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Many inherited metabolic diseases have a poor prognosis in spite of attempts to control the
metabolic disorder (Holton, 1995a). Confidence in the dietary treatment of classical
galactosaemia, galactose-1-phosphate uridyltransferase (GALT; EC 2.7.7.10) deficiency
(McKusick 230400), remained for many years after the first signs that there were long-
term complications (Anon, 1984). No doubt this was because of the dramatic and almost
complete reversal of the acute neonatal presenting features when milk and milk products
were removed from the diet. However, it is now well established that learning difficulties,
a speech disorder and gonadal failure in females are all very common in older patients. A
severe ataxic condition has been found in a small proportion of galactosaemics, although
in a milder form this too may be relatively common (Waggoner and Buist, 1993). The
treatment of galactosaemia has remained essentially the same since it was first introduced
{Mason and Turner 1935) and it is clear that other methods of treatment are necessary.
These could emerge when there is a complete understanding of the pathogenesis of the
long-term complications and the time at which damage occurs.

Garrod (1908) proposed that the pathogenesis of an inherited metabolic disease was
related primarily to the metabolic abnormality. Galactosaemic patients on a normal milk
intake accumulate large amounts of galactose and the first major product of its metabolism,
galactose-1-phosphate (gal-1-P), in body tissue and fluids. In addition, galactitol and
galactonate, products of normally minor pathways of galactose, are present in significant
amounts (Segal and Berry 1995). It may be very relevant to the causation of the long-term
complications of the disease that these abnormalities are not completely resolved when the
diet free of milk and milk products is introduced. There have been two explanations for
this: first that it is due to some galactose remaining in the diet, and second, that the
galactose and gal-1-P are synthesized endogenously from ghicose-1-phosphate (glc-1-P).
Recent work seems to confirm that the latter mechanism is the most significant by far
{Berry et al 1995).

A great deal of controversy has surrounded claims that the product of GALT, uridine
diphosphate galactose (UDPGal), is deficient in galactosaemic patients to a degree
suggesting pathological significance (Holton et al 1993). Ng et al (1989) published work
based on enzymatic analysis, which showed that in the majority of patients with galacto-
saemia who had no GALT activity there was a clear-cut deficiency of UDPGal in red cells,
skin fibroblasts and liver compared to normal subjects. A small proportion of patients had

3



4 Holton

very low, but measurable, GALT activity and UDPGal concentrations within the normal
range.

Subsequent studies using HPLC to measure red cell nucleotide sugars (Berry et al 1992;
Keevill et al 1993) found statistically significant reductions in UDPGal in galactosaemic
patients, but with a very large overlap of levels in patient and normal populations. In
addition, no reduction could be demonstrated in UDPGal concentrations in skin fibroblasts
and leukocytes in patients with galactosaemia (Keevill et al 1994).

Doubt has been cast on the accuracy of the enzyme method used by Ng et al to measure
nucleotide sugars (Kirkman 1995), although it is now claimed that the essential findings
which instigated the controversy can be reproduced using an HPLC method to measure
sugar nucleotides (Xu et al 1995). It should be pointed out that in all studies the concentra-
tion of UDPGIc has been found to be normal and the most significant observation is a
reduction in the UDPGal/UDPGIc ratio in galactosaemia. In normal subjects this ratio is
believed to be maintained by the activity of UDPGal-4-epimerase and the findings in
galactosaemia may be explained by the fact that this enzyme is compromised in some way,
and not by a reduction in UDPGal synthesis.

The most convincing hypothesis regarding a pathogenic mechanism in GALT
deficiency involves the accumulation of galactitol. Clinical and experimental evidence
suggests that in the acute toxic state galactitol accumulation and osmotic swelling in the
lens of the eye is the primary cause of the cataract formation which occurs in all forms of
galactose metabolism disorders, namely the deficiencies of GALT, galactokinase (EC
2.7.1.6; McKusick 230400) and uridine diphosphate galactose-4'-epimerase (EC 5.1.3.2;
McKusick 230350). It is probable, also, that galactitol accumulation in the brain is the -
cause of pseudo-tumour cerebri, a rare complication of GALT and galactokinase deficiencies
{Welch and Milligan 1987). The precise links between galactitol accumulation and cataract
formation and whether galactitol may play a part in long-term complications of GALT
deficiency continue to be subject of much speculation at the present time (Berry- 1995).

Considerable attention has focused on gal-1-P as the cause of many of the acute and
long-term features of galactosaemia. This is because of the apparent association of high
gal-1-P levels with these complications in GALT deficiency and the absence of this
biochemical abnormality and the clinical abnormalities, apart from cataracts, in galacto-
kinase deficiency. There has been much experimental work which demonstrates an
inhibitory effect of gal-1-P in many metabolic pathways of carbohydrate metabolism, and
the possibility that it is involved in a futile phosphorylation cycle, trapping ATP
(Gitzelmann 1995). Although these experiments have been extremely interesting, there has
been no confirmation that they are relevant to the clinical problems.

More recently, interest has returned to the possibility of a galactosylation defect as the
cause of some features of galactosaemia, suggested initially by Haberland et al (1971) after
finding an abnormal pattern of glycoprotein in the brain of a galactosaemic patient.
Observations in galactosaemic fibroblasts (Dobbie et al 1990; Ornstein et al 1992) point to
a defect in galactose incorporation into glycoproteins, as does the work of Jaeken and
colleagues (1992) showing abnormal electrophoretic isoforms of plasma transferrins in
galactosaemic infants receiving milk. These isoforms probably lack galactosyl side-chains.

Two possible causes of a galactosylation defect have been proposed. Ng et al (1989)
postulated that this was due to a deficiency of UDPGal, the galactosyl donor in the
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galactosylation reaction. The controversy concerning whether a biologically significant
deficiency of UDPGal occurs has been alluded to earlier. Alternatively, experimental work
has indicated that gal-1-P may inhibit the UDPGal galactosyltransferases (Roth et al
1971). A rather interesting piece of work reported by Bonham and colleagues (1994),
showing a very significant correlation between urinary transferrin/creatinine ratio and
erythrocyte gal-1-P levels in galactosaemic patients on diet, could suggest that gal-1-P is
interfering with galactosylation in vivo. '

One final question which is essential in considering the pathogenesis of galactosaemia
is that of when the damage to the organs occurs. It has been demonstrated that the key
enzymes of galactose metabolism are present in the fetus as early as 10 weeks’ gestation,
often in activities higher than those found postnatally (Holton 1995b). One can postulate,
therefore, that these enzymes are essential to normal development and that GALT
deficiency may be harmful in utero.

Extremely high levels of gal-1-P have been found in galactosaemic fetal blood at 20
weeks’ gestation, and of galactose, gal-1-P and galactitol in liver at the same gestational
age (Ng et al 1977; Allen et al 1980). Evidence for fetal metabolite accumulation in GALT
deficiency may be shown, also, by increased galactitol concentrations in amniotic fluid,
which has been observed as early as 12 weeks (JT Allen, personal communication). It is
well established that the accumulation of galactitol in amniotic fluid is unaffected by
maternal restriction of galactose during the pregnancy (Jakobs et al 1988) and, likewise,
several groups have shown that cord-blood gal-1-P concentrations remain high in spite
of this treatment (Holton 1995b). Unfortunately, maternal galactose restriction during
pregnancy also appears ineffective in improving long-term prognosis in galactosaemic
children (Waggoner et al 1990).

The only real evidence that damage may have its origins in uzero is the finding of a
cataract in a galactosaemic child at birth (Donnell et al 1969) and in a 20-week-old
affected fetus (Vannas et al 1975). Histological studies of liver cirrhosis in patients dying
of galactosaemia have concluded that the pathology has originated in utero. In addition, all
the available evidence points to the conclusion that ovarian damage also occurs in utero
(Gibson 1995).

Only two possible new therapeutic approaches have emerged as the result of the
considerable volume of studies directed towards understanding the pathogenesis of
galactosaemia, First, the administration of uridine to patients increases the levels of sugar
nucleotides in the red cells, including UDPGal, and it is hypothesized that this could
correct problems due to reduced galactosylation (Ng et al 1989). Unfortunately, trials of
uridine use have produced no convincing evidence of therapeutic value. Second, animal
studies have indicated that the balance of tissue polyols could be restored by the use of
aldose reductase inhibitors to block production of galactitol from galactose (Bexrry 1995).
This approach has not been used in clinical trials and, in fact, it is not clear that there is
any problem due to polyol levels when a galactose-restricted diet is used. In the absence
of new therapies emerging from pathogenetic studies, attempts to enhance GALT activities
may prove of value (Segal 1995).
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