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Fructose Metabolism

IV. Enzyme Deficiencies: Essential Fructosuria, Fructose
Intolerance, and Glycogen-Storage Disease’

RoserT H. HeErman, M.D., AND DAVID ZAKIM, M.D.

SSENTIAL FRUCTOSURIA s due to a de-
ficiency of hepatic fructokinase, as es-
tablished by the failure of homogenates of
liver to take up U-*C-fructose (1, 2). Die-
tary fructose is absorbed but not metabo-
lized by the liver and consequently appears
in the urine (3, 4). The condition is be-
nign and the individual with essential fruc-
tosuria is asymptomatic despite the fruc
tosuria. The urine gives a positive test for
reducing sugar (3, 4). An oral fructose toler-
ance test gives blood fructose values of 25
mg/100 ml or higher as compared to nor-
mal values of 15-25 mg/100 ml (4-7).
About 10-20% of the administered dose is
excreted - in the urine in the patients
whereas only 1-2% is excreted by normal
individuals (8). After oral or intravenous
fructose administration blood lactate and
pyruvate become elevated in mormal sub-
jects but not in individuals with essential
fructosuria (2, 6, 8). p-Sorbitol is converted
to fructose, but a larger fraction of this
fructose is excreted in the wurine (5}
Fructose infusion in normal subjects leads
to hyperuricemia but not in essential fruc-
tosuria (9).
Fructose intolerance is the result of a
deficiency of hepatic phosphofructoaldo-
lase that converts fructose-1-phosphate into

1 From the Metabolic Division, U. 8. Army Medi-
cal Research and Nutrition Laboratory, Fitzsimons
General Hospital, Denver, Colorado,

p-glyceraldehyde and dihydroxyacetone
phosphate (10-17). It has heen suggested
that a defect in one of the two hepatic
aldolases (18) is present in fructose in-
tolerance (12). Dietary fructose is con-
verted to fructose-l1-phosphate, which ac-
cumulates (19, 20) and is thought to act
as a competitive inhibitor of various en-
zymes (13, 21, 22) resulting in hypoglyce-
mia (14-16, 23-26). The various symptoms
of tremulousness, sweating, and vomiting
are the result of the hypoglycemia which,
if profound, can cause confusion, hypoten-
sion, coma, convulsions, cyanosis, and, in
infancy, death. Severe hypoglycemia may
be produced with an oral frizctose toler-
ance test (1416, 23, 26, 27). Repeated epi-
sodes may result in albuminuria, amino
aciduria, hepatomegaly, jaundice, cirrho-
sis, and physical and mental retardation
(14-16, 23, 28, 20). The disease may pre-
sent in diverse fashion: neonatal jaundice,
persistent vomiting with failure to thrive,
hepatomegaly, and dislike for school meals
(30). Symptoms in infants typically start
after weaning (14, 15), and in some cases
weaning may be difficult to accomplish be-
cause of the aversion to sweetened food.
The treatment consists of intravenous glu-
cose in the acute stage (14, 26) and ex-
clusion of fructose from the diet {14, 6,
23, 26, 28, 50, 31). The symptoms tend to
be severe in young infants whereas older
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children oiten are symptomless (13, 24, 25).
Members of the family may be affected to
different degrees, Many if not all of the
patients have a strong aversion to fruc-
tose-containing foods (14-16). It is of in-
tevest that the teeth of these patients have
been reported to be remarkably free of
caries (14, 26).

‘During acute episodes of hypoglycemia
induced by {fructose, serum phosphorus
(14, 15, 26) and serom potassium decrease
(14), and serum magnesium and trans-
aminase increase (15). Fructose administra-
tion leads to decreased plasma insulin
(26, 29) or insulin-like activity (14), hyper-
uricemia (9), and increased lactate and
pyruvate levels (16, 26). Lactate, however,
does not always increase (14). Granulocyto-
sis and eosinopenia occur while the liver
increases in size (16). A galactose infusion
can relieve the fructose-induced hypoglyce-
mia (26) but not in every case (52). As
blood glucose levels fall plasma growth
hormone rises (26). p-Sorhitol leads to hy-
poglycemia while L-sorbose has no effect
(14, 15, 31). Dihydroxyacetone given after
fructose produced a greater and longer
lasting elevation of its own level in the
blood thran when given alone. Such an in-
creased level was not seen in normal sub-
jects {32). The hypoglycemia is believed to
be due to decreased release of glucose from
the liver (14). During fructose-induced hy-
poglycemia the patients do not respond to
glucagon (16, 26, 52).

Red blood cells and white blood cells
normally lack fructokinase and fructose-I-
phosphate aldolase activity. The patients’
cells metabolize fructose as do normal cells
(14). Liver tissue from patients metaho-
lized only 4-6% of U-"GCAructose to
14O, and only 1-6% to glycogen as com-
pared to normal human liver (14). Nor-
mal human mesenteric adipose tissue can
use fructose actively without any inhibi-
tion by glucose. These data led to the sug-
gestion that peripheral fat tissue can
utilize that portion of a fructose load
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which does not seem to be assimilated by
the liver (14). The decreased utilization of
fructose by the liver "is reflected by the
fructosuria which occurs following a fruc-
tose tolerance test (26).

i ‘The 'hepatom'egaiy of fructose intoler-

ance may be due to an accumulation of
lipids (16, 28). Non-esterified fatty acids in
the plasma rise more than twofold afier
fructose administration in patients but not
in healthy subjects (16, 26, 53).

Renal tubular acidosis (34) and a Fan-
coni-like syndrome with renal tubular re-
absorptive defects (35, 36) have been re-
ported to occur in fructose intolerance.
The renal tubular acidosis was persistent
despite restriction of dietary fructose while
the Fanconi-like syndrome occurred only
with the administration of fructose and
was reversible. The absence of fructose-1-
phosphoaldolase has been demonstrated in
human renal cortex of patients with fruc-
tose intolerance (87). The disturbance in
kidney function may be due to the accumu-
fation of fructose-1-phosphate in the renal
cortex rather than to the hypoglycemia.

Vomiting is usually attributed to the lhy-
poglycemia that results from fructose in-
gestion but it has been suggested that it is
due to the accumulation of fructose-1-phos-
phate in the gastrointestinal epithelial cells
(26). Gastrointestinal symptoms are not re-
lieved by intravenous glucose although the
hypoglycemic symptoms are reversed (26).
However, phosphofructoaldolase deficiency
has not been described in the small in-
testinal mucosa by direct enzyme assay. A
variant of fructose intolerance has been
described in which galactose caused hypo-
glycernia (38). In this case the red blood
cell vridyl transferase was normal. Other
patients with {fructose intolerance do not
develop hypoglycemia after galactose ad-
ministration (16, 26).

The exact mechanism whereby fructose-
I-phosphate accumulation leads to hypo-
glycemia is not clear. It has been suggested
that increased insulin release secondary to
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elevated fructose levels causes hypoglycemia
(15, 38). However, low or normal levels of
plasma insulin have been found during the

hypoglycemia (14, 26, 20). In three cases of

fructose intolerance an-increase in hepatic
glucose-6-phosphatase activity was found
{39). Fructose-1-phosphate has been reported
to inhibit phosphoglucomurtase (21). Other
studies have shown Hitle if any inhibition
ol phosphorylase, glucose-6-phosphatase, or
phosphoglucomutase (11, 22). The Tack of
inhibition of phosphoglucomutase by fruc-
tose-1-phosphate is consistent with the
finding that galactose can raise blood
glucose during fructose-induced hypoglyce-
mia (26). It has been shown, however, that
fructose-1-phosphate is a competitive in-
hibitor of glucose phosphate isomerase in
the conversion of fructose-6-phosphate to
glucose-6-phosphate but does not interfere
with the conversion of glucose-6-phos-
phate to fructose-6-phosphate (22). Perhaps
fructose-6-phosphate increases secondarily
to the accumulation of [ructose-I-phos-
phate and the fructose-6-phosphate in-
hibits the enzymes necessary for blood
ghucose production by the liver.

Galactosemia and fructose intolerance
have occurred in the same patient (29).
This fortuitous situation was employed to
show that the insulin cutput from the pan-
creas occurred only with glucose but not
with galactose or fructose..

In newborn infants a rapid infusion of
fructose caused a prompt but transient de-
crease in blood glucose concentration (40)
especially in infants less than 6 hr of age.
Fructose also suppressed the rise in blood
glucose induced by the administration of
epinephrine and glucagon, It was suggested
that a maturation or adaptation of fructo-
kinase or fructoaldolase, or both, occurs in
the liver of the newborn infant. A similar
result is seen in the newborn calf (41).

Fructosuria miay occur in severe liver
disease (42). This must be kept in mind
where fructosuria after an oral fructose
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tolerance test is used as an index of pa-
tency of a portocaval anastomosis.
‘Glycogen-storage disease of muscle due
to' a deficiency of muscle phosphofructo-
kinase has been described (43, 44). Thesc
patients presented a picture indistinguish-
able from that of phosphorylase deficiency
of muscle (McArdle’s syndrome or glyco-
gen-storage disease of muscle, type V) (45,
46). These patients tolerated light exercise
but not a sudden increase in exertion.
Ischemic exercise gave no rise in venous
lactate levels that ordinarily would have
been expected to occur. In one report (44)
antibody to purified normal human mus-
cle phosphofructokinase failed to detect
the presence of any structurally related
but enzymatically inactive protein. Red
blood cell phosphofructokinase was de-
creased in the patient and in the red blood
cells of both parents - (44). Interestingly
enough, no hemolytic process was present.
In another report (43) glycogen synthe-
tase and uridine diphosphoglucese pyro-
phosphorylase were increased. The in-
creased concentration of glycogen in the
muscle was thought to be due to increased
synthesis as well as decreased utilization.
Phosphofructokinase is microsome bound
in frog muscle and is inhibited strongly by
calcium ions (47). Because the phosphofruc-
tokinase is associated with microsomal
membranes as well as being soluble it
would be important to characterize both
forms of the enzyme in any deficient
state. The release of calcium from the sar-
coplasmic reticulum to initiate muscular
contraction (48, 49) might release phos-
phofructokinase inhibition and permit
glycolysis thus helping to replenish micro-
somal ATP levels which might be needed
to transfer calcium back into the micro-
somal membrane at the end of contraction
(50, 51). If calcium ions do not inhibit
soluble phosphofructokinase, then, as the
calcium leaves the microsomal membranes,
glycolysis will occur since calcium activates
phosphorylase (52, 53). Thus contraction
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of muscle would be geared to glycogen
breakdown and replenishment of ATP in
both soluble and microsomal phases.
Sitce these patients can participate in
light exercise, but not severe exertion, it
would seem that the defect is primarily in
white muscle which is a predominantly
fast-contracting muscle as compared to red
muscle which is a predominantly slow-
conttracting muscle (54-58), In mammals,
muscle consists of a mixture of both red
and white muscle fibers (59, 60). Phospho-
fructokinase activity is quite high in the
white muscle of rat, hamster, and rabbit
(61).

It is of interest that in Tay-Sachs dis-
ease there is a deficiency of fructose-1-phos-
phate aldolase (62, 63). Because of the
marked biochemical derangements that oc-
cur in fructose intolerance following fruc-
tose administration, the effects of a fructose
tolerance test were studied in three pa-
tients with Tay-Sachs disease (63). No hy-
poglycemia, decrease in serum phosphate,
Or increase in serum magnesium occurred.
The relationship of the decreased level of
fructose-1-phosphate aldolase to the patho-
genesis of Tay-Sachs disease is unknown.
The serum fructose-l-phosphate aldolase
level is markedly depressed in the homozy-
gous state and only moderately depressed
in the heterozygous state and thus can be
used to detect early cases, atypical cases,
and carrier states (64). -

In human hepatomas (65) the ratio of
fructose-1, 6-phosphate aldolase activity to
fructose-1-phosphate aldolase activity was
found to be 548 = L17 for eight such
hepatomas as compared to.a ratio of I, or
near I, in normal adult human liver, in
the liver of a patient with benign fructo-
suria, and in the livers of patients with
toxic or viral hepatitis. In postmortem hu-
man liver the ratio was not different, In
fetal human liver the ratio of aldolase ac-
tivities was 2 or § and 1.6% =+ 0.21 in cit-
rhosis of the liver. In fructose intolerance
(four patients) the ratio was between 4.6
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and 6.7. In an experimental ascites hepa-
toma ({ransplanted to adult Wistar rats,
the ratio was between 20 and 50 as com-
pared to a ratio of I, or near 1, in normal
adult rat liver and a ratio of 2 to 3 in fetal
rat liver, These data suggest that fructose-
l-phosphate aldolase and fructose-1,6-phos-
phate aldolase are distinct despite the
fact that each enzyme can utilize both
fructose-1-phosphate and  fructose-1,6-di-
phosphate as substrates.
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