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Clinical significance of plasma globotriaosylsphingosine
levels in Chinese patients with Fabry disease

YAN OUYANG'*, BING CHEN?", XIAOXIA PAN!, ZHAOHUI WANG', HONG REN!,
YAOWEN XU!, LIYAN NI', XIALIAN YU!, LI YANG! and NAN CHEN'

1Depau“[rnent of Nephrology, Institute of Nephrology, Ruijin Hospital, The Medical School of Shanghai Jiao Tong University;

2Department of Pharmacy, Ruijin Hospital, The Medical School of Shanghai Jiao Tong University,
Shanghai 200025, P.R. China

Received October 21, 2016; Accepted December 6, 2017

DOI: 10.3892/etm.2018.5889

Abstract. Although plasma globotriaosylsphingosine
(lyso-Gb3) is a promising biomarker of Fabry disease (FD), few
studies have assessed the impact of lyso-Gb3 in patients with
FD. A total of 38 patients diagnosed with FD at Ruijin Hospital
between January 2012 and December 2014 were recruited in
the current study. An additional 120 unrelated healthy indi-
viduals were selected as healthy controls. A simplified liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
assay was performed to determine lyso-Gb3 levels in plasma.
Protein precipitation and glycolipid extraction were conducted
using acetone/methanol. Clinical performance, including diag-
nostic value and disease surveillance, were compared between
plasma lyso-Gb3 levels and a-galactosidase A (a-gal A)
enzyme activity. The overall coefficient of variation values
between inter- and intra-days varied between 2.8 and 18.9%
and linearity correlation coefficients were =0.99 for all assays.
Therefore, the effectiveness of the LC-MS/MS method was
validated. Furthermore, a cut-off value of 0.81 ng/ml plasma
lyso-Gb3 was able to separate patients with FD from healthy
individuals. The sensitivity of this cut-off was 94.7% and the
specificity was 100%. Compared with a-gal A enzyme activity,
the diagnostic rate of patients assessed using plasma lyso-Gb3
levels was similar; however, there was a tighter correlation
between plasma lyso-Gb3 levels and the mainz severity score
index score in male patients (r=0.711 vs. r=-0.687). The sensi-
tivity of plasma lyso-Gb3 in diagnosing female patients with
FD was higher than a-gal A enzyme activity (82.4 vs. 23.5%).
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To the best of our knowledge, the present study is the first to
report the effectiveness of plasma lyso-Gb3 levels in diag-
nosing Chinese patients with FD. Using a-gal A activity as
a reference, the results of current study indicated that plasma
lyso-Gb3 levels are more useful at diagnosing female patients
with FD. Furthermore, plasma lyso-Gb3 levels are more suit-
able at determining overall disease severity in male patients.

Introduction

Fabry disease (FD) is an X-linked genetic disease resulting
from the deficient enzyme activity of a-galactosidase A [a-gal
A; Online Mendelian Inheritance in Man of the galactisidase
(GLA) gene, 301500; Enzyme Commission number of a-gal
A, 3.2.1.22], which is encoded by the GLA gene (Xq22) (1).
This enzymatic defect leads to the accumulation of glycolipid,
which consists primarily of globotriaosylceramide (Gb3), in
tissues, organs and biological fluids (2). Over time, a gradual
deterioration in organ function occurs, resulting in corre-
sponding renal, cardiac and vascular complications (3). The
early diagnosis and treatment of FD is vital to prevent irrevers-
ible damage to vital organs; however, FD is often misdiagnosed
due to its heterogeneous clinical manifestations and inefficient
diagnostic methods, such as enzyme assays (3-5).

In males, the diagnosis of FD is usually based on the
dramatically decreased activity of a-gal A (6). However,
enzyme assays are usually inconclusive at diagnosing FD in
females, as a-gal A activity usually ranges between relatively
low to normal levels in females with FD (7). The association
between Gb3 levels and a-gal A activity is weak and it has
therefore been suggested is that Gb3 is not ideal as a primary
diagnostic marker of FD (8-11). Although genotyping is a
powerful diagnostic tool, the rate of mutation detection remains
at ~10% (12,13); therefore it is difficult to identify novel GLA
variants, as FD lacks defining clinical characteristics (14). To
avoid the misdiagnosis of individuals with an unknown genetic
composition, non-invasive methods, including imaging exami-
nations, may be used. However, these are often unable to exclude
FD in uncertain cases (15,16). These patients are classified as
uncertain cases as they exhibit uncharacteristic FD manifesta-
tions and lack of a family history of the disease; such patients
only exhibited solitary unexplained cardiac hypertrophy or
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stroke. Biopsy results from organs affected by FD, such as the
heart or kidneys, reveal the presence of characteristic lamellar
inclusion bodies following electron microscopy assessment,
which also confirms FD diagnosis (17,18). However, biopsies
are invasive and an unfeasible method of diagnosing all
patients with FD. Therefore, a novel diagnostic biomarker of
FD is urgently required.

In 2008, globotriaosylsphingosine (lyso-Gb3) was intro-
duced as a promising novel biomarker of FD, which has
better diagnostic sensitivity than a-gal A (19). Lyso-Gb3
is a cationic amphiphilic compound containing a polar
sugar group and is hydrophilic. It is also a Gb3 metabolite
and contains a free sphingosine amino group. As lyso-Gb3
is able to freely access cells, it is more easily detectable
than Gb3 (20). Certain methods used to measure lyso-Gb3,
such as high-performance liquid chromatography (HPLC),
o-phthaldialdehyde (OPA)-derivatization or fluorescence
detection (19-21), did not exhibit high sensitivity to lyso-Gb3.
Previous studies have suggested that liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) may be a
more suitable technique of measuring lyso-Gb3 (22-25).
Lyso-Gb3-related analogues have been identified as
novel biomarkers for FD (26-29). However, levels of these
analogues are much lower than lyso-Gb3 in human plasma
and are undetectable in some patients with FD and healthy
subjects. Therefore, the current study focused on measuring
lyso-Gb3 levels in human plasma.

To the best of our knowledge, the current study is the first
to measure plasma levels of lyso-Gb3 in Chinese patients
with FD. A simplified LC-MS/MS assay was used to measure
lyso-Gb3 levels. An internal standard (IS) used to analyze
sphingolipid metabolism is easy to obtain and used to quantify
lyso-Gb3 levels. In addition, the clinical significance of a-gal
A activity and lyso-Gb3 were determined and compared to
determine which would more suitable for use in patients with
FD.

Patients and methods

Patients and samples. Preliminary diagnoses of FD were based
on the presence of a myeloid body in histological studies and/or
decreased a-gal A enzyme activity; patients with FD exhibit
a-gal A enzyme activity <37.0 nmol/ml/h/mg (30-32). FD
diagnosis was confirmed by genetic sequencing, as previously
described (32). Between January 2012 and December 2014,
38 patients with FD (17 females and 21 males, 1:1.24; age,
34.7+16.0 years) and 120 healthy volunteers (60 females and
60 males, 1:1; age, 40.8+10.9 years) were enrolled at Ruijin
Hospital, The Medicine School of Shanghai Jiao Tong
University (Shanghai, China). The present study was approved
by the Ethics Committee of Ruijin Hospital and all partici-
pants provided their informed consent prior to participation
in the current study. Written informed consent was obtained
from the parents or guardians of children enrolled. All
EDTA-anti-coagulated blood samples from patients with FD
were collected prior to enzyme replacement therapy (ERT).

Demographic and clinical variables. For all patients with
FD, demographic data, including age, sex, blood pressure
and body mass index, as well as their clinical symptoms
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were recorded. Estimated glomerular filtration rate (eGFR)
was estimated using the abbreviated chronic kidney disease
epidemiology collaboration equation (33) in adults and the
Schwartz formula (34) in children. End-stage renal disease
was defined as an eGFR <15 ml/min or the requirement
of kidney transplant or dialysis. Abnormal brain magnetic
resonance imaging (MRI) results were indicated by the pres-
ence of white matter lesions and lacunar infarctions. Left
ventricular hypertrophy was identified by echocardiography.
Cornea verticillata and high frequency sensorineural hearing
loss were confirmed by the slit-lamp examination and pure
tone audiogram, respectively. The presence of acropares-
thesia was determining by assessing the medical history of
patients and identifying the presence of neuropathic pain in
the palms and soles. Physical examination and history taking
were used to detect angiokeratoma corporis diffusum and
abnormal sweating. Based on these data, the Mainz severity
score index (MSSI) was scored to evaluate overall disease
severity (35). Patients included in the current study either
exhibited classical FD phenotypes or atypical FD phenotypes,
which were defined by the diagnostic criteria described in a
previous study by our group (32).

Reagents. For LC-MS/MS, lyso-Gb3 was purchased as
standard (Matreya LLC, State College, PA, USA) whereas
dimethyl psychosine was selected as the IS (Avanti Polar
Lipids, Alabastar, AL, USA). Pure water (AppliChem GmbH,
Darmstadt, Germany), acetonitrile and methanol (Thermo
Fisher Scientific, Inc., Waltham, MA, USA), formic acid
and ammonium formate (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and all other chemicals were HPLC
grade. To detect the a-gal A enzyme activity, 4-methylum-
belliferyl-a-D-galactopyranoside (4MU-gal), 4MU and
N-acetyl-D-galactosamine (galNAc) were purchased from
Sigma-Aldrich; Merck KGaA.

Preparation of EDTA-plasma for lyso-Gb3. A total of 3 ml
whole blood was drawn from the elbow vein of patients with
FD and centrifuged at 1,500 x g for 10 min at 4°C. Plasma was
separated and stored at -20°C until use. The neat lyso-Gb3
standard was dissolved as recommended by the supplier and
diluted with methanol to a working solution concentration of
10 pg/ml. Aliquots of 100 ul standard were dried and stored
at -20°C for later use. For each analysis, a blank plasma pools
from healthy controls were used for preparing the calibration
standards and quality control (QC) samples. After adding
appropriate volumes of the working solution to blank plasma
matrix, the final calibration standards concentrations of
lysoGb3 were 200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78
and 0 ng/ml. Final QC samples concentrations of lysoGb3
were 4, 20 and 160 ng/ml. Glycolipids were extracted from
50 ml plasma samples according to simultaneous protein
precipitation (36), which was performed by adding a mixture
of acetone and methanol (1 ml, 1:1) to a plasma sample and
centrifuging the mixture at 14,000 x g for 10 min at 4°C to
remove the sediment. The supernatant was collected and
evaporated for LC-MS/MS analysis without the requirement
of further sample preparation, such as Solid-Phase Extraction.
For analysis, samples were re-dissolved in 100 ul pure
methanol with subsequent sonication at 40 kHz for 10 min,
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Figure 1. The product ion spectra of lyso-Gb3 and dimethyl psychosine are presented. (A) Fragmentation spectrum of lyso-Gb3. The predominant product ion
(m/z 282.4) generated by the collision-induced fragmentation of lyso-Gb3 (m/z 786.5) is indicated. (B) Fragmentation spectrum of dimethyl psychosine. For
this internal standard, electrospray detection as [M+H]+ (m/z 490.5) is straightforward due to its basic amino group. Collision induced dissociation results in
the formation of a prominent fragment (m/z 292.3) resembling the sphingosine moiety, which gives the possibility of monitoring the internal standard with
high specificity via multiple-reaction monitoring transition 490.5>292.3. Lyso-Gb3, globotriaosylsphingosine.

followed by vortexing at 1,200 rpm for 3 min and centrifuga-

tion at 14,000 x g for 10 min at 4°C. The supernatant was  LC-MS/MS system.

transferred into glass microvials and 5 ul was injected into the
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Table I. Clinical baseline characteristics of male and female patients with Fabry disease.

Parameter Male (n=21) Female (n=17) P-value
Enzyme activity (nmol/ml/h/mg) 0.3(0.0-23.2) 64.4 (14.8-152.4) <0.001
Lyso-Gb3 (ng/ml) 14.5(0.9-113.4) 2.8 (0.7-6.0) <0.001
BMI (kg/m?) 23.1+7.1 22.0+6.9 0.647
Onset age (year) 13 (1-51) 33 (5-54) 0.114
Age at diagnosis (year) 31.1x14.6 39.2+£16.8 0.122
SBP (mmHg) 132.2+23.7 130.1+13.7 0.765
DBP (mmHg) 81.8+15.7 77.6£9.1 0.378
PP (mmHg) 50.4+15.6 52.5+11.2 0.674
MAP (mmHg) 98.6+17.3 95.1£9.5 0.461
Angiokeratoma, % (N) 20.0 (4/20) 7.1 (1/14) 0.298
Abnormal sweating, % (N) 35.0 (7/20) 7.1 (1/14) 0.059
Cornea verticillata, % (N) 70.0 (14/20) 50.0 (7/14) 0.238
Hearing loss, % (N) 37.5(6/16) 16.7 (2/12) 0.227
Acroparaesthesia, % (N) 50.0 (10/20) 50.0 (7/14) 0.999
Brain MRI, % (N) 21.1 (4/19) 38.5 (5/13) 0.282
LVH, % (N) 21.1 (4/19) 0.0 (0/14) 0.067
ESRD, % (N) 14.3 (3/21) 0.0 (0/17) 0.104
Classical phenotype, % (N) 47.6 (10/21) 35.3 (6/17) 0.521
MSSI score 19.6£10.0 7.6+5.1 0.003*

“P<0.05. Continuous variables are presented as mean + standard deviation or median (minimum-maximum). As the MSSI score required
comprehensive data of all the examinations, 15 patients (7 males and 8 females) lacking =1 examination result were excluded from the MSSI
scoring system. Lyso-Gb3, globotriaosylsphingosine; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP,
Pulse pressure; MAP, mean arterial pressure; MRI, magnetic resonance imaging; LVH, left ventricular hypertrophy; ESRD, end-stage renal

disease; MSSI, mainz severity score index.

LC-MS/MS quantification of lyso-Gb3. Quantitative
LC-MS/MS analysis was performed on an AB SCIEX API
4000 triple quadrupole mass spectrometer (AB Sciex LLC,
Framingham, MA, USA) operating in positive mode. An
XDB-CI18 column (2.1x100 mm, 3.5 ym particles) was used in
combination with a VanGuard pre-column of the same mate-
rial (Agilent Technologies, Inc., Santa Clara, CA, USA). The
mobile phases consisted of (A) water and (B) acetonitrile/methyl
alcohol (15/85=v/v). Each mobile phase contained 0.1%
formic acid and 2 mM ammonium formate. The two mobile
phases formed the following gradient: 0-0.25 (50% B) min,
0.25-2.0 min (50-99%, B), 2.0-4.5 min (99%, B), 4.5-4.75 min
(99-50% B) and 4.75-8.5 min (50%, B). The MS conditions
were as follows: ESI mode was positive, ion spray voltage was
5.5 KV, nebulizer gas and auxiliary gas were 60 psi, curtain
gas was 25 psi, the desolvation temperature was 600°C and
the flow rate is 0.3 ml/min. The following multiple-reaction
monitoring (MRM) transitions were monitored, with a dwell
time of 100 ms: 786.5>282.4 (lyso-Gb3) and 490.5>292.3 (IS).
Collision energy was 48.6 V and 38 V in the MRM traces of
lyso-Gb3 and IS, respectively (Fig. 1).

Measurement of a-gal A activity. a-gal A activity in leuko-
cytes was detected using the fluorimetric method, as described
by Desnick et al (31). Briefly, 4 ml whole blood was added to
50-ml conical tubes. Leukocyte pellets were isolated and resus-
pended in 100 u1 sodium phosphate buffer. Following 10 cycles

of freezing/thawing, leukocyte lysates were centrifuged at
2,000 x g for 10 min at 4°C. Supernatants were stored at -20°C
to allow assaying at a later period. The mixture of 4MU-gal
plus galNAc solution was added to the leukocyte lysate and
incubated at 37°C for 30 min. Reactions were quenched
using 0.1 M Na-Glycine buffer (pH 10.7). Fluorescence read-
ings were performed using a Turner Fluorometer (Turner
Designs, San Jose, CA, USA) using the following wavelengths:
Excitation at 360 nm and emission at 450 nm. Protein values
were determined using a standard BCA assay and were used
to calculate the specific enzyme activity of the lysates. Normal
a-gal A activity was defined as >37.0 nmol/ml/h/mg (32).

Statistical analysis. The distributions of quantitative vari-
ables were assessed for normality. Results are presented as
mean * standard deviation or median (range). All analyses
were performed using IBM SPSS Statistics, ver. 22 (IBM
Corp, Armonk, NY, USA). A Mann-Whitney U-test was used
to assess differences between two non-parametric variables,
and a t-test was used to compare two normally distributed
variables. To analyze the relationship between two variables,
the correlation coefficient was calculated using Spearman's
correlation coefficient. A receiver operating characteristic
(ROC) curve was used to define the pathological cutoff point
of lyso-Gb3 and compare the diagnostic value between it and
enzyme activity. P<0.05 was considered to indicate a statisti-
cally significant difference.
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Figure 2. Verified specificity of lyso-Gb3 in EDTA plasma. (A) A normal volunteer, (B) an untreated female and (C) an untreated male with FD. For validation,
lyso-Gb3 was used as ST while dimethyl psychosine was applied as IS. The retention time of ST (left peak) is less than that of the IS (right peak). FD, Fabry
disease; lyso-Gb3, globotriaosylsphingosine; ST, standard; IS, internal standard; cps, counts per second.

Results of the 38 patients with FD prior to ERT are presented in
Table I. Compared with female patients, males exhibited
Demographic characteristics. The demographic variables  an earlier age of onset (13 vs. 33 years). Cornea verticillata
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Table II. Imprecision, inaccuracy and recovery results for
globotriaosylsphingosine quantification.

Quality control samples Low Medium  High

Mean value + SD, g/l 4.1£0.3 20.1£1.9 165.8+12.7

CV % within-run (batch) 99 72 4.6
CV% estimate of between-day  18.9 14.6 2.8
CV% estimate of between-run 0* 0* 0*
CV% estimate of within-run 12.0 8.9 10.8
Recovery %, mean + SD 86.3+5992.0+3.0 97.0+£3.6
Recovery max, % 93 95 101
Recovery min, % 82 89 94

*Negative values are set to zero according to CLSI guideline. SD,
standard deviation; CV, coefficient of variation.

was the presenting symptom most frequently reported
by males and females (70% of males and 50% of females
reported experiencing this symptom). Males with FD were
more likely to report a clinical event, including end-stage
renal disease and life threatening cardiovascular or cere-
brovascular complications, compared with females. Male
patients exhibited significantly higher levels of lyso-Gb3
accumulation and lower enzyme activity (each, P<0.001)
and also presented with significantly higher MSSI scores
than females (P<0.05).

Assay validation of the quantitation of plasma lyso-Gb3.
An individual from each group was selected as a typical
representative; the chromatography of LC-MS/MS results
revealed that a male patient displayed with a lyso-Gb3 level
of 106.5, 6.04 ng/ml for a female patient and 0.61 ng/ml for
a healthy male control (Fig. 2). Diagnostic assay validation
was performed according to the criteria of the Clinical
and Laboratory Standards Institute (37,38). Linearity was
tested by a dilution series of blank plasma pools analyzed
in three separate runs. In this way, the limit of detection
representing the assay background (0.22+0.04 ng/ml) was
calculated from all subsequent sample dilutions that did not
lead to further signal reduction. Recoveries of 86.3-97.0%
were measured in QC samples prior to and following
extraction (Table II). Intra-assay variation, determined
by analyzing a pooled sample in one batch, was 4.6-9.9%.
Inter-assay variation, determined by analyzing individually
prepared samples in different runs over different days, was
2.8-18.9%. Methanolic stock solutions of the standard and
IS were stable for =2 months at -20°C. Samples and controls
were also frozen at -20°C and did not exhibit a significant
decrease following 2 months storage. There were no notice-
able influences on quantitative results <3 freeze-thaw cycles.
These results reveal that using the LC-MS/MS method to
quantify plasma lyso-Gb3 levels is accurate, reproducible
and highly sensitive.

Diagnostic performance of plasma lyso-Gb3 and a-gal
A enzyme activity. No significant difference in a-gal A
enzyme activity was observed between male and female
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Figure 3. Differences in plasma lyso-Gb3 levels and enzyme activity were
detected in males and females with Fabry disease. (A) Enzyme activity and
(B) lyso-Gb3 levels in the plasma of male patients (n=21), female patients
(n=17), healthy males (n=60) and healthy females (n=60). Lines represent the
median value in each group. ““P<0.001. Lyso-Gb3, globotriaosylsphingosine.

controls (male, median 104.7 nmol/ml/h/mg; range,
43.2-361.8nmol/ml/h/mg;female,median90.8 nmol/ml/h/mg;
range,35.5-175.1 nmol/ml/h/mg; Fig.3A). By contrast,enzyme
activities in leukocytes of male patients with FD (median,
0.3 nmol/ml/h/mg; range, 0.0-23.2 nmol/ml/h/mg) were
significantly lower than that of female patients with FD
(median,64.4nmol/ml/h/mg;range 14.8-152.4 nmol/ml/h/mg)
(P<0.001; Table I). The significant differences were also
observed between male patients and male healthy controls,
and between female patients and female controls.

To verify the results of this assay and determine the
normal range of lyso-Gb3, 120 healthy controls were included
in the present study. No significant differences in lyso-Gb3
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Table III. Diagnostic sensitivity of LysoGb3 and enzyme
activity.

Patients, N (%)

Diagnostic Male Female
biomarkers (N=21) (%) (N=17) (%) P-value
LysoGb3 0.193
>0.81 ng/ml 100 824
<0.81 ng/ml 0 17.6
Enzyme activity <0.001
>37 nmol/ml/h/mg 0 76.5
<37 nmol/ml/h/mg 100 235

The pathological cut-off for lyso-Gb3 level was >0.81 ng/ml. The
pathological cut-off for a-galactosidase A enzyme activity in
leukocytes was =37 nmol/ml/h/mg, respectively. The diagnostic
sensitivities of two biomarkers were compared between male and
female patients. Lyso-Gb3, globotriaosylsphingosine.
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Figure 4. A receiver operating characteristic curve of diagnostic value of
lyso-Gb3 between Fabry disease patients and healthy individuals. AUC, area
under curve; lyso-Gb3, globotriaosylsphingosine; CI, confidence interval.

levels were observed between healthy males and females.
Only trace amounts of it were present in healthy females
(median, 0.44 ng/ml; range, 0.25-0.74 ng/ml) and healthy
males (median, 0.42 ng/ml; range, 0.24-0.81 ng/ml). By
contrast, median concentrations in male patients were signifi-
cantly higher than that in female patients (14.50 vs. 2.79 ng/ml;
P<0.001; Table I), as expected. Although male and female
patients had significantly higher plasma lyso-Gb3 levels than
healthy groups (both P<0.001), there was a slight overlap
between female patients with FD and healthy individuals
(Fig. 3B). The pathological threshold for lyso-Gb3 was set
to 0.81 ng/ml with 100% specificity and 94.74% sensitivity,
since all samples from healthy controls were clearly below this
cut-off value analyzed using a ROC curve (Fig. 4).

Comparison of clinical value between two diagnostic
biomarkers. To determine the usefulness of plasma lyso-Gb3

3739

1204 r=-0.593

A p<0.001
i

E

o

£

T A

k] A

tB A

& 60 -

[=]

g

o

£

w

o

o

0= A

Ll L] 1
0 40 80 120 160

Enzyme activity (nmol/mi/h/mg)

Figure 5. The linear correlation between enzyme activity and lyso-Gb3 in FD
patients. Lyso-Gb3, globotriaosylsphingosine.

measurement in confirming FD diagnosis, enzyme activity
was measured in all plasma specimens. Linear correlation
analysis of all patients revealed a weak-negative correlation
between lyso-Gb3 levels and enzyme activity (r=-0.593;
P<0.001; Fig. 5). In males, FD diagnosis could be confirmed by
measuring plasma lyso-Gb3 concentration or enzyme activity,
as males with FD exhibit markedly higher plasma lyso-Gb3
concentrations and markedly decreased enzyme activity (25).
The results of the current study indicated that the sensitivities
of two diagnostic indicators were 100% in males. However, the
sensitivity of enzyme activity was markedly lower than plasma
lyso-Gb3 (23.5 vs. 82.4%) in females with FD (Table III).
Due to incomplete results from examinations, 15 patients
lacking MSSI scores were excluded. In male patients, plasma
lyso-Gb3 and enzyme activity were correlated with MSSI
(P<0.01; Fig. 6A and B). Lyso-Gb3 was observed to be more
strongly correlated with MSSI than enzyme activity (r=0.711
vs. r=-0.687; Fig. 6). However, the analysis of correlation
between lyso-Gb3 or enzyme activity and MSSI showed no
significant difference in female patients (Fig. 6C and D).

Discussion

To the best of our knowledge, the current study is the first to
measure plasma lyso-Gb3 levels in Chinese patients with FD.
A robust LC-MS/MS assay with a short instrument run-time
and easy sample handling was developed and used. Instead
of choosing the 95th percentile calculation of the normal
range (0.66 ng/ml) as the diagnostic value, a cut-off value of
0.81 ng/ml was determined by ROC curve analysis. This value,
with 94.74% sensitivity and 100% specificity, was close to
0.9 ng/ml, the pathological threshold set by Lukas er al (25). In
the current study, lyso-Gb3 levels in the majority of patients with
FD were above the pathological level of 0.81 ng/ml. In fact, only
17.65% heterozygote females (3/17) exhibited weakly detect-
able lyso-Gb3 signals below the cut-off limit. The diagnostic
sensitivity of enzyme activity was the same as lyso-Gb3 levels
in male patients. However, in female patients, it was remark-
ably lower than plasma lyso-Gb3 levels. These results indicate
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that lyso-Gb3 levels are more reliable than enzyme activity at
diagnosing patients with FD, particularly in women.

Recently awareness of FD in China has improved; but
the incidence of patients receiving delayed diagnoses and
misdiagnoses remains high, particularly in women (39). The
results of the current study indicate that the incidence of the
delayed diagnosis in Chinese patients with FD was 71.1%
(27/38) and the mean delay in diagnosis was 9.61 years (range,
0-47 years). Consequently, the incidence of FD in China is
generally underestimated, despite the existence of a large
population base (32). Performing a biopsy of affected organs
and/or tissues is an effective method of diagnosing FD;
however, this is not possible for all patients, for example, in
individuals presenting with an isolated stroke (40). Although
measuring enzyme activity is the main method of diagnosing
FD in males, some female patients exhibit enzyme activity
within normal ranges (7). Furthermore, genetic sequencing

could not detect all mutations that lead to the development
of FD because the patients frequently lacked a family history
of the disease. The percentage of undetected mutation was
~10% (14).

Due to these weaknesses, a novel sensitive diagnostic
biomarker for FD is urgently required. In the current study,
male patients with FD exhibit markedly higher plasma
lyso-Gb3 concentrations and markedly decreased enzyme
activity, these results are similar to pervious studies (21,25).
The plasma lyso-Gb3 level was confirmed to be a reliable
diagnostic indicator of FD in other ethnic groups (21),
however it has not been validated in the Chinese popula-
tion. To the best of our knowledge, this current study is the
first time it has been indicated that determining lyso-Gb3
levels and leukocyte enzyme activity are useful biomarkers
when diagnosing Chinese male patients with FD. However,
the plasma lyso-Gb3 level assay was not 100% effective, as
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some female patients with FD exhibit nearly normal levels
of lyso-Gb3.

The results of a previous study indicated that there is an
association between disease severity and the a-gal A activity
in female patients with FD (32). The observed residual enzyme
activity in plasma or blood cells from male patients is a poor
predictor of clinical course (32); therefore better clinical indi-
cators are required for male patients. To confirm the clinical
application of lyso-Gb3 in the current study, the correlation
between MSSI and enzyme activity, as well as between MSSI
and lyso-Gb3, were evaluated. The MSSI score was confirmed
to be a useful, specific measure for objectively assessing the
severity of FD. Due to financial constraints, some patients
refused a full set of examinations at diagnosis. The MSSI
score could not be assessed in the patients who did not have
ultrasonic cardiogram or brain MRI examinations. Due to a
lack of comprehensive examination data, 15 patients (7 males
and 8 females) without MSSI scores were excluded prior to
performing the further analyses of MSSI.

In male patients, lyso-Gb3 levels were more strongly
correlated with MSSI (r=0.711; P=0.004) than enzyme
activity (r=-0.687; P=0.007). However, in female patients,
lyso-Gb3 and enzyme activity were not correlated with MSSI
(Fig. 6C and D). The results were slightly different from
those of previous studies (16,18), which identified a strong
correlation between lyso-Gb3 and MSSI in females. No
correlation was noted between the lyso-Gb3 level and MSSI
score in male patients (19,21). This may be due to the fact that
the majority of male patients in the aforementioned studies
exhibit extremely high lyso-Gb3 levels. Smid et al (41)
found the lyso-Gb3 level to be markedly higher in classical
FD than atypical FD, especially in male patients. The male
patients included in the current study consisted of 10 patients
with classical phenotypes and 11 with atypical phenotypes
(Table I). As the male patients in the current study did not
uniformly exhibit high levels of lyso-Gb3, the correlation
analysis between MSSI and lyso-Gb3 concentration is
more likely to have statistical significance. Furthermore,
the very small number of female patients (n=9) included in
the MSSI analysis of the current study may have affected the
results.

In conclusion, the results of the current study indicated
that plasma lyso-Gb3 levels may be a novel diagnostic
biomarker for patients with FD. It is particularly helpful at
diagnosing females exhibiting near-normal levels of enzyme
activity with FD. Furthermore, the strong correlation between
lyso-Gb3 and MSSI in male patient means that lyso-Gb3
levels are more useful than enzyme levels at assessing disease
severity in male patients. However, no correlation was iden-
tified between lyso-Gb3 and MSSI in female patients. To
some extent, the lower number of female patients included
in the current study may have resulted in a data bias, which
may have affected statistical significance. Therefore, future
studies involving a larger cohort of patients with FD are
required, to confirm that these results are accurate.
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