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ABSTRACT. Liver metabolism of two patients (aged 15 
and 23 yr) was studied by P-31 magnetic resonance spec- 
troscopy at 1.9 tesla. The P-31 spectra of liver showed the 
resonances of phosphomonoesters (including sugar phos- 
phates), inorganic phosphate (Pi), phosphodiesters 
(e.g. glycerophosphorylcholine, glycerophosporylethanol- 
amine), and ATP. These resonances were quantified by ex- 
pressing their peak areas in mM (assuming that ATP 
concentrations in normal liver is 2.5 mM) or as a ratio 
relative to the area of the phosphodiester resonance. After 
an overnight fast liver phosphomonoesters in patients were 
2.6 and 1.6 AU, respectively (controls 1.1 rt 0.5, mean f 
2 SD, n = 17). At the same time liver Pi was decreased in 
patients to 1.3 and 1.0, respectively (controls 1.8 f 0.8). 
Based on chemical shift measurements the increase in 
phosphomnnoesters could be attributed to accumulation of 
sugar phosphates (mainly glycolytic intermediates). After 
1 g/kg oral glucose, hepatic sugar phosphates decreased in 
patients by 64 and 40%, respectively, and reached normal 
levels (on the absolute intensity scale); whereas liver Pi 
increased by 130 and 40%, respectively. Liver Pi levels 
remained elevated in both patients 30 min after ingestion 
of glucose. Liver sugar phosphates and Pi did not change 
in control subjects (n = 4) after glucose. In contrast to 
some previous reports, we have found accumulation of 
glycolytic intermediates in the liver of glucose-6-phospha- 
tase-deficient patients during fasting. In these patients high 
levels may enhance the activity of residual glucose-6-phos- 
phatase thus increasing hepatic glucose production and 
reducing the degree of hypoglycemia during fasting. Hy- 
peruricemia is another serious complication of glucose-6- 
phosphatase deficiency and was present in both patients. 
Levels of Pi are known to regulate synthesis and breakdown 
purines. The changes in liver Pi during fasting and refeed- 
ing in these patients may stimulate production of uric acid 
and contribute to the hyperuricemia. (Pediatr Res 23: 375- 
380,1988) 

Glucose-6-phosphatase is necessary for the release of free glu- 
cose from glucose-6-P derived from glycogenolysis or gluconeo- 
genesis. The link between glucose-6-phosphatase deficiency and 
its metabolic manifestations is not clear (1). Fasting hypoglyce- 
mia, a typical feature of glucose-6-phosphatase deficiency, can 
be accounted for by the block in glucose release. However, the 
striking ability of glucose-6-phosphatase-deficient patients to 
maintain from 30-100% of the normal glucose output during 
fasting has been difficult to explain in view of the reduction in 
hepatic glucose-6-phosphatase activity by more than 95% (2, 3) 
(Collins JE, Leonard JV, unpublished observations). A second 
clinical problem in glucose-6-phosphatase-deficient patients is 
hyperuricemia and gout (4-9). It has been suggested that the 
block in hepatic glucose release leads to accumulation of glucose- 
6-P during fasting. Glucose-6-P would overflow into the pentose 
phosphate shunt, increasing the formation of ribose-5-P and 
ultimately uric acid (4). It has also been speculated that trapping 
of P, in glucose-6-P could reduce the cytosolic concentration of 
P,. At low P, adenosine monophosphate deaminase, a key enzyme 
of purine degradation, would be activated and uric acid produc- 
tion would increase (6-9). However, accumulation of hepatic 
glucose-6-P during fasting has never been convincingly demon- 
strated in glucose-6-phosphatase deficiency. Elevated glucose-6- 
P levels in liver biopsy samples of patients with glucose-6- 
phosphatase deficiency have been reported in only two studies 
(10, 1 1) and these results could not be confirmed by independent 
investigators who reanalyzed part of the same liver samples (12). 
Direct experimental evidence for depletion of liver P, in glucose- 
6-phosphatase deficiency during fasting has never been provided. 

P-3 1 magnetic resonance spectroscopy provides a new ap- 
proach to the investigation of hepatic metabolism of P, and sugar 
phosphates. We have shown previously that the levels of sugar 
phosphates, P,, and ATP, can be assessed by P-31 magnetic 
resonance spectroscopy in healthy and diseased liver (1 3- 15). 
Herein we used this technique to investigate the hepatic metab- 
olism of two patients with glucose-6-phosphatase deficiency. 
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P-31, phosphorus 31 
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Glucose-6-P, glucose-6-phosphate 
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Study protocol. Patient 1 was a 15-yr-old boy who presented 
at the age of 5 months with hypoglycemia and hepatomegaly. 
The glycogen content of a liver biopsy was increased and glucose- 
6-phosphatase activity was not detectable (Prof. A. D. Patrick, 
Institute of Child Health, London, England). At the time of study 
his growth was normal and he was treated with cornstarch by 
day and continuous nasogastric feeds at night. Patient 2 was a 
23-yr-old man who presented at the age of 3 yr with failure to 
thrive. Liver biopsy showed an increase in liver glycogen with 
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undetectable glucose-6-P activity. At the time of the study he 
had been on a normal diet for 4 yr, having been on nocturnal 
nasogastric feeds for the previous 4 yr. Both patients were receiv- 
ing allopurinol. Subjects were studied after a fast, patient 1 after 
6 h and patient 2 overnight. After a baseline P-31 spectrum of 
the liver was obtained, the subject was taken out of the magnet 
and a blood sample was drawn. The subject was repositioned in 
the magnet and further control spectra were obtained for 10 min. 
The subjects drank 1 g/kg body weight glucose dissolved in 200 
ml water and P-3 1 spectra were recorded for another 30 min. At 
the end of the experiment a second blood sample was collected. 
The patients' baseline spectra were compared with control data 
obtained in 17 healthy volunteers aged 24-43 yr. Four volunteers 
aged 24-36 yr served as controls for the oral glucose tolerance 
test. The study protocol was approved by the local ethics com- 
mittee and informed consent was obtained from patients and 
control subjects before the experiment. 

Magnetic resonance spectroscopy was done as described pre- 
viously (1 3, 14). P-3 1 spectra were obtained at 1.9 tesla using a 
surface coil (8 cm in diameter) for data acquisition. Magnetic 
field profiling was used to localize signals from the liver. P-31 
spectra with acceptable signal to noise (signal to noise ratio > 
10: 1) were obtained in 4-10 min. The resonances were identified 
from their chemical shifts using the signal from water as the 
frequency reference. pH was calculated from the chemical shift 
of P, as described previously (14). Because liver does not contain 
phosphocreatine (the common reference compound in pH de- 
terminations), the signal from water was used as the internal 
frequency reference. Spectra were collected and plotted under 
identical conditions in each subject and were quantified in two 
ways. First, the areas of individual peaks were measured and 
expressed as a ratio compared to area of the diester peak. Second, 
the areas of the @-phosphate peaks of ATP were measured in the 
controls. The arithmetic mean of these areas was set equal to.2.5 
AU. [ATP concentration in human liver is about 2.5 ~ m o l / g  wet 
weight (7, 16).] This calibration factor was then used to express 
the peak areas of all metabolites in this study in the same AU. 
Neither absolute signal intensities nor metabolite ratios were 
corrected for saturation effects due to incomplete spin-lattice 
relaxation. At the pulse conditions used (1 80" pulse at coil center 
and interpulse delay of 1 s) only ATP was fully relaxed whereas 
phosphomonoester~, Pi, and phosphodiesters were about 70, 80, 
and 50%, respectively, of the unsaturated signal intensity. Inas- 
much as complete spin-lattice relaxation measurements were too 
time consuming to obtain in these experiments (17) possible 
changes in relaxation behavior due to the metabolic abnormality 
were assessed by acquiring data at two different interpulse delays 
(0.1 and 1.0 s). The effect of the spin-lattice relaxation time on 
the peak intersites was estimated by calculating the ratio signal 
intensity at 0.1 s interpulse delaylsignal intensity at 1.0 s inter- 
pulse delay. 

Blood samples for the determination of xanthine and hypo- 
xanthine were deproteinized with perchloric acid (final concen- 
tration 4%) and immediately frozen. Xanthine and hypoxan- 
thine were measured by high-performance liquid chromatogra- 
phy (18). Because the changes in blood levels of hypoxanthine 
closely reflected those in xanthine, only the hypoxanthine data 
will be presented herein. Blood glucose, uric acid, and Pi were 
determined by multichannel analyzer in the hospital laboratory. 

Data presentation. Because only two patients were investi- 
gated, statistical analysis of the data was not performed. The 
normal range was defined as mean + 2 SD. 

RESULTS 

Figure 1 shows liver P-31 spectra of a control subject and 
patient 1 after fasting. Signal intensities for phosphodiesters and 
ATP in liver of patients were within the normal range when 
expressed on the absolute scale shown in Table 1. Determination 
of the spin-lattice relaxation factors in patient 2 excluded signif- 
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Fig. 1. Liver P-3 1 spectra of a control subject (5 12 accumulations 

and a glucose-6-phosphatase-deficient patient (360 accumulations). PM, 
phosphomonoesters; PD, phosphodiesters. * phosphocreatine due to 
small contamination of the spectrum with signals from skeletal muscle 
(intercostals or diaphragm). 

icant changes in the spin-lattice relaxation time of the measured 
metabolites. These factors could not be determined in patient 1 
for technical reasons. Intracellular liver pH was normal in both 
patients. After fasting overnight the phosphomonoesters were 
increased in patient 1 when measured on both the absolute scale 
and also relative to the phosphodiester. The Pi peak was low 
normal on the arbitrary scale but reduced when expressed relative 
to the phosphodiester peak. Patient 2 had broadly similar 
changes. The phosphomonoesters were increased relative to dies- 
ters but not on the absolute scale. By contrast Pi was low normal 
on both scales. In both patients the Pi/phosphomonoester ratio 
is markedly disturbed (Table 1). 

After the glucose load the liver P-31 spectra of controls did 
not change significantly whereas marked effects were observed 
in the liver spectra of both patients (Figs. 1 and 2). The phospho- 
monoesters gradually decreased in both patients after oral glu- 
cose, and at 30 min the intensity of the peak was 1.1 in patient 
1 and 0.9 in patient 2. This was within the normal range (1.3 + 
0.5, mean 1 2 SD, n = 4). The decrease in the phosphomonoester 
resonance was evident when the data were expressed relative to 
the signal intensity before glucose ingestion. After glucose an 
upfield shift of the phosphomonoester peak by about 0.5 ppm 
was measured in the liver spectra of both patients. 

Liver Pi increased in both patients after oral glucose. Liver Pi 
of patient 1 reached its highest concentration 14 min after 
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Table 1. Liver metabolites after fastina overniaht 
Glucose-6-phosphatase deficiency Controls 

(n = 17) 

Patient 1 Patient 2 (mean + 2 
SD) 

Signal intensity on absolute ATP* 
scale in AU Pi 

Phosphomonoesters 
Phosphodiesters 

Signal intensity relative to ATP* 
phosphodiesters Pi 

Phosphomonoesters 

Relaxation factors 

Intracellular vH 

ATP* 
Pi 
Phosphomonoesters 
Phosphodiesters 

* Derived from 0-phosphate of ATP. 
t3$ Data were obtained in two independent experiments separated by 15-20 min (t first run, $ second run). 
8 Not determined. 
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Fig. 2. Effect of oral glucose on liver P, and sugar phosphate in glucose-6-phosphatase-deficient patients. 

glucose, and Pi was clearly increased when expressed relative to when the data were expressed relative to phosphodiesters, liver 
phosphodiesters (patient 1, 0.55, controls, 0.36 + 0.10) or on the Pi in patient 2 was also clearly elevated 30 min after glucose 
absolute intensity scale (patient 1,2.8, controls, 2.0 + 0.6). Liver (patient 2, 0.48, controls, 0.37 + 0.08). The glucose-induced rise 
Pi after ingestion of glucose did not reach as high a value on the in liver P, was best seen when the data were expressed as per- 
absolute intensity scale in patient 2 as in patient 1. However, centage of the signal intensity before glucose ingestion. In con- 



trast to phosphomonoesters the chemical shift of Pi stayed con- 
stant after glucose excluding significant changes in liver pH. The 
intensity of the ATP and phosphodiester resonances stayed con- 
stant throughout the experiment (data not shown). 

The patients' blood glucose concentration was low before the 
glucose load (patient 1, 2.9 mM, patient 2, 3.5 mM, controls 4.3 

0.3 mM, mean 5 2 SD). A total of 45 min after glucose it rose 
to 9.3 mM in patient 1 and 9.2 mM in patient 2 (controls, 5.4 
+- 2.6 mM). The elevated blood glucose we observed in both 
patients 45 min after the glucose load presumably reflects the 
impaired glucose tolerance reported to occur in glucose-6-phos- 
phatase deficiency (4). Plasma Pi was normal in patients after 
fasting overnight (patient 1, 1.3 mM, patient 2, 1.4 mM, controls, 
1.1 k 0.2 mM). It did not change significantly after ingestion of 
glucose (patient 1, 1.7 mM, patient 2, 1.2 mM, controls, 1.0 + 
0.2 mM). While fasting both patients showed increased blood 
levels of hypoxanthine (patient 1, 8.7 pM, patient 2, 11.9 pM, 
controls 2.5 +- 0.6). Hypoxanthine decreased 45 min after oral 
glucose to 5.2 pM in patient I and 7.4 pM in patient 2 (whereas 
insignificant change was observed in controls). Plasma uric acid 
levels increased in both patients (patient 1, 699 pM, patient 2, 
737 cLM, normal range, 200-450 pM) but did not decrease after 
glucose. Plasma uric acid levels were not expected to be a reliable 
index of purine breakdown herein because both patients were 
treated, albeit inadequately, with a xanthine oxidase inhibitor. 

DISCUSSION 

Interpretation of P-31 spectra. The phosphomonoester peak 
contains the resonances of phosphorylated carbohydrates includ- 
ing hexose, pentose, and triose phosphates (19). It also contains 
the resonances of phosphocholine and phosphoethanolamine 
(19). The phosphodiester resonance consists of the signals of 
glycerophosphorylcholine and glycerophosphorylethanolamine 
(19). Mobile phospholipids in membranes are also thought to 
contribute substantially to this resonance (20). Under the exper- 
imental conditions of our study the Pi peak corresponds to ' 
intracellular (mainly cytosolic) Pi in liver cells (13). Due to the 
small difference in chemical shift of about 0.5 ppm the purine 
and pyrimidine nucleotides cannot be separated by P-31 mag- 
netic resonance spectroscopy at 1.9 tesla. Inasmuch as ATP is 
the most abundant of these high energy phosphates the peaks of 
purine and pyrimidine nucleotides are herein referred to as ATP 
peaks. r - 

Assessment of absolute concentrations by magnetic resonance 
spectroscopy in vivo is difficult. Herein we quantified the data in 
three ways. First, the phosphodiester resonance was used as 
internal reference. Second, we measured the absolute signal 
intensity of the P-3 1 resonances of the various metabolites. This 
intensity depends on many parameters: the volume of the sample 
and its position relative to the main coil from which the signal 
is derived, the instrumental parameters, and the relaxation be- 
havior of the P-3 1 nuclei. In our standard experimental protocols 
the variations among subjects was 20-30% and on repeat meas- 
urements of a given subject it was 20%. Because the factor 
needed to convert signal intensity into absolute concentrations 
was not known, the metabolite concentration had to be expressed 
in AU. However, as patient and control data were collected 
under the same conditions they can be compared directly. Third, 
in serial studies signal intensity was expressed as a percentage of 
the baseline value. 

The results suggest that there is a decrease in Pi and increase 
in phosphomonoesters in the livers of the glucose-6-phosphatase- 
deficient patients after fasting. Inasmuch as we only studied two 
patients, these changes are difficult to demonstrate as statistically 
significant in the direct measurement of absolute intensities. The 
conclusions, however, are supported by the observation that after 
glucose phosphomonoester decreases and P, increases in the 
patients but not in controls. The changes measured do not result 
from changes in the spin-lattice relaxation times. 

We can estimate the change in concentrations in Pi and 
phosphomonoesters if we assume that the concentrations of ATP 
in the liver of patients was the same as determined by chemical 
methods in normal liver (2.5 pmollg wet weight). We also have 
to correct for the saturation of the magnetic resonance signals. 
The increase in phosphomonoesters in patients after fasting 
corresponded to 0.9-1.8 pmol/g wet weight. After the glucose 
load the decrease in liver Pi was about 0.6-2.0 pmol/g wet weight. 
Although this change in Pi appears small in relation to the 
chemically measured Pi in liver [5 pmol/g wet weight (l6)], it is 
important to remember that P-3 1 magnetic resonance spectros- 
copy only detects Pi dissolved in cell water and not Pi bound to 
cellular structures (2 1). 

Analysis of the chemical shift data suggests that the large 
phosphomonoester peak in the liver spectra of patients was due 
to accumulation of sugar phosphates. The phosphomonoester 
peak is composed of the resonances of sugar phosphates and 
phosphocholine and phosphoethanolamine. The resonances of 
these two groups of compounds are separated by 0.6 ppm and 
could not be resolved in our studies (19). However, the chemical 
shift of the phosphomonoester peak is dependent on the relative 
contribution of these two resonances. For example, the decrease 
in the sugar phosphate concentration in the liver of both patients 
leads to an upfield shift consistent with the contribution of the 
phosphocholine phosphoethanolamine becoming more promi- 
nent (Fig. 2). This shift is not a result of a decrease in liver pH 
because liver pH as determined from the chemical shift of Pi did 
not change. 

It is important to determine whether the accumulation of 
hepatic sugar phosphates was due to glycolytic intermediates or 
to the ribose-5-phosphate of adenosine monophosphate or ino- 
sine monophosphate, reflecting increased ATP synthesis or 
breakdown. Hexose-6-phosphate and pentose-5-phosphate can- 
not be distinguished by P-3 1 magnetic resonance spectroscopy 
at 2 tesla because the differences in chemical shift are too small. 
If the decrease in sugar phosphates after a glucose load resulted 
from that in ribose-5-phosphate of nucleoside monophosphates 
we would expect either an increase in ATP in the liver spectra 
or a surge of xanthine, hypoxanthine, and uric acid in the blood. 
Neither was observed and it is therefore likely that the accumu- 
lated sugar phosphate in the liver of patients was mainly due to 
glycolytic intermediates. 

Herein we demonstrate three abnormalities in liver metabo- 
lism in glucose-6-phosphatase deficiency: accumulation of phos- 
phomonoesters (probably glycolytic intermediates), depletion of 
intracellular Pi during fasting, and elevation of Pi after refeeding. 
Accumulation of glycolytic intermediates in liver in glucose-6- 
phosphatase deficiency during fasting has been the subject of 
controversy. Concentrations of liver glucose-6-P have been re- 
ported to range from normal to 10 times normal (10-12). These 
conflicting results probably reflect the inadequacies of methods 
for the measurement of liver metabolites in biopsy specimens 
rather than true biologic variability (12). It has been speculated 
that depletion of liver Pi could occur in glucose-6-phosphatase- 
deficient patients during fasting as a result of Pi trapping in sugar 
phosphates, but there has been no experimental evidence for this 
(6-8). 

We estimate that sugar phosphates increased in the livers of 
both patients by about 0.9- 1.8 pmol/g wet weight during fasting. 
This corresponds to 2-4 mM assuming the cytosolic water space 
to be 0.5 ml/g wet weight (22). Measurement on biopsies from 
the livers of patients with glucose-6-phosphatase deficiency shows 
that the concentrations of glucose-6-P, fructose-6-phosphate, and 
fructose-l,6-phosphate increased to a total of 2.2 pmol/g wet 
weight after stimulation by glucagon. Glucose-6-P contributed 
65% to this increase in sugar phosphates (7). It is therefore likely 
that the increase we observed by magnetic resonance spectros- 
copy was partly due to glucose-6-P. 

The high glucose-6-P concentration in the liver during fasting 
may explain why patients with glucose-6-phosphatase deficiency 
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can maintain 50% or more of the normal glucose output during 
fasting despite the enzyme deficiency. Normal glucosed-phos- 
phatase activity has been reported to be between 3-10 pmol/ 
min/g liver, (23) indicating that a normal adult liver of 1500 g 
could release 4.5-1 5.0 mmol/glucose/min. This is six to 20 times 
that necessary to maintain euglycemia in normal adults after an 
overnight fast (24). Glucose-6-phosphatase has a high Km for its 
substrate in rat liver (about 2 mM) (25). This together with the 
lack of experimental evidence of a hormonal control mechanism 
has led to the concept that the metabolic flux through glucose- 
6-phosphatase is mainly controlled by the concentration of glu- 
cose-6-P which varies typically in rat liver from 0.05-0.15 pmol/ 
g wet weight between the fed and fasted state (26, 27). 

The residual enzyme activity of the liver of patients with 
glucose-6-phosphatase deficiency is undetectable or very low [the 
mean in one large series was 0.17 pmol/min/g liver (28)l. Even 
at this activity the increase in glucose-6-P in the patients during 
a fast may lead to measurable glucose production. It is also 
possible that the glucose-6-phosphatase activity measured in vitro 
is less than that in vivo because the enzyme is labile (29) and 
membrane bound. 

It has also been suggested that glucose can be released by a 
glucose-6-Plglycogen (futile) cycle ( 1, 1 1, 30) involving break- 
down of glycogen by amylo-1,6,glucosidase (debrancher en- 
zyme). Because glycogen structure is normal in glucose-6-phos- 
phatase deficiency, about 10- 12 molecules of glucose would have 
to be cycled to release 1 molecule of glucose (31). To account 
for glucose production of 0.2 pmollg liverlmin in glucose-6- 
phosphatase-deficient patients during fasting (3) glucose cycling 
would have to proceed at a rate of 2.5 pmollg liverlmin implying 
near maximal rates of glycogen synthesis and breakdown (32). 
However, the accumulation of glycolytic intermediates we ob- 
served in both patients excludes active glycogen synthesis during 
fasting because during rapid glycogen synthesis the concentration 
of glucose-6-P is decreased (26, 27). We conclude that on the 
present evidence a futile cycle between glucose-6-P and glycogen 
is unlikely to account for the total glucose output. 

After the glucose load the concentration of hepatic sugar 
phosphates decreased rapidly to normal levels in the patients 
indicating that the accumulated glycolytic intermediates were 
metabolized and the metabolic block at the level of glucose-6- 
phosphatase had become less significant. Isotope dilution studies 
have demonstrated that hepatic glucose production is completely 
suppressed at high intestinal glucose absorption rates in glucose- 
6-phosphatase-deficient patients as well as in controls (32) (thus 
the metabolic flux through glucose-6-phosphatase is low after 
glucose). The disappearance of hepatic sugar phosphates after 
the glucose load was presumably due to the activation of glycogen 
synthase (26, 27, 32) which leads to rapid consumption of 
glucose-6-P (26, 27). 

The low Pi concentration in liver of both patients during fasting 
was unexpected. Whereas, clearly Pi is converted to sugar phos- 
phate, on the basis of animal experiments we would have ex- 
pected that intracellular Pi is rapidly replenished from the extra- 
cellular Pi pool (33, 34). This either means that in patients the Pi 
influx is slow or that the high extracellular/intracellular gradient 
is actively maintained. This gradient can be estimated if we 
assume that the plasma Pi concentration is a measure of the 
extracellular Pi concentration and that P-3 1 signal intensities for 
Pi on the absolute scale relate to intracellular Pi concentrations. 
Inasmuch as the extracellular Pi concentrations in both patients 
remained normal during fasting, as previously reported (5, 6), 
the extracellular/intracellular Pi gradient was about twice as high 
in patients than in controls (see Table 1 for intracellular Pi). 

The clinical course of glucose-6-phosphatase deficiency is com- 
plicated by hyperuricemia and gout (4-9). Detailed studies on 
uric acid turnover indicate that increased production and de- 
creased renal clearance of uric acid contribute to the hyperuri- 
cemia (5, 6, 9). The intracellular Pi level is closely related to uric 
acid production in liver by regulating purine nucleotide synthesis 

and degradation. The control step in purine nucleotide break- 
down is catalyzed by adenosine monophosphate deaminase (35- 
37) and in purine synthesis by phosphoribosylpyrophosphate 
synthase (38). Both enzymes are inhibited by Pi at physiologic 
concentrations in vitro (36-38). 

In the two patients the liver Pi was depleted during fasting and 
it increased by 40 and 180%, respectively, after glucose. The low 
liver Pi concentration during fasting could lead to disinhibition 
of adenosine monophosphate deaminase and 5'-nucleotidase 
and promote purine degradation to uric acid. The high liver Pi 
levels after refeeding may increase phosphoribosylpyrophosphate 
synthase activity and enhance purine synthesis. It is conceivable 
that liver Pi in glucose-6-phosphatase-deficient patients undulates 
between high and low levels in relation to feeding. These fluctua- 
tions in liver Pi would provide a stimulus for purine synthesis or 
breakdown and eventually lead to hyperuricemia. Accumulation 
of glucose-6-P could contribute further to the increased produc- 
tion of uric acid by enhancing the formation of ribose-5-phos- 
phate from glucose-6-P in the pentose phosphate shunt (39). The 
increased supply of ribose-5-phosphate to phosphoribosylpyro- 
phosphate synthase could trigger purine synthesis (38). 

In conclusion, we have found by P-31 magnetic resonance 
spectroscopy that glycolytic intermediates accumulate in the liver 
of patients with glucose-6-phosphatase deficiency during fasting. 
High levels of glucose-6-P may enable these patients to overcome 
in part the deleterious effects of the block in hepatic glucose 
release and achieve glucose production rates that meet the met- 
abolic demands of glucose-dependent organs (e.g. brain) during 
fasting (2, 3). The finding of large fluctuations in intracellular Pi 
in the liver may be directly related to the increase in uric acid 
production typically seen in these patients (4). 
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