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Glucosamine potentiates the differentiation of adipose-derived 
stem cells into glucose-responsive insulin-producing cells
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Background: Islet transplantation might be a logical strategy to restore insulin secretion for the treatment 
of diabetes, however, the scarcity of donors poses an obstacle for such a treatment. As an alternative islet 
source, differentiation of stem cells into insulin-producing cells (IPCs) has been tried. Many protocols 
have been developed to improve the efficiency of differentiation of stem cells into IPCs. In this study, we 
investigated whether glucosamine supplementation during differentiation of human adipose-derived stem 
cells (hADSCs) into IPCs can improve the insulin secretory function. 
Methods: Glucosamine was added to the original differentiation medium at different stages of 
differentiation of hADSCs into IPCs for 12 days and insulin secretion was analyzed. 
Results: Addition of glucosamine alone to the growth medium of hADSCs did not affect the differentiation 
of hADSCs to IPCs. Supplementation of the differentiation medium with glucosamine at a later stage 
(protocol G3) proved to have the greatest effect on IPC differentiation. Basal and glucose-stimulated insulin 
secretion (GSIS) was significantly increased and the expression of insulin and C-peptide was increased in 
differentiated IPCs as compared with that in differentiated IPCs using the conventional protocol (protocol 
C). In addition, the expression of beta-cell specific transcription factors such as pancreatic and duodenal 
homeobox1 (PDX1) and neurogenin 3 (NGN3) was also increased. Furthermore, the expression of genes 
related to insulin secretion, including synaptotagmin 4 (Syt4), glucokinase (Gck) and glucose transporter 2 
(Glut2), was also increased. 
Conclusions: We conclude that glucosamine supplementation potentiates the differentiation of hADSCs 
into IPCs.
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Introduction 

Diabetes mellitus is a metabolic disease associated with 
various complications, including diabetic nephropathy, 
diabetic retinopathy, stroke, and cardiovascular disease (1-3).  

Type 1 diabetes (T1D) is an autoimmune disease, which 
results from the destruction of pancreatic beta-cells and 
results in defective insulin production. Type 2 diabetes 
results from the relative deficiency of insulin secretion 
due to the failure of compensation of insulin resistance. 
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Therefore, supplementation of insulin is one strategy 
that is used to treat both types of diabetes. Currently, the 
therapy of T1D includes insulin injection, however, it has 
disadvantages such as the need for daily injections and pain 
at the injection site (4). Islet transplantation is another 
effective strategy for restoration of insulin secretion. 
However, the scarcity of islet sources or pancreas donors 
poses an obstacle for islet transplantation (5-7). In order 
to address these concerns, studies have been performed to 
develop a method for the differentiation of mesenchymal 
stem cells (MSCs) into insulin secreting cells (8-10).

MSCs, including bone marrow stem cells and adipose 
derived stem cells (ADSCs), are known to differentiate into 
insulin-producing cells (IPCs) (11-13). Several studies have 
reported protocols for differentiation of MSCs into IPCs 
(14,15). However, it is necessary to improve the methods of 
differentiation of ADSCs into IPCs for clinical use. 

Glucosamine is known to be a structural polysaccharide 
found in chitosan or chitin in the exoskeleton of crustaceans 
and arthropods, and glucosamine sulphate is the sulphate 
derivative of the natural amino monosaccharide glucosamine. 
Glucosamine plays a role in the formation and function 
of tendon, skin, bone, heart valves, blood vessels, articular 
surfaces, and mucus secretions of the digestive and 
respiratory tracts (16). In addition, glucosamine has been 
reported to increase migration and proliferation of stem cells. 
Glucosamine enhances the differentiation of cartilage from 
stem cells (17,18). In this study, we investigated whether 
addition of glucosamine into the differentiation medium 
of hADSCs for differentiation into IPCs is beneficial for 
improvement of generation of functional IPCs.

Methods

Culture of human adipose-derived stem cells (hADSCs) 

hADSCs (Thermo Fisher Scientific, MA, USA) were grown 
on cell culture plates in growth medium (MesenPRO RSTM 
Medium kit; Thermo Fisher Scientific) containing 1% 
penicillin-streptomycin (Welgene, Deagu, Korea) and 1% 
GlutaMax (Gibco, Life Technologies, Grand Island, NY, 
USA) for 3–4 days. hADSCs between passages 3–6 were 
seeded in 12-well plates (5×105 cells/well) and used for 
differentiation. 

Differentiation of hADSCs into IPCs

hADSCs (5×105 cells/well) were seeded into 12-well plates 

and then grown in the differentiation medium following the 
procedure for differentiation as shown Figure 1A. 

As illustrated in Figure 1A, five differentiation protocols 
were used: (I) protocol C, which involved 3 days of 
incubation in basic medium [serum-free DMEM/F12 
(1:1) medium supplemented with 1% B27 serum-free 
supplement (Thermo Fisher Scientific), 1% N2 supplement 
(Thermo Fisher Scientific), and 1% penicillin/streptomycin 
(Gibco)] plus 50 ng/mL activin A (PeproTech, NJ, USA) 
and 2 mM valproic acid (Sigma-Aldrich, MO, USA),  
3 days of incubation in basic medium plus 10 nM exendin-4 
(Ex-4; Sigma-Aldrich) and 10 ng/mL fibroblast growth 
factor-basic (bFGF; Sigma-Aldrich), 6 days of incubation 
in basic medium plus 10 nM Ex-4 (Sigma-Aldrich),  
50 ng/mL human growth factor (HGF; PeproTech) and  
10 mM nicotinamide (Sigma-Aldrich), (II) protocol G, which 
involved only 6 days of incubation in growth medium (low 
glucose DMEM medium supplemented with 10% FBS 
and 1% penicillin/streptomycin) plus 10 mM glucosamine 
(Sigma-Aldrich), 6 days of incubation in growth medium 
(DMEM medium supplemented with 10% FBS and 1% 
penicillin/streptomycin); (III) protocol G1, the same as 
Protocol C except that 10 mM glucosamine is added for the 
first 3 days; (IV) protocol G2, the same as Protocol C except 
that 10 mM glucosamine is added for the second 3 days; (V) 
protocol G3, the same as Protocol C except that 10 mM 
glucosamine is added for the last 6 days. After differentiation, 
samples were collected for various experiments.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was isolated from cells using Trizol reagent 
(TaKaRa, Shiga, Japan) according to the manufacturer’s 
protocol. RNA was treated with DNase to remove genomic 
DNA. cDNA was synthesized using 2 μg RNA using a 
PrimScriptTM 1st strand cDNA synthesis kit (TaKaRa). 
PCR was performed in duplicates and the reaction 
mixture contained the SYBR Green mixture (TaKaRa), 
100 pmol of each, forward and reverse primers, and 50 ng  
cDNA template. PCR amplification was carried out 
using the CFX96 Touch™ Real-Time PCR Detection 
System and completed in 40 cycles. Relative gene 
expression levels were normalized with those of human 
cyclophilin using the comparative CT method. Primers 
were designed to amplify the following gene sequences: 
Cyclophilin F; TGCCATCGCCAAGGAGTAG, R; 
TGCACAGACGGTCACTCAAA, insulin F; GCAGC 
C T T T G T G A A C C A A C A ,  R ;  T T C C C C G C A C 
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Figure 1 Morphological changes in IPCs by glucosamine treatment during differentiation of hADSCs. (A) Schematic diagram of 
differentiation protocol for hADSCs to IPCs; (B,C,D,E,F) morphological changes observed under a phase-contrast light microscope at days 
0, 3, 6, 9, and 12 during differentiation of hADSCs into IPCs. (Scale bars, 50 μm; original magnification, ×40). hADSCs, human adipose-
derived stem cells; IPCs, insulin-producing cells.
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ACTAGGTAGAGA, pancreatic and duodenal homeobox1 
(PDX1) F; GAACTTGACCGAGAGACACATCAA, R; 
TTGTCCTCCTCCTTTTTCCACTT, neurogenin 
3  (NGN3),  F;  CGGAGTCGGCGAAAGAAG, R; 
CGTCCAGTGCCGAGTTGAG, Paired box protein 
Pax-6 (PAX6) F; TGCGACATTTCCCGAATTCT, R; 
GATGGAGCCAGTCTCGTAATACCT synaptotagmin-4 
( S y t 4 ) ,  F ;  A C C T C A C ATA A G A A C C AT,  R ; 
TTATTCACTAACTAATTCAACAAT, glucokinase (Gck), 
F; GGACTTTGAAATGGATGT, R; TGATGGTCTT 

CGTAGTAG, and glucose transporter 2 (Glut2) F; 
TACAATGACAGAAGATAA, R; ATAGTGAGATA 
TTATTACCT, forward (F) 5'-3' and reverse (R) 5'-3'.

Glucose stimulated insulin secretion (GSIS)

Insulin release from insulin secretory cells was measured 
using the Krebs Ringer bicarbonate (KRB) buffer. hADSCs 
were preincubated for 2 hours in the KRB buffer containing 
0.2 mM glucose (Gibco). For the first experiment, hADSCs 
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were incubated for 2 hours in KRB buffer containing 3 or  
20 mM glucose (Sigma-Aldrich). For the second experiment, 
cells were incubated with KRB buffer containing 3, 10, 17, 
or 24 mM glucose. Insulin released into these supernatants 
was measured using the human insulin ELISA kit (ALPCO, 
NH, USA) according to the manufacturer’s instructions. 
Insulin content was normalized with the protein content of 
corresponding cell lysates. 

Immunofluorescence staining

IPCs were embedded in optimum cutting temperature 
(OCT) compound (Tissue-Tek, CA, USA), and sectioned 
for histological analysis. For staining, sections were blocked 
with protein block serum free solution (Dako, CA, USA) 
for 1 hour at room temperature, incubated with primary 
antibodies overnight at 4 ℃, washed, then incubated with 
the secondary antibody for 1 hour at room temperature, and 
washed. For imaging, samples were mounted in fluorescent 
mounting medium (Dako). Representative images were 
taken using a confocal microscope (Carl Zeiss Inc., 
Oberkochen, Germany).

Statistical analyses

All values are expressed as mean ± standard error (S.E.). 
Statistical analysis was performed using the Student’s t-test 
and the Bonferroni procedure using the IBM SPSS statistics 
19 software. The value of statistical significance was set at 
P<0.05.

Results

Morphological changes in islet-like clusters during 
differentiation of hADSCs using glucosamine supplemented 
medium

We induced differentiation of hADSCs into IPCs using a 
three-step protocol as described previously (protocol C) (19). 
To investigate the effect of glucosamine on differentiation of 
IPCs, we added glucosamine to our original differentiation 
medium at different stages of differentiation for 12 days 
as shown in Figure 1A. Protocol G1 included addition of 
glucosamine at stage 1; protocol G2 included addition of 
glucosamine at stage 2; and protocol G3 included addition 
of glucosamine at stage 3. As a control, hADSCs were 
differentiated in growth medium containing glucosamine 
only (protocol G). 

Morphology of islet-like clusters differentiated using 
protocol C changed into a globular and smooth shape 
(Figure 1B). However, the islet-like clusters differentiated 
using protocol G showed a globular shape, although their 
surface was rough (Figure 1C). The cell surface was also 
slightly roughened in islet-like clusters differentiated 
using protocol G1, however, the shape of cells changed 
to a globular and smooth type upon differentiation using 
protocol G2 or G3 (Figure 1D,E,F).

Supplementation with glucosamine at a later stage of 
differentiation had the greatest effect on differentiation of 
hADSCs into IPCs

In order  to  determine the funct ional i ty  of  IPCs 
differentiated from hADSCs, we examined glucose-
stimulated insulin secretion (GSIS) by IPCs. Basal insulin 
levels (upon treatment with 3 mM glucose) in IPCs 
differentiated using protocols G1 or G3 were significantly 
higher as compared with those found upon using protocol 
C, insulin levels were found to be the highest upon using 
protocol G3 (Figure 2A). The islet-like clusters obtained 
upon differentiation using protocol G did not produce 
insulin (Figure 2A). GSIS (upon treatment with 20 mM 
glucose) in IPCs using protocol C were increased 2.2 fold as 
compared with those found using 3 mM glucose (Figure 2A).  
The insulin releases at 20 mM glucose in differentiated 
IPCs by protocols G1, G2, and G3 was 1.62, 1.68 or 2.65 
folds higher, respectively (Figure 2A). When we measured 
mRNA expression of transcriptional factors involved in 
regulation of the insulin gene and beta-cell differentiation, 
including PDX1 and NGN3 using qRT-PCR, we found 
that mRNA expression levels of insulin, PDX1, and 
NGN3 were significantly increased in IPCs differentiated 
using protocols G1, G2, and G3 as compared with those 
in IPCs differentiated using protocol C, with the highest 
expression seen in IPCs differentiated using protocol G3 
(Figure 2B). However, there were no significant differences 
in PAX6 expression among groups except the marginal 
increase observed by protocol G3 (Figure 2B). These results 
indicate that glucosamine supplementation promoted the 
differentiation of hADSCs into IPCs.

hADSCs differentiated into IPCs using protocol G3 showed 
increased expression of insulin and beta-cell transcription 
factors

As we found that protocol G3 was the most effective for the 
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Figure 2 The insulin secretion and beta-cell specific gene expression in IPCs differentiated from hADSCs by supplementation with 
glucosamine at different stages of differentiation. (A) Insulin secretion from differentiated IPCs on day 12 was measured using human 
insulin ELISA kit in the presence of low (3 mM) or high (20 mM) glucose concentrations (n=3). Data are mean ± S.E. *, P<0.05, **, P<0.01 
compared with 3 mM glucose in protocol C; ##, P<0.01 compared with 20 mM glucose in protocol C. (B) The mRNA expression of insulin, 
PDX1, NGN3 and PAX6 in differentiated IPCs on day 12 was analyzed by qRT-PCR (n=3–4). Data are mean ± S.E. **, P<0.01 compared 
with protocol C. PDX1, pancreatic and duodenal homeobox 1; NGN3, Neurogenins 3; PAX6, Paired box protein Pax-6. hADSCs, human 
adipose-derived stem cells; IPCs, insulin-producing cells.

differentiation of hADSCs into IPCs, all the experiments 
were then carried out using protocol G3. We examined the 
protein expression of insulin, glucagon, and C-peptide using 
immunofluorescence staining. Expression of insulin and 
C-peptide, known as insulin secretion markers in pancreas, 
was clearly increased in IPCs differentiated using protocol 
G3 as compared with that in IPCs differentiated using 
protocol C, whereas glucagon expression was not different 
between IPCs differentiated using different protocols 
(Figure 3A,B,C). We also checked the percentage of insulin-, 

C-peptide- and glucagon-expressing cells within the cluster. 
We found that approximately 44%, 52%, 66% of the 
DAPI-stained cells were insulin-, C-peptide- and glucagon-
positive cells, respectively, in clusters by protocol C; these 
percentages increased to 87%, 87% and 68% in clusters by 
protocol G3.

When we examined the expression of beta-cell 
transcription factors before (day 6) and after addition 
of glucosamine (day 9 by Protocol G3), the mRNA 
expression levels of insulin, PDX1, and NGN3 were 
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Figure 3 Immunofluorescence staining of insulin, C-peptide, and glucagon in IPCs differentiated from hADSCs. The IPCs were prepared 
on day 12 of differentiation by protocol C or G3 in the presence of 17.5 mM glucose concentration. (A,B,C) Cells were stained with (A) 
anti-insulin (red), (B) anti-C-peptide (red), or (C) anti-glucagon (red) antibodies, followed by DAPI staining (blue) for nuclei and observed 
under a confocal fluorescence microscope. (Scale bars, 10 μm; original magnification, ×600). hADSCs, human adipose-derived stem cells; 
IPCs, insulin-producing cells.

significantly increased on day 9 after differentiation of 
IPCs using protocol G3, as compared with those found 
in IPCs differentiated using protocol C (Figure 4A,B,C). 

These results suggest that the differentiation of hADSCs 
into IPCs was significantly enhanced after addition of 
glucosamine.
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IPCs differentiated using protocol G3 increased insulin 
secretion in response to glucose treatment in a dose 
dependent manner

In order to examine the ability of insulin secretion of 
differentiated IPCs, they were incubated in the presence of 3, 
10, 17, or 24 mM glucose. IPCs differentiated using protocol 
C showed 1.1-, 1.4- or 2-fold increase in insulin secretion 
upon treatment with 10, 17, or 24 mM glucose, respectively, 
as compared with that in the presence of 3 mM glucose 
(Figure 5A). IPCs differentiated using protocol G3 showed 
1.2-, 1.5-, or 2.7-fold increase in insulin levels in the presence 
of 10, 17, or 24 mM glucose, respectively, as compared with 
that in the presence of 3 mM glucose (Figure 5A). Consistent 
with the results shown in Figures 2 and 3, insulin release 
from IPCs differentiated using protocol G3 was significantly 
higher in both, basal and glucose-stimulated conditions as 

compared with that from IPCs differentiated using protocol 
C (Figure 5A). 

To investigate whether glucosamine-promoted insulin 
secretion is induced by the expression of genes related 
to the insulin secretion machinery, we examined the 
mRNA expression of Syt4, Gck, and Glut2 in the IPCs 
differentiated using protocol C and G3. Compared with 
that in IPCs differentiated using protocol C, the expressions 
of Syt4, Gck, and Glut2 were increased 9.3, 4.7, and  
6.2 folds in IPCs differentiated using protocol G3, 
respectively (Figure 5B). These results indicate that insulin 
secretion promoted by glucosamine in the late stage of 
differentiation from hADSCs into IPCs.

Discussion 

In this study, we found that supplementation of the IPC 

Protocol C Protocol C Protocol C
Protocol G3

Day 6 Day 6 Day 6Day 9 Day 9 Day 9

Protocol G3 Protocol G3
10

8

6

4

2

0

12

10

8

6

4

2

0

8

6

4

2

0

R
el

at
iv

e 
in

su
lin

 m
R

N
A

 
le

ve
l (

fo
ld

s)

R
el

at
iv

e 
P

D
X

1 
m

R
N

A
 

le
ve

l (
fo

ld
s)

R
el

at
iv

e 
N

G
N

3 
m

R
N

A
 

le
ve

l (
Fo

ld
s)

#
## ##** **

**
*

A B C

Figure 4 Changes in expression of insulin, PDX1 and NGN3 mRNA after addition of glucosamine in IPCs differentiated by protocol G3. 
(A,B,C) The mRNA expression of (A) insulin, (B) PDX1, and (C) NGN3 was analyzed by qRT-PCR (n=3). Data are mean ± S.E. *, P<0.05, 
**, P<0.01 compared with protocol C on day 6; #, P<0.05, ##, P<0.01 as compared with protocol C on day 9. 

7

6

5

4

3

2

1

0

12

10

8

6

4

2

0

R
el

at
iv

e 
in

su
lin

 s
ec

re
tio

n 
le

ve
l (

Fo
ld

s)

R
el

at
iv

e 
m

R
N

A
 le

ve
l 

(fo
ld

s)

Protocol C Protocol C

Protocol G3 Protocol G3

3 mM 10 mM

Glucose (Conc.)

**
*

*

*

**

** **

**
**

#

17 mM 24 mM
Syt4 Gck Glut2

A B

Figure 5 Glucose concentration-dependent insulin secretion and upregulation of Syt4, Gck, and Glut2 in IPCs differentiated by protocol 
G3. The IPCs on day 12 of differentiation were prepared as described in the Methods section. (A) IPCs were incubated with the indicated 
concentrations of glucose and insulin secreted in the medium was measured using insulin ELISA kit (n=3). Data are mean ± S.E. *, P<0.05, 
**, P<0.01 compared with 3 mM glucose in protocol C; #, P<0.05 compared with 3 mM glucose in protocol G3. (B) The mRNA expression 
of Syt4, Gck, and Glut2 in differentiated IPCs was analyzed by qRT-PCR (n=3). Data are mean ± S.E. **, P<0.01 compared with protocol C. 
Syt4, synaptotagmin 4; Gck, glucokinase; Glut2, glucose transporter 2. IPCs, insulin-producing cells.



Hong et al. Glucosamine promotes the differentiation of islet-like cells

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(8):561 | http://dx.doi.org/10.21037/atm.2020.03.103

Page 8 of 10

differentiation medium with glucosamine promotes 
the differentiation of hADSCs into IPCs. Addition of 
glucosamine at a later stage during stepwise differentiation 
increased the expression of beta cell-specific genes, insulin 
secretory genes and glucose sensor-related genes, and also 
increased insulin secretion.

MSCs, including bone marrow stem cells and ADSCs have 
been used for cell therapy for a variety of diseases, such as 
cardiovascular disease (20), liver disease (21) and diabetes (22).  
In addition, MSCs are known to be multipotent, and thus 
can differentiate into various cell types (such as adipocytes, 
osteocytes, endothelial cells, and myocytes) (23). In 
particular, MSCs have been found to differentiate into 
islet-like cells and various methods for their differentiation 
have been examined in order to increase their efficiency of 
differentiation into IPCs functionally similar to endogenous 
beta-cells (8,22,24). hADSCs can be conveniently extracted 
from tissues removed during selective cosmetic liposuction, 
and can also be obtained from resected adipose tissue (25). 
In our previous study, we established a stepwise protocol for 
the differentiation of hADSCs to IPCs (19). In this study, 
we attempted to improve the differentiation protocol by 
supplementation of the culture medium with glucosamine. 

Glucosamine is known to be useful for the treatment of 
osteoarthritis, and several reports have documented the use 
of glucosamine for the differentiation of mouse embryonic 
stem cells into cartilage (18). Addition of glucosamine 
alone to the growth medium of hADSCs did not affect 
the differentiation of hADSCs to IPCs. Supplementation 
with glucosamine at a later stage had the greatest effect 
on IPC differentiation and basal insulin secretion (upon 
treatment with 3 mM glucose), which was about 2.65 folds 
as compared to that seen on IPCs differentiated using the 
conventional protocol (protocol C). These results indicate 
that glucosamine might affect the maturation stage of 
pancreatic beta-cells.

Pancreas is an endocrine gland that produces many 
important hormones that circulate in the blood, such as 
glucagon, insulin, somatostatin and pancreatic polypeptide 
which are produced from alpha-, beta-, delta-, or pancreatic 
polypeptide cells (pp-cells), respectively (26). PDX1 is 
known to be an important factor for the development of 
endocrine pancreas and maintenance of pancreatic beta-
cell function (27) and NGN3 is an endocrine progenitor 
cell marker (28). Addition of glucosamine at any stage of 
differentiation significantly increased the expression of 
PDX1 and NGN3 as well as insulin mRNA, although 
the addition at a later stage most significantly increased 

expression of these genes. These results indicate that 
glucosamine might mostly affect the commitment to the 
endocrine lineage. However, the detailed mechanisms for 
this action of glucosamine require further investigation.

Pancreatic beta-cells secrete insulin in response to 
glucose. Glut2 present on the surface of beta-cells senses 
glucose levels; when glucose levels are elevated, glucose 
transferred through Glut2 is degraded by Gck to produce 
ATP. Increased ATP is used for insulin release by exocytosis 
(29-32). Therefore, Glut2 and Gck are very important for 
glucose sensing and glucose-responsive insulin secretion. 
In addition, Syt4 is known to be involved in exocytosis 
during secretion of insulin when insulin granules are 
fused to the surface of the plasma membrane (33-35). 
Our data show that insulin secretion is significantly 
increased in differentiated IPCs when glucosamine 
is added at a later stage. Therefore, we examined the 
expression of these molecules in differentiated IPCs using 
protocol G3 and found that their expression levels were 
significantly increased as compared with those seen in IPCs 
differentiated using the conventional protocol, namely 
protocol C. The increase in insulin secretion and dose-
dependent glucose responsiveness of differentiated IPCs 
using glucosamine might also be due to the increase of the 
expression of molecules involved in the insulin secretion 
machinery.

In conclusion, we found that glucosamine supplementation 
promotes the differentiation of hADSCs into glucose-
responsive insulin secretory cells through the increase 
of mRNA levels of beta-cell specific genes, including 
insulin, PDX1 and NGN3. In addition, glucosamine 
supplementation also increases mRNA expression levels of 
genes such as Syt4, Gck and Glut2 in differentiated IPCs. 
These results indicate that glucosamine might be beneficial 
for the differentiation of hADSCs into functional beta-cells.
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