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Abstract
Gaucher disease (GD) is a rare lysosomal storage disease that is caused by mutations in the GBA gene. It is classified into 
three main phenotypes according to the patient’s clinical presentation. Of these, chronic neuronopathic GD (GD3) is char-
acterized by progressive neurological damage. Understanding the unique neurological manifestations of GD3 has important 
diagnostic and therapeutic implications. Our article summarizes the neurological symptoms specific to GD3 and related 
therapeutic advances, and it highlights the relevance of the gene to clinical symptoms, so as to provide a reference for the 
diagnosis and treatment of GD3.
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Introduction

Gaucher disease (GD) is a rare autosomal recessive lysoso-
mal storage disease that is caused by mutations in the GBA 
gene on chromosome 1q21, resulting in a decrease in acid 
β-glucosidase (GBA) activity and the intracellular accumu-
lation of its substrates, glucosylceramides, particularly in 
macrophages [1]. These pathological “Gaucher cells” usu-
ally invade the liver, spleen, lungs, bone marrow, and cen-
tral nervous system, and they are considered the main factor 
responsible for the typical symptoms of GD [2, 3]. Based on 
the presence and severity of primary central nervous system 
(CNS) disease, GD is classified into three major phenotypes. 
Type 1 Gaucher disease (GD1) is a non-neuronopathic type, 
which mainly affects the internal organs without neuro-
logical involvement [4, 5]. Neuronopathic Gaucher disease 
(nGD) includes type 2 Gaucher disease (GD2) and type 3 
Gaucher disease (GD3). Of these, GD2 is the most severe 
form and can present as hydrops fetalis, congenital ichthyo-
sis, hepatosplenomegaly, and thrombocytopenia, leading to 

death of the affected child in infancy or early childhood [6]. 
GD3 is a chronic neuronopathic type that can be subdivided 
into three subtypes according to its common clinical mani-
festations. Specifically, type 3a (GD3a) has more severe neu-
rological manifestations; type 3b (GD3b) has severe visceral 
manifestations [7]; and type 3c (GD3c) mainly presents with 
calcification of heart valves [8]. However, given that there is 
an overlap between these phenotypes, GD is typically con-
sidered a phenotypic continuum. In this article, we explore 
the unique neurological manifestations of GD3, with the aim 
to aid practitioners with the diagnosis and staging of GD, so 
that timely and precise treatment can be provided.

Epidemiology

Estimates of the prevalence of GD per 100,000 popula-
tion range from 0.02 to 139.0. The prevalence is higher in 
America than in other regions, including the Middle East, 
Europe, and Latin America. The highest prevalence is in 
the population of Ashkenazi Jewish (AJ) descent in North 
America. nGD with poor prognosis, including GD2 and 
GD3, has the lowest prevalence [9]. Compared with GD2 
and GD3, patients with GD1 have a higher median age at 
diagnosis, but there is often a delay between first symptoms 
and diagnosis. The disease has a wide variety of clinical 
presentations, ranging from little or no symptoms to very 
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severe forms [10]. GD2 is relatively rare and usually begins 
in infants between 3 and 6 months of age. Children with 
GD2 usually have systemic and neurological manifestations 
during the prenatal, perinatal, or first months of life, and 
they die in infancy [11]. GD3 usually starts before the age 
of 2 years, but some slower progressing cases may be diag-
nosed in adulthood. In addition to clinical manifestations 
similar to those of type 1, there are neurological symptoms 
that may appear years earlier than other clinical events [10].

In AJ patients, the c.1226A < G (N370S or N409S in the 
new nomenclature) mutation is the most common mutation, 
followed by the c.84dupG (84GG) mutation, which is much 
rarer [12]. Homozygous N370S mutations are the most com-
mon genotype in the German–Jewish population, accounting 
for 70% of all mutations, and N370S mutations can also 
be found in European, North American, and Israeli patients 
[13]. In contrast, in Egypt, Korea, and China, C.1448 T > C 
(L444P or L483P according to the new nomenclature) and 
C.754 T > A (F252I) are usually associated with GD2 and 
GD3 [12], and at least one-third of GD patients have the 
nGD phenotype [14–18]. Globally, the most common geno-
type of nGD is the L444P mutation, which may often lead 
to more severe symptoms and can present with more CNS 
involvement compared with the homozygous N370S muta-
tion [19, 20]. L444P is also the most common mutation 
in Caucasians of non-AJ ancestry [21]. The C.1342G > C 
(D409H) variant results in the appearance of the character-
istic heart-valve-calcification type, GD3c. Since its discov-
ery in the 1980s, heterozygosity or homozygosity has been 
observed in patients of different ethnicities, with the highest 
prevalence in Greece and Spain [22].

Detection methods

Enzymatic assay

The definitive method of diagnosis for GD is an enzymatic 
assay of GBA activity in peripheral blood leukocytes or 
skin fibroblasts of patients [23]. A dried blood spots (DBS) 
method has also been developed for the initial screening of 
GBA activity [24]. This method requires less sample collec-
tion, facilitates sample storage, and allows for more conveni-
ent concurrent enzymatic, biomarker, and genetic testing.

Gene diagnosis

The GBA gene is approximately 8 kb in length, consists 
of 11 exons and 10 introns, and is located on chromosome 
1q21 [25]. The L444P, F252I, and RecNil GBA alleles are 
associated with nGD, and they are more prevalent in Asian 
populations [26, 27]. According to Wan Lei et al. [28], 
nGD is associated with the L444P/RecNciI gene in Taiwan. 

Analyses of corresponding GBA mutations may be able to 
predict GD phenotypes. For example, people with biallelic 
N370S GBA mutations are predisposed to developing GD1 
[29], whereas those with severe L444P GBA mutations are 
more likely to manifest nGD [30], and the rare homozygous 
D409H GBA mutation typically presents with heart valve 
damage [22]. C.680A > G (N188S), C.1246G > A (G377S), 
and C.1297G > T (V394L) are more likely to be associated 
with myoclonic epilepsy [12]. Therefore, preliminary pre-
diction of relevant phenotypes based on genotypes may cap-
ture the possible direction of disease development. Based 
on this notion, genetic testing is recommended for patients 
who have been diagnosed with GD, so as to ensure more 
accurate disease classification and develop appropriate treat-
ment plans.

However, there are often differences in symptom pres-
entation between members of the same family even when 
they have the same genotype, which suggests that geno-
type–phenotype correlations are not absolute [12] and that 
additional genetic modifications may be present elsewhere 
[31]. For several GBA genotypes, considerable variation in 
disease severity has been reported, even in identical twins. 
For example, Biegstraaten et al. reported a pair of identical 
twins of Moroccan origin with the N188S GBA mutation 
whose neurological manifestations were highly heterogene-
ous, namely, one had severe visceral involvement, epilepsy, 
and cerebellar syndrome as predicted, but the other did not 
have the clinical manifestations of GD but had type 1 diabe-
tes [32]. Three new variants have been identified in a recent 
study of genetic variants in Mexican and Spanish patients 
with GD [33]. The continuous discovery of new pathogenic 
GBA variants [33] and unique genotypes due to atypical 
mutational mechanisms (including somatic chimerism and a 
single GBA allele with both variants in cis) [34] has allowed 
evolving genetic information to confound genotype–pheno-
type correlations in different GD types. Such a complex pat-
tern of inheritance poses a challenge for genotyping.

Biomarkers

Several biomarkers, such as angiotensin-converting enzyme 
(ACE), chitotriosidase, and a chemokine, CCL18, have 
been used as routine tests in the diagnosis of GD [35]. 
Recent studies have suggested that glucosylsphingosine—
a deacylated derivative of glucosylceramide—may be the 
main pathogenic molecule responsible for nGD. Compared 
with other biomarkers such as glucosylceramide, glucosyl-
sphingosine is more specifically elevated in patients with 
nGD [36, 37]. Elevated levels of Lyso-GB1 have been found 
in patients with GD compared to healthy controls, and levels 
are generally higher in patients with NGD than in patients 
with GD1 [38]. A clinical trial showed that glucosylsphin-
gosine level in the cerebrospinal fluid was below the lower 
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limit of quantification in all of the control subjects but was 
elevated in patients with nGD [39]. Glucosylsphingosine 
measured in dried blood spots is also highly sensitive and 
specific for GD [40]. Even in the neonatal period, plasma 
glucosylsphingosine concentrations are significantly higher 
in patients with nGD than in those with non-nGD [38]. In 
a cohort of children with GD, Hurvitz et al. [41] found that 
glucosylsphingosine level was significantly lower in mild 
type 1 than in severe type 1, but there was no significant dif-
ference in glucosylsphingosine level between severe type I 
and type 3. In untreated children, glucosylsphingosine level 
was negatively correlated with platelet counts; after treat-
ment, glucosylsphingosine level was negatively correlated 
with hemoglobin levels.

According to Saville et al. [38], glucosylsphingosine con-
centration measured in dried blood papers has prognostic 
power and may serve as a pharmacodynamic biomarker that 
decreases sharply after the initiation of enzyme replacement 
therapy. The extent and severity of disease caused by GBA 
mutations are related to the degree of GBA deficiency. For 
example, GBA activity is reduced by about 20–50% in GBA 
mutation-associated Parkinson disease (PD-GBA), usually 
more than 90% in nGD, and almost 100% in hydrops fetalis 
[42]. Reduced levels of GBA activity leads to the accumula-
tion of glucosylsphingosine. In summary, glucosylsphingo-
sine level correlates with the severity and prognosis of GD3 
and other GBA mutation-associated diseases, and it may be 
used as a marker to monitor GD progression and treatment 
response. However, the elevated concentrations of one or 
more of these markers are not sufficient to diagnose GD, 
considering that they may also be elevated in other diseases; 
therefore, these biomarkers are mostly used as aids in the 
diagnosis of GD.

Neurological manifestations of GD3

The GD3 phenotype is very heterogeneous, particularly in 
terms of neurological manifestations. Some patients present 
with mild neuropathy, having horizontal eye muscle palsy as 
the only neurological symptom, while others present with a 
more severe form with different neurological signs including 
progressive myoclonic epilepsy, ocular lesions, and demen-
tia [43, 44].

Ocular lesions

Neurological lesions in patients with GD3 often involve the 
eyes, and they are generally referred to as functional ocular 
abnormalities. The most common functional ocular abnor-
mality is supranuclear gaze palsy (horizontal and vertical) 
[8]. It includes slowed saccadic velocity, delayed initiation 
of saccades [45], and reduced accuracy of saccades, which 

are all typically more severe in the horizontal direction [46]. 
The saccadic impairment mainly affects the horizontal direc-
tion first, followed by the downward direction, and finally 
impairs upward eye movement [47]. Slowed horizontal sac-
cadic velocity, which is a specific clinical manifestation, 
has been used to differentiate GD3 from other types of GD 
[48]. Since horizontal gaze is more severely impaired—
to the point that technical measurements are not possible 
[46]—measurement of the less-impaired vertical eye beat 
has received much attention as a more sensitive measure 
[49]. In addition, vertical peak velocity is valuable as a bio-
marker of neuropathic manifestations for future longitudinal 
studies, because it correlates more highly with other neuro-
logical symptoms [47].

The most common anterior-segment abnormalities among 
structural ocular abnormalities include pinguecula-like 
lesions and corneal opacities. Diffuse corneal opacities are 
less common in patients with GD3 [50], and usually occur 
in patients with homozygous D409H GBA mutations, which 
are typically associated with cardiac valve calcification [51, 
52]. In addition, posterior segment abnormalities, including 
vitreous opacities, condensation, and preretinal white dots, 
are common in patients with GD3. Recent studies have also 
identified subretinal lesions in severe phenotypes and longer 
durations [47]. Sam et al. [53] found that patients with GD3 
had lower total retinal thickness in all subdomains (fovea, 
inner and outer rings) than healthy individuals (even after 
adjusting for sex, age, and spherical equivalent), which may 
be associated with reduced GBA activity, accumulation of 
α-synuclein, inhibition of apoptosis, reduced mitochondrial 
function, and associated oxidative stress. Watanabe [50] 
and Zhao [54] described tractional detachment of the retina 
due to strong vitreo-retinal adhesions and massive vitreous 
opacities in GD3. In cases of retinal detachment, surgical 
treatment is crucial to preserving vision; otherwise, perma-
nent vision loss may occur. Therefore, in patients with GD, 
careful ophthalmic examinations, including astigmatic fun-
dus examination, electroretinography, and optical coherence 
tomography, are necessary to prevent ocular lesions.

Auditory hypoesthesia

Patients with GD3 may also present with auditory pathway 
damage due to brainstem neuropathy. Auditory brainstem-
evoked responses (ABR) provide a noninvasive method for 
assessing local brainstem function, and they are well suited 
for evaluating degenerative brainstem diseases. By adminis-
tering acoustic stimulation, the electrical response to acous-
tic stimulation is recorded on the scalp from structures at 
all levels of the auditory pathway, from the cochlea to the 
brainstem. Given that ABR waveforms reflect synchronous 
neural activity in the brainstem auditory pathway, progres-
sive deterioration of ABR most likely reflects underlying 
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subclinical brainstem degeneration [55]. The most common 
finding in ABR is the absence or delay of V waves, fol-
lowed by the absence or delay of III waves [56]. Bamiou 
et al. [56] studied the auditory pathway in children with 
GD3 and found a range of abnormalities, including elevated 
acoustic reflex, poor medial olivo-cochlear suppression, and 
poor brainstem-evoked potentials. The results of this cross-
sectional study suggested that combined audiometric testing 
may reflect the severity of neurological damage in patients 
with GD3. Audiological tests are of great interest for the 
diagnosis, classification, and prognostic assessment of GD.

Myoclonic epilepsy

Myoclonic epilepsy is a rare manifestation of GD3. Is not 
considered an independent phenotype with a characteristic 
age-of-onset and has no predicted rate of clinical progres-
sion [57, 58]. It has a cortical origin, and it is known to 
be associated with a significant increase in the amplitude 
of somatosensory-evoked potentials or to indicate a defect 
in cortical inhibitory input [59], which may be an extreme 
manifestation of the general corticogenic process. Specific 
mutations in GBA may be associated with the development 
of myoclonic epilepsy, suggesting that this abnormal enzyme 
may also have modifying effects on other proteins involved 
in epilepsy. One study [60] identified three GBA point muta-
tions associated with this disease, namely, V394L, N188S, 
and G377S. In contrast, the N370S mutation was not found 
to be associated with myoclonus. In a study of neurological 
abnormalities in patients with GD1 and GD3, four patients 
with GD3 experienced spontaneous rapid and repetitive 
hyperkinetic dystonia-like movement disorders in the face 
and extremities, and repetitive blepharospasms were also 
noted [61]. Although it is not possible to determine the asso-
ciation between these mutations and the development of 
myoclonic epilepsy, any patient carrying one of these three 
mutations without N370S should be carefully evaluated for 
the development of the condition.

Cognitive and performative abnormalities

Cognitive dysfunction [62], performative changes, and a 
tendency toward aggressive behavior have been reported 
in patients with GD3 [18]. A longitudinal study, conducted 
over 29 years, assessed 34 multiracial patients (19 males and 
15 females) with GD3 using the Wechsler IQ scale [63]. In 
all of the subjects in the cohort, verbal IQ (VIQ), perfor-
mance IQ (PIQ), and full-scale IQ (FSIQ) scores were in 
the below-average to the critical range. Lower PIQ and FSIQ 
scores were associated with bilateral electroencephalogram 
(EEG) lateralization and splenectomy, which may indicate 
a decrease in overall neurological function. Several reports 
have noted widespread cognitive impairment in patients with 

GD3 [61, 62, 64]. A previous study showed mild deficits in 
attention and memory speed in patients with GD1, as evi-
denced by poor ability to focus attention and slow retrieval 
of information held in memory [65]. In contrast, cognitive 
deficits in patients with GD3 usually affect non-verbal abili-
ties and are more widespread. About 60% of patients have 
below-average intelligence, with particular deficits in pro-
cessing speed, visuospatial relationships, and perceptual 
abilities, and have problems performing everyday activities 
[62]. Another retrospective study reported abnormal behav-
ior in a cohort of 34 Egyptian patients diagnosed with GD3 
[66]. Anger and aggressive behaviors were the most com-
mon, prominent, and troublesome aberrant behaviors that 
correlated with lower IQ scores and were more common 
in males than in females [66]. In female patients, internal-
izing behaviors such as crying and social withdrawal were 
associated with EEG abnormalities and seizure scores [66]. 
Repetitive behaviors have also been associated with EEG 
and seizure scores. In patients with GD, quantitative scores 
of cognitive function and abnormal behaviors may help to 
confirm GD diagnosis and classification and to assess the 
progression and severity of neuropathy. Careful assessment 
of cognitive function and abnormal behavior is therefore 
crucial for GD patients. Cognitive and performative evalu-
ation includes the assessment of general cognitive intellec-
tual abilities, language function, non-verbal memory abil-
ity, verbal learning ability, verbal memory, and executive 
functioning [67]. Computerized cognitive testing using the 
Mindstreams test system (the Global Assessment Battery 
[68]) detects incipient neurological involvement, which is 
of great significance for identifying patients with mild neu-
ropathy and delaying the progression of the disease.

EEG abnormalities

EEG is a widely used noninvasive tool to identify abnor-
malities in brain function and epileptiform abnormalities 
that indicate an increased risk of seizures. A longitudinal 
cohort study retrospectively evaluated 293 EEGs in 67 
patients with GD3 [69]. The authors found that more than 
90% of the patients with GD3 had at least one EEG abnor-
mality. Epileptiform discharges were found in 54% of the 
patients, while slowed background activity was observed in 
90% of the patients, which was the most consistent finding 
correlated with neurological involvement. Another study 
showed that 62% of GD3 patients had EEG abnormalities 
and seizures, consistent with neurological GD3, and a range 
of behavioral problems [70]. The most common behaviors 
were internalizing ones such as anxiety and depression, but 
they also extended to externalizing ones, such as inattention 
and behavioral abnormalities [70].

Therefore, the observation of background slowing, epi-
leptiform activity, or seizures in patients with mild or no 
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neurological manifestations may serve as an additional 
finding to identify CNS involvement. This would enable the 
assessment of CNS involvement and early intervention to 
inhibit progression. However, an abnormal EEG does not 
provide a definitive diagnosis of GD3, given that patients 
with GD1 may also have other causes of epilepsy. In addi-
tion, the abnormalities found in the above studies—back-
ground slowing and interval epileptiform activity—tend to 
occur intermittently. Thus, they are subject to sampling error 
due to the limited duration of conventional EEG studies. The 
presence of abnormalities may also be influenced by factors 
unrelated to the severity of CNS pathology, including wak-
ing state, medications, and time of day [69].

These cohort data provide baseline EEG information for 
the diagnosis of GD3. Although imperfect, they are still use-
ful in the ancillary diagnosis of GD3 and the assessment of 
the severity of neuropathy [71].

Other neurological manifestations

The earliest descriptions of the relationship between GD and 
PD were disseminated case reports of GD patients present-
ing with early onset refractory Parkinson syndrome. Tayebi 
et al. [72] conducted a cohort study of 17 such patients, 
including Jews and different ethnicities. These patients had 
relatively mild manifestations of GD, and they had a rela-
tively early onset of PD symptoms, with a mean age at diag-
nosis of 48 years. These patients presented typical features, 
including asymmetric tremor, tonus, decreased movement, 
and even dementia. A large multicenter study across four 
continents analyzed 5691 ethnically diverse patients with 
PD compared with controls and confirmed an overall odds 
ratio (OR) of 5.43 [73]. Heterozygous variants in the GBA 
gene are the most important genetic risk factor for PD [74]. 
The pathogenicity of different variants varies considerably. 
L444P, classified as a severe variant, has an OR of 10–15 for 
developing PD, whereas the mild variant N370S has an OR 
of less than 5 [75–77]. However, in specific ethnic groups, 
this categorization does not seem to make sense. For exam-
ple, in AJ, the majority of PD patients carrying the GBA 
variant carry mild N370S, whereas the severe L444P variant 
is found in about 5% of patients [73].

In addition to dementia secondary to PD, dementia with 
Lewy bodies (DLB) caused by GBA mutations is gradu-
ally being discovered. In a study on Spanish subjects, brain 
tissue specimens were extracted from patients with patho-
logically confirmed DLB, and GBA mutations were found 
in 12–13% of these cases [78]. A study synthesizing the 
current evidence from clinical studies of GBA-associated 
DLB confirmed the strong correlation between GBA muta-
tions and DLB, namely, GBA mutation carriers showed a 
more severe phenotype in the spectrum of DLB disorders, 
with earlier age of symptom onset, more severe motor and 

cognitive dysfunction, and more visual hallucinations and 
sleep disturbances [79].

GD3 can also present with complex cerebellar symptoms 
such as cerebellar ataxia, intention tremor, and progressive 
myoclonic epilepsy [73, 80, 81]. In the follow-up of neuro-
logical lesions in patients with GD1 and GD3, one-half of 
the patients with GD3 suffer from trunk and appendicular 
ataxia, which manifests as an ataxic gait with dyskinesia 
[61]. Longitudinal studies have shown that neurological 
symptoms in patients with GD do not progress significantly 
over time [61, 63].

Neuropathy of GD1

Neurological symptoms may reappear several years after the 
appearance of visceral symptoms, even in patients initially 
identified as having GD1 who were subsequently treated. 
Some patients may present with signs or symptoms that blur 
the boundaries between clinical types, indicating that they 
are part of a spectrum of possible phenotypes, ranging from 
non-neurological to life-threatening neurological lesions. 
Recent studies have performed ophthalmological and audio-
logical examinations on GD1 patients, and these have shown 
that some patients with GD1 have neurological manifesta-
tions, such as retinal nerve fiber layer (RNFL) damage, 
visual-evoked potential (VEP) changes, and noise speech 
perception impairment [82]. Neurological involvement, 
especially in terms of cognitive ability, is more obvious in 
GD1 patients. Tullo et al. [82] performed neurological, neu-
ropsychological, and other assessments of 22 GD patients 
(19 with GD1 and 3 with GD3). The authors found that the 
patients initially diagnosed with GD1 and GD3 had varying 
degrees of neurological involvement, including a high inci-
dence of Parkinson motor and non-motor symptoms, cog-
nitive and psychiatric disorders, and impaired short-term 
and long-term memory. However, GD3 patients often have 
more extensive cognitive deficits that affect daily activities, 
while the mild cognitive impairment in GD1 patients is often 
not perceived by the patients and their families [65]. Neu-
rological deficits in patients with GD1 may be delayed. One 
study reported that 30.7% of patients with GD1 developed 
neurological problems in adulthood, including dementia, 
psychomotor retardation, and Parkinson syndrome [83, 84].

Treatment

Enzyme replacement therapy

Enzyme replacement therapy (ERT) aims to reduce the 
accumulation of glucosylceramides by supplementing active 
GBA. Three drugs are currently available for this type of 
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treatment, namely, imiglucerase, velagluserase alfa, and 
taliglucerase alfa. However, only imiglucerase is currently 
approved for the treatment of non-neurological symptoms in 
patients with GD3 in China. Lee et al. [85] analyzed seven 
patients with GD3 with a homogeneous genetic background 
(homozygous p.L444P mutation) and treated them from an 
early stage. The results showed that ERT rapidly restored 
visceral symptom, but neurological symptoms including 
horizontal gaze palsy, epilepsy, and mental retardation 
persisted over the treatment period. Although neurological 
lesions are a prominent feature of GD3, treatment to relieve 
neurological symptoms remains an important unmet need 
in patients with GD3 [43]. In one study, five patients with 
GD3 who exhibited white vitreous turbidity were treated 
with ERT, but they still developed or continued to see white 
shadows [86]. Cognitive performance in adult GD3 patients 
remained stable or slowly declined while receiving enzyme 
replacement therapy [46]. However, given that ERT cannot 
cross the blood–brain barrier or the blood–retinal barrier, it 
may not be able to reach the retina. Therefore, ERT is usu-
ally not effective in treating ocular-related and neurological 
manifestations of GD. Therefore, scientists have been work-
ing on new approaches to treat neurological symptoms in 
patients with GD3.

Substrate reduction therapy

Substrate reduction therapy (SRT) reduces the accumula-
tion of glucosylceramides by inhibiting glucosylceramide 
synthase. SRT targets the biosynthetic cycle of glucosyl-
ceramides and reduces their loading into the lysosome. 
Compared with ERT, SRT is more amenable to oral admin-
istration and reduces the time required for treatment [87]. 
In multiple clinical trials, the SRT drug eliglustat improved 
platelet count, hemoglobin level, liver and spleen volume, 
and skeleton-related clinical parameters, but it did not 
improve neurological symptoms in patients with GD3 [49, 
88].

Molecular chaperone

Protein misfolding is an important cause of enzyme defi-
ciency. Missense mutations often result in proteins that do 
not fold efficiently into their native conformations. Such 
misfolded proteins are recognized by the intracellular qual-
ity control system, retrotranslocated into the cytosol, and 
degraded by the endoplasmic reticulum [89]. Thus, the num-
ber of enzymes transported from the endoplasmic reticulum 
to the lysosome is reduced, leading to a decrease in effective 
enzyme activity. Normally, small-molecule chaperones con-
tribute to the correct folding of proteins in the endoplasmic 
reticulum by binding and stabilizing misfolded mutant GBA 
in the endoplasmic reticulum, and once correctly folded 

GBA reaches the lysosome, the small molecules dissociate 
from the nascent unstable protein, thereby relieving enzyme 
inhibition [90]. Small-molecule chaperones, including imi-
nosugars, ambroxol, and other competitive GBA inhibitors, 
are under investigation as emerging therapeutic approaches. 
Some of these molecules have a particular potential for the 
treatment of neurological symptoms, given their ability to 
penetrate the blood–brain barrier and promote appropriate 
enzyme folding and translocation to lysosomes [91]. Early 
initiation of ambroxol therapy has been reported to prevent 
neurological damage in some patients with GD3 [92]. In a 
study of five patients with GD3, treatment with amiloride 
resulted in increased lymphocyte GBA activity and decreased 
glucosylsphingosine level in the cerebrospinal fluid, as well 
as improvements in all neurological symptoms, including 
myoclonus, seizures, and pupillary light reflex dysfunction 
[39].

Gene therapy

Gene therapy, which uses viruses as vectors to administer 
and integrate healthy genes in place of defective ones, has 
shown early success in animal experiments. In one study, 
researchers injected recombinant adeno-associated virus 
vectors (rAAV) encoding GBA into a GBA-knockout mouse 
model [93]. Treatment with rAAV restored neuronal GBA 
expression in this mouse model. In addition, a non-inte-
grative approach using Sendai virus delivery was used to 
establish induced pluripotent stem cells (iPSCs) from fibro-
blasts of a patient with GD3. Differentiation of iPSCs can 
be used to generate a variety of complex cell types with a 
high degree of genetic complexity—a research topic that 
is still under investigation [94]. As the correlation between 
GBA mutations and neuropathy in GD is studied in depth, 
many possibilities for gene therapy will be further explored.

Hematopoietic stem cell transplantation

Allogeneic hematopoietic stem cell transplantation (HSCT) 
from a healthy donor replaces defective monocytes with 
hematopoietic stem cells that produce GBA [95] to provide 
a permanent source of enzymes, improve visceral and skel-
etal damage [96], and stabilize the progression of neuro-
logical disease in patients with GD [97]. Although trans-
plantation of HSCT has been reported to improve associated 
symptoms, long-term follow-up of nine Swedish and UK 
nGD patients showed deterioration in neurological function 
after surgery [97]. HSCT may provide a valuable treatment 
option for patients with GD3, which is quite inexpensive 
compared with ERT. However, the mortality rate associ-
ated with HSCT and the risk of graft-versus-host disease 
(GVHD) remain high.
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Follow‑up and evaluation

All patients with GD should have a comprehensive base-
line evaluation to assess their particular disease pattern. 
Ongoing monitoring of all patients is important to con-
tinually assess the severity and rate of disease progres-
sion. Monitoring of patients includes regular clinical, 
biological, and radiological assessments. For patients 
with GD, regardless of the subtype at their initial diag-
nosis, the evaluation of blood biochemistry, biomark-
ers, visceral damage, and especially the nervous system 
is indispensable. GD patients with a high incidence of 
non-motor symptoms can be examined using the Epworth 
Sleepiness Scale (ESS), a sleep latency test, and dedi-
cated polysomnography studies [82]. The Mini-Mental 
State Examination (MMSE) and Brief Psychiatric Rat-
ing Scale (BPRS) can also be used to assess cognitive 
impairment and mental disorders, and an episodic memory 

test (such as the Babcock Story Recall Test) can be used 
to assess short-term and long-term memory impairment 
[82]. In addition, extensive neuropsychological evaluation 
is required (Table 1). As the disease progresses, new neu-
rological manifestations may develop. One patient with 
GD3b, for example, developed new neurological features, 
including myoclonic seizures that grew out of epilepsy, 
and an increasingly rapid cognitive decline, after more 
than 20 years of ERT treatment [98]. Frequent testing and 
follow-up allow for early detection of relevant progression 
in this patient group, leading to timely assessment and 
adjustment of treatment regimens (Fig. 1).

Summary

Here, we compiled some of the clinical manifestations 
and treatments for GD3, focusing on the neurological 
impairments typically present in GD3, which included 

Table 1   Tools that may help assess neurological involvement

Neurological involvement Tools

Visual involvement Best-corrected visual acuity (BCVA); intraocular pressure measurement (IOP); visual-evoked potentials 
(VEPs); spectral domain-optical coherence tomography (SD-OCT); electroretinogram exam (ERG)

Auditory hypoesthesia Auditory brainstem response (ABR); auricle audiometer; Italian speech audiometry; matrix tests
Cognitive and performative abnor-

malities
Mini-mental state examination (MMSE); brief psychiatric rating scale (BPRS); neuropsychological 

assessment; Mindstreams computerized cognitive battery; Wechsler intelligence scale
Myoclonus epilepsy Parkinson’s disease rating scale
Non-motor symptoms Non-motor symptom scale (NMSS); Epworth sleepiness scale (ESS); sleep latency test; polysomnography

Fig. 1   Therapeutic strategies to enhance acid β-glucosidase activity. 
Mutations in the GBA gene cause misfolding of acid β-glucosidase 
(GBA) in the endoplasmic reticulum, resulting in reduced GBA activ-
ity. Enzyme replacement therapy introduces exogenous enzymes into 
the cell to improve the enzyme defect. Substrate reduction therapy 

targets the reduction of glucosylceramides to prevent substrate accu-
mulation. Gene therapy targets the host genome to restore glucocer-
ebrosidase activity. Molecular chaperones bind to mutant GBA to sta-
bilize and facilitate enzyme translocation to the lysosome. GBA acid 
β-glucosidase, GluCer glucosylceramide
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manifestations such as ocular gaze palsy, retinopathy, 
auditory impairment, myoclonic epilepsy, and cognitive 
impairment. To identify patients with GD3, evaluations 
should always include neuro-ophthalmological examina-
tion, audiometric testing, cognitive behavioral testing, 
and EEG. Evaluation of pulmonary, cardiac, and skel-
etal involvement is also important and may further sug-
gest manifestations of specific subtypes of GD3. There 
is increasing evidence of the correlation between GBA 
mutant phenotypes and clinical manifestations of GD. 
Compared to GD1, patients with GD3 present earlier and 
more severe neurological impairments such as cognitive 
impairment, hearing impairment, and visual abnormali-
ties. Therefore, the importance of gene sequencing for 
GD diagnosis is becoming more prominent. The discovery 
of new GBA mutations and in-depth studies of mutation 
mechanisms and clinical biomarkers are imminent. This 
will provide a theoretical basis for the development of spe-
cific therapeutic approaches that cross the blood–brain or 
blood–retinal barrier and target GD neuropathy. In addi-
tion, many studies have shown varying degrees of neu-
ropathy in patients initially diagnosed with GD1. All 
patients with confirmed or suspected GD, especially in 
the nervous system, should be comprehensively evalu-
ated, diagnosed, and treated. Detailed and comprehensive 
assessment enables clinicians to detect subtle system dam-
age, even unperceived by patients, so as to provide early 
symptomatic treatment and prevent disease progression. 
Established therapies such as ERT and SRT may improve 
visceral involvement in patients with GD, but they are 
typically ineffective for neuropathy. However, emerging 
therapies that can cross the blood–brain barrier are being 
developed and investigated to treat the neurological symp-
toms of GD. In that context, ongoing treatment, monitor-
ing, and evaluation are essential to improve survival and 
quality of life in patients with GD.
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