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Chapter 5.1

Summary

Deficiency of microsomal glucose-6-phosphatase in liver and kidney leads

to glycogen storage disease type Ia (GSD Ia). Notwithstanding intensive

dietary therapy, moderate to severe dyslipidaemia and microalbuminuria,

both known atherosclerotic risk factors, remain present. Although more

patients reach adult age, no information is still available about accelerated

atherosclerosis. The aim of our study was to investigate whether GSD Ia

was associated with premature atherosclerosis. In nine adolescent patients

(mean age 22.7 ±  3.4 years) and nine matched healthy control subjects,

lipid profile, blood pressure, ankle-brachial indices, aortic distensibility and

intima-media thickness (IMT) of the carotid and femoral arteries were

determined. As expected, lipid profiles were significantly unfavourable in the

patient group compared with the control group. No differences were found

in blood pressure, ankle brachial indices and aortic distensibility between

both groups. IMT segments were comparable in both groups, with even

thinner segments in the patient group. In different multivariate models, GSD

Ia remained an independent predictor for a thinner IMT (R2= 0.90; β= -

0.69; P= 0.018).

In conclusion, glycogen storage disease type la is not associated with

premature atherosclerosis, despite the existence of longstanding

dyslipidaemia and microalbuminuria.
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Introduction

Deficiency of glucose-6-phosphatase in liver and kidney leads to glycogen

storage disease type Ia (GSD Ia) with dyslipidaemia and microalbuminuria

as some of the metabolic changes
9,15

. Despite the introduction of intensive

dietary therapy, these well known independent risk factors for atherosclerosis

remain present
14,20

. More and more patients with GSD I a are reaching adult

age, but data about the appearance of premature atherosclerosis in young

adults remain scarce and conflicting (Table 5.1.1). Therefore, the aim of our

study was to investigate whether GSD la was associated with premature

atherosclerosis.

Patients and methods

Nine adolescent patients (six male and three female) were recruited

from our Out-patient Clinic for Metabolic Diseases. All nine patients shared

the clinical and biochemical characteristics associated with GSD la, and were

treated with intensive dietary therapy
13

. Patients were compared with nine

healthy control subjects, matched for age, sex and body mass index (BMI,

kg/m2). No cardiovascular medication was taken by any of the control subjects.

Lipid profiles were determined using standard laboratory methods. Urinary

albumin was measured by radioimmunoassay (Diagnostic Products

Corporation, Apeldoorn, The Netherlands) and microalbuminuria was defined

as an urinary albumin/creatinine ratio above 2.5 and 3.5 mg albumin/mmol

creatinine in men and women, respectively.

Blood pressure (mm Hg) was measured using a calibrated automatic

oscillometric manometer. The ankle-brachial index (%) was determined at

rest and after standardised exercise
26

. Using pulse-wave velocity measure-

ments
30

, the aortic distensibility was calculated (in MPa-1) from the time

Table 5.1.1 Literature concerning (sub)clinical atherosclerosis in GSD Ia patients

reference number age results
of patients (n) (years)

[41] 1 10 small atheromatous plaques

[14] 4 10-16 normal exercise ECG in all patients

[55] 37 18-43 coronary artery disease in 2 patients

[32] 6 23-33 normal endothelial function in all patients

[48] 43 > 20 generalised atherosclerosis in 1 patient,

with concomitant end-stage renal disease
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delay between the start of the flow velocity waveforms recorded by two

Doppler probes (5 MHz), placed on the right subclavian and the common

femoral arteries, and the aortic length, defined as the distance between the

top of the manubrium sterni and the right common femoral artery.

The intima-media thickness (IMT) of different segments of the carotid

arteries and the right femoral artery was measured using high resolution B-

mode ultrasound (Acuson XP128 duplex scanner). The IMT was defined as

the distance between the intima and media double line pattern, expressed in

mm. The mean-max IMT was determined as the arithmetic mean of the

maximum values of all measured far wall segments in one patient.

Statistical analysis was performed with SPSS version 9.0. Differences

between the two groups were determined with Mann-Whitney U-test and

were considered statistically significant at P values < 0.05. Multiple regression

analyses were performed to test for possible confounders.

Results

Mean age and BMI were 22.7 ±  3.4 years and 23.0 ±  2.7 kg/m2 in the

patient and 24.3 ±  2.4 years and 23.1 ±  2.2 kg/m2 in the control group,

respectively. Seven patients were treated with an angiotensin-converting

enzyme (ACE) inhibitor because of (micro)albuminuria and one patient was

using a fibrate preparation because of the risk of pancreatitis due to severe

hypertriglyceridaemia.

Table 5.1.2  Biochemical and vascular characteristics of GSD Ia patients and control
subjects

GSD Ia patients control subjects p

lipid profile

cholesterol (mmol/l) 8.33 ±  5.34 4.89 ±  0.61 < 0.05
triglycerides (mmol/l) 11.6 ±  11.1 1.10 ±  0.33 < 0.001
HDL-cholesterol (mmol/l) 0.62 ±  0.21 1.13 ±  0.35 < 0.01
cholesterol/HDL-cholesterol ratio 16.5 ±  12.0 4.55 ±  0.84 < 0.01

non-invasive vascular parameters

blood pressure (mm Hg) 112/64 ±  10/6 118/68 ±  13/7 n.s

mean heart rate (bpm) 80 ±  7 65 ±  9 < 0.01
ankle-brachial index (%) 124 ±  15 118 ±  10 n.s
aortic distensibility (MPa-1) 24.3 ±  6.1 21.1 ±  5.4 n.s
IMT mean max (mm) 0.64 ±  0.03 0.71 ±  0.03 < 0.01

Data are given as mean ±  SD
IMT mean max mean intima-media thickness of the maximum values of all measured
segments; n.s not significant
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In Table 5.1.2, the lipid profiles and results of the vascular measurements

are given for both groups. The lipid profile in the patients was abnormal

compared to control subjects. None of the control subjects had

(micro)albuminuria. No differences were found in blood pressure, ankle-

brachial indices and aortic distensibility between both groups. Mean heart

rate was significantly higher in the patient group compared with the control

group. In the patient group, no IMT segment appeared to be thicker compared

with the control group, but some segments were significantly thinner in the

patients compared with the control subjects. This was confirmed by the

results of the multivariate models with the mean max IMT as dependent

variable. Even after controlling for known cardiovascular risk factors (age,

sex, BMI, dyslipidaemia and microalbuminuria), GSD la remained an

independent predictor for a thinner mean max IMT (model R2= 0.90; β= -

0.69; P= 0.018).

Discussion

In this study, no premature atherosclerosis was found in patients with

GSD la, notwithstanding the existence of the atherosclerotic risk factors

moderate to severe dyslipidaemia and (micro)albuminuria.

Formerly, from the few available reports in the literature, no convincing

conclusions could be drawn about the presence of atherosclerosis. Besides

the absence of atherosclerosis, GSD la appeared even to be an independent

predictor for a thinner IMT, as indicated by the results of our multiple

regression analyses. Little is known about possible vascular protective

mechanisms against the dyslipidaemia in GSD la. The diminished platelet

aggregation
40

 can only be partly protective
50

. Recently, a decreased

susceptibility of in vitro oxidation of (very) low-density lipoprotein cholesterol

has been found
4
. Although most patients with GSD la were using an ACE

inhibitor, the effects of these drugs on the IMT proved to be questionable
38,39

.

Different non-invasive vascular measurement techniques were used in

our study and these techniques have been able to detect subclinical premature

atherosclerosis in adolescent patients with dyslipidaemia
34,56

.

Our results provide no support for lipid-lowering therapy in patients with

GSD la for the prevention of atherosclerosis. Although results are lacking,

lipid-lowering drug treatment can be considered in preventing renal

deterioration in case of dyslipidaemia
44,46

.
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Summary

Microsomal glucose-6-phosphatase is important in regulation of blood

glucose concentration. Deficiency of this enzyme leads to glycogen storage

disease type Ia (GSD Ia). Dietary therapy has prolonged life expectancy, but

dyslipidaemia and (micro)albuminuria remain present. The aim of our study

was to investigate whether GSD Ia was associated with premature

cardiovascular changes.

Lipid profiles were significantly unfavourable in 9 adolescent patients

with GSD Ia compared with 9 matched healthy control subjects. Seven

patients with GSD Ia were treated with an angiotensin-converting enzyme

inhibitor because of (micro)albuminuria. Blood pressure was comparable in

both groups. Intima-media thickness segments were comparable in both

groups, but the relative myocardial wall thickness was significantly higher,

and the early to atrial filling ratio lower in the patients with GSD Ia compared

with the control subjects (p= 0.002 and p= 0.03, respectively). After

controlling for known cardiovascular risk factors in different multivariate

models, GSD Ia remained an independent predictor for a thinner intima-

media thickness (R2= 0.90; ß= -0.69; p= 0.018) and increase in relative

myocardial thickness (R2= 0.83; ß= 1.09; p= 0.007).

Despite the existence of longstanding dyslipidemia and microalbuminuria,

GSD Ia is not associated with premature atherosclerosis, but with cardiac

remodeling like an increased relative myocardial wall thickness and (incipient)

diastolic dysfunction.
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Introduction

Microsomal glucose-6-phosphatase (E.C.3.1.3.9) is the key enzyme in

homeostatic regulation of blood glucose concentration by catalysing the

terminal step in both glycogenolysis and gluconeogenesis. Deficiency of

glucose-6-phosphatase in liver and kidney leads to glycogen storage disease

type Ia (GSD Ia). This is an autosomal recessive inborn error of metabolism

with an estimated incidence of 1 in 100.000 births
9
. Metabolic changes consist

of severe fasting hypoglycaemia, hyperlactacidaemia, hyperuricaemia and

combined hyperlipidaemia. These lead to complications such as growth delay,

hepatomegaly and hepatic adenoma, (micro)albuminuria and progressive

renal failure, gout, pancreatitis, anaemia, osteoporosis and ovarian cysts
9,15,48

.

Life expectancy has been considerably prolonged after introduction of intensive

dietary therapy. More and more patients are reaching adult age. However,

insufficient data is available about the occurrence of premature clinical and

subclinical atherosclerosis and cardiac changes in young adults, in the

presence of not only the moderate to severe dyslipidaemia but also

(micro)albuminuria. A comparable degree of hyperlipidaemia in familial

hypercholesterolemia or familial combined hyperlipidemia, is a strong risk

factor for cardiovascular morbidity and mortality at an early age
19,25

.

Heterozygous familial hypercholesterolaemia is associated with increased

intima-media thickness (IMT), transiently increased aortic distensibility and

impaired flow-mediated dilation at adolescent age, suggesting subclinical

atherosclerosis and endothelial dysfunction, followed by clinical manifestations

before or at middle age
7,31,34,42,56

. Microalbuminuria has been found to be an

independent risk factor for the development of cardiovascular disease,

especially in insulin dependent diabetes mellitus (IDDM)
5,43

.

One study has suggested conserved endothelial function in GSD Ia
32

, but,

with the exception of some case reports, further cardiovascular data are

lacking. Therefore, the aim of our study was to investigate whether GSD Ia

was associated with premature atherosclerosis and cardiac changes.

Patients and methods

Adolescent patients were recruited from our Out-patient clinic for

Metabolic Diseases. All 9 patients shared the clinical and biochemical

characteristics that are associated with GSD Ia. All patients were treated

with intensive dietary therapy consisting of lactose- and saturated fat-

restricted frequent meals with uncooked cornstarch during daytime and

continuous gastric drip-feeding or uncooked cornstarch overnight. To classify

the patients as responders and non-responders to dietary treatment, the

standard deviation score for height was calculated by comparing with sex,
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age and geographical/ethnical matched control values. Non-responders were

defined as having a standard deviation score value below –2.0
14

. Two patients

(numbers 1 and 2) were non-identical twin-brothers. Patients were compared

with 9 healthy control subjects, matched for age, sex and body mass index

(BMI, kg/m2). All were in good health. No cardiovascular medication was

taken by any of the controls. All participants performed normal physical

activity and were non-smokers.

Creatinine, glucose and the lipid profile were measured using standard

laboratory methods. Low-density lipoprotein-cholesterol could not be

calculated or determined by the generally used kit in our laboratory because

of the elevated triglyceride values. Bleeding time was measured according

to Ivy, with normal values below 4 minutes. Urinary albumin was measured

by RIA (Diagnostic Products Corporation, Apeldoorn, The Netherlands).

Microalbuminuria was defined as an urinary albumin/creatinine ratio above

2.5 in men and 3.5 mg/mmol creatinine in women. Glomerular filtration rate

was determined as described earlier
49

 and hyperfiltration defined as a value

above 145 ml/min/1.73m2.

Blood pressure was measured using a calibrated automatic oscillometric

manometer (in mmHg). The ankle-brachial index was determined at rest

and after standardised exercise (in %), using the same reference values as

in adult patients
26

.

Aortic distensibility was determined with pulse-wave velocity measure-

ments as extensively described elsewhere
30

. Two Doppler probes (of 5 MHz)

were placed on the proximal part of the right subclavian artery and the right

common femoral artery. Simultaneous registration of the Doppler pulses

was made three times during 10 seconds. Aortic distensibility (in MPa-1) was

calculated from the time delay between the points of intersection of the

systolic upstrokes of the maximum flow velocity waveforms recorded by

each Doppler transducer and the distance between the top of the manubrium

sterni and the right common femoral artery as measure of the aortic length.

The intima-media thickness (IMT) was measured using high resolution

B-mode ultrasound (Acuson XP128 duplex scanner). In supine position, the

far wall of three different predefined segments of both the carotid arteries

(common and internal carotid artery and the carotid bifurcation) and the

right femoral common and superficial artery were scanned and recorded on

video. In the common carotid artery the last 1 cm before the carotid

bifurcation, and in the internal carotid artery the first 1 cm after the flow

divider were used for analysis. In the femoral artery the last 1 cm of the

common femoral artery before the flow divider, and the first 1 cm of the

superficial femoral artery after the flow divider were used for analysis. Off-



137

Hyperlipidaemia and atherosclerosis in Glycogen Storage Disease type I

line measurement of the IMT was made using video image analysis, according

to the method as described earlier
53

, by a trained and certified technician

unaware of patient characteristics. The IMT was defined as the distance

between the intima and media double line pattern, expressed in mm. The

mean-max IMT was determined as the arithmetic mean of the maximum

values of all eight measured far wall segments in one patient.

Left ventricular mass (LVM) and diastolic function were determined three

times using 2-D mode echocardiography (Acuson XP128) in the left lateral

recumbent position. Left ventricular dimensions were recorded end-expiratory.

The LVM
12

 was indexed (LVMI) by height raised to a power of 2.7 (g/m2.7)
11

.

The relative wall thickness (RWT) of the left ventricle was determined by two

times the left ventricular posterior wall thickness divided by the left ventricular

end diastolic diameter (mm)
29

. Diastolic function parameters were determined

with pulsed Doppler echocardiography in the standard apical view. Peak

velocities of early (E) and atrial (A) filling (in m/sec) were measured and the

E/A-ratio calculated by dividing the early by the atrial filling velocity.

Statistical analysis was performed with SPSS version 9.0. Results are

given in mean ±  standard deviation (SD) as appropriate. Differences between

the two groups were determined with Mann-Whitney U-test because of small

sample size. Multiple regression analyses were performed to test for possible

confounding by known risk factors for cardiovascular disease. Differences

were considered statistically significant at p-values <0.05.

Table 5.2.1 Clinical details of the patients with GSD Ia

patient number 1 2 3 4 5 6 7 8 9

sex (male/female) M M F M M F M M F

age (years) 24 24 26 19 17 27 20 25 22

BMI (kg/m2) 20.7 22.0 25.4 25.2 17.8 23.5 26.9 22.2 23.2

SDS height -2.5 -0.6 0.0 -3.4 -2.5 -3.3 0.0 2.0 -0.4

GFR (ml/min/1.73m2) 172 161 147 209 132 121 196 176 127

albuminuria + - + + + - + + +

liver adenoma - + + + - + - - -

osteopenia + + - + + + + + +

anaemia - + - + + + - + +

prolonged bleeding time - + ? + - + - - +

BMI body mass index; SDS standard deviation score; GFR glomerular filtration rate;+ yes
or present; - no or absent;  ? not known
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Results

Each group consisted of 6 male and 3 female participants. Mean age was

22.7 ±  3.4 in the patient and 24.3 ±  2.4 years in the control group. Mean

BMI in the patient and control group was 23.0 ±  2.7 and 23.1 ±  2.2 kg/m2,

respectively. Individual clinical characteristics of the patients are enumerated

in Table 5.2.1. Overnight, seven patients were treated with nasogastric drip-

feeding and the other two (patients 2 and 3) with uncooked cornstarch. Four

patients were classified as non-responders to intensive dietary therapy. All

patients were treated with allopurinol, a xanthine-oxidase inhibitor, because

of hyperuricemia, 7 with an angiotensin-converting enzyme (ACE) inhibitor

because of (micro)albuminuria, 6 with calcium, 6 with multivitamins and 3

with sodium bicarbonate. One patient was using a fibrate because the risk of

pancreatitis due to severe hypertriglyceridemia (patient 1). In the control

group, 2 of the 3 women were taking oral contraceptives.

For both groups, lipid profiles are represented in Figure 5.2.1. As expected,

the lipid profile in the patient group was unfavourable in comparison to control

group. Serum creatinine was 64.1 ±  8.6 and 91.0 ±  12.2 (reference value

62-106 µmol/l) in the patient and control group, respectively (p=0.001).

Uric acid was not significantly different in both groups. None of the control

subjects had (micro)albuminuria.

Figure 5.2.1  Lipid profile of the patient (black bar) and control group (white bar).
chol total cholesterol; TG triglycerides; HDL high-density lipoprotein cholesterol;
chol/HDL cholesterol/HDL-cholesterol ratio
significance levels denote differences between both groups:
* p<0.05; ** p<0.01; *** p<0.001
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No differences were found in blood pressure and ankle-brachial indices

between both groups. Blood pressure was 112/64 ±  10/6 in the patient and

118/68 ±  13/7 mmHg in the control group, ankle-brachial indices in rest

124 ±  15% and 118 ±  10% and after exercise 119 ±  15% and 119 ±  14%,

in the patient and control group, respectively. Mean heart rate was 80 ±  7 in

the patient and 65 ±  9 beats/minute in the control group (p= 0.003). In the

patients, aortic distensibility was comparable with the controls (24.3 ±  6.1

and 21.1 ±  5.4 MPa-1).

In Table 5.2.2 the results of the cardiovascular measurements are

summarised. In the patient group, no IMT segment appeared to be thicker

compared with the control group. The IMT of the mean max, the common

carotid artery and the carotid bifurcation was even significantly thinner in

the patients compared with the control subjects, with all values in the normal

ranges. In the GSD Ia group, no differences in IMT were found between

responders and non-responders to dietary treatment.

The LVMI was comparable in both groups, with a higher RWT in the

patients. The E/A ratio was significantly lower in the patients compared with

the control subjects, due to a higher atrial contributing to left ventricular

filling. Although these differences were observed, all echocardiographic

parameters were within normal ranges. In the GSD Ia group, no differences

in RWT and E/A-ratio were found between responders and non-responders

to dietary treatment.

Table 5.2.2  Intima-media thickness and echocardiographic findings of GSD Ia

patients and control subjects

GSD Ia Controls p
n = 9 n = 9

intima-media thickness
mean max (mm) 0.64 ±  0.03 0.71 ±  0.03 0.002

echocardiography
LV-mass index (g/m2.7) 31.5 ±  4.17 30.8 ±  4.67 n.s
relative wall thickness 0.40 ±  0.04 0.35 ±  0.03 0.002
early/atrial ratio 1.50 ±  0.28 1.84 ±  0.33 0.03

mean ±  SD;
n.s not significant;  mean max mean of the maximum values of all measured segments; LV
left ventricular
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The results of the multivariate models with the mean max IMT, RWT and

E/A-ratio as dependent variables and adjusting for cardiovascular risk factors

are given in Table 5.2.3. After controlling for known risk factors for

cardiovascular disease: age, sex, BMI, dyslipidaemia and microalbuminuria,

GSD Ia remained an independent predictor for a thinner mean max IMT

(model R2= 0.90; ß= -0.69; p= 0.018, Table 5.2.3). This is in agreement

with the above-mentioned results of the non-parametric tests in which the

IMT of the GSD Ia patients appeared unaltered or even thinner compared to

the control subjects. After controlling for the cardiovascular confounders,

GSD Ia remained an independent predictor for an increase in RWT, also

(R2= 0.83; ß= 1.09; p= 0.007, Table 5.2.3). However, in the models with

the E/A-ratio as dependent variable, after additional adjusting for dyslipidemia

and microalbuminuria, GSD Ia lost statistical significance (complete adjusting

model R2= 0.44; ß= -0.56; p= 0.33, Table 5.2.3).

Discussion

Our study in adolescents with GSD Ia shows no early signs of

atherosclerosis, but the presence of incipient myocardial changes in a condition

associated with longstanding moderate to severe dyslipidaemia and

(micro)albuminuria. This lack of signs of vascular damage is surprising,

because the life long dyslipidaemia and the microalbuminuria would have

suggested early atherosclerosis
5,43,50

.

The dyslipidaemia in GSD Ia is thought to be due to a combination of

increased synthesis of fatty acids and cholesterol from the excess of pyruvate

and lactate, decreased lipoprotein lipase activity and the effects of

hypoglycemia counter-regulation with low insulin levels and high glucagon

and cortisol levels
3,6,15,17,36

. But despite all dietary efforts, in most patients

with GSD Ia, total and low-density lipoprotein cholesterol and triglyceride

Table 5.2.3  Regression analysis with adjusting for possible confounding factors

dependent variable IMT mean max     RWT   E/A ratio

ß p ß p ß p

GSD Ia -0.73 0.001 0.65 0.004 -0.51 0.032

adjusting for age / sex / BMI -0.72 0.001 0.77 0.001 -0.58 0.026

adjusting for chol/HDL -0.43 0.036 0.62 0.037 -0.66 0.10

adjusting for ma -1.08 0.001 1.18 0.001 -0.55 0.19

adjusting for chol/HDL and ma -0.69 0.018 1.09 0.007 -0.56 0.33

IMT mean max mean intima-media thickness of the maximum values of all measured
segments; RWT relative wall thickness; E/A early/atrial ratio; ß standardized coefficient; p,
significance level; BMI body mass index; chol/HDL cholesterol/high-density lipoprotein
cholesterol ratio; ma microalbuminuria; controls coded 0 and GSD Ia coded 1; men coded 0
and women coded 1; normoalbuminuria coded 0 and micro- or macroalbuminuria coded 1
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values remain elevated and high-density lipoprotein cholesterol decreased
14

.

In our multivariate models with cardiovascular risk factors, GSD Ia appears

to be an independent predictor for a thinner IMT. In literature, in a case

report (45 years ago) of a girl with GSD Ia who died at the age of 10 years

of progressive right-sided heart failure, small amounts of atheromatous plaque

were found
41

. After the introduction of dietary treatment
13

, data about the

appearance of atherosclerosis or its clinical sequela in patients with GSD Ia

remain scarce. In 4 children, no abnormalities were found at exercise

electrocardiography
14

. Among 37 adult GSD Ia patients in the United States

of America (18-43 years), two 35-year old men were known with coronary

heart disease
55

. Among 43 adult GSD Ia patients in Europe of 20 years and

over, atherosclerotic lesions were found at autopsy in just one 46-year-old

woman who died after a second renal transplantation
48

. In this case, it is

well possible that the accelerated atherosclerosis is mainly due to the

progressive renal failure and not to GSD Ia or dyslipidaemia. In a previous

study in 6 adult patients with GSD Ia, endothelial function seemed to be

normal
32

. This is in agreement with and complementary to our results.

Furthermore, the non-invasive vascular measurement techniques used in

our study, are suitable for detecting premature atherosclerosis in adolescents,

as shown by others
31,33,34,56,60

.

In the apparent absence of atherosclerosis, little is known about a vascular

protective mechanisms against the moderate to severe dyslipidemia in GSD

Ia. The diminished platelet aggregation, expressed as a prolonged bleeding

time and dependent of the metabolic control
22,40

 can only be partly protective
50

.

Recently, a decreased susceptibility of in vitro oxidation of (very)low-density

lipoprotein cholesterol was found
4
. The small, non-significant difference in

blood pressure, perhaps due to and complemented by the use of ACE-

inhibitors in most patients, might be proposed as explanation for the observed

lack of difference in IMT. However, the evidence for a specific effect of ACE-

inhibitors on IMT is at best equivocal
38,39

.

Besides a difference in lipid profile between the two groups, the serum

creatinine value in the patient group was lower compared to the controls.

This can be the result of a smaller muscle mass in the GSD Ia patients and

the higher glomerular filtration rate (see also below). The comparable uric

acid values in both groups can be explained by the use of allopurinol.

In our patients, LVMI was not significantly different compared with the

control subjects, but the RWT of the left ventricle was thicker and the E/A

ratio lower suggesting concentric remodeling of the left ventricle in patients

with GSD Ia
29

. Our echocardiographic findings are in agreement with a study

in children with several metabolic storage diseases by Senocak et al
54

 who
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found in 4 of the 12 included GSD Ia patients increased myocardial wall

segments. The mean E/A ratio in their patient group, including 8 children

with GSD I, was significantly lower compared to the mean of the controls, in

accordance to our results. In the formerly mentioned 4 children, no

abnormalities were found at echocardiography
14

. In the autopsy of the 10

year old girl, the right ventricle was found to be hypertrophied and moderately

dilated. At microscopy, only a few glycogen granules were seen without

evidence of glycogen storage in the myocardium
41

. In one of the 37 adult

patients from the United States of America, decreased left ventricular function

was described detected by echocardiography
55

.

We only can speculate about the pathophysiological mechanims behind

these cardiac changes in the absence of atherosclerosis. Glycogen storage is

not a plausible explanation, because in GSD I, glycogen does not accumulates

in the myocardium
15,41

. The normal aortic distensibility virtually excludes

functional vascular changes as a contributing factor. An elevated blood

pressure, frequently seen in GSD Ia
48,55

, would have been a good explanation
24

.

However, blood pressure is similar to control subjects in our patients, many

of whom are using long-term ACE-inhibition. In fact, it is remarkable that

the use of ACE-inhibitors in a majority of the patients apparently did not

correct the myocardial functional abnormalities. One wonders of course

whether more outspoken abnormalities might have been present without

ACE-inhibitors
51

. Comparable cardiac changes are often found in young adults

with well controlled IDDM and microalbuminuria
27

. A hyperdynamic circulation

might be a common provoking factor
10

. Hyperfiltration of glomeruli is another

common factor in GSD Ia and IDDM, resulting in microalbuminuria
2,8,43,49

.

Most of our patients had glomerular hyperfiltration and a variable degree of

microalbuminuria. However, the glomerular filtration rate appeared not to

be of statistical significance, possible due to various disturbing factors (ACE-

inhibitors and drip-feeding). Microalbuminuria is an early manifestation of

damage of the kidney and the cardiovascular system, but not necessarily

related to atherosclerosis
43

. In our multivariate models, microalbuminuria

only contributed to the variance in the RWT. It is reasonable to assume that

the cardiac changes have to be related to metabolic factors, for example the

hypoglycemia counterregulation, as the degree of renal damage is related to

metabolic control
8,59

.

In conclusion, GSD Ia is not associated with premature atherosclerosis,

despite the existence of dyslipidaemia and microalbuminuria. However, an

increased relative myocardial wall thickness and (incipient) diastolic

dysfunction are found in GSD Ia, suggesting cardiac remodeling. About the

pathogenetic mechanisms we only can speculate.
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Summary

We describe two Glycogen Storage Disease Ia (GSD Ia) patients with

severe hyperlipidaemia without premature atherosclerosis. Susceptibility of

low-density lipoproteins (LDL) to oxidation was decreased, possibly related

to the ~40 fold increase in palmitate synthesis altering lipoprotein saturated

fatty acid contents. These findings are potentially relevant for anti-

hyperlipidaemic treatment in patients with GSD Ia.



145

Hyperlipidaemia and atherosclerosis in Glycogen Storage Disease type I

Introduction

Glycogen storage disease type Ia (GSD Ia, von Gierke disease) is an

inborn error of metabolism caused by deficiency of glucose-6-phosphatase

(G6Pase), the enzyme catalysing the conversion of glucose-6-phosphate (G6P)

to glucose. The disease is characterised by hypoglycaemia and hepatic

glycogen and fat accumulation as well as severe hypertriglyceridaemia,

hypercholesterolaemia and hyperuricaemia
1,15,17,20,35

. The mechanistic relation

between the primary abnormalities in glucose metabolism and hyperlipidaemia

is still speculative. Triglycerides and cholesterol are normally synthesized in

the liver, incorporated into very-low density lipoprotein (VLDL) particles and

secreted into plasma. After lipolysis of the triglycerides, the fatty acids are

taken up by extrahepatic tissues (fat and muscle predominantly). Indications

for decreased plasma lipid clearance as well as for increased lipid production

have been reported in GSD Ia patients
6,17,36

.

As the result of improved dietary management, patients with GSD Ia

commonly reach adult age, so the potential contribution of hyperlipidaemia

to the development of atherosclerosis becomes important. Conflicting reports

have appeared on development of atherosclerosis in GSD Ia and the use of

lipid-lowering treatment
32,55

.

We describe two young adult brothers with GSD Ia with severe

hyperlipidaemia without clinical signs of atherosclerosis. In these patients,

we studied the incorpororation of 13C labeled precursors into cholesterol and

palmitate to determine the synthesis of cholesterol and fatty acids.

Furthermore, we determined in vitro the susceptibility of low-density

lipoproteins (LDL) to oxidative modification, one of the primary steps in

atherogenesis.

Patients and methods

Two patients with GSD Ia and 6 healthy volunteers (mean age: 27 years;

range: 22-39 years; mean body mass index: 22.6 kg/m2, range: 19.5-25.5

kg/m2) participated in this study. The patients were 25-year old, nonidentical

twin brothers A and B. All participants were non-smokers, had no familial

history of hyperlipidaemia or premature heart disease, and none was taking

any medication or special diet. Informed written consent was obtained in

accordance with the University Hospital Groningen Ethical Committee.

In patient A, the diagnosis was made in childhood by enzyme studies in

fresh liver tissue and later on confirmed by mutation analysis. At the age of

19 years, he was referred to our hospital and physical examination showed

a young man with mild mental retardation, with stunted height (-2.5 SDS),

normal weight (52 kg) and severe hepatomegaly. Numerous xantholasmata
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were present. Plasma cholesterol and triglyceride concentrations were 26.2

mmol/l (1013 mg/dl) and 36.6 mmol/l (3242 mg/dl), respectively.

Apolipoprotein A-I levels were 1.1 g/l (normal range: 1.35-2.35 g/l) and

apolipoprotein B levels 2.1 g/l  (normal range: 0.4-1.0 g/l). He had an

apolipoprotein E phenotype E4/4. Dietary treatment was intensified and

lactose-, sodium- and fat-restricted (fat 8 energy %; protein 13 energy %,

carbohydrate 78 energy %), with a fatty acid composition of 27% saturated

fatty acid (SFA), 15 % monounsaturated fatty acid (MUFA) and 58 %

polyunsaturated fatty acid (PUFA). However, severe hyperlipidaemia remained.

In patient B, the diagnosis GSD Ia was also confirmed by mutation

analysis. At the age of 23 years, he was referred to our hospital and physical

examination showed a mentally normal young man with normal height (-0.6

SDS) and weight (68kg), and a mild hepatomegaly. Plasma cholesterol and

triglyceride concentrations were 7.9 mmol/l (305 mg/dl) and 13.5 mmol/l

(1196 mg/dl), respectively. Apolipoprotein A-I levels were 1.1 g/l and

apolipoprotein B levels 1.1 g/l. Dietary treatment was adjusted by increasing

the amount of slowly releasing carbohydrates and was fat-restricted (fat 17

energy %; protein 10 energy %, carbohydrate 73 energy %) with a fatty

acid composition of 26 % SFA, 26 %  MUFA and 48 % PUFA.

Two healthy volunteers were studied without treatment and a second

time after taking 8 g per day of cholestyramine for two weeks to also compare

cholesterogenesis in controls to the patients after strong induction. The

controls fasted from 22.00 h the day before the experiment till 10.00 h when

they received an oral liquid diet replacement (Nutridrink, Nutricia BV, The

Netherlands) at a glucose rate of 7 mg per kilogram bodyweight per minute.

This rate was similar to the amount of carbohydrates that the two patients

received through a nasogastric tube from 22.00 h until the end of the

experiment to maintain normoglycaemia (glucose levels 3-6 mmol/l). At

midnight, an infusion of [1-13C]acetate (Isotec, Miamisburg, OH, U.S.A) was

started in volunteers and patients through a nasogastric tube at a rate of

0.12 mmol per kilogram bodyweight per hour for 16 hours. Blood samples

were taken before, throughout and after the infusion. After 16 hours, the

infusion was stopped and subjects were allowed to return to their regular

diet.

Cholesterol was extracted from total plasma and derivatised according

to Neese et al
45

. VLDL from plasma samples was isolated and palmitate from

VLDL fractions was methylated as described elsewhere
21

. Lipids were analysed

by gas chromatography/mass spectrometry
3,21

. De novo synthesis of

cholesterol and palmitate in plasma and VLDL, respectively, were measured

by MIDA, as described in detail previously
3,21,45

. To obtain a semiquantitative
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value for palmitate synthesis, we multiplied fractional synthesis de novo by

the total amount of palmitate in VLDL at the end of the experiment. This

reveals the total amount of newly synthesised palmitate present in VLDL

after 16 hours of 13C-acetate infusion.

The oxidation of LDL and VLDL was measured according to the Esterbauer

method with some modifications
47

. Tocopherols (α and γ) and β-carotene

were determined by high-performance liquid chromatography
23

 and ubiquinol

levels were analyzed as described earlier
16

.

Results

At the time of the experiment, plasma triglyceride concentrations in

patient A (18.2 mmol/l, 1612 mg/dl) and patient B (11.9 mmol/l, 1054 mg/

dl) were more than ten times higher than in the control subjects (0.8 ±  0.4

mmol/l, 71 ±  35 mg/dl). Likewise, plasma cholesterol concentrations in the

patients were 15.0 mmol/l (580 mg/dl) and 10.8 mmol/l (418 mg/dl),

respectively, which was markedly higher than in the control subjects (4.2 ±

0.4 mmol/l; 162 ±  15 mg/dl). Increased lipid concentrations were almost

solely caused by increases in the VLDL fraction as determined by fast

performance liquid chromatography (data not shown). Uric acid concentrations

were normal with 0.26 mmol/l and 0.35 mmol/l in patient A and B,

respectively. Mean glucose concentrations during the experiment were 4.4

mmol/l  in patient A and 4.5 mmol/l in patient B, and mean lactate levels

were 3.2 and 3.4 mmol/l (normal upper value: 2.2 mmol/l), respectively.

Susceptibility of both LDL and VLDL to oxidative modification was markedly

lower in the patients with GSD Ia (Table 5.3.1), as indicated by an increased

lag time and a decreased propagation rate. Plasma concentrations of α-

tocopherol, β-carotene and ubiquinol showed no major differences when

expressed relative to total lipid content: If anything, the relative content of

β-carotene and ubiquinol appeared to be decreased.

Fatty acid composition of LDL particles and, to a lesser extent, of VLDL

particles showed increased SFA contents in the patients with GSD Ia (Table

5.3.1). The high relative amount of SFA was markedly different from the

composition of their dietary fat intake, which consisted mainly of PUFA. In

contrast, the lipoprotein fatty acid composition of the healthy control subjects

matched the estimated fatty acid composition of their diet, which, based on

a recent regional survey, contained 41 %, 21 % and 38 % SFA, MUFA and

PUFA, respectively. Significant correlations were observed between

propagation speed in LDL and SFA, MUFA and PUFA content (Figure 5.3.1).

Significant, but less pronounced, correlations were also found for VLDL lagtime

and propagation speed and lipoprotein fatty acid composition.
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A more than 40-fold increase in the amount of newly synthesised VLDL-

palmitate in the two patients with GSD Ia compared with the control subjects

was calculated (Table 5.3.2). Calculation of absolute cholesterol synthesis

rates revealed a 7-fold increase in the two patients, which was even higher

than in the volunteers after cholestyramine treatment to induce this process.

Calculation of precursor pool enrichments, which were at steady state after

6 hours of  [1-13C]acetate infusion, revealed a much lower acetyl-CoA pool

enrichment in the patients compared to the control subjects.

Table 5.3.1  Oxidation characteristics of VLDL and LDL particles, fasting plasma
antioxidant concentrations, and VLDL and LDL fatty acid composition

patient A patient B controls*

plasma α-tocopherol (µmol/l) 57.5 81.7 21.7 ±  4.9

    relative (µmol/mmol) 3.1 2.7 4.6 ±  0.7

β-carotene (µmol/l) 0.17 0.76 0.74 ±  0.39

    relative (µmol/mmol) 0.01 0.03 0.16 ±  0.10

ubiquinol (µmol/l) 1.21 1.44 0.92 ±  0.37

    relative (µmol/mmol) 0.06 0.05 0.20 ±  0.07

VLDL lagtime (min) 359 372 135 ±  12

propagation speed 4.5 3.5 13.1 ±  2.3

(nmol/mg/min)

SFA (%) 51.8 50.0 45.6 ±  4.6

MUFA (%) 28.5 36.8 26.1 ±  2.2

PUFA (%) 19.7 13.2 28.3 ±  3.2

LDL lagtime (min) 97 107 84 ±  6

propagation speed 7.0 6.7 10.9 ±  0.9

(nmol/mg/min)

SFA (%) 43.7 40.8 30.8 ±  1.0

MUFA (%) 28.4 25.4 20.1 ±  3.3

PUFA (%) 27.9 33.8 49.1 ±  4.2

lagtime denotes time after administration of copper until oxidation starts and propagation
speed the actual rate of oxidation
‘relative’ values for α-tocopherol, β-carotene and ubiquinol concentrations refer to antioxidant
concentrations divided by cholesterol plus triglyceride concentrations
*values were obtained from five healthy control subjects and are displayed as mean ±  SD
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Table 5.3.2 Cholesterol and palmitate synthesis in two GSD-1a patients and control
subjects, the latter before and after cholestyramine treatment

subject absolute newly synthesized precursor pool
cholesterol production  VLDL palmitate  enrichment #

(mg/d) (mmol) (%)

patient A 4419 119.7 8
patient B 2212 209.0 9

control subject A 505 7.5 16
control subject B 426 0.3 15

 control subject A* 1256 25.4 16
 control subject B* 1477 2.6 15

* represents values after two week treatment with cholestyramine.
# calculated from isotopomer distribution of plasma cholesterol at 12 and 16 hours after
start of the 13C-acetate infusion

Figure 5.3.1  Correlation between SFA,
MUFA and PUFA content of LDL particles
and oxidation propagation speed. Values
from healthy control subjects (n= 5) are
represented by the closed symbols and
those from both GSD Ia patients by the
open symbols
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Discussion

A crucial and at present unanswered question is whether the severe

hyperlipidaemia in GSD Ia patients will ultimately lead to an increased risk

for atherosclerosis, especially because patients have a better life expectancy

as the result of improved dietary treatment. A few GSD Ia patients who were

in their thirties have been described with atherosclerosis
55

. However, using

ultrasound techniques to investigate endothelial function, Lee et al
32

 found

no indication for premature atherosclerosis in young adult patients with GSD

Ia. We chose to study two adult patients with GSD Ia and severe

hyperlipidaemia and atherogenic lipid profile who were expected to show

signs of premature atherosclerosis. However, determination of ankle-brachial

indices, aortic distensibility and intima-media thickness of the carotid and

femoral arteries in these two patients (and 7 other adult GSD Ia patients)

showed no signs of premature atherosclerosis
57

. Ex vivo copper-induced

oxidation of lipoprotein particles, an important indicator of atherogenicity
58

,

revealed a much lower oxidation susceptibility of LDL of GSD Ia patients

compared with that in controls. Antioxidants and fatty acid composition are

known to influence the oxidizability of lipoprotein particles
58

. Our data do not

support a role for antioxidants in decreasing lipoprotein oxidizability in GSD

Ia because tocopherols, β-carotene, and uric acid concentrations were not

increased, although hyperuricaemia is a common phenomenon in patients

with GSD Ia. It is well known that PUFA display a higher susceptibility to

oxidation than MUFA and SFA
58

. Although we have only obtained data from

two patients, our data suggests that the relatively high lipoprotein SFA content

in patients with GSD Ia plays a role in the protection of plasma lipoproteins

against oxidative modification. An important question is why patients have a

relatively high SFA lipoprotein content compared to healthy control subjects,

as patients have a high relative PUFA intake. Application of stable isotopes

revealed that synthesis of saturated fatty acids, for example, palmitate, as

well as cholesterogenesis were severely increased compared with healthy

control subjects. Control values found in this study were similar to values

previously reported
52

. With respect to the values found for de novo lipogenesis,

a number of factors must be taken into account. Similar amounts of

carbohydrates were given to patients and control subjects, which led, however,

to higher insulin concentrations in control subjects compared with the patients

(data not shown). This might be partly attributable to hepatic glucose uptake,

which is transformed to G6P and then unable to be released as glucose

again. Decreased insulin secretion to a carbohydrate load has been

demonstrated in adult GSD Ia patients before
37

. Insulin and glucose are both

separate stimulators of de novo lipogenesis
28

. Differences in lipogenesis
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between control subjects and patients are therefore probably underestimated.

A second factor potentially influencing the calculated synthesis values is the

possible decreased clearance of VLDL triglycerides
17

. The values for lipogenesis

are a combination of formation and clearance. Decreased clearance is expected

to lower the fraction of newly synthesised palmitate found at the end of the

experiment because it increases palmitate pool size, leading to a higher

dilution with unenriched palmitate molecules. Finally, the increases in lipid

synthesis found in the patients studied here might be more pronounced than

in patients with GSD Ia in better metabolic control and with less severe

hyperlipidaemia.

Decreased acetyl-CoA pool enrichments observed in the GSD Ia patients

indicates that labeled acetyl-CoA is diluted to a larger extent with endogenous

acetyl-CoA, reflecting a higher glycolytic flux towards the acetyl-CoA pool.

This increased flux may contribute to higher fatty acid synthesis in GSD Ia

patients by stimulating acetyl CoA carboxylase. Furthermore, data suggests

that G6P itself might act as a mediator of carbohydrate-induced lipogenic

activity
18

.

In conclusion, we hypothesize that the absence of G6Pase activity,

together with a low fat diet, increases lipogenesis, and, somewhat

paradoxically in view of the well-known association of dietary SFA intake

with atherosclerosis incidence, decreases the degree of oxidative modification

of LDL by altering the lipoprotein fatty acid profile. The use of fish oil might

not be helpful to prevent premature atherosclerosis in patients with GSD Ia

because normolipidemia usually is not achieved, and fish oil could lead to

increased lipoprotein oxidizability by increasing the lipoprotein PUFA content.
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