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SUMMARY
Background. Obesity is associated with an increased risk of rotator cuff tears and 
impaired tendon healing after surgery. This study aimed: 1) to investigate the influ-
ence of patient body mass index (BMI) on cellular function in tenocytes derived from 
diseased torn human rotator cuff; 2) to determine if  BMI altered the response of teno-
cytes to tenogenic growth factors.
Methods. Tenocytes were isolated from torn supraspinatus tendons of patients under-
going rotator cuff surgery. Tenocyte growth and collagen production were determined 
by alamarBlue and Sirius red assays, respectively, at baseline and in the presence of 
IGF-1, TGF- β and PDGF after 72 hours. Changes in the relative expression of genes 
important in tenocyte, chondrocyte and osteoblast biology were determined using 
real-time PCR. Correlation analyses were performed between patient BMI and teno-
cyte function and gene expression. 
Results. BMI had no direct effect on tenocytes with no significant correlations between 
patient BMI and cellular behaviour, gene expression or response to growth factor 
treatment. Higher cellular growth and collagen production were observed in response 
to PDGF and TGFβ treatment, while IGF-1 had minimal effect. TGF-β was associat-
ed with higher expression of tenocyte-related genes, collagen Iα and scleraxis, while 
PDGF resulted in higher expression of adipose marker, PPAR-γ, suggesting it may be 
promoting de-differentiation from a tenocytic phenotype.
Conclusions. In summary, BMI does not influence tenocyte growth, collagen synthe-
sis or gene expression profile ex vivo. These findings have significant clinical implica-
tions, as they suggest that growth factor treatment will be effective in patients inde-
pendent of BMI.
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INTRODUCTION
Rotator cuff tendon tears are a common cause of shoulder pain 
and disability. With an increasingly active, ageing population, 
the demand for rotator cuff surgeries is rising (1–3). Despite 
recent advances in surgical technique, rates of post-operative 
re-tear remain high, and failed repairs result in persistent pain 
and loss of function (4–6). Surgical failure occurs mainly as a 
consequence of inadequate healing at the tendon-bone inter-
face (7, 8). 
Recently, obesity has been investigated as a risk factor for 
impaired rotator cuff healing. Several clinical studies have iden-
tified obesity as an independent negative risk factor for the 
occurrence and severity of rotator cuff tears (9–12) and report-
ed a negative correlation between obesity and impaired tendon 
healing response (13–15). Body mass index (BMI) is associ-
ated with higher re-tear rates after rotator cuff surgery and 
lower post-operative functional scores (16, 17). Despite obesity 
emerging as a key and a potentially modifiable risk factor for 
poor tendon healing, few studies have investigated its effects on 
tendon at the cellular level (9, 13, 16, 17). 
Over the past decades, orthopaedic research has focused on 
using growth factors to biologically augment tendon healing 
with promising results (18–20). Several growth factors have 
shown success in pre-clinical studies by promoting rotator cuff 
healing by increasing cellular recruitment, proliferation, differ-
entiation, extracellular matrix (ECM) synthesis, and remodel-
ling (21–23). In obese patients, high levels of pro-inflammatory 
cytokines and high mechanical load promote chronic low-grade 
inflammation that influences the activities of various mesenchy-
mal cells, including tenocytes (13, 14, 24–26). For this reason, 
tenocytes derived from obese patients may exhibit differential 
cellular phenotypes and respond differently to growth factor 
therapies. A better understanding of these mechanisms may 
help to develop more effective therapeutic interventions that 
could reduce the musculoskeletal sequelae of obesity.
We hypothesised that 1) patient BMI would be correlated with 
negatively altered tenocyte phenotype; 2) patient BMI would 
reduce the effects of growth factor treatments on tenocyte func-
tion and gene expression. The aims of this study were: 1) to 
investigate how patient BMI influences cellular phenotype in 
tenocytes derived from diseased torn human rotator cuff; 2) to 
determine if  BMI altered the response of tenocytes to growth 
factors insulin-like growth factor (IGF-1), transforming growth 
factor-β1 (TGF-β1) and platelet-derived growth factor (PDGF).

METHODS

Reagents and ethical approval
Dulbecco’s modified Eagle’s Medium: Nutrient Mixture F-12 
(DMEM/F-12), penicillin-streptomycin mixture (10,000 

U/mL), and fetal bovine serum (FBS) were obtained from 
Gibco (Thermo Fisher Scientific, Waltham, MA, USA). 
Bovine serum albumin (BSA) was obtained from Immuno- 
Chemical Products Ltd. (Auckland, New Zealand). IGF-1, 
PDGF and TGF-β1 were sourced from Sigma Aldrich (St 
Louis, MO, USA). 
For human tenocytes, human sample collection was approved 
by the New Zealand Ministry of Health Northern Region-
al Ethics Committee (NTX/05/06/058/AM14 - Date of 
approval: March 11, 2020). All participants provided writ-
ten informed consent for collection of samples. All partici-
pants were undergoing arthroscopic supraspinatus rotator 
cuff repair, had supraspinatus tendon tears and were symp-
tomatic prior to surgery. Demographic details on age, gender 
and ethnicity and biomorphic measurements on height 
(cm), weight (kg) and BMI (kg/m2) were collected. Tendon 
samples were divided into samples from healthy-weight and 
overweight patients (BMI < 30 g/m2), and those from obese 
patients with a high BMI (≥ 30 kg/m2) for a sub-group analysis 
(27). Because tear size has been correlated with progression 
of pathology with reduced likelihood of repair with chronic 
disease, tear sizes were classified as follows: small (≤ 1 cm), 
medium (> 1 and ≤ 3 cm), large (> 3 and ≤ 5 cm) and massive 
(> 5 cm in anterior-posterior length) (28, 29). Patients were 
excluded from the study if they were: < 18 years; had previ-
ous shoulder surgery; or had other shoulder pathology, rheu-
matoid arthritis or other systemic inflammatory diseases.

Primary tenocyte cell culture 
Primary tenocyte cell culture was performed, as previously 
described (30). Briefly, excess tissue from patients under-
going rotator cuff repair surgery was kept hydrated at 4 
°C until use. Supraspinatus tendon tissue was roughly cut 
into pieces smaller than 0.5 cm2 and digested in 0.5 mg/ml 
of dispase (Sigma-Aldrich) and 0.5 mg/mL of collagenase 
(Sigma-Aldrich) in DMEM/F-12 with 10% FBS at 37 °C 
for up to 18 hours until all ECM had been digested. The cell 
suspension was then passed through a cell strainer, washed, 
and re-suspended in enzyme-free media. Cells were cultured 
in DMEM/F-12 with 10% FBS in 75 cm2 flasks (Corning, 
Corning, NY, USA) and incubated at 37 °C with 5% carbon 
dioxide until confluent. Cell cultures were frozen down in 
liquid nitrogen before being used for these experiments. 

Cell viability assays
As described previously (30), primary human tenocytes 
were seeded in 24-well plates (Greiner BioOne, Kremsmün-
ster, Upper Austria), at a density of 2.5 × 104 cells/well and 
cultured in DMEM: F-12 with 5% FBS for 24 hours. After 
this, the cell media was changed to growth arresting media 
DMEM: F-12 with 1% FBS. Following 24 hours of incuba-
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tion, initial cell growth was measured by adding alamarBlue 
(Life Technologies, ThermoFisher Scientific) at 5% of final 
concentration into each well for 4 hours at 37 °C. Then, 200 
μl of the alamarBlue conditioned medium was transferred to 
a 96-well plate (Greiner Bio-One), and fluorescence (exci-
tation 540 nm; emission 630 nm) was read using a Synergy 2 
multi-detection microplate reader (BioTek Instruments Inc., 
Winooski, VT, USA). Cells were then incubated with fresh 
growth arresting media with treatment compounds PDFG 
(20 ng/mL), TGF-β (20 ng/mL), and IGF-1 (100 ng/mL). 
These concentrations of growth factors have previously been 
demonstrated to have tenogenic effects (31). Cell growth was 
then re-measured using alamarBlue after 72 hours, as above. 
To report baseline function, the change in alamarBlue was 
expressed as a ratio of the untreated baseline measurement 
after 24 hours in growth arresting media and the repeated 
readings after 72 hours exposure to the treatment growth 
factor. There were four wells in each treatment group. To 
report function in response to growth factors, the change in 
alamarBlue in the treatment group was expressed as a ratio 
of the untreated control fluorescence readings.

Collagen deposition assays
Tenocytes were seeded in 24-well plates, at a density of 7.5 
× 104 cells/well, and cultured in DMEM/F-12 with 5% 
FBS for 24 hours, as previously described (30). Cells were 
then incubated in fresh DMEM/F-12 1% FBS and 50 µg/
ml AA2P with the same treatment compounds as above. 
After 72 hours, cells were fixed with Bouin’s solution (71% 
saturated picric acid, 24% pure formalin, 5% 0.5 M acetic 
acid) for 30 minutes and then stained with 0.1% Sirius red 
dissolved in saturated picric acid for 1 hour. At the end of 
this incubation, cells were washed with 0.01 M hydrochloric 
acid five times and left to air dry. The dye was released using 
0.1 M sodium hydroxide, and 200 μl of the released dye was 
transferred to a 96-well plate. Absorbance was measured at 
570 nm using a Synergy 2 multi-detection microplate reader. 
There were four wells in each treatment group.

Gene expression analysis
Gene expression analysis was performed at two experimental 
time points: firstly following the initial culture and isolation 
of tenocytes for baseline comparisons, and secondly, after 
cells were cultured treated as described above under cell 
viability assays. Analysis of gene expression was performed 
using a previously established protocol (31). Total cellular 
RNA was extracted from cultured cells and purified using 
the RNeasy minikit (Qiagen, Venlo, The Netherlands). 
Genomic DNA was removed using RNase-free DNase set 
(Qiagen). The quality and concentration of the extracted 
RNA were measured using NanoDrop Lite Spectrometer 

(Thermo-Fisher, Victoria, Australia). Complementary-DNA 
was prepared by using 500 ng of RNA with super-script-III 
(Life Technologies, Carlsbad, CA, USA). Primer-probe sets 
were purchased as TaqMan Gene Expression Assays (Life 
technologies). The multiplex polymerase chain reaction was 
performed with FAM specific for genes of interest (alkaline 
phosphatase (ALP), collagen Iα1, scleraxis, SOX-9, RUNX-
2, PPAR-γ) and VIC-labelled 18S endogenous ribosomal 
RNA probes, according to the manufacturer’s instructions, 
using an ABI PRISM 7900HT sequence detection system 
(Applied Biosystems, Foster City, CA, USA). Samples were 
assayed in triplicate. The  ΔΔCt calculation method (32) 
was used to determine the relative level of messenger RNA 
expression, normalised to the values of the non-treated cells 
(control). 

Statistical analysis
All results are shown as mean ± standard error of the mean 
(SEM). Statistical analysis was performed using a one-way 
analysis of variance (ANOVA) test with Dunnett’s post-hoc 
analysis. Pearson r test was used for analysing the correla-
tion between patient BMI with tenocyte cell growth, colla-
gen deposition and relative gene expression. A Mann-Whit-
ney U test was used to compare patients with BMI < 30 kg/
m2 with BMI ≥ 30 kg/m2. A P-value of < 0.05 was consid-
ered statistically significant. A false discovery rate (FDR)-ad-
justed P-value for correlation analyses between BMI and 
relative gene expressions level was calculated, as previous-
ly described (33), to control for the expected proportion 
of falsely rejected hypotheses. All statistical analysis was 
performed using the GraphPad Prism 8 software (Graph-
Pad Software, San Diego, California). 

RESULTS

Patient Demographics and Biomorphic 
Measurements
The study group consisted of 13 supraspinatus tendon spec-
imens from 13 patients, 5 women and 8 men, with a mean 
age of 59.1 ± 2.81 years (37 to 74) (table I). The mean BMI 
was 31.05 ± 1.57 (range 20.69 to 41.98). Five patients were 
healthy body weight or overweight (BMI < 30 kg/m2) and 
eight patients were obese (BMI ≥ 30 kg/m2). Individual 
patient details are shown in appendix 1.

Correlation analysis between tenocyte 
cell growth and gene expression of 
baseline tenocytes
There were no significant correlations between patient BMI 
and the tenocyte cell growth, as measured by alamarBlue assay, 
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Figure 1. The correlation between BMI with [A] tenocyte cell growth and [B] tenocyte collagen deposition of baseline teno-
cytes over 72 hours.

Figure 2. The correlation between BMI with tenocyte gene expression markers (collagen Iα1, PPAR-γ, RUNX-2, scleraxis and SOX-9).

Table I. Patient demographics, biomorphic measurements, and supraspinatus tear size.

Characteristic Frequency
Sex 8 male; 5 female

Age

   Mean ± SEM 59.08 ± 2.80

   Range 37 – 74

BMI (kg/m2)

   Mean ± SEM 31.05 ± 1.57
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and collagen deposition, as measured by Sirius red assay, of the 
baseline tenocyte cells over 72 hours (figure 1). Correlation 
analyses did not demonstrate a significant correlation between 
patient BMI and baseline tenocyte gene expression markers 
(collagen Iα1, PPAR-γ, RUNX-2, scleraxis and SOX-9) (figure 
2). In addition, there were no statistical differences between 
patients with BMI < 30 kg/m2 and patients with BMI  ≥ 30 kg/
m2 (appendix 2).

Correlation analysis between patient BMI 
and tenocyte cell growth, collagen deposi-
tion and gene expression in response to IGF-1, 
TGF-β and PDGF
Following 72 hours of treatment, tenocytes exposed to PDGF 
and TGF-β had significantly higher tenocyte growth, by 83.4% 

and 30.4% (p < 0.05), respectively. There was also higher 
collagen deposition with PDGF and TGF-β by 139.8% and 
164.7% (p < 0.05), respectively (appnedix 3). However, IGF-1 
did not affect cell growth or collagen deposition rate. There 
were no significant correlations between patient BMI and the 
tenocyte cell growth and collagen deposition in response to 
PDGF, TGF-β or IGF-1 (figure 3, table II). Furthermore, 
there was no statistical difference in tenocyte cell function in 
response to these tenogenic growth factors when comparing 
obese patients (BMI  ≥ 30 kg/m2) with healthy and overweight 
patients (BMI < 30 kg/m2) (appendix 4).
PDGF treatment led to a 3-fold lower expression of the 
osteoblastic marker ALP and 4-fold higher expression of 
key adipose marker PPAR-γ (p < 0.05) compared to the 
untreated control. Expression of tenocyte-related mark-

Figure 3. The correlation between BMI with tenocyte cell growth and tenocyte collagen deposition of tenocytes treated with 
IGF-1, TGF-β and PDGF tenocytes over 72 hours.

   Range 20.69 – 41.98

Ethnicity

   European 9

   Māori 2

   Asian 1

   Pacific Peoples 1

Supraspinatus tear size

   Small 1

   Medium 6

   Large 5

   Massive 1
Data are presented as mean ± SEM.

Characteristic Frequency
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ers scleraxis, collagen Iα1 and chrondrocytic marker 
SOX-9 were not significantly different. Tenocytes treated 
with TGF-β had 3-fold higher expression levels of colla-
gen Iα, 50-fold higher expression of scleraxis, and 4-fold 
high expression of chondrocyte-related SOX-9 compared 
to untreated cells (p < 0.05). There was also 5-fold lower 
expression levels of the osteoblast-related ALP (p < 0.05). 
IGF-1 treatment did not result in any significant changes 

in gene expression levels (appendix 5). Correlation analy-
ses were also performed between patient BMI and tenocyte 
gene expression markers in response to each growth factor. 
No significant correlations were found after a FDR adjust-
ment of P-values was performed (figure 4, table III). There 
were no statistical differences in gene expression between 
patients with BMI < 30 kg/m2 and with BMI ≥ 30 kg/m2 
(appendix 6).

Table II. The correlation analyses between BMI with tenocyte cell growth and tenocyte collagen deposition of tenocytes in 
response to IGF-1, TGF-β and PDGF over 72 hours.

R Squared P-value

Tenocyte Cell Growth
   IGF-1 0.020 0.68

   TGF-β 0.023 0.66

   PDGF 0.034 0.59

Tenocyte Collagen Deposition
   IGF-1 0.002 0.91

   TGF-β 0.041 0.55

   PDGF 0.011 0.76

Figure 4. The correlation between BMI with gene expression markers (collagen Iα1, PPAR-γ, ALP, scleraxis and SOX-9) in 
response to IGF-1, TGF-β and PDGF over 72 hours.
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DISCUSSION
Contrary to our hypothesis, here we have demonstrated that 
patient BMI has no direct effect on the characteristics of 
tenocytes derived from torn supraspinatus tendons, with no 
significant changes in cellular behaviour, gene expression or 
response to growth factor treatment. These findings have 
significant clinical implications, as it implies that growth 
factor treatment will be effective in patients regardless of 
their BMI.
Globally, there is an increasing trend in obesity prevalence 
that poses high healthcare costs, morbidity and societal 
burden (34). Overweight and obese individuals represent 
over a third of the worldwide population and are projected 
to make up over 60% by 2030 (35, 36). Recently a systemat-
ic review found that obese patients were at a 2-fold greater 
risk of having rotator cuff tears and 3-fold greater risk of 
re-tear after rotator cuff surgery (13).
The cellular mechanisms that underlie the relationship 
between obesity and rotator cuff tendinopathy are not 
well characterised (13). One explanation is that adipose 
tissue releases pro-inflammatory cytokines and hormones 
that influence activities in tenocytes, which directly modi-
fy the tendon healing response (37). Because many of these 

bioactive peptides secreted by adipose tissue increase in 
a near-linear fashion to body fat (38), we speculated that 
patient BMI may be a significant factor in altering tenocyte 
behaviour and gene expression. High circulating concentra-
tions of adipokines may be acting as a prolonged disruptor 
of tendon healing in obese patients (14, 15, 25, 39). A recent 
animal study reported leptin levels, an adipokine, were nega-
tively correlated with load to failure and worse histological 
structure of the repaired tendon-bone interface after rotator 
cuff surgery (40). However, in this current study, no signifi-
cant correlation was found between patient BMI and teno-
cyte growth, collagen production or gene expression profile.
Previous studies have demonstrated that tenocytes isolat-
ed from distinct tissue have a distinct cellular profile and 
decreased capacity to produce ECM components compared 
to healthy cells (41–43). They also respond differently than 
healthy cells to growth factor treatments, including TGF-β1 
and BMP-2 (41, 44). We hypothesise that the disease 
stage-specific expression of fibrotic mediators may have a 
greater effect on cellular function than the comparatively 
minor effects of obesity, which may have masked any influ-
ence of BMI on tenocyte function and gene expression in 
this study. Further studies should investigate the effects of 

Table III. The correlation analysis between BMI with gene expression markers (collagen Iα1, PPAR-γ, ALP, scleraxis and SOX-9) 
in response to IGF-1, TGF-β and PDGF over 72 hours.

Gene expression R Squared P-value FDR-adjusted P-values
Collagen Iα1
   IGF-1 0.156 0.26 0.55

   TGF-β 0.030 0.63 0.73

   PDGF 0.141 0.26 0.55

PPAR-γ
   IGF-1 0.127 0.31 0.55

   TGF-β 0.309 0.10 0.55

   PDGF 0.018 0.70 0.75

ALP
   IGF-1 0.136 0.29 0.55

   TGF-β 0.061 0.49 0.62

   PDGF 0.057 0.48 0.62

SCX
   IGF-1 0.222 0.17 0.55

   TGF-β 0.404 0.05 0.55

   PDGF 0.105 0.33 0.55

SOX-9
   IGF-1 0.098 0.38 0.57

   TGF-β 0.003 0.89 0.89

   PDGF 0.126 0.28 0.55
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BMI in tenocytes derived from healthy tendon and earlier 
stages of tendon disease.
Growth factors are an area of active research, and sever-
al different growth factors have shown success in vitro 
improving tendon healing including, IGF-1 (45), TGFβ 
(46, 47) and PDGF (48–50). Tendon healing involves the 
production and release of multiple growth factors at various 
phases of healing. The roles of specific growth factors typi-
cally work synergistically with other signalling molecules to 
increase cellularity and promote regeneration (21, 51, 52).
PDGF has been widely studied for improving tendon heal-
ing. Previous in vitro  studies have yielded positive results 
with potent increases in tenocyte proliferation and collagen 
production (50,53). The effects of PDGF in animals models 
of tendon healing have been varied and inconsistent (48–50, 
53, 54). In this present study, treatment of tenocytes with 
PDGF resulted in lower the expression of the osteoblas-
tic marker ALP and higher expression of adipose marker 
PPAR-γ. Similar changes have also been reported in previ-
ous studies (31, 50). In diseased tendons, PDGF expression 
is increased and associated with hypercellularity (55). These 
findings suggest that PDGF may be promoting de-differen-
tiation away from a tenocytic phenotype, and PDGF may be 
less suitable for improving tendon healing outcomes. 
In previous in vitro studies, TGF-β  has been demonstrated to 
promote the formation of fibrous tissue through the stimulation 
of collagen synthesis, regulation of matrix metalloproteinases 
and proliferation of fibroblasts (56–58). In this study, we found 
higher tenocyte growth and collagen deposition with TGF-β 
that was associated with higher expression of tenocyte-related 
genes, collagen Iα and scleraxis. These findings suggest that 
TGF-β may be tilting the balance of gene expression, favour-
ing collagen and ECM synthesis. Interestingly, there was also 
a higher expression of chondrocyte-related SOX-9, suggesting 
TGF- β treatment may be favouring a chondrocytic response, 
which has been observed in previous studies (31, 59, 60). 
IGF-1 did not influence tenocyte growth, collagen synthe-
sis or gene expression. Previous in vitro and in vivo studies 
have shown IGF-1 increases cell proliferation and collagen 
synthesis in tendon (61–64). IGF-1 has structural similari-
ties to insulin, allowing it to bind to insulin receptors and 
is involved in the anabolic response of tendons to loading 
(65). These differences between our research findings and 
those previously published could be the result of variations 
in culture conditions that can affect cell responses and that 
tenocytes were derived from different tendon types. 
This study does have several limitations. Although we used 
clinically relevant samples harvested from supraspinatus 
tendons of patients undergoing rotator cuff surgery, there 
are inevitably confounding variables related to age, the 
severity of rotator cuff pathology and environmental expo-

sures. In addition, these findings are limited in scope to only 
adult patients and patients were excluded if they had previ-
ous shoulder surgery; or had rheumatoid arthritis or other 
systemic inflammatory diseases.The sample size was also 
relatively small and did not allow the adjustment for these 
confounders, which may add to the impact of subjective 
variation. In this study, we also only had five participants 
with BMI under 30 kg/m2 making it possible that we have 
underestimated the effect of obesity as most participants 
were obese (BMI  ≥ 30 kg/m2) (27). 

CONCLUSIONS
This is the first study to investigate the effects of patient 
BMI on human tenocyte behaviour and response to growth 
factor treatment. In summary, we found no direct correla-
tion between BMI and tenocyte growth, collagen synthesis 
or gene expression profile. These findings have significant 
clinical implications. They suggest that growth factor treat-
ment for improving tendon-bone healing will be equally 
effective in non-obese and obese patients and can potential-
ly overcome any deleterious effects occurring from obesity. 
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Appendix 1. Individual patient demographics, biomorphic measurements, and supraspinatus tear size.

Gender Age BMI (kg/m2) Ethnicity Tear size
Female 73 20.7 European Medium

Female 64 23.6 Asian Medium

Male 63 26 European Medium

Female 74 27.1 European Small

Male 54 29.7 Māori Medium

Male 63 31.1 European Medium

Male 37 32.2 Pacific Island Small

Male 64 32.4 European Medium

Female 55 33.2 European Large

Male 46 34.8 European Large

Female 61 35.3 European Large

Male 60 35.5 European Large

Male 54 42.0 Māori Massive

Appendix 2. Comparison in baseline tenocyte cell function and gene expression between patients with BMI under 30 and BMI 
over 30.

SUPPLEMENTS
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Appendix 3. Effects of the growth factors PDGF, TGF-β on IGF-1 tenocyte cell growth, determined by alamarBlue assay, and 
tenocyte collagen production, determined by Sirius red assay. 

Appendix 4. Comparison in tenocyte cell function in response to TGF-β on IGF-1 tenocyte cell growth and collagen produc-
tion between patients with BMI under 30 and BMI over 30.

Data are presented as the mean ratio of control ± SEM. *: significantly different from control (p < 0.05).
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Appendix 5. Effects of growth factors PDGF, TGF-β and IGF-1 on tenocyte gene expression. 

Appendix 6. Comparison in gene expression in response to TGF-β on IGF-1 tenocyte cell growth and collagen production 
between patients with BMI under 30 and BMI over 30.

Data are presented as means ± SEM. *: significantly different from control (p < 0.05).


