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Abstract

Background and Aims: Arthrofibrosis is a severe scarring condition characterized by

joint stiffness and pain. Fundamental to developing arthrofibrotic scars is the

accelerated production of procollagen I, a precursor of collagen I molecules that

form fibrotic deposits in affected joints. The procollagen I production mechanism

comprises numerous elements, including enzymes, protein chaperones, and growth

factors. This study aimed to elucidate the differences in the production of vital

elements of this mechanism in surgical patients who developed significant

posttraumatic arthrofibrosis and those who did not.

Methods: We studied a group of patients who underwent shoulder arthroscopic

repair of the rotator cuff. Utilizing fibroblasts isolated from the patients' rotator

intervals, we analyzed their responses to profibrotic stimulation with transforming

growth factor β1 (TGFβ1). We compared TGFβ1‐dependent changes in the

production of procollagen I. We studied auxiliary proteins, prolyl 4‐hydroxylase

(P4H), and heat shock protein 47 (HSP47), that control procollagen stability and

folding. A group of other proteins involved in excessive scar formation, including

connective tissue growth factor (CTGF), α smooth muscle actin (αSMA), and

fibronectin, was also analyzed.

Results: We observed robust TGFβ1‐dependent increases in the production of

CTGF, HSP47, αSMA, procollagen I, and fibronectin in fibroblasts from both groups

of patients. In contrast, TGFβ1‐dependent P4H production increased only in the

stiff‐shoulder‐derived fibroblasts.

Conclusion: Results suggest P4H may serve as an element of a mechanism that

modulates the fibrotic response after rotator cuff injury.

K E YWORD S

arthrofibrosis, collagen, profibrotic, scarring, stiff joints
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1 | INTRODUCTION

Joint arthrofibrosis due to excessive posttraumatic scarring involves the

shoulder, elbow, hip, and knee. Arthrofibrotic scar tissue alters crucial

functions of joints' elements, causing loss of their function, joint

immobility, and pain. The clinical definition of joint stiffness and scarring

depends on the specified joint. For instance, elbow contracture is defined

as loss of extension greater than 30° and flexion less than 120°.1 Similarly,

shoulder scarring, or adhesive capsulitis, is a loss of range of motion

greater than 25% in at least two planes, most notably external rotation

and abduction.2 Arthrofibrosis is a significant medical and socioeconomic

problem associated with all diarthrodial joints. For instance, some

estimates indicate that 3%–12% of patients undergoing total knee

arthroplasty develop arthrofibrosis that requires medical intervention.3

Similarly, studies have reported arthrofibrosis in about 15% of the

patients who have undergone shoulder surgery.4,5

At present, there is no consensus on the treatment of

arthrofibrosis. Conservative treatment with anti‐inflammatory drugs

and aggressive physical therapy are initial therapeutic methods to

alleviate the negative consequences of arthrofibrosis. Subsequent

interventions include intra‐articular injection of steroids, hydrodila-

tion, nerve blocks, and surgical interventions. None of these methods,

however, is fully effective, so arthrofibrosis continues to affect

patients' quality of life negatively.

A pathomechanism of arthrofibrosis is not fully understood.

Scientists agree, however, that inflammation is a significant driver of

this process. For instance, infiltrating inflammatory cells, including

T cells, B cells, macrophages, and mast cells, into the shoulder's

injured tissues defines Stage I of adhesive capsulitis.6–8 During this

stage, the inflammatory cells modulate the production of several

profibrotic agents. Among them, transforming growth factor β1

(TGFβ1) is a critical regulator of the fibrotic process.9,10 It upregulates

the expression of crucial elements that form scar tissue, including

fibril‐forming collagens, fibronectin, proteoglycans, and other struc-

tural macromolecules. A group of other factors produced by

inflammatory cells in arthrofibrosis includes interleukin (IL)‐1α,

IL‐1β, tumor necrosis factor‐α, and cyclooxygenase (COX)‐1 and

COX‐2.11 They stimulate synovial fibroblasts' proliferation, further

elaborating fibrotic tissue growth. Fibroblasts' proliferation defines

Stage II of adhesive capsulitis. Subsequently, the formation of dense

collagenous tissue within the capsule initiates Stage III of the fibrotic

process. The altered production of matrix metalloproteinases (MMPs)

and MMP tissue inhibitors further accelerate the buildup of excessive

scars.6,11

Collagen I‐based fibrils are crucial elements of healthy joint

tissues, including ligaments, tendons, and capsules, where they form

well‐organized architectures needed for specific mechanical func-

tions of the joint. With more than 90% of the scar's mass, poorly

organized collagen fibrils are the main component of the arthrofi-

brotic tissue that stiffens the joints.10

The formation of collagen fibrils is a complex process that

involves intracellular and extracellular steps. A stable triple‐helical

structure of individual collagen molecules is fundamental to

assembling functional collagen fibrils. Furthermore, the intracellular

formation of stable collagen triple helices depends on the auxiliary

posttranslational machinery. Its vital elements include enzymes that

modify nascent procollagen chains and protein chaperones that

facilitate folding into triple helices.12

Excessive deposition of collagen‐rich scar tissue is a hallmark of

arthrofibrosis, and reducing its formation is the goal of all antifibrotic

therapeutic approaches.10,13,14 Consequently, to improve the outcomes

of these approaches, it is critical to define crucial elements of collagen

production machinery that modulate the development of arthrofibrosis.

In our exploratory study presented here, we aimed to elucidate

molecular bases of significant differences in the extent of arthrofibrosis in

the groups of patients who underwent rotator cuff repair. We

hypothesized that diverse dynamics of collagen production by patient‐

derived fibroblasts modulate these differences. Consequently, we utilized

patient‐derived fibroblasts cultured in model profibrotic conditions to test

this hypothesis. Our primary target was the quantification of a rationally

selected panel of proteins that control collagen production and form

arthrofibrotic tissue. The primary outcome measure of this study was the

difference in the biosynthesis of critical collagen‐production markers

analyzed in control and TGFβ1‐stimulated fibroblasts.

2 | MATERIALS AND METHODS

2.1 | Patients

We enrolled a prospective cohort of 32 patients, aged 35–73 years,

undergoing arthroscopic rotator cuff repair by a single fellowship‐

trained shoulder and elbow surgeon at a single institution. Written

informed consent was obtained from all patients. The study was

approved by the Thomas University Institutional Review Board

(control #15D.643).

The exclusion criterion was any previous ipsilateral shoulder surgery.

A chart review was performed for demographics, comorbidities, duration

of symptoms, and the number of torn tendons. Repairing the

supraspinatus tendon was performed in 100% of cases; 58% included

infraspinatus and 30% subscapularis. Posterosuperior tears were repaired

with the double row in 85% of cases. No differentiation was made

between traumatic and degenerative cuff tears.

Postoperatively, rehabilitation for all patients included sling

immobilization for 6 weeks. Patients started home‐based, passive,

range‐of‐motion exercises at 2 weeks; formal physical therapy was

initiated at 6 weeks for motion, and strengthening started at 10

weeks. Table 1 summarizes patients' data.

2.2 | Evaluation of joint stiffness parameters

The treating surgeon performed a postoperative clinical evaluation

for passive forward elevation and passive external rotation at 2, 6, 12,

and 24 weeks. A stiff (ST) shoulder cohort was defined as patients

with passive external rotation <30° or passive forward elevation

2 of 13 | HENDY ET AL.
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<120° at the 12‐week visit. A nonstiff (NS) shoulder cohort included

patients with these parameters exceeding the set thresholds. In one

patient (Table 1, ID#32), a 12‐week evaluation was performed during

the telehealth (TH) visit due to COVID‐19‐related restrictions.

2.3 | Tissue collection and isolation of cells

Multiple capsular tissue samples were obtained from the rotator

interval during the diagnostic arthroscopy. Subsequently, the tissues

TABLE 1 A summary of patients' data.

ID
Stiffness
status Age Sex

ROM at 12 weeks
Thyroid
disorder Diabetes

Number of
tendons torn BMI

External
Rotation

Passive forward
elevation

1 NS 71 F 30 120 − − 3 31.46

2 NS 71 F 50 150 + − 2 23.63

3 NS 63 M 45 100 − + 2 34.33

4 NS 45 F 50 150 − − 1 24.03

5 NS 56 M 50 160 − + 3 57.39

6 NS 56 M 50 150 − − 3 29.75

7 NS 60 M 50 110 − − 2 31.53

8 NS 68 M 50 150 − + 2 36.18

9 NS 71 M 50 165 + + 2 27.98

10 NS 48 M 50 130 − − 2 50.13

11 NS 73 M 45 155 − − 1 36.18

12 NS 64 M 45 135 − − 2 27.12

13 NS 51 M 50 150 − − 2 27.12

14 NS 56 M 70 170 − − 2 32.55

15 NS 69 F 50 140 − + 2 35.08

16 NS 72 M 45 150 − + 2 36.49

17 NS 35 M 30 150 − − 2 33.45

18 NS 61 M 50 140 − − 3 31.56

19 NS 56 M 55 170 − − 3 31.19

20 NS 72 F 40 150 − + 1 35.08

21 NS 59 M 50 150 − + 1 29.09

22 NS 51 M 50 140 + + 1 37.59

23 NS 61 F 50 150 − − 2 25.86

24 NS 58 M 45 150 − + 2 33.05

25 NS 61 M 40 130 − − 1 27.12

26 ST 58 F 60 110 − − 2 22.86

27 ST 57 M 40 140 − − 1 26.5

28 ST 65 M 45 110 − − 1 25.66

29 ST 64 F 35 90 − + 3 24.51

30 ST 58 M 50 120 − − 2 31.56

31 ST 63 M 35 95 − − 1 27.73

32 ND 67 F TH TH − − 2 38.00

Note: + indicates the presence of disease; − indicates the absence of disease.

Abbreviations: BMI, body mass index; F, female; M, male; ND, not determined; NS, nonstiff patient; ROM, range of motion; ST, stiff patient; TH,

telehealth visit.

HENDY ET AL. | 3 of 13
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were digested with bacterial collagenase (Collagenase Type 2;

Worthington Biochemical Corporation) for 18 h at 37°C. Then,

fibroblasts were separated from tissue debris by filtration. The

fibroblasts were cultured in Dulbecco's modified Eagle's medium

(DMEM; Corning Inc.) supplemented with 10% fetal bovine serum

(FBS; Gemini Bio‐Products). After reaching confluence, cells were

collected and stored in liquid nitrogen until ready for analysis.

2.4 | Fibroblasts culture in the presence of TGFβ1

To study the behavior of patient‐derived fibroblasts in the profibrotic

environment, we cultured them in the presence of TGFβ1.15 Correspond-

ing cells cultured in the absence of TGFβ1 served as control. In brief,

fibroblasts were cultured in DMEM supplemented with 10% FBS until

they reached ∼80% confluency. Subsequently, the cell layers were

washed with phosphate‐buffered saline (PBS) and cultured for 24h in

DMEM supplemented with 10% NuSerum (Corning Inc.). Next, a fresh

medium containing 40µg/mL of L‐ascorbic acid phosphate magnesium

salt n‐hydrate (WAKO Inc.) was added to the cells for 5 h. Then, the

medium was replaced with the fresh portion supplemented with TGFβ1

(R&D Systems) and added to the final concentration of 10 ng/mL. After

24h, cell lysates were collected (see below).

2.5 | Western blot assays of selected markers
associated with fibrotic scarring

At the end of the culture, cell layers were washed with cold PBS.

Next, the cell lysates were prepared from each cell culture dish. The

protein concentration in the lysates was determined using the

Bradford assay (Bio‐Rad Laboratories). Subsequently, 10‐µg protein

samples were loaded onto polyacrylamide gels. Following electro-

phoretic separation, the proteins of interest were assayed using

quantitative Western blot (QWB) assays using an infrared detection

system (LI‐COR Biotechnology).

We rationally selected protein markers associated with the formation

of collagen‐rich fibrotic scars. In particular, we were interested in the

production of connective tissue growth factor (CTGF), whose expression

is stimulated by TGFβ1‐dependent pathways.16,17 TGFβ1 is the master

regulator of fibrotic scar formation in many tissues, including those

forming joints.10,18,19 In addition to being a strong stimulator of cell

proliferation, TGFβ1 activates the biosynthesis of crucial extracellular

matrix (ECM) components, including procollagen I and fibronectin. TGFβ1

acts by inducing CTGF, which is upregulated in many fibrotic disorders.

Consequently, CTGF acts as the mediator of TGFβ1 activities.17

To study the differentiation of fibroblasts into profibrotic myofibro-

blasts, we assayed the expression of α smooth muscle actin (αSMA).

Additionally, we examined differences in the expression of crucial

structural proteins that form the scar tissue, including collagen I and

fibronectin. Finally, we analyzed the production of prolyl 4‐hydroxylase

(P4H) and heat shock protein 47 (HSP47), essential proteins needed for

the proper folding, stability, and secretion of procollagen I.

We measured glyceraldehyde 3‐phosphate dehydrogenase

(GAPDH) in each sample as an internal reference. Using secondary

antibodies conjugated with different infrared dyes allowed us to

detect a target protein and GAPDH simultaneously. Table 2 presents

the antibodies we employed in our assays.

2.6 | Quantification of fibrosis‐associated markers

Following Western blot, we employed Odyssey CLx infrared imaging

system (LI‐COR Biotechnology) to visualize specific protein bands and

measured their signal intensities using Image Studio software v. 5.2.5

(LI‐COR Biotechnology). The signal intensity values were normalized

using GAPDH‐specific bands as the internal reference. Subsequently, we

documented signal intensities of protein‐specific bands associated with

the (+)TGFβ1 and the (−)TGFβ1 cell groups in a graphic form (OriginPro,

version 2021b; OriginLab Corp.). All QWB measurements were done

within the linear detection ranges determined in advance for each

antibody used here.

A one‐way analysis of variance (ANOVA) was conducted to

examine whether the relative amounts of analyzed proteins

calculated for the (+)TGFβ1 group and the (−)TGFβ1 group of

corresponding fibroblasts isolated from a patient differed signifi-

cantly (IBM SPSS Statistic for Windows, version 27; IBM Corp.).

For each fibroblast set from a specific patient, we calculated the

ratios of normalized signal intensities of corresponding protein bands

associated with the (+)TGFβ1 and the (−)TGFβ1 conditions. We

compared these ratios calculated for the ST and the NS shoulder groups

for each protein using a one‐way ANOVA. For instance, we calculated the

ratio of the signal intensities of the collagen I‐specific bands associated

with fibroblasts cultured in the (+)TGFβ1 condition and the corresponding

bands related to the (−)TGFβ1 condition. In all assays, statistical

significance was defined as p≤0.05.

2.7 | Kinetics of procollagen I secretion

Fibroblasts were grown to confluence in 10‐cm tissue culture plates.

Subsequently, the cell layers were washed with PBS. Then, each plate

was filled with 7mL of fresh DMEM medium containing 40µg/mL of

L‐ascorbic acid phosphate magnesium salt n‐hydrate. Fibroblasts from

each patient were cultured with or without 10ng/mL of TGFβ1. At

defined time points, 50‐µL samples were withdrawn from the media.

Subsequently, the samples were processed for polyacrylamide electro-

phoresis. Procollagen I present in cell culture media was detected by

QWB with the anti‐pro‐α1(I) chain primary antibody, as described.20

Signal intensities of protein bands corresponding to intact and partially

processed procollagen α1(I) chain were measured. Subsequently, results

were normalized to the 1‐h data point. Normalized data were plotted

against time and fitted to the linear model (GraphPad Prism, version 6.07;

GraphPad Software Inc.). The slopes of the fitted curves represented an

hourly rate of secretion of procollagen I. The significance of differences

between the (+)TGFβ1 and the (−)TGFβ1 groups was analyzed using

4 of 13 | HENDY ET AL.
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GraphPad Prism, version 6.07. We expressed the procollagen secretion

rates in arbitrary units (au)/h.

2.8 | Collagen gel contraction

To analyze the contractility (a parameter that increases in many

fibrotic conditions) of patients' fibroblasts from the ST and NS

groups cultured in the presence or the absence of TGFβ1, we

employed a collagen gel contraction assay.21 In brief, confluent

fibroblasts were detached from cell culture dishes. Then 100‐µL

samples containing 3 × 106 cells were mixed with 400 µL of a

neutral collagen solution containing 3 mg/mL of collagen I (BD

Biosciences). Individual 500‐µL samples were poured into sepa-

rate wells of a 24‐well plate. Then the cell‐gel construct was

allowed to polymerize at 37°C. Subsequently, the polymerized

collagen discs were lifted from the wells' bottoms. Floating, cell‐

loaded collagen discs were maintained in DMEM supplemented

with 10% NuSerum in the presence (10 ng/mL) or absence of

TGFβ1. The disc images were captured at designated time points,

and then their surface areas were calculated. Finally, the

dynamics of gel contraction were documented graphically as

the time‐disc surface area relation. We applied repeated

measures ANOVA, with a Greenhouse‐Geisser correction, to

evaluate the discs' surface changes across various time points

(IBM SPSS Statistic for Windows, version 27; IBM Corp.).

2.9 | Statistical tests

To determine the number of patients required for our study, we

employed a sample size estimation test used in the previous

prevalence studies.22,23 On the basis of the literature, we expected

to find postoperative frozen‐shoulder cases in 15% of patients.4,5

Consequently, for the expected prevalence of 15%, the required

sample size was 29 for the margin of error or absolute precision of

±13% in estimating the prevalence with 95% confidence. With this

sample size, the anticipated 95% CI was (2%, 28%).

Analysis of differences in the expression of protein markers in

fibroblasts isolated from NS and ST patients was performed using two‐

sided one‐way ANOVA (IBM SPSS Statistic for Windows, version 27,

IBM Corp.). The significance of differences between the kinetics of

TABLE 2 Antibodies used in quantitative Western blot assays.

Target and corresponding
GAPDH reference Primary antibody (supplier; dilution used)

Secondary antibody (antibodies purchased in
LI‐COR Biosciences; used in 1:15,000 dilution)

P4HA1 Rabbit anti‐P4HA1; LSBio Inc.;
1:500

Anti‐rabbit (IRDye800CW)

GAPDH Mouse anti‐GAPDH; Santa Cruz Biotechnology Inc.;

1:1000

Anti‐mouse (IRDye680RD)

HSP47 Mouse anti‐HSP47; Santa Cruz Biotechnology Inc.;
1:500

Anti‐mouse (IRDye800CW)

GAPDH Chicken anti‐GAPDH; Abcam;
1:2000

Anti‐chicken (IRDye680RD)

CTGF Rabbit anti‐CTGF; Abcam;
1:1000

Anti‐rabbit (IRDye800CW)

GAPDH Mouse anti‐GAPDH; Santa Cruz Biotechnology Inc.;
1:1000

Anti‐mouse (IRDye680RD)

αSMA Mouse anti‐αSMA; Abcam;
1:500

Anti‐mouse (IRDye800CW)

GAPDH Chicken anti‐GAPDH; Abcam;

1:2000

Anti‐chicken (IRDye680RD)

Collagen I Rabbit anti‐Col1 (R69); in house;
1:2000

Anti‐rabbit (IRDye800CW)

GAPDH Mouse anti‐GAPDH; Santa Cruz Biotechnology Inc.;
1:1000

Anti‐mouse (IRDye680RD)

Fibronectin Mouse anti‐fibronectin; Santa Cruz Biotechnology Inc.;
1:500

Anti‐mouse (IRDye800CW)

GAPDH Chicken anti‐GAPDH; Abcam;
1:2000

Anti‐chicken (IRDye680RD)

Abbreviations: CTGF, connective tissue growth factor; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HSP47, heat shock protein 47; P4H, prolyl
4‐hydroxylase; αSMA, α smooth muscle actin.

HENDY ET AL. | 5 of 13
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procollagen secretion, represented by the slopes of the fitted curves, was

analyzed using GraphPad Prism, version 6.07 (GraphPad Software Inc.).

To evaluate differences in the collagen disc contractures, we

applied repeated measures ANOVA, with a Greenhouse‐Geisser

correction, to evaluate the discs' surface changes across various time

points (IBM SPSS Statistic for Windows, version 27, IBM Corp.).

Our statistical analyses' results were presented in the form of

graphs, tables, and descriptive statistics. In all assays, statistical

significance was defined as p ≤ 0.05.

3 | RESULTS

3.1 | Patients

We analyzed 32 patients who underwent shoulder surgery

(Table 1). One patient (Table 1, ID#32) was excluded from the

study because the 12‐week evaluation was done via TH visit due

to COVID‐19 restrictions.

Among 31 included patients, 26% were females, and 74%

were males. Six patients (19%) met the criteria for the ST

shoulder cohort. The average age for the NS group was 60 years

(standard deviation, SD ± 9.6), and for the ST group, 61.1

(SD ± 3.4). Within the NS group, 24% of patients were females,

and the corresponding value in the ST group was 33%. On

average, the patients from the NS group had 2.0 (SD ± 0.7)

tendons torn. The corresponding value for the ST group was 1.7

(SD ± 0.8). Thyroid disorder was diagnosed in 12% of NS patients

and none of the ST patients. Diabetes was diagnosed in 40% of

NS patients and 16.7% of ST patients. On average, the body mass

index (BMI) for the NS group was 33 kg/m2 (SD ± 7.5), and for the

ST group, 26.5 kg/m2 (SD ± 3.0).

3.2 | Markers associated with procollagen
biosynthesis

Utilizing fibroblasts isolated from the patients' tissues before

surgery, we studied the production of crucial proteins needed to

form collagen‐rich deposits ultimately responsible for the

stiffening of the arthrofibrotic joints.10 We analyzed rationally

selected markers associated directly with increased production

of the collagen‐rich ECM needed to restore the integrity of

wounded sites. In particular, we focused on the production of

procollagen I and the crucial auxiliary elements needed for its

proper folding, stability, and secretion into the extracellular

space.

In the baseline conditions, that is, in the absence of TGFβ1, the

expression of analyzed markers was higher in the NS group than in

the ST group, albeit with no statistical significance (Figure 1, Table 3).

Except for P4H produced by fibroblasts derived from the NS patients, F IGURE 1 (See caption on next page)

6 of 13 | HENDY ET AL.
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TGFβ1 increased the production of all analyzed markers in the NS

and ST fibroblasts (Figure 1, Table 3).

To determine the production increase extent for each patient,

we also calculated the ratios of the markers produced in the

presence of TGFβ1 and the corresponding markers produced in

its absence. Subsequently, we compared the matching ratios

calculated for the ST and NS groups for each protein marker. We

observed that the extent of TGFβ1‐dependent production of P4H

in the ST group was significantly greater than that observed in the

NS group (Figure 2, Table 4). Since the above results were

obtained with cell lysates, measured parameters mainly represent

the intracellular pool of analyzed proteins.

3.3 | Procollagen secretion

The secretion of procollagen molecules into the extracellular space

depends on their proper triple‐helical structure and thermostability.

While correctly folded molecules are secreted efficiently, those

misfolded are not. Here, we compared the secretion rates of

procollagen I produced by fibroblasts derived from the NS and ST

patients. As indicated in Figure 3, the difference in the secretion rates

measured for the (+)TGFβ1 (4.3 au/h) and the (−)TGFβ1 (3.2 au/h)

groups from the NS pool was relatively small (F(1, 360) = 60.311,

p < 0.0001). In contrast, with 9.5 au/h for the (+)TGFβ1 group and

2.5 au/h for the (−)TGFβ1, the difference between the corresponding

rates associated with the ST‐derived fibroblasts was markedly greater

(F(1, 80) = 321.1, p < 0.0001).

3.4 | Fibroblast‐induced gel contraction

Utilizing collagen‐based matrices, we measured the contractile

behavior of the NS and ST fibroblasts cultured in the presence and

the absence of TGFβ1 for 48 h (Figure 4). Using repeated‐measures

ANOVA, we demonstrated significant between‐subject TGFβ1‐

dependent changes in the discs' surface areas across time points

analyzed in the NS group (F(1, 50) = 32.9, p < 0.0001). These

measures indicate that the NS‐derived fibroblasts increased their

contractility in the TGFβ1 presence. In contrast, the between‐subject

comparison indicated that there were no significant TGFβ1‐

dependent changes in the discs' surface areas across time points

F IGURE 1 Box plot representations of relative amounts of
proteins associated with the scar formation produced by patient‐
derived fibroblasts in the presence or the absence of TGFβ1. Results
are based on QWB data normalized to the glyceraldehyde
3‐phosphate dehydrogenase‐specific signal. The interquartile range
between the 25th and 75th percentiles determines each box. The
lines within the boxes represent the medians, while the whiskers
delineate the SD values. COL, collagen I; CTGF, connective tissue
growth factor; FN, fibronectin; HSP47, heat shock protein 47; NS,
proteins produced by fibroblasts from nonstiff‐shoulder patients;
P4H, prolyl 4‐hydroxylase; QWB, quantitative Western blot; ST,
proteins produced by fibroblasts from stiff‐shoulder patients; TGFβ1,
transforming growth factor β1; αSMA, α smooth muscle actin; (+)TGF
and (−)TGF, cell culture conditions indicating the presence or the
absence of TGFβ1.

TABLE 3 A summary of relative amounts of analyzed proteins, represented by pixel‐intensity strengths, produced by NS‐derived and ST‐
derived fibroblasts cultured in the presence or the absence of TGFβ1.

Group Marker

Protein markers GAPDH‐normalized QWB
signal strength (±SD)

Statistical testing of differences between
the GAPDH‐normalized QWB signal
strengths in (+)TGFβ1 and (−)TGFβ1 groups(+)TGFβ1 (−)TGFβ1

NS, n = 25 FN 5.40 ± 5.10 1.67 ± 2.75 F(1, 50) = 10.8, p = 0.002

COL 35.09 ± 20.65 15.03 ± 9.74 F(1, 50) = 20.1, p < 0.0001

P4H 6.22 ± 5.81 6.07 ± 4.90 F(1, 50) = 0.01, p = 0.921

HSP47 16.17 ± 9.11 11.30 ± 6.13 F(1, 50) = 6.3, p = 0.015

CTGF 1.90 ± 1.70 0.20 ± 0.08 F(1, 50) = 25.7, p < 0.0001

αSMA 31.30 ± 26.06 19.85 ± 22.86 F(1, 50) = 2.8, p = 0.099

ST, n = 6 FN 5.05 ± 4.62 0.97 ± 0.47 F(1, 10) = 4.6, p = 0.057

COL 28.79 ± 13.85 11.52 ± 5.37 F(1, 10) = 8.1, p = 0.017

P4H 7.58 ± 0.86 3.76 ± 0.31 F(1, 10) = 104.6, p < 0.0001

HSP47 18.43 ± 10.84 13.49 ± 7.26 F(1, 10) = 0.86, p = 0.375

CTGF 0.86 ± 0.27 0.13 ± 0.04 F(1, 10) = 44, p < 0.0001

αSMA 25.08 ± 33.14 14.45 ± 19.64 F(1,10) =0.46, p = 0.514

Abbreviations: COL, collagen I; CTGF, connective tissue growth factor; FN, fibronectin; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HSP47,
heat shock protein 47; NS, nonstiff patients; P4H, a catalytic unit of prolyl 4‐hydroxylase; QWB, quantitative Western blot; SD, standard deviation; ST,
stiff patients; TGFβ1, transforming growth factor β1; αSMA, α smooth muscle actin.
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analyzed in the ST group (F(1, 10) = 0.426, p = 0.529) (Figure 4). The

within‐subject changes measured across time points were significant

in the NS and ST (data not shown).

4 | DISCUSSION

Although standard and fibrotic scars comprise many similar structural

proteins, a significant content of collagen I‐rich fibrils is a hallmark of

posttraumatic arthrofibrosis.10,13 In the exploratory study presented here,

we confirmed our hypothesis that collagen‐producing machinery in

patients that develop ST shoulders differs from that in patients that do

not meet ST shoulder parameters.

The biosynthesis of collagen I molecules and their assembly into

fibrils include complex intracellular and extracellular processes.12 Many

auxiliary proteins participate in these processes, including enzymes that

catalyze posttranslational modifications of nascent procollagen I chains

and protein chaperones that enable proper collagen folding.24

Among these auxiliary proteins, P4H plays a central role. Its

central function is to hydroxylate selected proline residues to enable

proper folding, thermostability, and efficient secretion of procollagen

triple‐helical molecules.

F IGURE 2 The ratios of proteins produced by the NS or the ST fibroblasts in the presence or the absence of TGFβ1. The interquartile range
between the 25th and 75th percentiles determines each box. The lines represent the medians, while the whiskers delineate the SD values. COL,
collagen I; CTGF, connective tissue growth factor; FN, fibronectin; HSP47, heat shock protein 47; NS, proteins produced by fibroblasts from
nonstiff‐shoulder patients; P4H, prolyl 4‐hydroxylase; ST, proteins produced by fibroblasts from stiff‐shoulder patients; TGFβ1, transforming
growth factor β1; αSMA, α smooth muscle actin; (+)TGF and (−)TGF, cell culture conditions indicating the presence or the absence of TGFβ1.

TABLE 4 A summary of measurements of the ratios of QWB‐based protein bands' GAPDH‐normalized signals.

Marker

Ratios of protein markers' signal strengths seen in
Table 3 measured in (+)TGFβ1 and (−)TGFβ1
conditions in the NS and ST groups (±SD)

Statistical testing of the differences between
the (+)TGFβ1/(−)TGFβ1 ratios in the NS and
ST groupsNS, n = 25 ST, n = 6

FN 5.2 ± 3.3 4.5 ± 3.0 F(1, 30) = 0.22, p = 0.641

COL 2.6 ± 1.0 2.6 ± 1.2 F(1, 30) = 0.002, p = 0.969

P4H 1.0 ± 0.6 2.0 ± 0.3 F(1, 30) = 15.9, p < 0.0005

HSP47 1.5 ± 0.6 1.4 ± 0.4 F(1, 30) = 0.55, p = 0.464

CTGF 9.5 ± 7.4 7.6 ± 4.4 F(1, 30) = 0.36, p = 0.554

αSMA 2.2 ± 1.0 1.9 ± 0.6 F(1, 30) = 0.47, p = 0.498

Note: Each ratio was calculated for corresponding proteins produced by the same fibroblasts cultured in the presence or the absence of TGFβ1.

Abbreviations: COL, collagen I; CTGF, connective tissue growth factor; FN, fibronectin; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HSP47,
heat shock protein 47; NS, nonstiff patients; P4H, a catalytic unit of prolyl 4‐hydroxylase; QWB, quantitative Western blot; ST, stiff patients; TGFβ1,
transforming growth factor β1; αSMA, α smooth muscle actin.
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F IGURE 3 (A) A representativeWestern blot image of procollagen I secreted into cell culture media during indicated time intervals. Intact pro‐α1(I)
chains and partially processed pN‐α1(I) chains are visible. (B) Individual graphs representing the procollagen I secretion rates for the NS and ST fibroblasts
grown in the absence or the presence of TGFβ1. NS, nonstiff patients; ST, stiff patients; TGFβ1, transforming growth factor β1.

F IGURE 4 Analysis of collagen gel contracture by the NS and the ST fibroblasts cultured in the presence and the absence of TGFβ1. (A)
Representative images of the fibroblasts‐populated collagen gels observed at indicated time points; arrows indicate changes in the discs' diameters. (B, C)
Graphic representations of the changes of the surface areas of the collagen gel discs populated with the NS fibroblasts (B) or ST fibroblasts (C) grown in
the presence (open symbols) or the absence (closed symbols) of TGFβ1. NS, nonstiff patients; ST, stiff patients; TGFβ1, transforming growth factor β1.
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This enzyme, consisting of two catalytic α subunits and two

noncatalytic β subunits, requires nascent procollagen α chains as a

substrate and Fe2+, 2‐oxoglutarate, molecular O2, and ascorbate

cosubstrates.12 The β subunits also function as protein chaperones

and disulfide isomerase.24,25 Simultaneously with their hydroxylation,

procollagen chains fold into the triple‐helical structure in a process

controlled by collagen‐specific chaperones, most notably HSP47.26

Upregulation of the fibril‐forming procollagens' expression,

particularly procollagen I, seen in fibrotic disorders, creates a high

demand for procollagen‐modifying enzymes and chaperones. Conse-

quently, in many fibrotic conditions, the production of these elements

is also upregulated. For instance, studies demonstrated a significant

production increase of P4H subunits and HSP47 in rabbit models of

arthrofibrosis and neural scarring.10,27–29

Here, we analyzed the production of these crucial proteins in

fibroblasts derived from patients who developed ST shoulders

following surgery and those who did not. First, we tested the validity

of our model to represent the profibrotic behavior of isolated

fibroblasts treated with TGFβ1.

Our demonstration of the increased CTGF production in the

TGFβ1‐stimulated fibroblasts validates their profibrotic behavior in

the in vitro experimental system employed here. Furthermore, the

apparent increase of αSMA production in these fibroblasts indicates

their fibrotic phenotype.30,31

These results indicate that our model is consistent with other

models that utilize TGFβ1 to mimic crucial processes associated with

the profibrotic response of fibroblasts.32,33

QWB analyses demonstrated that fibronectin and procolla-

gen I production increased in the TGFβ1‐stimulated cells.

However, the extent of this stimulation did not differ between

the NS and the ST shoulder groups. Hence, with a similar increase

in the production of collagen and fibronectin fundamental

question arose: Why did the patients from the ST group develop

substantial shoulder stiffness?

Trying to answer this question, we focused on crucial post-

translational factors that facilitate procollagen production and

secretion into the extracellular space, putting aside other potential

contributors to joint stiffening, including the extent of injury and

inflammation, adherence to the physical therapy regimen, and the

genetic background.

The production levels of one of these factors, HSP47, in the

TGFβ1‐stimulated fibroblasts derived from the NS and the ST

patients were similar. Although increased production of this protein

chaperone is upregulated in many fibrotic disorders, including

arthrofibrosis, based on our results, we do not expect that this

protein was the pivotal component that facilitated the development

of excessive scarring in ST patients.10,34

In contrast, compared to the NS patients, the expression of P4H

increased significantly in the TGFβ1‐stimulated fibroblasts derived

from the ST patients. This increase was associated with the fast rates

of procollagen secretion into the extracellular space. We postulate

that this increase may indicate that P4H is a vital element of a

mechanism that pushes the healing toward excessive scar formation

and arthrofibrosis.

Regardless of the fibrotic status of the neotissue formed in

response to injury, the fibroblasts present at the injury sites have the

challenging task of producing relatively large amounts of collagen

molecules and other ECM proteins needed for tissue repair. A few

mechanisms accelerate the production of these proteins. They

include an increased proliferation of cells, enhanced transcription of

specific genes, and rapid transport of proteins destined for the ECM.

Similar to wound healing, there is a high demand for collagen

production during the rapid embryonic growth of connective tissues, as

illustrated by Schwarz, who used the avian tendon as an example. T

his study demonstrated that procollagen contributes over 50% to the

pool of proteins produced by embryonic tenocytes during tendon

development.35

Although amplification of single‐copy collagen genes by multiple

corresponding copies of messenger RNA (mRNA) compensates for

the limited translation rate, this compensation is insufficient to keep

up with the need for the amount of collagen required to form

neotissue. In physiological conditions, ascorbic acid acts as the

inducer of transcription, increasing mRNA production and its half‐life

by about sixfold.36,37 Still, with accelerated biosynthesis of the

nascent procollagen α chains, there is a need for their rapid

posttranslational modifications, folding into functional triple‐helical

structures, and secretion from the cells. Studies demonstrated that

P4H plays a central role in all these processes.35 P4H facilitates the

formation of thermostable collagen triple helices by hydroxylating

selected proline residues in the collagen chains. Unlike single

procollagen chains, triple‐helical molecules enter the fast secretion

route, thereby accelerating the delivery of the scar‐building material

into the extracellular space.38,39

Moreover, having a low binding affinity to the triple‐helical

collagen structure, P4H dissociates rapidly upon triple‐helix forma-

tion and returns to the free enzyme pool.40,41 While there, P4H is

again available for binding to the nascent procollagen molecules for

which it has a strong binding affinity.

Biological models also indicate that by accelerating the folding

and secretion of procollagen molecules, P4H increases the translation

rates.35 Furthermore, the ability of P4H to bind underhydroxylated

procollagen chains and retain them within the endoplasmic reticulum

renders this enzyme an essential element of the quality control

system that limits the secretion of nonfunctional procollagen

molecules.42

Our observation of the TGFβ1‐dependent stimulation of the P4H

production in the ST patients is consistent with the TGFβ1‐P4H axis

observed in other fibrotic conditions. For instance, TGFβ1‐dependent

upregulation of P4H was observed in experimental lung fibrosis and

lung tissue isolated from patients with idiopathic pulmonary fibro-

sis.43 Moreover, we observed an increased production of this enzyme

in vivo in experimental arthrofibrosis and excessive scarring of

peripheral nerves.10,29 Because of its profibrotic role, scientists

consider P4H an attractive antifibrotic target.44,45
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Unlike the NS fibroblasts, our observation that stimulating the

ST‐derived fibroblasts with TGFβ1 did not significantly increase

contractility was somewhat surprising. Studies demonstrated that

TGFβ1 increases fibroblasts' contractility in vivo during wound

healing and in vitro in models similar to that employed here.46,47

The ability of activated fibroblasts to contract wounds is a vital

element of a proper healing process. Alterations of wound contrac-

ture may delay healing, prolong inflammation, and increase fibrosis

chances. Further studies are warranted to explain the unusual

contractile behavior of TGFβ1‐stimulated ST fibroblasts. These

studies should consider our observation of a similar, about a twofold

increase in the production of αSMA in TGFβ1‐stimulated NS and ST

fibroblasts (Table 4).

Here, we had a unique opportunity to study cells from shoulder

injury sites and, based on clinical data, categorize them associated

with the NS shoulder and the ST shoulder groups. We determined

that among rationally selected proteins associated with the formation

of collagen‐rich deposits, P4H was the only one whose production

increased significantly in the TGFβ1‐stimulated ST‐derived fibro-

blasts versus TGFβ1‐stimulated NT‐derived fibroblasts. This obser-

vation suggests that P4H may be a vital mechanism element that

incites arthrofibrotic response following a shoulder injury.

Our study had limitations. First, the criteria for defining the ST

versus NS shoulder conditions were binary, so they did not recognize

the shoulder stiffness spectrum. Hence, we do not expect a specific

threshold value for the P4H production increase above which

patients develop the ST‐shoulder condition and below which they

do not. Second, our study focused only on rationally‐selected

proteins associated with collagen‐rich scar production. For instance,

we did not consider additional protein chaperones indicated in

procollagen production, including BiP, CyPB, and FKBP65.48–50

Similarly, we did not analyze the expression of prolyl 3‐hydroxylase

that modifies one proline residue in procollagen I.51 Finally, we did not

consider other factors that might have contributed to arthrofibrosis seen

in the ST group. In particular, the extent of injury, duration of the

inflammatory response, BMI, and adherence to prescribed physical

therapy could impact the extent of ST‐shoulder development. Further-

more, future studies should consider analyses of tissue biopsies collected

after the completion of wound healing.

In addition, since no prior data were available for analyzed

parameters in patients with arthrofibrosis, our study could be

underpowered. Using existing data, however, we performed a power

analysis for the prevalence to ensure that our group would include

NS and ST patients. Still, due to funding constraints, we applied

analysis parameters, mainly precision, with a relatively low

stringency.

In conclusion, despite these limitations, we demonstrated a

specific difference between the TGFβ1‐dependent P4H expression in

fibroblasts isolated from the ST and the NS groups. Consequently,

our study results may suggest the existence of inherent biological

characteristics that contribute to the development of posttraumatic

arthrofibrosis in some patients.

Further studies examining the TGFβ1‐dependent regulation

of P4H expression are warranted to fully comprehend the role of

this enzyme in excessive fibrotic healing. With data obtained in

our exploratory studies presented here, future confirmatory

research is now feasible using parameters for properly powered

groups.
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