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A B S T R A C T   

Gaucher disease (GD) is caused by biallelic pathogenic variants in GBA1 gene that encodes the lysosomal enzyme 
glucocerebrosidase. Up to now, specific treatment for GD cannot completely reverse bone complications. Bone is 
composed of different cell types; including osteoblasts, osteocytes and osteoclasts. Osteoblasts are present on 
bone surfaces and are derived from local mesenchymal stem cells (MSCs). Depending on environment conditions, 
MSCs could differentiate into osteoblasts and adipocytes. Mature adipocytes-secreted adipokines and free fatty 
acids affect both osteoblasts and osteoclasts formation/activity and therefore mediate skeletal homeostasis. The 
aim of this study was to evaluate possible alterations in GD adipocyte (GD Ad) that could contribute to bone 
complications. MSCs were grown in adipogenic media in order to evaluate expression of differentiation markers 
as PPAR-γ. PPAR-γ was observed into the nucleus of GD Ad, indicating that these cells are properly stimulated. 
However, these cells accumulate lesser lipid droplets (LDs) than Control Ad. In order to study lipid droplet 
metabolism, we evaluated the lipolysis of these structures by the measurement of free glycerol in culture su-
pernatant. Our results indicated that GD Ad had an alteration in this process, evidenced by an increase in glycerol 
release. We have also evaluated two enzymes involved in LDs synthesis: fatty acid synthase (FASN) and stearoyl- 
coenzyme A desaturase 1 (SCD1). The transcription of these genes was decreased in GD Ad, suggesting a 
dysfunction in the synthesis of LDs. In conclusion, our results show an alteration in LDs metabolism of GD Ad, 
independent of adipocyte differentiation process. This alteration would be caused by an increase in lipolysis in 
early stages of differentiation and also by a reduction of lipid synthesis, which could contribute with the skeletal 
imbalance in GD.   

1. Introduction 

Gaucher disease (GD), one of the most common lysosomal storage 
disorders, is an autosomal recessive disorder caused by biallelic patho-
genic variants in GBA1 which encodes for lysosomal β-glucocere-
brosidase (GCase) (Enzyme Commission 3.2.1.45) enzyme. Three main 
clinical forms have been identified. Types II and III are neuronopathic, 
whereas type I (the most frequent presentation in Western countries), 
lacks early neuropathology and is characterized by splenomegaly, he-
patomegaly, anemia, thrombocytopenia, and skeletal complications that 
include acute or chronic pain, avascular necrosis, osteoarthritis, osteo-
penia and osteoporosis. The pathophysiology of skeletal density affec-
tion in GD is matter of intense research due to the diverse mechanisms 
that could be involved, including rate of bone remodeling, development 

and differentiation of mesenchymal stem cells (MSCs) and osteoimmu-
nology [1]. 

Bone marrow MSCs are a population of self-renewing multipotent 
stem cells with the ability to differentiate into adipocytes or bone- 
forming osteoblasts, among other cell types. Hematopoietic stem cells 
(HSCs) give rise to blood cells of the lymphoid and myeloid lineage as 
well as bone-resorbing osteoclasts. Adipocytes have been found to in-
fluence the development and function of other cells types through 
paracrine actions, which impact in the suppression of osteogenic line-
ages from MSCs as well as the promotion of osteoclast formation from 
HSCs [2]. We have reported that Gaucher patients have higher numbers 
of circulating monocytes expressing markers of osteoclast precursors 
that potentially migrate into bone, differentiate into mature osteoclasts 
and produce an increment in bone resorption activity [3]. Additionally, 
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commitment of MSCs to osteoblastic differentiation is reduced and 
several in vivo and in vitro GD models showed that osteoblasts have a 
deficient bone formation function as evidenced by a low level of bone 
matrix deposition [4–6]. Moreover, GD MSCs showed an imbalanced 
tendency to differentiate into adipocytes instead of osteoblasts [7]. All 
these alterations could be favored due to the existence of a proin-
flammatory profile associated with GD, where immune cells produce 
higher levels of proinflammatory cytokines such as RANKL and IL-1β 
[8,9]. 

It is well known that a proinflammatory bone environment favors 
adipogenic over osteogenic differentiation of MSCs, evidenced by higher 
expression of PPARγ and lower expression of RUNX2 [10]. Indeed, in the 
context of GD, we have shown that GD MSCs expressed low levels of 
Sirtuin 1 (SIRT1) and RUNX2, but increased levels of NLRP3 and PPARγ. 
Intriguingly, although GD adipocytes (GD Ad) express higher levels of 
PPARγ, these cells accumulate fewer lipid droplets than control Ad (Ctrl 
Ad), reflecting a probable disconnection between the observed increased 
tendency to differentiate into adipocytes and the possibility to acquire 
full phenotype of an adypocite with LDs accumulation [7]. The clinical 
relevance of these in vitro observations would be that Gaucher treat-
ment-naïve patients often display a reduced bone marrow fat fraction as 
analyzed by quantitative chemical shift imaging (QCSI) [11–13]. How-
ever, it was originally suggested that the reduced fat fraction was the 
result of displacement of adipocyte cells by progressive infiltration with 
Gaucher cells [11]. 

In general terms, adipogenesis is a two-step developmental process 
that combines commitment and terminal differentiation of cells [14]. At 
first, a MSC differentiates into preadipocyte and then undergoes termi-
nal differentiation to become a mature adipocyte with lipid droplet 
accumulation. During early stages, multiple inducers activate PPARγ 
expression which activates C/EBPα toward adipogenic differentiation 
[15]. On the contrary, it has been demonstrated that TGF-β has an 
important role in the suppression of adipocyte commitment of MSCs 
through phosphorylation of PPARγ [16,17]. During terminal differen-
tiation, mature adipocytes undergo morphological and functional 
changes [18] as they store neutral lipids into lipid droplets (LDs). The 
formation of LDs in the ER is initiated with the synthesis of neutral lipids 
which are covered by a monolayer of phospholipids [19]. On the other 
hand, the catabolism of LDs into free fatty acids is a crucial cellular 
pathway that is required to generate energy, biological membranes and 
hormone synthesis. LDs are broken down mostly by lipolysis, which is a 
biochemical catabolic pathway that relies on the direct activation of LD- 
associated lipases, such as adipose triglyceride lipase, hormone-sensitive 
lipase and monoglyceride lipase [19]. 

It has been observed that basal adipocyte lipolysis is closely associ-
ated with insulin resistance due to excessive circulating fatty acids, 
which can ectopically accumulate in insulin-sensitive organs an impair 
insulin action. Furthermore, excessive fatty acid release contributes to 
adipose tissue inflammation that also worsen insulin resistance [20]. 
Langeveld et al. described a 6% prevalence of insulin resistance in ERT- 
treated GD1 patients, possibly associated to the altered sphingolipid 
metabolism [21]. There is evidence that increase in GM3 ganglioside, as 
has been reported in GD patients [22], has a prominent influence on 
osteoclast activation [23] and the development of insulin resistance in 
patients with GD1 due to the loss of insulin receptors from lipid rafts 
[24]. 

With this background in mind, the aim of this work is to understand 
the molecular basis of the reduced lipid droplet accumulation in GD Ads. 

2. Materials and methods 

2.1. Cell lines 

The type 3 GD L444P/L444P and control Mesenchymal Stem Cells 
(MSCs) used in this study are iPSC derived-MSCs that has previously 
been described [25,26]. These cells were obtained from healthy and GD 

patient’s fibroblasts that were dedifferentiated into iPSCs and then 
differentiated into MSCs [27]. 

2.2. Cell culture 

MSCs were grown in DMEM-GlutaMAX™ (GIBCO, Grand Island, NY) 
supplemented with 20% heat inactivated fetal bovine serum (Gibco- 
BRL, Life technologies, Grand Island, NY), 100 units/ml of penicillin and 
100 μg/ml of streptomycin (complete media). Cultures were grown at 37 
◦C in 5% CO2 atmosphere, replacing the media every 48 h.MSCs can 
differentiate into adipocytes in adipogenic media. To obtain adipogenic 
media, complete media was supplemented with 500 μM 3-isobutyl-1- 
methylxanthine (IBMX, Sigma), 0,1 μM dexamethasone (Sigma), 50 
μM Indomethacin (Sigma) and 10 μg/ml insulin (Densulin R, Argentina). 
MSCs were seeded at 20.000 cells/well in a 48 well-plate and were 
grown in MSC media until confluence. Then, we replaced the complete 
media with adipogenic media for 7 and 14 days. Differentiated adipo-
cytes will be referred as Ad. 

For reduction substrate treatment in GD Ad, we added D-threo-1- 
phenyl-2-decanoylamino-3-morpholino-propanol (PDMP, commercially 
known as eliglustat) 10 μM (Matreya, LLC), to the adipogenic media 
during differentiation time. 

2.3. Immunofluorescence Microscopy 

Adipocytes were grown in chamber slides for 7 days as previously 
described and fixed in 4% paraformaldehyde for 20 min at room tem-
perature. For lipid staining, cells were fixed with paraformaldehyde, 
permeabilized with 0.3% Triton X-100, and then lipid droplets were 
stained with 1 μg/ml of Bodipy 493/503 (Invitrogen, cat. D3922). For 
PPARγ visualization, cells were incubated with a rabbit polyclonal 
antibody specific for PPARγ (1:250 dilution) (Invitrogen, pa5-25757) 
and then with a 1:300 dilution of Alexa Fluor488-conjugated Fab́frag-
ment of goat anti-rabbit IgG (H + L) (Life Technology, cat A11008). The 
primary antibody was incubated overnight at 4◦C, and three washes 
between incubations were performed with 0.1% Tween-20 in PBS. 
Secondary antibodies were incubated for 1 h at room temperature. 
Nuclei were stained with Methil Green 1:500 (stock 2 % p/v) added into 
the Fluorescent Mounting Medium (DakoCytomation, Glostrup, 
Denmark, cat S3023). Cells were visualized in a TCS SP5 Leica confocal 
microscope (Leica Microsystems, Wetzlar, Germany). Images were taken 
using the Leica LAS AF software (Leica Microsystems,Wetzlar, Germany) 
and image analysis was performed using the FIJI software (National 
Institutes of Health, Bethesda, MD, USA). 

2.4. mRNA extraction and Real-time quantitative PCR 

Total RNA was isolated from MSCs or Ad using a total RNA isolation 
system (GE Healthcare, Piscataway, NJ, USA) following the manufac-
turer’s protocols. The isolated total RNA samples were subjected to 
reverse transcription using SuperScript™ III Reverse Transcriptase 
(Invitrogen, Carlsbad, CA, USA). Real-time quantitative PCR (qPCR) was 
performed using SYBR GreenER PCR Master Mix (Invitrogen) in an iQ- 
Cycler equipment (Bio-Rad, Hercules, CA, USA). The sequence-specific 
primers were obtained from OriGene website and checked with 

Table 1 
Primer sequences.  

Name Sequence (5′ to 3′) 

hFASN_Fw AAGGACCTGTCTAGGTTTGATGC 
hFASN_Rv TGGCTTCATAGGTGACTTCCA 
hSCD1_Fw TTCCTACCTGCAAGTTCTACACC 
hSCD1_Rv CCGAGCTTTGTAAGAGCGGT 
hTGFβ_Fw CCCACAACGAAATCTATGAC 
hTGFβ_Rv CTGTATTTCTGGTACAGCTC  
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PrimerBlast on NCBI. The sequences used are shown in Table 1. A human 
β-Actin gene was used as an internal control. The comparative threshold 
(Ct) method was used for data analysis, expressed as 2– (dCT). 

2.5. Adipocytes cultured with exogenous lipids 

Control MSCs were incubated for 7 days with Gaucher specific lipids 
(Matreya, LLC): glucosylceramide (GlcCer 20μM); glucosylesphingosine 
(GlcSph 0,1μM; 1μM); or non-specific Gaucher related Lipids (Matreya, 
LLC): Globotriaosylceramide (Gb3 20μM); Globotriaosylsphingosine 
(Lyso-Gb3 1μM). Lipids were dissolved in solvents as follows: GlcCer, 
Gb3 and Lyso-Gb3 in chloroform/methanol (2:1); GlcSph in Ethanol 
(EtOH). The respective solvent controls were included in the assay. 
Cultures were grown at 37 ◦C in 5% CO2 atmosphere, replacing the 
media every 48 h. 

2.6. Lipolysis assay 

MSCs were cultured and differentiated into adipocytes as described. 
Cell supernatants were collected at every media change: at start of dif-
ferentiation, 3 days, 5 days and 7 days. A glycerol assay kit (ab133130) 
was used according to manufacturer protocol in order to determine 
adipocyte lipolysis. 

2.7. Glucose uptake 

Cells were grown in a 96 well plate to confluence. Then, cells were 
washed with PBS and were incubated with: PBS + Fetal Bovine Serum 
20% (Gibco) + (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-il)amino)-2-des-
oxiglucosa) (2NBDG) 100 μM (ab146200) and Fetal Bovine Serum 20% 
(Gibco) + 2NBDG 100 μM + insulin at three different concentrations (10 
μg/ml; 500 μg/ml or 2000 μg/ml insulin) during 15 min at 37 ◦C in 5% 
CO2 atmosphere [28]. After incubation, cells were washed with cold 
PBS, fixed with PFA 4% for 10 min and left in PBS to measure fluores-
cence intensity in Varioskan™ LUX multimode microplate reader 
(Thermo Scientific™). 

2.8. Oil Red-O Staining 

Cultured adipocytes were fixed with 4% (p/v) paraformaldehyde and 
stained with Oil Red-O solution (SIGMA). For quantitative analysis, the 
stained material was dissolved in 150ul of isopropanol 100%. The dye 
solution was transferred to microtiter plates, and the optical density 
(OD) measured with a microplate reader (BD Pharmingen, San Diego, 
CA, USA) at 492 nm against isopropanol 100% as a blank. 

2.9. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 7.0 

Fig 1. Gaucher adipocytes cannot properly accumulate lipid droplets. Localization (A), lipid droplets quantification (B) and the fluorescence intensity (C) of the lipid 
droplets are shown in adipocytes of 7 days of differentiation. Five microscopic fields per condition were quantified for each experiment. Scale bar: 100μm. Unpaired t- 
test ** p < 0.005, **** p < 0.0001 
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software (Graphpad Software, La Jolla, CA, USA) applying unpaired t- 
test and one-way ANOVA followed by Sidak test. Data are expressed as 
mean ± SD (n = 4) and are representative of three independent 
experiments. 

3. Results 

3.1. Gaucher adipocytes cannot properly accumulate LDs 

The main function of an adipocyte is to store energy in the form of 
lipids that is reflected by volume increase [29]. Based on our previous 
result showing an increased expression of PPARγ in GD MSCs [7] and the 
role of PPARγ in the promotion of differentiation of MSCs into adipo-
cytes, we decided to analyze the presence of LDs in GD Ad. MSCs were 
differentiated with adipogenic media and LDs were stained with Bodipy 
493/503 and visualized by confocal microscopy (Fig 1A). Quantification 
of both number of LDs (Fig 1B) and relative fluorescence intensity (Fig 
1C) has revealed a significant reduced number and amount of lipid 
droplets in GD Ad as compared to control ones. 

3.2. TGF-β1 is downregulated in GD Ad 

It is known that TGF-β has a critical role in regulating adipocyte 
commitment of MSCs [30], thus we decided to evaluate TGF-β1 
expression in GD Ad. We found a reduced TGF-β1 mRNA transcription in 
GD Ad as compared to control ones (Fig. 2). This result indicates that 
TGF-β1 could be an associated factor that may have an influence in the 
upregulation of GD Ad differentiation. 

3.3. PPARγ is increased and present in the nucleus in GD Ad 

PPARγ is considered the master nuclear transcription factor that 
regulates adipogenesis [31]. One hypothesis to explain the lower levels 
of LDs in the context of high PPARγ expression could be that PPARγ do 
not translocate into the nucleus. In order to evidence its localization 
within adipocytes, we differentiated MSCs in adipogenic media and 
PPARγ was observed by confocal microscopy. We observed that PPARγ 
is localized in the nucleus of both control and GD Ad (Fig. 3A). More-
over, the expression of PPARγ is increased in GD Ad as compared to 
control cells (Fig. 3B). These results would rule out a PPARγ-associated 
suppression of GD Ad differentiation. Therefore we hypothesized that 

reduction of LDs could be a consequence of PPARγ effect on lipolysis 
stimulation in mature adipocytes [32]. 

3.4. Lipolysis is upregulated at early stages of differentiation 

Based on our results that GD MSCs preferentially differentiate into 
adipocytes rather than osteoblast, and the evidence that PPARγ pro-
motes lipolysis, we studied if LDs are being degraded at a higher rate in 
GD Ad by a lipolytic mechanism. This pathway of lipid degradation 
converts triglycerides into fatty acids and glycerol, where glycerol is 
secreted proportionally to lipolysis activity. We therefore differentiated 
MSCs to Ad, and collected the supernatants at each media change. Our 
results revealed increased glycerol levels during early adipocyte differ-
entiation in both cell types at day 2 and 5 of differentiation (Fig. 4). 
However, at day 7 this difference is not observed, thus we cannot 
certainly attribute the fewer LDs in GD Ad only at lipolytic mechanisms. 

3.5. Lipid synthesis is affected in GD Ad 

Another aspect that could be relevant to study the accumulation of 
LDs is the synthesis of lipids. In order to study if the transcriptions of the 
enzymes involved in this process are affected in GD adipocytes, we 
decided to evaluate transcription of fatty acid synthase (FASN) and 
stearoyl-coenzyme A desaturase 1 (SCD1) [33]. Both FASN and SCD1 
mRNA transcription was downregulated in GD Ad (Fig. 5). A reduction 
in the transcription of genes associated to lipid synthesis may have a 
deleterious effect in the formation of LDs which could explain, at least in 
part, the lesser LDs amounts observed in these cells. 

3.6. Glucose uptake and metabolism is not altered in GD MSCs 

Glucose is converted to fatty acids and cholesterol through de novo 
lipid biosynthesis pathway. Therefore glucose uptake and metabolism is 
a critical point for LD formation. Several studies indicate that glyco-
sphingolipids are involved in the development of insulin resistance and 
directly interfere with insulin signaling. It has been shown that gangli-
osides block phosphorylation of the insulin receptor and its downstream 
signaling [34]. In order to evaluate a possible alteration in insulin 
signaling, MSCs were incubated with insulin at 10 μg/ml (same as 
needed for adipocyte differentiation), 500 μg/ml and 2000 μg/ml. At the 
same time, we used 2NBDG that enters into the cells through glucose 
transporters and is subsequently phosphorylated by hexokinase, keeping 
glucose trapped inside the cells. Results showed an uptake of 2NBDG in 
both control and GD MSCs, which indicates that these cells are sensitive 
to insulin. Also, higher levels of 2NBDG were detected in GD MSCs 
(Fig. 6). 

3.7. Glucocerebrosides do not affect lipid droplet accumulation in control 
adipocytes 

It is known that glycosphingolipids can directly inhibit insulin 
signaling pathway contributing to insulin resistance [34]. As GD is 
characterized by a primary glucosylceramide accumulation and sec-
ondary elevation of gangliosides, we investigated whether high glyco-
sphingolipids concentration are associated with the altered adipogenic 
phenotype in GD adipocytes. For that purpose, we incubated control 
MSCs with glucosylceramide (GlcCer) and glucosylsphingosine (GlcSph) 
and differentiated them in adipogenic media. Lipids that are not directly 
associated to GD were included to dismiss any effect caused by the lipid 
per se, and lipid concentrations were chosen in concordance to lipid 
levels observed in Gaucher patient’s plasma and serum [35,36]. We 
found no difference in LD formation in control adipocytes due to the 
exposure of these cells to any lipid, not only alone but also in combi-
nation (Fig. 7A). To clarify the role of Gaucher-related lipid accumula-
tion, we treated GD Ad with eliglustat. This inhibitor of 
glucosylceramide synthase prevents substrate accumulation and, 

Fig 2. TGF-β1 is downregulated in Gaucher adipocytes. TGF-β mRNA tran-
scription in Ad at 7 and 14 days of differentiation. All bars are referred at Ad 
ctrl at 7d. Statistics are referred at the control of the corresponding day. Un-
paired t-test **p < 0.005 
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therefore, the accumulation of glycolipids related to the disease. Our 
results showed that treatment with eliglustat did not change the capacity 
of GD Ad to accumulate lipid droplets, as determined by Oil Red-O 
staining (data not shown). However, when cells were observed by 
light microscopy, some cells showed differences in their morphology 
and their lipid droplets distribution resembling control Ad (Fig. 7B). 

4. Discussion 

Over a thirty year observation period, pharmacologic, recombinant 
GCase treatment (ERT) effectively reverses GD-associated hep-
atosplenomegaly, anemia and thrombocytopenia in most treated pa-
tients. However, despite ERT in recognized effective doses, high 
percentage of patients continue to have skeletal signs and symptoms. 
Bone health is maintained by a delicate homeostasis among several cell 
types including osteoblasts, osteoclasts and bone marrow adipocytes, 
which have a functional relationship with bone tissue and blood cell 
production [37]. Continued bone structure abnormalities in GD may be 
attributable to persistent infiltration due to incomplete clearance of 
Gaucher cells in the bone marrow. Failure to normalize a reduced fat 
fraction is a surrogate indication of the extent of displacement of adi-
pocytes by Gaucher cells infiltrates [11]. In this context, the absence or 
paucity of bone marrow adipocytes, their bad distribution in the bone 
marrow environment, or the failure in their function, could contribute to 
bone fragility. 

MSCs differentiate into osteoblasts or bone marrow adipocytes 
depending on molecular and environmental signals [38,39]. We have 
previously reported that GD MSCs showed an imbalanced tendency to 
differentiate into adipocytes rather than of osteoblasts [7] and that GD 
Ad have reduced number of LDs. Therefore, the main goal of the present 
study was to elucidate the molecular mechanisms causing the reduced 
lipid droplet accumulation in GD adipocytes as an index of GD Ad 
dysfunction. 

PPARγ is a master regulator of adipogenesis [31] and our previous 

Fig 3. PPARγ is increased in GD Ad. Localization (A) and fluorescence quantification per cell (B) is shown in adipocytes of 7 days of differentiation. Five microscopic 
fields per condition were quantified for each experiment. Scale bar: 50μm. Unpaired t-test *p < 0.05 

Fig 4. Lipolysis is upregulated at early stages of differentiation. Free glycerol 
was measured in MSCs and different stages of adipocyte differentiation culture 
media supernatants. Statistics are referred at the control of the corresponding 
day. Unpaired t-test *** p < 0.0005 
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results indicated that its expression is elevated in GD adipocytes with 
respect to control cells. Therefore, we expected to see an increase of 
adipocyte size as a signal of mature adipocytes. However, we observed 
GD Ad had a reduced number of lipid droplets as compared to control 
cells. This finding presents a paradox: GD MSCs are prone to differen-
tiate into adipocytes but these cells are structurally abnormal, present-
ing a reduced content of lipid droplets. 

It is known that TGF-β has an important role in the suppression of 
adipocyte commitment of MSCs through phosphorylation of 
PPARγ[16.17]. It has been reported that TGF-β is increased in plasma from 
GD patients respect to healthy controls [40]. On the contrary we have 
reported that serum from GD patients present lower levels of TGB-β than 
healthy controls [3]. indicating that the issue is still controversial. Other 
factors such as phenotype, age and course of the disease, could be 
involved in the regulation of TGF-β levels. In our model, we detected a 
reduced expression of TGF-β in GD adipocytes respect to healthy con-
trols. In this aspect, the downregulation of TGF-β could be associated 
with decrease phosphorylation of PPARγ, a process that should favor 
adipogenesis over osteoblastogenesis. Furthermore, PPARγ needs to be 
localized into the nucleus in order to initiate this process [31]. In this 
work we observed that PPARγ in GD adipocytes was localized into the 
nucleus, even in higher levels than control cells, thus allowing GD Ad 
differentiation to proceed normally. On the contrary, our results indi-
cated that the lipid droplets content diminished in GD ad. This could be 
explained at least in part by previous findings indicating that persistent 
higher concentrations of unphosphorylated PPARγ secondarily stimu-
late hydrolysis of lipid droplets through lipolysis [32]. 

Lipolysis is one of the mechanisms of lipid droplet degradation and 
this process is quantifiable by measuring glycerol release [41]. Per our 
hypothesis, we found higher levels of glycerol in GD adipocytes super-
natants. Additionally, we evaluated the expression of FASN and SCD1, 
two enzymes involved in lipid synthesis, and both of them were reduced 
in GD adipocytes, indicating a second mechanism limiting lipid accu-
mulation in GD adipocytes. Indeed, SCD1 inhibition in differentiated 
adipocytes is associated with downregulation of genes involved in tri-
acylglycerol biosynthesis [42]. De novo lipogenesis is also limited by 
epigenetic downregulation [43]. Thus, the reduced size and numbers of 
lipid droplets in GD Ad is attributable to a combination of reduced 
synthesis and incipient increased lipolysis. 

Evidence suggests glycosphingolipids are involved in the develop-
ment of insulin resistance. Complex glycosphingolipids and gangliosides 
block phosphorylation of the insulin receptor and down-stream signal-
ling in a mechanism that could involve the exclusion of the insulin re-
ceptor from specific membrane domains [34]. It has been hypothesized 
that accumulation of such lipids may induce development of insulin 

Fig 5. Lipid synthesis is affected in Gaucher adipocytes. mRNA transcription was measured by RT-qPCR in control and GD adipocytes at 7 and 14 days of differ-
entiation. All bars are referred at Ad ctrl at 7d. Statistics shown in Ad GD are referred at the control of the corresponding day. Unpaired t-test * p < 0.05, ** p < 0.005, 
*** p < 0.0005, **** p < 0.0001 

Fig 6. Glucose uptake and metabolism in GD MSCs is not altered. Glucose 
uptake and metabolism was evidenced by using 2NBGD. A dose response curve 
was done with different insulin concentrations (10, 500 and 2000 μg/ml). 
Statistics that is showed over bars are referred at Ctrl or GD cells without in-
sulin. One-way ANOVA followed by Sidak test *** p < 0.0005, **** p < 0.0001 
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resistance in patients with GD1 [24]. Langeveld et al. described a 6% 
prevalence of insulin resistance in ERT-treated GD1 patients, possibly 
associated to the altered sphingolipid metabolism [21]. Therefore, we 
investigated whether GD MSCs in our model were altered in regard to 
insulin-mediated glucose uptake. Results showed that both cell types 
respond to insulin stimulus due to 2NBDG levels in both cell types are 
similar, indicating that glucose would be entering into the cell at the 
same rate. And, at higher insulin dose, GD Ad show higher levels of 
2NBDG compare to control Ad. This effect could be explained by a 
decrease in glucose metabolism of GD cells where 2NBDG is not 
consumed but accumulate; or by an increase of insulin receptors in GD 
Ad’s plasma membrane which allow entry of higher amounts of 2NBDG 
than its consumption rate. By this experiment we exclude the possibility 
of a defect in insulin signalling. More experiments regarding expression 
and localization of insulin receptors should be done to deepen these 
studies. 

Glycosphingolipids affect bone mineral density by reducing osteo-
blast activity and stimulating bone resorption [44]. In this regard, we 
wanted to evaluate if exposure to specific Gaucher glycosphingolipids 
(GlcCer and GlcSph) could alter the accumulation of LDs in control 
adipocytes emulating a GD phenotype. We found no difference in the 
generation of lipid droplets between C Ad and C Ad cultured with 
exogenous GlcCer and GlcSph alone or in combination. This lack of ef-
fect could be explained by the insufficient incubation time to observe the 
consequences of glycolipid accumulation on lipid droplet metabolism. 
To clarify the role of Gaucher-related glycolipid accumulation, we 
treated GD Ad with eliglustat. This inhibitor of glucosylceramide syn-
thase prevents substrate accumulation and, therefore, the accumulation 
of glycolipids related to the disease. Although we did not see a signifi-
cant improvement of GD Ad in lipid droplets, we observed a change in 
cell morphology resembling that of wild type cells. This result would 
suggest that Gaucher related glycolipid accumulation has an impact in 
the observed phenotype. Further studies should be done to deepen these 
findings, such as using different doses of eliglustat and prolonged 
treatment time. 

These studies using MSCs derived from iPSCs provide clues regarding 
potential factors that could alter adipocyte phenotype in GD Ad. Despite 
the use of MSCs derived from GD patients represents an excellent tool, 
this study has some limitations because the GD cell line was obtained 

from only one GD3 patient, as extensively described in other reports 
[25.26]. Therefore, these findings are limited to this particular genotype, 
and studies with iPCS derived-MSC from other patient genotypes are 
required to extrapolate these results and definitively associate them with 
Gaucher alterations. 

Our results indicate that TGF-β1, PPARγ and the enzymes involved in 
lipid synthesis, appear to be altered in GD cells. These results also do not 
support an insulin resistance mechanism. Further studies using diverse 
iPCS derived-MSCs from other patient genotypes and in vivo models will 
be needed to confirm to what extent the mediators described here have a 
“real life” role in the pathophysiology of GD disease. 
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[13] Espiau M. Roca, Aspectos óseos de la enfermedad de Gaucher, Med Clin (Barc) 
[Internet]. 137 (Suppl. 1) (2011) 23–31. 

[14] M.A. Ambele, P. Dhanraj, R. Giles, M.S. Pepper, Adipogenesis: a complex interplay 
of multiple molecular determinants and pathways, Int J Mol Sci [Internet] 21 (12) 
(2020 Jun 2) 1–27 [cited 2022 Jun 8]. 

[15] N. Jiang, Y. Li, T. Shu, J. Wang, Cytokines and inflammation in adipogenesis: an 
updated review 13, Frontiers of Medicine, 2018, pp. 314–329. Higher Education 
Press. 

[16] S. Ahdjoudj, K. Kaabeche, X. Holy, O. Fromigué, D. Modrowski, E. Zérath, et al., 
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