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Abstract: The timely resolution of wound healing is critical for restoring the skin as a protective barrier.
The switch from a proinflammatory to a reparative microenvironment must be tightly regulated.
Interleukin (IL)-6 is a key modulator of the inflammatory and reparative process: it is involved
in the differentiation, activation, and proliferation of leukocytes, endothelial cells, keratinocytes,
and fibroblasts. This review examines the role of IL-6 in the healing of cutaneous wounds, and how
dysregulation of IL-6 signaling can lead to either fibrosis or a failure to heal. The role of an IL-6/TGF-β
feedback loop is discussed in the context of fibrogenesis, while IL-6 expression and responses in
advanced age, diabetes, and obesity is outlined regarding the development of chronic wounds.
Current research on therapies that modulate IL-6 is explored. Here, we consider IL-6′s diverse impact
on cutaneous wound healing.
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1. Introduction

Interleukin (IL)-6 plays a central role in acute inflammation and is necessary for the timely
resolution of wound healing [1,2]. Released early in response to injury, IL-6 induces the release
of proinflammatory cytokines from tissue resident macrophages, keratinocytes, endothelial cells,
and stromal cells. IL-6 has also been found to induce chemotaxis of leukocytes into a wound [3,4].
As inflammation progresses, IL-6 signaling is responsible for the switch to a reparative environment.
The regulation of wound healing is critical: inappropriate proinflammatory signaling can result in
wounds that take much longer to heal and are at risk of infection [5–7]. Non-healing wounds can cause
distress and require careful management [8,9]. Alternatively, if the switch to proliferative signaling
is not carefully controlled, then repair can instead result in fibrosis, which is characterized by the
excessive accumulation of extracellular matrix proteins, such as collagen, at the site of injury/damage.
Scar formation is the normal end point of mammalian tissue repair, however, excessive scarring can
impair normal tissue function [10]. Fibrotic skin tissue covers a spectrum of severity, from flat and
pale and relatively static atrophic scars to severe, highly pigmented and rapidly growing pathological
hypertrophic and keloid scars [11]. Even the minor normotrophic scar type is dysfunctional—it has
decreased sensation, can cause discomfort through itchiness and pain, has altered pigmentation [12],
and the tightening of the skin can impair movement and have a detrimental impact on quality of
life [13,14]. Scarring also has a psychological toll on patients, due to dissatisfaction with the scar
appearance and associated stigma [15]. In this review, we will explore how IL-6 mediates the process
of dermal wound repair, and the mechanisms by which it can lead to skin pathology.
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2. Wound Healing

Wound repair has been stratified into many different levels, but there are three primary stages: an
inflammatory response, whereby hemostasis is achieved and leukocyte infiltrates clear the wound
of debris; a proliferative phase, during which vascularization, extracellular matrix (ECM) deposition
and re-epithelialization occur; and remodeling, which may persist for months to years as the ECM
is processed and the tissue gains strength and flexibility [16] (Figure 1). In normal wound repair,
the expression of IL-6 is significantly decreased during the remodeling phase; this is thought to be
due to apoptosis of infiltrating inflammatory leukocytes and a subsequent reduction in cytokine
signaling [17]. The role of IL-6 in inflammation is discussed below.
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Figure 1. The stages of wound healing. (a) The inflammatory phase begins with the influx of
platelets and clotting factors which induce hemostasis to prevent blood loss. Inflammatory leukocytes
enter the wound—neutrophils clear debris, while lymphocytes, monocytes and tissue-resident
macrophages begin differentiating and releasing proinflammatory cytokines IL-1α, IL-1β, IL-6,
IL-17, TNF-α, IFN-γ. This phase features predominately M1-type macrophages. (b) Proliferation
begins with an influx of fibroblasts and TGF-β, resulting in the deposition of a collagen-I scaffold.
M1 macrophages polarize towards an M2 phenotype which drives profibrotic signaling necessary for
scaring. Keratinocytes migrate over the collagen scaffold and angiogenesis begins. (c) Remodeling
occurs after a rigid collagen-rich scar has been established; over the course of months to years fibroblasts
digest collagen-III and replace it with collagen-I while reorganizing the collagen fibers, which improves
scar pliability. IL—interleukin; KGF—keratinocyte growth factor; MCP-1—monocyte chemoattractant
protein 1; Th—T-helper; TGF-β—tissue growth factor β; VEGF—vascular endothelial growth factor.

2.1. Inflammation

Tissue injury results in cell necrosis and loss of cell membrane integrity, which causes the release of
damage-associated molecular patterns (DAMPs)—molecules, including ATP, DNA fragments and IL-33,
IL-1α—that are intracellular under normal physiological conditions, but stimulate immunomodulatory
or inflammatory effects when released after cell lysis [18]. DAMPs can stimulate pattern recognition
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receptors on immune cells, such as formyl peptide receptor-1 and Toll-like receptors (TLRs) on
tissue-resident macrophages and infiltrating neutrophils [19–21], initiating the proinflammatory NF-κB
and mitogen-activated protein kinase (MAPK) pathways. Macrophages secrete proinflammatory
cytokines including IL-6, a major regulator of the acute inflammatory response. IL-6 has an array
of downstream targets: it promotes Th2 and Th17 differentiation in CD4+ T-cells [22] (Figure 2),
while inhibiting the TGF-β-dependent differentiation of T-regulatory cells [23]. Endocrine signaling
to the bone marrow results in thrombopoiesis [24], vital for hemostasis. An influx of neutrophils
into the wound (recruited via IL-8) initiates the clearing of debris and also introduces soluble
IL-6-receptor α (sIL-6Rα) into the wound, as it is shed from the surface of neutrophils [25]. This is an
important step in the movement from the inflammatory phase of wound healing to the proliferative
phase, as IL-6/IL-6Rα complexes initiate signaling through the ubiquitous gp130 transmembrane
receptor, thereby increasing the endothelial expression of IL-6 and monocyte chemoattractant protein 1
(MCP-1) [26]. MCP-1 recruits circulating monocytes, while inflammatory cytokines (tissue necrosis
factor alpha; TNFα, and interferon gamma; IFN-γ) and the interaction of DAMPs with TLRs regulate
their differentiation into M1 macrophages [27,28]. There is some evidence that the phagocytosis of
apoptotic neutrophils towards the end of the inflammatory phase contributes to the macrophage
polarization; a switch from the IL-6-producing, proinflammatory M1 phenotype to the TGF-βproducing,
reparative M2 phenotype [29,30]. This transition is likely bolstered by IL-4 and IL-13, produced by the
IL-6 stimulation of Th2 cells [31] (Figure 2).
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Figure 2. IL-6 and TGF-β effects on leukocyte function. IL-6 promotes the proinflammatory
functions of Th17, γδ T-cells, and M1 macrophages, while simultaneously promoting anti-inflammatory
Th2 differentiation and cytokine secretion. IL-6 also stimulates profibrotic responses in M2 macrophages,
in conjunction with M1/M2 polarization sustained by Th2 cytokines IL-4 and IL-23. TGF-β contributes
to IL-6-dependent differentiation of Th17 and γδ T-cells. IL—interleukin; TGF-β—tissue growth factor
β; Th—T-helper; TNF-α—tumor necrosis factor α; VEGF—vascular endothelial growth factor.
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2.2. Proliferation

IL-6 trans-signaling, whereby sIL-6Rα/IL-6 associates with gp130 and initiates JAK/STAT and
MAPK signaling pathways [32], stimulates the migration of fibroblasts to sites of injury. Fibroblasts are
responsible for producing the collagen and fibronectin scaffold required for re-epithelialization of
the wound [5] (Figure 1b). The orientation and composition of this scaffold impacts the outcomes
of wound healing. The deposition and remodeling of this matrix is an ongoing process and has
been shown to be influenced by growth factors, such as those in platelet-rich plasma, which includes
IL-6 and TGF-β (among others) [33,34]. An engineered-tissue model of skin fibrosis demonstrated a
dichotomy between the gene expression of IL-6 and of collagen production by superficial and deep
dermal fibroblasts in co-culture with keratinocytes [35]. Deep dermal fibroblasts produce significantly
more IL-6 than superficial fibroblasts, which may in part contribute to the difference in healing between
superficial and deeper wounds [10]. IL-6 signaling helps to initiate profibrotic fibroblast/keratinocyte
interactions: IL-6 induction of the proinflammatory cytokine production in macrophage/monocytes
occurs via MAPK and NFκB signaling pathways. Monocytes and macrophages secrete IL-1β and
TNF-α [36,37] in response to IL-6 exposure, which induces keratinocyte growth factor (KGF) production
by fibroblasts [38] (Figure 3). KGF is a potent activator of keratinocytes that enhances their proliferation
and migration [39]. Subsequently, keratinocytes produce oncostatin M (another member of the
IL-6 cytokine family), which acts in a paracrine manner to stimulate profibrotic STAT3 signaling in
dermal fibroblasts [40,41].

IL-6 regulates M2 macrophage polarization, likely by upregulation of the IL-4 receptor [31,42–44];
M2 cells are important for late-stage wound repair, expressing TGF-β and IL-10 [45], which are
anti-inflammatory. TGF-β is an important activator of the collagen-I pathway in fibroblasts, facilitating
ECM deposition, and as an inhibitor of ECM degradation, by promoting the tissue inhibitor of
metalloproteinases 1 (TIMP-1) [46]. Wound closure relies on the differentiation of fibroblasts to
alpha-smooth muscle actin (α-SMA)-expressing myofibroblasts, which contract to bring the edges of
the wound together [47]. IL-6 regulates the differentiation of fibroblasts to myofibroblasts through
the paracrine expression of TGF-β at the wound site [45,46], and directly in fibroblasts through the
JAK/ERK pathway [48].

Endothelial cells are a direct and indirect target of IL-6/IL-6R/gp130 pathway activation [49,50],
which has implications for wound healing. When stimulated with IL-6, endothelial cells are
more proliferative and produce MCP-1, IL-8, and IL-6 in a JAK/STAT dependent manner [51],
contributing to the inflammatory microenvironment by recruiting leukocytes. Fibroblasts, keratinocytes,
and macrophages express vascular endothelial growth factor (VEGF) in response to IL-6 [52,53]. VEGF is
one of the primary stimulators of neovascularization [54]. Vascularization is an important component of
wound healing, and impaired vascularization delays wound closure [55]. However, the dysregulation
of vascularization, potentially through the expression VEGF, may be a component of fibrotic
disease pathogenesis, as many fibrotic diseases, much like proliferative neoplasms, feature increased
vascularization [56,57].
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Figure 3. IL-6 and TGF-β-mediated interactions between dermal cells. IL-6 is central to profibrotic
interactions between fibroblasts, myofibroblasts, keratinocytes and endothelial cells. IL-6 drives
proliferation in endothelial cells in conjunction with VEGF, leading to neovascularization, which sustains
pathological fibroproliferative scarring. IL-1β, TNF-α and IL-6 are produced by M1 macrophages in
the wound site, while IL-17 is produced by Th17 and γδT-cells. Col-I—collagen 1; DD—Dupuytren’s
disease IL—interleukin; KGF—keratinocyte growth factor; MCP-1—monocyte chemoattractant protein;
MMP—matrix metalloproteinases; OSM—oncostatin M; SSc—systemic sclerosis; TGF-β—tissue growth
factor β; TNF-α—tumor necrosis factor alpha; VEGF—vascular endothelial growth factor.

3. Fibrotic Diseases of the Skin

3.1. Hypertrophic Scarring

Hypertrophic scars are the result of prolonged inflammation that persists during early wound
healing and after wound closure [58,59]. They present as firm, raised scar tissue that may be darker than
the surrounding skin due to increased vascularization [56]. Patients describe the scars as being frequently
itchy and uncomfortable [11], which is likely due to ongoing inflammation [58]. The risk of hypertrophic
scarring is relative to the time a wound takes to heal (up to the remodeling phase); after 21 days that
risk rises to 70% [59]. There is evidence that changes to the tension of the dermis during wound healing
prolongs inflammation, by promoting vascular permeability [58,60], resulting in increased IL-6 and
other proinflammatory mediators within the tissue. The absence of growth factors released by platelets
during the first 10 days of wound healing may impede the reorganization of collagen in the wound and
contribute to hypertrophy [33]. Aside from the aesthetic issues and discomfort caused by hypertrophic
scars, there is a risk of physical impediment, as tightening of the skin prevents normal movement due
to scarring around joints. Myofibroblasts have been shown to persist in hypertrophic scars and cause
contractures [61,62]. As mentioned above, IL-6 has a role in myofibroblast differentiation, and it may
also play a role in myofibroblast persistence. Myofibroblasts from hypertrophic scars are resistant
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to apoptosis through Bcl2 anti-apoptotic signaling [61]; IL-6 (and the related cytokine IL-11) has
been shown to induce Bcl2 expression in fibroblasts from idiopathic primary fibrosis patients [63].
It is through these mechanisms that hypertrophic scars develop and persist following cutaneous
tissue damage.

3.2. Keloids

Keloids are regions of scar tissue that result from excessive fibrosis following wound closure [64–67]
and can be distinguished from hypertrophic scars, as they grow beyond the boundaries of the original
wound in a tumor-like fashion [65]. The exact etiology of the disease is unknown. It is likely that a
genetic predisposition contributes to the development of keloids, as they are most often seen in darker
skinned patients and there is a degree of heritable risk [65,67]. Epigenetic disparity between keloid
fibroblasts and normal fibroblasts from the same donors provides some insight into the mechanism
driving fibrosis: there is marked hypomethylation in keloid fibroblasts [67], a trait shared with cancer
cells. Interestingly, the promotor region of the JAK1 gene is hypomethylated, suggesting that it
would show increased expression. Ghazizadeh et al. confirm this, showing increased expression and
phosphorylation of not only JAK1, but also STAT3, RAF1, and ELK1, implicating IL-6 signaling in keloid
pathogenesis [66]. Furthermore, keloid fibroblasts demonstrate the increased expression of IL-6, IL-6R,
and gp130. The expression of IL-6 may be inherent to a feedback loop, wherein the increased expression
of TGF-β [64] promotes IL-6 production via PI3K and p38-MAPK [46,68], and IL-6 promotes TGF-β
expression by keloid-resident macrophages [69]. As with other fibrotic conditions, these macrophages
demonstrate M2 polarization. TGF-β upregulates the expression of VEGF by keloid fibroblasts [64],
a key component promoting the vascularization of keloid scars, that allows them to grow excessively.

3.3. Scleroderma and Systemic Sclerosis

Scleroderma is an autoimmune disease; however, the exact etiology is poorly understood. There are
two broad classifications of the disease: scleroderma refers to a localized thickening and hardening of
the skin, whereas the diffuse disease, that may affect visceral connective tissue, is termed systemic
sclerosis. Patients may have progressive loss of function as the skin around joints becomes hard and
immobile, or internal organs fail due to excessive fibrosis [70,71]. There is some suggestion that the
pathogenesis of the disease is rooted in a dysregulated Th17 response and research supporting this
demonstrates increased circulating and/or infiltrating Th17 cells in systemic sclerosis. This may be
accompanied by elevated IL-17A [72–74]; there is, however, some disagreement [75]. In a bleomycin
model of cutaneous fibrosis, mice that were highly susceptible to fibrosis due to an IL-1 antagonist
deficiency were protected from fibrosis by IL-17 knockdown [76]. This evidence supports IL-17 as a
disruptive cytokine potentiating pathological fibrosis. The action of IL-17A in systemic sclerosis is
complex: studies have demonstrated that IL-17A (in conjunction with TNF) can be anti-fibrotic through
the upregulation of matrix metalloproteinases 1 (MMP-1) and the inhibition of collagen synthesis in
human dermal fibroblasts [46,77], although this may not be as effective in fibroblasts isolated from
disease sites. Conversely, IL-17A acts synergistically with TGF-β to increase the expression of IL-6 in
fibroblasts cultured from systemic sclerosis patients [46]. IL-6 expression is constitutively higher in
systemic sclerosis fibroblasts compared to fibroblasts from healthy donors [46]. This suggests that
there is a presiding proinflammatory state driving progressive collagen deposition, leading to the
stiffening of the ECM. Furthermore, environmental stimulation may contribute to IL-6-dependent
fibrosis. For example, Uehara et al. provide data that links norepinephrine and IL-6 production,
showing a significantly increased response in scleroderma fibroblasts via adrenoreceptor (AR)β
signaling [78]. The ensuing production of collagen could be impeded by the addition of propranolol,
an ARβ antagonist, or SB203580, a p38 inhibitor. The authors suggest that increased norepinephrine
circulation due to cold temperatures or emotional stress may contribute to fibrosis in systemic sclerosis
patients [78].
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3.4. Dupuytren’s Disease

Dupuytren’s contracture is a progressive fibrotic disease that manifests as nodules of tissue under
the surface of the palm. These lesions are contractile and over time cause a tightening of the skin
that results in persistently bent fingers. Dupuytren’s contracture is mainly prevalent in individuals
over 60 years old; representing around 50% of all diagnoses [79]. The exact etiology of the disease is
unknown, however there is a heritable risk [80].

Myofibroblasts from Dupuytren’s nodules are highly proliferative, and express high levels of
TGF-β, IL-1β, α-SMA and IL-6 [81]. Normal (non-disease) cells collected from the palmar fascia
adjacent to a Dupuytren’s nodule have been shown to express IL-6 upon stimulation with TGF-β,
and primary fibroblasts grown from these tissues express IL-6R [82]. This allows an IL-6 autocrine
feedback loop to perpetuate proliferative signaling in Dupuytren’s fibroblasts. IL-6 does not appear
to control the contractibility of myofibroblasts [81]; this is regulated by TNF. Macrophages have a
role to play here too, as TNF is primarily secreted by macrophages. The number of macrophages
in the disease tissue is correlated with the presence of myofibroblasts [83], which are indicative of
active disease. As with other fibrotic conditions, the growths show increased vascularization [57].
The pro-survival, pro-proliferative signaling of IL-6 and its downstream effector cytokines likely
contribute to the microenvironment conducive to angiogenesis.

3.5. Treatments Modulating IL-6 (Cutaneous Fibrosis)

The control of IL-6, alongside other inflammatory cytokines, has proven to be an appealing strategy
for treating fibrotic conditions (Table 1). Ameliorating low level chronic inflammation perpetuated by,
and contributing to, IL-6 expression in fibrotic tissue, may slow or stop the progression of the disease,
or even reverse established fibrosis.

Table 1. Treatments that modulate IL-6 in cutaneous fibrosis.

Treatment Effect Disease Outcome

Corticosteroids ↓IL-6, ↓VEGF, ↓STAT3 Hypertrophic/keloid
scars Improved scar score [84–86]

Dupuytren’s disease Softening of nodules, improved
motility [87,88]

Verapamil
(Calcium antagonist)

↓IL-6, ↓VEGF,
↑Apoptosis (Fibroblasts)

Hypertrophic/keloid
scars

Reduced growth, improved scar
score [89,90] (disputed

efficacy [91,92])

Tocilizumab
(IL-6 blockade)

Prevents IL-6-receptor
binding

Scleroderma/systemic
sclerosis

Improved skin score, reverses
TGF-β-dependent phenotype in SSc

fibroblasts [93–95]

Pirfenidone ↓TGF- β-signaling,
↓IL-6 Dupuytren’s disease

Preclinical—reduces
TGF-β-dependent signaling in DD

fibroblasts [96–98]

SSc—systemic sclerosis; DD—Dupuytren’s disease.

3.5.1. Corticosteroids

Corticosteroids have been used to treat hypertrophic scars and keloids for over half a century,
with mixed success [99]. Oral administration of corticosteroids has been phased out in favor of local
injection and topical application. Triamcinolone acetonide is commonly used for the treatment of
early stage Dupuytren’s, hypertrophic and keloid scars [84–88,100], although a range of corticosteroids
have been implemented in various treatments for fibrotic conditions [86,101]. Triamcinolone acetonide
has been specifically shown to decrease proliferation and IL-6 expression in lung fibroblasts [102],
and it inhibits IL-6 and VEGF-dependent angiogenesis in corneal endothelial cells via decreased
expression of STAT [103]. It is likely that triamcinolone acetonide reduces cutaneous fibrosis via these
mechanisms—the reduction of IL-6 expression would moderate TGF-β-dependent collagen production
and limit the neovascularization required to sustain fibroproliferative growth.
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Corticosteroids, in combination with other pharmacological or physical therapies, have been
shown in a number of studies to have a favorable result in scars. Kant et al. demonstrate corticosteroids
combined with verapamil result in a 42% decrease in scar score (patient and observer scar assessment
scale [104]) for keloids, and a 33% decrease for hypertrophic scars after 12 months [84]. Park et al. show
the use of a topical corticosteroid combined with laser ablation produced a 39% reduction in keloid
scar score (Vancouver scar scale [105]), compared to 47% for intralesional injections (however, patients
reported significantly less pain with the topical treatment) [86]. On et al. demonstrated that four
treatments with triamcinolone injections and a copper bromide laser was sufficient to produce a 50%
reduction in Vancouver scar scale score in the majority of patients, with a hypertrophic scar following
thyroidectomy [85]. In Dupuytren’s disease, corticosteroids improve the consistency of nodules by
60%–80% within an average of six months, however, reactivation has been shown to occur in 50% of
patients within three years, necessitating further treatment [87]. Recurrence of the disease following
corticosteroid treatment appears to be improved in non-Caucasians according to a study treating
patients in Taiwan [88]. Long-term treatment with corticosteroids appears to be well tolerated if
administered according to guidelines (injections at least one month apart) [85–88]. Corticosteroids can
be an effective treatment in fibrotic diseases, although this efficacy is still limited.

3.5.2. Verapamil

Verapamil is a calcium-channel antagonist that has been studied for the treatment of keloids.
It limits nodule growth by decreasing the expression of IL-6 and VEGF in keloid fibroblasts,
and increasing the rate of fibroblast apoptosis [89]. Calcium has a significant role in the control of wound
healing [106], however verapamil is typically administered intralesionally after re-epithelialization.
Wang et al. provide a summary of clinical trials using verapamil to treat hypertrophic scars and keloids,
noting that the effectiveness was moderately poorer than corticosteroid treatment, however there
were fewer adverse effects [90]. These findings are disputed in more recent studies [91,92], suggesting
further trials are needed to establish the efficacy of verapamil for the treatment of scars.

3.5.3. IL-6 Blockade

The IL-6Rα antagonist tocilizumab has been investigated as a potential treatment for systemic
sclerosis. The faSScinate phase II randomized controlled trial compared the effects of subcutaneous
tocilizumab injections on skin fibrosis, compared to controls [93]. It was found that tocilizumab
treatment significantly improved the modified Rodnan skin score [94] of patients, compared to placebo
controls in the 48 week double-blind period of the study, which was further corroborated when placebo
patients were subsequently administered the drug up to week 96. Tocilizumab treatment was associated
with an increased risk of serious infections, which is consistent with immunosuppression following
the IL-6 blockade [93]. The researchers expanded their investigation to study the effects of treatment
on dermal fibroblasts isolated from treatment group patients, placebo-control patients, and healthy
controls. They report that tocilizumab treatment had effectively reversed the TGF-β-induced molecular
and genetic phenotype observed in systemic sclerosis fibroblasts [95]. There is potential for tocilizumab
to be used as a treatment for other fibrotic conditions, although considerations must be made for its
immunosuppressive effects.

3.5.4. Pirfenidone

The treatment of Dupuytren’s is still primarily focused on physical disruption or removal of
the nodule, although collagenase and steroid treatments are also popular [107–109], but even with
these treatments, recurrence rates are still high. The TGF-β/IL-6 feedback loop may be controlled
by pirfenidone, which reduces the TGF-β-dependent phosphorylation of AKT and p38 in fibroblasts
cultured from Dupuytren’s lesions [96]. The efficacy of pirfenidone treatment for idiopathic lung fibrosis
(IPF) has been assessed in mouse models, where the lung concentrations of IL-6 and other inflammatory
cytokines were ameliorated [110]. In clinical trials, pirfenidone was found to improve progression-free
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survival up to 52 weeks in patients with IPF [111,112], with good tolerability, and overall survival
had been improved at two, three, and five years [113–115]. Pirfenidone has anti-fibrotic effects on
Dupuytren’s disease derived fibroblasts [96,97,115,116], and appears to be a suitable candidate for
clinical trials in patients with Dupuytren’s disease.

4. Age, Obesity, Diabetes and Chronic Wounds

Complications with wound healing and fibrosis are seen more frequently in some populations,
including the elderly, the obese, and those with diabetes. IL-6 plays a role in this pathology.
Here, we describe the pro-inflammatory role of IL-6 and how it can delay wound closure.

4.1. Age

IL-6 and other proinflammatory cytokines are upregulated in monocytes in the elderly [117].
However, macrophage infiltration into wounds is delayed [118], prolonging the early inflammatory
phase of healing. Fibroblasts become quiescent with age, with decreased motility and proliferative
capacity [119]. This is concurred in the wounds of aged mice, which have demonstrably delayed
healing and decreased fibroblast-myofibroblast differentiation [120]. This appears to be predominately
driven by the reduced expression of TGF-β and the reduced sensitivity to TGF-β-induced signaling
in fibroblasts from aged mice [120]. This begs the question: how does an increase in IL-6 expression
relate to a decrease in TGF-β expression, given that IL-6 trans-signaling is prostimulatory for TGF-β
production? It is possible that decreases in the concentration of soluble IL-6Rα observed in elderly
patients [121] impairs IL-6/IL-6Rα activation of gp130 on macrophages, keratinocytes, fibroblasts and
endothelial cells. This may contribute to the persistence of a M1 phenotype and delayed transition to
the pro-proliferative M2 phenotype [122]. Elderly people may have chronic wounds due to increased
IL-6, but show reduced proliferation and scarring due to decreased expression of pro-proliferative,
pro-fibrotic TGF-β [123].

4.2. Diabetes and Obesity

While there is no apparent correlation between serum IL-6 levels and age [124], elevated circulating
concentrations of IL-6 are commonly observed in obesity and diabetes [5,6], as a symptom of chronic
low-grade inflammation. Interestingly, a reactive increase in IL-6 expression during acute inflammation
is delayed in a mouse model of diabetes [5]. This sluggish inflammatory response contributes to
delayed wound closure. Hyperglycemia (a hallmark of diabetes) has been demonstrated to decrease
the basal levels of SOCS3 (an endogenous negative regulator of IL-6-induced STAT signaling), while
increasing nuclear phosphorylated-STAT3 in keratinocytes [125]. Keratinocytes are subsequently
hyperproliferative [126], however, as they do not have increased migratory capacity [125], this is
consistent with delayed wound closure. The expression of IL-6 and IL-6Rα is increased in the wound
site, contributing to prolonged inflammation [125]. While cutaneous wounds have a tendency to
be chronically non-healing, diabetes patients are at the risk of visceral fibrotic disease, including
cardiovascular, liver and renal sclerosis [127]. IL-6 has been implicated in the progression of these
morbidities [128–130], demonstrating the complex role of IL-6 in regulating pro-inflammatory and
pro-fibrotic processes.

Obesity has a similar pathology to diabetes, which is unsurprising, as diabetes is a complication that
occurs in the obese [131]. However, obesity does present some unique pathophysiology. Adipose tissue
is a secretory organ and there is an increase in both the secretion of IL-6 and expression of IL-6Rα in
obese patients compared to lean individuals [132]. Thus, they are both a perpetrator of, and responsive
to, proinflammatory signaling. Adipocytes are not the major producers of IL-6 in adipose tissue.
Instead, IL-6/IL-6R expression correlates with the macrophage-distinguishing markers cluster of
differentiation (CD)11b and CD163, as well as macrophage-type cytokines TNF-α and MCP-1 [132].
This is consistent with the histology of pathological adipose tissue: macrophages are seen to form
crown-like structures around dead adipocytes [132,133]. These macrophages are typically of the
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M1 phenotype [134,135], although Braune et al. suggest that M2 macrophages predominate the tissue
and obesity leads to a change in M1/M2 polarization towards M1 cells [42].

Aside from the mechanisms that drive the IL-6-dependent delaying of wound closure discussed
above, additional mechanisms have been explored. In a mouse model of diabetic obesity, Lee et al.
demonstrated increased frequencies of Th17 and IL-17-producing γδT-cells in full-thickness cutaneous
wounds, compared to controls [136]. Furthermore, Th17 and γδT-cell frequency was greater in older
obese mice compared to young obese mice. IL-6 has been shown to promote Th17 and γδT-cell
differentiation in combination with TGF-β [22,137]. These two cell populations produce IL-17 upon
stimulation with IL-23 [138,139], another proinflammatory M1 cytokine [140]. Lee et al. provide
evidence showing that the inhibition of IL-17 or IL-23 improves wound closure times in diabetic obese
mice without impacting scarring or fibrosis [136]. Inhibition of IL-17 also promotes polarization from
proinflammatory to pro-repair macrophages. This links IL-6 stimulation of T-cells with pathological
wound healing in obesity and diabetes.

The mechanisms above may provide some explanation for the pathology presented in a case
study published by Nicoletti et al. [141] Here, a formally obese patient suffered wound dehiscence
following breast reduction surgery. It was demonstrated that fibroblasts cultured from this patient
were inexplicably torpid compared to fibroblasts cultured from other patients. It is possible that the
constitutive inflammatory environment established by obesity contributed to the delay in wound
closure, and furthermore impeded fibroblast proliferation.

4.3. Treatments Modulating IL-6 (Wound Healing)

Targeting inflammation with corticosteroids is not a robust treatment method for chronic wounds
and may only benefit a portion of patients, where others may show worsening pathology [142].
There is disagreement over the effectiveness of corticosteroids in patients that show improving wounds,
compounded by a lack of controlled trials [143]. There is generally a lack of clinical research into
therapies targeting IL-6 inhibition in chronic wounds; given that IL-6 is known to be important for
wound closure [1], this is understandable. Most conventional treatments for chronic wounds aim
to use a physical barrier that provides an environment conducive to healing, and may involve the
administration of topical growth factors [9,144]. There may be potential for IL-6 to be targeted in a
combination treatment with growth factors, whereby the inflammation is controlled without hindering
the proliferation of fibroblasts, keratinocytes and endothelial cells. One such treatment encapsulated
LL37, an antimicrobial that increases IL-6 and VEGFα expression, with poly lactic-co-glycolic acid
(PLGA), a biodegradable supply of angiogenic lactate [145]. These nanoparticles significantly improved
in vitro and in vivo (mice) wound closure times. LL37 has also been used in conjunction with the
elastase inhibitor serpin A1, which also demonstrated the improved closure of in vitro wounds through
promoting fibroblast and keratinocyte mobility [146]. There is potential for these nanoparticles to
prevent pathological wound healing by improving wound closure time if applied close to the time
of injury. An extensive study would be required to determine if this is viable for the treatment of
chronic wounds.

5. Conclusions

The role of IL-6 in the healing of cutaneous wounds cannot be understated, and the timing of the
inflammatory response is paramount to a successful resolution and wound closure, where impairment
of the IL-6 signaling pathway delays wound healing. The primary expressors of IL-6 in the wound
are M1 macrophages, and an increase in the M1:M2 ratio, as seen in the elderly and the obese, can be
detrimental to wound healing, due to chronic inflammatory signaling. Conversely, IL-6 has some
control over M2 polarization through the promotion of IL-4R on macrophages and IL-4 secretion by
Th2 lymphocytes, and these M2 macrophages are prominent secretors of the proliferative cytokines
TGF-β and VEGF. The IL-6/TGF-β feedback loop is implicated in the pathogenesis of several profibrotic
skin conditions, as it operates in a positive autocrine loop in fibroblasts, bolstered by IL-17A, to increase
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collagen deposition and the differentiation of fibroblasts to myofibroblasts, which contract to pull the
edges of a wound together. Stimulation with IL-6 promotes the survival of myofibroblasts, and excessive
contracture is a feature of some cutaneous fibropathies. VEGF expression by endothelial tissue,
keratinocytes, fibroblasts, and macrophages in response to IL-6 contributes to fibrotic diseases, which
rely on increased vascularization. Targeting the IL-6/TGF-β feedback loop with pirfenidone is effective
in treating IPF, and tocilizumab reduces cutaneous fibrosis in systemic sclerosis. These drugs have
potential as treatments for fibrotic skin diseases. The pleiotropic function of IL-6 in cutaneous pathology
is complex, and its diverse potential as a proinflammatory, profibrotic and antifibrotic cytokine deserves
further investigation, with significant potential for further developments in clinical intervention.
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Pavelić, K.; Kraljević Pavelić, S. Inflammatory Gene Expression Upon TGF-β1-Induced p38 Activation in
Primary Dupuytren’s Disease Fibroblasts. Front. Mol. Biosci. 2015, 2. [CrossRef] [PubMed]

83. Andrew, J.G.; Andrew, S.M.; Ash, A.; Turner, B. An investigation into the role of inflammatory cells in
dupuytren’s disease. J. Hand Surg. Br. Eur. Vol. 1991, 16, 267–271. [CrossRef]

84. Kant, S.B.; van den Kerckhove, E.; Colla, C.; Tuinder, S.; van der Hulst, R.R.W.J.; Piatkowski de Grzymala, A.A.
A new treatment of hypertrophic and keloid scars with combined triamcinolone and verapamil: A
retrospective study. Eur. J. Plast. Surg. 2018, 41, 69–80. [CrossRef]

85. On, H.R.; Lee, S.H.; Lee, Y.S.; Chang, H.-S.; Park, C.; Roh, M.R. Evaluating hypertrophic thyroidectomy scar
outcomes after treatment with triamcinolone injections and copper bromide laser therapy. Lasers Surg. Med.
2015, 47, 479–484. [CrossRef]

86. Park, J.H.; Chun, J.Y.; Lee, J.H. Laser-assisted topical corticosteroid delivery for the treatment of keloids.
Lasers Med. Sci. 2017, 32, 601–608. [CrossRef]

87. Ketchum, L.D.; Donahue, T.K. The injection of nodules of Dupuytren’s disease with triamcinolone acetonide.
J. Hand Surg. 2000, 25, 1157–1162. [CrossRef]

88. Yin, C.-Y.; Yu, H.-H.M.; Wang, J.-P.; Huang, Y.-C.; Huang, T.-F.; Chang, M.-C. Long-term follow-up of
Dupuytren disease after injection of triamcinolone acetonide in Chinese patients in Taiwan. J. Hand Surg.
Eur. Vol. 2017, 42, 678–682. [CrossRef]

89. Giugliano, G.; Pasquali, D.; Notaro, A.; Brongo, S.; Nicoletti, G.; D’Andrea, F.; Bellastella, A.; Sinisi, A.A.
Verapamil inhibits interleukin-6 and vascular endothelial growth factor production in primary cultures of
keloid fibroblasts. Br. J. Plast. Surg. 2003, 56, 804–809. [CrossRef]

90. Wang, R.; Mao, Y.; Zhang, Z.; Li, Z.; Chen, J.; Cen, Y. Role of verapamil in preventing and treating hypertrophic
scars and keloids. Int. Wound J. 2016, 13, 461–468. [CrossRef]

91. Abedini, R.; Sasani, P.; Mahmoudi, H.R.; Nasimi, M.; Teymourpour, A.; Shadlou, Z. Comparison of
intralesional verapamil versus intralesional corticosteroids in treatment of keloids and hypertrophic scars: A
randomized controlled trial. Burns 2018, 44, 1482–1488. [CrossRef] [PubMed]

92. Danielsen, P.L.; Rea, S.M.; Wood, F.M.; Fear, M.W.; Viola, H.M.; Hool, L.C.; Gankande, T.U.; Alghamdi, M.;
Stevenson, A.W.; Manzur, M.; et al. Verapamil is Less Effective than Triamcinolone for Prevention of Keloid
Scar Recurrence After Excision in a Randomized Controlled Trial. Acta Derm. Venereol. 2016, 96, 774–778.
[CrossRef] [PubMed]

93. Khanna, D.; Denton, C.P.; Lin, C.J.F.; van Laar, J.M.; Frech, T.M.; Anderson, M.E.; Baron, M.; Chung, L.;
Fierlbeck, G.; Lakshminarayanan, S.; et al. Safety and efficacy of subcutaneous tocilizumab in systemic
sclerosis: Results from the open-label period of a phase II randomised controlled trial (faSScinate).
Ann. Rheum. Dis. 2018, 77, 212–220. [CrossRef] [PubMed]

94. Kaldas, M.; Khanna, P.P.; Furst, D.E.; Clements, P.J.; Kee Wong, W.; Seibold, J.R.; Postlethwaite, A.E.;
Khanna, D. Sensitivity to change of the modified Rodnan skin score in diffuse systemic sclerosis—assessment
of individual body sites in two large randomized controlled trials. Rheumatology 2009, 48, 1143–1146.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep34012
http://dx.doi.org/10.1007/s11552-010-9306-4
http://dx.doi.org/10.1002/gepi.22209
http://dx.doi.org/10.1073/pnas.1301100110
http://www.ncbi.nlm.nih.gov/pubmed/23431165
http://dx.doi.org/10.3389/fmolb.2015.00068
http://www.ncbi.nlm.nih.gov/pubmed/26697433
http://dx.doi.org/10.1016/0266-7681(91)90051-O
http://dx.doi.org/10.1007/s00238-017-1322-y
http://dx.doi.org/10.1002/lsm.22375
http://dx.doi.org/10.1007/s10103-017-2154-5
http://dx.doi.org/10.1053/jhsu.2000.18493
http://dx.doi.org/10.1177/1753193417690961
http://dx.doi.org/10.1016/S0007-1226(03)00384-9
http://dx.doi.org/10.1111/iwj.12455
http://dx.doi.org/10.1016/j.burns.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29886113
http://dx.doi.org/10.2340/00015555-2384
http://www.ncbi.nlm.nih.gov/pubmed/26911400
http://dx.doi.org/10.1136/annrheumdis-2017-211682
http://www.ncbi.nlm.nih.gov/pubmed/29066464
http://dx.doi.org/10.1093/rheumatology/kep202
http://www.ncbi.nlm.nih.gov/pubmed/19605370


Biomedicines 2020, 8, 101 16 of 18

95. Denton, C.P.; Ong, V.H.; Xu, S.; Chen-Harris, H.; Modrusan, Z.; Lafyatis, R.; Khanna, D.; Jahreis, A.; Siegel, J.;
Sornasse, T. Therapeutic interleukin-6 blockade reverses transforming growth factor-beta pathway activation
in dermal fibroblasts: Insights from the faSScinate clinical trial in systemic sclerosis. Ann. Rheum. Dis. 2018,
77, 1362–1371. [CrossRef]

96. Zhou, C.; Zeldin, Y.; Baratz, M.E.; Kathju, S.; Satish, L. Investigating the effects of Pirfenidone
on TGF-β1 stimulated non-SMAD signaling pathways in Dupuytren’s disease -derived fibroblasts.
BMC Musculoskelet Disord. 2019, 20, 135. [CrossRef]

97. Sanjuan-Cerveró, R. Prevention of Recurrences in Dupuytren’s Contracture: Are We in the Right Side?
Sn Compr. Clin. Med. 2019, 1, 938–943. [CrossRef]

98. Zhou, C.; Liu, F.; Gallo, P.H.; Baratz, M.E.; Kathju, S.; Satish, L. Anti-fibrotic action of pirfenidone in
Dupuytren’s disease-derived fibroblasts. BMC Musculoskelet Disord. 2016, 17, 469. [CrossRef]

99. Clarkson, P. Cortisone as an adjunct to surgery in the treatment of keloids. Lancet 1953, 261, 923–926.
[CrossRef]

100. Khan, M.A.; Bashir, M.M.; Khan, F.A. Intralesional triamcinolone alone and in combination with 5-fluorouracil
for the treatment of keloid and hypertrophic scars. J. Pak. Med. Assoc. 2014, 64, 1003–1007.

101. Distler, O.; Cozzio, A. Systemic sclerosis and localized scleroderma—current concepts and novel targets for
therapy. Semin Immunopathol. 2016, 38, 87–95. [CrossRef] [PubMed]

102. Oddera, S.; Cagnoni, F.; Mangraviti, S.; Giron-Michel, J.; Popova, O.; Canonica, G.W. Effects of triamcinolone
acetonide on adult human lung fibroblasts: Decrease in proliferation, surface molecule expression and
mediator release. Int. Arch. Allergy Immunol. 2002, 129, 152–159. [CrossRef] [PubMed]

103. Ebrahem, Q.; Minamoto, A.; Hoppe, G.; Anand-Apte, B.; Sears, J.E. Triamcinolone Acetonide Inhibits IL-6–
and VEGF-Induced Angiogenesis Downstream of the IL-6 and VEGF Receptors. Investig. Ophthalmol. Vis. Sci.
2006, 47, 4935–4941. [CrossRef] [PubMed]

104. Draaijers, L.J.; Tempelman, F.R.H.; Botman, Y.A.M.; Tuinebreijer, W.E.; Middelkoop, E.; Kreis, R.W.; van
Zuijlen, P.P.M. The patient and observer scar assessment scale: A reliable and feasible tool for scar evaluation.
Plast. Reconstr. Surg. 2004, 113, 1960–1965; discussion 1966–1967. [CrossRef] [PubMed]

105. Baryza, M.J.; Baryza, G.A. The Vancouver Scar Scale: An administration tool and its interrater reliability.
J. Burn Care Rehabil. 1995, 16, 535–538. [CrossRef]

106. Lee, S.E.; Lee, S.H. Skin Barrier and Calcium. Ann. Derm. 2018, 30, 265–275. [CrossRef]
107. Ball, C.; Izadi, D.; Verjee, L.S.; Chan, J.; Nanchahal, J. Systematic review of non-surgical treatments for early

dupuytren’s disease. BMC Musculoskelet Disord. 2016, 17, 345. [CrossRef]
108. Roulet, S.; Bacle, G.; Guéry, J.; Charruau, B.; Marteau, E.; Laulan, J. Outcomes at 7 and 21 years after surgical

treatment of Dupuytren’s disease by fasciectomy and open-palm technique. Hand Surg. Rehabil. 2018, 37,
305–310. [CrossRef]

109. Werlinrud, J.C.; Hansen, K.L.; Larsen, S.; Lauritsen, J. Five-year results after collagenase treatment of
Dupuytren disease. J. Hand Surg. Eur. Vol. 2018, 43, 841–847. [CrossRef]

110. Oku, H.; Shimizu, T.; Kawabata, T.; Nagira, M.; Hikita, I.; Ueyama, A.; Matsushima, S.; Torii, M.; Arimura, A.
Antifibrotic action of pirfenidone and prednisolone: Different effects on pulmonary cytokines and growth
factors in bleomycin-induced murine pulmonary fibrosis. Eur. J. Pharmacol. 2008, 590, 400–408. [CrossRef]

111. Taniguchi, H.; Ebina, M.; Kondoh, Y.; Ogura, T.; Azuma, A.; Suga, M.; Taguchi, Y.; Takahashi, H.; Nakata, K.;
Sato, A.; et al. Pirfenidone in idiopathic pulmonary fibrosis. Eur. Respir. J. 2010, 35, 821–829. [CrossRef]
[PubMed]

112. King, T.E.; Bradford, W.Z.; Castro-Bernardini, S.; Fagan, E.A.; Glaspole, I.; Glassberg, M.K.; Gorina, E.;
Hopkins, P.M.; Kardatzke, D.; Lancaster, L.; et al. A phase 3 trial of pirfenidone in patients with idiopathic
pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2083–2092. [CrossRef] [PubMed]

113. Fisher, M.; Nathan, S.D.; Hill, C.; Marshall, J.; Dejonckheere, F.; Thuresson, P.-O.; Maher, T.M. Predicting Life
Expectancy for Pirfenidone in Idiopathic Pulmonary Fibrosis. J. Manag. Care Spec. Pharm. 2017, 23, S17–S24.
[CrossRef] [PubMed]

114. Margaritopoulos, G.A.; Trachalaki, A.; Wells, A.U.; Vasarmidi, E.; Bibaki, E.; Papastratigakis, G.; Detorakis, S.;
Tzanakis, N.; Antoniou, K.M. Pirfenidone improves survival in IPF: Results from a real-life study.
BMC Pulm. Med. 2018, 18, 177. [CrossRef] [PubMed]

http://dx.doi.org/10.1136/annrheumdis-2018-213031
http://dx.doi.org/10.1186/s12891-019-2486-3
http://dx.doi.org/10.1007/s42399-019-00138-6
http://dx.doi.org/10.1186/s12891-016-1326-y
http://dx.doi.org/10.1016/S0140-6736(53)92062-5
http://dx.doi.org/10.1007/s00281-015-0551-z
http://www.ncbi.nlm.nih.gov/pubmed/26577237
http://dx.doi.org/10.1159/000065877
http://www.ncbi.nlm.nih.gov/pubmed/12403933
http://dx.doi.org/10.1167/iovs.05-1651
http://www.ncbi.nlm.nih.gov/pubmed/17065510
http://dx.doi.org/10.1097/01.PRS.0000122207.28773.56
http://www.ncbi.nlm.nih.gov/pubmed/15253184
http://dx.doi.org/10.1097/00004630-199509000-00013
http://dx.doi.org/10.5021/ad.2018.30.3.265
http://dx.doi.org/10.1186/s12891-016-1200-y
http://dx.doi.org/10.1016/j.hansur.2018.05.007
http://dx.doi.org/10.1177/1753193418790157
http://dx.doi.org/10.1016/j.ejphar.2008.06.046
http://dx.doi.org/10.1183/09031936.00005209
http://www.ncbi.nlm.nih.gov/pubmed/19996196
http://dx.doi.org/10.1056/NEJMoa1402582
http://www.ncbi.nlm.nih.gov/pubmed/24836312
http://dx.doi.org/10.18553/jmcp.2017.23.3-b.s17
http://www.ncbi.nlm.nih.gov/pubmed/28287347
http://dx.doi.org/10.1186/s12890-018-0736-z
http://www.ncbi.nlm.nih.gov/pubmed/30470213


Biomedicines 2020, 8, 101 17 of 18

115. Zurkova, M.; Kriegova, E.; Kolek, V.; Lostakova, V.; Sterclova, M.; Bartos, V.; Doubkova, M.; Binkova, I.;
Svoboda, M.; Strenkova, J.; et al. Effect of pirfenidone on lung function decline and survival: 5-yr experience
from a real-life IPF cohort from the Czech EMPIRE registry. Respir. Res. 2019, 20, 16. [CrossRef]

116. Hall, C.L.; Wells, A.R.; Leung, K.P. Pirfenidone reduces profibrotic responses in human dermal myofibroblasts,
in vitro. Lab. Investig. 2018, 98, 640–655. [CrossRef]

117. Roubenoff, R.; Harris, T.B.; Abad, L.W.; Wilson, P.W.F.; Dallal, G.E.; Dinarello, C.A. Monocyte Cytokine
Production in an Elderly Population: Effect of Age and Inflammation. J. Gerontol. A Biol. Sci. Med. Sci. 1998,
53, M20–M26. [CrossRef]

118. Ashcroft, G.S.; Horan, M.A.; Ferguson, M.W. Aging alters the inflammatory and endothelial cell adhesion
molecule profiles during human cutaneous wound healing. Lab. Investig. 1998, 78, 47–58.

119. Ashcroft, G.S.; Mills, S.J.; Ashworth, J.J. Ageing and wound healing. Biogerontology 2002, 3, 337–345.
[CrossRef]

120. Fujiwara, T.; Dohi, T.; Maan, Z.N.; Rustad, K.C.; Kwon, S.H.; Padmanabhan, J.; Whittam, A.J.; Suga, H.;
Duscher, D.; Rodrigues, M.; et al. Age-associated intracellular superoxide dismutase deficiency potentiates
dermal fibroblast dysfunction during wound healing. Exp. Dermatol. 2019, 28, 485–492. [CrossRef]

121. Saldías, M.P.; Fernández, C.; Morgan, A.; Díaz, C.; Morales, D.; Jaña, F.; Gómez, A.; Silva, A.; Briceño, F.;
Oyarzún, A.; et al. Aged blood factors decrease cellular responses associated with delayed gingival wound
repair. PLoS ONE 2017, 12. [CrossRef]

122. Makrantonaki, E.; Wlaschek, M.; Scharffetter-Kochanek, K. Pathogenesis of wound healing disorders in the
elderly. J. Der Dtsch. Dermatol. Ges. 2017, 15, 255–275. [CrossRef] [PubMed]

123. Marcus, J.R.; Tyrone, J.W.; Bonomo, S.; Xia, Y.; Mustoe, T.A. Cellular mechanisms for diminished scarring
with aging. Plast. Reconstr. Surg. 2000, 105, 1591–1599. [CrossRef] [PubMed]

124. Beharka, A.A.; Meydani, M.; Wu, D.; Leka, L.S.; Meydani, A.; Meydani, S.N. Interleukin-6 Production Does
Not Increase With Age. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56, B81–B88. [CrossRef]

125. Lee, E.G.; Luckett-Chastain, L.R.; Calhoun, K.N.; Frempah, B.; Bastian, A.; Gallucci, R.M.
Interleukin 6 Function in the Skin and Isolated Keratinocytes Is Modulated by Hyperglycemia. J. Immunol. Res.
2019. [CrossRef]

126. Zhu, B.-M.; Ishida, Y.; Robinson, G.W.; Pacher-Zavisin, M.; Yoshimura, A.; Murphy, P.M.; Hennighausen, L.
SOCS3 Negatively Regulates the gp130–STAT3 Pathway in Mouse Skin Wound Healing. J. Investig. Dermatol.
2008, 128, 1821–1829. [CrossRef]

127. Ban, C.R.; Twigg, S.M. Fibrosis in diabetes complications: Pathogenic mechanisms and circulating and
urinary markers. Vasc. Health Risk Manag. 2008, 4, 575–596.

128. Akchurin, O.; Patino, E.; Dalal, V.; Meza, K.; Bhatia, D.; Brovender, S.; Zhu, Y.-S.; Cunningham-Rundles, S.;
Perelstein, E.; Kumar, J.; et al. Interleukin-6 Contributes to the Development of Anemia in Juvenile CKD.
Kidney Int. Rep. 2019, 4, 470–483. [CrossRef]

129. Zhang, Y.; Wang, J.-H.; Zhang, Y.-Y.; Wang, Y.-Z.; Wang, J.; Zhao, Y.; Jin, X.-X.; Xue, G.-L.; Li, P.-H.;
Sun, Y.-L.; et al. Deletion of interleukin-6 alleviated interstitial fibrosis in streptozotocin-induced diabetic
cardiomyopathy of mice through affecting TGFβ1 and miR-29 pathways. Sci. Rep. 2016, 6. [CrossRef]

130. Das, S.K.; Balakrishnan, V. Role of Cytokines in the Pathogenesis of Non-Alcoholic Fatty Liver Disease.
Indian J. Clin. Biochem. 2011, 26, 202–209. [CrossRef] [PubMed]

131. Twig, G.; Afek, A.; Derazne, E.; Tzur, D.; Cukierman-Yaffe, T.; Gerstein, H.C.; Tirosh, A. Diabetes Risk Among
Overweight and Obese Metabolically Healthy Young Adults. Diabetes Care 2014, 37, 2989–2995. [CrossRef]
[PubMed]

132. Sindhu, S.; Thomas, R.; Shihab, P.; Sriraman, D.; Behbehani, K.; Ahmad, R. Obesity Is a Positive Modulator of
IL-6R and IL-6 Expression in the Subcutaneous Adipose Tissue: Significance for Metabolic Inflammation.
PLoS ONE 2015, 10. [CrossRef] [PubMed]

133. Murano, I.; Barbatelli, G.; Parisani, V.; Latini, C.; Muzzonigro, G.; Castellucci, M.; Cinti, S. Dead adipocytes,
detected as crown-like structures, are prevalent in visceral fat depots of genetically obese mice. J. Lipid Res.
2008, 49, 1562–1568. [CrossRef] [PubMed]

134. Chylikova, J.; Dvorackova, J.; Tauber, Z.; Kamarad, V. M1/M2 macrophage polarization in human obese
adipose tissue. Biomed. Pap. 2018, 162, 79–82. [CrossRef] [PubMed]

135. Appari, M.; Channon, K.M.; McNeill, E. Metabolic Regulation of Adipose Tissue Macrophage Function in
Obesity and Diabetes. Antioxid. Redox Signal. 2017, 29, 297–312. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12931-019-0977-2
http://dx.doi.org/10.1038/s41374-017-0014-3
http://dx.doi.org/10.1093/gerona/53A.1.M20
http://dx.doi.org/10.1023/A:1021399228395
http://dx.doi.org/10.1111/exd.13404
http://dx.doi.org/10.1371/journal.pone.0184189
http://dx.doi.org/10.1111/ddg.13199
http://www.ncbi.nlm.nih.gov/pubmed/28252848
http://dx.doi.org/10.1097/00006534-200004050-00001
http://www.ncbi.nlm.nih.gov/pubmed/10809086
http://dx.doi.org/10.1093/gerona/56.2.B81
http://dx.doi.org/10.1155/2019/5087847
http://dx.doi.org/10.1038/sj.jid.5701224
http://dx.doi.org/10.1016/j.ekir.2018.12.006
http://dx.doi.org/10.1038/srep23010
http://dx.doi.org/10.1007/s12291-011-0121-7
http://www.ncbi.nlm.nih.gov/pubmed/22468051
http://dx.doi.org/10.2337/dc14-0869
http://www.ncbi.nlm.nih.gov/pubmed/25139886
http://dx.doi.org/10.1371/journal.pone.0133494
http://www.ncbi.nlm.nih.gov/pubmed/26200663
http://dx.doi.org/10.1194/jlr.M800019-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18390487
http://dx.doi.org/10.5507/bp.2018.015
http://www.ncbi.nlm.nih.gov/pubmed/29765169
http://dx.doi.org/10.1089/ars.2017.7060
http://www.ncbi.nlm.nih.gov/pubmed/28661198


Biomedicines 2020, 8, 101 18 of 18

136. Lee, J.; Rodero, M.P.; Patel, J.; Moi, D.; Mazzieri, R.; Khosrotehrani, K. Interleukin-23 regulates
interleukin-17 expression in wounds, and its inhibition accelerates diabetic wound healing through the
alteration of macrophage polarization. Faseb J. 2018, 32, 2086–2094. [CrossRef]

137. Malik, S.; Want, M.Y.; Awasthi, A. The Emerging Roles of Gamma–Delta T Cells in Tissue Inflammation in
Experimental Autoimmune Encephalomyelitis. Front. Immunol. 2016, 7. [CrossRef]

138. Martin, B.; Hirota, K.; Cua, D.J.; Stockinger, B.; Veldhoen, M. Interleukin-17-Producing γδ T Cells Selectively
Expand in Response to Pathogen Products and Environmental Signals. Immunity 2009, 31, 321–330. [CrossRef]

139. Iwakura, Y.; Ishigame, H. The IL-23/IL-17 axis in inflammation. J. Clin. Investig. 2006, 116, 1218–1222.
[CrossRef]

140. Yamaguchi, R.; Sakamoto, A.; Yamamoto, T.; Narahara, S.; Sugiuchi, H.; Yamaguchi, Y. Differential regulation
of IL-23 production in M1 macrophages by TIR8/SIGIRR through TLR4- or TLR7/8-mediated signaling.
Cytokine 2017, 99, 310–315. [CrossRef]

141. Nicoletti, G.; Saler, M.; Tresoldi, M.M.; Scevola, S.; Faga, A. Unrecognized Cell Torpidity as a Risk Factor in
Elective Plastic Surgery. Plast Reconstr Surg Glob. Open 2018, 6. [CrossRef] [PubMed]

142. Bosanquet, D.; Rangaraj, A.; Richards, A.; Riddell, A.; Saravolac, V.; Harding, K. Topical steroids for chronic
wounds displaying abnormal inflammation. Ann. R Coll. Surg. Engl. 2013, 95, 291–296. [CrossRef] [PubMed]

143. Nikkhah, D.; Dheansa, B. Topical steroids for chronic wounds displaying abnormal inflammation. Ann. R Coll.
Surg. Engl. 2013, 95, 448. [CrossRef] [PubMed]

144. Jones, R.E.; Foster, D.S.; Longaker, M.T. Management of Chronic Wounds—2018. JAMA 2018, 320, 1481–1482.
[CrossRef]

145. Chereddy, K.K.; Her, C.-H.; Comune, M.; Moia, C.; Lopes, A.; Porporato, P.E.; Vanacker, J.; Lam, M.C.;
Steinstraesser, L.; Sonveaux, P.; et al. PLGA nanoparticles loaded with host defense peptide LL37 promote
wound healing. J. Control. Release 2014, 194, 138–147. [CrossRef]

146. Fumakia, M.; Ho, E.A. Nanoparticles Encapsulated with LL37 and Serpin A1 Promotes Wound Healing and
Synergistically Enhances Antibacterial Activity. Mol. Pharm. 2016, 13, 2318–2331. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1096/fj.201700773R
http://dx.doi.org/10.3389/fimmu.2016.00014
http://dx.doi.org/10.1016/j.immuni.2009.06.020
http://dx.doi.org/10.1172/JCI28508
http://dx.doi.org/10.1016/j.cyto.2017.08.014
http://dx.doi.org/10.1097/GOX.0000000000001727
http://www.ncbi.nlm.nih.gov/pubmed/29707468
http://dx.doi.org/10.1308/003588413X13629960045634
http://www.ncbi.nlm.nih.gov/pubmed/23676816
http://dx.doi.org/10.1308/rcsann.2013.95.6.448
http://www.ncbi.nlm.nih.gov/pubmed/24025309
http://dx.doi.org/10.1001/jama.2018.12426
http://dx.doi.org/10.1016/j.jconrel.2014.08.016
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00099
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Wound Healing 
	Inflammation 
	Proliferation 

	Fibrotic Diseases of the Skin 
	Hypertrophic Scarring 
	Keloids 
	Scleroderma and Systemic Sclerosis 
	Dupuytren’s Disease 
	Treatments Modulating IL-6 (Cutaneous Fibrosis) 
	Corticosteroids 
	Verapamil 
	IL-6 Blockade 
	Pirfenidone 


	Age, Obesity, Diabetes and Chronic Wounds 
	Age 
	Diabetes and Obesity 
	Treatments Modulating IL-6 (Wound Healing) 

	Conclusions 
	References

