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Abstract 

Adiponectin is an adipocyte-secreting hormone that increases cell sensitivity to insulin. It has been 
previously demonstrated that this hormone protects against Type II Diabetes and, is found to 
concurrently promote cell proliferation and differentiation. It is postulated that diabetic patients 
who suffer from tendinopathy may benefit from using adiponectin, which not only improves the 
metabolism of diabetic ridden tenocytes but also promotes progenitor cell proliferation and dif-
ferentiation in tendons. These changes may result in tendon regeneration, which, in diabetic 
tendinopathy, is difficult to treat. Considering that such findings have yet to be demonstrated, a 
study was thus conducted using diabetic ridden human tenocyte progenitor cells (TPC) exposed to 
recombinant adiponectin in vitro. TPC were isolated from tendons of diabetic patients and exposed 
to 10μg/ml adiponectin. Cell proliferation rate was investigated at various time points whilst qPCR 
were used to determine the tenogenic differentiation potential. The results showed that adi-
ponectin significantly reduced blood glucose in animal models. The proliferation rate of adi-
ponectin-treated TPCs was significantly higher at 6, 8 and 10 days as compared to untreated cells 
(p<0.05). The levels of tenogenic genes expression (collagen I, III, tenomodulin and scleraxis) were 
also significantly upregulated; whilst the osteogenic (Runx2), chondrogenic (Sox9) and adipogenic 
(PPARУγ) gene expressions remained unaltered. The results of this study suggest that adiponectin 
is a potential promoter that not only improves diabetic conditions, but also increases tendon 
progenitor cell proliferation and differentiation. These features supports the notion that adi-
ponectin may be potentially beneficial in treating diabetic tendinopathy. 

Key words: Adiponectin, Tenocyte progenitor cells, Tissue engineering, tenogenic differentiation, 
diabetic tendinopathy 

Introduction 
Due to the chronic metabolic insult to the so-

matic cells of patients with Type II diabetes, it is not 
unexpected for the cells and thus the structural prop-
erties of connective tissues these cells maintain, to 

undergo accelerated degenerative changes [1]. It has 
been shown that particularly in diabetes, changes in 
tendon properties led to the increase in the prevalence 
of tendon rupture. This condition is well described in 
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many literatures, and is commonly known as diabetic 
tendinopathy [2]. This pathology is recognized clini-
cally by the increase in tendon stiffness, thickness, and 
excess calcification of the affected site [3-6]. In addi-
tion, several studies have demonstrated that sustained 
hyperglycaemia affects the metabolisms of all cells 
including tendon resident cells, also known as 
tenocytes, which ultimately leads to poor tendon 
mechanical properties [7, 8] and healing [9]. 

The use of adiponectin, which is an adipocyte 
secreting hormone and cytokine, has been shown to 
not only control type II diabetes and metabolic syn-
drome by increasing insulin sensitivity of cells, but 
also improve cell proliferation and differentiation 
[10-13]. These effects however, have not been demon-
strated in diabetic ridden tendon progenitor cells, 
which may prove to be beneficial in diabetic patients 
since adiponectin not only addresses the metabolic 
issues of diabetic ridden cells but will also improve 
tissue regeneration. A study was thus conducted to 
investigate the effects of recombinant adiponectin on 
the proliferation and differentiation of tenocyte pro-
genitor cells form diabetic patients, which if success-
ful, may prove to be a potential therapeutic agent for 
treating diabetic tendinopathy. 

Materials and methods 
Gene construction and cloning 

Adiponectin gene reference sequence was ob-
tained from GenBank (NC_000003.10). The coding 
region of adiponectin gene (partial exon 2 and exon 3) 
was amplified individually by PCR using human ge-
nomic DNA as a template. The two fragments were 
then joined by overlap-extension PCR procedures. 
The resulting DNA fragment was then cloned in 
pGEM®-T cloning vector. After sequence verification, 
the recombinant plasmid was double digested with 
BamHI and HindIII and digested fragments were pu-
rified using the QIAquick Gel Extraction kit 
(QIAGEN, Germany) as described in the manufac-
turer’s protocol. The full-length adiponectin DNA 
fragment was cloned into pTrcHis vector (Invitrogen, 
USA) and transformed into Escherichia coli BL21.  

Protein expression 
Recombinant E. coli were grown on solid 

LB/ampicillin (100 µg/ml) plates at 37°C overnight. 
A single colony was selected to inoculate 10 ml to start 
cell culture. The starter culture was centrifuged at 
3000rpm for 10 min and the cell pellet was resus-
pended in 10 ml LB. One litre LB/ampicillin (100 
µg/ml) were inoculated with starter culture and in-
cubated at 37°C until OD600 was approximately 0.5. 
Expression of recombinant protein was induced by 

adding isopropylthiogalactoside (IPTG) to a final 
concentration of 0.5 mM and expression was contin-
ued for 6 h at 37°C. A sample of one ml was taken 
before and after induction for analysis using 
SDS-PAGE.  
Protein purification  

Protein samples were purified by His Grav-
iTrapTM Flow (Amersham Biosciences, USA) column 
containing pre-charged Ni SepharoseTM 6 Fast. In 
brief, cell pellet was collected by centrifugation and 
resuspended in column buffer (20mM sodium phos-
phate buffer and 500mM NaCl, pH 7.4). Cell suspen-
sion was subjected to 3 cycles of freeze and thaw then 
supernatant was collected after centrifugation at 
10,000rpm, 4°C for 30min. The column was normal-
ized with 10ml of phosphate buffer (20mM sodium 
phosphate buffer and 500mM NaCl, pH 7.4). The 
sample (6ml) was loaded into the column and the 
column was washed with 10ml of binding buffer 
(phosphate buffer containing 20mM imidazole, pH 
7.4). The recombinant protein was eluted with 4ml of 
elution buffer (phosphate buffer containing 200mM 
imidazole, pH 7.4).  

Western immunoblotting 
Protein samples were loaded into 12% gels 

SDS–PAGE, and then transferred to a nitrocellulose 
membrane (1h, 100V). Following the transfer, the 
membrane was blocked in Tris Buffered Saline with 
Tween-20 containing 50 g/L skimmed milk for 2h, 
and then incubated with first monoclonal antibody for 
2h at room temperature. The membrane was washed 
three times with Tris Buffered Saline (15 min each 
time) and then incubated with secondary antibody 
conjugated with alkaline phosphatase for 2h. The 
membrane was then washed again with Tris Buffered 
Saline as described previously, and finally developed 
using Western Blue®stabilized substrate (Promega, 
USA). Relative quantification of protein markers 
compared to untreated control were analyzed using 
Image J software. 

Recombinant Adiponectin Bioactivity  
Experiments to assess the bioactivity of recom-

binant adiponectin were conducted on ICR female 
mice. To study the effect of adiponectin dosage on 
blood glucose and lipids, three groups of mice (n=6 
each) were fasted for 4 hours, before being gavaged 
with high fat-sucrose diet (v=0.1% BW). In-
tra-peritoneal injection of adiponectin was done im-
mediately after feeding at 1.25 mg/kg body-weight 
for low-dose treatment and 2.5 mg/kg body-weight 
for high-dose treatment. One group of mice was in-
jected with 0.5 ml saline as control. Blood glucose was 
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measured using a glucometer hourly for four hours. 
For oral glucose tolerance test experiments, two 
groups of animals were fasted overnight and then 
received oral glucose challenge (2 g/kg body-weight, 
via gavaging). Injection of 2.5mg/kg body-weight of 
adiponectin was done immediately after gavaging, 
and glucose level was measured from blood collected 
through tail bleeds at 1, 2 and 3 hours. 

Isolation of tenocyte progenitor cells (TPCs)  
Study was conducted in accordance to the ethics 

approved protocol by University of Malaya Medical 
Centre ethics approval board (Reference No. 602.22). 
Tenocytes were isolated from discarded human ten-
don specimens from amputated lower limbs of estab-
lished Type II diabetic mellitus patients (n=3) i.e. for 
more than 5 years on therapy, following methods de-
scribed previously [14, 15]. In brief, the tissue sample 
was subjected to enzymatic digestion using 3 mg col-
lagenase type I (Sigma, USA) in 1 ml phosphate buff-
ered saline (PBS) at 37°C for 1 hr. The cell pellets was 
resuspended in growth medium consisting of Dul-
becco’s modified Eagle’s medium (DMEM; Gibco 
-Invitrogen, USA) supplemented with 20% fetal bo-
vine serum (FBS; Gibco -Invitrogen, USA), 100 μM 
2-mercaptoethanol (Sigma-Aldrich, USA), 100 U/ml 
penicillin and 100 μg/ml streptomycin (Gibco 
-Invitrogen, USA) and incubated at standard condi-
tions (humidified atmosphere, 5% CO2, 37°C) for 
enough expansion. The flasks with confluent cells 
were trypsinized using 0.25% trypsin (Invitrogen, 
USA) and a single-cell suspension of 1cell/μl was 
prepared and cultured in T75 flasks at 37°C with 5% 
CO2. The TPCs were able to form colonies after 14 
days while the elongated tenocytes failed to spread as 
individual cells. The individual tenocytes around the 
colonies were detached using 0.1% trypsin prepared 
in PBS and applied for 15 min. The detached cells 
were collected by micropipette and subcultured in 
new T25 flasks. The remaining colonies were de-
tached using 0.25% trypsin for 10 min and transferred 
to another T25 flasks for further expansion, with the 
addition of regular growth medium (DMEM plus 10% 
FBS).  

Cell proliferation and differentiation  
Tenocyte progenitor cells were extended to pas-

sage 3 and plated at 104/ well in 6 well plates. FBS free 
DMEM medium was supplemented with 10 μg/ml 
adiponectin for the treatment group (5 plates) whilst 
the medium of control group (5 plates) was supple-
mented with bovine serum albumin (BSA). Prolifera-
tion rates were determined at 2, 4, 6, 8 and 10 days. At 
each time point, the cell count of treatment and con-
trol plates (2 plates, 6 replicate each) were performed 

using hemocytometer. Population doubling time was 
used to determine the proliferation rate as a total 
culture time divided by the number of generations. 
The number of generations was calculated as 
log2Nc/N0 where Nc is the population at confluence 
while N0 is the population of initially seeded cells.  

Gene expression analysis 
Real time PCR was used to study the expression 

level of tenogenic gene markers collagen I, collagen 
III, tenomodulin and scleraxin as well as other gene 
markers like osteogenic gene marker Runx2, chon-
drogenic gene marker Sox9 and adipogenic gene 
marker PPARУ to determine if cells had drifted into 
an unwanted lineages i.e. osteogenic, chondrogenic 
and adipogenic lineages. The TPCs were plated at 
106/ T75 flask and maintained in FBS free DMEM 
medium supplemented with 10 µg/ml adiponectin 
(Treatment group) or BSA (Control group). Cells were 
harvested after 48 hrs and total RNA was extracted 
using RNA extraction kit (Promega, USA). Re-
verse-transcription was performed using cDNA syn-
thesis kit (Invitrogen, USA) to prepare first strand 
cDNA that was used as template for RT-PCR analysis 
using SYBR Green PCR kit (BioRad, USA). The PCR 
program consisted of an initial step of 10 seconds at 
95°C, followed by 40 cycles of denaturing at 95°C, 
annealing at 50°C for 5 seconds and extension at 60°C 
for 31 seconds. The relative level of genes expression 
was quantified using the β-actin gene as an endoge-
nous control. 

Results  
Adiponectin cloning and production in E. coli 

The full length DNA fragment of adiponectin 
was constructed by overlapping exon 2 (204 bp) with 
exon 3 (531 bp) to get the entire adiponectin coding 
sequence of 734 bp that was cloned into E. coli ex-
pression vector pTrcHis (Fig. 1A). The recombinant E. 
coli cells that harbour the expression vector 
pTrcHis-Adiponectin were able to produce the re-
combinant adiponectin (30 kDa) as a soluble protein 
after induction with IPTG (Fig. 1B). Western blot 
analysis using anti-adiponectin antibody confirmed 
that the purified recombinant adiponectin was pro-
duced in a trimer protein by E. coli (Fig. 1C).  

 Adiponectin bioactivity  
 To confirm the biological activity of recombi-

nant adiponectin, ICR mice were fed with high 
fat-sucrose diet and injected with recombinant adi-
ponectin. Adiponectin were able to reduce blood 
glucose levels significantly (p<0.01) at all time points 
(Fig. 2A). The ability of recombinant adiponectin in 
reducing blood glucose levels was also evaluated by 
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glucose tolerant test. The results showed that the re-
combinant adiponectin significantly (p<0.01) reduced 
blood glucose after 1, 2 and 3 hrs of gavaging over-
night fasting animals with 2 g/kg glucose (Fig. 2B).  

 Isolation of tenocyte progenitor cells  
 A single-cell suspension of 1cell/μl was cul-

tured in normal growth medium (Fig 3A). The 
rounded shape cells were able to form small colonies 
after 7 days whilst the elongated cells remained qui-
escent (Fig. 3B and 3C). Colonies diameter increase 
gradually from 7 to 14 days and many colonies were 

different in size and shape, which occupied most of 
culture flask. However, the elongated tenocyes spread 
individually among the colonies that were easily de-
tached by low concentration trypsin and cultured in 
new flasks. Colonies contain compact central and pe-
ripheral cells without recognized border (Fig. 3D). 
However, isolated peripheral cells exhibited higher 
growth rate than the central cells (data not shown). 
After three passages, TPCs exhibited cobblestone 
shape (Fig. 3E) whilst mature tenocytes maintained its 
elongated shape (Fig. 3F).  

 

 
Figure 1. Production of recombinant adiponectin as a soluble protein by E. coli. (A) The construction of adiponectin DNA fragment by 
overlapping exon 2 with exon 3 using overlapping extension PCR (L1, exon 2; L2, exon 3; L3, Full length DNA). (B) The SDS-PAGE analysis of adiponectin 
production in E. coli. Before IPTG induction, the recombinant protein was not detectable (L1) whereas the band density of recombinant protein was 
increase gradually after 2, 4 and 6 hrs of IPTG induction (L 2, L3 and L4). (C) The Western blot analysis of adiponectin molecules under reducing and 
non-reducing condition. The molecular weight of recombinant adiponectin was approximatly 30 kDa (L1) and higher molecular weights of adiponectin were 
detected as a dimer and trimer (L2 and L3). 

 
Figure 2. Blood glucose lowering in ICR mice by recombinant adiponectin. (A) The mice were fed with high fat-sucrose diet (v=0.1% BW) and 
injected with 2.5 mg/kg of recombinant adiponectin. Blood glucose was measured after 1, 2, 3 and 4 hrs. Adiponectin were significantly (p<0.01) lowered 
blood glucose at the four time points (p<0.01). (B) The mice were gavaged with glucose (2 g/kg) after overnight fasting and treated immediately with 
adiponectin (2.5 mg/kg). Glucose level was measured from blood collected through tail bleeds at 1, 2 and 3 hours. Blood glucose was lowered significantly 
(p<0.01) at all time points. 
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Figure 3. Isolation of tenocyte progenitor cells. A single-cell suspension of 1cell/μl was prepared and cultured in T75 flasks at 37°C with 5% CO2 (A). 
The rounded cells were able to form colonies after 14 days while the elongated tenocytes were failed and spread as individual cells (B and C). The colonies 
comprised of central compact cell and peripheral cells (D). To separate the individual tenocytes, 0.1% trypsin prepared in PBS was applied for 15 min. The 
detached cells were collected by micropipette and subcultured in new T25 flasks. The remained colonies were detached 0.25% trypsin for 10 min and 
transferred to other T75 flasks for further expansion with addition of regular growth medium. After three passages, TPCs exhibited cobblestone shape (E) 
whilst mature tenocytes maintained its elongated shape (F). (Bars: 50 μm). P= Peripheral cells, C = Central cells 

 
 

The effect of adiponectin on TPCs prolifera-
tion 

Adiponectin dosage and the time points in this 
study were chosen based on pilot experiments that 
were carried out first as a preliminary study (data not 
shown). Tenocyte progenitor cells were plated on 104/ 
well in 6 well plates and supplemented with 10 μg/ml 
adiponectin for the treatment group whilst the control 
group was supplemented with bovine serum albumin 
(BSA) as descried previously [13]. Cells count after 
treatment with adiponectin remained similar at day 2 
and 4 as compared with control. However, there was 
gradual significant increase in cell proliferation at 6, 8 
and 10 days of treatment group as compared with 
control (Fig. 4A). After 10 days treatment with adi-
ponectin, the population doubling time decreased and 
cells growth rate increased significantly (p<0.05) as 
compared with control group (Fig. 4B). 

Gene expression analysis 
Tenocyte progenitor cells were harvested after 

incubation for 48 hrs with adiponectin. Total RNA 
was extracted and complementary DNA was gener-
ated by reverse transcriptase. Different sets of primers 

were designed to amplify specific fragments of each 
gene of interest and β-actin as endogenous gene (Fig. 
5). While the expression levels of PPARy, SOX9 and 
Runx2 were unaltered (Fig 5A), there was remarkable 
increase in the expression levels of tenogenic markers 
after treatment with recombinant adiponectin (Fig 
5B). Relative quantification data showed that collagen 
I, Collagen III, tenomodulin and scleraxis showed 
significant upregulation compared to control (2.0 fold 
±0.3, 1.73 fold ±0.25, 1.63 fold ±0.21 and 1.74 fold 
±0.24), while insignificant changes were observed in 
the expression levels of PPARy, SOX9 and Runx2 (Fig 
5C). These results was confirmed by Western blot 
analysis that showed significant up-regulation in the 
protein expression of tenogenic markers Collagen I, 
Collagen III, tenomodulin and scleraxis (2.26 fold ± 
0.24, 2.06 fold ± 0.22, 1.53 fold ± 0.17 and 1.60 fold ± 
0.12 respectively) with no changes in the expression 
levels of PPARy, Runx2 or SOX9 (Fig. 6). 

Discussion  
Previous studies have demonstrated that adi-

ponectin provides protection against metabolic syn-
drome by increasing insulin sensitivity of cells thus 
reducing the sustained condition of hyperglycaemia 
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observed in most diabetic patients. The development 
of this protein over recent years have been remarka-
ble, making adiponectin a likely candidate to be de-
veloped as a potential drug for treating diabetes in the 
near future [10, 16, 17]. It has been shown that the 
incidence of tendinopathy increases in diabetic pa-
tients, mainly attributed to insulin insensitivity of 
tenocytes [18]. Known as diabetic tendinopathy, af-
fected tendons appear to have an increase in stiffness, 
thickness, excess calcification and poor neovasculari-
sation [3, 4, 6]. These changes have been attributed to 
the structural disorganisation of collagen fibres be-
cause of the low expression level in collagen remod-
elling enzymes especially MMP-3 and the down reg-
ulation in collagen I and III [19]. Moreover, collagen 
solubility is altered by high level of free glucose mol-

ecules that attaches to collagen and thus increases the 
resistance of affected tendon to undergo remodelling 
by enzymatic degradation [20]. It is interesting to note 
that the present study offers a unique perspective of 
which the use of adiponectin not only addresses the 
issue of insulin insensitivity of cells in diabetic pa-
tients, such as TPC, but also open new prospects of 
being used as a potential inducer that increases cell 
proliferation and differentiation rates. This in turn 
improves tissue repair outcomes when used in spe-
cific conditions such as diabetic tendinopathy. As far 
as the authors of this paper are aware this is the first 
study that has reported such findings, indicating that 
this cytokine may have role in future clinical applica-
tions. 

 
Figure 4. The effect of adiponectin treatment on TPCs proliferation rate. The TPCs were extended to passage 3 and plated at 104/ well in 6 well 
plates. FBS free DMEM medium was supplemented with 10 μg/ml adiponectin or BSA as control. (A) Cells number increased significantly 6, 8 and 10 days 
compared to control. (B) After adiponectin treatment, population doubling time decreased and cells growth rate increased indicating that adiponectin 
treatment enhanced TPCs proliferation rate. * significant at 0.05 level. 

 
Figure 5: Analysis of gene expression in adiponectin-treated cells. (A) The TPCs showed low expression levels of osteogenic (Runx2), chon-
drogenic (Sox9) and adipogenic (PPARγ) gene markers which were not affected by treatment. (B) The expression of collagen I, Collagen III, tenomodulin 
and scleraxis were significantly higher than control. (C) Relative quantification of gene markers compared to untreated control, which was defined as 1.0 
fold, and then normalized to β-actin reference gene. Tenogenic gene markers Collage I, Collage III, tenomodulin and scleraxis showed significant upreg-
ulation compared to control (2.0 fold ±0.3, 1.73 fold ±0.25, 1.63 fold ±0.21 and 1.74 fold ±0.24). Results are expressed as mean ± SD from triplicate 
experiments. (** Significant at 0.01, * significant at P<0.05, ns: not significant). 
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Figure 6: Evaluation of tenogenic differentiation in adiponectin-treated cells by Western blot. (A) Proteins were separated by SDS-PAGE and 
transferred on the cellulose membranes to develop bands after incubation with specific antibodies. (B) Relative quantification of protein markers compared 
to untreated control using image analysis (Image J), which was defined as 1.0 fold, and then normalized to β-actin reference protein. Collagen I, collagen III, 
tenomodulin and scleraxis significantly upregulated (2.26 fold ± 0.24, 2.06 fold ± 0.22, 1.53 fold ± 0.17 and 1.60 fold ± 0.12 respectively). No significant 
changes were observed in the expression of PPARy and SOX9 while Runx2 was undetectable. Results are expressed as mean ± SD from triplicate ex-
periments. (** significant at 0.01, * significant at P<0.05, ns: not significant). 

 
The findings of this study demonstrated that not 

only was the tenogenic gene marker tenomodulin and 
scleraxis as well as collagen I and III were upregulat-
ed, the gene markers of other lineages (chondrocyte, 
adipocyte and osteocyte) were not affected suggesting 
that it is most likely the case that adiponectin will not 
cause ectopic tissue formation when used in vivo. The 
implications of this finding are wide ranging, among 
which it appears to suggest that better clinical out-
comes can be expected when applied in patients with 
diabetic tendinopathy. Previous studies have demon-
strated that by using conventional repair methods, 
chondrocyte-like cells are observed to be of the dom-
inant cell type at the insertion of ruptured Achilles 
tendon in diabetic patients [21]. It is thus suggested 
that this may the reason as to why tendon rupture 
occurs, namely because of the area of repair may have 
inappropriate mechanical properties that is unable to 
withstand the tensional mechanical loading imposed 
during normal activities [22, 23]. Additionally, it has 
also been demonstrated that in the absence of some 
tenogenic markers in damaged sites that were treated 
using conventional methods, tendon tend to develop 
tissues which have disorganized collagen fibre ar-
rangements. This further contributes to the likelihood 
of a rupture developing in these sites [24]. The up-
regulation of this gene in TPC treated with adiponec-
tin indicates that this may no longer be an issue if 
adiponectin is applied concurrently during tendon 

repair. However, despite all these promising indica-
tors, the efficacy of adiponectin will still need to be 
proven using more robust experiments possibly in-
volving pre-clinical models or even pilot human 
studies. At the time this paper is written, these initia-
tives are presently being conducted and hopefully 
will be reported in the near future. 

The mechanism by which adiponectin results in 
cell proliferation and more importantly induces spe-
cific lineage differentiation has yet to be demonstrated 
although, the mechanism by which this hormone re-
sults in increased insulin sensitivity in cells have been 
largely described [25-28, 24]. In short, the globular 
domain adiponectin mainly acts on adipoR1 whereas 
the full-length adiponectin is able to influence both 
adipoR1 and adipoR2 receptors [29]. Through these 
receptors, adiponectin stimulate glucose uptake and 
fatty acid oxidation through the activation of AMPK 
(AMP-activated protein kinase) and p38 mito-
gen-activated protein kinase (MAPK) [29]. In the 
present study, the full-length recombinant adiponec-
tin produced in E. coli as a trimeric isoform had the 
ability to reduce blood glucose levels in animals fed 
with high fat-sucrose diet or administrated with high 
glucose levels, which was similar to that reported by 
others [27]. It is one limitation that in the present 
study, we were not able to demonstrate that the in 
vitro TPC had better glucose uptake when adiponec-
tin were used, which will indicate that these cells may 
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have better metabolism rate hence resulting in the 
tenogenic genes being upregulated. Keeping in mind 
that another argument to this would be the fact that 
tendon-derived cells, such as TPC, may have low 
metabolism rate to begin with and therefore may not 
be affected when adiponectin is introduced in ten-
dons. Again, this can only be demonstrated using an 
appropriate in vivo model since the present study was 
not designed to address these issues.  

In conclusion, in addition to lowering glucose 
levels, adiponectin has demonstrated the ability to 
improve tenocyte progenitor cells proliferation and 
differentiation, which makes it a potential therapeutic 
agent in treating diabetic tendinopathy.  
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