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Abstract
Background. Fabry disease (FD) is a rare disorder and one of the causes of progressive renal and
cardiac dysfunction. FD results from an X-linked recessive lysosomal storage disorder caused by a
defect in the gene encoding lysosomal α-galactosidase A. Although accumulation of globotriao-
sylceramide leads to renal and cardiac manifestations, the precise mechanisms remain unclear.
Coronary microvascular dysfunction may be one of the causes of cardiac complications in FD. We
aimed to assess coronary flow reserve (CFR) and the effect of enzyme replacement therapy (ERT)
on coronary microvascular dysfunction.
Methods. Four FD patients who had never received ERT were included. The serum asymmetric
dimethylarginine (ADMA) level, as a marker of endothelial dysfunction, was measured. Two-di-
mensional guided M-mode echocardiography was performed to measure left ventricular wall
mass. Adenosine-triphosphate stress transthoracic Doppler echocardiography was used to
measure CFR before starting ERT and at 3, 6 and 12 months.
Results. All the patients tolerated ERT without any side effects. At the baseline, two patients had
impaired CFR, increased left ventricular mass index (LVMI) and elevated serum ADMA levels.
Twelve months after starting ERT, CFR was increased in all patients, and LVMI and serum ADMA
levels decreased in two patients. Furthermore, serum ADMA levels significantly correlated with
CFR (r =−0.576, P < 0.05) and LVMI (r = 0.874, P < 0.0001).
Conclusions. The results suggest that ERT prevented the progression of cardiac abnormalities,
possibly by improving coronary microvascular dysfunction. ADMA may be a useful surrogate
marker in FD.
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Introduction

Fabry disease (FD) is an X-linked recessive lysosomal
storage disorder caused by a defect in the gene that
encodes lysosomal α-galactosidase A and is known to
affect various tissues including the kidney and heart.
Patients with FD manifest a variety of clinical symptoms,
such as acroparesthesias, angiokeratoma, hypohidrosis,
corneal opacities, stroke, renal disorder and cardiac ab-
normalities. The manifestations are thought to be due to
progressive accumulation of globotriaosylceramide (GL-3)
and other glycosphingolipids within various cells such as
vascular endothelium, cardiomyocytes, glomerular cells
and renal tubular cells. The precise pathophysiological

mechanisms of FD remain unclear, and coronary micro-
vascular dysfunction appears to be one of the causes of
cardiac complications in FD [1–4]. In several studies, GL-3
accumulation within vascular endothelial cells in the
kidney and heart was cleared after enzyme replacement
therapy (ERT) [5–7].
Many studies have demonstrated that nitric oxide (NO)

plays an important role in the progression of endothelial
dysfunction, atherosclerosis and chronic kidney disease
(CKD) [8–11]. NO is synthesized by endothelial, neuronal
and macrophage isoforms of the enzyme NO synthase
(NOS). Asymmetric dimethylarginine (ADMA) is an
endogenous competitive inhibitor of NOS, and serum
ADMA levels have been suggested to be a surrogate
marker of endothelial dysfunction and/or angiosclerosis.
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Recently, we revealed a significant relationship between
ADMA, glomerular filtration rate and endothelial dysfunc-
tion of the coronary and peripheral arteries [12, 13]. From
the results of not only our studies but also various earlier
studies, we thought that ADMA may be involved in the
underlying mechanism connecting the two pathological
conditions between the kidney and the heart and may be
a useful biochemical marker even in FD.

The aim of our study was to examine the effect of ERT
on cardiac abnormalities and to determine the relation-
ship between ADMA, coronary microvascular function
and left ventricular hypertrophy (LVH) in FD patients.

Materials and methods

Study population

Four FD patients who had never received ERT were in-
cluded in the study. For these patients, α-galactosidase A
(agalsidase β, Fabrazyme®; Genzyme Corp., Cambridge,
MA, or agalsidase α, Replagal®; Shire plc, Dublin, Ireland)
was administered intravenously every 2 weeks for a
period of 12 months (at a dosage of 1 or 0.2 mg/kg body
weight, respectively). Ten hypertensive patients without
diabetes mellitus, inflammatory disease, infection, CKD or
any cardiovascular complications were also evaluated as
controls. In addition, 20 healthy volunteers (mean age:
29 ± 4 years) were also evaluated to determine serum
ADMA levels. Patients were excluded only if they did not
agree to participate in the study. For the FD patients, we
prospectively performed blood examination, echocardio-
graphy, exercise stress myocardial scintigraphy and coron-
ary flow reserve (CFR) measurements before starting ERT
and at 3, 6 and 12 months. There were no changes in
medication during the study period. The experimental
protocols were approved by the appropriate institutional
review committee and performed in accordance with the
Helsinki Declaration of 1975, as revised in 2008.

Measurement of CFR

Transthoracic Doppler echocardiography, which has been
described previously [14], was used to measure CFR. The
ultrasound beam was transmitted toward the heart to
visualize coronary blood flow in the distal portion of the
left anterior descending (LAD) coronary artery by color
Doppler flow mapping. First, the left ventricle was imaged
in cross-section along the longitudinal axis, and then, the
ultrasound beam was inclined laterally. Next, coronary
blood flow in the distal LAD was examined under the gui-
dance of color Doppler flow mapping. After positioning a
sample volume on the color signal in the distal LAD,
Doppler spectral tracings of flow velocity were recorded by
fast Fourier transformation analysis. All of the results were
recorded on 0.5-in. S-VHS videotapes for off-line analysis.

We first recorded baseline spectral Doppler signals in
the distal LAD. Adenosine-50-triphosphate was adminis-
tered (140 µg/kg/min, i.v.) for 3 min to record spectral
Doppler signals during hyperemic conditions. All of the
patients underwent continuous heart rate and blood
pressure monitoring throughout the study period.

An ultrasound system computer was used to trace the
contour of the spectral Doppler signal for off-line analysis
of coronary flow velocity. Peak diastolic velocity (PDV)
was measured at the baseline and peak hyperemic con-
ditions. Measurements were averaged over three cardiac

cycles. CFR was defined as the ratio of hyperemic to
basal PDV. We adopted a CFR of <2.0 as the cut-off value
for the presence of significant coronary microvascular
disease, as used previously [13].

Echocardiographic study

Two-dimensional guided M-mode echocardiography was
performed to measure left ventricular wall mass. Left
ventricular diastolic diameter (LVDd), left ventricular sys-
tolic diameter, diastolic thickness of the left ventricular
posterior wall (LVPWT) and interventricular septum (IVST)
were assessed in M-mode images in the parasternal
longitudinal axis view. The M-mode analysis was per-
formed according to the guidelines of the American
Society of Echocardiography. The following formula [15]
was used to calculate the left ventricular mass index
(LVMI) (g/m2):

LVMI ðg=m2Þ

¼ ½1:04� fðIVSTþ LVPWTþ LVDdÞ3 � LVDd3g � 13:6�
Body surface area

Measurement of serum ADMA levels and other
laboratory determinations

On the same day as the CFR measurement, venous blood
was collected from the patients after a 20-min period of
supine rest in the morning following overnight fasting. In
two dialysis patients, according to Japanese Society of
Dialysis Therapy (JSDT) guidelines, blood samples were
collected before each dialysis session at 2-day intervals.
Blood was drawn into chilled citrate tubes on ice. Serum
was separated by centrifugation at 2500 g for 10 min at
4°C and stored at −20°C until analysis. Serum ADMA
levels were determined at SRL Inc. (Tokyo, Japan) with a
novel high-performance liquid chromatography method.
Other laboratory tests were performed by standardized
clinical laboratory methods. The CKD Epidemiology Col-
laboration (CKD-EPI) equation was used to estimate the
glomerular filtration rate for evaluation of renal function.

Statistical analysis

We used the computer software application StatView 5.0
(SAS Institute, Cary, NC) for all statistical analyses. Values
are presented as means ± SDs. For continuous variables,
the Mann–Whitney U-test was used to analyze the sig-
nificance of differences between two groups. One-way
ANOVA followed by the Turkey–Kramer test were used to
assess data among the three groups. Pearson’s corre-
lation coefficient was used to analyze relationships
between variables. Results with P-values <0.05 were con-
sidered to be statistically significant.

Results

Patient characteristics

The main characteristics of the subjects are shown in
Table 1. Among the study patients, three had a history of
stroke (Cases 1, 3 and 4) and two had received hemodia-
lysis therapy (Cases 1 and 4). At the baseline, α-
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galactosidase activity was low in all patients, as deter-
mined by the measurement of the dried blood spots in a
fluorescence assay using 4-methylumbelliferyl. In con-
trast, α-galactosidase activity measured in leukocytes was
low in only one patient (Case 4). Serum ADMA levels were
significantly higher in the FD group than in the hyperten-
sive control and healthy control groups (Figure 1A). As
shown in Table 2, the LVMI increased in three patients
(Cases 1, 3 and 4), and systolic function decreased in two
(Cases 1 and 4). Although findings of ischemia were not
observed using exercise stress myocardial scintigraphy in
all the study patients, CFR decreased in three patients
(Cases 1, 3 and 4) and two had angina-like chest pain
(Cases 1 and 3). Needless to say, CFR was significantly
lower in the FD group than in the hypertensive control
group (Figure 1B).

Change of ADMA levels, CFR and LVMI during ERT

We evaluated the changes in serum ADMA levels, CFR
and LVMI after starting ERT, and these parameters
mostly improved 12 months after starting ERT compared
with the values at baseline (Figure 2A–C). We also evalu-
ated changes in other laboratory data (Table 3). Two
study patients had angina-like chest pain before the
treatment; their symptoms disappeared following ERT.
Unfortunately, because of a worldwide shortage of avail-
able recombinant α-galactosidase, Cases 2 and 4 did not
receive sufficient ERT for the last 2 months of treatment.

Correlation between ADMA, CFR and LVMI

We examined the correlation of serum ADMA levels with
CFR and LVMI and found that serum ADMA levels were
significantly correlated with both CFR (r =−0.576, P <
0.05) and LVMI (r = 0.874, P < 0.0001) (Figure 3A and B).

Fig. 1. Serum ADMA levels and CFR in the control patients and FD
patients. (A) Serum ADMA levels in the healthy subjects, hypertensive
patients and FD patients. (B) CFR in the hypertensive patients and FD
patients. *P < 0.05

Table 2. Echocardiographic parameters at baseline

Case 1 Case 2 Case 3 Case 4

LAD (mm) 41 39 41 44
LVDd (mm) 49 45 48 47
LVDs (mm) 37 31 33 33
IVST (mm) 16 10 12 12
PWT (mm) 13 10 11 12
FS (%) 24 30 31 29
EF (%) 58 60 66 57
LVMI (g/m2) 203.2 93.8 158.2 151.9
E/A ratio 0.77 2.26 0.62 0.65
DcT (ms) 346 146 200 212
IVCD (mm) 16 8.9 5.7 13
CFR 1.77 3.41 2.31 1.45

LAD, left atrial dimension; LVDd, left ventricular end-diastolic dimension;
LVDs, left ventricular end-systolic dimension; IVST, interventricular septum
thickness; PWT, posterior wall thickness; FS, fractional shortening; EF,
ejection fraction; LVMI, left ventricular mass index; DcT, deceleration time;
IVCD, inferior vena cava diameter; CFR, coronary flow reserve.

Table 1. Patient characteristics

Case
1

Case
2

Case
3

Case
4

Normal
values

Age (years old) 45 19 71 51
Sex F M F M
HD duration (years) 12 — — 23
Hypertension (+) (−) (+) (−)
Diabetes mellitus (+) (+) (−) (−)
Hyperlipidemia (−) (−) (−) (−)
Stroke (+) (−) (+) (+)
Acroparesthesias (−) (−) (+) (−)
Hypohidrosis (−) (−) (−) (−)
Angiokeratoma (−) (−) (−) (−)
Corneal opacities (+) (−) (−) (−)
Chest pain (+) (−) (+) (−)
Cr (μmol/L) 872.4 51.1 65.6 976.1
eGFR (mL/min/1.73 m2) — 139 68 —

RBC (×1012/L) 4.10 5.53 3.05 4.20
Hemoglobin (g/L) 114 161 103 121
TP (g/L) 68 69 68 79 64–82
Alb (g/L) 39 45 39 36 35–52
T-chol (mmol/L) 3.23 6.21 4.86 4.09 3.36–6.21
TG (mmol/L) 2.01 9.04 3.92 1.26 0.34–2.03
HDL (mmol/L) 0.98 0.96 1.14 0.96 ≥1.03
HbA1c (%) 6.1 12.6 5.0 4.6 4.3–5.8
Ca (mmol/L) 2.22 2.42 2.22 2.59 2.12–2.55
P (mmol/L) 1.68 1.19 0.87 2.16 0.77–1.39
BNP (ng/L) 321.5 2.4 59.6 272.2 ≤18.4
hsCRP (nmol/L) 28.6 45.7 12.4 21.9 <28.6
ADMA (ng/L) 0.85 0.48 0.55 0.70 —

α-Galactosidase activity
Dried blood spot (Agal

U)
16.9 11.2 15.1 15.2 ≥20

Leukocyte (nmol/mg
protein/h)

61.2 52.3 75.5 32.1 49.8–116.4

HD, hemodialysis; Cr, creatinine; eGFR, estimated glomerular filtration
rate; RBC, red blood cell count; TP, total protein; Alb, albumin; T-chol, total
cholesterol; TG, triglyceride; HDL, high-density lipoprotein cholesterol;
HbA1c, hemoglobin A1c; BNP, brain natriuretic peptide; hsCRP, high-
sensitivity C-reactive protein; ADMA, asymmetric dimethylarginine.
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Table 3. Laboratory data during ERT

Case 1 Case 2 Case 3 Case 4

Months 0 3 6 12 0 3 6 12 0 3 6 12 0 3 6 12

Cr (μmol/L) 872.4 879.3 854.1 903.7 40.4 38.1 41.2 43.5 65.6 74.7 73.2 54.9 976.1 995.9 1060.0 986.0
eGFR (mL/min/1.73 m2) — — — — 153 157 152 149 68 58 60 85 — — — —

RBC (×1012/L) 4.10 3.39 3.61 4.05 5.53 5.67 5.71 5.64 3.05 3.14 3.32 3.40 4.20 3.80 3.78 3.75
Hemoglobin (g/L) 114 92 103 116 161 163 167 167 103 102 105 110 121 108 114 114
TP (g/L) 68 69 70 71 69 69 68 70 68 63 64 69 79 72 73 73
Alb (g/L) 39 41 42 42 45 45 45 48 39 34 36 37 36 33 32 32
T-chol (mmol/L) 3.23 3.47 3.13 3.70 6.21 4.97 5.90 4.42 4.86 4.50 4.03 5.17 4.09 2.77 2.84 2.64
TG (mmol/L) 2.01 1.68 0.82 1.55 9.40 3.42 5.01 3.13 3.92 1.10 2.67 3.41 1.26 1.46 1.24 0.69
HDL (mmol/L) 0.98 1.24 1.32 1.32 0.96 0.96 0.96 0.91 1.14 1.53 1.24 1.81 0.96 0.80 0.72 0.88
HbA1c (%) 6.1 5.9 5.1 6.3 12.6 10.6 11.8 11.2 5.0 — — — 4.6 — — —

Ca (mmol/L) 2.22 2.25 2.10 2.30 2.42 2.32 2.32 2.47 2.22 2.32 2.40 2.25 2.59 2.15 2.25 2.17
P (mmol/L) 1.68 1.94 1.52 2.23 1.19 1.19 1.23 1.13 0.87 1.00 1.19 0.90 2.16 1.78 1.84 1.84
BNP (ng/L) 321.5 169.2 68.3 53.3 2.4 3.1 2.2 6.4 59.6 69.1 27.6 77.7 272.2 173.2 183.1 144.4

Cr, creatinine; eGFR, estimated glomerular filtration rate; RBC, red blood cell count; TP, total protein; Alb, albumin; T-chol, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein cholesterol; HbA1c,
hemoglobin A1c; BNP, brain natriuretic peptide.
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increased the CFR, decreased the elevated serum ADMA
levels and increased LVMI; and (iii) serum ADMA levels
showed a significant relationship with CFR and LVMI in
the FD patients.

It has been thought that FD patients show changes
not only in the myocardium but also in coronary vascular
function. In fact, some studies have demonstrated that
CFR is markedly decreased in FD [4, 16–18]. Previous
studies have also reported that ∼50% of FD patients
complain of angina-like chest pain [19, 20]. In our study,
two patients had angina-like chest pain and three had
markedly impaired CFR, despite having no manifest cor-
onary artery disease. Thus, coronary microvascular dys-
function may play a key role in the development of these

symptoms. In many cases with cardiac symptoms, GL-3
accumulates in the endothelial, myocardial and smooth
muscle cells, which causes microvascular dysfunction in
coronary arteries and LVH. It has been shown that ERT
reverses the accumulation of microvascular endothelial
deposits of GL-3 in several organs, including the heart
[1–3, 7]. Furthermore, it is thought that the increased
oxygen demand of the hypertrophied myocardium is
related to myocardial ischemia in FD. There are also
some studies that have reported that ERT was effective in
decreasing LVH and improving regional myocardial func-
tion [5, 21, 22]. Therefore, we speculated that ERT could
ameliorate coronary microvascular dysfunction in FD
through these two mechanisms. On the other hand, two
previous studies reported that no improvements in hy-
peremic myocardial blood flow, CFR and LVMI were ob-
served by ERT [23, 24]. However, the result of one study
showed that the study patients felt subjectively better
and suffered less pain after starting ERT. In addition,
plasma GL-3 levels decreased significantly after ERT in
both studies. From the results of these studies, ERT could
prevent the progression of impaired CFR and LVH but
could not improve CFR and LVH in their study patients.
Severe LVH is thought to be associated with marked myo-
cardial fibrosis in FD [25]. Therefore, it also has been
speculated that ERT is less effective in patients with
severe LVH. In the present study, ERT improved not only
CFR but also LVMI in most patients. We believe that the
reason is that our study patients did not have such
severe LVH.
Several studies have demonstrated that serum ADMA

levels increased in CKD patients and correlated with the
severity of atherosclerotic lesions [9–11]. Thus, ADMA is
thought to be an available biochemical marker of endo-
thelial dysfunction and/or vascular lesions in patients
with CKD. Our previous studies demonstrated that ADMA
was significantly associated with CFR, endothelium-
mediated vasodilation of the brachial artery and renal
function [12, 13]. ADMA is also known to be related to
LVH in patients with CKD [26, 27]. In the present study, to
ascertain a possible role of ADMA in FD and determine
whether ADMA is a useful marker of cardiac manifes-
tation in FD, we assessed the relationship between serum
ADMA levels, CFR and LVMI. We found that serum ADMA
levels were significantly correlated with CFR and LVMI in
patients with FD as well as in non-FD patients. Further-
more, the levels tended to decrease with improving CFR
and LVMI after starting ERT. In the present study, serum
BNP levels were also significantly associated with CFR
and LVMI. However, because many papers demonstrated
that ADMA induces cardiovascular dysfunction, it is
reasonable to suppose that ADMA plays a key role in
kidney and heart disease. Moreover, it has been reported
that ADMA is more sensitive than N-terminal pro-BNP to
diagnose heart failure in patients with congenital heart
disease [28]. Considering these findings, there is a possi-
bility that serum ADMA levels may reflect the degree of
cardiac damage even in FD.
Acroparesthesia is one of the major symptoms in FD

and it is known that ERT could reduce this symptom. A
recent study reported that ADMA might affect nocicep-
tion in CKD [29]. As mentioned above, our results show
that serum ADMA levels increased in FD. Taken together,
we speculated that ADMA might be involved in the acro-
paresthesia of FD though we do not have objective data
on polyneuropathy.

Fig. 3. Relationship between ADMA, CFR and LVMI. (A) Relationship
between serum ADMA levels and CFR. (B) Relationship between serum
ADMA levels and LVMI. (C) Relationship between CFR and LVMI.
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The main limitation of our study was the small number
of study patients and heterogeneous patient group.
However, our patients were carefully and appropriately
treated. Moreover, we performed a close observation for
our study patients prospectively and longitudinally. We
believe this is important because there are a few pro-
spective and longitudinal studies that evaluated cardiac
parameters on this topic. Therefore, we consider the
results of the present study to be valuable for the man-
agement of patients with FD. Another limitation of the
present study was that two study patients did not get
adequate therapy for the last 2 months of the study
period because of a worldwide shortage of recombinant
α-galactosidase. There is a possibility that the insufficient
therapy might have affected these patients’ conditions
and clinical data. Clearly, if we were to evaluate a larger
number of appropriately treated patients, the efficacy of
ERT and the usefulness of serum ADMA measurement
would be more evident.

Conclusions

Our data suggest that ERT prevents progression of
cardiac abnormalities, possibly by improving coronary mi-
crovascular dysfunction. In addition, we believe that
ADMA may be a useful surrogate marker for cardiac
lesions in FD. Further study is required to elucidate the
precise mechanisms underlying ERT and the change in
ADMA among patients with FD and to establish a useful
strategy for the prevention of organ damage.
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