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Definitions

Stiffness is the rigidity of an object — the extent to 
which it resists deformation in response to an applied 
force.

The complementary concept is flexibility or pliability: 
the more flexible an object is, the less stiff it is.



6.1 · Allgemeines

andere Entzündungszellen kommen nur bei pathologischen Pro-
zessen vor.

Die Sehnenzellen (Tenozyten) sind Fibrozyten und liegen in 
langen Reihen hintereinander parallel zur Längsachse der Sehne 
(⊡ Abb. 6.1). Sie sind von allen Seiten von eng anliegenden Kolla-
genfasern umgeben. Zwischen den längs verlaufenden Kollagenfa-
sern ziehen flügelartige Fortsätze der Sehnenzellen, die daher auch 
ihre Bezeichnung »Flügelzellen« erhalten haben. 

Eine Gruppe aus einer Reihe von Tenozyten mit den dazuge-
hörigen Kollagenfaserbündeln wird als Primärbündel  bezeichnet. 
Zwischen den einzelnen Primärbündeln findet sich lockeres Bin-
degewebe, das Endotenonium . Eine Gruppe von mehreren Primär-
bündeln, die von einem gemeinsamen Endotenonium umgeben 
sind, wird dann Sekundärbündel  und eine mehrere zusammen-
gefasste Sekundärbündel dann Tertiärbündel  genannt. Die Sehne 
besteht aus mehreren Tertiärbündeln (⊡ Abb. 6.1). 

Blutversorgung und Ernährung der Beugesehnen 
Die Kenntnis von der Blutversorgung der Beugesehnen ist von 
großer Bedeutung für die Sehnennahttechnik und die Sehnen-
heilung. Die Beugesehnen sind stärker durchblutet als allgemein 
angenommen. Dies fällt bei frischen Schnittverletzungen oder 
beim Öffnen der Blutleere ganz besonders auf. Da Kollagen einen 
besonders guten blutstillenden Effekt hat, steht eine Blutung recht 
schnell. Die Beugesehnen weisen Blutgefäße vor allem an den 
nicht druckbelasteten Seiten auf, d. h. vor allem auf der dem Kno-
chen zugewandten Seite. Auf der zur Haut weisenden Seite werden 
die Beugesehnen durch die Ringbänder zurückgehalten. An diesen 
Stellen treten z. T. enorme Druckkräfte und auf, was sich auch an 
der mikroskopischen Struktur der Sehnen in diesen Bereichen 

erkennen lässt. Hier besitzen die Beugesehnen nur sehr spärliche 
oder an manchen Stellen gar keine Gefäße (⊡ Abb. 6.2). Die Ernäh-
rung der Sehnen muss an den Stellen mit hoher Druckbelastung 
– ähnlich wie beim Knorpel – durch Diffusion aus der Synovia 
erfolgen. Die Blutgefäße, die die Beugesehnen der Hand direkt 
versorgen, kommen proximal aus dem karpalen Gefäßnetz und 
verlaufen zusammen mit der Synovialis. Im Fingerbereich verlau-
fen die Beugesehnen in sehr engen osteofibrösen Kanälen, die zu 
eng sind, dass noch eine zirkuläre Synovialgewebsumhüllung um 
die Beugesehnen genügend Raum hätte. Hier verlaufen die Blut-
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⊡ Abb. 6.1 Schematische Darstellung des Aufbaus der Beugesehnen am Finger. Primärbündel mit Flügelzellen und Kollagenfaserbündel, Sekundärbündel 
und Tertiärbündel
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⊡ Abb. 6.2 Druckbereiche der Beugesehnen an den Ringbändern
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Joint stiffness may be either the symptom of pain on moving a joint, the symptom 
of loss of range of motion or the physical sign of reduced range of motion.

• Pain on movement is commonly caused by osteoarthritis, often in quite minor 
degrees, and other forms of arthritis. It may also be caused by injury or overuse 
and rarely by more complex causes of pain such as infection or neoplasm. The 
range of motion may be normal or limited by pain. "Morning stiffness" pain 
which eases up after the joint has been used, is characteristic of rheumatoid 
arthritis.

[1]

• Loss of motion (symptom): the patient notices that the joint (or many joints) do 
not move as far as they used to or need to. Loss of motion is a feature of more 
advanced stages of arthritis including osteoarthritis, rheumatoid arthritis and 
ankylosing spondylitis.



Stiffness in upper limb

• Tendons/ ligaments 

• Skin 

• Joints 

• Fascia 

• Muscle 

• Neurological
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The neglected tissue



Microvacuolar system
• AKA Areolar tissue, 

superficial fascia, 
reticular tissue, loose 
connective tissue  

• Microvacuolar system 
surrounds all moving 
structures within the 
body providing 
dynamic structural 
support and glide
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Triggers for fibrosis
• Injury- Trauma, Surgical, Thermal 

• Infection 

• Immunological causes 

• Ischaemia/ infarction/ Reperfusion 

• Drugs



Fibrosis
• The microvacuolar tissue is highly susceptible 

to damage during inflammation from the 
increased vascular permeability, but also its 
sponge-like composition 

• The tissue acts as an active reservoir for 
interstitial fluid and becomes waterlogged 

• Oedema and overall injury to the microvacuolar 
tissue causes scarring, fibrosis and adhesions 
and the tissue becomes inelastic, swollen 
and more vulnerable to further trauma

Injury



• Gliding planes 
become scarred 

• Stiff fibrotic tissue 
surrounding 
everything that moves

When the 
microvacuolar 

becomes fibrosed





Key ingredients to 
fibrosis



All tissues have a skin
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toxic mediators, including reactive oxygen and nitrogen species that 
are harmful to the surrounding tissues. Consequently, if the inflam-
matory macrophages and neutrophils are not quickly eliminated, they 
can further exacerbate the tissue-damaging inflammatory response 
that leads to scarring. Indeed, proper wound healing can occur only 
after these inflammatory cells are controlled, as demonstrated by a 
recent study in which early macrophage depletion was shown to sub-
stantially reduce the development of liver fibrosis in mice17. Other 
studies have identified a similar profibrotic role for neutrophils in 
bleomycin- and hypersensitivity pneumonitis–induced pulmonary 
fibrosis in mice, and possibly in IPF18. It has also been suggested that 
liver dendritic cells have a role in the development of liver fibrosis, by 
promoting inflammation and activating hepatic stellate cells19. Thus, 
limiting the proinflammatory activity of innate myeloid-lineage cells 
might prove highly beneficial in a variety of chronic inflammatory 
and fibrotic diseases.

Innate inflammatory mediators regulate fibrosis. Various growth 
factors and cytokines secreted by innate inflammatory cells (including 
macrophages, neutrophils, mast cells and eosinophils) have emerged 
as potential targets for antifibrotic therapy. Tumor necrosis factor-  
(TNF- ) and interleukin-1  (IL-1 ), in particular, have been identi-
fied as important targets in a variety of fibrotic diseases20. Mice that 
overexpress TNF-  or IL-1  in the lung develop highly progressive 
pulmonary fibrosis21,22. Studies have also shown an essential role for 
TNF-  in the development of silica- and bleomycin-induced pulmo-
nary fibrosis in mice23,24. In support of these experimental findings, 
patients with idiopathic or systemic sclerosis–associated pulmonary 
fibrosis have high levels of TNF- 25. TNF-  has also been shown 
to play a crucial part in radiation-induced fibrosis, Crohn’s disease–
induced intestinal fibrosis, CCL4- and cholestasis-induced liver 
fibrosis and NASH26–28. Consequently, clinical trials have recently 
been initiated to evaluate whether TNF pathway inhibitors such as 
etanercept or infliximab could be beneficial for the treatment of pul-
monary fibrosis and other fibrotic diseases29. Similarly to the TNF-  
studies, other studies have documented profibrotic activity for IL-1   

and NALP3/ASC inflammasome signaling in macrophages30. 
Pulmonary fibrosis induced by bleomycin and silica, liver fibrosis in 
hypercholesterolemic mice, renal interstitial fibrosis resulting from 
unilateral ureteric obstruction and cardiovascular fibrosis after myo-
cardial infarction are all reduced in IL-1 –deficient mice31–33. Like 
TNF- , IL-1  is a potent proinflammatory mediator that exacerbates 
parenchymal-cell injury. It also induces epithelial-mesenchymal transi-
tion (EMT) and myofibroblast activation through a TGF- 1–mediated  
mechanism34, confirming that it functions as a potent upstream 
driver of fibrosis. IL-1  and TNF-  also increase expression of IL-6, 
which shows autocrine growth-factor activity in fibroblasts. IL-6 is 
an important mediator of fibrosis in diffuse systemic sclerosis, liver 
fibrosis after CCL4 exposure and fibrosis in chronic cardiac allograft 
rejection35,36. Thus, many innate proinflammatory cytokines have 
crucial roles in the pathogenesis of fibrosis.

TGF-β1 has both anti-inflammatory and profibrotic activity. 
Macrophages that appear early in the wound-healing response are 
also major producers of TGF- , which is, indisputably, one of the key 
drivers of fibrosis. TGF-  production correlates with the progression 
of liver, lung, kidney, skin and cardiac fibrosis, and inhibition of the 
TGF- 1 signaling pathway has been shown to reduce the develop-
ment of fibrosis in many experimental models. In addition to its role 
as a profibrotic cytokine that can directly induce the differentiation 
of fibroblasts into collagen-secreting myofibroblasts, TGF- 1 is now 
widely described as a multifunctional cytokine with broad modula-
tory activities that affect numerous important biological pathways. 
These include pathways involved in the regulation of embryogenesis, 
immunity, carcinogenesis, cell proliferation and migration, wound 
healing, inflammation and fibrosis, among others37. Studies have 
suggested that the cellular source of TGF- 1 dictates its activity, 
with TGF- 1 derived from macrophages generally showing wound-
healing and profibrotic activity and TGF- 1 secreted from CD4+  
T regulatory cells (Treg cells) functioning as an anti-inflammatory  
and antifibrotic mediator38. Mice that are deficient in TGF- 1 develop 
numerous autoimmune disorders and are more susceptible to cancer. 

Figure 2 Innate immune cells in fibrosis. The 
macrophage is the prototypical innate immune 
cell involved in chronic inflammation and fibrosis. 
Macrophages are generated from blood monocytes 
that differentiate into macrophages as they 
enter tissues or, in some cases, from the local 
proliferation of tissue-resident macrophages. 
Depending on their etiology, macrophages are 
activated by a variety of triggers. IFN-  and/or  
Toll-like receptor ligands such as lipopolysaccharide 
(LPS) and low molecular weight hyaluronic acid 
(LMWHA) lead to classical activation, which 
is characterized by the production of reactive 
oxygen and nitrogen species; IL-4, IL-13 and 
granulocyte-macrophage colony–stimulating factor 
(GM-CSF) mediate alternative activation, leading 
to the production of polyamines and L-proline by 
L-arginine catabolism. Certain triggers (such as 
extracellular bacteria and tissue damage) also 
elicit persistent or recurrent neutrophil infiltration 
mediated by IL-17 and other neutrophil-recruiting 
and/or neutrophil-activating signals that can 
substantially augment the microbicidal and tissue-
damaging activities by free radicals. Likewise, helminth antigens and allergens mediate infiltration of eosinophils that assist in parasite killing that 
can result in substantial collateral damage to host tissues if not tightly confined inside fibrotic granulomata. EPO, erythropoietin; MBP, myelin basic 
protein; EDN, eosinophil-derived neurotoxin; AAM, alternatively activated macrophage; MMP2, metalloproteinase-2; MMP9, metalloproteinase-9; CAM, 
classically activated macrophage; iNOS, inducible nitric oxide synthase; ROS, reactive oxygen species; RNS, reactive nitrogen species.
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fibrosis, brief exposure to these drugs causes epithelial-cell apopto-
sis and hepatocyte necrosis, respectively, activating an inflammatory 
wound-healing response that can lead to a temporary excess in depo-
sition of ECM components in the affected tissues6,7. Low-grade but 
persistent inflammation is also thought to contribute to the progres-
sion of fibrosis in cardiovascular disease and hypertension. Indeed, in 
many fibrotic disorders, a persistent inflammatory trigger is crucial 
to the activation of the wound-healing program that leads to fibro-
sis. Consequently, removal of the inflammatory trigger is the most 
straightforward way to halt the progression of tissue remodeling and 
allow the normal tissue architecture to be restored after injury, as has 
been observed in individuals with chronic hepatitis B infection who 
are treated with entecavir, a highly effective oral antiviral drug. This 
may be easy to accomplish when the tissue-damaging mechanism is 
known, but in many fibrotic disorders, the tissue-damaging irritant is 
either unknown or cannot be easily eliminated. In this case, research-
ers have focused on pinpointing the innate and adaptive mechanisms 
that control inflammation, with the goal of identifying key mediators 
that could be targeted to attenuate fibrosis.

Innate wound-healing mechanisms initiate the fibrotic response. 
The coagulation response is the first wound-healing mechanism acti-
vated after injury. When the endothelium is damaged, circulating 
platelets are activated upon encountering exposed collagen and von 
Willebrand factor in the subendothelial layer8. Coagulation factor II  
(prothrombin) is also proteolytically cleaved to form thrombin. 
Thrombin, in turn, functions as a serine protease that converts solu-
ble fibrinogen into insoluble strands of fibrin, which helps platelets 
clump together to form the fibrin clot that ensures quick hemostasis. 
Activated platelets also release growth factors such as platelet-derived 
growth factor (PDGF), a potent chemoattractant for inflammatory 
cells, and transforming growth factor- 1 (TGF- 1), which stimulates 
ECM synthesis by local fibroblasts9. Consequently, any prolonged dis-
turbance in the coagulation cascade can lead to fibrosis10. For exam-
ple, a recent study demonstrated that activated coagulation factor X  
(FXa) contributes to fibrosis after acute lung injury by inducing 

myofibroblast differentiation11. The authors showed that bleomycin-
induced pulmonary fibrosis could be inhibited in mice when FXa was 
neutralized. The coagulation response is also believed to be a major 
driver in the pathogenesis of liver fibrosis. In addition to its role in 
the coagulation cascade, thrombin can directly promote fibrosis by 
inducing production of chemokine (C-C motif) ligand 2 (CCL2) and 
by signaling through protease-activated receptors expressed on liver 
fibroblasts (hepatic stellate cells)12. In support of this hypothesis, 
antagonists of protease-activated receptor 1 and anticoagulant drugs 
have each been shown to protect against experimental liver fibrosis 
in mice13,14. However, although the coagulation cascade can be an 
important initiator of fibrosis, deficiencies in the clotting pathway 
have also been shown to contribute to fibrosis. Procoagulant deficien-
cies are common in patients with cirrhosis and portal hypertension. 
Here, obliterative lesions in the portal and hepatic veins develop in 
response to microthrombi, which cause tissue ischemia, endothelial-
cell death and fibrosis through parenchymal extinction15. Together, 
these findings illustrate how disturbances in the coagulation  
cascade can substantially contribute to the development of progres-
sive fibrotic disease.

Inflammatory myeloid cells have a role in fibrosis. In addition 
to activating the coagulation cascade, platelets and damaged epi-
thelial and endothelial cells release a variety of chemotactic factors 
that recruit inflammatory monocytes and neutrophils to the site of  
tissue damage (Fig. 2). These circulating myeloid cells respond to 
a gradient of CCL2 and are recruited to damaged tissues, where 
they differentiate into macrophages that phagocytose the fibrin clot 
and cellular debris. ECM fragments, including hyaluronan, have 
also been shown to be important drivers of fibrosis by stimulating 
chemokine and proinflammatory cytokine production by inflamma-
tory monocytes and macrophages16. Neutrophils are also recruited 
quickly after injury and participate in removal of tissue debris and the  
killing of invading bacteria. Although the recruitment of inflamma-
tory monocytes and neutrophils at the site of tissue injury is important 
for the wound-healing process, these cells also secrete a variety of 

Figure 1 Overview of wound repair and 
fibrosis. Epithelial and/or endothelial  
damage caused by various insults triggers 
complex interconnected wound-healing 
programs to quickly restore homeostasis.  
The coagulation pathway, which functions  
to stem blood loss, is triggered first, followed 
by acute inflammation and activation of 
innate immune mediators such as resident 
macrophages, neutrophils and dendritic cells. 
Epithelial and innate immune cell–derived 
cytokines subsequently influence the 
activation of the adaptive immune response. 
The tissue damage can also directly activate 
the adaptive immune response. Inflammatory 
and immune mediators (cytokines, 
chemokines and free radicals) attempt to 
eliminate the inciting factor while activating 
the resident quiescent fibroblasts into 
myofibroblasts that orchestrate angiogenesis 
and production of ECM components.  
Failure to adequately contain or eliminate  
the inciting factors can exacerbate the  
inflammatory response and lead to a  
chronic wound-healing response,  
with continued tissue damage, repair and regeneration, ultimately resulting in fibrosis. TSLP, thymic stromal lymphopoietin; Ab, antibody;  
PMN, polymorphonuclear leukocyte; EOS, eosinophil; Baso, basophil; Mast, mast cell.
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targeted antioxidant mitoQ not only suppressed TGF-β-induced
expression of profibrotic genes but also the expression of Nox4
[85], suggesting a feed-forward interaction between mitochondria
and Nox4 in TGF-β-induced ROS production.

3.3. Suppression of antioxidant system by TGF-β

Besides stimulation of ROS production, TGF-β can also induce
redox imbalance by suppressing antioxidant system. Glutathione
(GSH) is the most abundant intracellular free thiol and has mul-
tiple functions, including detoxification of electrophiles and
synthesis of endogenous compounds such DNA. The most im-
portant function of GSH, however, is antioxidant defense. GSH can
reduce hydrogen peroxide and lipid peroxides through GPx-cata-
lyzed reactions and is also involved in reduction of oxidized pro-
tein thiols (cysteine residues) through glutaredoxin (Grx) cata-
lyzed reactions. Importantly, GSH concentration decreases in var-
ious fibrotic diseases including cystic fibrosis [126,127], chronic
obstructive pulmonary disease (COPD) [128], acute respiratory
distress syndrome (ARDS) [129–133], IPF [134–140], sarcoidosis
[141], and chronic liver diseases [142–148]. GSH concentration is
also decreased in experimental fibrosis models induced by differ-
ent stimuli [25,149–158]. Although the mechanism leading to GSH
depletion in fibrotic diseases remains unclear, emerging evidence
suggests that increased TGF-β may contribute to this effect
[25,91,159–168]. De novo GSH synthesis is a two-step reaction
catalyzed by glutamate cysteine ligase (GCL) and GSH synthase
(GS). GCL is the rate limiting enzyme in de novo GSH synthesis and
is composed of two subunits, the catalytically active heavy subunit
(GCLC) and the modifier light subunit (GCLM). It has been reported
that TGF-β suppresses the expression of GCLC genes and decreases
GSH concentration in different types of cells in vitro [91,159–
165,167,168]. In a previous study, we showed that administration
of AdTGF-β1223/225, an adenovirus expressing constitutively active
TGF-β1, suppressed the expression of both GCLC and GCLMmRNAs
and proteins, inhibited the GCL activity, and reduced GSH level in
mouse lung tissue [25]. This was associated with induction of ac-
tivating transcription factor 3 (ATF3), a transcriptional repressor
involved in the regulation of GCLC [25,167]. A decreased GCL gene
expression is also reported in fibrotic diseases [140,169]. Together,
the data suggest that increased TGF-β expression may underlie the
depletion of GSH observed in fibrotic diseases. As GSH is the most
abundant intracellular free thiol and the ratio of GSH and glu-
tathione disulfide (GSSG) determines cell redox status [170], a
decrease in GSH concentration will lead to increased oxidative
stress level or redox imbalance.

Superoxide, a highly reactive oxygen species, is generated un-
der both physiological and pathological conditions, which is con-
verted by superoxide dismutase (SOD) to hydrogen peroxide
(H2O2) and then to H2O by catalase, glutathione peroxidase (GPx)
or peroxiredoxin (Prx). Besides H2O2, GPx and Prx can also reduce
lipid peroxides. Thioredoxin (Trx) and glutaredoxin (Grx), on the
other hand, are involved in maintenance of the redox status of
protein thiols [171]. In addition to inhibition of GCL gene expres-
sion and therefore GSH biosynthesis, TGF-β also suppresses the
expression/activity of other antioxidant enzymes including SOD,
catalase, and Grx in different types of cells/tissues [83,91,119,172–
174]. Extracellular superoxide dismutase (EC-SOD) is protective in
several models of interstitial lung disease, including pulmonary
fibrosis, and its expression is altered in the lung of IPF patient,
although the underlying mechanism is unclear [175]. Cui et al.
reported that TGF-β1 suppressed EC-SOD in cultured fibroblasts in
vitro and in mouse lung tissue in vivo; overexpression of EC-SOD
in mouse lung by adenovirus mediated gene transfer technique, on
the other hand, blocked latent TGF-β1 activation and diminished
subsequent fibrotic responses, suggesting an important role of

EC-SOD in TGF-β-induced fibrogenesis [176]. In summary, TGF-β
stimulates ROS production and suppresses antioxidant defense,
leading to redox imbalance or oxidative stress (Fig. 1).

4. Redox regulation of TGF-β1 activity and expression

TGF-β is synthesized and secreted into the extracellular space
as a large latent complex containing mature dimeric TGF-β bound
to latency-associated protein (LAP) and latent TGF-β-binding
protein (LTBP) [50,177,178]. Release of TGF-β from LAP, a process
called latent TGF-β activation, is required for the binding of TGF-β
to its receptors. Multiple mechanisms have been proposed for the
activation of latent TGF-β, including conformation changes in-
duced by thrombospondin-1 [179,180], binding to integrins ανβ6
and ανβ8 [181,182], proteolytic cleavage of LAP by plasmin and
matrix metalloproteinase [183–186], and oxidative modification of
LAP or activation of MMPs, which then cleave LAP to release active
TGF-β [89,187–192]. LAP is sensitive to oxidation and oxidized LAP
loses its TGF-β binding capacity, leading to TGF-β activation. Oxi-
dants have been shown to activate latent TGF-β directly through
oxidation of LAP and indirectly through activation of MMPs such
as MMP-2 and MMP-9, which in turn cleave LAP to release active
TGF-β [89,188,192,193]. In vivo redox regulation of TGF-β activity
was also demonstrated in a recent study [176]. Cui et al. reported
that administration of AdTGF-β1 suppressed the expression of
ECSOD, which was associated with an increase in oxidative stress
and TGF-β activation in rat lung tissue [176]. Concomitant ad-
ministration of ECSOD expressing adenovirus AdECSOD, on the
other hand, significantly reduced oxidative stress level and the
amount of active TGF-β and attenuated AdTGF-β1-induced lung
fibrosis [176]. The results strongly suggest that TGF-β activity and
expression is regulated by redox status in vivo. Interestingly, it has
been reported that redox-mediated activation was restricted to the
TGF-β1 isoform [193]. Using site-specific mutation, a methionine
residue at amino acid position 253 unique to LAP-TGFβ1 was
identified to be critical for ROS-mediated activation of latent TGF-
β1 [193].

Besides directly activating latent TGF-β, numerous studies have
shown that ROS/RNS also upregulate TGF-β gene expression in
various types of cells [194–200]. In cultured human alveolar epi-
thelial cells, xanthine/xanthine oxidase derived ROS increased
TGF-β1 production through a transcriptional mechanism whereas
S-nitroso-N-acetyl-penicilamine generated RNS induced TGF-β1
through translational mechanisms [201]. Exogenous H2O2 has
been shown to induce the mRNA and protein expression of both

Fig. 1. TGF-β induces redox imbalance by increasing ROS production and sup-
pressing antioxidant defense. TGF-β1 increases ROS production by disrupting mi-
tochondrial function and inducing ROS-generating enzymes NADPH oxidases
(Noxs). TGF-β1 also suppresses the expression of the enzymes involved in the an-
tioxidant defense, including superoxide dismutase (SOD), catalase, glutaredoxin
(Grx), and glutamate cysteine ligase, which leads to a decrease in GSH
concentration.
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TGF-β1 and TGF-β2 in human umbilical vein endothelial cells
(HUVECs) [199]. ROS generated endogenously in mitochondria or
by NADPH oxidases have also been shown to induce TGF-β [196].
Shvedova et al. reported that mice deficient with gp91phox, the
prototype of NADPH oxidases, had reduced levels of TGF-β, com-
pared to wild type mice, indicating that Nox-derived ROS are the
major source of ROS for the induction of TGF-β [196]. A recent
study further showed that mitochondria-originated ROS were re-
sponsible for TGF-β induction in an allergic asthma model induced
by ovalbumin as mitochondria-targeted antioxidant (mitoTEMPO)
significantly reduced ovalbumin-induced mitochondrial ROS and
TGF-β expression [198]. The signaling pathway mediating TGF-β
induction by ROS remains to be determined. Using small molecule
inhibitor and siRNA technique, Lin et al. reported that ROS medi-
ated hepatitis C virus-induced TGF-β1 expression through acti-
vating p38/JNK/ERK and NF-kβ pathways in human hepatocellular
carcinoma cells [197]. In summary, although numerous studies
have demonstrated that ROS induce TGF-β gene expression the
signaling pathway regulating ROS induction of TGF-β1, however,
remains poorly understood. In summary, redox imbalance due to
increased ROS production and/or decreased antioxidant defense,
in turn, can activate latent TGF-β1 and also induce TGF-β1 ex-
pression (Fig. 2), forming a vicious cycle.

5. ROS mediate TGF-β-induced fibrotic responses

TGF-β promotes fibrosis through diverse mechanisms, includ-
ing activation of resident fibroblasts, stimulation of apoptosis in
epithelial and endothelial cells, induction of epithelial– or en-
dothelial–mesenchymal transition, production of ECM matrix
proteins, and suppressing ECM degradation. ROS have been shown
to mediate many of TGF-β-induced profibrotic effects. In this
section, we will mainly focus on the role of ROS in TGF-β-induced
fibroblast activation/myofibroblast differentiation, epithelial
apoptosis, epithelial–mesenchymal transition (EMT/EnMT), and
the expression of profibrogenic mediator, plasminogen activator
inhibitor 1 (PAI-1) as elucidated in Fig. 3.

5.1. TGF-β, ROS, and fibroblast activation/myofibroblast
differentiation

Myofibroblasts are the major producers of extracellular matrix
(ECM) and therefore are key players in fibrogenesis. Fibroblast
activation/differentiation to myofibroblasts is a key in the initia-
tion and progression of fibrosis and TGF-β plays a pivotal role in
myofibroblast differentiation. A large body of literature show that
ROS, generated in mitochondria or by NADPH oxidases, are es-
sential for TGF-β-mediated myofibroblast differentiation under
different pathological conditions [85,86,92,96,111,112,117,202].
Hecker et al. reported that knockdown of Nox4 with Nox4siRNA
suppressed TGF-β1-induced production of H2O2 and expression of
α-SMA, collagen, and fibronectin, the markers of myofibroblasts, in

human fetal lung as well as IPF lung mesenchymal cells (hFLMCs)
[111]. Most importantly, they showed that administration of di-
phenyleneiodonium (DPI), a Nox inhibitor, or Nox4 siRNA abro-
gated lung fibrosis in two murine lung fibrosis models. Their data
support the notion that Nox4 induction is required for myofibro-
blast differentiation and the development of lung fibrosis [111].
Increased Nox4 expression has also been shown to mediate TGF-β-
induced activation of fibroblasts from kidney, nasal polyss, liver,
and heart [92,96,118,202–204], although Nox4 was found to
function upstream of Smad in cardiac fibroblasts [96] but down-
stream of Smad in human lung mesenchymal cells and nasal polys
[92,111]. Mitochondria-derived ROS are also involved in TGF-β-
induced myofibroblast differentiation [85]. Interestingly, it was
reported that mitochondria derived ROS mediated TGF-β-induced
myofibroblast differentiation in human lung fibroblasts through
inducing Nox4 as inhibition of mitochondrial ROS by mitochon-
drial targeted antioxidant suppressed TGF-β-induced Nox4 ex-
pression and myofibroblast differentiation [85]. Nonetheless, al-
though it has been well documented that ROS mediate TGF-β-in-
duced myofibroblast differentiation, the molecular mechanisms or
signaling pathways whereby ROS mediate the phenotype transi-
tion remain unclear.

Increased resistance of myofibroblasts to apoptosis is evident in
IPF [117,205,206] and in experimental lung fibrosis models
[117,207]. It is therefore believed that increased apoptosis re-
sistance underlies the sustained myofibroblast activation observed
in fibrotic tissues. The mechanism underlying increased resistance
of myofibroblasts to apoptosis is unknown. Hecker et al. have re-
ported that aged mice have impaired resolution of fibrosis upon
bleomycin challenge, which is associated with the acquisition of
senescent and apoptosis-resistant phenotype of fibroblasts [117].
They further show that Nox4 expression is increased in IPF lung
myofibroblasts whereas Nrf2-mediated antioxidant response de-
clined in lung fibroblasts isolated from aged mice, associated with
senescence and apoptosis resistance phenotype [117]. Most im-
portantly, they show that knockdown of Nox4 with siRNA reverses
the aging-related senescence and apoptosis resistance phenotype
of fibroblasts [117]. Their results suggest that redox imbalance
resulting from elevated expression of Nox4 and an impaired Nrf2
antioxidant response underlies the acquisition of senescence and
apoptosis resistance phenotypes in myofibroblasts from old mouse
lung and IPF patient [117]. Nonetheless, although increasing evi-
dence indicates that redox imbalance renders myofibroblasts re-
sistance to apoptosis, the underlying mechanisms mediating the
ROS effect is unknown.

5.2. TGF-β, ROS, and epithelial apoptosis

TGF-β affects diverse cellular processes including cell pro-
liferation, differentiation, senescence, and apoptosis, depending on
cell types. Epithelium apoptosis is juxtaposed with fibrosis and is
believed to contribute importantly to fibrogenesis induced by
different stimuli in different organs. Apoptosis of type II alveolar
epithelial cells is evident in fibrotic lung diseases including IPF and
in experimental fibrosis model [117,205,206,208–214]. Studies
have demonstrated that epithelial apoptosis precedes and is re-
quired for TGF-b-induced lung fibrosis [20]. Lee et al. reported that
overexpression of TGF-β1 in the lung of the inducible TGF-β triple
transgenic mice led to a transient wave of epithelial apoptosis that
was followed by inflammation and lung fibrosis [20]. Knockout of
the early growth response gene (Egr-1) or administration of a
caspase inhibitor (Z-VAD-fmk) significantly reduced TGF-β-in-
duced epithelial apoptosis as well as lung fibrosis [20]. Their stu-
dies suggest strongly that epithelial apoptosis precede and is re-
quired for TGF-β-induced lung fibrosis. Studies from other labs
further show that TGF-β induces senescence [81–83,85,87] and

Fig. 2. Redox imbalance increases TGF-β1 activity. Redox imbalance due to in-
creased ROS and/or decreased antioxidants, in turn, activates latent TGF-β1 and
induces TGF-β1 gene expression, leading to an increase in TGF-β1 activity.
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apoptosis [76–80,91] of epithelial cells in vitro; blocking ROS
production from mitochondria or NADPH oxidases attenuated
TGF-β-induced cell senescence or apoptosis, suggesting an im-
portant role of ROS in TGF-β mediated epithelial senescence or
apoptosis. In a previous study, we showed that intranasal in-
stillation of TGF-β expressing adenovirus (AdTGF-β223/225) sup-
pressed the expression of GCL and reduced lung GSH, which was
associated with increased lipid peroxidation and epithelial apop-
tosis as well as massive lung fibrosis in mice [25]. These data
further support the notion that TGF-β induces redox imbalance
in vivo, which underlies TGF-β-induced epithelial apoptosis and
lung fibrosis.

5.3. ROS mediate TGF-induced epithelial–mesenchymal transition

Epithelial–mesenchymal transition (EMT/EnMT), a process
characterized by the loss of epithelial characteristics and the ac-
quisition of mesenchymal phenotype, is important in normal
embryonic development and is also co-opted in the pathogenesis
of diseases including cancer and fibrosis. EMT is believed to be an
important source of myofibroblasts during development of fibrosis
in different organs [215–226]. TGF-β is the most potent inducer of
EMT and can induce EMT in epithelial cells from different organs
in vitro and in vivo [84,90,101,218,219,227–230]. Signaling path-
ways including Smad, MAPK, and PI3K pathways are involved in
the induction of EMT by TGF-β [231,232]. Importantly, ROS gen-
erated from different sources, including mitochondria and NOXs,
have been shown to mediate TGF-β-induced EMT in the settings of
cancer and fibrosis [84,90,101,229,233]. Hirage et al. reported that
TGF-β induces Nox4 whereas Nox4 inhibitor DPI or siRNA blocked
TGF-β-induced EMT in pancreatic cancer cells [233]. They further
show that protein tyrosine phosphatase 1B (PTP1B) serves as a
redox sensor in TGF-β-induced Nox4/ROS-mediated EMT in these

tumor cells [233]. Nox4 has also been shown to mediate TGF-β-
induced EMT in human breast epithelial cells [101]. Kim and Cho
showed, on the other hand, that TGF-β induced Nox2, which was
responsible for the increase in ROS and the induction of epithelial–
mesenchymal transition in Hela cells [90]. They further identified a
new EMT regulator YB-1 as a downstream target in ROS-induced
EMT [90]. Mitochondria derived ROS have also been shown to
mediate TGF-β-induced EMT in mouse mammary epithelial cells
through a mitochondrial thioredoxin sensitive mechanism [84].
Evidence linking ROS to TGF-β-induced EMT in the context of fi-
brosis is also bounty [228,234–237]. Rhyu et al. showed that TGF-β
increased ROS production and induced EMT in renal tubular epi-
thelial cells whereas inhibitors of NOX (DPI and apocynin), mi-
tochondria, and ERK MAPK blocked TGF-β-induced ROS produc-
tion and/or EMT. Their data suggest that ROS play an important
role in TGF-β1-induced EMT primarily through activation of MAPK
in proximal tubular epithelial cells [228]. Felton et al. reported that
TGF-β1 decreases intracellular GSH, increases ROS production, and
induces EMT in rat alveolar type II cells (RLE-6TN and primary);
N-acetylcysteine (NAC), GSH monoethyl ester reversed these ef-
fects induced by TGF-β1 [234]. They concluded that NAC prevents
TGF-β-induced EMT in vitro at least in part through replenishment
of intracellular GSH stores and suppression of TGF-β-induced in-
tracellular ROS generation [234]. Nox4 derived ROS have also been
shown to mediate TGF-β-induced EMT in renal tubular epithelial
cells [236,237]. Most interestingly, Lee et al. showed that metfor-
min, an AMP-activated protein kinase (AMPK) activator that has
been used in clinics for the treatment of diabetes, and 5-amino-
midazole-4-carboxamide-1β riboside (AICAR), another AMPK ac-
tivator suppressed TGF-β-induced EMT through inhibition of ROS
production, suggesting the potential therapeutic value of metfor-
min for fibrosis by inhibition of ROS-mediated pathogenesis [236].

Fig. 3. ROS mediate many of TGF-β1's profibrogenic effects. ROS mediate TGF-β1-induced myofibroblast differentiation, epithelial apoptosis, epithelial–mesenchymal
transition (EMT), and the expression of profibrogenic mediators including PAI-1, which suppresses ECM degradation. By inducing myofibroblast differentiation and thereby
ECM production and by suppressing ECM degradation through inducing PAI-1, TGF-β1 promotes ECM accumulation, fibrosis.
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TGF- 1 and reactive oxygen intermediates, also participate in telomere 
shortening135,136, suggesting that a vicious cycle of profibrotic-mediator  
production, impaired telomerase activity and increased senescence of 
stem cells and/or AT2 cells contributes to the pathogenesis of fibrosis. 
Nevertheless, studies with TERT-deficient mice have raised questions 
about whether TERT has only a protective role in fibrosis, as telomer-
ase activity was found to be necessary for development of bleomycin-
induced pulmonary fibrosis in mice137.

MicroRNAs regulate fibroblast growth and activation. MicroRNAs 
(miRNAs) include a broad class of small evolutionarily conserved 
noncoding RNAs that have important roles in a variety of patho-
physiological processes by blocking translation or promoting deg-
radation of complementary target mRNAs. Although unique subsets 
of miRNAs have been identified in various fibrotic diseases, a much 
smaller subset of miRNAs have emerged as key regulators of the 
fibrotic process. For example, miR-21 is expressed in the lungs of 
individuals with IPF, and mice treated with miR-21 antisense probes 
were protected from bleomycin-induced pulmonary fibrosis138 and 
cardiac fibrosis induced by pressure overload139. Mechanistically, 
miR-21 is thought to promote fibrosis by regulating TGF- 1 and 
MAP kinase signaling in activated myofibroblasts138,139. miR-21 
suppresses several tumor suppressor genes, suggesting that MIR21 
may also function as an oncogene. miR-21 also operates as an anti-
apoptotic factor in tumor cells140. Aberrant expression of miR-21 
or other key miRNAs in fibroblasts could, therefore, contribute to 
their survival and/or differentiation into pathogenic ECM-producing 
myofibroblasts. Nevertheless, a recent study with miR-21–null mice 
has raised questions about the overall importance of miR-21 in path-
ological cardiac remodeling141. In rat and mouse studies, miR-192, 
miR-216a and miR-217 have, like miR-21, been identified as key trig-
gers of fibrosis driven by TGF-  and Smad3 (refs. 142,143). miR-29 
has also been identified in human and mouse studies as a potential 
therapeutic target in systemic sclerosis, liver fibrosis and cardiac 
fibrosis144–146. miR-29 seems to promote fibrosis in human cells by 
directly regulating type I collagen expression147. Other miRNAs are 
constitutively expressed in healthy tissues but are downregulated as 

fibrosis develops, suggesting that they might 
have a protective antifibrotic role such as 
that shown recently for the miRNA let-7d 
in IPF148. Decreases in miR-133 and miR-30 
have also been linked to increased activity 
of connective tissue growth factor (CTGF), 
which resulted in increased myocardial 
matrix remodeling149. Downregulation of 
miRNA-150 and miRNA-194 in hepatic stel-
late cells has been hypothesized to contribute 
to stellate cell activation and increased ECM 
production in the liver150. Finally, expression 
of miR-200a has been shown to prevent renal 
fibrogenesis by repressing TGF- 2 expres-
sion151. Thus, identifying specific miRNAs 
that inhibit important fibrogenic pathways or 
promote tissue healing or regeneration could 
prove highly beneficial in the treatment of 
fibrosis148. Indeed, the targeting of specific 
miRNAs with small-molecule inhibitors or 
miRNA mimics could be a general strategy 
to treat fibrotic disease.

Key fibrogenic pathways for therapeutic targeting
Mechanistic studies of tissue fibrogenesis have revealed a variety of 
potential therapeutic approaches to combating progressive fibrotic dis-
ease. Some of the unique strategies and targets that have progressed to 
the clinical-trial phase are discussed briefly in the following sections.

Myofibroblasts and the TGF-β pathway. Because activated myofi-
broblasts are the key pathogenic cells in all fibrotic diseases, a number 
of experimental antifibrotic strategies are attempting to target acti-
vation, proliferation and/or recruitment of fibroblasts (Box 1 and  
Table 1). Pirfenidone, marketed under the names Esbriet and Pirespa, 
is the first targeted antifibrotic drug to be approved for the treat-
ment of IPF in Europe and Japan152. Although its exact mechanism of 
action remains unclear, pirfenidone is believed to attenuate fibroblast  
proliferation and the production by activated myofibroblasts of  
fibrosis-associated mediators and ECM components. Pirfenidone has 
also shown efficacy in preclinical models of liver fibrosis, renal fibrosis, 
hypertrophic cardiomyopathy and radiation-induced fibrosis, suggest-
ing that it may have broad antifibrotic activity. Therapeutic antibod-
ies to TGF- 1 (ref. 153), a key cytokine involved in the activation of 
myofibroblasts; CTGF, a matrix-associated, heparin-binding protein 
that mirrors the profibrotic activity of TGF-  on fibroblasts; and 
integrin v 6, which is responsible for the activation of constitutively  
expressed latent TGF- 154, are also being investigated for their antifi-
brotic activity. A humanized monoclonal antibody to v 6 developed 
by Stromedix and Biogen Idec is being investigated as a treatment for 
interstitial fibrosis and tubular atrophy in kidney-transplant recipients 
and as a therapy for IPF155. Genzyme (owned by Sanofi-Aventis) is 
also exploring a humanized pan–TGF-  inhibitor (fresolimumab) as 
a treatment for patients with early-stage diffuse systemic sclerosis, 
focal segmental glomerulosclerosis, IPF and myelofibrosis156,157, and 
antibodies and antisense drugs targeting CTGF are being investigated 
in IPF and scar-revision surgery158. Antagonists of the lysophospha-
tidic acid-1 receptor, a growth factor that induces CTGF and TGF- 1 
expression, are being considered as treatments for kidney fibrosis, 
IPF and systemic sclerosis159,160. Bone morphogenetic protein-7 
has also been identified as a potential therapeutic agent for chronic 
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fibroblasts from NOX2-deficient (chronic granulomatous
disease) patients are capable of ROS production (64), there-
fore, these stroma cells seem to feature an additional major
source of ROS. TGF b1 treatment has been shown to in-
crease the general NOX activity and to specifically cause the
overexpression of both NOX2 and NOX4, but only the
knockdown of NOX4 caused a reduction of a-SMA and ED-
A FN expression, as well as a reduced response to TGF b1
(27); this concept has further developed in the literature and
there is now a general consensus of the existence of a very
close association between NOX4 and fibrotic pathologies
based on the modulation of TGF b1 signaling (15), which
has been confirmed in a large number of recent studies (4,
47, 87, 134, 145, 188, 190, 249). It is worth noting that
although NOX4 primarily produces extracellular ROS, its
activity is heavily influenced by intracellular (mitochon-
drial) ROS; their inhibition attenuates the sensitivity to TGF
b1 and presents antifibrotic effects (105).

Having said that, much is unknown in mechanistic terms.
For example, the precise biochemical target of H2O2 is yet to
be discovered; the reader is referred to a good discussion on
this subject in a recent review by the group of Berger (187).
Additionally, although H2O2 produced by NOX4 is generally
assumed to be the main signaling molecule, other ROS also
have a role in fibrotic reactions, for example, superoxide
(174), either directly or in the form of further decomposition
products. In fact, superoxide dismutase (SOD), possibly the
best scavenger of superoxide, but also a producer of H2O2,
was shown not only to exhibit general antifibrotic effects (52,
63), but also to specifically target myofibroblasts, reducing
TGF b1 expression and reverting their phenotype (53, 236).
Conversely, SOD inhibition has the opposite, fibrotic effect
and stimulates collagen production while reducing the TIMP/
MMP ratio (130).

ROS interactions with ECM. In the ‘90s, the group of
Gabbiani showed that LOX expression and therefore also
H2O2 production in the ECM may predate the myofibroblast
transition in hepatic fibrosis induced by bile duct ligation

(cholestatic fibrosis) (56); this would suggest that a possible
source of myofibroblast-inducing ROS is indeed the enzy-
matic cross-linking of collagen (Fig. 2).

The possibility also exists that H2O2, in addition to its
biochemical signaling, may have a biomechanical influence.
For example, the LAP has a functional methionine-based
redox center, whose oxidation by ROS can trigger a confor-
mational change leading to the release of TGF b1 (107). The
oxidation of methionine or of disulfide bonds, which is key to
the stability of the LAP/TGF b1 complex (40), may be on the
basis of the ROS-triggered release of TGF b1 from LAP
complexes, also seen in acellular systems, for example, using
asbestos (168) or ionizing radiation or metal ion-catalyzed
ascorbate reaction (14).

Oxidation reactions, such as the production of a,b dike-
tones in a ketoimine-based collagen cross-links (Fig. 2, bot-
tom right), may also play an important role in the stiffening of
the ECM (69), and thus, also in the mechanosensitive release
of TGF b1 from its complex with LAP.

Figure 3 presents a graphical summary of the effects of
hydrogen peroxide, as discussed in the last two sections.

FIG. 3. The pivotal role of hydrogen peroxide. Al-
though not completely clarified yet, it appears that H2O2

effects include the release of TGF b1 from its extracellular
complexes and are directly or indirectly related to the
hardening (cross-linking) of collagen.

FIG. 4. Pictorial summary of the major factors cur-
rently known to influence myofibroblast differentiation
( purple circles: oxidative soluble factors: red circles: non-
oxidative soluble factors). Please note that (i) all factors are
graphically placed outside the cells, but this does not imply an
extracellular localization; (ii) red arrows identify stimulants
of the differentiation, blue arrows identify factors that invert
it; black arrows simply indicate a causal link; (iii) question
marks show direct effects that have not been proven. Me-
chanical tension and ROS, in particular H2O2, potentiate the
effect of TGF b1, possibly by increasing its release from ECM
depot sites; above all for H2O2, these factors are likely to be
also direct inducers of the transition. TNF a, and possibly also
other cytokines, may have a direct effect or promote NOX
activity. In a differentiated state, both the production of intra-
and extracellular ROS and the cross-linking of collagen help
the persistence of the differentiating stimuli (matrix stiffness,
ergo mechanical tension, and presence of H2O2). The inter-
ruption of the oxidative cascade and/or the potentiation of the
NO-derived signaling promote the reversion to a fibroblastic
phenotype. cGC, cytoplasmic guanosine cyclase; NO, nitric
oxide; NOX, NADPH oxidase; TNF a, tumor necrosis factor
a. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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casted	 digits	 (228.60cells/mm2	 ±78.82	 vs	 514.30mm2	 ±48.72;	 P=0.0095)	 (Figure	 27B).	

There	was	a	subsequent	drop	in	activity	across	both	groups	at	4	weeks.	

Hsp47	expression	also	coincided	with	areas	of	F4/80	and	α-SMA	immunostaining	within	

the	subcutaneous	tissue	(Figure	28).	There	was	a	similar	trend	in	Hsp47	expression	across	

both	groups	with	peaks	in	expression	occurring	at	1	week	which	was	slightly	higher	in	the	

cast	group	(Figure	27C).	This	activity	continued	to	remain	at	a	similar	level	across	3	and	4	

weeks	in	both	groups.		
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Figure	 27:	Mean	 cell	 count	 of	 cells	 labelled	with	 F4/80	

(A),	 α-SMA	 (B)	 and	Hsp47	 (C)	 within	 the	 subcutaneous	

tissue	of	the	cast	model.	Error	bars	denote	1	SEM.	
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The	 association	 between	 macrophage	 activity	 and	 collagen	 synthesis	 is	 not	 well-

established,	yet	several	studies	indicate	that	they		have	the	capacity	to	produce	type	I	and	

type	VI	collagen	fibres,	yet	the	phenotype	they	display	during	this	phase	remains	unclear	

(Vaage	 and	 Lindblad,	 1990,	 Schnoor	 et	 al.,	 2008).	 This	 may	 imply	 that	 macrophages	

themselves	may	be	capable	of	directly	synthesising	collagen	fibrils.	

Another	explanation	 that	 links	macrophage	activity	 and	 collagen	 synthesis	 is	 that	 these	

cells	 have	 the	 potential	 to	 adopt	 a	 myofibroblast-based	 phenotype.	 Not	 only	 have	

macrophages	 been	 induced	 to	 develop	 myofibroblast	 characteristics	 in	 vitro,	 but	 cells	

expressing	both	macrophage	(CD68+)	and	myofibroblast	(α-SMA)	phenotypes	have	been	

observed	 in	 patients	 with	 renal	 fibrosis	 (Meng	 et	 al.,	 2014).	 This	 warrants	 further	

investigation	as	no	studies	have	used	an	 in	vivo	fibrotic	model	as	the	basis	for	exploring	

this	differentiation	process.	

Alternatively,	 there	 is	 accrued	 evidence	 indicating	 that	 macrophages	 may	 indirectly	

produce	collagen	by	regulating	the	activity	of	other	collagen-producing	cells	via	molecular	

signalling.	 Macrophages	 have	 been	 located	 within	 close	 proximity	 of	 myofibroblasts,	

implying	that	an	interaction	between	the	two	cell	lineages	might	be	occurring	(Yang	et	al.,	

1998,	 Leicester	et	al.,	2004).	This	 interaction	may	come	through	 the	production	of	pro-
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Figure	5:	The	potential	roles	of	macrophages	in	tissue	fibrosis.	





Fig 2. Forces in stem cell trafficking
(A) To extravasate from the circulation and invade a tissue, stem cells must adhere strongly to
the vessel wall and withstand high flow forces. Within a tissue, additional physical factors can
direct motile cells, including durotaxis into stiff, fibrotic regions of tissue where cells engraft.
(B) Soft tissue elasticity scale ranging from soft brain (72), fat (73), and striated muscle (25),
to stiff cartilage (E ~ 20–30 kPa at the scale of adhesions (74)) and pre-calcified bone (25).
(C) In vitro substrates that mimic soft and stiff tissue microenvironments (left) show that cells
anchor more strongly to stiff substrates, building focal adhesions and actin-myosin stress fibers.
Schematic (right) shows matrix adhesion and growth factors influence both cell physiology
and lineage. Signals from growth factor receptors not only propagate into the nucleus (dashed
blue arrow) and direct transcription (black arrow), but also affect Rho-GTPase activity (dotted
blue arrow). Rac drives motility forward, and Rho regulates contraction of stress fibers (red),
and both can also influence gene expression (dotted red arrow).
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At	 1	 week,	 the	 Col1a2	 (Collagen	 type	 I)	 gene	 demonstrated	 higher	 expression	 in	 the	

casted	 digits	 compared	 to	 the	 non-casted	 digits	 (31.91AU	 vs	 442.64AU)	 (Figure	 30A).	

Furthermore,	 Col3a1	 (Collagen	 type	 III)	 expression	 was	 upregulated	 at	 3	 weeks	 in	 the	

casted	 digits	 while	 it	 remained	 downregulated	 in	 the	 non-casted	 digits	 (-2.4049AU	 vs	

1.3416AU)	(Figure	30B).	
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In	casted	digits,	the	activity	of	TGF-β1	switched	from	being	downregulated	to	upregulated	

between	1	and	3	weeks	and	expression	further	increased	at	4	weeks.	Within	non-casted	

digits,	TGF-β1	expression	was	upregulated	at	1	week	(1.1535AU)	and	marginally	increases	

at	3	weeks	(2.9160AU)	(Figure	31A).	The	fold	regulation	of	TGF-β2	and	its	receptor	were	
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Figure	 29:	 The	 number	 of	 fibrotic	 genes	 that	 were	 up-	
and	 downregulated	 between	 1	 and	 4	 weeks.	 No	 error	
bars	are	displayed	as	one	assay	was	performed.	
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Figure	30:	The	fold	 regulation	of	Col1a2	 (A)	and	Col3a1	
(B)	between	1	and	4	weeks.	No	error	bars	are	displayed	
as	one	assay	was	performed.	
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3.4.2	Atomic	force	microscopy	
Up	 to	 3	 weeks,	 no	 significant	 difference	 was	 observed	 in	 the	 Young’s	 modulus	 of	 the	

subcutaneous	tissue	between	the	casted	and	non-casted	digits.	However,	at	4	weeks,	the	

young’s	modulus	of	casted	digits	significantly	increased	while	there	is	a	drop	in	the	non-

casted	 ones	 (2.22MPa	 ±0.68	 vs	 5.58MPa	 ±0.93)	 (Figure	 26).	 This	 trend	 has	 not	 been	

extrapolated.	
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3.4.3	Immunohistochemistry	
In	both	groups,	morphological	analysis	showed	that	F4/80,	Hsp47	and	α-SMA	expression	

were	 mainly	 localised	 to	 the	 subcutaneous	 tissue	 around	 the	 laceration	 site	 and	

proximally	to	it.	At	3	and	4	weeks,	their	expression	also	spread	into	the	superficial	surface	

of	 tendon	 at	 sites	 where	 interfaces	 between	 the	 subcutaneous	 tissue	 and	 tendon	

occurred.	

Across	all	4	weeks,	the	expression	of	F4/80	was	higher	in	casted	digits	compared	to	non-

casted	digits.	 In	casted	digits,	this	activity	peaked	at	1	week	and	was	significantly	higher	

than	 that	 in	 non-casted	 ones	 (516.70cells/mm2	 ±51.18	 vs	 938.10cells/mm2	 ±56.54;	

P<0.0001)	 Figure	 27A).	Whereas,	 F4/80	 activity	 in	 non-casted	 digits	 peaked	 at	 3	weeks	

and	there	was	a	mild	decline	afterwards	in	F4/80	activity	across	both	groups.	

The	 expression	 of	 α-SMA	 was	 generally	 lower	 than	 F4/80	 activity	 but	 both	 cellular	

markers	were	found	to	be	within	close	proximity	of	one	another,	especially	after	1	week	

(Figure	28).	α-SMA	expression	increased	in	both	groups	to	similar	levels	but	at	3	weeks	its	

expression	peaked	 in	 the	casted	digits	while	 its	expression	 reduced	significantly	 in	non-

Figure	 26:	Mean	young’s	modulus	 of	 the	 subcutaneous	

tissue	 in	 the	 cast	model.	 Error	bars	 denote	1	 SEM	 (*	=	

P<0.05).	
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Fig 2. Forces in stem cell trafficking
(A) To extravasate from the circulation and invade a tissue, stem cells must adhere strongly to
the vessel wall and withstand high flow forces. Within a tissue, additional physical factors can
direct motile cells, including durotaxis into stiff, fibrotic regions of tissue where cells engraft.
(B) Soft tissue elasticity scale ranging from soft brain (72), fat (73), and striated muscle (25),
to stiff cartilage (E ~ 20–30 kPa at the scale of adhesions (74)) and pre-calcified bone (25).
(C) In vitro substrates that mimic soft and stiff tissue microenvironments (left) show that cells
anchor more strongly to stiff substrates, building focal adhesions and actin-myosin stress fibers.
Schematic (right) shows matrix adhesion and growth factors influence both cell physiology
and lineage. Signals from growth factor receptors not only propagate into the nucleus (dashed
blue arrow) and direct transcription (black arrow), but also affect Rho-GTPase activity (dotted
blue arrow). Rac drives motility forward, and Rho regulates contraction of stress fibers (red),
and both can also influence gene expression (dotted red arrow).
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