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Purpose: The insertion/deletion polymorphism of angiotensin-convert-
ing enzyme may influence muscle properties. We examined whether
Pompe disease clinical manifestations, which are known to be highly
variable among late-onset patients, may be modulated by angiotensin-
converting enzyme polymorphism. Methods: We included 38 patients
with late-onset Pompe disease, aged 44.6 � 19.8 years. We compared
the distribution of angiotensin-converting enzyme polymorphism ac-
cording to demographic and disease parameters. Results: The distribu-
tion of angiotensin-converting enzyme polymorphism was in line with
the general population, with 16% of patients carrying the II genotype,
37% carrying the DD genotype, and the remaining patients with the ID
genotype. The three groups did not differ in mean age, disease duration,
Walton score, and other scores used to measure disease severity. The
DD polymorphism was associated with earlier onset of disease (P �
0.041), higher creatine kinase levels at diagnosis (P � 0.024), presence
of muscle pain (P � 0.014), and more severe rate of disease progression
(P � 0.037, analysis of variance test for interaction). Discussion: These
findings suggest a potential role of angiotensin-converting enzyme
polymorphism in modulating Pompe disease phenotype and prognosis.
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Glycogen storage disease (GSD) type II or Pompe disease
(MIM 232300) is a lysosomal storage disorder caused by

mutations in the acid alpha-glucosidase (GAA) gene. A com-
prehensive review of clinical and genetic data has been recently
published.1 About 200 different mutations have been de-
scribed,2 but genotype-phenotype correlations are not well es-
tablished. Patients sharing the same haplotype may indeed ex-
perience the first symptoms at different ages, suggesting that
other (genetic) factors may consistently influence the clinical
outcome of the disease.3,4 Clinical heterogeneity is a well
known feature of GSD II, which is more frequently observed

among late-onset patients5 and is reported even within fami-
lies.5,6 Animal models too show clinical heterogeneity.7 In this
study, we focused our attention on elucidating whether the
well-known insertion/deletion polymorphism in the Intron 16 of
the angiotensin-converting enzyme (ACE) may modify some
aspects of the clinical picture of Pompe disease. Although high
interindividual differences are commonly observed, serum lev-
els of ACE are rather stable when measured repeatedly in the
same subject. At least one half of the interindividual differences
are under genetic control, due to the insertion/deletion polymor-
phism. The insertion/deletion polymorphism has been impli-
cated in many different clinical problems (hypertension, athero-
sclerosis, coronary heart disease, and stroke), including muscle
performance.8 The D allele has been associated with better
power performance, whereas the I allele would be associated
with improved endurance.9 The rationale for this study is thus
based on the observations that this polymorphism influences
fiber-type distribution and muscle properties10,11 and affects the
phenotype of another GSD, namely McArdle disease.12,13

METHODS

Patients
Thirty-eight patients (20 men) affected by late-onset Pompe

disease, including three sib pairs, were enrolled in the study. This
study was approved by the Local Ethical Committees of the in-
volved centers; all patients gave written consent to participation.
The diagnosis was suggested by the clinical picture and confirmed
by mutation analysis in all but six patients. In these patients, in
addition to the -32-13T�G mutation, a reduced level of acid
alpha-glucosidase activity was demonstrated in lymphocytes
and/or muscle biopsy. Main clinical and demographic data, and the
results of mutation analysis, are shown in Table 1. The majority (30
of 38) of patients were on a high-protein diet (consisting in 20–
25% proteins) and were instructed to perform physical activity.
Compliance to these interventions, however, was highly variable
among patients and with time; no major differences in distribution
or compliance was observed in the groups defined by the ACE
genotype. Only Patient 36 was on low-dose ACE inhibitors
(ramipril 2.5 mg/day).

The duration of the follow-up of the patients varied from 1 to
11 years (median, 7 years). Disease severity was assessed using
the modified Walton scale.14 The neurologists who collected the
clinical data (S.R., B.B., F.G.) were unaware of ACE polymor-
phism status.

Molecular analysis
Blood samples for DNA analysis were obtained after in-

formed consent. Mutation analysis was performed as reported,15

and ACE polymorphisms were determined as described by
Lindpaintner et al.16
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Table 1 Mutations identified in 38 patients with late-onset of Pompe disease

Patient Allele 1 Allele 2 ACE Age, gender Walton score

1 -32-13T�G ? ID 38, F 2

2 -32-13T�G ? DD 58, F 7

3 -32-13T�G ? DD 14, M 1

4 -32-13T�G ? ID 74, F 6

5 -32-13T�G ? DD 38, M 6

6 -32-13T�G ? ID 12, M 2

7 -32-13T�G 1561G�A II 59, F 6

8 -32-13T�G 2298_2301delCTTCinsAAAGTA ID 56, M 3

9 2014C�T 1064T�C DD 35, F 6

10 -32-13T�G 1927G�A DD 28, F 4

11 -32-13T�G 1331C�G II 18, M 1

12 -32-13T�G 1465G�A ID 53, M 6

13 -32-13T�G 1465G�A DD 43, M 3.5

14 -32-13T�G 1776del ID 58, M 5

15 -32-13T�G 1833_1839del;1846G�T; 1847_1848insT ID 35, F 2

16 -32-13T�G 1836C�G DD 38, F 2

17 -32-13T�G 2104C�T DD 31, M 2

18 -32-13T�G 2237G�A ID 59, F 6

19 -32-13T�G 2237G�A ID 62, F 7

20 -32-13T�G 2237G�A II 40, M 1

21 -32-13T�G 2237G�A ID 79, M 5

22 -32-13T�G 2237G�A ID 48, M 4

23 -32-13T�G 2237G�A ID 8, F 1

24 -32-13T�G 2530-41delEx18 ID 58, F 3

25 -32-13T�G 2646_2646�1delTG ID 47, M 3

26 -32-13T�G 525delT DD 36, M 7

27 -32-13T�G 525delT ID 60, F 3.5

28 -32-13T�G 525delT ID 51, M 2

29 -32-13T�G 525delT DD 46, F 3

30 -32-13T�G 525delT II 49, M 6

31 -32-13T�G 525delT ID 70, M 0

32 1645G�C 692�1G�C DD 12, F 1

33 -32-13T�G 692�1G�C DD 36, F 2

34 -32-13T�G 925G�A DD 55, F 6

35 -32-13T�G 2219_2220delTG ID 22, M 0

36 -32-13T�G IVS�1076-1G-C II 83, M 6

37 -32-13T�G IVS�1076-1G-C II 73, M 3.5

38 -32-13T�G 1655T�C ID 13, F 0
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Analysis of clinical features
We compared the distribution of the ACE genotypes in

relation to the following parameters: sex; age; age of onset of
the disease (i.e., patients were invariably asked about the onset
of motor/respiratory difficulties in running/climbing stairs
and/or rising from a chair); disease duration (from the above
symptoms onset to actual age); serum creatine kinase (CK)
levels, both at the time of diagnosis and at the latest follow-up
(in view of the retrospective nature of our study, the information
about CK levels at diagnosis was unavailable in 3 of 38 cases);
severity of the disease, using the modified Walton scale14;
presence of scoliosis; symptoms of fatigue, as assessed by the
Fatigue Severity Scale17; presence of muscle pain, as assessed
by a Visual Analogic Scale (only pain at rest/during exercise
was considered, whereas pain related to muscle cramps/fatigue
was excluded); body mass index (BMI); 6-minute walking test
(6MWT); signs of fatigue during the 6MWT, defined as oxygen
desaturation �5% or heart rate increase �20%; vital capacity,
expressed both as percentage and in liters; and range of disease
manifestations, with annotation of prevalence of respiratory
versus muscular involvement or lack of a prevailing pattern.

To evaluate disease progression rate, we also considered the
genotype distribution in relation to age and stage of disease. For
the analysis, the II, ID, and DD genotypes were evaluated with
each other by multiple pairwise comparisons (DD versus ID
versus II). As the parameters of interest were significantly
different in the DD group (Table 2), comparison of this latter

with the II � ID groups was also considered.
Statistical analysis was performed using the SPSS statistical

package version 17.0 (SPSS, Chicago, IL). Continuous vari-
ables were compared according to the genotype group by anal-
ysis of variance (ANOVA) and multiple posthoc comparisons,
or Kruskal-Wallis test, depending on the distribution of the
variable. This latter was assessed by the Kolmogorov-Smirnov
test. Categorical variables were compared using the �2 test.
Two-tailed values of P � 0.05 were considered as statistically
significant.

RESULTS

Details about the clinical picture are included in Table 1.
Cases 35 and 38 were diagnosed serendipitously, after the finding
of consistent, unexplained hyperCKemia. This prompted a muscle
biopsy, and the evidence of glycogen-filled vacuoles led to muta-
tion analysis. Because these patients were found to be still fully
asymptomatic at the latest follow-up, they were not included in the
computations of disease parameters. We included three sib pairs in
the study, as well as (Table 1): Cases 36 of 37 were ACE concor-
dant (II) and clinically similar; Cases 27 of 31 were ACE concor-
dant (ID) and clinically very dissimilar; Cases 28 of 29 were ACE
discordant (ID and DD, respectively) with an earlier and more
severe clinical presentation for Case 29.

The -32-13T�G mutation was found in 36 of 38 cases. The
second mutation was the 2237G�A and 525delT in six cases

Table 2 Demographic and disease features according to ACE genotypes

Total

ACE genotype DD vs. ID vs. IIa

DD vs. II � ID (�2/t), PII ID DD �2b/F P

N (%) 38 6 (15.8) 18 (47.4) 14 (36.8) — — —

Age (yr) 44.6 � 19.8 53.6 � 23.4 48.2 � 21.5 36.3 � 12.8 2.32 0.113 0.086

Gender, M:F 20:18 5:1 10:8 5:9 3.93b 0.140 0.98

Onset age (yr) 28.7 � 15.7 39.5 � 17.2 31.1 � 17.1 21.5 � 9.9 3.5 0.041 0.013

Disease duration 17.5 � 10.9 15 � 9.6 21.1 � 13.2 14.5 � 7.2 1.6 0.21

Age at diagnosis (yr) 34.8 � 20.6 43 � 24.4 39.7 � 21.7 24.2 � 12.8 5.87 0.053 0.025

CK at onset 767 � 488 638.9 � 225.7 575 � 363 1049 � 582 4.23 0.024 0.019

Walton score (median) 3 4.75 3 3.25 0.034b 0.852 0.56

Scoliosis (%) 11/36 (30.5) 33 23 54 3.36b 0.182 0.09

Muscle pain 16/36 (44%) 0 43% 64% 12.31b 0.014 0.012

FSS score 49.3 � 10.8 56.6 � 7.7 50.6 � 6.9 42 � 17.3 1.2 0.34 0.71

BMI 22.9 � 5.1 24 � 5 23.4 � 4.5 21.7 � 6.1 0.52 0.59 0.37

MWT 250 � 199 207.3 � 212.1 283.9 � 207.3 231.8 � 191.2 0.41 0.76 0.71

Fatigue 6-MWT (%) 12/30 (40) 50 52 32 0.25b 0.87 0.25

Range of manifestations:
resp/musc/no prev

6/13/12 1/3/2 4/4/8 4/6/2 3.99b 0.407 0.22

VC% �33 � 30.7 �33 � 32 �32 � 33 �34 � 30 0.08 0.99 0.84

VC 2.4 � 1.2 2.7 � 1.5 2.2 � 1.2 2.4 � 1.2 0.30 0.74 0.74
aIn the posthoc analysis, the group significantly different from the others is shown in bold.
bAnalyses on categorical variables, that were performed by �2.
FSS, Fatigue Severity Scale; BMI, body mass index; MWT, minute walking test; ACE, angiotensin-converting enzyme; CK, creatine kinase; VC, vital capacity;
resp/musc/no prev, mainly respiratory/mainly muscle weakness/no prevalent pattern.
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for each mutation. All the mutations found in our cases have
been already reported in the Pompe disease mutation database
except for 2298_2301delCTTCinsAAAGTA (Patient 8) and
1331C�G (Patient 11). Mutations �-32-13T�G� and
�1645G�C� are reported in the International Database as mild,
mutation �2014C�T� is reported as intermediate, whereas the
remaining are severe mutations.

The frequency of the D allele of ACE was 0.592 in our
cohort of 38 cases, and the distribution of the II/ID/DD
genotypes was in agreement with the Hardy-Weinberg equi-
librium. The II genotype was found in 6 cases and the DD
genotype in 13.

A significant difference in the distribution of the genotypes
(F � 3.5, P � 0.041, ANOVA) was observed for the age of
onset, the DD genotype being associated with an earlier onset of
the disease. The significance was found to increase when the
DD genotype was compared with the II � ID genotypes (F �
3.044, P � 0.013, t test).

The DD polymorphism also showed a significant correlation
with higher serum CK levels at diagnosis (F � 4.23, P � 0.024,
ANOVA) and with the presence of muscle pain (�2 � 12.31,
P � 0.014).

As for BMI, a significant difference was found only when
females alone were considered (P � 0.029, �2, data not shown):
the DD genotype was associated with a lower BMI.

The influence of genotype on the age of onset is also illus-
trated in Figure 1 where the II genotype is lacking in the lowest
age quartile, and, in contrast, the DD genotype is lacking in the
higher age quartile (�2 � 6.32, P � 0.012).

As shown in Figure 2, the patients were also grouped into
three categories: mild (Walton score: 0–2), moderate (Walton
score: 2.5–4), and severe (Walton score: 5–7) involvement.
When age and genotypes are considered, DD genotype is found
to be significantly associated with the most severely affected
group (ANOVA test for interaction, F � 3.79, P � 0.037), with
a nonlinear relationship between age and motor dysfunction.

All the other above-mentioned comparisons gave no signif-
icant results (Table 2).

DISCUSSION

The phenotypical heterogeneity observed among patients
suffering from Pompe disease, even when carrying the same
mutation, as well as the variability reported within families,
support the view that modifying (genetic) factors are present
and are relevant to define the final clinical presentation and
disease course.5,6 Even in the mouse model, different pheno-
types are observed among knock out mice with different back-
grounds.7 To identify possible genetic factors that can modify
the clinical presentation of patients with Pompe disease, we
investigated the ACE insertion/deletion polymorphism in a pop-
ulation of 38 juvenile/adult cases.

The rationale for studying ACE genotypes was based on
published evidence of the effect of this polymorphism on the
physiological properties of the muscle.8–11

In addition, recent reports suggest the ACE genotypes are
relevant in the clinical presentation of a different GSD also,
namely McArdle disease. In particular, the number of D alleles
was found to correlate with a more severe phenotype12,13 al-
though this observation was not confirmed in a subsequent,
smaller study.18 In this study, we observed a significant corre-
lation between the DD genotype and age of onset (Table 2 and
Fig. 1). It is certainly difficult to properly assess the age of onset
of a slowly progressive disorder in which an early muscular
dysfunction can be easily overlooked, and the clinical diagnosis
is often delayed. However, in our study, the age of onset was
defined by a neurologist blind to the genetic data, and fully
trained in the management of patients with Pompe disease, who
carefully evaluated the first appearance of muscular impairment.
We defined “age of onset” as related to the first time when the

Fig. 1. Distribution of ACE polymorphism according to
age of onset. The patients are divided in quartiles, accord-
ing to onset age. The II polymorphism is absent in the first
quartile, whereas the DD polymorphism is absent in the
last quartile of age of onset (�2 � 6.32, P � 0.012).

Fig. 2. Distribution of ACE polymorphism according to
age and stage of disease. The DD polymorphism is com-
pared with the II � ID polymorphism. Walton score is
grouped as mild (Walton 0–2), moderate (Walton 2.5–4),
and severe (Walton 5–7). In patients with the II � ID
genotype, there is a linear correlation between age and
worsening of motor dysfunction. In contrast, the DD ge-
notype shows a more severe disease course in which dis-
ease severity seems unpredictable on the basis of age, and
there is no correlation between age and stage of disease
(univariate ANOVA: dependent variable: Age; fixed fac-
tors: ACE polymorphism and Walton groups; effect of
interaction: F � 3.88, P � 0.035).
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patient noticed a difficulty in running or climbing stairs. We
thought that this parameter could reflect a more objective eval-
uation, rather than the mere recognition of the time of onset of
muscle pain or fatigue. The latter information is indeed far more
subjective, and also possibly influenced by patient’s self-per-
ception and by other occasional clinical disturbances.

The higher (although not significant) incidence of the DD
genotype in patients presenting with scoliosis fits with this
observation because it is well known that generally the presence
of scoliosis in a muscle disease reflects the existence of a
muscular dysfunction already during prepubertal growth.19

The DD genotype is associated with a higher ACE activity.
This, in turn, results in lower half-life of bradykinin and in-
creased production of angiotensin II, with vasoconstriction.
Thus, the physiological impact of the ACE genotype may take
place by reduced endothelium-dependent vasodilatation and
decreased substrate delivery to the working muscles.8,20 This
point might be of particular relevance in a disorder primarily
due to the inability of muscle to use stored glycogen, so that the
muscle energy supply becomes fully dependent on circulating
glucose.

The D allele is also associated with an increase in type II
fibers11 that are less rich in mitochondria and thus more sensi-
tive to oxidative stress.21

In Pompe disease, the specific relevance of an increased
number of type II fibers in muscles may be also related to
autophagy. The consequences of the lysosomal glycogen accu-
mulation are indeed strikingly different in type I and II muscle
fibers. Only type II fibers contain large regions of autophagic
buildups that span the entire length of the fibers, as demon-
strated in mice.22,23 In our opinion, the full set of the biological
data reported is a reliable explanation of the fact that DD
genotype is associated with an earlier onset of the disease. The
interpretation of the significantly higher CK levels in the DD
genotype must be taken with caution: it may be the expression
of a more severe muscle damage, but we should also consider
that, first, high variability in CK levels is commonly observed,
and, second, that the data on CK levels at the onset of the
disease were collected retrospectively, and thus did not allow us
to take into account possible influencing factors.

We also observed a significant association of the DD geno-
type with the presence of muscular pain. The occurrence of
muscular pain in patient with Pompe disease has not been
specifically addressed yet, and no pathophysiologic explanation
has been provided.24 The study of the nature of pain in patient
with Pompe disease is of course beyond the aim of this work,
but we hypothesize that a role for microvessel damage and
impaired clearance of yet unidentified toxic agents derived from
muscle catabolism may be claimed. The importance of ACE for
microvessel integrity is underlined by previous studies on dia-
betic nephropathy.8

In addition to the age of onset, disease progression signifi-
cantly impacts the prognosis of patient with Pompe disease. To
evaluate disease progression, we considered the combination of
two parameters: age and Walton scale. The latter is a well-
recognized instrument for assessing the severity and progres-
sion of neuromuscular disorders. By combining disease stage
(as measured by Walton scale) with age, we obtained an esti-
mate of the rate of disease progression. Once an effect of the
DD genotype was demonstrated, we compared DD and II � ID
genotypes in relation to age and Walton score groups. The DD
genotype proved to be significantly associated with a more
severe Walton score, at any age, suggesting an effect on disease
progression also. In contrast, when considered independently of
age, the DD genotype was not associated with a worse Walton

score, or with any of the other clinical parameters reflecting
disease severity. The absence of a correlation with the disease
stage alone is at variance with previous observations in
McArdle disease.12,13 Such discrepancy can be explained by the
different course of the disease (nonprogressive, with normal life
span, in McArdle25) and by the different type of scale (the
former -10/11-being largely based on subjective parameters)
used to define the disease stage. However, the lack of associa-
tion is not at all surprising, as the number of modifying factors
is likely to be wide, and clinical aspects such as oxygen satu-
ration at 6MWT or BMI are likely to be influenced by genes
controlling completely different metabolic pathways.

In our sample, we identified two subgroups of six patients
each, carrying the same mutations (i.e. -32-13T�G /2237G�A
and -32-13T�G /525delT). However, age and Walton score
were found to be highly variable and thus were not different
within groups, in line with the notion that phenotypical heter-
ogeneity may occur despite identical mutations. Because of the
small size, no clear difference could be found between the two
subgroups with regard to other variables.

The number and size of families with more than one patient
were also too small to draw any reliable conclusion. However,
we wish to point out that in the sib pair discordant for the ACE
genotype, an earlier and more severe clinical picture was again
associated to the DD genotype.

In conclusion, according to our findings, ACE genotype can
represent one of the factors responsible for the wide clinical
variability observed in Pompe disease. It would appear that
carriers of the DD genotype will experience an earlier onset of
the clinical symptoms and will more rapidly reach a stage of
severe motor dysfunction.

Although these findings need to be confirmed in larger
groups of cases, we believe that accurate evaluation of the
mechanism of muscle damage and regeneration will provide the
rationale to investigate other genes, whose variations, either
alone or with an addictive effect on ACE genotypes, will further
clarify the clinical heterogeneity of Pompe disease.
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