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ABSTRACT
Neutrophils interact with and activate fibroblasts through the release of neutrophil extracellular traps (NETs). We investigated
the role of NETs-fibroblast crosstalk in the cutaneous wound healing of type 2 diabetes (T2D). Neutrophils/NETs, serum, and
primary human skin fibroblasts (HSFs) were obtained from individuals with T2D and age/sex-matched controls. NET-stimulation
studies were performed on neutrophils/HSFs, with and without specific inhibitors, while HSF healing capacity was assessed
using a scratch wound healing assay. T2D HSFs display a profibrotic phenotype, showing increased CCN2/CTGF, α-smooth
muscle actin, and collagen release, albeit with impaired healing capacity, elevated type I collagen C-terminal telopeptide, and
collagen degradation associated with increased (∼3.5-fold) matrix metalloproteinase-9 (MMP-9) in T2D neutrophils/NETs. IL-
8 induced the expression of MMP-9 in neutrophils/NETs. Moreover, T2D neutrophils/NETs exhibited increased IL-8 content,
which acted in an autocrine/paracrine fashion to further augment its production by neutrophils/HSFs. The findings were
validated in normoglycemic individuals during a hyperglycemic clamp with concomitant lipid infusion and further corroborated
immunohistochemically in diabetic plantar ulcer biopsies. This novel, vicious circle of NETs/interleukin-8/MMP-9/HSFs was
hindered by IL-8 orMMP-9 blockade via specific inhibitors or by dismantling the NET-scaffold with DNase I, suggesting candidate
therapeutic targets in wound healing impairment of T2D.

Abbreviations: CCN2, cellular communication network factor 2; COL1, collagen type I; CTGF, connective tissue growth factor; CTX1, C-terminal cross-linked telopeptide of type I collagen; DFU,
diabetic foot ulcer; DPP4i, dipeptidyl peptidase-4 inhibitors; FFA, free fatty acid; GLP1RA, glucagon-like peptide-1 receptor agonists; HCG, hyperglycemic clamp; HI, healthy individuals; HSFs, human
skin fibroblasts; MMP-9, matrix metalloproteinase-9; NE, neutrophil elastase; NETs, neutrophil extracellular traps; SGLT2i, sodium/glucose co-transporter-2 inhibitors; T2D, type 2 diabetes mellitus;
αSMA, alpha smooth muscle actin.
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1 Introduction

Diabetic foot ulcers (DFUs) constitute one of the most frequent
and serious complications of type 2 diabetes mellitus (T2D).

Wound healing is a complex and dynamic function where
immune and stromal cells migrate, proliferate, and interact,
leading to extracellular matrix deposition and tissue remodeling
[1, 2]. Its classical conception involves four partly overlapping
phases: hemostasis phase, where platelets orchestrate the first
step of tissue repair; inflammatory phase, where immune cells
infiltrate the affected tissue and interact with stromal cells; prolif-
erative phase, where fibroblasts dispose the extracellular matrix
(e.g., collagen) and the remodeling phase where the collagen is
remodeled and organized mainly by matrix metalloproteinases
(MMPs) [1, 2].

Neutrophils are the first immune cells to migrate during the
inflammatory phase of wound healing. To date, several studies
implicate neutrophils in the impaired wound healing of T2D
via the release of neutrophil extracellular traps (NETs) [3–5];
however, the exact mechanisms involved in this process are not
clearly understood. It has been demonstrated that neutrophils
via NETosis are able to interact with stromal cells, such as
fibroblasts, leading them to acquire disease-specific properties
[6, 7]. Fibroblasts, in turn, as indicated by a recent study
by our group [7], during their crosstalk with neutrophils, are
capable of releasing neutrophil chemoattractants, such as IL-8,
sustaining an amplification loop. Notably, the “protein quality”
of NETs can vary in different disease settings, as neutrophils, in
response to environmental stimuli, can undergo transcriptional
reprogramming, a procedure called neutrophil plasticity [8].

MMPs are zinc endopeptidases responsible for the degradation of
extracellular matrix components. They participate in all wound
healing phases, but more importantly in remodeling [9]. Several
reports have shown that MMPs, such as MMP-9, are found in
abundance in DFUs [10, 11]. Additionally, available evidence
suggests that MMPs can decorate NET structures and induce
tissue damage [12, 13]. Nevertheless, to date, the putative role of
MMPs as components of NETs in T2D remains unexplored.

In this study, we aimed to investigate the role of the crosstalk
between neutrophils/NETs and human skin fibroblasts (HSFs) in
wound healing impairment of T2D, focusing on MMP-9 and IL-8
as components of this interaction.

2 Results

2.1 HI HSFs Treated with T2D NETs Acquire a
Profibrotic but Dysfunctional Phenotype Similar to
T2D HSFs

We initially examined whether HSFs from unaffected skin areas
exhibit an impaired fibrotic potential in T2D compared with con-
trols. We found that T2D HSFs exhibit augmented alpha-smooth
muscle actin (aSMA) staining, consistent with an activated
myofibroblast-like functional status (Figure 1A,C,E), together
with increased cellular communication network 2 (CCN2) at
protein (Figure 1A–F) and mRNA (Figure 1G) levels, as well as

increased collagen production (Figure 1H), compared with HSFs
from healthy individuals (HI HSFs).

Since HSFs’ migration during cutaneous healing occurs across
the produced type I collagen matrix [14], we examined whether
the increased fibrotic readiness in T2D is reflected in an aug-
mented migration of HSFs during an in vitro scratch wound
healing assay. Interestingly,HSFs from the T2Dproject a defective
migratory capacity compared with HI HSFs (Figure 1I).

Recent studies of our group highlighted that the crosstalk
between neutrophil/NETs axis and fibroblasts drives immunofi-
brosis in COVID-19 and Crohn’s disease [6, 7], while previ-
ous studies provided evidence that neutrophils/NETs are also
implicated in wound healing impairment of T2D [3, 15, 16].
Furthermore, neutrophils are the primary population of immune
cells initially migrating into the site of cutaneous injury, where
they come at physical proximity with HSFs [1, 2]. Consequently,
we investigated the effects of neutrophils and NETosis on the
functional state of HSFs. For this purpose, we in vitro stimulated
HI HSFs with T2D NETs to simulate the local inflammatory
environment at the site of cutaneous injury. Prior to stimulation
and inhibition studies, isolated NETs were quantified performing
an MPO/DNA complex ELISA (Figure S1A).

Incubation of HI HSFs with NETs from T2D, but not from HI,
induces a profibrotic phenotype similar to T2D primary HSFs,
characterized by upregulation of CCN2 at protein (Figure 2A,B)
and mRNA (Figure 2C) level, along with increased collagen
release (Figure 2D) and positive aSMA staining (Figure S1B–
D). However, they appear functionally impaired as assessed by a
scratch wound healing assay (Figure 2E).

Collectively, similarly to the already affected primary diabetes
HSFs, HI HSFs stimulated by T2D NETs exert a profibrotic
phenotype characterized by increased collagen release, although
they appear functionally impaired. This highlights neutrophil-
fibroblast interaction through NETs as a key component in the
defective wound healing of T2D.

2.2 T2D NETs Induce Increased Collagenase
Activity in Control HSFs through Augmented
MMP-9 Production

Neutrophils are a known source of MMP-9 [17, 18], which is
known to possess collagenase activity [19]. Accordingly, we found
that NETs from T2D compared with HI demonstrate higher
MMP-9 concentrations (approximately 3.5-fold) (Figure 3A,B).
On the other hand, in serum, freeMMP-9 levels were comparable
between diabetes and HI (Figure S2A).

Moreover, treatment of HI HSFs with T2D NETs led to enhanced
immunostaining for type I collagen cross-linked c-telopeptide
(CTX1), a product of type I collagen enzymatic breakdown
[20], indicating that the produced collagen undergoes excessive
catabolism into nonfunctional fragments during neutrophil-HSF
crosstalk in T2D. This effect was reversed after pretreatment of
T2DNETswith either DNase I, an agent that dismantles the DNA
scaffold of NETs, or a specific inhibitor of MMP-9 (MMP-9-IN-1),
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FIGURE 1 T2D fibroblasts are characterized by a profibrotic but functionally impaired phenotype. (A–D) Immunostainings in HSFs isolated byHI
(A), (B), and T2D patients (C), (D). (A), (C) blue: DAPI, green: aSMA, red: CCN2; (B), (D) blue: DAPI, green: Vimentin, red: CCN2. (E) Corresponding
mean fluorescence intensity (MFI) quantification of aSMA and CCN2. CCN2 protein (F) and mRNA (G) levels were assessed by cytoblot and RT-
qPCR, respectively, in HI and T2D HSFs. (H) Sircol collagen release assay. (I) Wound healing assay. (A–D), (I) One representative example out of four
independent experiments is presented. (A–D) Confocal microscopy. Magnification: 40×, scale bar 10 µm. (I) Optical microscopy. Magnification: 5×. (E–
G) Mann–WhitneyU-test was applied, n = 4, *p < 0.05. aSMA, alpha smooth muscle actin; CCN2, cellular communication network factor 2; HI, healthy
individuals; HSFs, human skin fibroblasts; T2D, type 2 diabetes mellitus.

corroborating the major role of MMP-9/NETs in the degradation
of collagen (Figure 3C). Additionally, HI HSFs stimulated with
T2D NETs preincubated with either DNase I or MMP-9-IN-1
presented intact wound healing capacity (Figure 3D) together
with low immunoreactivity of CTX1 (Figure S2D), indicating
the functional role of MMP-9-bearing NETs. These findings
were in conjunction with increased collagenase activity in cell
lysates of HSFs treated with T2D NETs, a phenomenon also
reversed by preincubation of NETs with DNase I or MMP-9-IN-1
(Figure 3E).

Next, to investigate whether the increasedMMP-9 concentrations
may be associated with glycemic perturbations, we examined
the relationship of MMP-9 in NETs with glycated hemoglobin
(HbA1c), an index reflecting the average glycemia of the pre-
ceding 2–3 months. NET-bound MMP-9 concentrations were
significantly higher in patients with T2D with poor than those
with good glycemic control (28.2 vs. 14.9 ng/mL, p < 0.05 for
HbA1c ≥7% and <7% respectively, Figure 3F), showed also a
positive correlation with HbA1c (r = 0.42, p < 0.05, Figure 3G).
In contrast, no such associations were noted regarding serum
MMP-9 (Figure S2B,C).

Taken together, these findings suggest that neutrophil MMP-9 is
increased alongside hyperglycemia T2D, and its release through
NETs induces phenotypic and functional alterations in HSFs
associated with the increased collagen degradation and defective
wound healing capacity.

2.3 Sustained IL-8 Production through
Neutrophil-HSF Interaction Feedbacks
IL-8/MMP-9-Bearing NETs

Since IL-8 is a powerful neutrophil chemoattractant, and neu-
trophils have been shown to be persistently present in chronic
DFUs [21], we proceeded to investigate its role in neutrophil-HSF
crosstalk in T2D.

Firstly, we found that T2D neutrophils exhibit higher IL-8
expression than HI neutrophils at mRNA (Figure 4A) and pro-
tein (approximately 2.5-fold) levels (Figure 4B,C). Furthermore,
exposure of HI HSFs to NETs from T2D but not HI, strongly
induced IL-8 at mRNA (Figure 4D) and protein level (Figure 4E),
an effect that is prevented upon the neutralization of IL-8 on
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FIGURE 2 Healthy fibroblasts, during their crosstalk with T2D NETs, acquire a functionally defective phenotype, similar to primary T2D
fibroblasts. (A–E) Stimulations of HI HSFs with either HI or T2D NETs. Assessment of CCN2 by (A) immunostaining (blue: DAPI, green: Vimentin,
red: CCN2), (B) Cytoblot and (C) RT-qPCR. (D) Sircol collagen release assay. (E) Wound healing assay. (A), (E) One representative example out of four
independent experiments is presented. (A) Confocal microscopy. Magnification: 40×, scale bar 10 µm. (E) Optical microscopy. Magnification: 5×. (B–D)
Kruskal–Wallis followed by Dunn’s test for multiple comparisons, was applied, n = 4, ***p < 0.001, ns, not significant. CCN2, cellular communication
network factor 2; HI, healthy individuals; HSFs, human skin fibroblasts; T2D, type 2 diabetes mellitus.

NETs by using a specific anti-IL-8 antibody (Figure 4D,E). These
suggest a positive feedback loop of IL-8 production through
neutrophils/NETs/IL-8/fibroblasts interplay. Similarly, IL-8 is
induced in HI neutrophils following exposure to T2D NETs
but not HI NETs at mRNA (Figure 4F) and protein levels
(Figure 4G), comparably with the stimulation of HI neutrophils
with a recombinant IL-8 (mRNA level) (Figure 4F). These results
are hindered after successful inhibition of NET-derived IL-8 by
anti-IL-8 neutralization, stipulating a self-sustaining, autocrine
neutrophil/IL-8 pathway (Figure 4F,G).

Next, in view that IL-8 is a potent inducer of MMP-9 production
in neutrophils through PKC/ERK1-2 or Src-kinases pathways [22]
andNETs proved to be a source of IL-8,we exposedHIneutrophils
to T2D NETs or recombinant IL-8. Interestingly, both stimuli
induced MMP-9 production by HI neutrophils (Figure 4H,I), in a
manner similar to that observed in ex-vivo neutrophils from T2D.
This effectwas prevented by interleukin-8 blockade (Figure 4H,I),
suggesting an additional vicious amplification loop of MMP-9 by
IL-8.

Collectively, these indicate that neutrophil-derived IL-8 exerts
a potent autocrine action, thereby inducing not only its own
expression but also MMP-9 production. Moreover, IL-8-enriched
T2D NETs further stimulate the IL-8 expression by HSFs.

2.4 Neutrophil Alterations of T2D are Replicated
in Normoglycemic Individuals After Lipid/Glucose
Infusion

Elevated circulating free fatty acid (FFA) and glucose concentra-
tions are metabolic hallmarks of T2D. Consequently, we sought
to investigate whether the ascertained neutrophil deviations
may also be inducible during transient elevation of FFA and
glucose concentrations. We conducted hyperglycemic clamps
(target glucose 200mg/dL in the steady state of 120min) following
a 120 min infusion of lipid emulsion in lean, normoglycemic
individuals (n = 3, Table S2, Figure S4, timepoint 240’, T240’).

Neutrophils exhibit increased IL-8 and MMP-9 production after
lipid plus glucose infusion (T240’), similar to ex-vivo diabetic
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FIGURE 3 Hyperglycemic T2D NETs overexpress MMP-9, which impairs the wound healing process. (A, B) MMP-9 concentration in HI and T2D
NETs assessed by ELISA (A) and immunostaining (B) (blue: DAPI, green: MMP-9, red: NE). (C) Immunostaining (blue: DAPI, green: CTX1, red: COL1)
and (D) wound healing assay of HI HSFs stimulated with HI or T2D NETs in the absence/presence of DNAse I or MMP-9-IN-1. (E) Collagenase activity
assay of HI HSFs treated under the aforementioned conditions. (F)MMP-9 ELISAmeasured in NETs obtained from patients with good (HbA1c<7%) and
poor (HbA1c>7%) glycemic control. (G) Correlation between MMP-9 concentration in NETs and HbA1c levels. (A), (E), (F) Kruskal–Wallis followed by
Dunn’s test formultiple comparisonswas applied, *p< 0.05, **p< 0.01, ****p< 0.0001, ns, not significant. (A), (F) HI, n= 12; T2D, n= 24; (E) n= 6. (B–D)
One representative example out of four independent experiments is presented. (B), (C) Confocal microscopy. (B) Magnification: 60×, scale bar 10 µm.
White arrowheads depict NETs. (C) Magnification: 40×, scale bar 10 µm. (D) Optical microscopy. Magnification: 5×. (G) Spearman’s rank correlation
coefficientwas used. CTX1, C-terminal cross-linked telopeptide of type I collagen; COL1, collagen type I;HbA1c, hemoglobinA1c;HI, healthy individuals;
HSFs, human skin fibroblasts; MMP-9, matrix metalloproteinase-9; MMP-9-IN-1; matrix metalloproteinase-9 inhibitor-1; NE, neutrophil elastase; T2D,
type 2 diabetes mellitus.
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FIGURE 4 Overproduced IL-8 by neutrophils and fibroblasts instigates autocrine and paracrine feedback loops. (A) IL-8 mRNA levels, (B) IL-
8 ELISA, and (C) IL-8 immunostaining (blue: DAPI, green: IL-8, red: NE), assessed in neutrophils/NETs obtained by HI and T2D patients. (D) IL-8
mRNA levels and (E) IL-8 immunostaining (blue: DAPI, green: IL-8, red: Vimentin) assessed in HI HSFs stimulated with HI, T2D, or IL-8 neutralized
T2D NETs. (F) IL-8 mRNA levels and (G) IL-8 immunostaining (blue: DAPI, green: IL-8, red: NE), assessed in HI neutrophils treated with HI or T2D
or IL-8 neutralized T2D NETs or recombinant IL-8. (H) MMP-9 ELISA and (I) MMP-9 immunostaining (blue: DAPI, green: MMP-9, red: NE), in HI
neutrophils stimulated with HI or T2D or neutralized T2D NETs, or recombinant IL-8. (A), (B) Mann–Whitney U-test was applied. (A) n = 6, (Β) ΗΙ, n
= 12; T2D, n = 24. (C), (E), (G), (I) One representative example out of four independent experiments is presented. Confocal microscopy. Magnification:
40x, scale bar 10 µm. (D), (F), (H) Kruskal–Wallis followed by Dunn’s test for multiple comparisons was applied, n= 6. *p< 0.05, **p< 0.01, ***p< 0.001,
****p < 0.0001, ns, not significant. HI, healthy individuals; HSFs, human skin fibroblasts; IL-8, interleukin-8; MMP-9, matrix metalloproteinase-9; NE,
neutrophil elastase; T2D, type 2 diabetes mellitus.
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FIGURE 5 Hyperglycemic clamps with lipid infusion induce phenotypic features in healthy neutrophils, similar to those observed in T2D. (A–C)
Immunostainings depicting IL-8 (green)/NE (red) and MMP-9 (green)/NE (red) immunoreactivity in neutrophils obtained before HGC administration
(timepoint 0’, T0’) (A), 240’ minutes (timepoint 240’, T240’) (B), and 24 h (timepoint 24 h, T24 h) (C), after HGC infusion in healthy controls. (D–F)
Wound healing assay showing the migratory capacity of HI HSFs treated with either (D) T0’, (E) T240’, or (F) T24 h NETs. (G) IL-8 and (H) MMP-9
ELISA measured in T0’, T240’, and T24h’ NETs. (I) Collagenase activity of HI HSFs treated with T0, T240’ or T24 h NETs. (A–F) One representative
example out of three independent experiments is presented. (A–C) Confocal microscopy. Magnification: 40x, scale bar 10 µm. (D–F) Optical microscopy.
Magnification: 5×. (G–I) Qualitative representation; orange line: subject #1, purple line: subject #2, green line: subject #3. HGC, hyperglycemic clamp
with lipid infusion; HI, healthy individuals; HSFs, human skin fibroblasts; IL-8, interleukin-8; MMP-9, matrix metalloproteinase-9; NE, neutrophil
elastase; T2D, type 2 diabetes mellitus.

neutrophils (Figures 5A–C, 5G,H). These effects are transient
and subside after the restoration of the baseline metabolic state
after 24 h (T24 h) (Figures 5A–C, 5G,H). Furthermore, incubation
of HI HSFs with T240’ NETs induces the defective wound
healing capacity (Figure 5D–F) and increased collagenase activity

identical to T2D (Figure 5I), an effect not observed in stimulations
with T24 h NETs.

These results further demonstrate the importance of the lipotoxic
and glycotoxicmilieu as a potential instigator of the observed neu-
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FIGURE 6 Chronic diabetic ulcers exhibit an increased presence of MMP-9/IL-8 in neutrophils and degraded collagen. (A–C) Tissue
immunostainings in unaffected skin and ulcer sections obtained from healthy and diabetic individuals. (A) Blue: DAPI, green: MMP-9, red: NE, (B)
blue: DAPI, green: IL-8, red: NE, (C) blue: DAPI, green: CTX1, red: COL1. (D) MFI-based grading scale depicting MMP-9, NE, IL-8, CTX1, and COL1
immunoreactivity in the aforementioned conditions. (A–C) One representative example out of four independent experiments is presented. Confocal
microscopy. Magnification: 20×, scale bar 20 µm. CTX1, C-terminal cross-linked telopeptide of type I collagen; COL1, collagen type I; HI, healthy
individuals; IL-8, interleukin-8; MMP-9, matrix metalloproteinase-9; NE, neutrophil elastase; T2D, type 2 diabetes mellitus.

trophil adaptations, which in turn mandate defective cutaneous
healing during neutrophil-HSF crosstalk.

2.5 Increased MMP-9, Interleukin-8, and
Degraded Collagen in Chronic Diabetic Plantar
Ulcer Skin Tissue

To ascertain our in-vitro findings at the tissue level, we examined
cutaneous specimens from the border of chronic neuropathic
DFUs and intact forearm skin from patients with T2D, as well
as plantar healing wounds and forearm skin from HI controls (n
= 4 each, Table S3). All examined DFUs showed no clinical or
laboratory signs of infection.

DFUs showed strong staining for MMP-9 and IL-8 in colocal-
ization with neutrophil elastase (NE) in confocal microscopy,
thus demonstrating the presence of MMP-9-bearing neutrophils
(Figure 6A; Figure S3F) expressing IL-8 (Figure 6B; Figure S3G)
compared with bland staining in intact skin from T2D and HI.
High IL-8 levels were also observed in vimentin-marked fibrob-
lasts of DFUs (Figure S3A–E). Furthermore, ulcer specimens
exhibited increased type I collagen in conjunction with strong

CTX1 immunostaining, indicating increased production of albeit-
degraded collagen at the site of the chronic wound (Figure 6C;
Figure S3H).

Of note, in wounds obtained from nondiabetic individuals,
although neutrophils and collagen were found in abundance,
immunostainings for IL-8, MMP-9, and CTX1 were faint in
comparisonwithDFUs (Figure 6A–C; Figure S3). A grading scale,
based onMFI quantifications of the abovementioned parameters,
is presented in Figure 6D.

Taken together, our findings indicate that this pathogenic
interplay between neutrophils and fibroblasts during cutaneous
healing in T2D is characteristic of the condition, whereby it
emerges as a product of elevated levels of IL-8/MMP-9 and does
not apply for skin wounds in other conditions.

3 Discussion

The presented novel results substantially expand previous data
on the effects of NETosis on cutaneous healing in T2D. We
introduce IL-8 and MMP-9 as core components of the crosstalk
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between neutrophils and HSFs mediated by NETosis, which
drives wound healing impairment in T2D. Neutrophils instigate
this by interacting with HSFs, which results in the functional
impairment of the latter, despite the acquisition of a pro-fibrotic
phenotype, characterized by upregulation of aSMA, CCN2, and
increased production of degraded collagen. The upregulated IL-8
release by diabetic neutrophils further induces not only its own
expression by neutrophils and HSFs but also the production of
MMP-9 by neutrophils. Subsequently, the release of MMP-9 via
NETosis appears to be the culprit element behind increased col-
lagen degradation and the induction of the overall HSF changes.
The net result is the establishment of a complex autocrine and
paracrine positive feedback loop of neutrophil activation-IL-
8/MMP-9 release-fibroblast impairment, which sustains detri-
mental effects on wound closure.

The increased propensity of diabetic neutrophils toward NETosis
and the deleterious effects of T2D NETs on cutaneous healing
have been demonstrated in rodent models [3–5]. Accordingly,
elevated myeloperoxidase-DNA complex, a surrogate of NETosis,
has been shown to predict amputations in patients with T2D and
DFUs [16].

Our results appoint the neutrophil-fibroblast crosstalk as the
functional frame into which the detrimental action of NETs
takes effect, highlighting the presence of a NETosis/IL-8/MMP-
9/fibroblast axis. Increased IL-8 likely holds a cardinal position
in this chain of elements since its signaling suffices to induce
MMP-9. IL-8 is a potent neutrophil chemotactic factor, and higher
circulating and saliva levels have been demonstrated among indi-
viduals with T2D than controls [23–25].We demonstrated that the
result of increased ΙL-8 expression by neutrophils and its release
withNETs is the induction of its further expression by neutrophils
as well as HSFs (Figure 4). This suggests that following early
chemotactic signaling and initial neutrophil migration at the
damaged skin area, a vicious circle of IL-8 secretion-neutrophil
chemotaxis is established, whichmay contribute to the prolonged
persistence of neutrophils in the wound area. A similar self-
sustaining positive feedback loop driven by IL-8 has also been
described in cases of severe COVID-19 [26].

Diabetic neutrophils also exhibit increasedMMP-9 concentration
in their NETs, which is induced by autocrine IL-8 signaling.
In turn, MMP-9 action results in the degradation of collagen
produced by HSFs and promotes the switch of HSFs to a
profibrotic, albeit functionally defective phenotype, unable to
accomplish effective wound healing. The blockade of this phe-
nomenon by MMP-9 inhibition (MMP-9-IN-1) or dismantling of
the NET scaffold by DNase 1 (Figure 3C–E) indicates that not
only intact MMP-9 activity but specifically its release via NETosis
are of fundamental importance for the detrimental effects of
neutrophil-HSFs interaction on wound healing. Elevated serum
levels of MMP-9 have been demonstrated in patients with T2D
compared with controls [27], as well as in patients with DM
and nonhealing versus healing DFUs [28]. Likewise, increased
MMP-9 in wound fluids has been shown to predict nonhealing
after 12 weeks [11]. Accordingly, a number of interventions
aimed at accelerating wound healing in T2D, but not specifically
targeting MMP-9, have been shown to decrease its activity and
expression in mouse models of diabetic wounds, and conversely,
ineffective interventions are associated with an absence of such

effects [29]. Excessive MMP-9 activity has also been implicated
in poor healing in cutaneous wounds in conditions other than
T2D, such as chronic pressure [30] and venous [31] ulcers. The
novel findings of the current study substantially expand these
congruent results by identifying MMP-9 and its induction by IL-8
as centerpieces of NET-mediated neutrophil-fibroblast crosstalk
and subsequent wound healing impairment and offer further
putative targets for therapeutic modulation. On the other hand, a
modest and regulated MMP-9 action is required for extracellular
matrix remodeling and wound re-epithelization [32]; these dia-
metric effects ofMMP-9 onwoundhealing could render strategies
implementing blockade of its activity problematic. Nevertheless,
local application of selective MMP-9 inhibitor (R)-ND-336 has
been shown to accelerate wound healing in db/db diabetic mice
[33].

An open question concerns the factors that induce the neutrophil
plasticity unique to T2D, characterized by increased IL-8 and
MMP-9. Our findings support that this may be influenced by the
hallmarkmetabolic disturbances of T2D. The positive correlation
of MMP-9 concentration in NETs with HbA1c and its lower
values in those with optimal HbA1c levels (<7%) underpin
the importance of fair glycemic control for promoting wound
healing, which has been already demonstrated in observational
studies [34, 35]. Furthermore, the temporary acquisition of
similar plasticity in neutrophils under conditions of short-term
hyperglycemia and increased FFA concentrations indicates that
either these disturbances directly or the physiological responses
that they elicit indirectly induce this phenotype. Importantly,
treatment of HSFs with NETs obtained from healthy volunteers
under these conditions induces identical phenomena to those
isolated from individuals with T2D, including their functional
impairment in-vitro. Clearly, a brief increase in glucose and
FFA alone is insufficient to replicate the full pathophysiological
context of T2D or its chronic nature [36–38]. In fact, the observed
neutrophil adaptations, which resemble those seen in T2D even
under these temporary conditions, further highlight the signif-
icance of these metabolic disturbances in the chronic state of
diabetes.

Fibroblasts possess an impressive plasticity and modify their
properties in response to the disease microenvironment [39, 40].
The plasticity of neutrophils acquired in the T2D systemic milieu
induces a dysfunctional HSF state and sustains the deleteri-
ous neutrophil-HSF interactions through various mechanisms,
such as NETosis. Thus, primary T2D HSFs appear intrinsically
defective, presumably due to their exposure to the dysmetabolic
environment of T2D and crosstalk with neutrophils.

4 Data Limitations and Perspectives

We acknowledge the limitations of the absence of an in-vivo
validation (e.g., rodent) model of wound healing as well as
the lack of investigation of other MMPs, their inhibitors, and
cytokines other than IL-8, which, however, do not limit the
validity of the presented results.

The presented results support a pivotal role for neutrophil-HSF
crosstalk mediated by NETosis in the pathogenesis of cutaneous
healing impairment in T2D, and specifically for IL-8 and MMP-
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9 as the culprit elements of this interaction. Considering the
central role of IL-8 in inducing and sustaining the observed
effects, in conjunction with the potential drawbacks that a
complete inhibition of NETosis or MMP-9 could harbor, blockade
of IL-8 pathway to promote wound healing either directly (e.g.,
receptor antagonists) [41] or indirectly (e.g. through complement
inhibition) [42] arises as a particularly promising prospect.
Furthermore, neutrophil-derived proteolytic enzymes, including
neutrophil elastase (NE), may contribute to the pathogenesis of
chronic dysmetabolic disorders such as insulin resistance [43].
The putative role of NE and other proteases on the wound
healing of T2D remains to be addressed in future studies. Lastly,
since our observations were made in an unselected population of
individualswith T2D, the results render future research to explore
the potential role of neutrophil-HSF crosstalk, IL-8, and MMP-9
in other chronic diabetic complications an attractive and much
needed prospect.

5 Material and Methods

5.1 Participants

Patient recruitment and clinical examinations were carried out
in the First Department of Internal Medicine and the Outpatient
Clinic for Diabetes Mellitus and Metabolic Disorders, at the Uni-
versity Hospital of Alexandroupolis. Experimental procedures
were conducted in the Laboratory of Molecular Hematology,
integrated into the department. Biopsy samples from DFUs were
obtained from the Diabetes Centre of the First Department of
Propaedeutic InternalMedicine, Laiko General Hospital, Athens,
Greece. The study was conducted according to the principles of
the Helsinki Declaration.

A total of 36 individuals were examined (n = 24 T2D, n =
12 control group, healthy individuals-HI). The main clinical
and laboratory features of the participants are presented in
Table 1. Additional information can be found in the Supporting
Information Material.

5.2 Skin Biopsy from Chronic Wounds and
Unaffected Skin Areas

To validate the in vitro/ex vivo findings histologically, we com-
paratively examined (1) skin biopsies from chronic, nonhealing
(>12 weeks) neuropathic plantar ulcers from individuals with
T2D (n= 4), (2) traumatic plantar wounds frommatched controls
without DM which healed within 1–3 weeks (n = 4), and (3)
unaffected skin areas (volar aspect of underarm) from individuals
with T2D as well as controls with normal glycemic indices (n
= 4). Additional information can be found in the Supporting
Information Material.

5.3 Hyperglycemic Clamp with 20% Lipid
Infusion

To investigate the relationship between observed neutrophil
perturbations and the metabolic hallmarks of diabetes, namely
hyperglycemia and increased FFA concentrations [44], we

TABLE 1 Main clinical and laboratory features of participants.

T2D Controls

n 24 12
Age (years) 68 (48–78) 64 (46–73)
Sex (female, %) 9 (37.5) 5 (41.6)
Diabetes duration (years) 12 (0, 36) N/A
HbA1c (mmol/mol, [%]) 63 (32, 148)

[7.0 (5.1, 12.6)]
37 (31, 43)

[5.5 (5.0, 6.1)]
Treatment (n, %)
No drug treatment
Metformin
Sulfonylurea
DPP4i
SGLT2i
GLP1RA
Basal Insulin
Prandial Insulin

6 (25.0)
14 (56.0)
1 (4.2)
4 (16.7)
8 (33.3)
2 (8.3)
7 (29.2)
5 (20.8)

0 (0.0)

Note Values are n (%) or medians (minimum, maximum).
Abbreviations: DPP4i, dipeptidyl peptidase-4 inhibitors; GLP1RA, glucagon-
like peptide-1 receptor agonists; SGLT2i, sodium/glucose co-transporter-2
inhibitors; T2D, type 2 diabetes.

obtained neutrophils/NETs from individuals with normal weight
and normoglycemia before and after transient hyperglycemia
and FFA increase. Three volunteers with a body mass index
<25 kg/m2 and glycemic indices within the normal range under-
went hyperglycemic clamps (HGC, target glucose 200 mg/dL)
while receiving intravenous lipid 20% (Intralipid, Fresenius Kabi,
Bad Homburg, Germany). HGCs were conducted according to
the stage 1 protocol by the Restoring Insulin Secretion (RISE)
Consortium [45].

HGC NETs were used for further stimulation studies and
analyzed using IL-8/MMP-9 ELISA assays, as described below.
Additional details are available in the Supporting Information
Material.

5.4 Serum Collection

Details are included in the Supporting Information Material.

5.5 Neutrophil Isolation, Generation, and
Quantification of NETs

Details are included in the Supporting Information Material.

5.6 Isolation and Culture of Primary Human
Skin Fibroblasts

In a subset of participants (T2D n = 4, controls n = 4), a 5 mm
punch biopsy from the upper arm for isolation of primary HSFs
was conducted, as previously described [46, 47]. Details are
included in the Supporting Information Material.
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5.7 Stimulation and Inhibition Studies in
Cultured Cells

Details are included in the Supporting Information Material.

5.8 RNA Isolation, cDNA Synthesis, and
Quantitative Real-Time Polymerase Chain Reaction

Details are included in the Supporting Information Material.

5.9 In-Cell ELISA (ICE Assay, Cytoblot)

In-cell ELISA was performed in confluent monolayers of HSFs,
as explained before [6, 48]. Details are included in the Supporting
Information Material.

5.10 Immunofluorescence Staining in
Peripheral Blood Neutrophils and HSFs

Sample preparation and visualization of peripheral blood neu-
trophils and HSFs by immunofluorescencemicroscopy were con-
ducted following a previously establishedmethod [49]. Details are
included in the Supporting Information Material.

5.11 Immunofluorescence Staining in Human
Tissue Sections

Immunofluorescence staining was performed in formalin-fixed
paraffin-embedded biopsies, as previously described [7]. Details
are included in the Supporting Information Material.

5.12 Matrix Metalloproteinase-9 ELISA

MMP-9 was measured in either NETs ex-vivo isolated from
≈1.5 × 106 neutrophils or serum samples using a commercial
MMP-9 ELISA kit (DMP900; R&D Systems), in line with the
manufacturer’s protocol.

5.13 IL-8 ELISA

IL-8 levels were measured in ex-vivo NETs from approximately
1.5 × 106 neutrophils, using the Human IL-8 ELISA (3560-1HP-1;
MABTECH) according to the manufacturer’s protocol.

5.14 CollagenMeasurement

The Sircol Collagen Assay Kit (054S1000; TEBU-BIO) was used
to determine the soluble collagen types (I–V). The assay was
conducted according to the manufacturer’s protocol (CLRS1000;
Biocolor), as previously described [6, 50]. Details are included in
the Supporting Information Material.

5.15 Collagen Degradation Assay

For the evaluation and detection of collagen breakdown by
collagenases, a collagenase fluorometric assay kit (ab234624;
Abcam) was used on cell lysates from HSFs after treatment with
suitable agents for 24 h in low-serum (2% FBS) complete DMEM,
following the manufacturer’s protocol with slight modifications.
Details are included in the Supporting Information Material.

5.16 ScratchWound Healing Assay

The wound healing-migration assay was used to evaluate the
migratory ability of HSFs in-vitro, following the manufacturer’s
instructions and as previously conducted [6]. Details are included
in the Supporting Information Material.

5.17 Statistical Analysis

Statistical analyses were carried out in GraphPad Prism version
10 and in the Statistical Package for Social Sciences version
24.0. Values are presented as medians (25,75 interquartile range)
for qualitative and n (%) for qualitative variables. Due to the
nonnormality of the analyzed quantitative parameters based on
the Kolmogorov–Smirnov test and the small sizes of the groups
under comparison, nonparametric tests were used in the analysis.
The Mann–Whitney U-test or paired Wilcoxon signed-rank and
chi-squared tests were used for comparisons of quantitative and
qualitative variables between groups, respectively. For compar-
isons involving more than two groups, the Kruskal–Wallis test,
followed by Dunn’s test for post hoc pairwise comparisons,
was performed. Spearman’s correlation coefficient was used to
examine correlations between pairs of continuous variables.
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