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AbsTrACT
background ambroxol (aBX) has been suggested 
as an augmentative pharmacological agent for 
neuronopathic gaucher disease (ngD). This study 
assessed the long- term safety and efficacy of combined 
therapy with high- dose aBX and enzyme replacement 
therapy (erT) in ngD.
Methods aBX+erT therapy was administered for 4.5 
years in four patients with ngD. aBX was initiated at a dose 
of 1.5 mg/kg/day, and the dose was escalated up to 27 mg/
kg/day. The target plasma level was 10 µmol/l or less. The 
changes in glucocerebrosidase activity, biochemical, safety 
and neurocognitive findings were assessed.
results enhanced residual gccase activity was 
observed in all patients, as evidenced in both in vitro 
and in vivo studies. During the first 2 years of study with 
aBX (up to 21 mg/kg/day), mean seizure frequencies and 
neurocognitive function worsened. after aBX dosage 
was increased up to 27 mg/kg/day of aBX, its trough 
plasma concentration was 3.2–8.8 µmol/l. Drug- to- 
drug interaction, especially with antiepileptic drug 
significantly affected the pharmacokinetic parameters of 
aBX. importantly, at 27 mg/kg/day of aBX, the seizure 
frequencies markedly decreased from the baseline, and 
the neurocognitive function was improved. in addition, 
lyso- gb1, a biomarker for the severity and progression of 
gD, was normalised in all patients. high- dose aBX was 
well- tolerated with no severe adverse events.
Conclusions long- term treatment with high- dose 
aBX+erT was safe and might help to arrest the 
progression of the neurological manifestations in gD.

InTroduCTIon
Gaucher disease (GD; MIM230800) is a lysosomal 
storage disease caused by glucocerebrosidase (GCase) 
deficiency. Undegraded substrates, including gluco-
sylceramide (Gb1), its deacylated form (glucosyl-
sphingosine or lyso- Gb1) and other glycolipids, 
accumulate in the monocyte/macrophage lineage of 
the reticuloendothelial system, such as the liver, spleen 
and bone marrow. Accumulation also occurs in the 
central nervous system (CNS) in some patients causing 
progressive neurological manifestations, resulting in 
neuronopathic GD (nGD).1 2

Enzyme replacement therapy (ERT) and 
substrate reduction therapy (SRT) could achieve 
significant improvement in the systemic manifes-
tations, including haematological, visceral and 
skeletal manifestations.3 4 Unfortunately, recombi-
nant enzymes do not cross the blood- brain barrier 
(BBB) and therefore do not impact on the CNS. The 
situation with the SRT available today is that both 
miglustat (despite crossing the BBB) and eliglustat 
(which is pumped out across the BBB) do not 
affect the CNS features of nGD, nevertheless—this 
modality, using different formulations, can lead to 
changes in nGD, but at present there is only one 
drug in early phases of clinical trials (venglustat).4–6

Pharmacological chaperones enable the defec-
tive enzyme to fold in a manner that restores 
partial enzyme activity within the lysosome. A 
well- known mucolytic agent, ambroxol (ABX) 
has been identified as a pharmacological GCase 
chaperone,7–10 and six GCase mutant proteins, 
such as p.Asn227Ser (NP_000148.2) (tradi-
tional numbering,11 p.Asn188Ser), p.Phe252Ile 
(p.Phe213Ile), Gly232Trp (p.Gly193Trp), 
Arg159Trp (p.Arg120Trp), Gly241Arg (p.Gl-
y202Arg) and Asn409Ser (p.Asn370Ser) have been 
shown to be responsive to ABX at concentrations 
of 0.3–30 μmol/L.10 12 Importantly, ABX crosses 
the BBB and therefore may represent a strategy for 
mediating therapeutic benefit in the central nervous 
system.10 13 14 Indeed, previous studies have shown 
promising results using high- dose ABX in GD. 
The first study with nGD patients was published 
by Narita et al10 in 2016 which tried to verify the 
effects of ABX in five nGD patients; however, there 
still remain many uncertainties regarding its long- 
term safety and efficacy.10 15

In this study, we aimed to investigate the long- 
term clinical safety and efficacy of combined 
therapy of high- dose ABX+ERT on the neurolog-
ical manifestations in patients with nGD.

MeThods
study design
This study was a single- centre study performed 
at the Asan Medical Center, Seoul, Korea from 
August 2013 to April 2018. The study protocol 

http://jmg.bmj.com/
http://orcid.org/0000-0001-9709-2631
http://crossmark.crossref.org/dialog/?doi=10.1136/jmedgenet-2019-106132&domain=pdf&date_stamp=2020-01-20


125Kim Y- M, et al. J Med Genet 2020;57:124–131. doi:10.1136/jmedgenet-2019-106132

Therapeutics

Ta
bl

e 
1 

Ba
se

lin
e 

ch
ar

ac
te

ris
tic

s 
of

 fo
ur

 p
at

ie
nt

s 
w

ith
 n

eu
ro

no
pa

th
ic

 G
au

ch
er

 d
is

ea
se

Pa
ti

en
t

(G
en

de
r/

ag
e 

(y
ea

r)
)

er
T 

(6
0 

Iu
/k

g 
q 

2 
w

ee
ks

)
n

eu
ro

lo
gi

ca
l m

an
ife

st
at

io
ns

G
BA

 m
ut

at
io

ns
*

In
it

ia
ti

on
 a

ge
 

(y
ea

r)
d

ur
at

io
n

(y
ea

r)
o

ns
et

 a
ge

 
(y

ea
r)

M
aj

or
 fe

at
ur

es
M

yo
cl

on
us

(t
im

es
/2

w
ks

)

G
en

er
al

is
ed

 
se

iz
ur

e
(t

im
es

/2
w

ks
)

m
ss

T 
sc

or
e

d
is

ea
se

 
pr

og
re

ss
io

n 
af

te
r 

er
T

G
en

ot
yp

e 
1

G
en

ot
yp

e 
2

Pt
1

(F
/2

0.
1)

15
.5

5.
2

10
.4

M
yo

cl
on

us
, G

TC
 S

z,
 ID

4
2

14
Ye

s
c.

68
0A

>
G

(p
.A

sn
22

7s
er

(A
sn

18
8s

er
))

c.
88

7G
>

A 
(p

.A
rg

29
6G

ln
(A

rg
25

7G
ln

))

Pt
2

(F
/1

7.
3)

12
.1

5.
2

10
.1

M
yo

cl
on

us
, G

TC
 S

z,
 ID

30
6

20
Ye

s
c.

68
0A

>
G

 
 (p

.A
sn

22
7s

er
(A

sn
18

8s
er

))
c.

88
7G

>
A 

(p
.A

rg
29

6G
ln

(A
rg

25
7G

ln
))

Pt
3

(F
/1

4.
6)

10
.6

4
10

.5
M

yo
cl

on
us

, G
TC

 S
z,

 ID
0

10
8

Ye
s

c.
68

0A
>

G
(p

.A
sn

22
7s

er
(A

sn
18

8s
er

))
c.

63
0d

el
C 

(p
.V

al
21

1P
he

fs
(P

he
17

1f
sX

21
))

Pt
4

(F
/1

7.
2)

3.
2

14
13

.1
M

yo
cl

on
us

, I
D

0
2

7
Ye

s
c.

75
4T

>
A

(p
.P

he
25

2I
le

(P
he

21
3I

le
))

c.
14

48
T>

C
(p

.L
eu

48
3P

ro
(L

eu
44

4P
ro

))

Bo
ld

 c
ha

ra
ct

er
s, 

ge
no

ty
pe

s 
am

en
da

bl
e 

by
 a

m
br

ox
ol

.
Br

ac
ke

t, 
tr

ad
iti

on
al

 n
um

be
rin

g.
11

*G
BA

 c
DN

A 
ac

ce
ss

io
n 

nu
m

be
r N

M
_0

00
15

7.
3 

an
d 

N
P_

00
01

48
.2

.
ER

T, 
en

zy
m

e 
re

pl
ac

em
en

t t
he

ra
py

;G
TC

 S
z,

 G
en

er
al

is
ed

 to
ni

c 
cl

on
ic

 s
ei

zu
re

; I
D,

 in
te

lle
ct

ua
l d

et
er

io
ra

tio
n;

 m
SS

T, 
m

od
ifi

ed
 s

ev
er

ity
 s

co
rin

g 
to

ol
.

was registered at the Clinical Research Information Service, 
Korea Centers for Disease Control and Prevention, Ministry 
of Health and Welfare (Republic of Korea) (no. KCT0003218). 
The detailed information of this study can be found in Clin-
ical Research Information Service (https:// cris. nih. go. kr/ cris/ en/ 
search/ search_ result_ st01. jsp? seq= 12387).

The study period was 4.5 years. Four patients (Pt1–4) with 
nGD were included, and Pt1 and Pt2 were siblings. The base-
line clinical characteristics and neurological manifestations of 
the patients are summarised in table 1. All patients had been 
treated for 4–14 years with ERT before enrolment (imiglucerase, 
60 IU/kg q 2 weeks). ERT dosage was maintained as Abcertin 
(ISU Abxis, Seongnam, Korea) throughout the study period in 
all patients. Oral ABX HCl (Mucopect 30 mg; Boehringer Ingel-
heim, Ingelheim am Rhein, Germany) was administered daily as 
three divided doses. ABX was started at a dose of 1.5 mg/kg/day, 
and the dose was escalated every one or 2 months by 3 mg/kg/day 
up to 21 mg/kg/day or a maximum daily dose of 990 mg until the 
trough plasma concentration of ABX was 10 µmol/L or less. The 
trough plasma concentration of ABX was measured three times 
before increasing its dosage. In addition, cerebrospinal fluid 
(CSF) ABX concentration was measured when a patient received 
21 mg/kg/day of ABX and whenever the dose was escalated. The 
dosage of 21 mg/kg/day was maintained for 1.5 years and then 
it was increased up to 1390 mg/day or 27 mg/kg/day and main-
tained for other 2 years to reach high ABX plasma concentration 
(10 µmol/L or less).

efficacy assessment
The primary endpoint in our study was to evaluate the improve-
ment in residual GCase activity in peripheral leukocytes. GCase 
activity was measured immediately before ERT administration.

Secondary endpoints were the biochemical and clinical 
outcomes of each patient after the conclusion of the study. 
Biochemical profiles, such as chitotriosidase, angiotensin- 
converting enzyme, haemoglobin and platelet count, were 
measured every 6 months. The frequency of seizures, require-
ment for antiepileptic drugs, and changes in saccadic eye move-
ment were recorded. The modified severity scoring tool (mSST) 
and Korean Wechsler adult intelligence scale- IV (K- WAIS) were 
measured every 6–12 months. The Korean version of modified 
Barthel index (K- MBI) was measured every 2–2.5 years. Brain 
magnetic resonance spectroscopy (MRS) was performed every 
year to evaluate the changes in the metabolite values of N- acetyl- 
aspartate/creatine (NAA/Cr) and choline/creatine (Cho/Cr) in 
the frontal white matter and occipital cortex that are known to 
be affected in nGD.16 17 We also examined the metabolite of the 
basal ganglia and cerebellum (dentate nucleus), the areas that 
control exercise and equilibrium functions and where storage 
cell accumulation has been identified as well.18 Lyso- Gb1 level 
was also measured in dried blood spots, plasma and CSF, as 
previously described.19–21 Bone densitometry was performed 
every year to measure bone density of the lumbar spine and 
femur neck. Chest X- ray was taken at baseline study and none 
of the patients had interstitial lung involvement of GD which 
shows resistance to ERT.

safety assessment
All adverse events, including clinically significant abnormal find-
ings in the laboratory data, regardless of the severity, were docu-
mented and graded using the NCI Common Toxicity Criteria 
version 4, and it was determined if the adverse event was related 
to the medical treatment.

https://cris.nih.go.kr/cris/en/search/search_result_st01.jsp?seq=12387
https://cris.nih.go.kr/cris/en/search/search_result_st01.jsp?seq=12387


126 Kim Y- M, et al. J Med Genet 2020;57:124–131. doi:10.1136/jmedgenet-2019-106132

Therapeutics

Figure 1 (a) glucocerebrosidase (gccase) activity was measured in 
cOs7 cells transfected with GBA- WT, p.asn227ser (traditional numbering,11 
asn188ser), p.Phe252ile (Phe213ile), p.arg296gln(arg257gln) and 
p.leu483Pro (leu444Pro) at different concentration of ambroxol (0, 5, 
10 and 30 μmol/l) for 2 days. (B) gccase activity was measured in the 
fibroblasts of four patients with neuropathic gaucher disease (Pt1–4) at 
different concentrations of ambroxol (0, 5, 10 and 30 μmol/l) for 5 days. 
*gccase activity significantly increased with the increase in ambroxol 
concentration (p<0.05, compared with the baseline).

Pharmacokinetic (PK) assessment
Blood samples for PK analysis were drawn when the patients 
received 27 mg/kg/day ABX, before the first ABX (450 mg) dose 
(0, pre- dose), and at 0.5, 1, 1.5, 2, 3, 4, 5 (the second dose), 
6, 7, 8 and 9 hours after the first dose. The serum concentra-
tions were measured by a validated liquid chromatography 
tandem- mass spectrometry.22 PK of ABX was analysed by a 
non- compartmental method using WinNonlin software V.6.3 
(Pharsight Co, Princeton, New Jersey, USA). The analysis was 
based on actual sampling time. The peak plasma concentration 
(Cmax) and the time taken to reach Cmax (Tmax) were determined 
from observed values. The terminal elimination rate constant 
(λz) was estimated by linear regression of the terminal log- linear 
portion of the serum concentration- time curves. The terminal 
elimination half- life (t1/2β) for each patient was calculated as 
ln(2)/λz. The area under the serum concentration- time curve 
(AUC) from time of dosing to 4 hour (AUC0- 4h) was calculated 
by the trapezoidal rule. Based on the AUC and λz, apparent total 
clearance (CL/F) and terminal volume of distribution (Vz/F), was 
calculated.

In vivo and in vitro biochemical assays of GCase activity
The GBA (NM_000157) human cDNA clone was obtained 
(SC120080 OriGene, Rockville, Maryland, USA) and mutant 
GBA constructs were generated using the PCR- based DpnI- 
treatment site- directed mutagenesis method. Transient transfec-
tion was performed according to the manufacturer’s instructions 
using Effectene transfection reagent #301 427 (Qiagen, Hilden, 
Germany). Control primary fibroblasts were obtained from 
healthy volunteers. GCase enzyme activity assay was performed 
using a standard fluorometric method.

Fluorescence was detected using a fluorescence spectropho-
tometer (Molecular devices, San Jose, California, United States). 
To detect GCcase localisation and cell death and aggresome 
formation by ABX, control and GD fibroblasts were cultured 
with or without 10 μmol/L ABX for 5 days. Anti- GCase antibody, 
MAB7410 (R&D systems, Minneapolis, Minnesota, United 
States) was added and then LAMP1 antibody, ab24170 (Abcam, 
Cambridge, UK) was used for lysosome identification. The fluo-
rescent images were acquired using a confocal microscope LSM 
780 (ZEISS, Oberkochen, Germany). Aggresome staining was 
performed according to the manufacturer’s manual (aggresome 
detection kit; Abcam; ab139486). Positive control cells were 
treated with 5 µmol/L MG132 for 18 hours. The anti- GCcase 
antibody (MAB7410) solution was added after staining with the 
aggresome detection reagent and then the dish was incubated 
for an appropriate time at dark. The fluorescent images were 
acquired using a confocal microscope LSM 880 (ZEISS, Oberko-
chen, Germany). Cell viability was measured by cell counting 
kit-8 (CCK-8; DOJINDO, CK04, Japan), and cytotoxicity was 
measured by LDH (lactate dehydrogenase) cytotoxicity detec-
tion kit (TAKARA, MK401, Japan). For controls, Triton X-100 
(positive control) and untreated normal cells (negative control) 
were used, and the medium was used for background.

resulTs
evidence of enhanced GCase activity by AbX in vitro
The GBA mutations identified in the four patients (Pt1-4) 
were p.Val211Phefs (traditional numbering,11 Phe171fsX21), 
p.Asn227Ser (Asn188Ser), p.Phe252Ile (Phe213Ile), p.Ar-
g296Gln (Arg257Gln) and p.Leu483Pro (Leu444Pro).

COS7 cells were transfected with GBA- WT (wild type), 
p.Asn227Ser, p.Phe252Ile, p.Arg296Gln and p.Leu483Pro DNA 

and cultured with varying concentrations of ABX (0, 5, 10 and 
30 µmol/L) for 2 days.

The residual GCase activity of COS7 cells was significantly 
enhanced with the increase in ABX concentration, not only in 
the cells expressing ABX- amendable GBA mutants (p.Asn227Ser 
and p.Phe252Ile) but also in those expressing p.Arg296Gln and 
p.Leu483Pro which are unknown GBA variants for ABX respon-
siveness (figure 1A). Conversely, GCase activity decreased in the 
cells overexpressing two GBA mutants, p.Arg296Gln and p.Le-
u483Pro, in the presence of 30 μmol/L ABX.

Moreover, ABX resulted in a significant enhancement of the 
residual GCase activity in fibroblasts derived from the four 
patients (Pt1–4) at different concentrations of ABX (0, 5, 10 and 
30 µmol/L) for 5 days (figure 1B). Using confocal microscopy, 
a focal localisation of GCase in the lysosomes was observed in 
the fibroblasts of Pt1–4 treated with 10 µmol/L ABX for 5 days 
(online supplementary figure I), and GCase was not colocalised 
with aggresome in the juxtanuclear areas (online supplementary 
figure II). In addition, cytotoxicity was not observed in WT and 
GD fibroblast cells at 10 μmol/L of ABX, which was assessed by 
LDH and CCK‐8 assays (online supplementary figure III).

evidence of enhanced GCase activity by AbX in vivo
All patients (Pt1–4) completed the study. Dose escalation was 
uneventful except in one patient (Pt 2), who experienced respi-
ratory difficulty owing to a significant increase in mucus produc-
tion (online supplementary figure IV). During the first year, the 
ABX dose was increased by 3 mg/kg/day every 1–2 months up 
to 21 mg/kg/day or 990 mg/day. The maximum ABX dose was 
determined based on previous clinical studies using 1000 mg/
day.23 24

At a dose of 21 mg/kg/day, the trough plasma concentration 
of ABX was 2.3–5.7 µmol/L, and the CSF concentration was 
0.3–1.4 µmol/L. After maintaining this dose for 1.5 years, the 
ABX dose was escalated up to 27 mg/kg/day. At this level, the 

https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
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Figure 3 changes in modified severity scoring tool (mssT) (a) and Korean version of modified Barthel index (K- MBi) (B) of four patients with 
neuronopathic gaucher disease (Pt1–4) during 4.5 years of combined treatment with high- dose ambroxol and enzyme replacement therapy.

Figure 2 aBX plasma concentration along with the enhancement of residual glucocerebrosidase activity in four patients with neuronopathic gaucher 
disease (Pt1–4) receiving combined treatment with high- dose ambroxol and erT. aBX, ambroxol; erT, enzyme replacement therapy.

trough plasma concentration of ABX was 3.2–8.8 µmol/L, 
whereas its CSF concentration was 0.6–1.9 µmol/L. The CSF/
plasma concentration ratio was 21.2%±2.9% (figure 2 and 
online supplementary figure IV).

The baseline pre- ERT GCase activity in peripheral leuko-
cytes of Pt1–4 was 5.1±0.6 (range, 4.7–5.8)% of the mean 
normal activity (ref, 28.7±10.7 nmol/h/mg). At a dose of 21 mg/
kg/day ABX, GCase activity was 9.8±3.2 (5.5–13.2)% of the 
mean normal activity (p=0.042). GCase activity increased up to 
13.7±4.4 (8.7–19.2)% of the mean normal activity at ABX dose 
of 27 mg/kg/day (p=0.020) (figure 2).

Clinical outcomes of nGd after 4.5 years of high-dose 
AbX+erT treatment
Biochemical and bone densitometry outcomes
After 4.5 years of high- dose ABX+ERT treatment, no signifi-
cant change was observed in the haematological profile, such 
as haemoglobin content and platelet count (online supplemen-
tary figure V). All patients had undetectable chitotriosidase 
activity. The baseline ACE was 54.4±14.1 (33.4–62.6) IU/L, and 
31.6±19.3 (5–51) IU/L after 4.5 years. The baseline Z- score of 
lumbar spine bone densitometry was −0.8±1.3 (-2.5 to 0.5), 
and −0.5±1.6 (-2.1 to 1.7) after 4.5 years. The baseline Z- score 
of femoral neck bone densitometry was −0.8±0.4 (-1.2 to 
−0.2), and −1.0±0.5 (-1.6 to −0.4) after 4.5 years. There were 
no significant changes in bone densitometry findings during the 
4.5 years (online supplementary table I).

Neuropsychiatric outcomes
The mSST score was measured to monitor the neurological 
progression of GD in each patient (online supplementary table 
II). At baseline, the mSST score was 12.3±6 (7–20); however, 
it worsened after 2.5 years of high- dose ABX+ERT treat-
ment (15.1±6.2 (9.5–21)), and then improved after 4.5 years 
(12.4±5.3 (7–18.5)) (figure 3A). In Pt 1 and 2, improvement of 
swallowing and speech was noticeable. In addition, Pt 1 showed 
improvement in pyramidal and extrapyramidal symptoms. Pt 3 
and 4 showed improvement of epilepsy and cerebellar tremor.

The K- MBI score was measured to evaluate daily life move-
ment and performance ability. The mean K- MBI score was 
66.3±36.2 (33–100) at baseline. It diminished after 2.5 
years (51±32.7 (24–88)) and then improved after 4.5 years 
(71.8±30.6 (41–100)) (figure 3B). Major improvements were 
identified in the categories of feeding, dressing, transfer and 
mobility.

At baseline, the frequencies of myoclonic and generalised 
tonic- clonic (GTC) seizures were 8.5±14.5 (0–40) times/2 
weeks and 5±3.8 (2–10) times/2 weeks, respectively. After 2.5 
years, the number of myoclonic seizures decreased to 2±4 (0–8) 
times/2 weeks; however, the frequency of GTC seizures was 
22±30.2 (0–64) times/2 weeks. After 4.5 years, myoclonic and 
GTC seizures markedly decreased to 1.25±2.5 (0–5) times/2 
weeks and 0.5±1 (0–2) times/2 weeks, respectively. Meanwhile, 
the number of antiepileptic drugs also increased from 4.8±1.7 
(3–7) per patient at the baseline to 6.3±2.4 (3–8) per patient 
after 4.5 years (figure 4 and online supplementary table III).

https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
https://dx.doi.org/10.1136/jmedgenet-2019-106132
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Figure 4 changes in seizure frequency and number of antiepileptic drugs (aeDs) in four patients with neuronopathic gaucher disease (Pt1–4) during 4.5 
years of combined treatment with high- dose ambroxol and enzyme replacement therapy.

The K- WAIS score was analysed to evaluate the changes in 
intelligence. At baseline, the verbal comprehension index (VCI), 
perceptual reasoning index (PRI), working memory index 
(WMI), processing speed index (PSI) and full- scale intelligence 
quotient (FSIQ) were 65±6.8 (56–72), 55±10 (49–70), 60±6.6 
(52–66), 50±2.1 (47–52), and 52±6 (46–60), respectively. 
After 4.5 years of treatment, VCI, PRI, WMI, PSI and FSIQ 
were 66±7.4 (57–74), 52±3.4 (50–57), 53±3.5 (50–58), 50±0 
(50–50) and 48±4.1 (44–53), respectively (online supplemen-
tary figure VI).

There was no improvement in horizontal and vertical saccadic 
eye movement after 4.5 years (online supplementary video). 
Importantly, it deteriorated in two patients (Pt1 and Pt2) and 
remained stationary in the other two patients (Pt3 and Pt4). 
Standing and walking balance was maintained in Pt3 and Pt4 
through the study period. In Pt1, it deteriorated until 2.5 years 
of study and then recovered during the next 2 years. In Pt2, no 
recovery was observed.

There were no significant changes in the metabolite values of 
NAA/Cr and Cho/Cr in the frontal white matter, basal ganglia, 
occipital cortex and cerebellum (dentate nucleus) as shown by 
brain MRS (online supplementary figure VII).

Pharmacokinetics
A PK analysis was carried out when all patients were receiving 
27 mg/kg/day ABX or 450 mg ABX three times daily.

The Cmax was 0.46±0.19 (0.26–0.72) ng/mL, Tmax was 
1.13±0.48 (0.5–1.5) hour, AUC0- 4h was 1.68±0.73 (0.96–
2.68) hour*ng/mL, CL/F was 34.27×103 ± 9.45×103 
(9.45×103–200.14×103) L/h, Vz/F was 1.08×106 ± 0.49×106 
(0.6×106–10.75×106) L/h, and t1/2β was 21.7±6.47 (15.56–
30.8) hour (online supplementary figure VIII). Since a wide 
variation in the PK parameters was observed among patients, 
drug–drug interactions were assessed. ABX is metabolised by 
CYP3A4,25 and topiramate administered to Pt1, 2, 4 and carba-
mazepine administered to Pt2 are CYP3A4 inducers, whereas 
divalproate sodium administered to Pt2, 3 is a weak CYP3A4 
inhibitor. In particular, the Cmax and AUC0- 4h in Pt3 were higher 
than those in Pt1, 2 and 4 (online supplementary figure VIII).

safety assessment
High- dose ABX was generally safe and tolerable in all patients. 
Several drug- related side effects were observed (online supple-
mentary table IV); however, they did not require drug discon-
tinuation. Pt3 occasionally showed transient proteinuria 

ranging from 34 to 67.5 mg/day. Mucus production significantly 
increased in Pt2, who complained of respiratory difficulty; thus, 
escalation of ABX dose was delayed in this patient. However, 
ABX dose was slowly escalated up to 27 mg/kg/day in Pt2, and 
this dose was tolerable.

Changes in lyso-Gb1
Lyso- Gb1 level was measured as a corollary for the severity and 
progression of GD.20 As the dose of ABX increased, plasma lyso- 
Gb1 level decreased in all patients (figure 5).

Lyso- Gb1 was also measured in dried blood spots from nine 
non- nGD patients receiving ERT alone (30–60 IU/kg every other 
week) for 10.9±8.3 years and from 3 nGD patients receiving 
ERT alone (60–120 IU/kg every other week) for 4–24 years. 
Lyso- Gb1 level was 93.8±68.4 (27–115) and 45.7±19.8 (25.7–
77.2) ng/mL in the non- nGD and nGD patients, respectively. At 
ABX dose of 27 mg/kg/day, lyso- Gb1 level in the dried blood 
spots of Pt1-4 was 7.7±1.8 (6.5–10.3) ng/mL (ref,<4.8 ng/mL), 
which was significantly lower than that in non- nGD and nGD 
patients without ABX treatment (Mann- Whitney test, p<0.01) 
(figure 5). At ABX dose of 27 mg/kg/day, CSF Lyso- GB1 level 
was 0.52±0.04 ng/mL (9.2%±2.5% of plasma Lyso- Gb1).

dIsCussIon
Long- term treatment with high- dose ABX+ERT was tolerable in 
all patients during the study duration (4.5 years). Asymptomatic 
mild proteinuria and increased respiratory mucus production 
were the only major related adverse reactions. Since the degree 
of proteinuria is related to renal function, a careful follow- up is 
required for monitoring proteinuria and renal function. Impor-
tantly, the increase in respiratory mucus production was the 
major adverse event that hindered ABX dose escalation.

Importantly, our in vitro and in vivo data showed significant 
increases in GCase activity. In addition, an increase in the subcel-
lular localisation of lysosomes was observed in patient- derived 
fibroblasts treated with 10 μmol/L ABX, indicating that ABX 
facilitated its trafficking to the lysosomes.

In a previous study by Narita et al, high- dose ABX+ERT 
showed remarkable improvement in myoclonus, myoclonic 
seizures and pupillary light reflex dysfunction in five nGD 
patients despite the variation in the treatment period (0.5–4 
years). ABX was administrated and escalated at the target dose 
of 25 mg/kg/day or a maximum dose of 1300 mg/day. The 
frequency of myoclonic seizures decreased after increasing the 
dose of ABX to 9 or 15 mg/kg/day. Frequency of GTC seizures 
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Figure 5 (a) Plasma lyso- gb1 levels in four patients with neuronopathic gaucher disease (ngD) (Pt1–4) during 4.5 years of combined treatment with 
high- dose ambroxol and enzyme replacement therapy. Plasma glucosylsphingosine (lyso- gb1) level of Pt1-4 receiving 27 mg/kg/day ambroxol was 5.3±2.5 
(2.4–11.6) ng/ml. (B) The lyso- gb1 level of Pt1–4 in the dried blood spots (7.7±1.8 (6.5–10.3) ng/ml) was significantly lower than those of 9 non- ngD 
patients (93.8±68.4 (27–115) ng/ml) ng/ml and of 3 ngD patients without ambroxol treatment (45.7±19.8 (25.7–77.2) ng/ml) (ref.,<4.8 ng/ml) (p<0.01).

did not change, but the duration of seizure or frequency of status 
epilepticus decreased in some patients. Moreover, two patients 
were able to walk again with an impressive recovery of gross 
motor function.10 However, during the first 2.5 years of our 
study, the neurological manifestations were not improved or in 
some cases aggravated, as evidenced from the mSST and K- MBI 
scores. Considering that all the patients in our study and that 
by Narita et al both harboured the ABX- amendable mutations, 
p.Asn227Ser or p.Phe252Ile, except in one patient in the study 
by Narita et al, the different pattern of response is not consid-
ered as related to GBA mutation spectrum. In our study, because 
the dosage of ABX increased by 3 mg/kg/day every 1–2 months, 
the natural progression of neurological manifestations might 
have not been delayed by the therapeutic effects of ABX during 
the early period of our study.

An improvement in the neurological manifestation was 
observed only after the dose of ABX increased up to 27 mg/kg/
day during last 2 years of the study. The mSST and K- MBI scores 
were stabilised/maintained, and the neurocognitive function was 
sustained in all patients. In addition, seizure frequency markedly 
decreased. Although the number of antiepileptic drugs increased 
during our study, the remarkable prevention of seizures was 
meaningful clinically and in quality of life improvement.

The threshold enzyme activity to prevent substrate accumu-
lation has been suggested to be ˃ 10%–15% of normal.26 In 
our study, approximately 9%–19% of the mean normal GCase 
activity was achieved in patients who received 27 mg/kg/day 
ABX (figure 2). Luan et al12 showed that GCase activity signifi-
cantly increased in the brains of normal mice receiving 60 mg/
kg/day ABX, which is equivalent to a human dose of 4.8 mg/
kg/day.27 However, the degree of improvement in brain GCase 
activity to avoid Gb1 and lyso- Gb1 accumulation is not known. 
In addition, it is noteworthy that since ABX acts as a chem-
ical chaperone to GCase, it may also act as an inhibitor at high 
concentrations.8 In support of this, as shown in figure 1A, ABX 
acted as an inhibitor of some GCase mutants at concentrations 
of 30 μmol/L and higher. Previous in vitro and in vivo studies 
indicated that ABX enhanced GCase activity at concentrations 
of 0.3–30 μmol/L.8 10 12 However, based on our results, there 

may be impetus to increase the ABX dosage to achieve a plasma 
concentration of 10 μmol/L. At this concentration, cytotoxicity 
was not observed as demonstrated by LDH and CCK‐8 assays 
and aggresome staining. However, the safety and efficacy of 
higher doses to achieve a plasma concentration of 30 μmol/L 
needs to be solved on further studies.

In our study, GCase activity was enhanced up to 9%–19% of 
the mean normal activity at ABX dose of 27 mg/kg/day, which 
was significantly lower than that reported by Narita et al, where 
GCase activity was enhanced up to 40%–100% of the normal 
activity at ABX dose of 25 mg/kg/day.10 One explanation for 
this discrepancy might be the variability in the PK characteris-
tics among the subjects in our study (figure 5). ABX is metabo-
lised by CYP3A4, and drug–drug interactions between ABX and 
CYP3A4 inducers or inhibitors can affect ABX concentration and 
subsequently affect GCase activity. Several antiepileptic drugs, 
such as topiramate and carbamazepine (CYP3A4 inducers) and 
divalproate sodium (CYP3A4 inhibitor) can significantly affect 
ABX concentration. In particular, in Pt2 who received carba-
mazepine, ABX concentration was persistently low (2.33±0.43 
μmol/L) even at a dose of 27 mg/kg/day.

Impairment of saccadic eye movement is one of the charac-
teristic findings in nGD.1 2 In a previous study,10 high- dose ABX 
was effective in improving pupillary light reflex and latency in 
saccadic eye movement. In our study, these parameters were not 
assessed in detail; however, saccadic eye movement deteriorated 
in two patients (online supplementary video).

Lyso- Gb1, a biomarker for the severity and progression of 
GD,19 28 gradually decreased in all patients until reaching a level 
of 7.7±1.8 (6.5–10.3) ng/mL, which is comparable to the normal 
range (<4.8 ng/mL).29 Moreover, Lyso- Gb1 level in patients 
treated with ABX+ERT was much lower than that in non- nGD 
and nGD patients who were treated with long- term ERT without 
ABX. These data suggest evidence for the protective effects of 
ABX in GD in vivo.

Collectively, our results show that long- term treatment with 
high- dose ABX was generally safe. Based on the results of the 
mSST and K- MBI scores, seizure frequency and Lyso- Gb1 levels, 
long- term treatment with high- dose ABX abated the progression 
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of neurological manifestations in GD. However, because of the 
wide variability in plasma ABX levels among patients, assess-
ment of drug–drug interactions (particularly with antiepileptic 
drugs) will be important to monitor in order to define the 
optimal dosage of ABX in each patient. Moreover, the clinical 
severity of the neurological manifestations at baseline in each 
patient was an important factor affecting the clinical outcome 
of long- term treatment with high- dose ABX+ERT. Therefore, 
earlier administration of ABX, even before the progression of 
the neurological features (such as immediately on beginning of 
ERT in newly diagnosed nGD patients), might have a greater 
value and achieve better results. Also, rapid escalation of ABX 
dose might lead to faster and better outcomes. However, this 
may be limited by the significant respiratory mucus production 
and drug–drug interactions.

Recently, GBA mutations have been suggested to be associated 
with the development of Parkinson’s disease.30 Therefore, the 
promising results of high- dose ABX treatment in nGD patients 
suggest that high- dose ABX might be a potential pharmacolog-
ical therapy for more common neurodegenerative conditions. 
Our study showed improvement in four patients and supports 
larger scale studies to better define the dosing parameters for 
wider spread application in nGD.
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