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INTRODUCTION

Fructose is one of nature’s main sweetening agents. It is the free ketose in
honey, fruit, and many vegetables and is added to several more foods and
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beverages in the form of the disaccharide sucrose (31). Sorbitol, also widely
distributed in fruit and vegetables, is converted into fructose in the liver by
sorbitol dehydrogenase. Mammalian fructose metabolism proceeds mainly by
a specialized pathway, discovered by Hers (32), in which two inbom errors
have been described in humans: essential fructosuria and hereditary fructose
intolerance. The deficiency of the gluconeogenic enzyme, fructose 1,6-bis-
phosphatase, is also usually classified as an inborn error of fructose metabo-
lism. The description of the clinical and laboratory findings, enzyme defect,
genetics, pathophysiology, and treatment of these disorders is preceded by an
outline of the normal metabolism of fructose. The toxicity of high doses of
parenteral fructose in normal subjects, which results from the influence of
the ketose on carbohydrate and purine metabolism, is also briefly reviewed.
Knowledge of this toxicity is indeed essential for understanding the patho-
physiology of hereditary fructose intolerance and of fructose 1,6-bisphos-
phatase deficiency.

METABOLISM OF FRUCTOSE

Given intravenously (46) or orally (70), fructose is taken up predominantly by
the splanchnic bed, and therein mainly by the liver, but also by the kidneys
(9) and (to a minor extent) by the small intestine. The predominance of fructose
utilization in these organs is explained by their specialized pathway of fructose
metabolism.

Enzymes of Fructose Metabolism

The specialized fructose pathway is composed of three enzymes—fructo-
kinase, aldolase type B, and #riokinase—that are only found in liver, lidney
cortex, and small intestine mucosa. These enzymes convert fructose into in-
termediates of the glycolytic-gluconeogenic pathway (Figure 1). Fructose 1,6-
bisphosphatase is found in many cell types, but its activity is highest in the
gluconeogenic tissues, liver, and kidney cortex. The general properties of these
enzymes are briefly reviewed. For more detailed information, see Refs. 26,
32, and 73.

Fructokinase (ketohexokinase, EC 2.7.1.3) catalyzes the phosphorylation of
fructose to fructose 1-phosphate, using mainly adenosine wiphosphate (ATP)
but also guanosine triphosphate (GTP) as the phosphoryl donor. Fructokinase
has a high affinity for fructose (K is ~ 0.5 mM) and a high Vp,, (~ 10
pmol/min per gram of liver at 37°C). Recently, a rat liver fructokinase cDNA
was cloned (19). The 1342 bp sequenceencodes a protein of 33 kDa, composed
of 299 amino acids.

Aldolase (EC 4.1.2.13) B, also called liver aldolase, catalyzes the splitting
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Figure 1 Pathway of fructose metabolism in liver. F, fructose; G, glucose; P, phosphate; Pi,
inorganic phosphate; ATP, adenosine triphosphate; DHA, dihydroxyacetone; GAH, glyceraldehyde.
(1) Fructokinase; (2) aldolase B; (3) triokinase; (4) fructose 1,6-bisphosphatase; (5) phospho-
fructokinase; (6) sorbitol dehydrogenase; (7) phosphoglucose isomerase; (8) glycerol kinase; (9)
hexokinase and glucokinase; (10) glucose 6-phosphatase; (11) glycogen phosphorylase. The enzyme
defects are depicted by bars across the arrows.
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of fructose 1-phosphate into dihydroxyacetone phosphate and D-glyceralde-
hyde as well as the splitting of fructose 1,6-bisphosphate into dihydroxyacetone
phosphate and D-glyceraldehyde 3-phosphate. Aldolase B also has a high V5,
of ~ 10 pmol/min per gram of liver. An almost identical velocity is obtained
with fructose 1-phosphate and with fructose 1,6-bisphosphate. In contrast, the
muscle isozyme (aldolase A) and the brain isozyme (aldolase C) have a 50-
and 10-fold lower Vp,,, respectively, with fructose 1-phosphate than with
fructose 1,6-bisphosphate. The aldolases have a molecular weight of 160 kDa
and are composed of 4 identical subunits. The complete 364—amino acid
sequence of the human aldolase B subunit has been derived from its cDNA
(58). The human aldolase B gene has been mapped to chromosome 9 and
sequenced (69). It is 14,500 bp long and contains 9 exons.

Triokinase (EC 2.7.1.28) converts D-glyceraldehyde into D-glyceraldehyde
3-phosphate, using ATP as the preferential phosphoryl donor. The reaction
allows the nonphosphorylated cleavage product of fructose 1-phosphate to
enter the glycolytic-gluconeogenic pathway. The V.., of triokinase reaches
~ 1.5 pmol/min per gram of liver and is thus markedly lower than that of
fructokinase and aldolase B.

Fructose 1,6-bisphosphatase (EC 3.1.3.11), also known as hexose bisphos-
phatase, catalyzes the irreversible splitting of fructose 1,6-bisphosphate into
fructose 6-phosphate and Pi. In human liver, its V ;4 also reaches ~ 10 pmol/
min per gram of tissue. Fructose 1,6-bisphosphatase possesses complex regu-
latory properties (reviewed in Ref. 67). In the absence of effectors, liver
fructose 1,6-bisphosphatase displays hyperbolic kinetics for its substrate, with
aK,, in the low micromolar range. It is inhibited competitively by physiological
concentrations of its products (fructose 6-phosphate and Pi) and noncom-
petitively by physiological concentrations of adenosine monophosphate
(AMP), which binds to an allosteric site. Inhibition by AMP is potently rein-
forced by low micromolar concentrations of fructose 2,6-bisphosphate that
change the substrate saturation curve from hyperbolic to sigmoidal (reviewed
in Ref. 79). Liver fructose 1,6-bisphosphatase is a tetramer with a molecular
weight of ~ 140 kDa. The enzyme from pig kidney cortex has been crystalized,
and its three-dimensional molecular structure in different conformational
states, induced by binding of products and effectors, has been determined by
X-ray crystallography (reviewed in Ref. 43). The gene of rat liver fructose
1,6-bisphosphatase has been cloned (21). It is 23 Kb long, contains 7 exons,
and encodes a 362-amino acid sequence. The cDNA of the human liver
enzyme has also been isolated and expressed in Escherichia coli (22). Although
only a single fructose 1,6-bisphosphatase gene has been identified in the human
genome, observations in fructose 1,6-bisphosphatase deficiency (see below)
indicate the presence of at least one other gene.
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Alternate Pathways of Fructose Metabolism

As reviewed in Ref. 26, muscle and adipose tissue can use fructose, but at a
much lower rate than can liver, kidney, and small intestine. This utilization
proceeds by way of hexokinase, which converts the hexose into fructose
6-phosphate. Several alternatives to the hepatic metabolism of fructose de-
scribed in the previous section have been ruled out (also reviewed in Ref. 26).
More recently, it was proposed that only 50% of the fructose 1-phosphate
formed from fructose in liver is split by aldolase B and that the remainder is
directly converted into fructose 1,6-bisphosphate by a fructose 1-phosphate
kinase (27). This theory is based on studies in children who received uniformly
labeled [13C]fructose by gastric infusion. Approximately 50% of [13C]glucose
found in blood was uniformly labeled, although only C1-C2-C3- and C4-C5-
Cé6-labeled glucose was expected given the cleavage of [3C]fructose 1-phos-
phate by aldolase and recombination of its cleavage products with unlabeled
triose phosphate molecules. Conversion of fructose into glucose via fructose
6-phosphate was ruled out because no uniformly labeled [*C)glucose was
formed from uniformly labeled [3C)fructose in patients with fructose 1,6-
bisphosphatase deficiency (41). However, no uniformly labeled [3C)glucose
was found following intravenous administration of [U-13C]fructose in animals
(28). This observation raised the suspicion, proven by studies of the fructose-
to-glucose conversion in rabbit small intestine (8), that the results of the oral
studies can be atwibuted to incomplete dilution of [>C]triose phosphates by a
smaller pool of unlabeled triose phosphates in the intestinal mucosa as com-
pared with liver.

Recently, a novel fructose ester, fructose 3-phosphate, was identified in the
lens and sciatic nerve of diabetic rats (66) and in erythrocytes of normal and
diabetic humans, with concentrations tending to be higher in the latter (55).
Incubation of human erythrocytes (56) and animal lenses (39) with fructose
has shown that these tissues can phosphorylate, probably by means of a fructose
3-phosphate kinase, fructose into fructose 3-phosphate. Due to its potency as
a protein-glycosylating and cross-linking agent, it has been hypothesized that
fructose 3-phosphate may play a role in the etiology of diabetic complications.
However, observations in subjects with essential fructosuria (see below) cast
doubt on this hypothesis.

Stimulatory Effect of Fructose on Hepatic Glucose Uptake

The long-standing observation that fructose promotes hepatic glucose uptake
and glycogen deposition (47) was recently explained by Van Schaftingen and
colleagues (78, 80, 82, reviewed in Ref. 83). The effect of fructose was shown
to be mediated by a 60-kDa protein regulator of glucokinase. Rat liver cDNAs
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encoding this regulator have been cloned (17). The regulator decreases the
affinity of glucokinase for glucose by forming a complex with the enzyme in
the presence of physiological (1040 pM) concentrations of fructose 6-phos-
phate. Fructose 1-phosphate, already at 10 pM concentration, opposes the
formation of the complex and thereby antagonizes inhibition of glucokinase.
Intragastric administration of as little as 20 mg/kg of fructose to rats increased
their hepatic concentration of fructose 1-phosphate from < 5 nmol/g to ~ 30
nmol/g and doubled the rate of glucose phosphorylation in theirliver. Fructose
can thus be considered a signal that tells the liver when glucose, with which
it is often associated, is absorbed from the gut (81).

TOXICITY OF PARENTERAL FRUCTOSE

The development of parenteral nutrition led to the recognition, in the late
1960s, of the toxicity of intravenous fructose to normal humans, Its main
deleterious effects are lactic acidosis, caused by the rapidity of fructolysis as
compared with glucolysis, and hyperuricemia, caused by catabolism of purine
nucleotides. Both effects are the result of the characteristics of fructose me-
tabolism in fructose-metabolizing tissues and have been most extensively
investigated in liver (for reviews and primary references, see Refs. 26, 72 and
73).

Influence of Fructose on the Glycolytic Pathway

Intravenous infusion of fructose in healthy volunteers and patients may elevate
blood lactate by two- to fivefold, whereas intravenous glucose does not in-
crease blood lactate more than twofold on average. The hyperlactacidemia
induced by fructose results from the latter’s more rapid metabolism via the
glycolytic pathway, which can be explained by several factors: (a) the ~ 10-fold
higher Vg, of fructokinase compared with the maximal glucose-phosphory-
lating capacity of glucokinase; (b) the fact that fructolysis bypasses phospho-
fructokinase, the principal regulatory enzyme of glycolysis; and (c) the stim-
ulation by fructose 1-phosphate of pyruvate kinase, another regulatory enzyme
of the glycolytic pathway. In addition, fructose may, under certain conditions
(35), increase the concentration of fructose 2,6-bisphosphate, the main physi-
ological stimulator of liver glycolysis (79). The fructose-induced increase in
lactic acid may provoke metabolic acidosis, which may prove life-threatening,
particularly in liver failure (84).

In recent years, several studies have shown that administration of 5-20 mM
fructose to perfused rat livers or to isolated hepatocytes exerts a protective
effect against anoxia (2, 3, 25) and a variety of mitochondrial toxins (18, 51),
as determined by a decrease in the release of cytosolic liver enzymes and by
other parameters of cell damage. This protective effect of fructose is most
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likely due to its high rate of use, resulting in the anaerobic generation of ATP
by the glycolytic pathway, which compensates to a certain extent the anoxia-
and toxin-induced impairment of mitochondrial ATP synthesis. However, this
protective effect is accompanied by a high rate of production of lactate, which
rules out its clinical application, with the possible exception of liver preserva-
tion prior to transplantation.

Influence of Fructose on Purine Catabolism

Infusion of fructose in humans at rates above 1.0-1.5 g/kg per hour usually
results in hyperuricemia and hyperuricosuria. These disorders reflect catabo-
lism of the purine nucleotides, which can be elucidated as follows. As discussed
above, the V,, of both fructokinase and aldolase reaches ~ 10 pmol/min per
gram of liver. This rate is several-fold more than the Vg, of triokinase (1.5
pmol/min per gram) and than that of the fluxes through the glycolytic and
gluconeogenic pathways (2 pmol of C-6 units/min per gram). Owing to this
difference, fructose 1-phosphate can easily accumulate. However, the forma-
tion of fructose 1-phosphate is not only determined by the kinetic character-
istics of fructokinase, but is also dependent on the hepatic transport of fructose.
This process has a K, of ~ 100 mM (as opposed to ~ 0.5 mM for fructokinase)
and a V psx of ~ 30 pmol/min per gram of liver (59). Oral ingestion of fructose,
which results in fructose levels of maximally 2.5 mM in the portal vein (34,
70), will therefore not induce a marked accumulation of fructose 1-phosphate.
Conversely, intravenous fructose, which results in higher fructosemias (4.8
mM at 1.0 g/kg per hour and 7 mM at 1.5 g/kg per hour) (61), causes a
pronounced buildup of hepatic fructose 1-phosphate that can reach millimolar
concentrations (10).

Accumulation of millimolar concentrations of fructose 1-phosphate occurs
at the expense of ATP and GTP, which are used as phosphate donors, and of
inorganic phosphate, which is used to regenerate ATP inside the mitochondria
(Figure 2). Both GTP and inorganic phosphate are inhibitors of liver AMP
deaminase, the rate-limiting enzyme of the catabolism of the adenine nucleo-
tides in this tissue (76, 77). By depleting ATP and inorganic phosphate, fructose
infusion causes a degradation of the hepatic adenine nucleotide pool, which
is manifested by hyperuricemia and hyperuricosuria (44). The depletion of
liver inorganic phosphate is reflected by a decrease of plasma inorganic phos-
phate, and that of ATP is reflected by an increase of plasma Mg**, which is
due to the potent Mg** chelating effect of ATP. Increased production of uric
acid induced by fructose is therefore not a harmless phenomenon but indicates
degradation of ATP, the main energy currency of the cell. This decrease in
ATP leads to a series of disturbances, including inhibition of the synthesis of
RNA and protein, disaggregation of ribosomes, and ultrastructural lesions
(reviewed in Refs. 26, 72, and 73). Fructose is thus a potentially dangerous
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Figure 2 Mechanism of fructose-induced hyperuricemia. F, fructose; P, phosphate; Pi, inorganic
phosphate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine mono-
phosphate; GTP, guanosine triphosphate; IMP, inosine monophosphate; DHA, dihydroxyacetone;
GAH, glyceraldehyde. (1) Fructokinase; (2) aldolase B; (3) triokinase; (4) AMP deaminase.
Inhibition is depicted by (-). Further explanations are given in the text.

compound in parenteral nutrition. The same holds true for mixtures of glucose
and fructose, known as invert sugar, and for sorbitol, which is converted into
fructose in the liver by sorbitol dehydrogenase. As a result, several authors
have strongly discouraged intravenous administration of these compounds (12,
26, 74, 84).

ESSENTIAL FRUCTOSURIA

Clinical and Laboratory Findings

First described in 1876, independently by Czapek (16) and Zimmer (86),
essential fructosuria is characterized by the appearance of fructose in the urine
following the intake of fructose- and/or sorbitol-containing foods. The disorder
is usually discovered on routine urine analysis for reducing sugars. It has no
other clinical consequences and is therefore completely harmless. Although
essential fructosuria may remain undetected in some individuals, the disorder
is considered very rare, since less than 80 cases have been reported (62) in
nearly a century.

Following a high dose of oral or intravenous fructose (1 g/kg body weight
or more), blood fructose rises rapidly beyond the level of 10-25 mg/ml re-
corded in control subjects (64). However, blood glucose, lactate, and uric acid,
which increase significantly in normal individuals, are barely altered, reflecting
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the absence of formnation of fructose 1-phosphate. In the ensuing 2—6 hours,
10-20% of administered fructose is excreted in the urine, compared with 1-2%
in control subjects.

In the red cells of three subjects with essential fructosuria, fasting concen-
trations of fructose 3-phosphate were 3- to 15-fold higher than in controls and
were further increased by an oral fructose load (57). The fact that the three
subjects’ glycated hemoglobin levels were normal and that diabetic complica-
tions have not been reported in fructosuria casts doubt on the suggested role
of fructose 3-phosphate in the pathogenesis of diabetic complications.

Enzyme Defect and Genetics

Essential fructosuria results from a deficiency of fructokinase (60). This defect
suppresses fructose metabolism via fructose 1-phosphate and its specialized,
preferential pathway. Consequently, the ketose is partially metabolized by
conversion into fructose 6-phosphate and is partially excreted as such in the
urine. The study of a number of families with essential fructosuria has revealed
that the disorder is inherited as an autosomal recessive trait (42).

HEREDITARY FRUCTOSE INTOLERANCE

Hereditary fructose intolerance was first reported by Chambers & Pratt (11)
in a 24-year-old woman who complained of vomiting after ingesting fruit or
sugar. This disorder was recognized as an inbom error of metabolism by
Froesch et al (24), who discovered that the administration of fructose provoked
profound hypoglycemia in the affected subjects.

Clinical Picture

Subjects with hereditary fructose intolerance do not exhibit any symptoms of
the enzyme defect, provided they do not ingest foods containing fructose.
Typically, affected babies can breast-feed without any ill effects. Symptoms
first appear upon introduction of cow’s milk formulas sweetened with sucrose
or at weaning, when fruits and vegetables are given (6, 26). In infants and
small children, signs of the disorder include gastrointestinal discomfort and
hypoglycemia following meals containing fructose. Nausea, vomiting, pallor,
sweating, trembling, lethargy, and ultimately jerks and convulsions may also
be observed. If the condition is not recognized, and fructose is not excluded
from the diet, failure to thrive, liver disease characterized by hepatomegaly,
jaundice, bleeding tendency, proximal renal tubular dysfunction, and eventu-
ally edema and ascites occur. The younger the child and the higher the fructose
intake, the more severe the symptoms, which progress to reflect liver and
kidney failure and end in death if their cause is not recognized and treated.
In certain cases, hereditary fructose intolerance is recognized (although not
medically diagnosed) and adequately weated when fructose-containing nutri-
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ents are suppressed. Some mothers quickly learn that their baby does not
tolerate certain foods and suppress these from the diet, which enables the infant
to develop normally. Older children acquire a distinct aversion to foods con-
taining fructose. This aversion protects them but is at times considered anom-
alous behavior. Occasionally, hereditary fructose intolerance is detected during
preschool or school age, following the finding of hepatomegaly or growth
delay (48). Other cases are only diagnosed after life-threatening perfusions
with fructose (40) or sorbitol. Because approximately 50% of adults with
hereditary fructose intolerance are completely free of caries, diagnoses have
also been made by dentists. These observations indicate that subjects with
hereditary fructose intolerance remain undiagnosed in the general population.

Laboratory Findings

When hereditary fructose intolerance is suspected, an intravenous fructose
tolerance test should be performed after 6-8 weeks of fructose withdrawal.
Oral loading tests are not recommended because they provoke more ill effects
and are less reliable. Fructose should be administered as a 20% solution at a
dose of 200 mg/kg body weight (26, 63). Blood glucose and serum phosphate
should be measured, preferably at two 1-min intervals before the administra-
tion of fructose and 10, 20, 30, and 45 min thereafter. In normal children, a
slight (5-20 mg/dl) increase in blood glucose is recorded, with little change
in serum phosphate. In affected children, glucose diminishes progressively (by
30-50 mg/dl over 30—45 min), whereas phosphate decreases more rapidly (by
1-2 mg/dl over 10-20 min). It is thus useful to include serum phosphate among
the parameters measured during a fructose tolerance test. Other modifications
that can be measured during the test include an increase in serum magnesium,
which is not observed in normal children, and an increase in serum urate,
which is more pronounced in hereditary fructose intolerance patients than in
normal children.

Other laboratory findings in patients with hereditary fructose intolerance in
whom fructose intake has not been suppressed include signs of liver disease
(elevations of serum transaminases and bilirubin, depletion of blood clotting
factors) and of proximal tubular dysfunction (proteinuria, melituria, general-
ized hyperaminoaciduria, metabolic acidosis).

Enzyme Defect

In patients with hereditary fructose intolerance, the capacity of aldolase B to
split fructose 1-phosphate is reduced to a few percent of normal on average
(33, 63). This enzyme’s activity toward fructose 1,6-bisphosphate is also
reduced, but to a lesser extent. Consequently, the ratio of the V,, to fructose
1,6-bisphosphate vs the V,, to fructose 1-phosphate, which is approximately
1 in control liver, is increased to 2— e in patients. Kinetic studies have revealed
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that mutant aldolase B has an abnonmnally high K, for both fructose 1-phos-
phate and fructose 1,6-bisphosphate (38). The defect of aldolase B has been
most extensively investigated in the liver of patients but can also be demon-
strated in the kidney cortex (63) and jejunal mucosa (65). The activities of
aldolase A and C are normal.

Genetics

Hereditary fructose intolerance is genetically heterogeneous, which is evi-
denced by several observations: (a) Clinically, certain patients are very sensi-
tive to fructose, whereas others can tolerate moderate intakes (up to 250 mg/kg
per day, compared with an average intake of 1-2 g/kg per day in Western
societies). (b) The activity of adolase B toward fructose 1-phosphate may vary
from undetectable to 15 (63) and even 30% of normal (40). (¢) Immunologic-
ally reactive aldolase B is detectable in all affected tissues, but the amount of
cross-reacting material found may vary from less than 3 to a full 100% of
controls (30). In recent years, studies of the molecular basis of hereditary
fructose intolerance have confirmed its genetic heterogeneity. Studies of the
aldolase B gene in 50 patients from 5 European countries have shown that the
most frequent mutation, accounting for 67% of alleles, is a G — C substitution,
which results in an Alal49 — Pro change (15). This mutation also creates a
new recognition site for the restriction enzyme Ahall, which renders it easily
detectable. The second most frequent mutation, accounting for 16% of alleles,
is a C — A substitution, which results in an Alal74 — Asp change. In the
other families, deletions range in size from a single base pair to 1.65 Kb (14).
In patients from the US and Canada, A149P and A174D mutations occurred
in the same order of prevalence but at a slightly lower frequency than in patients
from Europe (68). DNA analysis has also allowed for postmortem diagnosis
of hereditary fructose intolerance in a patient who died after fructose and
sorbitol infusions during minor surgery (1).

Pathophysiology

The pathophysiology of hereditary fructose intolerance can be explained by
the fact that the aldolase B defect causes not only an impairment of the
conversion of fructose into glucose but also a marked accumulation of fructose
1-phosphate in the fructose-metabolizing tissues, even upon minimal ingestion
or infusion of fructose. As demonstrated by P nuclear magnetic resonance
spectroscopy of the liver, this accumulation is accompanied by a depletion of
ATP and inorganic phosphate (52). The hepatic accumulation of fructose
1-phosphate provokes a characteristic, progressive hypoglycemia by a com-
pounded mechanism involving (a) a block of glycogenolysis; (b) inhibition of
gluconeogenesis; and (c) possible stimulation of the uptake of glucose. The
block of glycogenolysis is evidenced both by the absence of dilution of infused
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radioactive glucose by endogenous glucose (20) and by the inability of gluca-
gon to raise blood glucose during fructose-induced hypoglycemia (13). De-
tailed investigations of the effects of fructose on the glycogenolytic mechanism
(71, 75) have revealed that fructose administration decreases the capacity of
the liver to form cyclic AMP and results in an inhibition of the activity of
phosphorylase a. The decreased capacity to form cyclic AMP can be attributed
to the loss of ATP, the substrate of adenylate cyclase, and is characterized by
a marked reduction of the glucagon-induced urinary excretion of cyclic AMP.
However, the decreased formation of cyclic AMP is not sufficient to explain
the absence of response to glucagon, because fructose-induced hypoglycemia
also cannot be corrected by dibutyryl cyclic AMP. The block of glycogenolysis
occurs as a result of an inhibition of liver phosphorylase a, caused by the
accumulation of fructose 1-phosphate combined with the depletion of inorganic
phosphate, a substrate of the enzyme.

The decreased activity of aldolase B toward fructose 1,6-bisphosphate in
hereditary fructose intolerance has no clinical effects on gluconeogenesis in
the sense that patients do not exhibit fasting hypoglycemia, in contrast to
patients with defects of gluconeogenesis, e.g. fructose 1,6-bisphosphatase de-
ficiency. Nevertheless, during fructose-induced hypoglycemia, inhibition of
gluconeogenesis is evidenced by the fact that glycemia cannot be corrected by
dihydroxyacetone, which enters the glycolytic-gluconeogenic pathway by way
of triokinase. Inhibition of gluconeogenesis is explained by the inhibitory effect
of fructose 1-phosphate on glucose 6-phosphate isomerase (85) and on the
condensation of the triose phosphates to fructose 1,6-bisphosphate by aldolase
(C Bally, F Leuthardt, unpublished data cited in Ref. 26). Stimulation of the
hepatic uptake of glucose might also play a role in fructose-induced hypogly-
cemia, owing to the stimulatory effect of fructose 1-phosphate on the protein
regulator of glucokinase, discussed above. The other toxic effects of fructose
recorded in hereditary fructose intolerance, namely gastrointestinal discomfort
and hepatic and renal dysfunction (49), are most likely due to the loss of ATP,
GTP, and Pi, caused by the accumulation of fructose 1-phosphate in these
tissues.

Treatment and Prognosis

Treatment of hereditary fructose intolerance consists of immediate elimination
of all sources of fructose from the diet, i.e. all foods in which fructose and/or
sucrose and sorbitol are present naturally or have been added. Lists of fructose
content of various foodstuffs are available (31). The presence of fructose in
medications and in infant formulas, although declining, should also be checked.
Despite adequate twreatment, small children with hereditary fructose intolerance
usually exhibit hepatomegaly for months and even years (53). The reason for
this disorder is unclear and has been linked both to an overly strict and an
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insufficiently stringent limitation of fructose intake. Inadequate restriction of
fructose has been reported to cause isolated growth retardation, as evidenced
by catch-up growth on a stricter diet (48). Therefore, fructose intake should
not be determined by subjective tolerance, at least during childhood. Upon
adequate suppression of fructose, the further course of the affected subjects is
uneventful. Patients (and their parents) should be made aware that infusions
containing fructose, sorbitol, or invert sugar are life-threatening to them, and
they should report fructose intolerance on any hospital admission.

FRUCTOSE 1,6-BISPHOSPHATASE DEFICIENCY

Fructose 1,6-bisphosphatase deficiency was first identified in 1970 by Baker
& Winegrad (7) in a S-year-old girl with a history of episodes of metabolic
acidosis and hypoglycemia since the age of 6 months. Since then, over 100
cases have been diagnosed.

Clinical Picture

Approximately half of subjects with fructose 1,6-bisphosphatase deficiency
present in the immediate neonatal period with life-threatening episodes of
hypoglycemia accompanied by profound acidosis (4, 26). These episodes are
characterized by hyperventilation, irritability, somnolence or coma, dyspnea
and apneic spells, tachycardia, and muscular hypotonia. The other half of
affected children experience attacks of hypoglycemia and acidosis during the
first months or years of life. These attacks are usually triggered by prolonged
fasting or febrile infections and are accompanied by refusal to eat and vomiting.
Hyperventilation, trembling, lethargy, and ultimately coma and convulsions
may be followed within a few hours by apnea and cardiac arrest. Moderate
hepatomegaly and muscle weakness often occur as well.

In contrast to subjects with hereditary fructose intolerance, patients with
fructose 1,6-bisphosphatase deficiency tolerate normal amounts of fructose
and sucrose in their diet and do not develop an aversion to sweet foods. As
described in the next section, loading tests nevertheless reveal a reduced
tolerance for fructose and related compounds.

Laboratory Findings

During acute episodes, blood glucose may fall below 40 mg/dl, whereas
lactic acid may accumulate up to 20 mM, and pH may drop below 7.1. Alanine,
ketones, and uric acid are elevated in blood and urine, and glycerol and glycerol
3-phosphate may be detected in the latter. Between attacks, prolonged fasting
results in a progressive decrease of blood glucose, accompanied by elevation
of lactate, alanine, and ketones.

In patients with fructose 1,6-bisphosphatase deficiency, hypoglycemia can
be provoked by oral or intravenous administration of fructose or sorbitol, but
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higher doses are generally required than in subjects with hereditary fructose
intolerance. Fructose at a dose of 1 g/kg orally or SO0 mg/kg intravenously
causes a marked decrease in blood glucose and serum phosphate accompanied
by an increase in serum magnesium and urate (7, 26, 54). Oral glycerol at a
dose of 1 g/kg also induces hypoglycemia and hypophosphatemia owing to
accumulation of glycerol 3-phosphate (Figure 1), but both disorders tend to
be less marked than after the same dose of fructose (5, 7, 29, 54). In further
contrast to hereditary fructose intolerance, disturbances of liver function tests
are rare in fructose 1,6-bisphosphatase deficiency.

Enzyme Defect

The deficiency of fructose 1,6-bisphosphatase can be demonstrated in liver (5,
7, 36, 54), jejunum (29), and kidney (29, 45). Whether the defect can be
diagnosed in leukocytes remains a matter of debate because of the enzyme’s
low activity in these cells. In patients with deficiency of the liver enzyme,
activity of muscle fructose 1,6-bisphosphatase is normal (45, 54), which indi-
cates that this enzyme is encoded by a different gene.

Genetics

Fructose 1,6-bisphosphatase deficiency is inherited as an autosomal recessive
trait. More girls than boys (1.5:1) have been diagnosed, and parental consan-
guinity is found in several families. Intermediate activities of fructose 1,6-
bisphosphatase in the liver of the parents, who do not display symptoms, have
been reported. The recent isolation of a cDNA encoding human liver fructose
1,6-bisphosphatase (22) will allow for studies of the molecular basis of the
defect.

Pathophysiology

Fructose 1,6-bisphosphatase deficiency results in an inhibition of the formation
of glucose from all physiological gluconeogenic substrates, including those
that enter the gluconeogenic pathway immediately before the enzyme, namely
fructose and glycerol (Figure 1). Maintenance of normoglycemia thus depends
on glucose intake and on degradation of hepatic glycogen. Consequently, when
the glycogenreserve is limited, as in newborns, or exhausted, as after prolonged
fasting, hypoglycemia occurs, accompanied by elevation of the main gluco-
neogenic precursors (lactate, alanine, and glycerol).

The mechanism of hypoglycemia induced by loading tests with fructose,
sorbitol, or glycerol is similar to the mechanism that operates in hereditary
fructose intolerance. Owing to the fructose 1,6-bisphosphatase defect, fructose
and sorbitol cause a buildup of fructose 1-phosphate, whereas glycerol induces
an accumulation of glycerol 3-phosphate in the liver (Figure 1). Both phosphate
esters inhibit phosphorylase (37, 75). This inhibition, together with the de-
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crease in inorganic phosphate, results in a block of glycogenolysis on which
maintenance of normoglycemia in the affected subjects depends. Fructose
tolerance is higher in fructose 1,6-bisphosphatase deficiency than in hereditary
fructose intolerance because with a given amount of ketose, less fructose
1-phosphate accumulates in fructose 1,6-bisphosphatase deficiency; although
its conversion into glucose is blocked, it can still be metabolized into lactate
(Figure 1).

Treatment and Prognosis

Acute episodes of hypoglycemia and acidosis should be corrected by intrave-
nous infusion of glucose and sodium bicarbonate. Maintenance therapy (e.g.
frequent feeding, gastric drip) should be aimed at avoiding fasting and provid-
ing adequate dietary management during febrile infections. Although elimina-
tion of fructose and sucrose from the diet is not required, restriction of these
compounds is advocated until the sensitivity of the individual patient has been
assessed. Because of its inhibitory effect on gluconeogenesis, alcohol should
also be restricted. Once fructose 1,6-bisphosphatase deficiency has been diag-
nosed and adequate management established, its course is generally benign.
Growth and development are normal, and tolerance for fasting improves with
age (7, 23, 26, 50).
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