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Abstract

v

Diabetes mellitus is a risk factor for various types
of tendon disorders. The mechanisms underly-
ing diabetes associated tendinopathies remain
unclear, but typically, systemic factors related to
high blood glucose levels are thought to be caus-
ally involved. We hypothesize that tendon imma-
nent cells might be directly involved in diabetic
tendinopathy. We therefore analyzed human
and rat tendons by immunohistochemistry, laser
capture microdissection, and single cell PCR for
pancreatic B-cell associated markers. Moreover,
we examined the short term effects of a single
injection of streptozotocin, a toxin for GLUT2
expressing cells, in rats on insulin expression of
tendon cells, and on the biomechanical proper-

ties of Achilles tendons. Tendon cells, both in the
perivascular area and in the dense collagenous
tissue express insulin and GLUT2 on both pro-
tein and mRNA levels. In addition, glucagon and
PDX-1 are present in tendon cells. Intraperitoneal
injection of streptozotocin caused a loss of insu-
lin and insulin mRNA in rat Achilles tendons after
only 5 days, accompanied by a 40% reduction of
mechanical strength. In summary, a so far unrec-
ognized, extrapancreatic, insulin-producing cell
type, possibly playing a major role in the patho-
physiology of diabetic tendinopathy is described.
In view of these data, novel strategies in tendon
repair may be considered. The potential of the
described cells as a tool for treating diabetes
needs to be addressed by further studies.

Introduction

v

Patients suffering from diabetes, both type I and
II, are often affected by various kinds of tendon
disorders, such as tendinitis or tendon rupture,
accompanied with impaired tendon healing [1-
3]. This has recently been confirmed in animal
experiments, showing that streptozotocin (STZ)
induced diabetes type I significantly reduces ten-
sile strength of rat Achilles tendons and rat patel-
lar tendons after 10 weeks and 19 days,
respectively [4,5]. Besides diabetes, obesity is
recognized as a risk factor for tendinopathy, indi-
cating the involvement of metabolic mechanisms
in the pathophysiology of tendon disorders
[6,7]. The mechanisms underlying diabetes- or
obesity-associated tendinopathies are presently
unclear, but the chronic exposure to systemic
metabolic factors such as high blood-glucose lev-
els in consequence of pancreatic B-cell deficien-
cies are thought to induce tendinopathies as a
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secondary event. We hypothesize that tendon-
immanent cells might be directly involved in
insulin-associated pathophysiology of tendin-
opathies. We therefore examined human and rat
tendons for cells expressing pancreatic f-cell
associated markers and their potential function.

Materials and Methods

v

Human materials, animals

All human materials were used with patients’
oral informed consents; names of witnesses are
held on file. The ethics committee of the Govern-
ment of Salzburg approved this study and stated
in approval # E699 from 2006 that oral informed
consent is sufficient, if no extra material is dis-
sected for the study, beyond medical indication.
Only material accruing from medically indicated
interventions was used.

All animal work was conducted according to rele-
vant national and international guidelines. The
animal experiments were approved by the ethics



committee of the Austrian Ministry for Science and Research
(approval # BMWEF-66.012/0003-11/3b/2011).

Human tendon and periosteum samples (biceps tendon, semi-
tendinosus tendon, palmaris longus tendon) were obtained with
patients’ informed consents (4 males aged 21, 24, 33, 62 years; 5
females aged 38, 45, 62, 68 years). The samples were immedi-
ately transferred to a solution of 4% paraformaldehyde (PFA) in
PBS.

Five female, 3 months old Lewis rats were fed with a high glu-
cose diet (Ssniff EF R/M glucose-rich, Ssniff, Soest, Germany) for
1 month. Twelve female, 3 months old Lewis rats received a sin-
gle intraperitoneal injection of streptozotocin (Zanosar®, TEVA
Pharmaceuticals, USA) (80mg/kg), and another 12 animals
served as control. After 5 days, the animals were killed by CO,
inhalation. Daily water uptake was determined for each animal
at day 0 and day 5, blood glucose was measured immediately
after killing the animals, using a blood glucose meter (Wellion,
HOME Diagnostics, Ft. Lauderdale, USA). Achilles tendons were
dissected and analyzed by qRT-PCR, immunohistochemistry,
Western blot, and biomechanical testing.

Immunohistochemistry

PFA fixed tissue samples were dehydrated in a graded ethanol
series and further processed for paraffin embedding. Six pum
thick sections were cut on a microtome (Microm HM 355, Ger-
many) and immunohistochemically stained with antibodies
specific for insulin, GLUT2, PDX-1, and SYP. In brief, sections
were rehydrated in a descending xylene/ethanol series and
endogenous peroxidase activity was quenched with methanol
containing 3% hydrogen peroxide for 30 min at room tempera-
ture. Following blocking of unspecific binding sites in BSA-PBS-
Tween containing diluent, incubation with primary antibody
(insulin: ProteinTech Group/# 15848-1-AP; GLUT2: Millipore,
Vienna, Austria #07-1402; PDX-1: ProteinTech Group # 10951-
1-AP; Synaptophysin: Santa Cruz # sc-7569; B-actin: Millipore,
Vienna, Austria MAB1501R; secondary Ab: anti rb IgG-Peroxi-
dase, Sigma-Aldrich, Vienna, Austria # A9169) was performed at
4°C overnight in a humidified chamber. After treatment with
Power Vision poly HRP-anti-rabbit IgG (ImmunoLogic, The
Netherlands) for 30 min at room temperature, the sections were
incubated with DAB (3,3'-diaminobenzidine tetrahydrochlo-
ride), ready to use tablets (Sigma-Aldrich, Vienna, Austria),
counterstained with NovocastraTM hematoxylin dye (Leica,
Vienna, Austria) for 4min, dehydrated, and mounted in Eukitt
(Sigma-Aldrich, Vienna, Austria).

Western blot

Lysates from rat and human tendons were prepared as described
previously [8]. Protein contents were quantified by using a BCA
protein assay kit (Pierce, Rockford, USA). Equal amounts of pro-
tein were subjected to SDS-PAGE using a 10 or 12.5% gel. After
blotting, the PVDF membrane was incubated in 5% nonfat dried
milk. Immunodetection was performed using primary antibod-
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ies recognizing insulin, GLUT2, B-actin and a secondary HRP-
labeled goat anti-rabbit/mouse antibody (Sigma Aldrich, Vienna,
Austria). Bands were visualized using the SuperSignal West Pico
Chemiluminescent Substrate from Pierce (Thermo Scientific,
Vienna, Austria).

Measurement of insulin secretion

Achilles tendons from 3 female Lewis rats were collected, cut
into small pieces under sterile conditions, followed by a 4-h
digestion in DMEM (Gibco/Invitrogen (Lofer, Austria) supple-
mented with 30mg/ml collagenase II (Gibco, Lofer, Austria) at
37°C, 95% humidity and 5% CO,. The resulting suspension of
single cells and vessel fragments was centrifuged; the pellet was
washed 3 times with PBS to dispose insulin from residual blood.
Insulin secretion was measured as described by Lumelsky et al.
[9] using static incubations in Krebs-Ringer with bicarbonate
buffer as follows: 120 mM NaCl, 5mM KCl, 2.5 mM CaCl,, 1.1 mM
MgCl,, 25 mM NaHCOs, and 0.1 % bovine serum albumin at 37 °C,
either with 5mM glucose or 30mM for 10 min. Secreted insulin
was assayed using insulin enzyme-linked immunosorbent assay
(ELISA) kit (Mercodia, Uppsala, Sweden) according to the manu-
facturer’s protocol. This experiment was repeated 3 times.

RNA isolation and quantitative reverse transcription
PCR (qRT-PCR)

Total RNA of rat Achilles tendons was isolated using PureZol rea-
gent (BioRad, Vienna, Austria) according to manufacturer’s
instructions. RNA was quantified photometrically and analyzed
on an agarose gel. One pg of each RNA sample was transcribed
into cDNA using the High Capacity RNA-to-cDNA master mix
(Applied Biosystems, Vienna, Austria). Quantification of gene
expression of insulin, scleraxis, and nestin was done with Taq-
Man Gene Expression Assays (© Table 1) and TagMan Gene
Expression master mix (Applied Biosystems, Vienna, Austria)
according to manufacturer’s instructions. As reference genes
HPRT1 and/or GAPDH were used and relative gene expression
was calculated according to Pfaffl [10].

Laser capture microdissection and single cell RT-PCR

A contact-free Leica AS LMD (Leica Microsystems, Vienna, Aus-
tria) was used. Tissue sections of human biceps tendons (3 pum)
mounted on PEN membrane slides (Leica Microsystems, Vienna,
Austria) were immunostained for insulin (as described above)
and cells positive and negative for insulin were cut under bright-
field microscopy. Cells were harvested directly into a mineral oil
containing RNase-free PCR-tube cap. For cDNA synthesis, high
capacity RNA-to-cDNA master mix (Applied Biosystems, Vienna,
Austria) was directly added to the cells and reverse transcription
was performed according to manufacturer’s instructions. For
PCR amplification TagMan Gene Expression Assays for insulin,
scleraxis, nestin, and GAPDH as control gene (© Table 1) and the
TagMan Gene Expression master mix were used according to

Table 1 TagMan gene expression assays.
Gene of interest TaqMan assay ID Acc. No.
HPRT1 Hs01003267_m1 Rn01527840_m1 NM_000194.2 NM_012583.2
GAPDH Hs99999905_m1 = NM_002046.3 =
INS1 Hs02741908_m1 Rn02121433_g1 NM_001185097.1 NM_019129.3
Scleraxis Hs03054634_g1 Rn01504576_m1 NM_001080514.1 NM_001130508
Nestin Hs00707120_s1 Rn00564394_m1 NM_006617.1 NM_012987.1
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manufacturer’s instructions. Amplified PCR products were ana-
lyzed by agarose gel electrophoresis.

Biomechanical testing

Achilles tendon-calcaneal bone complexes were isolated, 2
K-wires were inserted, one in the frontal plane of the calcaneal
bone, the other in sagittal plane, in order to allow correct posi-
tioning. The calcaneal bone was positioned and embedded in a
custom-made device by filling it up with Technovit (Heraeus
Kulzer, Germany). The tendon attachment area was not embed-
ded. The tendon was fixed in a screw grip using sandpaper (grain
size 100) and superglue. Specimens were tested on a universal
material testing machine (Zwick, Ulm, Germany) at 15 ° loading
angle at 0.1 mm/min until failure after a preload of 0.5N had
been applied. Force (N) was measured with a load cell of 200N
(accuracy class 1, Gassmann und Theiss) and recorded by a cor-
responding software (testXpert 1, Zwick, Ulm, Germany). Only
intratendinously ruptured tendons were included in the study.

Statistical analysis

All values are given as means with SD. For evaluating qPCR
results, student’s t-test was applied. Data on maximum tensile
load, water uptake, and blood glucose levels were analyzed by

Fig. 1 Immunohistochemical analysis of 6 pm
sections of a human biceps tendon stained with
antibodies directed against insulin a, b, GLUT2
¢, d, and PDX-1 e, f shows immunoreactive cells
in the perivascular area a, ¢, f. Also in the dense,
collagenous part of the tissue, some cells express
insulin (b, arrows), GLUT 2 (d, arrows), and PDX1 e.
PDX-1 localizes both in the cytoplasm (e, detail 1)
and in the nucleus (e, detail 2). Few cells in the
_ perivascular area are immunoreactive to an
antibody specific for synaptophysin (SYP) (g, black
arrows). Scale bars: 200 pm.

One Way ANOVA; results with a significant ANOVA were cor-
rected for multiple comparisons using the Tukey HSD test. All
p-values<0.05 are considered significant.

Results

v

Immunohistochemical analysis of human biceps tendon sam-
ples reveals a population of perivascular cells to be immuno-
reactive with antibodies against insulin (© Fig. 1a), GLUT 2
(© Fig. 1c) and PDX-1 (¢ Fig. 1f). Also cells in the dense, colla-
genous part of the tissue express these proteins (© Fig. 1b, d, e).
Neither insulin, nor GLUT 2, or PDX-1 could be detected in peri-
osteum by immunohistochemistry. Mainly perivascular cells are
immunoreactive to the synaptophysin antibody, less than 1% of
total tendon cells are stained (© Fig. 1g). The observed GLUT2
protein expression was confirmed by Western blot, showing a pro-
tein size of about 53 kD in both rat and human tendon (¢ Fig. 2a).
RT-PCR analysis of insulin expressing cells harvested by laser
capture microdissection shows that these cells express insulin
and glucagon as well as the tendon progenitor associated mark-
ers scleraxis and nestin (© Fig. 2b). Single cell RT-PCR analysis of
tendon perivascular cells confirms that insulin is coexpressed
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Fig. 2 Western blot analysis of rat Achilles tendons and a human biceps
tendon (male, 62 years) shows the expression of GLUT2 a. RT-PCR analysis
of insulin-positive human biceps tendon cells harvested by Laser capture
Microdissection shows that these cells express nestin, scleraxis, insulin,
and glucagon b. Single cell RT-PCR of manually isolated tendon perivascu-
lar cells confirms that nestin and insulin are coexpressed c.

with nestin (© Fig. 2c). Freshly isolated cells from rat tendons
respond to glucose stimulation by insulin secretion. Within
10min, cells in a suspension of 107 tendon cells secrete 0.14 pg
insulin (© Fig. 3a).

Rats treated with 80 mg/kg streptozotocin develop signs of dia-
betes within 5 days: water uptake increases 3-fold, blood glu-
cose levels increase from 124 mg/dl to 442 mg/dl. Western blot
analysis of the Achilles tendons of these animals 5 days after the
injection shows a complete loss of hexameric insulin (36kD)
(© Fig. 3b1). This observation is supported by qRT-PCR (© Fig.
3b). In the pancreas of these animals, the amount of insulin mRNA
relative to HPRT is significantly reduced by 21% (© Fig. 3b2).

The amount of insulin mRNA in the Achilles tendons of rats fed
with high glucose diet was found to be 16.2-fold increased
(£15%, p <0.01, n=5) after 4 weeks. The maximum tensile load
of Achilles tendon of STZ treated animals after 5 days is 39%
lower than in the control animals (p=0.01) (© Fig. 3c).

Discussion

v

Insulin production is typically associated with pancreatic 3-cells.
Nevertheless, various reports described extrapancreatic insulin-
producing tissues such as brain and thymus in nondiabetic indi-
viduals, as reviewed by Kojima et al. [11]. In the present work,
we describe a so far unrecognized cell type in human and rat
tendons expressing the pancreatic B-cell associated markers
insulin, glucagon, PDX-1, and GLUT2. We identify 2 populations
of insulin expressing cells: i) perivascular cells, and ii) spindle
shaped “tenocytes” within the dense collagenous tendon tissue.
Rats treated with STZ show an acute reduction in insulin levels
in the tendons along with a deficiency of mechanical strength.
Apparently, at least a subpopulation of these cells is functional
in terms of their capacity to release insulin upon glucose stimu-
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lation. In the cytoplasm of tendon cells we detect synaptophysin
immunoreactivity; synaptophysin was shown to be associated
with storage granules in pancreatic islet cells [12]. We could not
detect the expression of C-peptide in tendon cells by immuno-
histochemistry, which may be due to the low expression level.
Insulin mRNA expression is about 60-fold higher in pancreas
than in tendon (© Fig. 3b).

Taking into consideration that both insulin and insulin mRNA
are detectable in tendon cells and that tendon insulin mRNA lev-
els are influenced by dietary parameters, de novo synthesis of
insulin by tendon cells is very likely.

The existence of a population of insulin-producing cells in
human and rat tendons is surprising, since tendons are com-
monly considered to be of mesenchymal origin. Indeed, we and
others have shown that tendon-derived stem cells have mesen-
chymal stem cell like properties, such as their capacity of dif-
ferentiating into adipocytes, osteoblasts, and chondrocytes
[13-15]. The present data, that is, the coexpression of the stem/
progenitor cell markers nestin and scleraxis with insulin and
glucagon, suggest a premature state of at least a subpopulation
of the herein described insulin-producing tendon cells.

Possibly, insulin is involved in guiding the differentiation proc-
ess leading to mature tendon cells and/or participates in main-
taining this differentiated status. Along this line, it has been
shown that insulin induces differentiation of mesenchymal stem
cells towards a tendon cell like phenotype [16].

Insulin was shown to exert PDX-1-mediated protective effects
on pancreatic B-cells at physiological concentrations [17]. More-
over, insulin protects human tendon cells from dexamethasone
induced damage in vitro [18]. One may speculate that protective
effects of tendon-derived insulin play a role for tendon cells in
vivo, considering that tendon is a poorly vascularized tissue.
However, the biological function of insulin-producing tendon
cells under nonpathological conditions remains a matter of
speculation and needs to be addressed by further experiments.

Understanding the role of insulin and insulin-producing tendon
cells in tendon development and regeneration may pave the way
for new strategies in tendon repair. So far, tendon cells have been
poorly characterized, only few markers, such as scleraxis or ten-
omodulin, are known [15,19]. Interestingly, previous reports
described chronic effects of STZ on tendon strength, ascribing
their observations to elevated blood glucose levels [4,5]. Here,
we observe an acute significant reduction in tendon strength
already 5 days after STZ treatment. The short time period sug-
gests that STZ directly affected tendon cells and caused impair-
ment of the tendon’s mechanical strength. Light microscopic
analysis of sections from STZ treated tendons did not show any
apparent structural alterations (not shown).

In addition to their potential involvement in tendinopathies,
insulin-producing cells derived from tendon might have a thera-
peutic potential in diabetes mellitus. This, however, requires fur-
ther and more detailed investigations.
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Fig. 3 Enzymatically released rat Achilles tendon cells respond to glu-
cose stimulation by increased insulin secretion. The insulin released to the
cell supernatant is quantified by ELISA assay a. Both gqPCR b and Western
blot analysis b1 demonstrate downregulation of both insulin mMRNA and
insulin in rat Achilles tendons 5 days after injection of 80 mg/kg
streptozotocin. Pancreas levels of insulin mRNA were reduced by 20% b2.
Note that in control animals insulin mRNA expression is 60-fold higher in
pancreas than in tendon. The maximum tensile load of these tendons is
reduced by 39% after 5 days compared to untreated animals c.
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