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Rare diseases are particular pathological conditions affecting a
limited number of people and few drugs are known to be
effective as therapeutic treatment. Gaucher disease, caused by
a deficiency of the lysosomal enzyme glucocerebrosidase,
belongs to this class of disorders, and it is considered the most
common among the Lysosomal Storage Diseases. The two main
therapeutic approaches are the Enzyme Replacement Therapy
(ERT) and the Substrate Reduction Therapy (SRT). ERT, consist-
ing in replacing the defective enzyme by administering a
recombinant enzyme, is effective in alleviating the visceral
symptoms, hallmarks of the most common subtype of the

disease whereas it has no effects when symptoms involve CNS,
since the recombinant protein is unable to significantly cross
the Blood Brain Barrier. The SRT strategy involves inhibiting
glucosylceramide synthase (GCS), the enzyme responsible for
the production of the associated storage molecule. The rational
design of new inhibitors of GCS has been hampered by the lack
of either the crystal structure of the enzyme or an in-silico
model of the active site which could provide important
information regarding the interactions of potential inhibitors
with the target, but, despite this, interesting results have been
obtained and are herein reviewed.

1. Introduction

A disease is considered rare if it affects only a very limited
number of people in the total population. The exact definition
of rarity is different in Europe than in the US: while in the Old
Continent a prevalence of about 5/10000 births is required for a
disease to be considered rare, in the US this definition applies
when less than 200000 people are affected. In epidemiological
studies, parameters such as incidence and prevalence are used:
incidence refers to the number of people who develop a
particular disease or experience a particular health-related
event in a given time period, while prevalence, the most
commonly used parameter, refers to the total number of people
in a population who have a disease or health condition at a
given time, and is usually expressed as a percentage of the
population. A comprehensive study by N. Wakap et al.,[1] based
on data from the “Orphanet Epidemiological file”[2] and
excluding rare tumors, rare infectious diseases, and poisonings,
found rare diseases prevalence of about 3.5–5.9% of the world
population, i. e. 263–446 million people. However, there are no
universally accepted standard parameters that would allow a
clearer and more unambiguous definition of rare diseases.[3]

These diseases are usually genetic and lead to severe
disabilities, so that most of those affected die before the age of
five. There are few specific therapeutic approaches to success-
fully treat rare diseases, and only a few hundred approved
compounds are currently available on the market. In general,
correct diagnosis is very complicated and rarely immediate;

drugs, when available, are usually expensive, and there are no
uniform, accepted guidelines for the patients’ treatments. In
addition, genetic variability makes it difficult to evaluate
pharmacological protocols, which are at the same time strongly
influenced by external factors such as diet, lifestyle, and
environment. Although the search for new treatment options
has increased in recent years, there are still rather few studies
and protocols, usually based on feedback from patients, actively
involved in shaping drug therapies.[4]

The so-called orphan drugs are molecules that are essential
for the rare diseases therapy. According to Orphanet, a global
network that provides scientific data and expertise of profes-
sionals on rare diseases, orphan drugs are “medicines that are
not developed by the pharmaceutical industry for economic
reasons but that respond to a public health need”. Moreover, a
drug may also be considered as “orphan” when a substance
may be used in the treatment of a frequent disease but may
not have been developed for another, more rare therapeutic
indication.[5–7] Indeed, pharmaceutical companies have always
shown little interest in these types of therapies. However, this
trend is changing, in the US thanks to the “Orphan Drug Act”
and other financial incentives for companies investing in this
field, and in Europe thanks to some tax breaks and the
attention given to this issue by the new Research Executive
Agency calls under the Horizon Europe programme.[8–10]

According to the EU definition, orphan drugs must meet
three main criteria: i) they must be specifically indicated for the
treatment of a life-threatening or chronically debilitating
disease; ii) they must be specifically indicated for the treatment
of a particular rare clinical condition, based on the current EU
definition; iii) they must represent a significant clinical improve-
ment over existing treatments, where such treatments are
available.[11,12]

The drug development process for a rare disease raises
more issues than that of a “classical” drug, such as the
difficulties in distinguishing between different phenotypes of
the disease or its evolution during the clinical treatment. In
addition, the standard method of randomizing patients and
treatment with both the drug and the placebo in clinical trials is
not always possible due to the limited number of potential
participants to the study. This, along with the geographical
dispersion of both patients and researchers, affects the
feasibility of the studies, leading to a high variability.
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To encourage medical research in the field of rare diseases,
the International Rare Diseases Research Consortium (IRDiRC)
has established specific guidelines to be followed in such
studies:
i. the research methods used must be proportionate to the

clinical conditions;
ii. safety data must be adequate and as comprehensive as

possible;
iii. different project designs may be used;
iv. decisional and rational analytical approaches may be

combined to adjust the level of evidence in clinical practice;
v. it is possible to extrapolate data from pharmacokinetic and

pharmacodynamic models, off-label studies and patient
records;

vi. patient feedback could be taken into account in the design
of the clinical trial.[13]

Although representative patient populations are not always
available for orphan drugs, post-approval studies are essential
to a better understanding of the drug and its effect on patients,
especially in pediatrics and in patients with complex clinical

symptoms, which in turn result not only from an imperfect
correlation between genotype and phenotype, but also from
lifestyle together with concurrent pathologies and already in
progress additional therapies.[14]

In addition, in 1983, a special law, the aforementioned
Orphan Drug Act, was passed in the USA to facilitate the
development of orphan drugs. It provides for tax breaks for
pharmaceutical companies investing in this area of research,
seven years of market exclusivity and simplification of the
approval procedures, especially with regard to the clinical data
required for approval. As a result of this law, the number of
medicines approved for the treatment of rare diseases
increased from 38 before 1983 to 373 in 2014. Later on, the EU
introduced Regulation (EC) 141/2000[11] and Regulation (EC)
847/2000,[15] which established the criteria and protocols for the
development of orphan drugs, the financial incentives associ-
ated with this status and the authorization procedures through
the European Medicines Agency’s (EMA) “Committee for
Orphan Medicinal Products” (COMP).[16]

Filippo Prencipe is a research fellow and junior
lecturer at the Department of Chemistry and
Pharmaceutical Sciences of Trieste University.
He received a five-year master’s degree in
Pharmaceutical Chemistry and Technology
from Ferrara University where he later ob-
tained the PhD degree in Medicinal and
Pharmaceutical Sciences, focusing his research
on the design and synthesis of small mole-
cules as antitumoral agents. His current
research interests cover the field of medicinal
chemistry in particular the design and the
synthesis of novel therapeutic agents for the
treatment of Gaucher disease.

Chiara Barzan obtained the master‘s degree in
Pharmaceutical Chemistry and Technology at
the University of Trieste (Italy) with a thesis on
Gaucher disease. Her work focused on the
study of new possible therapeutic strategies
with an in-depth analysis of one of the most
used: the inhibition of Glucosylceramide Syn-
thase. Now she is a Ph.D. student at the
Institute of Molecular Genetics (CNR, Pavia, IT),
where she focuses her research on Alternative
splicing (AS) and its deregulation during
tumorigenesis. Many cancer-associated genes
are regulated via AS and can be used as new
diagnostic, prognostic, or even therapeutic
tools.

Chiara Savian obtained her M.Sc. in Medicinal
and Pharmaceutical Chemistry in 2023 from
the University of Trieste. During her master‘s
thesis project under the supervision of Prof.
Da Ros, she worked on the design and
synthesis of new pyrazinone derivatives as
potential Glucosylceramide Synthase inhibi-
tors for the treatment of Gaucher disease.

Emanuele Carosati earned his PhD in
Chemistry from University of Perugia (Italy,
2004). His area of expertise is computational
medicinal chemistry, gained at Servier (post-
doc, 2006), University of Perugia (researcher
for several years), Monash University (Marie-
Curie fellowship, 2014–15), and Aboca (Italy,
2017–2021). From December 2021 he works
as Associate Professor at University of Trieste,
where he leads the Computer-Aided Drug
Design (CADD) research group. Being involved
in various research projects, he applies his
expertise on docking, virtual screening, and
ADME-Tox properties of bioactive molecules,
including natural substances. He has been
involved on the study of different targets,
including rare diseases.

Tatiana Da Ros is Full Professor in Medicinal
Chemistry at Trieste University, where previ-
ously she worked as Assistant Professor and
Associate Professor. During her career she
spent some periods working at University of
Durham, UCLA, Laboratoire de Biophysique of
Muséum National d’Histoire Naturelle in Paris,
Sussex University, Medical Research Council in
Cambridge (UK), as visiting professor at Uni-
versidad Nacional de la Plata and as Invited
Professor at University of Picardie Jules Verne.
Her research interest is mainly focused on the
application and bioapplication of carbon
nanostructures but recently she dedicated her
attention also to rare diseases.

Wiley VCH Dienstag, 14.05.2024

2410 / 343740 [S. 4/28] 1

ChemMedChem 2024, 19, e202300641 (3 of 27) © 2024 Wiley-VCH GmbH

Review
doi.org/10.1002/cmdc.202300641

 18607187, 2024, 10, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300641 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [22/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

3



Moreover, the profitability of orphan drugs could be higher
than expected, as companies producing generic drugs are often
discouraged from entering this specific market due to the
limited consumer base of these molecules. On the other hand,
the off-label use market segment of an orphan drug could be
tapped by the pharmaceutical company if that drug can be
used for other therapies, leading to increased use of the drug
and consequently higher revenues.[17,18]

2. Lysosomal Storage Disorders

Lysosomes formation is a very complex process deriving from
the fusion of vesicles that have budded off from the trans-Golgi,
and from the plasma membrane, releasing their contents, fluid
and molecules from the extracellular environment, in the lumen
of lysosomes, where they are processed.[19] There are about sixty
different hydrolytic enzymes in lysosomes, which can be
classified according to the type of molecules they hydrolyze,
such as nucleases, phosphatases, lipases, and sulfatases. The
mRNA for each of these hydrolytic enzymes is translated on
polysomes bound to the endoplasmic reticulum (ER) mem-
brane, then the newly assembled protein is transferred to the
lumen of ER, where both the removal of the “signal peptide”
and the glycosylation of the asparagine residues take place.[20]

The enzyme is then transferred from the ER to the Golgi
apparatus, where it is further functionalized with mannose-6-
phosphate units, and finally, thanks to vesicular trafficking, it is
transported to the lysosomes, and internalized by specific
receptors, after recognition of molecular elements, such as
mannose-6-phosphate.[21] The lysosomal lumen is characterized
by a constant acidic pH, which is necessary for the proper
activation and functionality of the enzymes. In addition to the
function of metabolic degradation, lysosomes also play an
important role in processes related to the immune system and
the response to nutrients that contribute to cellular homeo-
stasis. Given the relevance of lysosomes in the process of
cellular signaling, it is quite clear that diseases affecting the
functionality of lysosomes also involve other organelles related
to their function.[22]

Lysosomes have a role in many diseases such as lupus
erythematosus, neurodegenerative diseases, neurological auto-
immune diseases, and rheumatoid arthritis. Among them,
however, are also the so-called Lysosomal Storage Diseases
(LSD), that are characterized by impaired function of enzymes
in the lysosomal lumen, resulting in an accumulation of enzyme
substrate both in the lysosomal lumen and in the cell. There is a
large number of enzymes that can cause LSD, and the clinical
expression of the disease depends on a) the specific class to
which the enzyme belongs, b) its substrate, and c) the cells and
organs primarily affected by the substrate accumulation.
Depending on the physiological role of the enzyme, severe
symptoms may be observed simultaneously in different organs.
Therapeutic options targeting lysosomes are limited, although,
due to their complexity, several approaches have been
proposed to target and alter pathological processes. These are
based on the use of molecular chaperones, substrate reduction

therapies, inhibitors of cathepsins, ATPase proton pumps or
calcium ion channels, modulators of phosphatidylinositol kinase
or farnesyltransferase. However, the major drawback of these
approaches remains the transport and specific release of the
drugs in the lysosomes.[23]

The clinical manifestations of LSDs are very heterogeneous.
The age of onset and progression of the diseases may vary
according to the specific metabolic disorder and are conse-
quently related to the genetic mutation that triggers the
disorder, to the functional impairment of the enzyme and to
the amount of unmetabolized substrate that accumulates in
different tissues. This latter aspect is strictly dependent on the
percentage of residual metabolic activity of the enzyme
compared to the physiological level of enzymatic activity in the
respective tissue. In addition, the environment influences
metabolic fluxes and contributes to the clinical manifestation of
the disease, thus there is usually no strict correlation between
genotype and phenotype in LSD.[24]

The unmetabolized substrates that accumulate are glyco-
sphingolipids (GSL) (Figure 1), amphiphilic lipid molecules
consisting of a sphingosine linked by an amide bond to a long-
chain fatty acid and a sugar. The acylation of sphingosine,
catalyzed by the acyltransferase, leads to the formation of
ceramide, which acts as the backbone of sphingolipids and as
such is an important resident of the plasma membrane of
eukaryotic cells.[25]

Glycosphingolipids are mainly found in the cell membrane
and are involved in signaling functions related to cellular
proliferation, differentiation, and apoptosis. The hydroxy group
at position 1 of the sphingosine core can be linked to several
polar substituents that make the resulting molecule amphi-
philic, leading to the production of glycosphingolipids, cerebro-
sides, sphingomyelin and gangliosides.[26]

Glycosphingolipids are characterized by the presence of a
polar glucidic head, which is introduced by glycosyltransferases.
The reaction is catalyzed by glucosylceramide synthase (GCS)
and leads to the synthesis of glucosylceramides, while galacto-
syltransferase catalyzes the synthesis of galactosylceramides.
Starting from these primary base molecules, various more
complex derivatives, such as gangliosides and globosides, can
be obtained by introducing different glucidic moieties.[27]

Glycosphingolipids are synthesized in both the ER and the Golgi
apparatus and are abundant in eukaryotic cell membranes.
They are often found on the outer leaflet of the cytoplasmic
membrane, internalized during endocytosis and then metabo-
lized in lysosomes. The internalization of both endogenous and
exogenous molecules into lysosomes is promoted by various
mechanisms such as phagocytosis, pinocytosis, endocytosis,
autophagocytosis, and the transport of certain proteins medi-
ated by chaperones. In addition, specific carriers within the
lysosomal membrane promote the recovery of molecules
metabolized in the cytoplasm by internalizing them into the
lysosomal lumen.[24] While glycosphingolipids were previously
thought to function exclusively as membrane components, they
have now been found to be involved in several basic
physiological metabolic processes and their imbalance can lead
to various pathological conditions.[28]
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LSDs are inherited autosomal recessive metabolic diseases,
so that in heterozygous individuals the presence of the mutated
gene on the chromosomes does not lead to the onset of the
pathology. In some cases, they can be caused by a group of
gene mutations, while in others a single crucial mutation is
sufficient to cause the disease. However, it has been demon-
strated that the full spectrum of symptoms associated with the
pathology results from the combination of genotype, pheno-
type, and environmental factors, which in turn influence the
residual activity of the enzyme and thus the onset of the
disorder.

Lysosomal disorders can affect not only specific enzymes
but also receptors, transporters, and effector proteins inducing
the accumulation of substrates implied in the physiological
processes that they control (Figure 2). Oligosaccharidosis,
gangliosidosis, sphingolipidosis, mucopolysaccharidosis are
LSDs which lead to the accumulation of different metabolites,
inducing a functional impairment of the cell which gradually
spans several tissues and organs. The most affected organs are
the liver and spleen due to the high expression level of the

unpaired enzymes responsible for the disorder and because of
their involvement in relevant and very active metabolic path-
ways.

The age of onset of such diseases is variable as well as the
severity of the symptoms, the organs affected, and the
prognosis. Also, the symptoms affecting the central nervous
system (CNS), when present, can be very fickle even among
individuals affected by the same disorder and belonging to the
same family.[30] Frequently, the onset of the neurodegenerative
disorder in infants is not imputable to a single LSD but rather to
a series of LSDs.[28] The resulting pathological phenotype is
severe when the impaired protein is completely inactive to
block the related metabolic pathway. If instead the enzyme
retains some residual functional activity, the symptoms are
usually milder.

3. Gaucher Disease

3.1. Background Knowledge

In 1882 Philippe Gaucher described for the first time a particular
pathological condition, which was named after him, the
Gaucher disease (GD). The pathology remained completely
misunderstood until 1901, when Brill found out that it was
hereditary.[31] In the following years new knowledges were
acquired, as the discovery of the toxicity at CNS.[32] The
prevalence of the neurological forms of the disease during the
childhood was noted, probably due to its early lethality which
prevents individuals carrying the pathology to reach adulthood.
In 1965 Brady et al. were able to analyze in detail the physio-
pathological effects of the GD,[33] and later the mutated gene
responsible of its onset was successfully cloned.[34] GD was then
included within the “rare diseases” due to its low incidence in
the population.[29]

Figure 1. Example of a synthetic path for glycosphingolipids.[26]

Figure 2. Schematic representation of various LSDs.[29]
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This condition belongs to the group of diseases caused by
LSDs within the sub-group of sphingolipidoses (Figure 3). The
symptoms and the age of onset are variable but usually an early
diagnosis results in a severe symptomology and, despite the
occurrence of the same genetic mutations, clinical manifesta-
tions can range from almost unnoticeable to the involvement
of vital organs and severe disabilities. The incidence of the
pathology in the population is not constant, there is indeed a
predisposition of certain individuals, such as the Ashkenazi
Jewish community.[29]

Three clinical forms of the disease have been identified,
based on physiological and, more importantly, pathological
features displayed by affected individuals, the most common of
which is the Type 1, accounting for the 95% of the total cases.
This classification is very useful to predict the prognosis and to
undertake a specific treatment avoiding either unpleasant acute
or irreversible episodes. GD Type 1 (GD1) is also less lethal
because of the lack of cerebral symptoms, which to date cannot
still be satisfactorily treated.

GD1 usually takes a slow course, beginning with hematic
abnormalities and ending up with involvement of several
organs.[35] The most common symptoms involve peripheral
organs, in particular bone, spleen, and liver. The increased
amounts of released proinflammatory cytokines due to macro-
phages hyperactivation lead to several type of abnormalities.
The musculoskeletal symptomatology, although not the most
typic of GD, is highly disabling and common (70% of cases).

Among the clinical forms which display an involvement of
the CNS, the GD Type 2 (GD2) is particularly lethal and is also
known as “acute” or “juvenile”, due to a poor prognosis within
the second year of age. The GD Type 3 (GD3) is characterized
by neuronal symptoms, but milder compared to GD2, and in
addition it shows a delayed onset and a better prognosis.[36] The
symptoms are similar to those of the GD1, with the addition of
the neuropathic component.

GD has an autosomal recessive inheritance and equally
affects male and female. The mutated gene, GBA1 (Glucosylcer-
amidase Beta 1), is located on chromosome 1 and encodes for
the enzyme Glucocerebrosidase (GCase), which is involved in
the lysosomal lipidic catabolism. The mutated GCase becomes
unable to hydrolyze glucocerebrosides or glucosylceramides

(GlcCer) into ceramide and glucose.[37] The functionality of the
enzyme can be partially or completely lost thus resulting,
respectively, in the partial or null hydrolysis of glycosphingoli-
pids within the macrophages, which represent the cell line
mostly involved in the metabolism of cellular components. As
already explained, GCase disfunction is responsible for the
accumulation of its substrate within macrophages’ lysosomes,
inducing their transition into a hyper-activated state. This
causes the production of pro-inflammatory mediators, as IL-1,
IL-6, TNF-α, IL-10, M–CSF which worsen the disease
symptoms.[37] These cells, known as Gaucher cells, grow up in
size from 12 to 20–100 micron, tend to accumulate in specific
tissues and organs, inducing several lesions and inflammatory
conditions that add up to the hormonal and metabolic
disfunctions caused by the disease.[29,35] Moreover, Gaucher cells
have small eccentric nuclei and cytoplasm with a “crumpled
tissue paper” appearance due to the presence of fibrillar
aggregates. The organs mainly involved are spleen, liver,
gastrointestinal apparatus, skeletal, blood, and bone marrow
tissues but, in GD Type 2 and Type 3, the CNS and the
respiratory system are also involved.[37]

In general, some Gaucher-related symptoms may result
from the presence of disrupted proteins within the same GCase
metabolic pathway, as observed in a minority of patients with a
defect in saposin C (SapC), a non-enzymatic protein activator of
sphingolipids that is critical for GCase functionality.[38,39] GD may
also be caused by various defects in metabolic pathways
involved in the GCase production and its (lysosomal and not
lysosomal) transport. If the enzyme is structurally unstable, it
could lose its conformation before reaching the site of action
and become subject to proteasome degradation.[40]

The lipids, accumulated in the lysosomes and in the
cytoplasm, undergo several metabolic pathways, triggering the
apoptosis process. The calcium homeostasis mechanisms are
lost or impaired,[41] and the blood cells can be affected.[42] The
abnormal presence of lipids leads to lysosomal impairments,
with increased pH within the organelles and disruption of
pathways between lysosomes and other cellular loci.[43] The
cellular and extracellular signaling mechanisms are imbalanced,
compromised mitochondria and misfolded glycoproteins tend
to accumulate in the cytoplasm along with waste products at
the ER level. The alteration of the membrane electric potential,
generated by the electron transport chain, is one of the markers
of mitochondrial damage, and it becomes lower along with the
amount of oxygen consumed. This can be attributed to a
diminished fluidity and plasticity of the Gaucher cells mem-
branes, due to an impaired ratio between cerebrosides and
GlcCer. Furthermore, the ceramide can also undergo self-
assembly within the external mitochondrial membrane, forming
stable channels enabling the release of pro-apoptotic
molecules.[39]

3.2. Genetics and Correlation with Phenotype

It has been noted that patients sharing the same genotype
display different symptomatology, and, at the same time, it isFigure 3. Relation of GD with respect to Rare Diseases and its subtypes.
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likely that individuals with different genetic background can
display analogous symptoms. The manifestations that are not
strictly related to the genotype make both the diagnosis and
the prognosis very hard since there are not specific elements
able to indicate the severity of the disease or its progression. A
confirmation of this is the symptomatologic discrepancy
observed in homozygous twins.[44]

The GD is inherited in an autosomal recessive pattern
through the parental chromosomal transmission. Even though
the disease is caused by mutation of a single gene, the related
phenotypes are various and heterogeneous, ranging from
asymptomatic individuals, whom can be diagnosed only
through genotyping or by evaluation of the enzymatic activity,
symptomatic individuals with mild symptoms up to severe
problems which threaten patients’ survival. More than 400
mutations of the GBA1 gene have been identified so far, only
partially accounting for the great phenotypic heterogeneity as
well as the prognostic differences.[45,46] In the US, according to
the National Gaucher Foundation, the estimated incidence of
GD1 is 1/20000 live births, generally caused by N370S and
84GG mutations. In Turkey, instead, the most common muta-
tions are L483P and N409S, followed by D448H and L335V.[45]

The severity of the disease depends on the combination of
the genomic mutations of each individual. There are some
mutations that do not lead to severe symptoms, such as N370S,
also called missense mutation, while others result in a complete
loss of the protein functionality, such as the 84GG mutation,
known as non-sense or frame shift mutation, which completely
alter the reading frame of the codons.[47] The occurrence of the
mutation N370S on one or both alleles of the GBA1 gene on
the chromosome 1 indicates the presence of GD1. This is the
most common mutation within the Jewish population with an
incidence of 70–75% of mutated genes against a 23%
incidence among non-Ashkenazi communities, it is very
frequent, it does not lead to the onset of neurological
symptoms, but it seems to prevent them. Several studies on the
specific type of impairment of the GCase due to the mutation
N370S have been performed revealing that both the tran-
scription and the translation of the enzyme take place correctly
as well as the transport to the lysosome. The mutated protein
shows the same affinity for the specific substrate but is not able
to catalyze the hydrolysis of the glycosidic bond.[48] A hetero-
zygous condition of this mutation generally results in a GD1
phenotype with mild, almost undetectable symptoms. In
addition, there are L444P and D409H homozygous conditions
which lead to the onset of CNS symptoms at the age of
2.3 years, at least for L444P.[35]

3.3. Diagnosis

The correct diagnosis of the Gaucher disease is, in most cases,
established several years after the onset of the early clinical
symptoms, due to the difficulties in correctly recognizing and
establishing its symptomatology, given the limited experience
in the field of rare diseases. Moreover, these pathologies are

characterized by a progressive increase of both the severity of
the symptoms and the number of involved sites.

The disease can be evaluated using several available
methods, according to the complexity of the pathological
manifestations and the availability of the analysis laboratory.
1. Evaluation of the residual activity of the GCase: measured in

leukocytes, in cultured fibroblasts or in amniotic cells.[38] In
case of disease, the residual enzymatic activity is around 10–
15% of the total expected. Although this test is the
screening method of choice, it does not provide information
about the severity or progression of the disease itself.[35,37,49]

The flow cytometry of monocytes from the bloodstream
could represent a more accurate method for evaluating the
pathological condition, but it has not been yet validated and
therefore is not officially approved.[50]

2. Bone marrow aspiration: can be performed in patients
displaying thrombocytopenia and hepatosplenomegaly. It is
very useful in the identification of Gaucher cells, but, even
though the test is very reliable, if the sample does not
contain an adequate number of cells, it can produce
insignificant responses. Another limitation derives from the
potential misreading of Gaucher cells and pseudo-Gaucher
cells which can be observed in some infective-type disorders
or in disorders caused by a high cellular turnover, such as
myeloma, lymphoma and leukemia.[35,37,49] Together with all
the pros and cons, it is useful to confirm the presence/
absence of hematological malignancy by hematic counting
after enzyme replacement therapy.[45]

3. PCR evaluation of the GBA1 gene mutations, focused on the
identification of the five most relevant mutations. A negative
response does not rule out the presence of the disease
because of the limited number of screened mutations,
although they are the most common ones. This test is
particularly employed enabling the family screening,[37,49]

and there are molecular tests focused on a single gene or
multiple genes, in order to perform a targeted analysis of
the most common pathogenic variants.

4. Serum biomarkers: chitotriosidase (CT) concentration, ACE
(Angiotensin Converting Enzyme), CCL18 (Chemokine(C� C
motif) ligand 18), tartrate-resistant acid phosphatase and
ferritin can be relevant for the diagnosis of GD.[49]

5. Algorithms of diagnosis: they have been set up based on
studies accounting for hundreds of patients from ten differ-
ent countries allowing to emphasize the peculiarity of the
Gaucher disease, pointing out the differences related to the
specific ethnic groups. Taken together, this information
allowed to construct algorithms which facilitate a correct
diagnosis, corroborated by specific exams for the identifica-
tion or the exclusion of the pathology.[51]

The hepatosplenomegaly has a particular relevance for the
diagnostic evaluation because it is strongly associated with the
GD; however, it cannot be considered a unique indicator of the
disease since it is observed also in other pathologies. Similarly,
the analysis of the circulating red blood cells is not sufficient to
uniquely discern GD from other LSDs. Moreover, to avoid a
potential diagnostic error, it is important to identify the
eventual deficiency of SapC (or pro-saposin OMIN 610539).
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There are patients with a mutation in the PSAP gene, encoding
for the saposin, which is transmitted to the progeny in an
autosomal recessive pattern. This leads to Gaucher-like patho-
logical manifestations, both at peripheral and neurologic levels,
with lipids accumulation in several sites of the organism,
despite the normal enzymatic activity of the GCase. Saposin,
indeed, is a crucial co-factor of the GCase for the hydrolysis of
the glycosphingolipids and it has been shown to be very useful
for the protection of the GCase itself, preventing its degradation
or its inhibition promoted by α-synuclein.

3.3.1. Score Index

Gaucher disease can be assessed by using the score index of
clinical severity, based on the symptomatology displayed by
the patient. The first score index was introduced by Zimran, the
Zimran Severity Score Index (SSI).[52] Another classification is the
Gaucher Disease Severity Score Index Type I (GauSS� I),[53]

developed to obtain an extensive and reliable method to
identify and to correlate genotypes and phenotypes displayed
by patients, and to associate them with the biological and
clinical markers which characterize the disease. With this
approach, it is possible to identify the clinical variability and the
severity of the disease and choose a tailored therapy. According
to this methodology, there are six main aspects, presence of
biomarkers, and effects on skeletal, hematological, visceral,
pulmonary, and neurological systems, the severity of which is
evaluated.

3.3.2. Markers

The most used markers to evaluate GD are chitotriosidase (CT)
and chemokine CCL18. The CT is an enzyme secreted by
macrophages, whose role is to process chitin. It has an essential
role of remodeling, especially in tissue healing and chemotaxis
of the immune system cells. High levels of the protein are
detected not only in the case of LSD, but also in other disorders
such as sarcoidosis, thalassemia, leishmaniasis and leprosy.[36]

Before dosing the level of the marker, it is pivotal to verify that
the patient does not have a mutation in the gene encoding for
the CT. In this case the CT cannot be considered a useful
marker, but otherwise untreated GD is characterized by very
high levels of this enzyme, 100–5000 times higher than the
physiological levels. Usually, the higher the levels the highest
the severity of the disease, and their values tend to drastically
decrease, along with the most evident symptoms, after an
efficient treatment.[54]

As mentioned, there is a second, very specific marker i. e.,
chemokine CCL18, secreted in the lungs, whose levels are 30
times higher in non-treated patients. CCL18 is a small molecule
which is filtered by kidneys and its urinary concentration is
proportional to the hematic concentration. The analysis of the
protein is usually followed by a radiological check-up of the
bone marrow and of the skeletal tissue.[36] Despite its specificity,
CCL18 is not the marker of choice because of the high dosage

complexity in the routine tests;[35] therefore it is used as marker
only in those patients carrying the CT gene mutations.

For the routine monitoring, several other markers can be
employed such as tartrate-resistant acid phosphatase, ACE,
hexosaminidase, cathepsin K, and also the levels of interleukins
such as IL-1β, IL-6, IL-10, TNF-α, macrophages inflammatory
proteins MIP-1α, MIP-1β and CD-163.[36]

Another important biomarker for the disease is the glucosyl-
sphingosine (Lyso-GL1 or Lyso-Gb1), the deacetylated form of
glucosylceramide, that increases if there is an accumulation of
its precursor in the cells. The plasma level in healthy state is
around 1.5 ng/mL, while in the case of the disease it reaches
181 ng/mL.[55] Its concentration can be determined also to
monitor the follow up of the therapy, with a marked decrease
of Lyso-Gb1 when the treatment is successful. In fact, in some
cases, it was even possible to detect almost normal level of this
marker in stable, properly treated GD1 patients.[56]

As recently reviewed,[57] increased levels of Lyso-Gb1 were
also found in GCase-associated Parkinson’s disease and they are
also related to the B-cell lymphoproliferative disorders as
multiple myeloma, and, also in these cases, their concentration
decrease is a positive sign.

Despite all these possibilities, there is still a constant search
for novel specific biomarkers to improve the diagnosis.

4. Therapy

Considering the varieties of symptoms that can characterize this
pathology, some patients do not need specific treatments,
whereas for others it is more convenient to deal with the
disease symptoms rather than with the side effects of the
therapy. Patients with severe conditions, instead, need an
extensive study of the phenotype for the choice of the most
effective therapeutic approach.

Before 1991, the GD therapy was mainly focused on
alleviating the symptoms as for the splenectomy in patients
with severe spleen impairment. This approach usually led to
rapid and evident improvements, with normalization of plate-
lets count, diminution of fatigue and hemorrhages. Thereafter,
several alternatives to surgery have been proposed, given the
need for a therapy which would alleviate in a more effective
way the severe symptoms, considering the impossibility to
completely eradicate the disease. To date, splenectomy is only
an emergency procedure that has been associated with relapse,
worsening of the condition of the musculoskeletal system,
hepatomegaly with the tendency to alter hepatic functionality,
eventually resulting in cirrhosis, and a higher probability to
develop septicemia.[35,58]

The most updated and important approaches to treat GD
are the enzyme replacement therapy (ERT), and the substrate
reduction therapy (SRT), but other pharmacological strategies
are available such as molecular chaperones, gene therapy, and
the treatment with stem cells.[35,37,52,59]
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4.1. Enzyme Replacement Therapy

The ERT was introduced in 1991. At that time, it was a very
expensive approach based on the administration of a recombi-
nant active protein, which, after internalization into the cells,
replaces the natural non-functional GCase. This approach was
first suggested by Brady,[60] who observed and quantified the
level of GCase in GD patients and normal individuals, recogniz-
ing the need for implementing the enzyme from an external
source in the case of the disease. The first adopted enzyme was
Aglucerase (Ceredase, Genzyme Corp.) deriving from placental
cells. Thereafter, Imiglucerase (Cerezyme, Genzyme Corp.) was
approved; it was produced by ovary cells from guinea pig
through recombinant techniques. Later on, Velaglucerase alfa
(VPRIV, Shire Human Genetics Therapie Inc.), produced from
fibroblast cell lines, was approved by FDA. Finally, in 2012
Taliglucerase alfa (Elelyso, Pfizer Inc. in the USA, Protalix,
BioTherapeutics in other countries), from carrot cells, was
approved. The latter differs from all the previous enzymes for
the presence a) at the N-terminus of two amino acids deriving
from the linker used to insert the signal peptide, b)at the C-
terminus of seven amino acids deriving from the vacuolar
targeting signal, c) of sugars typical of vegetal cells such as
fructose and xylose. Imiglucerase and Taliglucerase have quite
different amino acid sequences compared to the human protein
and Velaglucerase, which share the core portion, however their
crystal structures are very similar.[36,58] For the administration,
the enzymes are glycosylated in order to expose mannose
residues, which are recognized by macrophages, promoting the
internalization of the protein and then the translocation to the
lysosomes.

The intravenous administration requires variable frequencies
and dosages, depending on each individual, and the response
is evaluated by measuring improvements of multiple parame-
ters such as blood count, volume of organs, skeletal mineral
density, medullary fat, bone crisis, quality of life, pain, chronic
fatigue, and growth process (for children). In general, the
quality of life greatly improves allowing patients to live almost
a normal life. The safety of these biological drugs is good, there
are no particular side effects and both the development of
specific antibodies and the allergic reactions related to the
prolonged and continuous intravenous administration are
rare.[37,58,61,62] This therapeutic approach is particularly employed
in patients with GD1 and in children. For GD2 patients the ERT
is not effective and in GD3 is controversial since there is no
evidence of its efficacy on the neurologic manifestations,
although it can be useful to alleviate the peripheral
symptoms.[35]

A recent study suggests a novel approach for the transport
across the BBB of the GCase,[63] which is normally not able to
reach the CNS due to its proteic nature. This method relies on
the use of nanovesicles of SapC and dioleyl-phosphatidylserine
(DOPS). SapC, with its protective function of GCase, is
conjugated with a phospholipid allowing tissue translocation.
The obtained nanovesicles are very stable in serum and are
easily internalized in the cells through a mannose-receptor
independent mechanism, that allows the internalization even in

the BBB composing cells via phosphatidylserine receptors
expressed on the surface of capillary cells and on cerebral cells.
The stability of the so-delivered enzyme, as well as its lysosomal
internalization, is higher than the free enzyme. The study
highlighted an increased enzymatic activity and a reduction of
the accumulation of the lipidic substrate, with a consequent
amelioration of the symptoms, even at the neurological level.[63]

A common drawback of ERT is its very high cost,[64] which is
in part due to the low stability of the recombinant enzyme in
blood, causing routinely intravenous administration to obtain
an efficient therapeutic effect. An emerging strategy to increase
the enzyme half-life, preventing its degradation upon systemic
administration, is the use of nanoparticles as enzyme carriers,
which can be properly functionalized to release their bioactive
cargo to the specific site of action.[65]

In this perspective, GCase has been successfully encapsu-
lated inside non-infectious virus-like nanoparticles (VLP’s)
functionalized with mannose groups to be specifically targeted
to macrophage cells.[66] The encapsulated GCase was efficiently
internalized in the cells, resulting in a significant increase of its
activity. Moreover, this enzymatic preparation proved to be
more stable compared to the free enzyme, thus resulting in a
prolonged half-life in the blood stream which, in turn, can
reduce the frequency of the injections and consequently the
overall cost of the treatment.

4.2. Gene Therapy

Gene therapy requires the introduction of GBA1 gene encoding
for the GCase in the hematopoietic stem cells to be adminis-
tered to the patients, to replace the cells producing the
defective enzyme. There are several studies describing the
production of enzymes using transduced cells, but their protein
synthesis does not seem to be sufficient to provide a
permanent cure,[67–69] since the transduced cells do not possess
a real proliferative advantage compared to the non-modified
ones. Therefore, the amount of secreted enzyme is too low to
produce a metabolic improvement with a real therapeutic
effect. Viral, retroviral and lentiviral vectors could be used to
deliver the gene of β-Glucocerebrosidase in the hematopoietic
cells, but at present promising results have been obtained only
in rat models.[67,70]

4.3. Molecular Chaperones

Molecular chaperone therapy relies on the administration of
small molecules facilitating the correct folding of proteins by
providing them with their proper functionality. Very often the
mutated proteins undergo an impaired folding with consequent
degradation before their translocation to the site of activity.[71]

The chaperon binds the protein and protects it, also preventing
improper aggregation. In general, the molecular chaperones are
competitive reversible inhibitors of the enzyme, and they serve
as the support on which the defective protein can correctly
fold; however, also molecular chaperones are known that target
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allosteric binding sites, thus not competing with their natural
substrates. Typical examples of molecular chaperones promot-
ing the correct functional folding of the GCase are
iminosugars:[72] it has been noted that their administration to
fibroblasts of GD patients results in a 2-fold increased residual
activity of the defective enzyme.[62] With this aim, several other
iminoglucidic GCase inhibitors have been designed, but to date
molecules successfully applied in therapeutic approaches are
missing.[73] However, studies performed using Ambroxol (a pH-
dependent, mixed-type GCase inhibitor) in combination with
ERT showed good results in terms of reduction of the levels of
cerebrosides, increased enzyme activity, and amelioration of the
CNS symptoms, such as myoclonic seizures, both in rat models
and in restricted studies with patients.[62,72]

4.4. Histone Deacetylase Inhibitors

Some mutations can produce catalytically active but structurally
unstable proteins leading to their interaction with chaperone
proteins, such as Heat shock protein 90β (Hsp90β), which in
turn induce the premature degradation of the protein mediated
by the ubiquitin-proteasome system. Diminishing such inter-
action between GCase and the chaperone could result in an
ameliorated symptomatology. The inhibitors of histone deace-
tylase (HDAC) induce a hyperacetylation of the median domain
of Hsp90β, altering the recognition of the mutated GCase
whose level within the lysosome (partially) increases along with
its functional activity.[74]

An example of HDAC inhibitor is the Vorinostat (Figure 4),
which is also active against some tumors, such as multiple
myeloma and cutaneous lymphoma of T cells. Since this
molecule is able to cross the BBB, its use has been proposed
not only for the treatment of GD1 but also to treat GD2 and
GD3 forms.[62,74]

5. Substrate Reduction Therapy

SRT was first postulated by Radin[75] in 1984 and then
demonstrated in 1994 with the first active molecule against
GCS, Miglustat. It is based on the inhibition/reduction of the
production of glucosylceramides, preventing their accumulation
and avoiding the insurgence of GD symptoms.

While the diminished production of sphingolipids results in
an amelioration of the pathological outcome of the disease, on
the other hand, given the complex role these lipids play within
the cells, the physiological impact of their synthesis’ inhibition

should be taken into account. However, there is no strong
evidence of physiological disfunctions or adverse events that
can be related to this therapeutic approach. The clinical efficacy
of SRT compared to ERT has been reviewed, indicating a similar
safety profile for both therapeutic treatments and a comparable
amelioration of some parameters, such as hemoglobin concen-
tration and platelet count, liver and spleen volume and
biomarkers levels (e.g. CT, CCL18, Lyso-Gb1).[57,76]

The typical SRT side effects reported during different clinical
studies consist of gastrointestinal events such as diarrhea,
nausea, vomiting, abdominal pain, attributable to off-target
inhibition of intestinal disaccharidases,[77,78] and some neuro-
logical events including tremors, convulsion and headache.
However, no other relevant secondary responses related to the
impaired equilibrium of glycosphingolipids level result from the
GCase inhibition (when selective), or at least not more serious
than disease the SRT is used for.

5.1. Glucosylceramide Synthase

The GCS, also named ceramide glucosyltransferase and avail-
able in the Uniprot database with the code Q16739, catalyzes
the synthesis of glucosylceramides, being very selective for the
d,l-erythro-ceramide compared to the threo-ceramide; the UDP-
glucose has been identified as the main hexose donor in this
specific reaction,[79,80] with the transfer of glucose to the hydroxy
group on the C1 of the ceramide itself (Figure 5).

The GCS usually works at a basal level within the whole
organism, but its activity is very low in kidneys, due to the
presence of nucleotide-pyrophosphatase enzymes which inter-
fere with its activity. The presence of cations in the reaction
system induces a variation of the enzymatic activity: in basic pH
condition, magnesium, manganese, and calcium stimulate the
synthase activity whereas iron, zinc and copper produce an
inhibitory effect, and the optimal pH is 7.4.[81]

The location of the GCS, which is anchored within the
membrane of the Golgi apparatus (Figure 6), differs from that of
the Galactosyltransferase, excluding structural analogy with this

Figure 4. Chemical structure of Vorinostat. Figure 5. Reactions catalyzed by GCS and GCase.
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enzyme.[79] However, several glucosyltransferases within the
Golgi apparatus or the endoplasmic reticulum are topologically
similar to the GCS, with a conserved cytosolic active site and a
transmembrane domain at the N-terminus. It has been shown
that the C-terminus sequence and a hydrophilic loop vicinal to
the transmembrane domain are accessible from the cytosol.
Thus, the orientation of the enzyme toward the cytoplasm
allows the synthesis of the glucocerebrosides directly in the
cytoplasm.

The GCS, as well as other transferase enzymes, has at least
two hydrophobic regions organized within the phospholipidic
membrane, both within the N-terminus and after the common
hydrophilic domain. It has been suggested the presence of
hydrophobic zones beside the C-terminus because both the
hypothesized active sites, which comprise the characteristic
domain of the transferases, and the C-terminus point toward
the cytosol. The C-terminus lipophilic transmembrane domains
could have a specific function in translocating the products into
the lumen of the Golgi apparatus. The results obtained upon
treatment of the Golgi membrane with cross-linking agents has
highlighted the possibility that the GCS can form dimers or
oligomers with different proteins within the membrane itself.[82]

The primary structure of the enzyme, comprising 394 amino
acids, has been identified, and the sequence of the mouse
protein showed a 98% similarity with the human GCS; studies
performed on GCS of different species showed a partial
similarity with other three homologous protein sequences in
the Caenorhabditis elegans.[83] By aligning the GCS sequence
with sequences of several enzymes which transfer sugars,
specific non-conserved residues (His-193 and Cys-207) were
identified which determine the binding affinity for the specific
sugar.[81] The GCS has been purified with great difficulty because
it is strongly tied to the Golgi membrane. Its functional domains
remain unknown and the structural diversity, as compared to
proteins whose crystallographic structure is known, does not
allow a structure homology approach to determine the tertiary
structure and its active site.

However, the structure of the enzyme is available in the EBI-
AlphaFold repository[84,85] and, at the time of writing, the whole

structure is reported with high confidence. This permits to
describe quite properly the conformation of some parts of the
structure, while for others is not yet perfectly predictable
(Figure 7).

Several amino acid residues, required for the synthase
functionality, have been identified such as histidine 193 (His-
193), found in the rat GCS as pivotal residue for the binding of
the UDP-glucose. Its binding with diethylpyrocarbonate (DEPC),
a specific target reagent for amino acids (especially histidines),
inactivates the enzyme. Similarly, it has been showed that
preincubation of the enzyme with UDP-glucose inhibits the
interaction with DEPC, thus highlighting that the interaction
between His and DEPC takes place in the same site or near to
the binding site of the UDP-glucose.[81] To confirm this
hypothesis, several recombinant proteins mutated at the His-
193 have been produced, which were inactive, showing in these
cases the low influence of the DEPC on the enzyme activity, and
thus confirming the importance of this amino acid residue in
the binding with potential synthase inhibitors. However, it has
been not possible to demonstrate that histidine directly binds
the activated glucose and that is part of the active site of the
enzyme.[81]

Mutagenesis studies have also identified another important
residue, Cys-207, highlighting that the region close to His-193
and Cys-207 includes a characteristic motif (D1, D2, D3, (Q/
R)XXRW) which could be part of the active site. Specific
mutations within this motif confirmed its pivotal involvement in
the enzymatic activity, suggesting that this sequence probably
is part of the active site. Since this amino acid sequence is
conserved in other glycosyltransferases of the Glycosyltransfer-
ase family 2 (GTF2 family), a plausible hypothesis is that these
enzymes share the same catalytic mechanism, while the

Figure 6. Localization of GCS at the level of Golgi membrane.

Figure 7. The 3D coordinates of the structure of GCS are the results of a
computational prediction (AlphaFold, update Nov 2022).[84,85] The protein is
shown with the cartoon style, colored by confidence by means of the “per-
residue confidence score” (pLDDT), according to AlphaFold scheme: blue
stands for very high confidence, with values larger than 90%, cyan stands
for confident (values between 70% and 90%), yellow for low (between 50%
and 70%) and salmon very low (below 50%). With the software Flap, with
default options,[86,87] cavities were searched, and the first cavity proposed by
the software is highlighted within the core of the protein structure. The two
residues mentioned through the text, His-193 and Cys-207, are highlighted
in green, whereas the other residues that putatively compose the pocket are
in orange.
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specificity for the sugar depends on the non-conserved amino
acids, as previously mentioned.[81]

The first studies on GCS inhibitors pointed out that there is
a general reduction of cellular proliferation as a response to an
increased concentration of intracellular ceramides. Studies on
Madin-Darby canine kidney (MDCK) cells have evidenced an
increased enzyme concentration in the presence of iminosugars
or analogues of glucosylceramide such as l-1-phenyl-2-dec-
anoylamino-3-morpholyn-1-propanol (PDMP). When performing
experiments in the presence of inhibitors of protein synthesis,
such as actinomycin, a progressive reduction of the synthase
enzyme concentration was noted, due to the physiologic
protein turnover, but this effect was slowed down upon using
GCS inhibitors.[88] This could be due to an increased stability of
the enzyme-inhibitor complex, which renders the protein more
resistant to the degradation process. However, the increase of
GCS concentration is not caused only by this mechanism since
other molecules, like erythro-PDMP or N-acetylsphingosine,
induce the same effect without preventing its catabolism.[89]

There are also molecules that increase the concentration of
ceramide without altering the concentration of glucosylcera-
mide, others that efficiently inhibit the synthesis of glucosylcer-
amides without varying the concentration of ceramides. The
latter, if capable of doing it without inhibiting GCS, display an
antiproliferative effect by arresting the cellular proliferation. By
using a radiolabeled ceramide, the formation of 1-O-acylcer-
amide was detected,[90] whose synthesis is catalyzed by an
enzyme unknown up to the beginning of the last century, the
1-O-acylceramide synthase. This enzyme catalyzes the introduc-
tion of an acyl group in position 1 instead of that of a polar
group (i.e. the sugar) by transferring the acyl group from the
phosphatidylethanolamine or from the phosphatidylcholine
with a transacylation mechanism.[91] This synthase is located
within the lysosomes and belongs to the family of phospholi-
pases A2. Its inhibitors produce an increase of the concentration
of ceramides with a consequent antiproliferative activity. Thus,
for the treatment of GD with the SRT, it is important to use
compounds able to inhibit the GCS without interfering with the
activity of 1-O-acylceramide synthase since its inhibition would
produce a marked increase in the concentration of ceramide,
resulting in cytotoxic effects.

The extensive investigations aimed at designing inhibitors
of GCS have led to a hypothetical definition of the active site,
which could be formed by three recognition portions: an
anionic portion that binds the activated form of glucose, a small
region accommodating the linear aliphatic chain of the amide
portion and a wider region that interacts with the hydrocarbon
chain of the sphingosine. To date, this is the only proposal
regarding the topography of the active site of GCS and the lack
of more detailed information strongly hampers the design and
the development of novel inhibitors of GCS.

5.2. Iminoglucidic Glucosylceramide Synthase Inhibitors

5.2.1. Miglustat

Since GCS possesses a specific binding site which recognizes
glucose, one of the first approach to study potential inhibitors
of this enzyme has been the use of molecules mimicking the
sugar.

Iminosugars are known to inhibit the activity of several
enzymes as in the case of Deoxynojirimycin related com-
pounds (Figure 8) which inhibit the reaction of N-glycosylation,
in particular blocking α-glycosidases. Several studies have
demonstrated the ability of these derivatives to inhibit the
biosynthetic pathway of glucosylceramides at an early synthetic
step, thus affecting the synthesis of a rich series of
glycolipids.[92] The N-alkylation of deoxynojirimycin has been
extensively investigated confirming that N-butyl-deoxynojirimy-
cin (Miglustat, Figure 8) is a potent inhibitor of GCS.[92,93]

By increasing the length of the alkyl chain, it has been
possible to evaluate the potential involvement of this molecule
in the recognition of the enzyme active site, thus acting as a
reversible competitive inhibitor toward both the ceramide and
the glucose donor, as indicated by the inhibition models
derived from the kinetic experiments. Increasing the hydro-
phobicity of the chain results in an enhanced inhibition potency
of the enzyme and in an augmented uptake across membranes
and tissues.[94] However, analogues possessing a very long chain
display a non-competitive inhibition kinetic and the potential to
interfere with the cellular proliferation.[95] Regarding the piper-
idine ring, present in all Miglustat analogues, it requires the
configuration of glucose or galactose to inhibit the enzymatic
activity.[96] Further optimization studies have indicated that
acylation of the nitrogen does not improve the enzyme
inhibition activity, whereas the introduction of a sterically
hindered alkyl substituent, such as the 2-(hydroxymethyl)-1-[5-
(tricyclo[3.3.1.13,7]dec-1-yl-methoxy) pentyl chain produced the
active compound AMP-dNM (Figure 8).[97]

Miglustat, one of the first reported inhibitors of GCS,
produces a decrease of the intracellular concentration of
glucosylceramide, thus reducing the volume of the spleen and
the liver, ameliorates thrombocytopenia, and the quality of life
of the patients. It was approved in 2003 for the treatment of
GD, and it is highly effective as maintenance therapy post-ERT
or in combination with ERT, producing a synergistic therapeutic
effect.[98] Miglustat is indicated for the treatment of Gaucher

Figure 8. Chemical structures of Deoxynojirimycin, Miglustat and AMP-
dNM with their IC50 values.

[93]
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patients with a symptomatology from mild to moderate, while
is not sufficiently potent for the treatment of more severe
conditions. The major side effects include inhibition of the
disaccharidase digestion resulting in adverse reactions involving
the intestinal system, such as diarrhea (more than 80% of
patients) with consequent weight loss, together with tremors
and migraine.[99,100] To date, Miglustat is considered a second
line therapy for GD1, for those patients who cannot be treated
with ERT, because of developed resistance to the enzymatic
treatment or immune reaction toward the enzyme, and
although it can cross the BBB, it does not possess sufficient
potency at the CNS level to be used for the treatment of
GD3.[37]

5.3. Non Glucidic Glucosylceramide Synthase Inhibitors

5.3.1. Propiophenone Analogues

The 2-amino-3-hydroxypropiophenone scaffold (Figure 9) was
identified by Radin and Vunnam as the core structure of various
analogues, structurally similar to glucosylceramide, which acted
as inhibitors of GCS in tests performed on rat brains.[101] Several
structural modifications have been evaluated to delineate the
structure-activity relationship toward the enzyme and to obtain
derivatives with improved inhibitory activity. The acylation of
the amine by introducing chains of various length was explored,
as well as the decoration of the phenyl ring with different
substituents, and the variation of the hydroxy group with new
moieties (Figure 9). Different acyl derivatives of 2-amino-3-
hydroxypropiophenone were evaluated, highlighting that the
presence of a ten carbon lipophilic chain gives the best results
in terms of potency (compound RV-49, IC50=300 μM, 70%
inhibition at a concentration of 0.3 mM, Figure 9), measured as
percentage of inhibition of the enzyme in comparison with the
control, where the control is the amount of glucocerebroside
synthesized by the enzyme in the absence of the inhibitor,
while longer alkyl chains produced a drop of the activity in the
in vitro enzyme assay.[101]

The substitution of the terminal carbon of the alkyl chain
with a bromine did not affect the activity of the molecule,
whereas its introduction in proximity of the amide portion
resulted in a detrimental effect. The presence of a double bond
on the alkyl chain, as for the (trans)-2-decenoyl moiety, further
enhanced the activity (79% of inhibition). Also, the influence of
various substituents at the para position of the aromatic ring of
the N-decanoyl derivative RV-49 has been evaluated. Small

group such as methoxy or methyl did not have great impact on
the inhibitory activity, whereas the introduction of more
hindered appendages, such as chlorine and bromine atoms,
reduced the efficacy of the molecule (Figure 10).

However, propiophenone derivatives bind the enzyme in a
covalent manner, forming Schiff bases or adducts with amine
groups of lysine residues within the protein sequence, therefore
they have not been used as scaffold for the development of
novel drugs since they gradually inhibit GCS, inducing its total
inactivation one hour after the administration.[101]

This inhibition mechanism has been noted also for those
analogues bearing an oxyrane moiety in position 3.[102] The
promising activity of the 2-decanoylaminopropiophenone RV-
49 was further explored by preparing several amine analogues
among which the d,l-2-decanoylamino-3-morpholino-1-propio-
phenone (compound RV-378, Figure 11) was effective in
reducing the concentration of hepatic GlcCer in mice, whereas
it was heavily subjected to metabolism and inhibited
Monoamine oxidases (MAO) too.[103]

5.3.1.1. The First Non-Glucidic Inhibitor: PDMP

Given the interesting but not optimal characteristics of RV-
378,[103] further optimization approaches were carried out to
look for more active inhibitors. The reduction of the carbonyl
group led to a diastereomeric mixture with a more active and
stable molecule than the propiophenone analogue, the already
mentioned PDMP (Figure 11),[104] and later it has been demon-

Figure 9. Chemical structure of 2-amino-3-hydroxypropiophenone, and RV-
49.

Figure 10. Effect of para substituents of the N-decanoyl propiophenone
derivatives at a concentration of 0.3 mM.[101]

Figure 11. Chemical structure of RV-378, and PDMP.
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strated that the d-threo-(1R,2R) diastereoisomer is responsible
for the inhibitory activity.

The kinetic experiments showed that PDMP inhibits the
enzyme through a competitive mechanism with respect to the
ceramide, thus not forming any covalent bond with the target,
and expressing a Ki of 0.7 μM.[104] Although its GCS inhibitory
activity is not very strong (IC50=20 μM), this compound has
been very useful for further structure-activity relationship
studies, in particular taking into consideration that GD patients
often have partially functioning GCase and even a partial
inhibition of GCS allows to restore a new equilibrium between
synthesis and cellular metabolism of its substrate, avoiding the
accumulation of lipid material within the cell.[105] Therefore, this
molecular skeleton has been considered a lead structure for the
development of more active derivatives.

5.3.1.2. Molecular Core Modifications: PAPD, Phenylalaninol
and Norephedrine Analogues

The 1-phenyl-2-amino-1,3-propanediol core PAPD, derived from
PDMP, has been subjected to extensive modifications such as
the elimination of the hydroxy group in position 1, obtaining
the d-phenyalaninol (Figure 12) with loss of the chiral center, or
the elimination of the hydroxy group in position 3, affording d-
norephedrine (Figure 12). These structures, studied by Warren
et al.,[102] retain the aromatic ring of the PDMP, which mimic the
hydrophobic portion of the sphingosine, while several acyl
chains of various length have been introduced on the nitrogen
in position 2, demonstrating that the steric hindrance at this
position does not have great effect on the inhibition of GCS, as
it does on the inhibition of galactosyltransferase.[102]

Relatively small effects, in terms of inhibition of the enzyme,
were observed within the series of amide derivatives of PAPD.
These compounds bearing a para-nitro group on the phenyl
ring showed more promising results with the d–threo-PAPD
decanoyl derivative, displaying a percent of GCS inhibition of
44% at 0.3 mM with respect to the control. In general, a marked
sensitivity to the configuration of the C1 carbon atom was
observed within the series with amides of threo-PAPD, acting
as inhibitors, while the amide of erythro-PAPD stimulated the
enzyme.[102]

The modification explored in the case of phenylalaninol
scaffold produced some interesting derivatives, indicating that
the removal of the C1 hydroxy group enhances the inhibitory
effect. The decanoyl derivative, once more, displayed a good
inhibitory activity (39%) and its analogue bearing a methyl

group at the C2 carbon atom was found to display an enhanced
effect (56% of inhibition).[102]

Finally, the best inhibitors of GCS were characterized by the
absence of the C3 hydroxyl group, as in the case of derivatives
of norephedrine. A distinct chain length effect was observed in
this series with the N-decanoyl DL-norephedrine analogue
showing the best inhibitory profile (69%).[102]

5.3.1.3. PDMP Derivatives Chain Length Modifications

The PDMP has played a pivotal role in the comprehension of
the non-sugar-like competitive GCS inhibitors family. By synthe-
sizing a large number of analogues bearing various functional
groups, such as alkyl chains with different length, it has been
possible to gather important information regarding the GCS
active site. The experiments carried out on entire cells have
highlighted that inhibitors bearing longer chains are internal-
ized better than compounds with short chains, thus partially
explaining the substantial difference in the inhibitory effect
observed intracellularly. For instance, the percentage of inhib-
ition for PDMP (ten carbons chain) at a concentration of 5 μM is
16% while in the case of the derivative bearing a sixteen
carbons chain (1-phenyl-2-palmitoylamino-3-morpholino-1-
propanol, PPMP, Figure 13) the inhibition is 32% at the same
concentration and in the same in vitro experiment setup. PDMP
resulted ten times less active than the analogue with a longer
chain, the 1-phenyl-2-myristoylamino-3-morpholino-1-propanol
(PMMP), which resulted more efficient in slowing cell growth in
tumor cells. However, the in vitro cellular assay is not as
representative as the in vivo assay, in which the pharmacoki-
netic profile of these derivatives is crucial to understand their
specific activity in complex organisms.[106]

5.3.2. Morpholinosphingolipids

Since a possible catalytic active site of GCS has been
hypothesized accommodating the ceramide and the UDP-
glucose, several compounds have been designed with the
ability to mimic both the presence of a sugar analogue and of a
ceramide-like moiety. So far, the activities of different 1-
morpholino-1-deoxyceramide derivatives have been investi-
gated. The introduction of the morpholine moiety in place of
the primary hydroxy group of the sphingosine should mimic
the partial positive charge of the transition state formed during
the enzymatic reaction. Moreover, since it is known that only

Figure 12. Core structure of PAPD and some variations.
Figure 13. Chemical structure of sphingosine, morpholinosphingolipid 2a,
and other phenyl morpholino derivatives, with chains of different lengths.
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one specific configuration of PDMP produces a good inhibitory
activity, all the four stereoisomers of the 1-morpholino-deoxy-
ceramides have been synthesized and evaluated for their
inhibitory activity on GCS, demonstrating that the most active is
the 2R,3R-isomer (Figure 13), which has the same absolute
configuration of PDMP, displaying an opposite configuration at
one chiral center with respect to the natural 2S,3R-substrate
(Figure 13). The most active diastereomer (2a, Figure 13) was
the most powerful inhibitor of GCS (73% of inhibition at 5 μM),
being more potent than PDMP (16-20% of inhibition at
5 μM).[107]

5.3.3. Pyrrolidine Analogues of PPMP

Several analogues of PPMP have been synthesized introducing
different cyclic amines in position 3, replacing the morpholine
ring, and retaining the specific stereochemistry of PDMP and
PPMP (Figure 14).[108] The introduction of a piperidine ring in
place of the morpholine of PPMP resulted in a comparable
inhibition of the enzyme (12.4% measured as the percentage of
GCS inhibition at 5 μM). Superior homologues of piperidine
have a detrimental effect on the activity whereas the presence
of a pyrrolidine leads to a significant increase of the activity
(50% of inhibition) as well as the substitution with an azetidine
group, even though in this case with a very limited effect (15%
of inhibition). The introduction of a primary amine is not

effective, as well as the introduction of an N,N-diethylamine or
of more sterically hindered groups such as N-
phenylpiperazine.[108]

The functionalization of the aromatic ring has been ex-
plored as well, and the introduction in para position of a
fluorine produces an inhibition decrease; on the contrary, the
presence of a methoxy group induces an amelioration of the
activity.[108]

The 1-phenyl-2-palmitoylamino-3-pyrrolidino-1-propanol
derivative (P4, Figure 15) strongly inhibited GCS with an IC50 of
5 μM in vitro for the mixture of the four isomers, while the d-
threo compound showed an IC50 of 1.4 μM, as reported by
Shayman,[91] while other authors obtained better results (IC50 of
0.5 μM).[109]

Another change, as the replacement of the phenyl moiety
with the introduction of the sphingosine aliphatic chain, further
increased the inhibition at 5 μM up to 87%, as already seen for
the pyrrolidinosphingolipids.[104]

Ultimately, a study focused on P4 evaluated the importance
of the hydrophobic alkyl chain in the inhibitory action toward
the enzyme.[109] Its complete removal resulted in an inactive
compound (PAPP), whereas the presence of hexanoyl and
decanoyl appendages produced derivatives (PHPP and PDPP,
respectively) with an inhibitory activity 10-fold higher than
PDMP (IC50=2.3 μM and 2.4 μM respectively, with respect to
IC50=23 μM for the latter), but still inferior to that of P4 (IC50=

0.5 μM). Among the tested compounds, the d-threo-1-phenyl-2-
benzyloxycarbonylamino-3-pyrrolidino-1-propanol (PBPP, Fig-
ure 15) was the most potent GCS inhibitor, with an IC50 of
0.3 μM.[109] Moreover, in the case of PBPP, no variation of the
vitality and cellular proliferation were detected even at high
concentration of the compound (160 μM).[109]

5.3.4. Eliglustat (GENZ-112638)

Following the identification of P4 and based on the observation
that the inhibitory activity further increased in the case of the
derivative with a methoxy group in para position of the phenyl

Figure 14. Evaluation of the activity of PPMP analogues, where the morpho-
line was substituted with other amines.[108]

Figure 15. Chemical structures of compound P4 and its analogues sub-
stituted in the acyl portion with their activities.[109]
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ring, an additional optimization study was performed. Several
substituents differing in electronic (σ) and hydrophobic (π)
properties have been introduced on the aromatic ring, and the
results indicated an exponential relationship between the IC50

of each inhibitor and the sum of the electronic and hydro-
phobic parameters. In fact, it was found that more negative the
values of σ and π, higher the inhibition activity, so aromatic
electron-donating and hydrophilic substituents promote the
inhibition of GCS. Specifically, the d–threo-4’-hydroxy-P4 de-
rivative (σ=-0.37, π=- 0.67) displayed an increased activity
compared to P4 (IC50=90 nM vs 500 nM, respectively) and was
also more active than the para-methoxyphenyl derivative
(IC50=90 nM vs 200 nM, respectively).[110]

In addition, several dioxyphenyl derivatives such as the
methylene-, ethylene-, and trimethylen-dioxyphenyl homo-
logues, were designed and tested identifying the d-threo-1-(3,4-
ethylenedioxyphenyl)-2-(palmitoylamino)-3-(1-pyrrolidinyl)
propanol (EtPO-P4, Figure 16) as the most active inhibitor of
this series, displaying an IC50 of 11 nM.

[110] The active derivatives
had little effect on the 1-O-acylceramide synthase activity,
whose inhibition leads to apoptosis, thus representing real
potential candidates for the GD treatment.[110]

The optimization studies carried out on P4 allowed to
obtain a novel structure presenting the 3,4-ethylendioxyphenyl
moiety and the octanoyl chain as substitutes of the phenyl and
the palmitic chain, respectively, naming this compound Eliglu-
stat (Figure 17) endowed with an IC50 of 20 nM on MDCK
cells.[111]

The compound, in its tartrate salt form, has entered clinical
trials, demonstrating superior stability and bioavailability com-
pared to the free base.[112] Moreover, it exhibited a pharmaco-

logical effect similar to that obtained with Imiglucerase ERT. Its
potential use as therapeutic treatment has been highly
encouraged due to its activity, enzyme selectivity, and the
absence of typical side effects observed with Miglustat.[113]

The compound was approved by FDA in 2014 for the
treatment of GD1, considering that it is not able to efficiently
enter the CNS. The superior homologue Genz-123346 (Fig-
ure 17), having an additional carbon atom on the lipidic chain,
is a potent pharmacologic tool designed to reach the CNS, with
an even higher selectivity for GCS than Eliglustat over α-
glucosidases and 1-O-acylceramide synthase.[114]

5.3.5. Compounds Active in the CNS

As already mentioned, one of the main problems in the GD
therapy, both for ERT and SRT, is the difficulty of an efficient
drug delivery into the CNS, precluding the possibility of a
therapeutic treatment for patients with cerebral symptoms, a
limitation common to Miglustat and Eliglustat. Moreover, these
molecules are subjected to the effect of the P-glycoprotein
MDR1, a transport protein functioning as an efflux pump
removing toxins and xenobiotics from the CNS.

The rational design of novel active GCS inhibitors, able to
cross the BBB, has been set up by comparing the differences
regarding the main physicochemical properties between the
novel inhibitors and drugs known to be active in the CNS. The
considered parameters are the topological polar surface area
(TPSA), the number of hydrogen bond donors and acceptors
(HBD and HBA respectively) and the number of rotatable bonds.
Thus, the structure of Eliglustat has been tuned according to
these parameters, introducing modifications enabling to fulfil
the physicochemical requirements necessary to cross the BBB
while retaining the pharmacophoric features of the parent
molecule. The main modifications were focused on the number
of rotatable bonds and on the TPSA, while maintaining the
optimal stereochemistry.[115]

Firstly, several modifications of the acyl chain have been
evaluated, to reduce the polar surface area and the flexibility of
the chain itself. The compounds were evaluated for the enzyme
inhibition activity, for their ability to penetrate cells, and for
their potential interactions with MDR1 protein.

The first modification has been the decoration of amide side
chain with a phenyl ring, obtaining a reduction of the number
of rotatable bonds, while the TPSA has been decreased by
methylation of the amide function itself. Thereafter, the
substitution of the phenyl ring with a more sterically hindered
2-indanylmethyl moiety gave compound CCG-203586 (Fig-
ure 18), resulting in an ameliorated activity with an IC50 of
27 nM on the crude enzyme and of 15 nM on intact cells,
respectively, comparable to that of Eliglustat (20 nM), even in
cells expressing MDR1.[115,116]

CCG-203586 has been screened in vivo in mice at different
concentrations, showing an inhibitory activity not only at
peripheral but also at central level, paving the way to the
therapy of GD2 and GD3.[115,117]

Figure 16. Analogues of compound P4 and structural modifications of the
phenyl ring.[110]

Figure 17. Chemical structures of Eliglustat and its superior homolog GENZ-
123346.
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The indanyl derivative is subjected to rapid metabolism and
clearance, which in turn strongly reduces its presence at the
cerebral level. Therefore, the following studies have been
focused mainly on modifications of indane and aromatic
portions, which are the most subjected to the metabolism
reactions, and secondly on the pyrrolidine ring.

The modification of the bicyclic indanyl structure led to a
drop of activity without improving the stability against the
microsomal metabolism (Figure 18).

On the other hand, the substitution of the ethylendiox-
yphenyl portion with a 3-fluoro-4-methoxyphenyl moiety in the
CCG-203586 did not affect the activity but at the same time did
not improve the metabolic stability. Based on these results, the
authors confirmed that the presence of electro-donating groups
in para position of the aromatic ring is crucial for the activity.[116]

Another interesting derivative is the one bearing a trifluor-
omethoxy group in position 4 of the aromatic ring, CCG-
222628 (Figure 19). Despite its lower activity in the enzymatic
assays on the isolated protein (IC50=110 nM), it showed a
marked improvement when tested in the cell assay (IC50=

3.6 nM), displaying a 7-fold higher activity than CCG-203586. In
addition, the compound was more stable toward the micro-
somal oxidation (Human liver microsomes HLM t1/2 84 min for
CCG-222628 vs 28 min for CCG-203586). The pharmacokinetic
studies have highlighted a good concentration of the com-
pound in the CNS, thanks to a reduced susceptibility to MDR1-
mediated efflux, related to the lower TPSA value (62 for CCG-
222628 vs 71 for CCG-203586). In vivo studies performed on GD
mouse have demonstrated that the compound was superior to

Venglustat (see later) in terms of dose required to produce the
same reduction of the cerebral lipids’ concentration.[116]

The replacement of pyrrolidine with 3-fluoropyrrolidine or
azetidine leads to less active derivatives despite the stability
towards metabolism remains almost the same and the com-
pounds are less susceptible to N-dealkylation. In this way, it has
been possible to demonstrate that the dealkylation is a
secondary metabolic mechanism, taking place when the
benzodioxane structure is not present.[116]

5.3.6. T-036and its Optimized Derivatives

Recent studies reported on the discovery of a new class of GCS
inhibitors, obtained by means of high throughput screening
(HTS) using a cellular assay measuring the decrease of GlcCer in
fibroblasts of GD patients.[118,119] The compounds present a
novel chemical structure, distinct from the substrate mimetic
inhibitors reported till now. The ligand-based SAR study that
allowed to obtain an optimization of the structures starting
from T-036 and its derivatives revealed new key pharmaco-
phores for the GCS inhibitory activity. In particular, a compound
bearing the bicyclic system 2,3-dihydro-1H-pyrrolo[3,4-
c]pyridine-1-one was identified as hit compound, displaying
good properties in terms of inhibitory activity (GCS, IC50=

17 μM), lipophilicity, and solubility. Then a SAR study of the aryl
groups (rings A and B, Figure 20) revealed that an aromatic ring
(A) attached at the position 4 of the core, a lipophilic
substituent in ortho position on ring A, aromaticity of ring B, its
coplanarity with the central core, and a para substituent on ring
B are crucial to obtain potent GCS inhibitors. Furthermore, the
trifluoroethoxy group in ring A ortho position enhanced the
potency, whereas the introduction of a tertiary alcohol moiety
in para position of ring B improved the pharmacokinetic profile
of the molecules. All these findings resulted into preparation of
compound T-036, as mentioned earlier, a potent GCS inhibitor
with an IC50 value of 31 nM (Figure 20).[119]

Interestingly, T-036 binds the enzyme independently of the
concentration of its substrates (i. e., UDP-glucose and ceramide),
inhibiting the enzyme in a noncompetitive mode. This behavior
contrasts with the binding mode of the other existing GCS
inhibitors, like Eliglustat, which do not bind to GCS without
UDP-glucose, blocking the enzyme activity in an uncompetitive
mode against UDP-glucose.

Figure 18. Investigation on the indane structural variations.[116] MDCKs cells were used for these experiments. aHalf-life when incubated with mouse liver
microsome (MLM). b28% inhibition at 30 nM.

Figure 19. Chemical structure of 4-trifluoromethoxyphenyl derivative CCG-
222628.
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In in vivo pharmacological evaluation, T-036 showed a
reduction of GlcCer level in the cerebral cortex and plasma and
the pharmacokinetic data clearly showed brain penetration of
the compound with a brain:plasma ratio calculated as 0.35.
Therefore, the authors have highlighted that the ability of this
compound to penetrate the brain could result in a reduction of
GlcCer in the CNS. In addition, the effect of T-036 on Glucosyl-
sphingosine (GlcSph), which plays a role in GD progression and
is elevated in neuropathic GD models, have been evaluated.
Although the acute administration did not significantly affect
the level of GlcSph in either the brain or the plasma, multiple
administrations of T-036 for 2 months significantly reduced
GlcSph, with potential therapeutic benefits to neuropathic GD.
The authors suggested that, since T-036 is orally available and
brain-permeant, it could be effective in treating the neuro-
logical symptoms of GD2 and GD3, therefore representing a
promising lead compound.[119]

Further optimization steps were carried out in order to
reduce the off-target activity of T-036 against the serotonin
transporter (SERT), that was correlated with the body weight
reduction of mice observed during the in vivo tests.[118] To this
aim, the researchers considered the replacement of the bicyclic
core with a single cycle, but since the planarity between the
core structure and ring B is crucial for the potency, they
introduced an amide linker able to form a hydrogen bond
between the core ring, inducing a planarization of the scaffold
(Figure 20). The pyridazine-3-one moiety was evaluated, with
the carbonyl, as hydrogen bond acceptor, and the amide
moiety, as hydrogen bond donor, so forming a pseudo-six-
membered ring. Moreover, the para fluorine substitution on
ring A was removed, not being essential neither for potency nor
for metabolic stability, thus obtaining compound T-690 (Fig-
ure 20).

Interestingly, T-690 showed an improved GCS inhibitory
activity compared to T-036 (IC50=15 vs 31 nM, respectively), an
improvement of the off-target profile since it had no SERT
inhibition activity (IC50 >10 μM vs 0.31 μM, respectively), good
in vitro metabolic stability (clearance in incubations of mouse
liver microsomes (μL/(min mg protein): 6 vs 1 respectively) and,
more importantly, a significantly improved brain penetration
(concentration of unbound drug in brain Cu,brain 0.24 μM vs
0.21 μM, respectively) and a good brain exposure. All these are
important parameters when considering the potential use of

this putative drug candidate for the treatment of neuropathic
forms of GD. Moreover, in vivo pharmacodynamic assessment
showed that T-690 reduced GlcCer concentration in the plasma
and in the brain in a dose-dependent manner.[118]

So, the features of these two novel compounds could
represent an interesting therapeutic option for the SRT in
neuropathic forms of GD and in an attempt to enhance the
biological activity of this new chemical series and to further
improve the efficacy of T-036, Wang and co-workers conducted
an optimization study of the series, investigating the SAR at the
6-position of the pyrrolopyridinone core.[120] A late-stage
functionalization strategy employing photocatalyzed iodine-
promoted decarboxylation alkylation of heteroaromatic rings
allowed the introduction of a variety of substituents at the 6-
position of the fused pyridine ring, resulting in a number of T-
036 analogues which enabled the researchers to rapidly expand
the SARs of the previously reported series of GCS inhibitors. The
introduction of a methyl group and a methyloxetane substitu-
ent (compounds T-036-a and T-036-b, Figure 21) resulted in
two novel derivatives with an improved GCS inhibition potency
(IC50=5.9 nM and 3.6 nM, respectively) compared to the parent
compound T-036 (IC50=31 nM). These results corroborated the
hypothesis that a region with hydrophobic character is present
in the ligand binding pocket of the GCS, and it is able to
accommodate these types of substituents. Because of their
consistent in vitro GCS inhibition profile, T-036-a and T-036-b
were evaluated in pharmacokinetic (PK) and pharmacodynamic
(PD) studies. Compound T-036-b displayed lower CNS exposure

Figure 20. Chemical structures of the hit compound, of T-036 and T-690, with the indication of the major features necessary for the activity.[119]

Figure 21. Chemical structures of optimized derivatives T-036-a and T-036-
b.[120]
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compared to T-036-a (Cu,brain, concentration of unbound drug in
brain=0.7 nM and 43 nM at 10 mg/kg dosing, respectively),
with T-036-a showing an improved GCS inhibitory activity and
good brain penetration (Cu,brain/IC50 (mouse)=7.8). In vivo PD
study of T-036-a in comparison with T-036 showed that, after
oral administration (10 mg/kg) in C57BL mice, the optimized
derivative produced a statistically significant decrease in the
concentration of GlcCer in the brain cortex, with an in vivo
Cu,brain/IC50 (mouse) of 1.6 and 0.78, respectively. In addition, T-
036-a showed an evident increase of in vitro potency and a
superior in vivo efficacy than the previously reported compound
T-036.[120]

5.4. GCS Inhibitors with Peptide Structure

5.4.1. Arylethers

The screening of chemical libraries performed by Exelixis
company pointed out some interesting peptide-based com-
pounds (Figure 22), in particular a benzylserine derivative
bearing in R5 a chlorine atom, the (R)-enantiomer of which
displays a GCS inhibitory activity of 32 nM.[121] Starting from this
compound, several analogues with an arylether structure have
been synthesized with the aim of studying the importance of
the moiety of the phenoxypyridine structure, which resulted
crucial for the activity. The modifications of the pyridine ring
caused a 10-fold drop of the activity. The substitution of the
chlorine atom with a methyl group in para position of the
phenyl ring gave good results (IC50=53 nM), whereas the
decrease of steric hindrance in position R5 with the introduction
of a fluorine reduced the activity (IC50=300 nM), or dramatically
changed the molecular performances as in the presence of
hydrogen (IC50=1150 nM). The meta substitution had a detri-
mental effect on the activity while, on the contrary, an ortho
substituent ameliorated the activity of one order of magnitude
(R3=Cl, R5=Cl, IC50=2 nM).[121]

The best compound derived from the optimization study of
the aryl portion of the scaffold bears the [2-chloro-4-(trifluor-
omethyl) phenoxy]-2-pyridinyl moiety (GCS IC50=1 nM); starting
from this compound several modifications of the benzylserine

portion have been explored. The cytochrome CYP 3A4 inhib-
ition and the microsomal oxidation stability studies, carried out
on the newly synthesized compounds, showed that the best
derivative among those screened is the [2-chloro-4-(trifluoro-
methyl) phenoxy]-2-pyridinyl one (CYP 3A4 IC50 (nM)=13500,
mouse liver microsome stability (% conversion): 50%). For this
reason, it has been chosen for further optimization studies of
the N-methylpiperazine fragment, replaced with different
amines. Some modifications, such as the introduction of a
quinuclidine nucleus, produced interesting results, but the best
substituent in this position was the N-methyl-aminopyrrolidine
moiety. The so-obtained compound showed good activity (GCS,
IC50=16 nM), little inhibition of CYP 3A4 (IC50=12000 nM) and
good stability against the microsomal metabolism (mouse liver
microsome stability (%conversion): 20%), with a pharmacoki-
netic and pharmacodynamic profile similar to that of
Eliglustat.[121]

5.4.2. Cyclopropane Derivatives

Exelixis also identified another peptide-based hit, in this case
with the tryptophan residue replacing serine and a cyclo-
propane substituting the pyridine ring. Further optimization
studies have been carried out on this novel structure finding
out that, in this particular case, the active stereoisomer is the
(S)-enantiomer (structure A, GCS IC50=10 nM, Figure 23).[122]

However, the molecule, even if it inhibits very little CYP 3A4,
does not have an optimal ADME profile, being metabolically
unstable (Mouse liver microsomal oxidation, MLMO (%
conversion)=90%, CYP 3A4 IC50 (nM)=10000). Thus, several
structural modifications have been performed on the trypto-
phan core, by replacing it with diverse amino acid residues
without any real improvement in the activity. Nevertheless, the
benzylserine derivative displayed an increased stability toward
the metabolic reactions (GCS IC50=90 nM, MLMO (%
conversion)=50%). The phenylalanine analogue, although not
very active and with an analogous ADME profile, has been
subjected to further modifications with the introduction of
substituents on the phenyl ring. These modifications resulted in
an increased activity and a higher plasma concentration of the
synthesized compounds but, on the other hand, in a higher
inhibitory activity of cytochrome and a diminished stability
toward microsomal metabolism.

Only the introduction of a bromine in position 4 of the
phenyl ring of phenylalanine resulted in a compound with
good potency on GCS and with low inhibition of CYPs, but still
unstable to microsomal metabolism (GCS IC50=7 nM, CYP 3A4
IC50 (nM)=480, MLMO (% conversion)=90%). Evaluation of the
metabolites has highlighted that the metabolically weak
portion of the molecule was the N-methylpiperazine. The shift
of the methyl with its introduction in position 3 of the
piperazine ring resulted in less active compounds. The ring
opening as well as the introduction of a 4-aminopiperidine
group confirmed the need for a basic amine to retain a good
inhibition potency of GCS. The 3-amino-8-
azabicyclo[3.2.1]octanyl core has been identified as the best

Figure 22. General structure of the arylether derivatives studied by Tanaka et
al.[121]
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structure in terms of potency for GCS inhibition. The so-
obtained compound EXEL-0346 (Figure 23) presents good
activity toward GCS (GCS IC50 2 nM), and a good pharmacoki-
netic profile (CYP 3A4 IC50 (nM)=2900, MLMO (% conversion)=
7%).[122] Interestingly, EXEL-0346 has been evaluated in two
different diabetes 2 models, with the aim of improving glucose
tolerance upon modulation of glycolipids synthesis. Its ability to
inhibit GCS in the in vivo model caused the reduction of both
the levels of GM3, a glycosphingolipid conjugate which
interferes with the correct functionality of the insulin receptor,
and of glucosylceramides. The latter effect is more important in
the case of GD but, to date, the compound has not been yet
evaluated in in vivo models of the pathology.[122]

5.5. Venglustat (Ibiglustat or ENZ-682452or GZ-161)

Another molecule deriving from the libraries’ screening and
optimization processes of carbamic-based structures is the (S)-
quinuclidin-3-yl-(2-(2-(4-fluorophenyl)-tiazol-4-yl)-propan-2-yl)
carbamate GZ-161 (Figure 24), which was then named Venglu-
stat.

In vivo studies carried out employing a mouse model of
neuropathic GD highlighted the ability of GZ-161 to reduce the
accumulation of glycolipids both at a peripheral and at a central
level. In the case of GD2 mouse, the activity of the molecule,
although its ability to cross the BBB, produced solely a
reduction of the lipids’ deposits within the brain, and was not

sufficient to normalize the brain levels of glucosylceramide and
glucosylsphingosine, which are very high in symptomatic GD2
patients, thus suggesting the role of glucosylsphingosine as a
potential contributor to the early death seen in this model. On
the other hand, the molecule was useful for the treatment of
GD3, in which the lipids accumulation process is slower and the
brain levels of glucosylsphingosine are lower in comparison to
GD2, inducing a progressive reduction of the amounts of
substrate, an amelioration of both the symptomatology and the
life expectancy of the patients.[123]

The therapeutic potential of Venglustat was further
evaluated in two different murine models of neurophatic GD, a
surrogate model generated by treating mice with coundritol β
epoxide (CBE) and the 4 L;C* genetic murine model of type 2/3
GD characterized by a significant accumulation of glucosylcer-
amide and GlcSph in the brain and a shortened lifespan.
Specifically, in the 4 L;C* model Venglustat was able to lower
the levels of glucosylceramide by 50% and 70% in the brain
and in the liver, respectively, compared to untreated mice.
Moreover, the brain levels of GlcSph were reduced by
approximately 50% upon treatment with Venglustat, but in
this case the compound was only able to delay the accumu-
lation of GlcSph in the brain, compared to the vehicle treated
animals, which despite the treatment continued to increase
with age.[124] Venglustat (known not only as GZ-161 but also as
ibiglustat, GZ-SAR402671 or Genz-682452) received the FDA
approval for the treatment of Gaucher disease in 2014.

Venglustat, together with derivative GENZ-667161 (Fig-
ure 24),[125] in which a phenyl ring replaces the thiazole ring of
Venglustat, represents the second generation of GCS inhibitors
based on a novel heterocyclic pharmacophore. In fact, also
GENZ-667161 is able to cross the BBB and was shown to reduce
the brain levels of GlcCer and GlcSph in a mouse model of
neuropathic GD.[126] The administration of these compounds in
mice with key deficiencies of GCase, such as the CBE-induced
and the 4 L;C* models, produced an efficient inhibition of the
glycolipids synthesis thus lowering the accumulation of sub-

Figure 23. Chemical structures of the hit compound (A), derivatives with different structural modifications (B, C) and their optimized congener EXEL-0346.

Figure 24. Chemical structures of Venglustat and GENZ-667161.
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strates even at a central level, along with visible improvements
in histopathological analysis and a 40% increase of life expect-
ancy. Moreover, improvements of cerebral symptomatology
such as astrogliosis, microgliosis and ataxia have been
observed.[127]

Furthermore, in a phase 2 open-label clinical trial, Venglu-
stat has been evaluated in combination with a maintenance
dose of the Imiglucerase enzyme replacement therapy during 1
year, in patients with GD3. The clinical study highlighted that
during the treatment, the brain concentration of GlcCer
decreased below normal range while the GlcSph concentration
decreased but did not normalize. In addition, amelioration of
ataxia and neurocognitive deficits in GD3 patients have been
observed. However, the authors of the study do not recom-
mend an off-label use of the compound outside clinical
studies.[128]

Finally, in a recent study Venglustat, beside its ability to
inhibit the activity of GCS, has been shown to competitively
bind at the N-terminal methyltransferase 1 (NTMT1) substrate
binding site, displaying an IC50 value of 0.5 μM in both
biochemical and cellular inhibition assays. Therefore, it has
been selected as lead compound for the development of novel
inhibitors of NTMT1 which has physiopathological implications
in neurogenesis, retinoblastoma and cervical cancer.[129]

5.6. Pyrazole Ureas as GCS Inhibitors

In search of novel potent GCS inhibitors as therapeutic strategy
to reduce glycosphingolipids accumulation in both the periph-
ery, resulting in disorders like Gaucher’s disease, and in the
CNS, contributing to Parkinson’s disease,[130] Roecker and co-
workers developed an HTS campaign, which led to the
identification of several pyrazole as GCS inhibitors candidates,
representing a novel chemotype able to cross the BBB.[131]

The lead compound derived from this screening (compound
D Figure 25, GCS inhibition in cells IC50=180 nM), was sub-
jected to an optimization process based on several design
concepts which resulted in the discovery of two novel potent
GCS inhibitors, compound E and F (Figure 25), displaying higher
potency on GCS in cells (GCSi IC50=3.5 nM and 1.8 nM,
respectively) as long as excellent physicochemical properties,
including low molecular weight, lipophilicity, and PSA resulting
in high central nervous system multiparameter optimization
(CNS MPO) and high kinetic solubility across pH ranges.

Moreover, both compounds had acceptable CNS exposure to
be further employed for in vivo studies. Evaluation of in vivo
pharmacodynamic effects of compound E was carried out in a
wild type C57 black mice model by measuring brain concen-
tration of GlcCer d18 :1/18:0, one of the most abundant GlcCer
species in the brain, by LC-MS/MS-based mass spectrometry.
Oral treatment with this compound resulted in a significant
reduction of GlcCer levels from baseline in a dose-dependent
manner both at 30 and 100 mg/kg.[131]

On the other hand, the effects of GCS inhibition on
lysosomal hydrolysis and α-syn aggregation were evaluated by
studying compound F in human induced pluripotent stem cells
(iPSC) neurons, which produced a dose-dependent reduction of
endogenous GlcCer species, with an IC50 value in these neurons
of 1.7 nM. Furthermore, to determine whether GCS inhibition
correlates with modulation of α-syn pathology, human iPSC
neurons were pretreated with different concentrations of F a
day before treatment with α-syn preformed fibrils (PFFs). The
derivative was able to rescue the PFF-induced lysosomal activity
deficit and increased lysosomal hydrolysis activity in a dose-
dependent manner when compared to a vehicle treated group.
In conclusion, compounds E and F demonstrated in vivo
pharmacodynamic effects and ex vivo improvements in lysoso-
mal function and reductions in α-syn pathology, serving as
excellent tools to study GCS biology and the effects produced
by its inhibition.[131]

5.7. Other Inhibitors

5.7.1. HA 14–1

HA 14-1 (Figure 26) is an inhibitor of BCL-2, involved in the
apoptosis process of tumoral cells. It mimics the BH3 domain,
crucial for the formation of dimers, of this protein interfering
with the dimerization of BCL-2 and with its interaction with pro-
apoptotic proteins. Several studies have highlighted the ability
of HA 14-1 to inhibit Glucosylceramide synthase displaying an
IC50 of 4.5 μM without interfering with off-target enzymes.[133]

There is no structural homology between GCS and BCL-2 but
some degree of homology in the tertiary structure has been
hypothesized, in particular between the GCS active site and the
BH3 portion of BCL-2.[132]

Thus, several enzyme kinetics experiments have been
performed in order to understand the mechanism of inhibition
of GCS induced by this molecule, revealing that HA 14-1 acted

Figure 25. Chemical structures of pyrazole urea derivatives as GCS inhibitors. Figure 26. Chemical structure of compound HA 14–1.
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as a competitive and mixed type inhibitor with respect to C6-
NBD-Cer and UDP-glucose, respectively, even if it does not
share any structural homology with the two substrates.[132] The
experiments carried out on cells showed a decreased accumu-
lation of glucosylceramides but also an accumulation of
ceramide and cellular death, elements that preclude the use of
HA 14-1 for the treatment of GD.[132]

5.7.2. Hybrid Structures

Several novel compounds have been designed by combining
the structural features of iminoglucidic and PDMP-related GCS
inhibitors. The proposed hybrid derivatives (Figure 27) present
the amino alcohol core of PDMP (in black), the iminosugar of
Miglustat (in blue) or other secondary cyclic amines, and
several acyl chains included the adamantane moiety of AMP-
dNM (in red).[133] Unfortunately, this approach did not produce
any active inhibitor of GCS but allowed the preparation of a
potent Glucocerebrosidase inhibitor (derivative G, Figure 27,
GCS IC50 >10 μM, GBA1 IC50 = 2 μM, GBA2 IC50=90 μM) which
could be considered a lead compound for the development of
novel active molecules for the treatment of other disorders
involving this specific enzyme.

5.7.3. WP1066

WP1066 (Figure 28), a compound that inhibits the JAK/STAT3
metabolic pathway, was found to inhibit also the Ceramide
glucosyltransferase (IC50=7.2 μM) with an uncompetitive
mechanism,[134] without interfering with the sphingomyelin
synthase nor the lactosylceramide synthase. Despite the
selectivity displayed against GCS over other synthases, it has
not drawn so much interest because of its pro-apoptotic effect
and, being an uncompetitive GCS inhibitor, it is active only in
the presence of the enzyme-substrate complex. This is an
important limitation but, however, its ability to cross the BBB
could be a solid starting point for the development of novel
GCS inhibitors for the treatment of LSD with neurological
symptoms.[125]

6. Alternative Approaches

6.1. Tamoxifen Analogues

The constant research of molecules effective in treating the
central symptoms of GD in the neurological forms of the
disease pushed studies on fibroblasts from GD2 patients and
allowed to identify Tamoxifen and Idoxifene (Figure 29) as
compounds able to reverse the lysosomal deficit of calcium in
these cells.

GD2 fibroblasts are characterized by a reduced release of
calcium from lysosomal deposits in response to Gly-Phe-β-
naphtylamide (GNP).[126] These compounds increase the concen-
tration of calcium released in response to GNP, with a
consequent amelioration of the symptomatology. Since they
are very active as antiestrogens, an extensive SAR investigation
has been performed, aimed at optimizing their structure to
produce molecules effective for the treatment of GD but
without off-target side effect on hormone receptors.

Since it is well known that the hormonal activity of these
compounds can be modulated through the introduction of
substituents on the aromatic rings not bearing the ethoxydime-
thylamine function, the optimization process has been primarily
focused on structural modifications aimed at minimizing the
hormonal effects of these molecules. Thus, substitutions of the
aromatic rings, rings simplification, saturation of double bonds

Figure 27. Hybridization approach of Eliglustat and AMP-dNM, leading to
compound G.

Figure 28. Chemical structure of compound WP1066. Figure 29. Chemical structure of Tamoxifen and Idoxifene.
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and variation of the position of the alkyl group have been
investigated (Figure 30). The elimination of one of the phenyl
rings reduced estrogenic activity with a switch in
functionality[135] with a reduced release of lysosomal calcium. In
general, the modifications evaluated, such as the replacement
of a phenyl ring with a benzyl, did not produce an increase of
efficacy of this set of compounds.

Based on the hypothesis that less rigid and non-planar
structures could result in more active compounds, the optimiza-
tion process was directed toward diphenylethanoic-like deriva-
tives, retaining the dimethylaminoethoxyphenyl portion of the
original scaffold (Figure 31).[135]

The modifications of this structure, in particular the
substitution of the phenyl ring and the introduction of a
substituent in position α to the carbonyl group (Figure 31),
allowed the preparation of several derivatives able to induce
the release of lysosomal calcium, Emax (percent activation of
basal GNP-induced calcium response measured in the absence
of compound)=227-240% of the basal response to GPN in
Gaucher cells compared to a value of 50–56% in wild type cells.
In particular, the introduction of an isobutyl group in position α
to the carbonyl led to a very potent derivative (EC50 = 0.9 μM,
Emax = 108%) while the introduction of an isopentyl substituent
produced an increase in potency and efficacy compared to
Tamoxifen (EC50=0.9 μM, Emax=191% vs Tamoxifen, EC50=

10 μM, Emax=148%). Compounds with a linear alkyl chain, such
as ethyl, n-propyl, or n-butyl, displayed little effect on lysosomal
calcium release from GD patients-derived cells. Thereafter, the
introduction of different substituents on the phenyl ring has

been evaluated, while retaining the butyl moiety in position α
to the carbonyl group. The introduction of substituents like
ethyl (EC50=0.65 μM, Emax=138%) or isopropyl (EC50=1.4 μM,
Emax=401%) moieties in ortho of the phenyl ring enhanced the
effect by blocking the structure in a specific conformation
which reduces the free rotation of the phenyl ring itself. In
particular, the introduction of a cyclopropyl in ortho position
produced a very active molecule (Compound H Figure 32)
devoid of estrogen activity (EC50=3.1 μM, Emax=240%, Estrogen
Receptor % Activity @ 10 μM=0% vs Tamoxifen EC50=10 μM,
Emax = 148% Estrogen Receptor % Activity @ 10 μM=100%).
Thus, the most active compounds have been selected by
evaluating their physicochemical properties and their drugg-
ability. The solubility in water and the stability toward the
microsomal metabolism have been evaluated and all the
selected compounds were more soluble and more stable than
Tamoxifen.[135]

7. Summary and Outlook

Gaucher Disease is an LSD related with the disruption of
glucosylceramide catabolism. It is characterized by a wide
clinical spectrum, depending on the affected organs and cell
types, and is associated with both peripheral and CNS
manifestations.

Considerable efforts have been made over the last 40 years
on the development of therapies to treat this glycosphingolipi-
dosis condition. Beside the ERT approach, the development of
small molecules able to inhibit the glucosylceramide synthesis
mediated by the GCS is one of the most pursued strategies for
the GD treatment. Despite this approach has allowed the
identification of several active molecules, the GCS localization
at the level of the Golgi apparatus has not allowed its adequate
isolation and its crystal structure has not been solved yet, thus
designing molecules able to interact with its binding site
following a rational approach is a challenging task.

The PDMP-related derivatives as well as the iminosugar-like
compounds have been designed based on a hypothetical active
site. However, this approach does not work for molecules that

Figure 30. Structural modifications of Tamoxifen studied by Childers
et al.[135]

Figure 31. Examples of various appendages introduced on diphenyletha-
none derivatives.[135]

Figure 32. Chemical structure of the optimized derivative obtained upon
SAR evaluation.[135]
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differ structurally from these two classes of compounds, usually
deriving from high throughput screening.

Moreover, none of the mentioned approaches is clearly
effective in the CNS manifestation of GD type 2 and 3, whereas
ERT is already approved for the treatment of GD type 1. In fact,
greater challenges have to be addressed for the CNS-based
variants of GD which do not only include the usual difficulties
of drug discovery and development but also those associated
with rare diseases such as small patient population, prolonged
time to achieve clinically meaningful results and limited under-
standing between genetic abnormality and phenotype.

Therefore, the need of compounds able to treat the
symptoms of Gaucher disease, especially at the level of the
CNS, has driven the design of novel active compounds as in the
case of PDMP derivatives which have been modified to produce
molecules with the ability to cross the BBB and exert their
effects within the brain. This strategy has been applied to the
design of Venglustat, which has been endowed with the ability
to cross the BBB and is one of the most active GCS inhibitors
reported to date.

Further potential modifications of this core structure could
derive from the combination of different molecular portions
identified by HTS, with the ability to cross the BBB, such as the
replacement of the phenyl ring with indane-like or arylether-
based moieties.

In this way, a hypothetical approach would be to carry out
further SAR investigations on the already discovered active
molecules to expand the knowledge concerning the composi-
tion of the active site of GCS.

In addition, since a specific pharmacophore for the GCS
inhibitors has not been yet defined, more information regarding
the structure of the active site could be obtained by applying
the CoMFA computational approach. In fact, to date important
information such as how the already discovered inhibitors
interact with the enzyme, which is the role of the specific
functional groups, which residues of the protein are crucial for
the interaction, remains still unknown; the resolution of the
enzyme crystal structure will certainly be very helpful for the
discovery and the design of novel active GCS inhibitors for the
treatment of Gaucher disease.

In this perspective, Activity-Based Protein Profiling (ABPP) is
emerging as a powerful tool for the investigation of structural
identity and functions of enzymes within complex biological
environment. This approach relies on the use of the so-called
Activity-Based Probes (ABP), consisting in a specific motif that
selectively directs the ABP towards certain enzymes, a chemical
moiety that reacts (often irreversibly) with catalytic residues
within the active site and a reporter group, enabling detection
and/or capture of the ABP after the reaction with the enzyme
happened.[136]

ABPs specifically designed toward glycosidases have been
developed and largely employed to provide insights into the
role these enzymes play in cells.[137,138] Specifically, fluorescent
glycosidase ABPs represent an attractive tool to screen libraries
of small molecules as potential enzyme inhibitors by using of
the high-throughput fluorescence polarization (FluoPol) assay
format[136,137] and this approach has been successfully employed

to identify selective inhibitors of non-lysosomal glucocerebrosi-
dase GBA2.[138] To date there are no reports on the application
of this methodology for the study of GCS principle, but the
same FluoPol-ABPP strategy may be applied to study and
profile Glucosylceramide synthase, providing important infor-
mation on the structural composition of its active site and the
specific mechanism of action, and this could be really helpful in
the discovery process of new GCS inhibitors.

Moreover, for the neuropathic forms of GD, namely GD2
and GD3, the relationship between the accumulating substrate
and the clinical manifestation of the disease in not yet well
understood and this can hamper the evaluation of agents that
could be therapeutically effective. For this reason, the identi-
fication of novel and robust biomarkers and their utility in
predicting the clinical phenotype and the therapeutic effective-
ness of novel agents will be pivotal in the development of new
drugs, effective for the neuropathic GD forms, but also will be
critical in the design of clinical trials with small number of
patients and establishing proof of principle for clinical utility. In
this light, mouse models of GD type 2 and 3 are extremely
useful in proof of principle studies when the therapeutic use of
a candidate agent must be assessed.

8. Abbreviations

ABP Activity-Based Protein
ABPP Activity-Based Protein Profiling
ACE Angiotensin Converting Enzyme
BBB Blood Brain Barrier
CBE coundritol β epoxide
CCL18 Chemokine(C-C motif) ligand 18
CNS Central Nervous System
CYP Cytochrome P450
CYP 3A4 Cytochrome P450 3A4
DOPS Dioleylphosphatidylserine
ER Endoplasmic Reticulum
ERT Enzyme Replacement Therapy
FluoPol fluorescence polarization
GBA2 Non-lysosomal glucoslylceramidase
GCase Glucocerebrosidase
GCS Glucosylceramide Synthase
GCSi Glucosylceramide Synthase Inhibitor
GD Gaucher disease
GlcCer Glucosylceramides or Glucocerebrosides
GlcSph Glucosylsphingosine
GNP Gly-Phe-β-naphtylamide
GSL Glycosphingolipids
GTF2 Glycosyltransferase 2
HTS High Throughput Screening
IL Interleukin
IRDiRC International Rare Diseases Research Consortium
LSDs Lysosomal Storage Diseases
Lyso-Gb1 Glucosylsphingosine
Lyso-GL1 Glucosylsphingosine
M-CSF Macrophage colony-stimulating factor
MAO Monoamine oxidase

Wiley VCH Dienstag, 14.05.2024

2410 / 343740 [S. 25/28] 1

ChemMedChem 2024, 19, e202300641 (24 of 27) © 2024 Wiley-VCH GmbH

Review
doi.org/10.1002/cmdc.202300641

 18607187, 2024, 10, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300641 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [22/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

24



MDCKs Madin-Darby canine kidney
MDR Multidrug resistance
MLM Mouse liver microsomal
MLMO Mouse liver microsomal oxidation
NTMT1 N-terminal methyltransferase 1
RD Rare Disease
SapC Saposin C
SERT Serotonin transporter
SRT Substrate Reduction Therapy
TNF Tumor Necrosis Factor
VLP Virus-like nanoparticles

Acknowledgements

FP and TDR acknowledge MUR-FSE REACT EU - PON R&I 2014–
2020 for fundings.

Conflict of Interests

The authors declare no conflict of interest.

Keywords: Gaucher Disease · Rare Disease · Glucosylceramide
Synthase Inhibitors · Substrate Reduction Therapy

[1] S. Wakap, D. M. Lambert, A. Olry, C. Rodwell, C. Gueydan, V. Lanneau,
D. Murphy, Y. Le Cam, A. Rath, Eur. J. Hum. Genet. 2020, 28, 165.

[2] Epidemiological Data http://www.orphadata.org/cgi-bin/epide-
mio.html.

[3] T. Richter, S. Nestler-Parr, R. Babela, Z. M. Khan, T. Tesoro, E. Molsen,
D. A. Hughes, Value Health J. Int. Soc. Pharmacoeconomics Outcomes
Res. 2015, 18, 906.

[4] S. C. Groft, M. Posada de la Paz in Rare Diseases Epidemiology: Update
and Overview (Eds.: M. Posada de la Paz, D. Taruscio, S. C. Groft),
Advances in Experimental Medicine and Biology 1031; Springer
International Publishing, 2017, pp 641–648.

[5] https://www.orpha.net/consor/cgi-bin/Education AboutOrphan-
Drugs.php?lng=EN.

[6] M. M. Attwood, M. Rask-Andersen, H. B. Schioth. Trends Pharmacol. Sci.
2018, 39, 525–535.

[7] I. Melnikova, Nat. Rev. Drug Discovery 2012, 11, 267.
[8] E. Tambuyzer, Nat. Rev. Drug Discovery 2010, 9, 921.
[9] A. Philippidis, Hum. Gene Ther. 2011, 22, 1037.
[10] N. Tomita, H. Lee, D. Korchagina, M. Toumi, C. Rémuzat, B. Falissard,

Value in Health, 2015, 18, A335 PSY111.
[11] EUR-Lex - 02000R0141-20190726 - EN - EUR-Lex https://eur-lex.eur-

opa.eu/legal-content/EN/TXT/?uri=CELEX%3 A02000R0141–20190726.
[12] D. J. O’Connor, Expert Opin. Orphan D. 2013, 1, 255.
[13] S. Day, A. H. Jonker, L. P. L. Lau, R.-D. Hilgers, I. Irony, K. Larsson, K. CB.

Roes, N. Stallard, Orphanet J. Rare Dis. 2018, 13, 195.
[14] W. C. Maier, R. A. Christensen, P. Anderson Adv. Exp. Med. Biol. 2017,

1031, 197.
[15] EUR-Lex - 02000R0847-20180619 - EN - EUR-Lex https://eur-lex.eur-

opa.eu/legal-content/EN/TXT/?uri=CELEX%3 A02000R0847–20180619.
[16] https://www.ema.europa.eu/en/committees/committee-orphan-medic-

inal-products-comp.
[17] A. K. Kakkar, N. Dahiya, Drug Dev. Res. 2014, 75, 231.
[18] S. S. Tu, S. Nagar, A. S. Kesslheim, Z. Lu, B. N. Rome, J. Am. Med. Ass.

2023, 329, 1607.
[19] V. W. Hsu, S. Y. Lee, J. S. Yang, Nat. Rev. Mol. Cell Biol. 2009, 10, 360.
[20] M. G. Rosenfeld, G. Kreibich, D. Popov, K. Kato, D. D. Sabatini, J. Cell

Biol. 1982, 93, 135.
[21] T. Braulke, J. S. Bonifacino, Biochim. Biophys. Acta 2009, 1793, 605.
[22] C. Yang, X. Wang, J. Cell Biol. 2021, 220, e202102001.
[23] S. R. Bonam, F. Wang, S. Muller, Nat. Rev. Drug Discovery 2019, 18, 923.

[24] J. M. Aerts, C. Hollak, R. Boot, A. Groener, Philos. Trans. R. Soc. London
2003, 358, 905.

[25] B. M. Quinville, N. M. Deschenes, A. E. Ryckman, J. S. Walia, Int. J. Mol.
Sci. 2021, 22, 5793.

[26] F. M. Platt, T. D. Butters, Expert Rev. Mol. Med. 2000, 2, 1.
[27] Y. A. Hannun, L. M. Obeid, Nat. Rev. Mol. Cell Biol. 2018, 19, 175.
[28] L. Ginzburg, Y. Kacher, A. Futerman, Semin. Cell Dev. Biol. 2004, 15, 417.
[29] A. Mehta, Eur. J. Intern. Med. 2006, 17, S2.
[30] R. Y. Wang, O. A. Bodamer, M. S. Watson, W. R. Wilcox, Genet. Med.

2011, 13, 457.
[31] N. E. Brill, Am. J. Med. Sci. 1901, 121, 377.
[32] O. Oberling, Rev. Francaise Pediatr. 1927, 3, 475.
[33] R. O. Brady, J. N. Kanfer, D. Shapiro, Biochem. Biophys. Res. Commun.

1965, 18, 221.
[34] E. I. Ginns, P. V. Choudary, S. Tsuji, B. Martin, B. Stubblefield, J. Sawyer,

J. Hozier, J. A. Barranger, Proc. Nat. Acad. Sci. 1985, 82, 7101.
[35] P. Guggenbuhl, B. Grosbois, G. Chalès, Joint Bone Spine 2008, 75, 116.
[36] L. L. Bennett, D. Mohan, Ann. Pharmacother. 2013, 47, 1182.
[37] J. Stirnemann, N. Belmatoug, F. Camou, C. Serratrice, R. Froissart, C.

Caillaud, T. Levade, L. Astudillo, J. Serratrice, A. Brassier, C. Rose, T.
Billette de Villemeur, M. G. Berger, Int. J. Mol. Sci. 2017, 18, 441.

[38] M. Kałużna, I. Trzeciak, K. Ziemnicka, M. Machaczka, M. Ruchała,
Orphanet J. Rare Dis. 2019, 14, 275.

[39] M. Ivanova, J. Clin. Med. 2020, 9, 1116.
[40] B. Meusser, C. Hirsch, E. Jarosch, T. Sommer, Nat. Cell Biol. 2005, 7, 766.
[41] E. Korkotian, A. Schwarz, D. Pelled, G. Schwarzmann, M. Segal, A. H.

Futerman, J. Biol. Chem. 1999, 274, 21673.
[42] M. Franco, E. Collec, P. Connes, E. van den Akker, T. Billette de Ville-

meur, N. Belmatoug, M. von Lindern, N. Ameziane, O. Hermine, Y.
Colin, C. Le Van Kim, C. Mignot, Blood 2013, 121, 546.

[43] F. Cabrera-Reyes, C. Parra-Ruiz, M. I. Yuseff, S. Zanlungo, Front. Cell Dev.
Biol. 2021, 9, 790568.

[44] G. M. Pastores, D. A. Hughes. 2000 Jul 27 [updated 2023 Mar 9]. In
GeneReviews® (Eds.: M. P. Adam, G. M. Mirzaa, R. A. Pagon, S. E. Wallace,
L. J. H. Bean, K. W. Gripp, A. Amemiya) University of Washington,
Seattle; 1993–2023. PMID: 20301446.

[45] A. Zimran, Blood 2011, 6, 1463.
[46] G. Önal, E. Gümüş, H. Demir, A. Yüce, S. Dökmeci, Meta Gene 2020, 25,

100725.
[47] E. Beutler, Acta Paediatr. 2006, 95, 103.
[48] M. Horowitz, A. Zimran, Hum. Mutat. 1994, 3, 1.
[49] H. N. Baris, I. J. Cohen, P. K. Mistry, Pediatr. Endocr. Rev. P. 2014, 12, 72.
[50] L. P. Hughes, G. M. Halliday, N. Dzamko, Bio Protoc. 2020, 10, e3572.
[51] P. K. Mistry, M. D. Cappellini, E. Lukina, H. Özsan, S. M. Pascual, H.

Rosenbaum, M. H. Solano, Z. Spigelman, J. Villarrubia, N. P. Watman, G.
Massenkeil, Am. J. Hematol. 2011, 86, 110.

[52] A. Zimran, A. Kay, T. Gelbart, P. Garver, D. Thurston, A. Saven, E.
Beutler, Medicine (Baltimore) 1992, 71, 337.

[53] M. Di Rocco, F. Giona, F. Carubbi, S. Linari, F. Minichilli, R. O. Brady, G.
Mariani, M. D. Cappellini, Haematologica 2008, 93, 1211.

[54] J. M. F. G. Aerts, C. E. M. Hollak, M. van Breemen, M. Maas, J. E. M.
Groener, R. G. Boot, Acta Pædiatrica 2005, 94, 43.

[55] V. Murugesan, W.-L. Chuang, J. Liu, A. Lischuk, K. Kacena, H. Lin, G. M.
Pastores, R. Yang, J. Keutzer, K. Zhang, P. K. Mistry, Am. J. Hematol.
2016, 91, 1082.

[56] N. Kleytman, J. Ruan, A. Ruan, B. Zhang, V. Murugesan, H. Lin, L. Guo,
K. Klinger, P. K. Mistry, Mol. Genet. Metab. Rep. 2021, 29, 100798.

[57] G. Giuffrida, U. Markovic, A. Condorelli, V. Calafiore, D. Nicolosi, M.
Calagna, S. Grasso, M. T. V. Ragusa, J. Gentile, M. Napolitano, Orphanet
J. Rare Dis. 2023, 18, 27.

[58] S. Revel-Vilk, J. Szer, A. Mehta, A. Zimran, Br. J. Haematol. 2018, 182,
467.

[59] M. Horowitz, D. Elstein, A. Zimran, O. Goker-Alpan, Hum. Mutat. 2016,
37, 1121.

[60] R. O. Brady, J. N. Kanfer, R. M. Bradley, D. Shapiro, J. Clin. Invest. 1966,
45, 1112.

[61] G. M. Pastores, Curr. Opin. Invest. Dr. 2010, 11, 472.
[62] P. K. Mistry, G. Lopez, G. R. Schiffmann, N. W. Barton, N. J. Weinreb, E.

Sidransky, Mol. Genet. Metab. 2017, 120, 8.
[63] Y. Sun, B. Liou, Z. Chu, V. Fannin, R. Blackwood, Y. Peng, G. A.

Grabowski, H. W. Davis, X. Qi, EBioMedicine 2020, 55, 102735.
[64] Y. Tekoah, S. Tzaban, T. Kizhner, M. Hainrichson, A. Gantman, M.

Golembo, D. Aviezer, Y. Shaaltiel, Biosci. Rep. 2013, 33, 771.
[65] O. González-Davis, M. V. Villagrana-Escareño, M. A. Trujillo, P. Gama, K.

Chauhan, R. Vazquez-Duhalt, Virology 2023, 580, 73.

Wiley VCH Dienstag, 14.05.2024

2410 / 343740 [S. 26/28] 1

ChemMedChem 2024, 19, e202300641 (25 of 27) © 2024 Wiley-VCH GmbH

Review
doi.org/10.1002/cmdc.202300641

 18607187, 2024, 10, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300641 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [22/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

25

https://doi.org/10.1038/nrd3654
https://doi.org/10.1038/nrd3275
https://doi.org/10.1089/hum.2011.2515
https://doi.org/10.1001/jama.2023.3079
https://doi.org/10.1001/jama.2023.3079
https://doi.org/10.1038/nrm2663
https://doi.org/10.1016/j.bbamcr.2008.10.016
https://doi.org/10.1038/s41573-019-0036-1
https://doi.org/10.1098/rstb.2003.1273
https://doi.org/10.1098/rstb.2003.1273
https://doi.org/10.3390/ijms22115793
https://doi.org/10.3390/ijms22115793
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1016/j.semcdb.2004.03.003
https://doi.org/10.1016/j.ejim.2006.07.005
https://doi.org/10.1097/GIM.0b013e318211a7e1
https://doi.org/10.1097/GIM.0b013e318211a7e1
https://doi.org/10.1097/00000441-190104000-00001
https://doi.org/10.1016/0006-291X(65)90743-6
https://doi.org/10.1016/0006-291X(65)90743-6
https://doi.org/10.1073/pnas.82.20.7101
https://doi.org/10.1016/j.jbspin.2007.06.006
https://doi.org/10.1177/1060028013500469
https://doi.org/10.3390/ijms18020441
https://doi.org/10.3390/jcm9041116
https://doi.org/10.1038/ncb0805-766
https://doi.org/10.1074/jbc.274.31.21673
https://doi.org/10.1182/blood-2012-07-442467
https://doi.org/10.1111/j.1651-2227.2006.tb02398.x
https://doi.org/10.1002/humu.1380030102
https://doi.org/10.1002/ajh.21888
https://doi.org/10.3324/haematol.12379
https://doi.org/10.1111/j.1651-2227.2005.tb02110.x
https://doi.org/10.1002/ajh.24491
https://doi.org/10.1002/ajh.24491
https://doi.org/10.1016/j.ymgmr.2021.100798
https://doi.org/10.1002/humu.23056
https://doi.org/10.1002/humu.23056
https://doi.org/10.1172/JCI105417
https://doi.org/10.1172/JCI105417
https://doi.org/10.1016/j.ymgme.2016.11.006
https://doi.org/10.1016/j.ebiom.2020.102735
https://doi.org/10.1016/j.virol.2023.01.017


[66] K. Chauhan, C. N. Olivares-Medina, M. V. Villagrana-Escareño, K.
Juárez-Moreno, R. D. Cadena-Nava, A. G. Rodríguez-Hernández, R.
Vazquez-Duhalt, ChemMedChem 2022, 17, e202200384.

[67] W. J. Krall, P. M. Challita, L. S. Perlmutter, D. C. Skelton, D. B. Kohn,
Blood 1994, 83, 2737.

[68] R. Schiffmann, J. A. Medin, J. M. Ward, S. Stahl, S. Cottier-Fox, S.
Karlsson, Blood 1995, 86, 1218.

[69] C. Liu, J. T. Dunigan, S. C. Watkins, A. B. Bahnson, J. A. Barranger, Hum.
Gene Ther. 1998, 9, 2375.

[70] E. Y. Kim, Y. B. Hong, Z. Lai, Y. H. Cho, R. O. Brady, S.-C. Jung, J. Gene
Med. 2005, 7, 878.

[71] E. Sidransky, M. E. LaMarca, E. I. Ginns, Mol. Genet. Metab. 2007, 90,
122.

[72] S. E. Gary, E. Ryan, A. M. Steward, E. Sidransky, Expert Rev. Endocrinol.
Metab. 2018, 13, 107.

[73] F. Clemente, M. G. Davighi, C. Matassini, F. Cardona, A. Goti, A.
Morrone, P. Paoli, T. Tejero, P. Merino, M. Cacciarini, Chem. Eur. J. 2023,
29, e202203841.

[74] J. Lu, C. Yang, M. Chen, D. Y. Ye, R. R. Lonser, R. O. Brady, Z. Zhuang,
Proc. Natl. Acad. Sci. USA 2011, 108, 21200.

[75] N. S. Radin, J. Lipid Res. 1984, 25, 1536.
[76] E. Shemesh, L. Deroma, B. Bembi, P. Deegan, C. Hollak, N. J. Weinreb,

T. M. Cox, Cochrane DB Syst. Rev. 2015, 3, CD010324.
[77] R. Schiffmann, E. J. Fitzgibbon, C. Harris, C. DeVile, E. H. Davies, L. Abel,

Ann. Neurol. 2008, 64, 514.
[78] M. Amiri, H. Y. Naim, J. Inherited Metab. Dis. 2012, 35, 949.
[79] S. Ichikawa, Y. Hirabayashi, Trends Cell Biol. 1998, 8, 198.
[80] A. H. Futerman, R. E. Pagano, Biochem. J. 1991, 280, 295.
[81] D. L. Marks, M. Dominguez, K. Wu, R. E. Pagano, J. Biol. Chem. 2001,

276, 26492.
[82] D. L. Marks, K. Wu, P. Paul, Y. Kamisaka, R. Watanabe, R. E. Pagano, J.

Biol. Chem. 1999, 274, 451.
[83] S. Ichikawa, K. Ozawa, Y. Hirabayashi, IUBMB Life 1998, 44, 1193.
[84] https://alphafold.ebi.ac.uk/search/text/Q16739.
[85] J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K.

Tunyasuvunakool, R. Bates, Augustin Žídek, A. Potapenko, Alex Bridg-
land, C. Meyer, S. A. A. Kohl, Andrew J. Ballard, A. Cowie, B. Romera-
Paredes, S. Nikolov, R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E.
Clancy, M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer, S.
Bodenstein, D. Silver, O. Vinyals, A. W. Senior, K. Kavukcuoglu, P. Kohli,
D. Hassabis, Nature 2021, 596, 583.

[86] The software Flap (version 2.2) is distributed by Molecular Discovery
Ltd, Oxford, UK. https://www.moldiscovery.com/software/flap/.

[87] M. Baroni, G. Cruciani, S. Sciabola, F. Perruccio, J. S. Mason, J. Chem. Inf.
Model. 2007, 47, 279.

[88] A. Abe, N. S. Radin, J. A. Shayman, BBA-Lipid Lipid Met. 1996, 1299, 333.
[89] J. A. Shayman, A. Abe, In Methods in Enzymology; Sphingolipid

Metabolism and Cell Signaling Part A; Vol. 311, Academic Press, 2000,
pp 42–49.

[90] J. A. Shayman, A. Abe, M. Hiraoka, Glycoconjugate J. 2003, 20, 25.
[91] J. A. Shayman, L. Lee, A. Abe, L. Shu, L. In Methods in Enzymology;

Sphingolipid Metabolism and Cell Signaling Part A; Vol. 311, Academic
Press, 2000, pp 373–387.

[92] F. M. Platt, G. R. Neises, R. A. Dwek, T. D. Butters, J. Biol. Chem. 1994,
269, 8362.

[93] T. Wennekes, A. J. Meijer, A. K. Groen, R. G. Boot, J. E. Groener, M.
van Eijk, R. Ottenhoff, N. Bijl, K. Ghauharali, H. Song, T. J. O’Shea, H. Liu,
N. Yew, D. Copeland, R. J. van den Berg, G. A. van der Marel, H. S.
Overkleeft, J. M. Aerts, J. Med. Chem. 2010, 53, 689.

[94] T. D. Butters, L. A. G. M. van den Broek, G. W. J. Fleet, T. M. Krulle, M. R.
Wormald, R. A. Dwek, F. M. Platt, Tetrahedron: Asymmetry 2000, 11,
113.

[95] H. R. Mellor, J. Nolan, L. Pickering, M. R. Wormald, F. M. Platt, R. A.
Dwek, G. W. J. Fleet, T. D. Butters, Biochem. J. 2002, 366, 225.

[96] T. D. Butters, R. A. Dwek, F. M. Platt, Glycobiology 2005, 15, 43R.
[97] H. S. Overkleeft, G. H. Renkema, J. Neele, P. Vianello, I. O. Hung, A.

Strijland, A. M. van der Burg, G.-J. Koomen, U. K. Pandit, J. M. F. G.
Aerts, J. Biol. Chem. 1998, 273, 26522.

[98] Miglustat. In LiverTox: Clinical and Research Information on Drug-
Induced Liver Injury; National Institute of Diabetes and Digestive and
Kidney Diseases: Bethesda (MD), 2012.

[99] P. L. McCormack, K. L. Goa, Drugs 2003, 63, 2427.
[100] J. M. F. G. Aerts, C. E. M. Hollak, R. G. Boot, J. E. M. Groener, M. Maas, J.

Inherited Metab. Dis. 2006, 29, 449.
[101] R. R. Vunnam, N. S. Radin, Chem. Phys. Lipids 1980, 26, 265.

[102] K. R. Warren, R. S. Misra, R. C. Arora, N. S. Radin, J. Neurochem. 1976, 26,
1063.

[103] R. R. Vunnam, D. Bond, R. A. Schetz, N. S. Radin, N. Narasimhachari, J.
Neurochem. 1980, 34, 410.

[104] J. Inokuchi, N. S. Radin, J. Lipid Res. 1987, 28, 565.
[105] J. A. Shayaman, Am. J. Physiol. Ren. Physiol. 2015, 309, F996.
[106] A. Abe, J. Inokuchi, M. Jimbo, H. Shimeno, A. Nagamatsu, J. A.

Shayman, G. Shukla, N. S. Radin, J. Biochem. 1992, 111, 191.
[107] K. G. Carson, B. Ganem, N. S. Radin, A. Abe, J. A. Shayman, Tetrahedron

Lett. 1994, 35, 2659.
[108] A. Abe, N. S. Radin, J. A. Shayaman, L. L. Wotring, R. E. Zipkin, R.

Sivakumar, J. M. Ruggeri, K. G. Carson, B. Ganem, J. Lipid Res. 1995, 36,
611.

[109] M. Jimbo, K. Yamagishi, T. Yamaki, K. Nunomura, K. Kabayama, Y.
Igarashi, J. Inokuchi, J. Biochem. (Tokyo) 2000, 127, 485.

[110] L. Lee, A. Abe, J. A. Shayman, J. Biol. Chem. 1999, 274, 14662.
[111] J. A. Shayman, Drugs Future 2010, 35, 613.
[112] J. A. Shayman, Trans. Am. Clin. Climatol. Assoc. 2013, 124, 46.
[113] J. A. Shayman, S. D. Larsen, J. Lipid Res. 2014, 55, 1215.
[114] L. Tedaldi, G. K. Wagner, MedChemComm 2014, 5, 1106.
[115] S. D. Larsen, M. W. Wilson, A. Abe, L. Shu, C. H. George, P. Kirchhoff,

H. D. H. Showalter, J. Xiang, R. F. Keep, J. A. Shayman, J. Lipid Res. 2012,
53, 282.

[116] M. W. Wilson, L. Shu, V. Hinkovska-Galcheva, Y. Jin, W. Rajeswaran, A.
Abe, T. Zhao, R. Luo, L. Wang, B. Wen, B. Liou, V. Fannin, D. Sun, Y. Sun,
J. A. Shayman, S. D. Larsen, ACS Chem. Neurosci. 2020, 11, 3464.

[117] J. R. Arthur, M. W. Wilson, S. D. Larsen, H. Rockwell, J. A. Shayman, T. N.
Seyfried, Neurochem. Res. 2013, 38, 866.

[118] T. Fujii, Y. Tanaka, H. Oki, S. Sato, S. Shibata, T. Maru, M. Tanaka, T.
Onishi, J. Neurochem. 2021, 159, 543.

[119] Y. Tanaka, M. Seto, K. Kakegawa, K. Takami, F. Kikuchi, T. Yamamoto, N.
Nakamura, M. Daini, M. Murakami, T. Ohashi, T. Kasahara, J. Wang, Z.
Ikeda, Y. Wada, F. Puenner, T. Fujii, M. Inazuka, S. Sato, T. Suzaki, J. Oak,
Y. Takai, H. Kohara, K. Kimoto, H. Oki, S. Mikami, M. Sasaki, Y. Tanaka, J.
Med. Chem. 2022, 65, 4270.

[120] J. Wang, M. Reynolds, I. Ibanez, Y. Sasaki, Y. Tanaka, F. Kikuchi, T.
Ohashi, S. Sato, M. Miyabayashi, T. Fujii, Y. Tanaka, Bioorg. Med. Chem.
Lett. 2022, 77, 129039.

[121] E. Koltun, S. Richards, V. Chan, J. Nachtigall, H. Du, K. Noson, A. Galan,
N. Aay, A. Hanel, A. Harrison, J. Zhang, K.-A. Won, D. Tam, F. Qian, T.
Wang, P. Finn, K. Ogilvie, J. Rosen, R. Mohan, C. Larson, P. Lamb, J.
Nuss, P. Kearney, Bioorg. Med. Chem. Lett. 2011, 21, 6773.

[122] S. Richards, C. J. Larson, E. S. Koltun, A. Hanel, V. Chan, J. Nachtigall, A.
Harrison, N. Aay, H. Du, A. Arcalas, A. Galan, J. Zhang, W. Zhang, K.-A.
Won, D. Tam, F. Qian, T. Wang, P. Finn, K. Ogilvie, J. Rosen, R. Aoyama,
A. Plonowski, B. Cancilla, F. Bentzien, M. Yakes, R. Mohan, P. Lamb, J.
Nuss, P. Kearney, J. Med. Chem. 2012, 55, 4322.

[123] M. A. Cabrera-Salazar, M. DeRiso, S. D. Bercury, L. Li, J. T. Lydon, W.
Weber, N. Pande, M. A. Cromwell, D. Copeland, J. Leonard, S. H. Cheng,
R. K. Scheule, PLoS One 2012, 7, e43310.

[124] J. Marshall, Y. Sun, D. S. Bangari, E. Budman, H. Park, J. B. Nietupski, A.
Allaire, M. A. Cromwell, B. Wang, G. A. Grabowski, J. P. Leonard, S. H.
Cheng, Mol. Ther. 2016, 24, 1019.

[125] R. Loewith, H. Riezman, N. Winssinger, Curr. Opin. Chem. Biol. 2019, 50,
19.

[126] S. Blumenreich, C. Yaacobi, A. Vardi, B. Barav, E. B. Vitner, H. Park, B.
Wang, S. H. Cheng, S. P. Sardi, A. H. Futerman, J. Neurochem. 2021, 156,
692.

[127] M. F. Coutinho, J. I. Santos, S. Alves, Int. J. Mol. Sci. 2016, 17, 1065.
[128] R. Schiffmann, T. M. Cox, J. Dadieu, S. J. M. Gaemers, J. B. Hennermann,

H. Ida, E. Mengel, P. Minini, P. Mistry, P. B. Musholt, D. Scott, J. Sharma,
M. J. Peterschmitt, Brain 2023, 146, 461.

[129] Y. Deng, G. Dong, Y. Meng, N. Noinaj, R. Huang, J. Med. Chem. 2023,
66, 1601.

[130] G. A. Grabowski, Lancet 2008, 372, 1263.
[131] A. J. Roecker, K. M. Schirripa, H. M. Loughran, L. Tong, T. Liang, K. L.

Fillgrove, Y. Kuo, K. Bleasby, H. Collier, M. D. Altman, M. C. Ford, R. E.
Drolet, M. Cosden, S. Jinn, N. G. Hatcher, L. Yao, M. Kandebo, J. D.
Vardigan, R. B. Flick, X. Liu, C. Minnick, L. A. Prince, M. L. Watt, W.
Lemaire, C. Burlein, G. C. Adam, L. A. Austin, J. N. Marcus, S. M. Smith,
M. E. Fraley, ACS Med. Chem. Lett. 2023, 14, 146.

[132] S. Niino, Y. Nakamura, Y. Hirabayashi, M. Nagano-Ito, S. A. Ichikawa,
Biochem. Biophys. Res. Commun. 2013, 433, 170.

[133] R. J. B. H. N. Van den Berg, E. R. van Rijssel, M. J. Ferraz, J. Houben, A.
Strijland, W. E. Donker-Koopman, T. Wennekes, K. M. Bonger, A. B. T.

Wiley VCH Dienstag, 14.05.2024

2410 / 343740 [S. 27/28] 1

ChemMedChem 2024, 19, e202300641 (26 of 27) © 2024 Wiley-VCH GmbH

Review
doi.org/10.1002/cmdc.202300641

 18607187, 2024, 10, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300641 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [22/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

26

https://doi.org/10.1182/blood.V83.9.2737.2737
https://doi.org/10.1182/blood.V86.3.1218.1218
https://doi.org/10.1089/hum.1998.9.16-2375
https://doi.org/10.1089/hum.1998.9.16-2375
https://doi.org/10.1002/jgm.732
https://doi.org/10.1002/jgm.732
https://doi.org/10.1016/j.ymgme.2006.09.007
https://doi.org/10.1016/j.ymgme.2006.09.007
https://doi.org/10.1080/17446651.2018.1445524
https://doi.org/10.1080/17446651.2018.1445524
https://doi.org/10.1073/pnas.1119181109
https://doi.org/10.1016/S0022-2275(20)34429-1
https://doi.org/10.1002/ana.21491
https://doi.org/10.1007/s10545-012-9523-9
https://doi.org/10.1016/S0962-8924(98)01249-5
https://doi.org/10.1042/bj2800295
https://doi.org/10.1074/jbc.M102612200
https://doi.org/10.1074/jbc.M102612200
https://doi.org/10.1074/jbc.274.1.451
https://doi.org/10.1074/jbc.274.1.451
https://doi.org/10.1080/15216549800202282
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1021/ci600253e
https://doi.org/10.1021/ci600253e
https://doi.org/10.1016/0005-2760(95)00217-0
https://doi.org/10.1016/S0021-9258(17)37202-2
https://doi.org/10.1016/S0021-9258(17)37202-2
https://doi.org/10.1016/S0957-4166(99)00468-1
https://doi.org/10.1016/S0957-4166(99)00468-1
https://doi.org/10.1042/bj20020466
https://doi.org/10.1093/glycob/cwi076
https://doi.org/10.1074/jbc.273.41.26522
https://doi.org/10.2165/00003495-200363220-00006
https://doi.org/10.1007/s10545-006-0272-5
https://doi.org/10.1007/s10545-006-0272-5
https://doi.org/10.1111/j.1471-4159.1976.tb06987.x
https://doi.org/10.1111/j.1471-4159.1976.tb06987.x
https://doi.org/10.1111/j.1471-4159.1980.tb06611.x
https://doi.org/10.1111/j.1471-4159.1980.tb06611.x
https://doi.org/10.1016/S0022-2275(20)38673-9
https://doi.org/10.1093/oxfordjournals.jbchem.a123736
https://doi.org/10.1016/S0040-4039(00)76999-1
https://doi.org/10.1016/S0040-4039(00)76999-1
https://doi.org/10.1016/S0022-2275(20)39895-3
https://doi.org/10.1016/S0022-2275(20)39895-3
https://doi.org/10.1074/jbc.274.21.14662
https://doi.org/10.1358/dof.2010.35.8.1505566
https://doi.org/10.1194/jlr.R047167
https://doi.org/10.1039/C4MD00086B
https://doi.org/10.1194/jlr.M021261
https://doi.org/10.1194/jlr.M021261
https://doi.org/10.1021/acschemneuro.0c00558
https://doi.org/10.1007/s11064-013-0992-5
https://doi.org/10.1111/jnc.15492
https://doi.org/10.1021/acs.jmedchem.1c02078
https://doi.org/10.1021/acs.jmedchem.1c02078
https://doi.org/10.1016/j.bmcl.2022.129039
https://doi.org/10.1016/j.bmcl.2022.129039
https://doi.org/10.1016/j.bmcl.2011.09.037
https://doi.org/10.1021/jm300122u
https://doi.org/10.1371/journal.pone.0043310
https://doi.org/10.1038/mt.2016.53
https://doi.org/10.1016/j.cbpa.2019.02.015
https://doi.org/10.1016/j.cbpa.2019.02.015
https://doi.org/10.1111/jnc.15136
https://doi.org/10.1111/jnc.15136
https://doi.org/10.3390/ijms17071065
https://doi.org/10.1093/brain/awac379
https://doi.org/10.1021/acs.jmedchem.2c01854
https://doi.org/10.1021/acs.jmedchem.2c01854
https://doi.org/10.1016/S0140-6736(08)61522-6
https://doi.org/10.1021/acsmedchemlett.2c00441
https://doi.org/10.1016/j.bbrc.2013.02.052


Ghisaidoobe, S. Hoogendoorn, G. A. van der Marel, J. D. C. Codée, H. S.
Overkleeft, J. M. Aerts, ChemMedChem 2015, 10, 2042.

[134] H. Tsurumaki, H. Katano, K. Sato, R. Imai, S. Niino, Y. Hirabayashi, S.
Ichikawa, Biochem. Biophys. Res. Commun. 2017, 491, 265.

[135] W. Childers, R. Fan, R. Martinez, D. J. Colussi, E. Melenski, Y. Liu, J.
Gordon, M. Abou-Gharbia, M. A. Jacobson, Bioorg. Med. Chem. Lett.
2020, 30, 126806.

[136] L. Wu, Z. Armstrong, S. P. Schroder, C. de Boer, M. Artola, J. M. Aerts,
H. S. Overkleeft, G. J. Davies, Curr. Opin. Chem. Biol. 2019, 53, 25.

[137] CL. Kuo, E. van Meel, K. Kytidou, W. W. Kallemeijn, M. Witte, H. S.
Overkleeft, M. E. Artola, J. M. Aerts, Meth. Enzymol. 2018, 598, 217.

[138] D. Lahav, B. Liu, R. van den Nieuwendijk, T. Wannakes, A. T. Ghisa-
doobe, I. Breen, M. J. Ferraz, CL. Kuo, L. Wu, P. P. Geurink, H. Ovaa, G. A.
van der Marel, M. van der Stelt, R. G. Boot, G. J. Davies, J. M. Aerts, H. S.
Overkleeft, J. Am. Chem. Soc. 2017, 139, 14192.

Wiley VCH Dienstag, 14.05.2024

2410 / 343740 [S. 28/28] 1

ChemMedChem 2024, 19, e202300641 (27 of 27) © 2024 Wiley-VCH GmbH

Review
doi.org/10.1002/cmdc.202300641

 18607187, 2024, 10, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cm
dc.202300641 by U

niversita D
i T

rieste, W
iley O

nline L
ibrary on [22/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

27

https://doi.org/10.1002/cmdc.201500407
https://doi.org/10.1016/j.bbrc.2017.07.115
https://doi.org/10.1016/j.bmcl.2019.126806
https://doi.org/10.1016/j.bmcl.2019.126806
https://doi.org/10.1016/j.cbpa.2019.05.030
https://doi.org/10.1016/bs.mie.2017.06.039

	Gaucher Disease꞉ A Glance from a Medicinal Chemistry Perspective
	1. Introduction
	2. Lysosomal Storage Disorders
	3. Gaucher Disease
	3.1. Background Knowledge
	3.2. Genetics and Correlation with Phenotype
	3.3. Diagnosis
	3.3.1. Score Index
	3.3.2. Markers


	4. Therapy
	4.1. Enzyme Replacement Therapy
	4.2. Gene Therapy
	4.3. Molecular Chaperones
	4.4. Histone Deacetylase Inhibitors

	5. Substrate Reduction Therapy
	5.1. Glucosylceramide Synthase
	5.2. Iminoglucidic Glucosylceramide Synthase Inhibitors
	5.2.1. Miglustat

	5.3. Non Glucidic Glucosylceramide Synthase Inhibitors
	5.3.1. Propiophenone Analogues
	5.3.1.1. The First Non-Glucidic Inhibitor꞉ PDMP
	5.3.1.2. Molecular Core Modifications꞉ PAPD, Phenylalaninol and Norephedrine Analogues
	5.3.1.3. PDMP Derivatives Chain Length Modifications

	5.3.2. Morpholinosphingolipids
	5.3.3. Pyrrolidine Analogues of PPMP
	5.3.4. Eliglustat (GENZ-112638)
	5.3.5. Compounds Active in the CNS
	5.3.6. T-036 and its Optimized Derivatives

	5.4. GCS Inhibitors with Peptide Structure
	5.4.1. Arylethers
	5.4.2. Cyclopropane Derivatives

	5.5. Venglustat (Ibiglustat or ENZ-682452 or GZ-161)
	5.6. Pyrazole Ureas as GCS Inhibitors
	5.7. Other Inhibitors
	5.7.1. HA 14–1
	5.7.2. Hybrid Structures
	5.7.3. WP1066


	6. Alternative Approaches
	6.1. Tamoxifen Analogues

	7. Summary and Outlook
	8. Abbreviations
	Acknowledgements
	Conflict of Interests




