able (age) and up to three within-group variables as appropriate
(meal, drug, and time) and analysis of covariance with fat-free mass
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(FFM) or body weight as the covariate. Post hoc comparisons for
differences in amino acid levels relative to baseline values were
made using the Student-Neuman-Keuls test on those amino acids
demonstrating a significant meal X time interaction on initial
ANOVA. Other comparisons were made using Student’s ¢ test. P
values greater than .05 are reported as not significant. .

RESULTS

All subjects maintained their body weight within 5% of
their starting weight throughout the study. RMR within
each subject varied less than 15% between study days
(coefficient of variation, 1.6% to 6.6%). Four young and
four elderly volunteers experienced increased flatulence
and bowel movements after the fructose meal, but the
symptoms were not severe enough to require alteration in
the study procedures. Because there was no detectable
gender effect, results for men and women were combined in
both age groups. FFM was estimated using bioelectrical
impedance analysis, applying regression equations gener-
ated as a function of measured body water using 180-
labeled water.* Average FFM was 51.4 = 3.0 kg in the
young and 42.7 = 4.3 in the old.

Baseline plasma caffeine concentrations averaged 0.3 =
0.07 pg/mL in both groups. In response to 300 mg caffeine,
both young and old showed an increase in plasma levels to a
new plateau by 90 minutes (averaging 5.6 = 0.3and 7.0 = 0.1
ug/mL, respectively, P < .01, but the response was not
statistically significantly different between groups), which
was maintained until the end of the study.

Metabolic Rate

Overall, estimates of EE were significantly lower in the
elderly as compared with the young (group, P < .01).
Adjustment for body weight, body impedance measure-
ments, or an estimate of FFM did not affect the overall
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group difference nor the responses to the meals with or
without caffeine.

EE increased in both age groups after both glucose and
fructose (time, P < .0001; Fig 1). In contrast to previous
reports, both meals resulted in a similar magnitude of
increase in EE in either group, which was not influenced by
an adjustment for FFM or body weight (meal X group
interaction, P = .88; meal X group X time interaction,
P = 97; Fig 1). Caffeine had an independent effect of
increasing EE slightly (drug, P < .003) in both the young
and the old (Fig 1). Fructose plus caffeine induced a greater
increase in EE than glucose plus caffeine (drug X meal
interaction, P = .05).

Table 2 lists the data calculated as described in previous
reports and includes results from previously published
studies.?? The age-related difference in AEE (difference
between premeal and postmeal EFE) after glucose in the
earlier study? appears to be related to a greater response in
the young, whereas there were no age differences found in
the second study.? The discrepancy may be related to the
dose of glucose administered (100 v 75 g, respectively).
However, as described earlier, using a 100-g dose of
carbohydrate in the present study was not feasible because
of the symptomatology. When EE data for both sugars with
and without caffeine were collapsed into a single value, the
differences remained insignificant (combined AEE without
caffeine, 0.14 = 0.01 in the young and 0.11 = 0.01 in the
old; with caffeine, 0.19 = 0.01 and 0.18 = 0.01 in the young
and old, respectively).

There was no significant relationship between AEE and
FFM after either glucose (r = .19, P = .48) or fructose
(r = .27, P = .32). Similarly, AEE versus body weight was
insignificant (glucose r = .08, P = .76; fructose r = .07,
P = .80). This suggests that the thermic response to carbo-

Old
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Fig 1. EE over time in young and old subjects and after 4 test meals: {H} glucose, (A} fructose, (C]) glucose and caffeine, {A) fructose and
caffeine. P < .01 young v old; P < .0001 for increase after both meals in both groups; P < .003 caffeine v placebo. Values are the mean without error

bars and P values for clarity; SEM ranged from +0.04 to +0.11.
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Table 2. Changes in EE in Response to Oral Glucose and Fructose

Premeal EE Postmeal EE AEE GIT %E
Meal {kcal/min} (kcal/min) {kcal/min} (%) (%)
75 g glucose
Without caffeine
Young 1.23 = 0.08 1.36 + 0.08 0.13 = 0.01 10.4 = 0.08 8.10 £ 0.6
Oid 0.99 = 0.05 1.09 + 0.06 0.10 = 0.02 10.3 £ 2.0 6.5+ 1.2
P <.03 <.02 .26 96 .27
With caffeine
Young 1.24 = 0.08 1.44 + 0.09 0.19 = 0.01 15.67 + 1.03 12.33 = 0.90
Oid 0.93 = 0.05 1.11 = 0.05 6.18 + 0.02 19.75 + 2.42 11.49 = 1.14
P <.0086 <.008 .58 15 .57
75 g fructose
Without caffeine
Young 1.22 + 0.08 1.36 = 0.08 0.15 = 0.02 120 £ 1.7 94 15
Old 0.95 + 0.06 1.07 + 0.05 0.12 = 0.0.02 12.8 + 2.0 7.7 1.2
P <.01 <.01 .40 .76 .40
With caffeine
Young 1.26 + 0.09 1.45 = 0.10 0.19 = 0.02 15.28 = 1.74 12.08 + 1.50
Oid 0.97 + 0.06 1.16 = 0.06 0.19 = 0.02 19.77 + 1.86 12.07 = 1.04
P <.02 <.03 .99 .10 .99
Glucose
100 g
Young* 1.21 £ 0.05 1.38 = 0.06 0.17 = 0.02 15.1 = 0.1.0 8.6 £ 0.7
Old* 0.98 + 0.05 1.10 + 0.05 0.12 = 0.01 109 = 1.3 58 +0.3
P <.001 <.001 <.001 <.002 <.002
759
Youngt 0.98 + 0.04 1.11 £ 0.05 0.14 = 0.01 ND 88 0.7
Oldt 0.83 = 0.04 0.96 + 0.03 0.12 = 0.01 8.0+05
P <.02 <.02 NS NS NS

NOTE. P values are for comparisons between young and old.
Abbreviation: ND, not determined.

*From Golay et al.2

tFrom Bloesch et al.3 P values not reported.

hydrate is linked to the nutrient itself rather than to body
mass.

Substrate and Hormones

As expected, fasting plasma glucose and serum insulin
concentrations were slightly higher in the old as compared
with the young (Table 1), but the differences did not
achieve statistical significance (P < .06 and P < .10, respec-
tively). In both age groups, the glucose meal elicited a
significantly greater increase in plasma glucose (meal,
P < .001) and serum insulin (meal, P < .0001) as com-
pared with the fructose meal (Figs 2A and B, respectively).
Despite the overall higher glucose levels in the old (group,
P < .03), there were no significant age-related differences
in the relative glycemic response to either meal
(meal X group interaction, P = .12; meal X group X time
interaction, P = .16). Only two of the eight elderly met the
National Diabetes Group criteria for impaired glucose
tolerance. These two individuals did not differ from the
others in the metabolic responses examined. The elderly
group achieved slightly higher insulin levels than the young
group after either glucose or fructose (group, P < .06), but
as with glucose levels, the proportional changes in insulin
concentrations were similar in the two age groups
(meal X group, P < .06). Overall, the elderly group had

significantly lower plasma glucagon concentrations than the
young (group, P < .01). Both groups suppressed plasma
glucagon levels to a greater extent and for a longer period
of time after the glucose meal as compared with fructose
(meal, P < .0002; meal X time, P < .002). The lack of
age-associated differences in glucose and insulin responses
is not uncommon.

Changes in plasma amino acid levels in response to
glucose and fructose are listed in Table 3. P values in Table
3 represent significant changes from baseline values
at the P less than .05 level after post hoc analysis of amino
acids that demonstrated significant time X meal interac-
tions. Caffeine did not significantly affect plasma amino
acid concentrations, and therefore, the data are not pre-
sented. From a combined average basal concentration of
301 = 24 pmol/L, plasma alanine concentrations increased
significantly to 500 = 18 wmol/L in both age groups (meal,
P < .001) after fructose and minimally to 330 + 20 after
glucose (Fig 3). Both young and old experienced similar
suppression of branched-chain (time, P < .0001) and aro-
matic (time, P < .001) amino acids after both meals (Table
3). Arginine and glycine transiently declined after both
meals, but the differences achieved statistical significance
only after glucose. The declines in histidine levels were
statistically significant after glucose in the young, but
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Fig 2. (A) Plasma glucose concentrations in young and old subjects after 4 test meals: (M} glucose, (A} fructose, {{]} glucose and caffeine, {A)
fructose and caffeine. Values are the mean = SEM. P < .03 young v old; £ < .0001 glucose v fructose in both young and old. (B} Serum insulin
concentrations in young and old subjects after 4 test meals: {l) glucose, (A) fructose, (CJ) glucose and caffeine, (A} fructose and caffeine. Values
are the mean + SEM. P < .06 young v old; P < .0001 glucose v fructose in both young and old.

not after fructose nor in the old. Methionine and lysine
were more affected by the glucose meal as compared with
the fructose meal in both young and old.

Fasting serum cholesterol levels were higher in the old
(210 = 3 mg/dL) than in the young (150 £5) (group,
P < .01). Neither glucose nor fructose affected serum
cholesterol concentrations, but the addition of caffeine to
both meals in the old resulted in slightly higher cholesterol
levels (meal x drug X group interaction, P < .03). As an-
ticipated, serum uric acid levels increased from 5.6 + 0.4 to
7.0 = 0.4 mg/dL in the young and from 4.8 * 0.6 to 6.1 =
0.6 in the old, after fructose ingestion both with and without
caffeine (meal, P < .002), reflecting adenine nucleotide
catabolism.

Blood Pressure

The old had slightly higher systolic (125 = 4 mm Hg),
diastolic (70 + 3), and mean arterial (87 + 2) pressures
than the young (110 + 3, 64 = 2, and 80 % 2, respectively),
but the differences were not statistically significant. Both
groups experienced a transient 4% to 5% decline in blood
pressure after the glucose and fructose meals, which was
attenuated when combined with caffeine (no change to
~1% increase) and might be attributable to vitamin C,¢
although whether an acute dose would have an effect is
uncertain. Heart rate was higher overall in the old (64 = 7v
54 + 3 beats per minute, group, P < .02). Both groups had
a 7% to 15% increase in the pulse rate at the end of the



635

“(siney-uewinaN-juspnig) sisAjeue soy i1sod Buisn senjeA sINUIW-08L PUB -0Z| -09 PUE |eSEq UBBMIS] SUOSHERAWOD 10) §0' > oy
‘INTIS F ueaw 8y} a1e sanfeA "J1ON

EFFECTS OF FRUCTOSE AND GLUCOSE INGESTION

*Ll #80C «6F86L VL F62Z €L F8EZ +ZL T T6L «6FG6L Ol 022 LL * 2 ¥+ 68l 9* €Ll 8F {8l LF*E6l PL*8LL LZFO08L VP +89L G FE6L aulIsA
18410

P17 «€ ¥ 8€ P * 8v EFES «£ F 98 «EFLE €+ 09 v+ vg «C F Py *€ F €V «C * 6V 1211 *€ ¥ 9¢€ ¥ * 8€ «€ F v ¢ ¥ 8§ duisoIA]

«§ ¥ 61 W FEY v ¥ LS €FvS L£F P LE£FEY €FPg € ¥ 99 L + 8 *C F Ly *L ¥ 61 [ARTR 3] *EF LY «G F ¢ *€ ¥ Gp L ¥ 9§ sutueelAuayg

[ AN [ A L ¥6l L ¥6L «LFLl «LFZL l + 8l L +8L l +0¢ ¢+8l ¢+ 0cC 2+ 0¢ xC F CL € F Pl «L*9l L ¥0¢ aujuoiysy

S+ 68 S+ 98 E¥E6 v+ 8L P F6L «E£FGL S+ 06 8 ¥ 96 £+ 68 ¢ ¥ 48 ¢ *F 26 8+ ¥6 «7 + 6L *9 F 6L «V ¥ €8 v+ L8 sulpisiH

vl ¥ vi¢ STFELZ OL FETC ZLF92C L FE6L x9F98L 8¥0l¢ 67FLlC [ Y44 8 + 80¢ 6FLLZ 6EF2ZGC GLTClZ 6LFELZ 9L F¥0Z LL F92Z augAD

ri ¥ £0L 6 + 06 0L ¥90l £L+G0L xL¥08 «8FV8 £l T 86 8+ Ll Ol +p8 Ll + ¥8 0L + 88 € ¥ 66 9L T ¥8 GC T 66 9 ¥ €8 S+ 10l auluibiy

*EV F 62V «BE F GOV L€ F P0G LEFEOE LET VIZ SZ T V6Z 67 F LVE T F €0E <8E T ZEV «8lL T 6SP «0C ¥ 66V LEF L6C 0T F¥6Z L+ GZE 9C ¥ 8LE GE ¥ 00€ aujuely
susbBosuoanin

*EL T 29l 4L F VSl «LL F 18l ZL FG6L «B6F LVl «x6 T 6Vl «0L T 06L ZL 602 8 F L9l «6 F /G| *8 ¥ G8lL 0L ¥ £0C «EL T E€9L «Gl +¥ L9l Pl ¥ €6l Ll F €T suljep

*C ¥ V€ *C F 6¢C € + 8¢ EF LY xC+ 8 «xCF9C *C F 6€ Z %09 «¥ ¥ 0p *G ¥ 9¢ *9 ¥ Gb v ¥09 «§ F LE *G F LE £8 ¥ LV 9 %499 autansjos|

9 FEL «V ¥ 69 *9 F P8 G796 «*GF09 P FLS *G + 68 9+20L «x97+48 «L ¥ 6L «L + G6 9F 12l <0l ¥ 6L «ELF8L «6FV6 Ll Fogl auldnaT
uleyo-peyouelg

08l ozl 09 |eseg 081 0ozl 098 feseg 08l ozl 09 leseg 08l ozL 09 leseg (1/10wi)
85010N44 8s00n|n 8501044 as0on|n SPIoy ouiuly
PIO Buno

uopsabu] 9s030n13 pue 8s0IN|Y 19}y SIINUIA 08L PUE ‘0ZL ‘09 PUE Ajjeseg S|anaT ploY oulY ewse|d ‘g 3jge)



636

575+

525+ L

Plasma Alanine (uM)

225+ T

-30 0O

30 60 90 120 150 180

FUKAGAWA, VEIRS, AND LANGELOH
Oid

575+
525-
4751
425 ]

3754

hi

30 60 90 120 1':I'>0 1£.!0

2254 r
30 0

Time (minutes)

Fig 3. Plasma alanine concentrations in young and old subjects after 4 test meals: (H) glucose, (A} fructose, ((J) glucose and caffeine, {A)
fructose and caffeine. Values are the mean = SEM. P < .001 glucose v fructose.

studies, but there was no apparent difference in the
responses to either meal with or without caffeine.

DISCUSSION

We previously reported that there was no effect of age on
the postprandial increase in EE after a protein meal.b This
study extends those findings to the acute effects of fructose
and glucose, demonstrating a similar thermogenic response
to equivalent amounts of the two carbohydrates in both
young and old. These findings are in contrast to several
reports demonstrating a greater thermic effect of fructose
as compared with an isocaloric amount of glucose.17-19
Furthermore, we were unable to show a diminished glucose-
induced increase in EE in the elderly as suggested by other
studies.?® Differences in methodology and data analysis are
likely to account for the discrepancy. The present data
calculated as described by Golay et al? are almost identical
to their values of premeal and postmeal EE in young and
old subjects (Table 2). As expected, we both found lower
absolute rates of EE in the old as compared with the young.
However, Golay et al? found statistically significant differ-
ences between the two age groups in the calculated AEE
and in the percentage change relative to RMR and the
percentage of gross calories consumed. It is possible that
the size of the glucose load (100 g) eclicited the age
differences, but a similar comparison may be made with
Bloesch et al,? who administered a 75-g glucose load to 12
young and 12 old individuals. In this latter study, the
investigators did not find age-related differences in the
thermic response to glucose (Table 3). However, in a subset
of six young and six old volunteers, the investigators
compared the thermic effect of glucose with the EE
response to 144 mg aspartame (Canderel; Searle, Chicago,
IL). In this situation, they reported a significant age effect
in the response expressed as a percentage of the caloric
load. These latter results are difficult to interpret, since the

older group experienced a significantly greater increase in
EE after aspartame than the young. Therefore, it is not
surprising that the difference between the change in re-
sponse to glucose relative to the change in response to
aspartame was lower in the old.

There is always a risk of committing a type II error when
statistical analysis is applied to calculated variables, since
one loses the true variance of the sample. Using the
reported variances in both studies, a power analysis sug-
gests that 28 to 29 subjects in each age group would be
necessary in either study to achieve a significance of a = .05
at 80% power.0 This suggests that it is unlikely that age
significantly attenuates the thermic response to single
sugars, as we® and others?! have shown for protein. More-
over, if a difference did exist, it is unlikely that it would be as
important biologically as we had previously believed.

Thorne and Wahren? reported diminished meal-in-
duced thermogenesis in the elderly, but they used a mixed
meal and adjusted the dose according to measured RMR.
As we previously pointed out,’ selecting the caloric content
of test meals based on an estimate of body size or EE would
confound the results. Adjustment for an index of FFM did
not affect the thermogenic responsiveness to glucose or
fructose, as we have previously shown for protein.® Re-
cently, Aksnes et al® reported similar glucose-induced
increases in EE in normals and tetraplegic patients who had
reduced FFM. Together, our findings support the notion
that the thermic effect of a meal or a specific nutrient is
independent of FFM. Since the thermic effect of a meal has
been shown to be influenced by the caloric density,?* studies
using larger meals for heavier individuals may bias the data
in favor of greater thermogenesis in those receiving more
calories.

These findings raise the interesting, yet unanswered
question about the regulation of the thermic effect of a
meal. Unlike the known pharmacologic responses to an
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orally administered drug whose effect is commonly dose-
dependent and influenced by an index of body size, it
appears that the thermogenic response to a single nutrient
is tightly regulated and not affected by its relationship to
body size; that is, a 46-kg individual has the same relative
responsiveness to a meal as a 70-kg person receiving the
identical meal. Under the conditions of this study, the only
difference between the two groups was the absolute value of
EE, not the relative change after consumption of either
glucose or fructose.

The present study demonstrates identical changes in EE
after both glucose and fructose ingestion in all volunteers.
Methodologic and subject differences are likely to account
for the discrepancy with previous reports.”171* Schwarz et
al® used a liquid-formula meal of fixed energy intake with
either 75 g glucose or 75 g fructose as the carbohydrate
source, and concluded that fructose induced a larger
increase in carbohydrate oxidation and thermogenesis than
glucose. The interactions of different nutrients in a mixed
meal may have influenced the magnitude and nature of the
responses. In other reports also suggesting higher fructose-
induced thermogenesis,'7 the 75 g fructose was adminis-
tered as a 250- to 300-mL solution, which, in our hands,
resulted in significant abdominal discomfort including flatu-
lence, diarrhea, agitation, and pain in four individuals
studied under pilot conditions. The severe physical discom-
fort may have resulted from changes in osmolality and
rendered the results of the pilot studies uninterpretable.
Consequently, all subsequent studies were conducted with
both sugars provided as a 15% solution. Another consider-
ation is the means of expressing the data. Many of the
previous reports define the thermic effect as a percentage of
the change in EE relative to the caloric content infused® or
consumed.!” As previously discussed, this approach may be
a confounding factor.

Fructose intake is known to alter adenine nucleotide
catabolism, thereby accounting for the hyperuricemic ef-
fects of the sugar.’ Fructose is also known to alter the
availability of adenosine triphosphate at the cellular level.
Adenosine is an intermediary in purine nucleotide metabo-
lism and has been implicated in energy metabolism.? Since
caffeine is a known competitive inhibitor of adenosine
receptors and since caffeine and other xanthines have been
shown to potentiate the thermic effects of ephedrine by
influencing the negative-feedback mechanisms operating
both extracellularly (eg, via adenosine) and intracellularly
(eg, via cyclic adenosine monophosphate phosphodiester-
ases),”® one potential outcome of this study would have
been modification of the thermic response to fructose in the
presence of caffeine. We found that caffeine plus fructose
induced a greater increase in EE than caffeine plus glucose
in both young and old. These findings may indeed be
related to interactions between fructose-induced alter-
ations in purine nucleotide catabolism and caffeine’s nega-
tive-feedback effects, and have potentially important impli-
cations for our understanding of the interaction between
nutrients and drugs. Investigators have suggested that
caffeine may be used to enhance thermogenesis in obese
individuals and consequently promote weight loss.?6%7 It
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would appear that consideration must aiso be given to the
nature of the diet composition when using caffeine as an
adjunct to weight-loss regimens.

Glucose-induced changes in plasma amino acid levels
after glucose ingestion are consistent with previous re-
ports.231 On the other hand, the effects of fructose on
protein or amino acid metabolism are less well docu-
mented. Gelfand and Sherwin® showed that low-dose
fructose administration attenuated the decrease in plasma
alanine and increase in branched-chain amino acid concen-
trations after a 10-day fast. Nuttall et al®® demonstrated a
reduction in «-amino nitrogen and urea concentrations
after various doses of oral fructose in type II diabetes
mellitus subjects, but did not report fructose-induced
changes of individual amino acids. The present data show
selective changes in plasma amino acid levels, reflecting the
complex interrelationship between carbohydrate intake
and amino acid metabolism. Whereas the reduction in
branched-chain and aromatic amino acid levels is probably
related to the increase in plasma insulin, the marked
elevation in alanine may be related to either increased
availability of pyruvate for transamination into alanine or
restriction of alanine utilization for gluconeogenesis. The
response of other gluconeogenic amino acids (eg, glycine,
arginine, histidine, and methionine) was more variable,
suggesting that alterations in gluconeogenesis would be less
likely.

Finally, concern about postprandial blood pressure reduc-
tion in the elderly has been raised.3*3 Reports have
suggested that blood pressure decreases after glucose
ingestion, but not after fructose, fat, or protein. The present
study did not find an age-associated difference in the
response to either glucose or fructose. Similarly, we have
previously reported that the blood pressure in young and
old responded similarly to protein ingestion (Am J Physiol,
in press). Studies in animals have linked fructose ingestion
with hyperinsulinemia and hypertension.’” The present
study shows no effect of acute fructose intake, but the
long-term effects on blood pressure regulation in humans
should be explored.

In summary, these data shed new light on the issue of
nutrient-induced thermogenesis in the elderly. It appears
that reduced glucose-induced thermogenesis with advanc-
ing age is not as significant as previously reported. These
data suggest that the thermogenic response to a nutrient is
more a function of the nutrient itself rather than of body
mass. Although we were unable to elicit age-related differ-
ences in a number of metabolic responses studied, further
investigation is warranted before dietary or therapeutic
recommendations are made.

ACKNOWLEDGMENT

The authors thank the volunteers for their participation and the
General Clinical Research Center staff for their assistance in
conducting the studies. The assistance of Allison Hawxhurst in the
preparation of the manuscript and of Drs Ray Gleason and Jason
Tian in the statistical analysis are gratefully acknowledged, and the
critical review and helpful suggestions of Drs James B. Young and
Richard A. Galbraith are greatly appreciated.



638

FUKAGAWA, VEIRS, AND LANGELOH

REFERENCES

1. Tzankoff SP, Norris AH: Effect of muscle mass decrease on
age-related BMR changes. J Appl Physiol 43:1001-1006, 1977

2. Golay A, Schutz Y, Broquet C, et al: Decreased thermogenic
response to an oral glucose load in older subjects. ] Am Geriatr Soc
31:144-148, 1983

3. Bloesch D, Schutz Y, Breitenstein E, et al: Thermogenic
response to an oral glucose load in man: Comparison between
young and elderly subjects. J Am Coll Nutr 7:471-483, 1988

4, Fukagawa NK, Bandini LG, Young JB: Effect of age on body
composition and resting metabolic rate. Am J Physiol 259:E233-
E238, 1990

5. Ravussin E, Bogardus C: Relationship of genetics, age, and
physical fitness to daily energy expenditure and fuel utilization. Am
J Clin Nutr 49:968-975, 1989

6. Fukagawa NK, Bandini LG, Lim PH, et al: Protein-induced
changes in energy expenditure in young and old individuals. Am J
Physiol 260:E345-E352, 1991

7. Simonson DC, Tappy L, Jequier E, et al: Normalization of
carbohydrate-induced thermogenesis by fructose in insulin-
resistant states. Am J Physiol 254:E201-E207, 1988

8. Henry RR, Crapo PA: Current issues in fructose metabolism.
Annu Rev Nutr 11:21-39, 1991

9. Mayes PA: Intermediary metabolism of fructose. Am J Clin
Nutr 58:7548-7658S, 1993 (suppl)

10. Hallfrisch J: Metabolic effects of dietary fructose. FASEB J
4:2652-2660, 1990

11. Acheson KJ, Zahorska-Markiewicz B, Pittet P, et al: Caf-
feine and coffee: Their influence on metabolic rate and substrate
utilization in normal weight and obese individuals. Am J Clin Nutr
33:989-997, 1980

12. Jung RT, Shetty PS, James WPT, et al: Caffeine: Its effect on
catecholamines and metabolism in lean and obese humans. Clin Sci
60:527-535, 1981

13. Dulloo AG, Geissler CA, Horton T, et al: Normal caffeine
consumption: Influence on thermogenesis and daily energy expen-
diture in lean and postobese human volunteers. Am J Clin Nutr
49:44-50, 1989

14. Dulloo AG, Seydoux J, Girardier L: Peripheral mechanisms
of thermogenesis induced by ephedrine and caffeine in brown
adipose tissue. Int J Obes 15:317-326, 1991

15. Dulloo AG: Ephedrine, xanthines and prostaglandin-
inhibitors: Actions and interactions in the stimulation of thermogen-
esis. Int J Obes 17:535-540, 1993 (suppl 1)

16. Moran JP, Cohen L, Greene JM, et al: Plasma ascorbic acid
concentrations relate inversely to blood pressure in human sub-
jects. Am J Clin Nutr 57:213-217, 1993

17. Tappy L, Randin J-P, Felber J-P, et al: Comparison of
thermogenic effect of fructose and glucose in normal humans. Am J
Physiol 250:E718-E724, 1986

18. Schwarz J-M, Schutz Y, Froidevaux F, et al: Thermogenesis
in men and women induced by fructose vs glucose added to a meal.
Am J Clin Nutr 49:667-674, 1989

19. Schwarz J-M, Acheson KIJ, Tappy L, et al: Thermogenesis

and fructose metabolism in humans. Am J Physiol 262: E591-E598,
1992

20. Cohen J: Statistical Power Analysis for the Behavioral
Sciences (ed 2). Hillsdale, NJ, Erlbaum, 1988, pp 273-406

21. Tuttle WW, Horvath SM, Presson LF, et al: Specific dynamic
action of protein in men past 60 years of age. J Appl Physiol
5:631-634, 1953

22, Thorne A, Wahren J: Diminished meal-induced thermogen-
esis in elderly man. Clin Physiol 10:427-437, 1990

23. Aksnes A-K, Brundin T, Hjeltnes N, et al: Glucose-induced
thermogenesis in tetraplegic patients with low sympathoadrenal
activity. Am J Physiol 266:E161-E170, 1994

24. D’Alessio DA, Kavle EC, Mozzoli MA, et al: Thermic effect
of food in lean and obese men. J Clin Invest 81:1781-1789, 1988

25. Wang LCH, Lee TF: Enhancement of maximal thermogen-
esis by reducing endogenous adenosine activity in the rat. J Appl
Physiol 68:580-585, 1990

26. Krieger DR, Daly PA, Dulloo AG, et al: Ephedrine, caffeine
and aspirin promote weight loss in obese subjects. Trans Assoc Am
Physicians 103:307-312, 1990

27. Dulloo AG, Miller DS: Ephedrine, caffeine and aspirin:
“Over-the-counter” drugs that interact to stimulate thermogenesis
in the obese. Nutrition 5:7-9, 1989

28. Felig P, Wahren J: Influence of endogenous insulin secre-
tion on splanchnic glucose and amino acid metabolism in man. J
Clin Invest 50:1702-1711, 1971

29. Moxley RT 1II, Kingston W, Griggs RC: Abnormal regula-
tion of venous alanine after glucose ingestion in myotonic dystro-
phy. Clin Sci 68:151-157, 1985

30. Zinneman HH, Nuttal FQ, Goetz FC: Effect of endogenous
insulin in human amino acid metabolism. Diabetes 15:5-8, 1966

31. Adibi SA, Morse EL, Amin PM: Role of insulin and glucose
in the induction of hypoaminoacidemia in man: Studies in normal,
juvenile diabetic, and insuloma patients. J Lab Clin Med 86:395-
409, 1975

32. Gelfand RA, Sherwin RS: Nitrogen conservation in starva-
tion revisited: Protein sparing with intravenous fructose. Metabo-
lism 35:37-44, 1986

33. Nuttall F, Gannon MC, Burmeister LA, et al: The metabolic
response to various doses of fructose in type II diabetic subjects.
Metabolism 41:510-517, 1992

34. Vaitkevicius PV, Esserwein DM, Maynard AK, et al: Fre-
quency and importance of postprandial blood pressure reduction
in elderly nursing-home patients. Ann Intern Med 115:865-870,
1991

35. Jansen RWMM, Hoefnagels WHL.: Postprandial blood pres-
sure reduction. Neth J Med 37:80-88, 1990

36. Westenend M, Lenders JWM, Thien T: The course of blood
pressure after a meal: A difference between young and elderly
subjects. J Hypertens 3:5417-S419, 1985 (supp!l 3)

37. Reaven GM, Hoffman BB: Effects of a fructose-enriched
diet on plasma insulin and triglyceride concentration in SHR and
WKY rats. Horm Metab Res 22:363-365, 1990



