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ABSTRACT Splanchnic metabolism was studied in
the fed state during prolonged intravenous administra-
tion (30 g/h) of either fructose or glucose to hypertri-
glyceridemic men who had been maintained on a high-
carbohydrate diet for 2 wk. Splanchnic exchange of
amino acids and carbohydrates was quantified by mea-
surement of splanchnic flow and of blood or plasma ar-
teriohepatic venous concentration gradients. Results ob-
tained in subjects receiving fructose were compared
with those obtained in (a) similar subjects receiving
glucose and (b) postabsorptive controls maintained on
isocaloric, balanced diets.

Mean arterial plasma levels of alanine, glycine, serine,
threonine, methionine, proline, valine, leucine, histidine,
lysine, and ornithine were significantly higher in sub-
jects given fructose than in those given glucose (P <
0.05). The mean arterial concentration and splanchnic
uptake of alanine were significantly higher in subjects
given fructose than in postabsorptive controls, despite
a significantly lower fractional extraction of alanine in
the former (P < 0.05). The mean arterial plasma levels
of serine and ornithine were significantly lower in sub-
jects receiving fructose than in postabsorptive controls
(P <0.05).

About half of the administered fructose or glucose
was taken up in the splanchnic region, where approxi-
mately 159, was converted to CO: and 109, to lactate.
Half of the fructose taken up in the splanchnic region
was converted to glucose released from the liver. The
amount of hexose carbon remaining for hepatic synthe-
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sis of lipids in subjects given fructose was less than
half of that of subjects given glucose.

These studies demonstrate that fructose and glucose
have divergent effects on amino acid metabolism and
that during hypercaloric infusion of glucose (as with
fructose), the human liver is a major site of lactate
production.

INTRODUCTION

Fructose, widely distributed among plants as the free
monosaccharide or as part of the disaccharide sucrose,
accounts for one-sixth to one-third of total intake of
dietary carbohydrates (3). It has also been given in-
travenously as a source of calories. Previous studies
comparing the metabolism of fructose and glucose in
postabsorptive man over short intervals have shown
that fructose is utilized faster than glucose in diabetics
(4) and that more is converted to liver glycogen (5).
Although liver, gut (6), and kidney (7) have been
shown to utilize fructose, there is a paucity of quanti-
tative information about the role of extrasplanchnic
tissues in the disposal of fructose. Glucose-stimulated
insulin secretion has been reported to decrease splanch-
nic uptake of amino acids under some conditions (8)
and insulin plus glucose to divert amino acids taken up
by liver away from the gluconeogenic pathway (9). The
effects of fructose administration on splanchnic metabo-
lism of amino acids have not previously been reported.

We have studied patients in the fed state after pro-
longed, hypercaloric, constant, intravenous infusion of
either fructose or glucose and have quantified and com-
pared splanchnic exchange of amino acids and carbo-
hydrates under steady-state conditions in two groups of
asymptomatic hypertriglyceridemic men, one group given
fructose and the other given equal amounts of glucose.
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TaBLe I
Clinical Data

TasLe I
Experimental Schedule

Desirable
Group* Subject Age Height Weight weight}
yr cm kg %
F M. S. 29 167 71 112
J. P, 36 167 71 112
R.Y. 24 184 96 126
W. M. 42 172 92 133
Mean +SE 33+4 173 +4 8247 12145
G D. B. 33 170 123 184
H.F. 50 160 76 127
G. R. 28 174 104 146
G.C. 30 196 100 116
Mean +SE 35+5 17548 10110 143415
C Mean +SE 43+5 172 +3 8545 126 11

*F, hypertriglyceridemic men given an intravenous infusion of fructose
(30 g/h); G, hypertriglyceridemic men given an intravenous infusion of
glucose (30 g/h); C, hypertriglyceridemic men fasted 15 h, controls, from
a previous study (10, 11).

1 Based on tables by Hathaway and Foard (12).

The same conditions have permitted the study of splanch-
nic free fatty acid and triglyceride metabolism, the sub-
ject of a separate report.*

METHODS

The groups of subjects are described in Table 1.2 Subjects
who received fructose are designated group F and those
who received glucose group G. The postabsorptive controls
(group C) included four hypertriglyceridemic males previ-
ously described (10, 11). All subjects were asymptomatic
and had no clinical evidence of disordered circulation. Each
had hyperlipemia on entry into the lipid clinic (range of
fasting serum triglycerides: 156-408 mg/100 ml; choles-
terol: 167-305 mg/100 ml) ; however, one subject (R. Y.)
became normolipemic (fasting serum triglycerides: 74 mg/
100 ml) when he received the isocaloric diet. All subjects
of groups F and G had normal levels of serum glucose
while fasting and 2 h after a 100-g carbohydrate breakfast,
except one subject (G. C.), who had evidence of mild glu-
cose intolerance (2-h: postprandial serum glucose; 167 mg/
100 ml). Each had normal serum concentrations of albu-
min, globulins, total and direct bilirubin, alkaline phos-
phatase, thyroxine, creatinine, calcium, sodium, potassium,
chloride, and bicarbonate. Each had normal hematologic
and urine analyses in addition to a normal chest roentgeno-
gram. One subject (M. S.) had an elevated level of serum
uric acid (8.4 mg/100 ml).

Experimental procedures. The dietary preparation of
group C has been described previously (10). All subjects
of groups F and G maintained their body weight within
2 kg and consumed no ethanol during the 3-4 wk before
the study of splanchnic metabolism. During the first 1-2
wk of this period, subjects were maintained on balanced
diets calculated to maintain weight (1,100 kcal/m® “de-
sirable” body surface area (BSA)/day) and containing the

*Wolfe, B. M, and S. P. Ahuja. Mechanisms of carbo-
hydrate accentuation of lipemia. Manuscript in preparation.

*The proposed study had been fully explained to each
man and informed, written consent was obtained.
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Time Procedure
h
0 Last evening meal (5 p.m.)
4 Evening snack
14 Start infusion of 109 fructose or glucose
18 Begin administration of radioisotopes
20 Catheterization of artery and hepatic vein
21-23 Sampling of arterial and hepatic venous blood
23-30 Sampling of blood from arm vein

following distribution of calories: 20% protein, 38% fat,
and 42% carbohydrate (ratio of simple to complex carbo-
hydrates, 1.0). Desirable BSA was calculated from the
height and the corresponding suggested median weight for
healthy young men (12). Thus, caloric intake during the
isocaloric balanced diet ranged from 1,700 to 2,400 kcal/
day. Samples of venous blood were obtained (aftera 12-15-h
fast) for determination of plasma amino acids and other
metabolites during this time. Subjects in groups F and G
were placed on nonformula, hypercaloric high-carbohydrate
diets (1,400 kcal/m?® desirable BSA/day: 12% protein, 13%
fat, and 75% carbohydrate) 2 wk before the study of
splanchnic metabolism and were admitted to the metabolic
research ward of the hospital for strict dietary control for
at least the last 10 days of this period. The high-carbo-
hydrate diet was rich in sucrose (ratio of simple to com-
plex carbohydrates, 2.5) and the ratio of polyunsaturated:
monounsaturated : saturated fat was maintained at 1.0:1.3:
1.0. Caloric intake during the high-carbohydrate diet ranged
from 2,230 to 3,190 kcal/day. Samples of venous blood
were obtained (after a 12-15-h fast) on the 8th, 10th, and
12th day of the high-carbohydrate diet. During the last 3
days before the study of splanchnic metabolism, the sub-
jects of groups F and G were given an evening snack
(containing approximately 100 g carbohydrate and less
than 2 g fat) with adjustments in the other meals to
maintain caloric composition and intake. The last evening
meal preceding the study (4 h before the last evening
snack) contained less than 5 g fat with carbohydrate added
to maintain constant caloric intake. See experimental sched-
ule (Table II).

10 h after the evening snack a constant intravenous in-
fusion of either 10% fructose in water (group F) or 10%
glucose in water (group G) was started via a silicone
rubber catheter in an arm vein and maintained at the
rate of 494 ml/min for 16 h by means of a motor-driven
infusion pump. This represents a total dose of 480 g of
either fructose or glucose, amounting to 1,920 kcal in 16 h.
All urine was collected for measurement of fructose and
glucose excretion throughout this period. 14 h after the
evening snack, when steady levels of blood fructose and/or
glucose could be expected, a pulse injection® of tracer
amounts (< 1 mg) of either sterile pyrogen-free [U-“C]-
fructose or [U-"*C]glucose equal to 120 times the amount

®The pulse injection of [U-"C]fructose was omitted in
two subjects of group F (R. Y and W. M.); the specific
activity of carbons of potassium gluconate derived from
arterial blood glucose remained constant and similar to
those of the administered fructose over the period 3-12 h
after the onset of the isotopic infusion.
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of radioisotope infused per minute was given at the onset
of a constant infusion of albumin-bound [9,10-*H]palmitate,
indocyanine green (0.8 mg/min), and either [U-**C]fruc-
tose (0.14 uCi/min) or [U-*Clglucose (0.14 nCi/min),
respectively. The total amounts of radioactivity infused
(less than 120 uCi carbon-14 and 300 wCi tritium) were
similar to those used in previous studies in man with these
radioisotopes (13, 14). The infusions of indocyanine green
and [9, 10-°*H]palmitate were given for 5 and 12 h, re-
spectively. Two subjects of group G (D. B. and H. F.)
received a constant infusion of [U-"*C]glucose for only 5 h;
all others received infusions of either [U-“C]fructose or
[U-*Clglucose for 12 h.

2 h after starting the isotopic infusion, a right hepatic
vein and left brachial artery were catheterized and the
blood volume was determined, as previously described (10,
11). In two obese subjects, D. B. and G. R. a dorsalis
pedis artery was catheterized instead of a brachial artery.
Simultaneous samples of arterial and hepatic venous blood
were obtained at 20-min intervals between 3 and 5 h and
venous samples were obtained (from an arm vein) 5, 8,
10, 11, and 12 h after the onset of the isotopic infusion
(10). Splanchnic plasma flow was measured as previously
described (10, 15).

Analyses. These were as previously described (10, 11,
15) for assay of glucose, lactate, glycerol, oxygen, and car-
bon dioxide. The method of Buhler (16) for counting
[#C]CO,; in blood was modified by substituting an equal
volume of hyamine hydroxide for KOH as the trapping
agent (17). Whole blood and plasma samples for measure-
ment of free amino acids were deproteinized with an equal
amount of 7.5% or 30% (wt/vol) of perchloric acid, re-
spectively, and the supernatant fluid was stored at —20°C
for subsequent amino acid analyses. These were performed
by automated ion-exchange chromatography on a Beckman
120C amino acid analyzer (Beckman Instruments Inc,
Spinco Div., Palo Alto, Calif.) modified for single-column
analysis of basic as well as acidic and neutral amino acids
(18) with the equivalent of 125 ul of sample before de-
proteinization. By the use of this protocol and lithium
buffer systems, the glutathione present in the whole blood
supernatant fluid is resolved as a single peak that does not
interfere with the resolution of other amino acids.

Serum insulin was measured by a coated-charcoal radio-
immunoassay (19) employing human insulin as standard,
porcine monoiodinated ['*I]insulin as tracer, and an anti-
serum. Duplicate 0.2-ml samples of heparinized blood and
urine (diluted 1:10 with water) were deproteinized with
barium hydroxide and zinc sulphate (20) and fructose con-
tent was assayed by the method of Kulka (21). Blood
fructose determinations were corrected for glucose reaction
with the resorcinol by substracting 0.026 wmol for each 1
umol glucose determined with glucose oxidase. 5-ml samples
of whole blood were deproteinized with perchloric acid
and neutralized with potassium hydroxide for determina-
tion of specific activity of glucose and lactate (22). Iso-
lation of the potassium gluconate derivative (23) showed
more than 99% of the radioactivity was actually in glucose.

Coefficients of variation calculated from duplicate ana-
lyzes in these studies were 1.3% for glucose, 3.5% for
#C.labeled glucose, 2.7% for fructose, 2.9% for lactate,
3.9% for “C-labeled lactate, 3.0% for glycerol, and 4.2%
for [*C]COs..

Materials.  Sterile, pyrogen-free [U-**Clglucose (3.9 mCi/
mmol) was obtained from New England Nuclear, Boston,
Mass. Sterile, pyrogen-free [U-**Clfructose (275 mCi/
mmol) was obtained from Mallinkrodt Chemical Works,
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St. Louis, Mo. [U-**C]Glucose and [U-*C]fructose were
certified over 98% pure. Indocyanine green was obtained as
Cardio-Green (Hynson, Westcott & Dunning, Inc., Balti-
more, Md.). Porcine monoiodinated [**1]insulin was obtained
from Novo Research Institute, Copenhagen, Denmark.
Anti-insulin antiserum (lot 582) was provided by Dr.
Peter Wright, Indianapolis, Ind. Hyamine hydroxide was
obtained from G. D. Searle & Co., Oakville, Ontario.

Calculations. The general equations used have been de-
scribed (10, 11, 15). Values for splanchnic uptake and/or
release of metabolites and for conversion of [U-*C]fruc-
tose or [U-**Clglucose to [*C]CO. and lactate were cal-
culated from six or seven sets of simultaneous arterial and
hepatic venous blood samples obtained at 20-min intervals
from 3 to 5 h after the isotopic infusion started. Values
for splanchnic plasma and blood flow were based on four
determinations from 3 to 5 h after the start of the isotopic
infusion. Values for splanchnic O: and CO. exchange were
based on two determinations between 3 and 4 h after the
onset of the isotopic infusion. Values for arterial concen-
tration of serum insulin were based on specimens obtained
4 h after the onset of the isotopic infusion.

Differences between groups were evaluated according to
Snedecor and Cochran for both paired and unpaired sam-
ples (24). Variance was expressed as the standard error
of the mean.

RESULTS

Groups of subjects. There were no significant dif-
ferences among groups F, G, and C in age, height,
weight, percent desirable weight (Table I), or serum
triglyceride levels (data not shown).

Metabolism of amino acids. Except for threonine,
which fell on the 12th day of the hypercaloric high-
carbohydrate diet (125+9 vs. 1464 M, n=7), mean
values for fasting levels of peripheral venous plasma
amino acids on the 8th and 12th day of the high-carbo-
hydrate diet were not significantly different from those
obtained during ingestion of the isocaloric balanced diet.
The respective mean values for seven subjects on the
latter diet were alanine, 385+48 uM; glycine, 20310
uM; serine, 1169 uM; threonine, 1464 uM; half
cystine, 34=3 uM; phenylalanine, 644 uM; tyrosine,
67+6 »M; methionine, 42+3 pM, n =4; a-aminobuty-
rate, 233 uM; valine, 25921 M ; isoleucine, 10110
M ; leucine, 16312 uM; taurine 49+6 uM, citrulline,
31+4 uM; arginine, 12615 uM ; histidine, 106=9 uM;
lysine, 234=15 uM; ornithine, 59%5 «M; and aspartic
acid, 27+4 uM.

Arterial concentrations and splanchnic exchange of
amino acids were strikingly different during infusion of
fructose versus glucose. Mean arterial plasma concen-
trations of alanine, glycine, serine, threonine, methionine,
proline, valine, leucine, histidine, lysine, and ornithine
in group F were significantly higher than in group G
(P < 0.05, Table IIT). The mean splanchnic extraction
fraction and uptake of histidine and the splanchnic up-
take of serine were significantly higher in group F
than in group G (P <0.05). Mean values for the



splanchnic extraction fraction and uptake of proline and
lysine and uptake of alanine in group F were substan-
tially higher than in group G; however, the differences
were not statistically significant (P > 0.05).

Mean values for splanchnic uptake of amino acids
based on transsplanchnic gradients in whole blood
times splanchnic blood flow were obtained for three sub-
jects of group F and were virtually identical to those
based on transsplanchnic plasma gradients times splanch-
nic plasma flow for alanine (65%13 vs. 64%9 umol/
min-m®), serine (154 wvs. 15%2 umol/min-m?),
a-aminobutyrate (—2.9%0.1 vs. —2.5%1.6 pmol/min-
m®), lysine (11%14 vs. 12+6 pmol/min-m?®), and orni-
thine (—0.9%3.6 vs. —0.8+2.6 umol/min-m?), respec-
tively. Although the number of subjects was small,
there were no significant differences in the splanchnic
exchange of any other amino acids between values based
on plasma gradients times splanchnic plasma flow and
those based on gradients in whole blood times splanchnic
blood flow.

Mean arterial concentration and splanchnic uptake of
alanine in group F were significantly higher than in
three healthy male controls who had fasted 15 h* (665%
79 vs. 15921 uM and 60.4%6.1 vs. 33.2+2.1 pmol/min-
m’, respectively, P < 0.05), despite a significantly lower
mean splanchnic extraction fraction of alanine in the
former (0.25%0.07 vs. 0.59=+0.03, P < 0.05). However,
the mean arterial plasma concentration of serine of
group F was significantly lower than that of the three
healthy male controls fasted 15 h (97£9 vs. 136%3 uM,
P <0.05). The mean arterial plasma concentration of
ornithine of group F was significantly lower (41%3 vs.
89+5 uM, P <0.05), and that of arginine significantly
higher (82%2 vs. 48+4 uM, P < 0.05) than previously
reported for healthy men fasted 10-14 h (25).

The mean arterial plasma concentrations of serine
(50=%3 vs. 136+3 #M), phenylalanine (284 vs. 42+2
uM), tyrosine (263 vs. 3720 uM), methionine (62
vs. 1920 #M), a-aminobutyrate (71 vs. 27+4 uM),
valine (111%9 vs, 213%4 uM), isoleucine (25%4 vs.
595 uM), and leucine (547 vs. 117+7 uM) of group
G were significantly lower than those of the three healthy
male controls who had fasted 15 h (P < 0.05). The
mean arterial plasma concentrations of histidine (475
vs. 843 uM), lysine (1149 vs. 1659 M), and orni-
thine (23+3 vs. 87%5 uM), of group G were signifi-
cantly lower (P <0.05) than previously reported for
healthy men fasted 10-14 h (25). The mean arterial
plasma concentration of aspartic acid of group G was
also significantly lower (5%1 vs. 10%1, P <0.05) than
previously reported for healthy men fasted 12-14 h (26).

‘Wolfe, B. M, R. J. Havel, E. B. Marliss, J. P. Kane,
and J. Seymour. Unpublished data.

Effects of Different Hexoses on Amino Acid and Carbohydrate Metabolism

TasLE 111
Arterial Concentrations and Splanchnic Extraction and
Exchange of Plasma Amino Acids*

Arterial
concen- Extraction Splanchnic
Group tration fraction uptake
umol /ml umol /min -m
Alanine F 665 £79 0.25 +0.07 60.4£6.1
G 201 £27¢ 0.34+0.09 26.0+9.7
Glycine F 212413 0.11+0.07 7.34+4.3
G 140 173 —0.11£0.10 —5.8+4.6
Serine F 9749 0.35+0.08 13.042.0
G 50+3% 0.26 £0.08 4.4+1.1%
Threonine F 107 £7 0.1240.09 44427
G 50461 —0.02 £0.20 0.5+3.8
Phenylalanine F 44 +5 0.1240.07 2.64+2.0
G 28 +4 —0.08 £0.05 —0.6+0.8
Tyrosine F 4948 0.18 +0.11 3.1£1.6
G 26+3 0.274+0.10 2.5+1.1
Methionine F 18 42 0.04 +£0.27 0.3+2.2
G 6423 0.41+0.13 1.1 0.1
Proline F 257423 0.25+0.11 24.6+9.8
G 112.422% —0.07 0.12 —0.3£5.7
a-Aminobutyrate F 19 +4 —0.08 £0.22 —0.7+1.7
G 741 0.24 +£0.08 0.7 0.2
Valine F 239430 —0.07+0.14 —7.4+11.0
G 111 9% —0.1140.14 —3.745.2
Isoleucine F 5711 0.02 £0.11 0.14+£3.3
G 25 +4 —0.19+0.18 —1.5+1.5
Leucine F 119£10 0.15 £0.09 8.445.6
G 544+7% —0.08 +0.10 —1.2+1.6
Taurine F 5449 —0.16 £0.04 —3.6+0.9
G 37+4 0.02 +£0.15 0.1+1.8
Citrulline F 17 +3 —0.33+£0.32 —0.7+2.5
G 1414 —0.55+0.12 —-1.0%1.2
Arginine F§ 8242 0.03+0.06 1.4+1.9
G§ 5343 0.18+0.23 3143
Histidine F 90+12 0.3240.04 11.042.9
G 47 451 —0.04 £0.08% —2.240.2f
Lysine F 238 +32 0.22 £0.10 24.7+13.8
G 114 3+9% —0.09 +0.03 —3.7x1.1
Ornithine F 4143 0.07 +0.16 1.6+£3.0
G 23431 0.01+0.12 0.2+1.0
Aspartic acid F 15+5 0.03£0.16 0.7+1.1
G S5+1 —1.58 +0.64 —2.4+04

* Mean values+SE for four subjects given an intravenous infusion of
fructose (30 g/h) for 9 h (group F) and four subjects given an intravenous
infusion of glucose (30 g/h) for 9 h (group G).

1 Significantly different from F, P < 0.05.

§ Values for two subjects only.

TaBLE 1V
Hemodynamic and Other Data Obtained during Study
of Splanchnic Metabolism*

Splanchnic
Plasma Blood (023
Group  Plasma volume flow flow consumption
liter /m? ml/min-m2  ml/min-m2>  mmol /min-m?
F 1.76 +-0.08% 420+70 740 +£120 1.28 +0.08§
G 1.66 +0.11 362 +9 652 +15 1.64 £0.02
C 1.36 +0.08 402 +44 725 +81 1.8140.18

* Mean value £SE for four subjects in each group.
 Significantly different from C, P < 0.05.
§ Significantly different from G, P < 0.05.
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TaBLE V
Arterial Concentrations and Splanchnic Uptake and Utilization of Hexoses*

Arterial blood concentration Splanchnic uptake

Rates of splanchnic conversion to

Group Fructose Glucose Fructose Glucose Glucose} CO:t Lactate} Sumi Remainder}
umol /ml umol /min -m? umol /min -m?
F 2.0+0.1 5.1+0.1 658 +82 — 342479 91+12 47414 48067 17890
G —_ 9.340.1§ — 501 +21 — 77+10 55+4 1328§ 36926

* Mean values£SE for four subjects given an intravenous infusion (30 g/h) of either fructose (group F) or glucose (group G).
For each subject, the value is the mean of six to seven measurements obtained 7-9 h after starting the infusion.
} Micromoles of administered hexose converted to respective product (s).

§ Significantly different from F, P < 0.025.

Consistently positive values, indicating a net splanch-
nic uptake, were demonstrable for three amino acids in
group F (alanine, serine, and proline) and for four in
group G (alanine, serine, tyrosine, and e-aminobuty-
rate). Consistently negative values, indicating a net
splanchnic release, were demonstrable for histidine and
lysine in group G and for taurine in group F.

Hemodynamic data. Mean plasma volume in group F
was significantly higher than in group C (P <0.05),
but was similar in groups F and G (Table IV). Mean
splanchnic plasma flow was similar in groups F, G, and
C, as was blood flow. Mean splanchnic O: consumption
was lower in group F than in either groups G or C;
however, only the difference between group F and C
was statistically significant (P < 0.05). Mean hepatic
venous O: concentration was similar in groups F, G, and
C (6.0+0.3, 5.6=0.2, and 5.6=02 mM, respectively).

Metabolism of fructose and glucose. Mean values for
serial arterial and peripheral venous blood concentra-
tions of fructose and glucose were essentially constant
over the period 3-12 h after the start of the isotopic in-

TaBLE VI
Disposal of Intravenously Administered Hexoses*

Percent removed by :

Extrasplanchnic Splanchnic Percent excreted
Group region} region in urine
%o %
F 5245 4645 2404
G 61+1 391§ 0

* Mean values+SE for four subjects given an intravenous
infusion (30 g/h) of either fructose (group F) or glucose
(group G). For each subject, the value is the mean of six to
seven determinations obtained 7-9 h after starting the infusion
of hexose.

11009 — (¢¢ removed by splanchnic region + % excreted
in urine).

§ Significantly different from fraction removed by extra-
splanchnic region, P < 0.005.
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fusions. The mean arterial blood level of glucose in
group F was significantly lower (P < 0.025) than in
group G (Table V) ; however, there were no significant
differences between groups F and C in the mean arterial
blood concentration (5.1%0.1 vs. 6.4+=0.4 mM) or mean
splanchnic production of glucose (342+79 vs. 520170
wmol/min-m?), respectively (P > 0.1, see ref. 10). The
mean arterial blood level of fructose in group F (2.0%
0.1 mM) was in the expected range. The mean arterial
serum concentration of insulin after an 8-h infusion of
hexose was significantly lower in group F than in group
G (17%3 vs. 94%20 xU/ml, P < 0.05).

The fate of intravenously administered hexoses is
shown in Table VI. Urinary excretion of glucose was
negligible, as expected, since the arterial blood glucose
level never exceeded 180 mg/100 ml. Values for abso-
lute rates of uptake of administered hexose in the extra-
splanchnic region were similar in groups F and G (765%
65 vs. 793%+63 pmol/min-m® respectively). Mean
splanchnic fractional extraction of fructose in group F
(0.46+0.02) was significantly higher than that of glu-
cose in group G (0.086%=0.002, P < 0.001); however,
the higher arterial blood level of glucose compensated
for the lower fractional extraction. Values for fractional
extraction of hexoses did not vary systematically over
the 3-5 h after the onset of the isotopic infusion.

The fate of hexoses removed in the splanchnic region
expressed in absolute values is shown in Table V and

TaBLE VII
Splanchnic Conversion of Hexoses to Metabolic Products*

Percent of hexose removed by splanchnic region converted to:

Group Glucose CO- Lactate Sum Remainder
F 53+12 1440.3 843 7511} 25+11%
G — 1642 11+£0.4 2742 7342

* Mean value &SE for four subjects given an intravenous infusior (30 g/h)
of either fructose (group F) or glucose (group G). For each subject, the
value is the mean of six to seven measurements obtained 7-9 h after starting
the infusion of hexose.

1 Significantly different from G, P < 0.025.



in percent distribution in Table VII. Oxidation of glu-
cose to [*C]CO: accounted for 3659 of total splanch-
nic COa production (1.320.09 mmol/min-m*) in group
G. There was a highly significant production of lactate
by the splanchnic region in group G (P <0.001);
splanchnic production of lactate in group F was like-
wise significant (P < 0.05). The mean specific activity
of carbons of arterial blood lactate 3 h after the onset of
the isotopic infusion was 95+139 of that of the [U-*C]-
fructose administered in group F. Glucose released from
the liver during administration of fructose appears to be
derived essentially from the latter, because the mean
specific activity of the carbons of arterial blood glucose
(determined by isolation of glucose as the potassium
gluconate derivative) was not significantly different
from that of the [U-"*C]fructose administered in group
F (12%+1 vs. 101 cpm/patom carbon, respectively, P >
0.1). Similarly, in group G, there was no evidence of
synthesis of glucose from unlabeled precursors because
the specific activity of arterial blood glucose was 9889,
of that of the [U-*C]glucose administered.

Mean values for serial arterial and peripheral blood
concentrations of lactate and glycerol were essentially
constant over the period 3-12 h after the start of the
isotopic infusion. The mean arterial blood level of lac-
tate in group F was significantly higher than that of
groups G or C (2.1%0.2 vs. 1.0+0.0 and 0.29=0.03 mM,
respectively, P < 0.05). The difference between the lac-
tate concentration in groups G and C was also signifi-
cant (P <0.001). Values for mean arterial blood con-
centration (45*9 vs. 374 uM), splanchnic extraction
fraction (0.64=0.05 vs. 0.79%0.03), and splanchnic up-
take (23%7 vs. 193 umol/min-m?®) of glycerol were not
significantly different between groups F and G, re-
spectively (P > 0.05). Values for the mean arterial
blood concentration (62+8 M) and splanchnic uptake
(303 wmol/min-m®) of glycerol in group C (n=23)
were somewhat higher than those in groups F and G, but
the differences were not significant (P > 0.05).

DISCUSSION

The fed state induced by administration of hyper-
caloric amounts of fructose or glucose is characterized
by their rapid oxidation (27, 28) or conversion to gly-
cogen and fat, contrasting with the catabolism of glyco-
gen, fat, and protein in the postabsorptive state. The
present studies were performed in a nutritional setting
that would be expected to promote a high rate of carbo-
hydrate utilization (29). The failure of fructose to stim-
ulate insulin release (30) and the likelihood of differ-
ences in the relationship of insulin to glucagon during
administration of the different hexoses may underlie
many of the observed differences in the handling of
metabolites (31).

Effects of Different Hexoses on Amino Acid and Carbohydrate Metabolism

Metabolism of amino acids. Neither hypertriglyceri-
demia per se nor a high-carbohydrate diet appears to
influence fasting peripheral plasma amino acid concen-
trations, with the exception of threonine, which fell dur-
ing the high-carbohydrate diet. Concentrations of plasma
amino acids of postabsorptive hypertriglyceridemic sub-
jects were in the range previously reported for healthy
subjects (32, 33). Previous studies in the postabsorptive
state have shown a decrease in the concentration of
plasma amino acids after an oral glucose load (34-36)
or during a brief intravenous infusion of glucose (8,
37); however, concentrations were generally much
lower during the prolonged glucose infusions used in
the present study. The low levels and the somewhat de-
creased splanchnic uptake of amino acids during glucose
administration (Table II1) are consistent with dimin-
ished release from the peripheray (31) and/or increased
uptake by extrasplanchnic tissues, such as muscle, re-
sulting from endogenous glucose-stimulated insulin se-
cretion (38). The finding that splanchnic uptake of
amino acids during hypercaloric infusion of glucose was
not substantially different from that of postabsorptive
healthy subjects (25, 26) is in accord with a study in
which smaller amounts of glucose were given briefly
(39). Oral glucose (40) or higher rates of intravenous
glucose infusion of brief duration appreciably diminish
splanchnic uptake of amino acids (8).

The high splanchnic uptake of alanine during fructose
administration suggests increased alanine release from
the extrasplanchnic region. The precursor(s) of the
excess alanine, present in high concentration, is uncer-
tain; however, it is tempting to speculate it may have
been formed in muscle via transamination of pyruvate
formed through glycolysis of glucose that was derived
from fructose. Fructose is taken up in muscle (3, 5. 41-
43) as well as adipose tissue (44), lung, salivary glands
(45), and kidney (7, 46). Direct evidence of rapid in-
terconversion of glucose and fructose in muscle through
transhydrogenation via glucitol has been recently re-
ported (47). As such, fructose could function in parallel
to glucose in the activity of the “glucose-alanine” cycle
(48). The similarity of the specific activities of the
carbons of blood glucose and lactate and of the [U-*C]-
fructose administered is in accord with this hypothesis.
Since plasma alanine levels are elevated by fructose. it
might be useful in hypoglycemic states attributable to
inadequate substrate supply for gluconeogenesis (49, 50).

Splanchnic metabolism of fructose and glucose. About
one-half of the fructose administered was taken up in
the splanchnic region (Table VI) where the fraction
extracted averaged 469, (see Results). Approximately
109 of the fructose taken up in the splanchnic region
may be extracted by extrahepatic splanchnic tissues
(41). Conversion to glucose that was released into the

975



hepatic vein accounted for about one-half of the fruc-
tose taken up in the splanchnic region (Table VII), a
value an order of magnitude higher than that previ-
ously observed (46). Measurements of extrahepatic
splanchnic glucose uptake in glucose-fed miniature
swine ° suggest that extrahepatic splanchnic uptake may
account for about 209 of splanchnic glucose uptake
during hypercaloric intravenous glucose infusion in man.

Liver is an unrecognized major source of lactate in
the glucose-fed state in man, swine (51), and dogs
(52), and may be a source of lactate taken up in muscle
after an oral glucose load (53). Splanchnic production
of lactate in group F was 5-10-fold lower than previ-
ously reported (41, 46) ; however, the former could ac-
count for a similar fraction of splanchnic fructose up-
take. The similar concentrations of lactate in superior
mesenteric venous and arterial blood during fructose ad-
ministration in man (41) and in portal venous and ar-
terial blood during glucose administration in miniature
swine * suggest that the lactate released into the hepatic
vein is formed essentially in liver. Lactate production
by erythrocytes in transit through the splanchnic circu-
lation accounts for less than 109, of splanchnic lactate
production, calculated with the accepted values for mean
transit time (54) and erythrocytic lactate production
(55).

Release into the hepatic vein of glucose, [*C]CO,,
and lactate plus a small allowance for pyruvate (56)
could account for about 809 of fructose removed in the
splanchnic region during the intravenous administra-
tion of fructose (Table VII). Release of [“C]COs, lac-
tate, and pyruvate (57) could account for only about
309% of glucose removed in the splanchnic region in
subjects given glucose. The remaining hexose would be
available for conversion to glycogen (5) and/or tri-
glycerides (58). Blood pyruvate levels are reported to
rise during administration of either hexose (41, 56, 57).
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