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Venous leg ulcers (VLUs) producewoundfluid (WF), as a result of inflammatory processeswithin thewound. It is
unclear ifWF fromdifferent healing phases of VLUhas a peculiar biochemical profile and howVLUmicroenviron-
ment affects thewound healingmechanisms. This studywas conducted to evaluate the cytokine/chemokine pro-
files inWF from distinct VLU phases, inWF- and LPS-stimulatedmonocytes and treated with glycosaminoglycan
Sulodexide, a therapeutic option for VLU healing.
WF and plasmawere collected from patients with VLU during active inflammatory (Infl) and granulating (Gran)
phases. Demographics, clinical characteristics and pain measurements were evaluated. WF, plasma, and THP-1
supernatants were analyzed for 27 inflammatorymediators bymultiplex immunoassay. Our results demonstrat-
ed that: 1) pain was significantly increased in patients with Infl compared to Gran VLU; 2) cytokine profile of Infl
WF was found to be statistically different from that Gran WF, as well significantly increased respect to plasma;
3) LPS- and WF-stimulation of THP-1 cells significantly increased the expression of several cytokines compared
to untreated cells; 4) Sulodexide treatment of both LPS- andWF-stimulated THP-1monocyteswas able to signif-
icantly down-regulate the release of peculiar inflammatory mediators.
Our study highlighted the importance to understand biomolecular processes underlying CVI when providing
treatment for chronic VLU. Identification of inflammatory biomarkers in leg ulcer microenvironment, may pro-
vide useful tools for predicting healing outcome and developing targeted therapies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Chronic venous leg ulcers (VLUs) represent themost advanced stage
of chronic venous insufficiency (CVI), which affects a large part of the
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worldwide population, causingdisability, patient suffering, and an enor-
mous financial burden to healthcare spendingwith estimates of about 3
billion dollars annually [1,2].

According to the updated Clinical, Etiological, Anatomical, and Path-
ophysiological (CEAP) classification [3], a venous ulcer has been recent-
ly defined as “an open skin lesion of the leg or foot, that shows little or
no tendency to spontaneous healing and occurs in the area affected by
ambulatory venous hypertension and showing other signs of chronic
venous insufficiency” [4], persisting for N30 days [5].

Several hypotheses have been proposed to explain the onset and
progression of VLU, and it is widely accepted that superficial and deep
vein insufficiency, valvular incompetence, venous reflux and/or ob-
struction leading to CVI, represent the hemodynamic impairment lead-
ing to the development of VLU. In fact, chronic venous hypertension in
the lower extremities promotes venous stasis, endothelial cell activa-
tion, formation of transcellular gaps between endothelial cells, and fi-
nally extravasation of erythrocytes and leukocytes [6].

These latter events involve macrophages, T-lymphocytes and mast
cells, which accumulate and activate into the dermis interstitium by

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2016.07.018&domain=pdf
http://dx.doi.org/10.1016/j.bbadis.2016.07.018
mailto:ferdinando.mannello@uniurb.it
Journal logo
http://dx.doi.org/10.1016/j.bbadis.2016.07.018
Unlabelled image
http://www.sciencedirect.com/science/journal/09254439
www.elsevier.com/locate/bbadis


1965D. Ligi et al. / Biochimica et Biophysica Acta 1862 (2016) 1964–1974
increasing exposure of adhesion molecules (e.g., ICAM-1, VCAM-1, LFA-
1 andVLA-4, selectins) fromendothelial cells and leukocytes, as demon-
strated by different studies in animal models and in humans [7–15].

The result of leukocyte-endothelial activation is the release of
several cytokines, chemokines, growth factors and proteases. When
deregulated they both amplify the leukocyte infiltration and activation,
and also impair the functions of resident cells, such as endothelial cells,
fibroblast, smoothmuscle cells, andmyofibroblasts [8,16], finally induc-
ing the inflammatory andproteolytic cascade leading to dermal changes
and VLU.

Due to these morpho-functional alterations, the extracellular matrix
(ECM) undergoes an intense remodeling. As in physiological conditions
ECM acts as a source of hidden and/or latent cytokines and growth fac-
tors, and controls chemotactic gradients, any pathological modification
of the ECM structure may lead to the aberrant distribution and activity
of cytokines, growth factors and proteases [17]. As a consequence, skin
damages result further exacerbated, so delaying wound closure.

Whereas normal healing of acute wounds is traditionally divided
into four overlapping and timely-limited phases (i.e., hemostasis, in-
flammation, granulation and remodeling), chronic wounds seem to be
blocked mainly in a persistent inflammatory state, which prevents the
progression toward the next phases and finally the wound closure
[18]. In this regard, “non-healing ulcers are wounds which do not
show any reduction in size within 6 months”; in this definition are in-
cluded both ulcers blocked in the inflammatory phase ofwound healing
(inflammatory ulcers), and ulcers which, due to conservative or surgical
therapeutical procedures, turned granulation phase but did not start to
reduce in size (granulating ulcers).

However, it remains unclear why some ulcers heal whereas others
are recalcitrant. Therefore, the study of the wound bed microenviron-
ment, and in particular the wound fluid (WF), could represent an im-
portant source of biomolecular information, and explain how the
disruption of the normal healing process results in ulcer chronicity.

WF consists of fluids, electrolytes, and proteins (enzymes, proteases,
and constitutive proteins) derived from the cellular milieu and plasma;
its composition is further influenced by pathological processes occur-
ring at the injury site, as such intracellular components are released
after cellular damage, cellular and ECMproteins are processed by prote-
ases, and inflammatory mediators and reactive oxygen species are pro-
duced by infiltrating leukocytes. In essence, WF reflects the cellular and
metabolic events leading to the progression of the wound and/or its
healing [19–21].

Several studies [22–32] evaluating the expression and concentration
of cytokines and chemokines in chronic ulcer microenvironment sug-
gested the existence of a marked pro-inflammatory condition in non-
healing VLU. This pro-inflammatory condition decreases according to
the shift from non-healing toward the healing/granulating phase.

Nevertheless, the total amount of each cytokine detected inWF does
not necessarily reflects its bioactivity, which can be further influenced
by the presence of counteracting anti-inflammatory cytokines, specific
cytokine inhibitors, or soluble and membrane-bound receptors which
couldmask their bioavailability. Moreover, the cytokines could be proc-
essed by proteolytic enzymes affecting their activity [25,33].

Several in vitro studies evaluated the effect of WF from chronic and
acute wounds added to cell cultures, highlighting that chronic WF
showed pro-inflammatory properties [34], decreased cellularmitogenic
activities related with growth factor degradation by MMPs [33], and
was able to increase MMP expression by cultured dermal fibroblasts
[35]. On the contrary, the addition ofwoundfluids fromhealingwounds
to 3T3 fibroblasts caused a significant increase in proliferation [22], sug-
gesting that healingwounds are characterized by an improved extracel-
lular environment, which is more conductive for the healing response.
As a consequence, delayed healing of chronic wounds is not related to
a failure in the stimulation of inflammatory and growth factor re-
sponses, but to their increased synthesis coupled with a proteolytic
imbalance.
On the basis of the underlying chronic inflammatory response, iden-
tifying any alteration in growth factor, cytokine and chemokine compo-
sition in chronic wounds could potentially help in the development of
novel, as well as accurate and objective tests for predicting chronic
wound outcome before the appearance of the clinical signs and to pro-
vide novel biochemical therapeutic targets.

Sincemacrophages are one of themajor sources ofmediators driving
the entire healing process, the possibility to better understand and
pharmacologically modulate the biochemical and cellular responses in-
duced by different ulcer microenvironments could represent an impor-
tant tool to promote wound closure [36].

In this respect, we previously investigated the effect of Sulodexide
(Alfa Wassermann, Bologna, Italy) in suppressing the inflammatory re-
sponse in monocyte exposed to lipopolysaccharide (LPS) stimulation
[37]. Sulodexide is a mixture of glycosaminoglycans used in the treat-
ment of a number of vascular disorders (e.g. intermittent claudication,
peripheral arterial occlusive disease and post-myocardial infarction,
post-thrombotic venous disease, and VLU) [38,39], for its established
antithrombotic and pro-fibrinolytic activities, as well as for the anti-
inflammatory and endothelial-protective effects [40–44]. A body of ev-
idences supported its use as adjuvant therapy in combinationwith local
wound care and bandages for improving healing in patientswith persis-
tent venous leg ulcers [4,45–49].

For these reasons, the aims of the present work addressed the
following areas: (I) to characterize the inflammatory cytokine profile
of WF from inflammatory and granulating VLU, and comparing WF to
plasma samples, in order to find early biomarkers of the healing status;
(II) to investigate the effects of WF on THP-1 monocyte immune
response, with respect to LPS-stimulation; (III) to study the immune-
modulatory properties of Sulodexide on LPS- and WF-activated
monocytes.

Understanding the difference in cytokine and chemokine profiles in
WF during different stages of VLU healing, and how WF affects mono-
cyte activation and cytokine production, will provide insights into the
pathophysiology of VLU as well as the identification of potential bio-
markers of healing and therapeutic targets. In addition, information
from Sulodexide modulation of LPS and WF-treated monocytes, will
be imperative to advance our knowledge in the clinical treatment of
VLUwith therapeutic approach during both the inflammatory and gran-
ulating phases of healing [2,38].
2. Materials and methods

2.1. Patient selection and recruitment criteria

Thirty-four patients affected by non healing VLU and admitted to the
hospital to undergo surgical debridement and skin grafting, were re-
cruited for studying the cytokine profile of the WF and plasma.

Inclusion criteria: patients of both sexes, older than 18 years, with
primary or secondary venous disease, with chronic, non-healing venous
leg ulcer both at first episode and relapsing.

Exclusion criteria were: age b18 years, pregnant or breast feeding
women, presence of arterial disease, renal insufficiency, insulin-
dependent diabetes mellitus, vasculitis, autoimmune disease, cortisone
or immunosuppressant or hormonal therapies, previous venous surgery
or sclerotherapy.

Data on the medical history of all patients had been recorded, and
clinical and duplex ultrasound venous examinations had been per-
formed. Venouspathophysiologywas identified according to the clinical
aspect and confirmed with Duplex scanning examination. Duplex was
performed in the standing positionwith theweight on the contralateral
leg. Venous reflux was elicited by means of calf compression-release
maneuver, and diagnosed when venous reflux was N0.5 s in the super-
ficial venous system and N1 s in the deep venous system [50]. The pres-
ence of thrombosis was evaluated with compression ultrasounds.
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Chronic venous disease was classified according to the CEAP classifica-
tion [3].

Wound fluids were collected at the initial admission to the hospital
when VLU was divided in two groups: I) inflammatory (Infl) and II)
granulating (Gran) ulcers. When granulation tissue appeared following
sharp debridement during the hospitalizationwound fluid examination
was repeated. In these cases we performed two wound fluid examina-
tions both at the beginning in the inflammatory stage, and after de-
bridement in granulating phase. Skin grafting or foam sclerotherapy
was eventually performed after wound fluid sampling.

All patients underwent biopsy of the ulcer bed to perform quantita-
tive bacterial analysis, and pain was assessed with a visual analog scale
(VAS), which rates pain intensity on a scale from 0 to 10, where 0= no
pain; 1–3=mild pain; 4–6=moderate pain, 7–10= severe pain [51].

A written informed consent was obtained from all patients. The
study was approved from the local ethics committee (both Barbantini
Clinics of Lucca and University “Carlo Bo” of Urbino) and was also in ac-
cordance with ethical standards of the Helsinki Declaration of 1975, as
revised in 2000.

2.2. Chronic venous ulcer wound fluid protocol

WFwas collected by applying cotton gauze to the ulcer bed until sat-
urated, WF-embedded gauze was transferred in a collecting tube with-
out additives or antiproteases, and then centrifuged at 10,000 ×g. The
supernatant was stored at −80 °C until further analysis. Because WF
is the unit of measure in this study, in some cases, patients with an
Infl wound that then became Gran, had WF sampled for both wound
types.

2.3. Cell culture and treatments

Humanmonocytic THP-1 (ATCC® TIB-202™) cell line obtained from
American Type Culture Collection (Manassas, VA, USA) was grown in
standard culture conditions (RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum, 1% L-glutamine, and 1% antibiotics) and
maintained at 37 °C in humidified air with 5% CO2. The experiments
were performed in serum-free conditions to avoid the recovery of en-
dogenous bovine serum cytokines.

THP-1 cells were seeded at 1,500,000/mL and treated for 18 h with
Sulodexide (0.12 LSU/mL) or LPS 10 μg/mL for 8 h, or a combination of
LPS plus Sulodexide (LPS 10 μg/mL, 8 h, followed by removal of the cul-
ture media, and addition of culture media supplemented with
Sulodexide 0.12 LSU/mL for 18 h) to evaluate the effects of Sulodexide
on the extracellular release of cytokines both in basal conditions and
after the LPS- proinflammatory stimulation.

In addition, THP-1 cell line was stimulated with WF collected from
patients with Infl or Gran venous leg ulcers. For this purpose, aliquots
(with the same volume) from ten randomly selected samples of WF
from each group (n = 10 Infl and n = 10 Gran WF) were pooled.
After filtration with 0.45 μm tissue culture filter unit to remove large
cell debris and bacteria, both the pooled Infl and GranWF were imme-
diately diluted in serum-free RPMI 1640 culturemedia to a final concen-
tration of 5% v/v, where treated cells were grown for 24 h, in the
presence or absence of Sulodexide co-treatment to a final dose of
0.12 LSU/mL. Cell viability was assessed by trypan blue exclusion test.
Each experiment on serum-free conditioned medium was performed
in triplicate in at least two independent experiments.

2.4. Magnetic multiplex immunoassay

Cytokine concentration inWF, plasma and serum free culture media
were determined through the 27-plex panel of Pro™ Human Cytokine
27-plex Assay (including: IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8/
CXCL8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, Eotaxin/CCL11,
bFGF, G-CSF, GM-CSF, IFN-γ, IP-10/CXCL10, MCP-1/CCL2, MIP-1α/
CCL3, MIP-1β/CCL4, PDGF-bb, RANTES/CCL5, TNF-α, VEGF), a multiplex
suspension immunomagnetic assays, based on the use of fluorescently
dyed magnetic beads covalently conjugated with monoclonal antibod-
ies specific for the target proteins, according to the manufacturer's in-
structions (BioPlex, Bio-Rad Labs, Hercules, CA, USA).

Levels of all analytes were determined using a Bio-Plex 200 array
reader, based on Luminex X-Map Technology (Bio-Rad Labs, Hercules,
CA, USA) that detects and quantifies multiple targets in a 96-well
platewith a single small fluid volume. Datawere collected and analyzed
using a Bio-Plex 200 instrument equipped with BioManager analysis
software (Bio-Plex Manager Software v. 6.1). The protein concentra-
tions (expressed as pg/mL) were calculated through a standard curve.
Although the commercially available kit of cytokines allow to analyze
several biological fluids other than plasma, to exclude in assays the pos-
sible WF ‘matrix’ artifacts caused by possible interference substances,
we serially diluted randomly selected WF samples, reanalyzing them
for the response linearity. According to the manufacturer's data, the
lower detection limit was 0.6 pg/mL, while the mean inter-assay vari-
ability was 7.6%.
2.5. Chemicals

Sulodexide was provided by Alfa Wassermann (Bologna, Italy). All
chemicals of reagent grade and lipopolysaccharide (LPS from Escherichia
Coli, code L3129) was obtained from Sigma (Milan, Italy), whereas the
sterile compounds for cell culture were from JET BIOFIL Bio-filtration
Products Co (Guangzhou, China), and chemicals and reagents for cell
culture were from Carlo Erba Reagents S.r.l. (Milan, Italy).
2.6. Statistical analysis

Each variable was expressed as the mean ± standard error of the
mean, unless otherwise specified. Statistical analyses were carried out
through Fisher Exact test, Mantel-Haenszel χ2, Mann-Whitney, or
Student's t-test according to variable characteristics. All statistical tests
were two-tailed, and significance was set at p b 0.05. Data and graphs
were analyzed with Prism software for Windows-7, version 3.1
(Graph-Pad, San Diego, CA, USA).We defined this study as pilot preclin-
ical study, therefore we did not determine a power calculation. Accord-
ingly, the results can only be labeled as an exploratory study.
3. Results

3.1. Demographic data

Thirty-four patients with VLU were enrolled in the study. According
to the phase of wound healing and to the clinical observation of the
ulcer tissues, WF was subdivided into two groups: inflammatory (Infl,
n = 32) and granulating (Gran, n = 16).

The biological samples examined were collected from both sexes
(19 males and 29 females), with a mean age of 72 years (range: 43–
91 years), and presenting ulcers both at first episode (n = 16) or re-
current (n = 32). The mean ulcer duration was 40 ± 47.9 months.
The average ulcer size was 12.9 cm2 (range 0.2–60 cm2). Complete
demographic variables for the study population are presented in
Table 1.
3.2. Pain scale

Patient with Infl WF had significantly increased pain scales com-
pared to patients with GranWF (5.0 ± 0.24 vs. 3.4 ± 0.29, respectively,
p = 0.0003)(Table 1).



Table 1
Demographic and clinical characteristics.

Characteristic Inflammatory Granulating p value

Number, n (%) 32 (66.7) 16 (33.3)
Age range, years 43–91 65–85
Mean age (±SD), years 69.1 ± 14.8 77.8 ± 6.5 0.03
Median age, years 73 80 0.12
Sex 0.12

Male, n (%) 10 (31.3) 9 (56.3)
Female, n (%) 22 (68.7) 7 (43.7)

Comorbidities
Diabetes, n (%) 10 (31.3) 2 (12.5) 0.29
Hypertension, n (%) 19 (59.4) 15 (93.8) 0.02
Hyperlipidemia, n (%) 18 (56.3) 2 (12.5) 0.01
Smoking, n (%) 6 (18.8) 0 (0) 0.16
Rheumatic disease, n (%) 2 (6.3) 0 (0) 0.55

Ulcer history 0.52
Primary 12 (37.5) 4 (25.0)
Recurrent 20 (62.5) 12 (75.0)

Venous insufficiency 0.52
Superficial n (%) 24 (70.6) 14 (73.7)
Deep, n (%) 5 (14.7) 4 (21)
Mixed, n (%) 5 (15.7) 1 (5.3)

Infection 22 (68.8) 0 (0) b0.001
Duration, months, mean ± SD 48.0 ± 56.6 44.4 ± 85.5 0.79
Surface area, cm2, mean ± SD 14.6 ± 18.7 9.5 ± 8.0 0.85
VAS score, mean ± SD 5.0 ± 0.24 3.4 ± 0.29 0.0003

VAS: Visual Analog Scale.
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3.3. Cytokine profile in venous ulcer wound fluid and plasma samples

A panel of 27 cytokines, including pro-inflammatory and anti-
inflammatory cytokines, chemokines, growth factors and colony stimu-
lating factorswas used to assess the status of the ulcermicroenvironment.
These analytes have been measured in all 48 exudates and 10 plasma
samples (5 from patients with inflammatory and 5 from patients with
granulating venous leg ulcers). We found that all the 27 mediators were
detectable inWF,whereas in plasma samples cytokine levelswere gener-
ally lower, with IL-2 and IL-15 undetectable in all plasma samples.

Comparing the cytokine levels in WF versus plasma obtained from
the same patients, it was determined that IL-1β (p = 0.0040), IL-1ra
Fig. 1. Levels of cytokines, chemokines, growth factors and colony stimulating factors inWF (n=
the mean ± SEM (* = p b 0.05; ** = p b 0.005; *** = p b 0.0005).
(p = 0.0003), IL-6 (p = 0.0002), IL-8/CXCL8 (p = 0.0002), IL-10
(p = 0.0040), IL-12 (p = 0.0295), IL-17 (p = 0.0081), bFGF (p =
0.0007), G-CSF (p = 0.0002), GM-CSF (p = 0.0027), IFN-γ (p =
0.0047), MCP-1/CCL2 (p = 0.0047), MIP-1α/CCL3 (p = 0.0093), MIP-
1β/CCL4 (p = 0.0104), TNF-α (p = 0.0003) and VEGF (p = 0.0007)
were significantly over-expressed in WF samples, while Eotaxin/
CCL11 (p = 0.0007), IP-10/CXCL10 (p = 0.0047), and RANTES/CCL5
(p = 0.0207) were higher in plasma samples (Fig. 1). All numeric data
of results are reported in detail in Supplemental file 1.

Comparing the cytokine levels in WF, it was observed that IL-1β
(p = 0.0029), IL-12 (p = 0.0002), IL-10 (p = 0.0490), IL-8/CXCL8
(p = 0.0303), GM-CSF (p b 0.0001), and VEGF (p = 0.0004) levels
were significantly higher in Infl WF compared with Gran WF (Fig. 2).
On the contrary, the chemokines IP-10/CXCL10 (p = 0.0001) and
RANTES/CCL5 (p = 0.0009) and the growth factor PDGFbb (p =
0.0063) were found significantly increased in Gran ulcers, compared
with Infl ulcers (Fig. 2). All numeric data of results are reported in detail
in Supplemental file 2.

3.4. Effects of Sulodexide on LPS-activated THP-1 monocytes

The treatment of THP-1 cell line for 8 h with LPS 10 μg/mL, a well
known inflammatory stimulus able to activate monocytes, revealed
that almost all of the cytokines and chemokines were increased in cell
culture media from LPS-treated THP-1 monocytes, compared to un-
treated control cells.

Of significance, IL-1β, IL-6, MIP-1α/CCL3 and MIP-1β/CCL4 showed
the highest increase in LPS-stimulated THP-1 compared to untreated
control cells (N2.5-fold with respect to control cells, with p = 0.0001,
p = 0.0002, p b 0.0001, and p = 0.0007, respectively) (Fig. 3A, C).

As reported in Fig. 3A–C, IFN-γ, TNF-α, IL-1ra, IL-4, Eotaxin/CCL11,
IP-10/CXCL10, MCP-1/CCL2 and PDGFbb were increased in LPS-treated
cells compared to controls (range 1.2–2.5-fold of increase compared to
controls; p = 0.0058, p = 0.0086, p = 0.0013, p = 0.0325, p =
0.0165, p = 0.0115, p = 0.0266 and p N 0.05, respectively).

We then assessed the effects of Sulodexide on LPS stimulated or
unstimulated THP-1 monocytes. First, the levels of cytokines measured
in serum free culture media from THP-1 cells treated with only
10) andplasma (n=10) samples from the same patient. Values are expressed as pg/mL of

Image of Fig. 1


Fig. 2. Levels of cytokines, chemokines, growth factors and colony stimulating factors in inflammatory (Infl, n= 32) and granulating (Gran, n= 16) venous ulcer wound fluids. Values are
expressed as pg/mL (* = p b 0.05; ** = p b 0.005; *** = p b 0.0005).
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Sulodexide 0.12 LSU/mL for 18 h, were not significantly different from
the levels observed in control cells (data not shown). For what concerns
the treatment of LPS-stimulated THP-1 monocytes with Sulodexide
(0.12 LSU/mL) for 18 h, we observed that IL-1β, IL-7, and RANTES/
CCL5 were found to be significantly reduced (N40%) after Sulodexide
treatment, compared to LPS alone (p = 0.0007, p = 0.0056, and p =
0.0038, respectively). Compared to controls, RANTES decreased by
N30% (p = 0.0014, Fig. 3A, C).

However, IL-1β levels decreased with Sulodexide treatment (p =
0.0007), but remained higher than those found in untreated THP-1 (ap-
proximately 2.5-fold, p = 0.0019). Similarly, IL-6, TNF-α, IL-1ra,
Eotaxin/CCL11, MIP-1α/CCL3 and PDGFbb were found decreased
(range 20–40%) in LPS + Sulodexide treated cells with respect to LPS-
treated cells (p = 0.0013, p = 0.0084, p = 0.0015, p = 0.0291, p =
0.0008, and p = 0.0421, respectively, Fig. 3).

After the treatment with Sulodexide the levels of IL-6 and MIP-1α/
CCL3 remained 2.5-fold higher than controls (p = 0.0024, and p =
0.0014, respectively, Fig. 3).

In addition, IFN-γ, MIP-1β/CCL4, IL-4 and IP-10/CXCL10 levels
were found reduced in LPS + Sulodexide-treated cells compared
with LPS-stimulated cells (p = 0.0101, p = 0.0223, p N 0.05, and
Fig. 3. Cytokine release profile in LPS- and LPS + Sulodexide-stimulated THP-1 monocytes
C) chemokines and colony stimulating factors. Interleukins, chemokines, colony stimulating fa
cells, referred as 100% (* = p b 0.05; ** = p b 0.005; *** = p b 0.0005).
p N 0.05, respectively, Fig. 3), with IP-10/CXCL10 and MIP-1β/
CCL4 levels in LPS + Sulodexide-treated cells higher (N25%) than
those found in untreated controls (p = 0.0475, and p = 0.0027,
respectively).

The treatment of LPS-prestimulated cells with Sulodexide, induced a
significantly enhanced release of IL-15, G-CSF and GM-CSF compared to
both LPS treatment alone (p= 0.0083, p = 0.0012, and p= 0.0098, re-
spectively), and control cells (p= 0.0015, p = 0.0469, and p N 0.05, re-
spectively) (Fig. 3A, C).

3.5. Cytokine profile in WF-stimulated THP-1 cells

The treatment of THP-1 cell line withWF from Infl and Gran venous
ulcers led to a significantly increased release of IL-1β (34.4-fold and
20.6-fold, respectively, p b 0.005), IL-6 (2.3-fold and 42.6-fold, respec-
tively, p b 0.05), IL-8/CXCL8 (7.6-fold and 3.6-fold, respectively,
p b 0.05), MCP-1/CCL2 (4.7-fold and 3.3-fold, respectively, p b 0.05),
and IL-15 (3.1-fold and 2.2-fold, respectively, p b 0.05) compared to un-
treated control cells (Table 2).

To a lesser degree, also the pro-inflammatory IL-12, IFN-γ, TNF-α,
and the chemokine Eotaxin/CCL11 were found increased in the culture
. A) pro-inflammatory cytokines; B) anti-inflammatory cytokines and growth factors;
ctors and growth factors are expressed as fold change versus unstimulated THP-1 control

Image of Fig. 2
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Image of Fig. 3


Table 2
Cytokine, chemokine, growth factor and colony stimulating factor fold changes in inflam-
matory (Infl) and granulating (Gran)WF treated THP-1 with respect to untreated control
cells.

Analyte Infl vs. CTR
(p)

Gran vs. CTR
(p)

Infl vs. Gran
(p)

Pro-inflammatory
cytokines

IL-1β ↑↑↑ (**) ↑↑↑ (**) ↑ Infl (*)
IL-2 ↑ (*) ↑
IL-6 ↑ (*) ↑↑↑ (*) ↑↑↑ Gran (*)
IL-7 ↑ ↓
IL-12(p70) ↑ (*) ↑ (*) ↑ Infl (*)
IL-15 ↑ (*) ↑ (*) ↑ Infl (*)
IL-17 ↑ ↓ ↑ Infl (*)
IFN-γ ↑ (*) ↑ (*) ↑ Infl (*)
TNF-α ↑ (*) ↑ (*) ↑ Infl (*)

Anti-inflammatory
cytokines

IL-1ra ↑ (*) ↑ (*)
IL-4 ↑ (*) ↑ (*) ↑ Infl (*)
IL-5 ↓ ↑(*) ↑ Gran (*)
IL-9 ↑ ↑
IL-10 ↑ (*) ↑ (*)
IL-13 ↑ (*) ↑(*)

Chemokines IL-8/CXCL8 ↑↑ (*) ↑ (*) ↑ Infl (*)
Eotaxin/CCL11 ↑ (*) ↑ (*) ↑ Infl (*)
IP-10/CXCL10 ↓ ↑
MCP-1/CCL2 ↑ (*) ↑ (*) ↑ Infl (*)
MIP-1α/CCL3 ↓↓↓ ↓↓↓
MIP-1β/CCL4 ↓ ↑
RANTES/CCL5 ↓↓ ↑ (*) ↑ Gran (*)

Colony stimulating
factors

G-CSF ↑ ↑↑ (*)
GM-CSF ↑ ↓ ↑ Infl (*)

Growth factors bFGF ↑ ↑
PDGFbb ↑ (*) ↑ (*)
VEGF ↑ (*) ↑ (*)

↑↑↑ ≥ 10-fold; ↑↑= 5–10-fold; ↑ ≤ 5-fold.
↓↓↓ ≥ 0.5-fold; ↓↓ = 0.5–0.2-fold; ↓ ≤ 0.2-fold.
** = p b 0.005; * = p b 0.05.
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media of THP-1 cells treated with both Infl and GranWFwith respect to
control cells (range 1.2–1.9 fold, p b 0.05, Table 2).

Similarly, the levels of the anti-inflammatory cytokines IL-1ra, IL-4,
IL-10 and IL-13 (range 1.2–1.5-fold, p b 0.05) and the growth factors
PDGFbb and VEGF (range 1.4–2.5-fold, p b 0.05) showed a lower in-
crease compared to untreated cells after stimulation with both Infl
and Gran WF (Table 2).

On the other hand, IL-2 was found significantly increased by the
stimulation with Infl WF (1.2-fold, p b 0.05), whereas the release of IL-
5, G-CSF and RANTES/CCL5 was significantly induced by Gran WF
(1.2-, 6.7- and 1.4-fold, respectively, p b 0.05) (Table 2).

All the other mediators were not significantly different in WF-
treated compared to untreated control cells (Table 2).

In order to better understand which molecules contained in WF
were able to modulate the behavior of human THP-1 monocytes and
which of them could be targeted by Sulodexide treatment, we com-
pared the levels of each analyte found in the culturemedia from Infl ver-
sus Gran WF-stimulated cells, after subtracting the level measured in
WF to consider only the fraction of biomolecules released by THP-1
cells and avoid interferences with those of WF.

In this respect, we found that levels of the pro-inflammatory cyto-
kines IL-1β, IL-12, IL-15, IL-17, IFN-γ, TNF-α, the chemokines IL-8/
CXCL8, Eotaxin/CCL11 and MCP-1/CCL2, as well as GM-CSF and IL-4
were significantly higher in human monocytes treated for 24 h with
Infl WF, compared to THP-1 stimulated with Gran WF (p b 0.05)
(Table 2). However, treatment of THP-1 cells with granulating WF led
to a significant increase of IL-6, RANTES/CCL5 and IL-5 with respect to
inflammatory WF-treated cells (p b 0.05) (Table 2).

3.6. Effects of Sulodexide on WF-stimulated monocytes

The co-stimulation of THP-1 cellswith 5%WF from Infl venous ulcers
and Sulodexide 0.12 LSU/mL revealed that Sulodexide treatment was
able to significantly reduce the release of IL-2, IL-12(p70), IL-10 and
VEGF (p b 0.05, Fig. 4) comparedwith InflWF treatment alone. Further-
more, we observed that the co-treatment ofmonocyteswith Sulodexide
and Gran WF led to a significant increased secretion of IL-5, IL-17 and
GM-CSF (p b 0.05) compared to stimulation with only GranWF (Fig. 4).

4. Discussion

Non-healingwounds result froma variety of cellular activities occur-
ring in the wound microenvironment and interfering with the healing
process, delaying the formation of granulation tissue [52]. Therefore,
the need for a better comprehension of the biomolecular basis of VLU,
together with the need to validate biomarkers able to discriminate
ulcer wounds according to their healing phase has led to researches fo-
cusing on WF samples mirroring the wound microenvironment.

Several studies hypothesized that chronic wounds are blocked in a
persistent inflammatory stage, characterized by excessive white blood
cell infiltration, inflammatorymediator release and proteolytic extracel-
lular matrix remodeling. However, the biochemical and molecular
switches governing the progression from inflammatory to granulating
phase still remains unknown and/or a matter of debate [2,53].

In this regard, we demonstrated that most of the soluble inflamma-
tory molecules (IL-1β, IL-1ra, IL-6, IL-8/CXCL8, IL-10, IL-12, IL-17, bFGF,
G-CSF, GM-CSF, IFN-γ, MCP-1/CCL2, MIP-1α/CCL3, MIP-1β/CCL4, TNF-α
and VEGF) were over-expressed in WF compared with plasma samples
from the samepatients. This indicates thatWF fromVLU is an important
source of inflammatory mediators, better reflecting the inflammatory
alterations occurring within the ulcer milieu, not necessarily corre-
sponding to a systemic inflammation. As a consequence we could con-
firm that inflammatory reactions represent locally restricted processes
which involve the release of cytokines mainly in the wound area [54].

This was also confirmed by our findings that IL-1β, IL-12, IL-8/
CXCL8, IL-10, GM-CSF and VEGF were significantly increased in
exudates from Infl compared to Gran ulcers. Several studies [22,32,
34,55] described that non-healing ulcers are sustained by increased
levels of inflammatory mediators, which decrease during the pro-
gression to wound closure, supporting our results. These mediators
are, in fact, pivotal players involved in coordinating the function of
leukocytes, endothelial cells, fibroblasts, and other cell types to reg-
ulate vascular permeability, angiogenesis [26,56], cell proliferation
and migration into the wound site, [55,57,58] and extracellular ma-
trix deposition.

Despite an abnormal expression and/or activity of cytokines,
chemokines and growth factors, these biomolecules are crucially associ-
ated with impaired healing [59], and an appropriate inflammatory
phase involving both inflammatory cells and immune mediators is the
sine qua non condition needed for the early phases of wound repair
[32,60,61].

Importantly, levels of IL-10 have been previously compared only in
ulcer tissue vs. skin [62–64], demonstrating increased levels of IL-10 in
healingWF. The over-expression of IL-10 in InflWFmay represent a re-
sponse to the high inflammatory state in thesewounds, and the VLU en-
vironment attempting to compensate by expressing anti-inflammatory
cytokines.

The differences in cytokines and chemokines and the degree of in-
flammations are reflected clinically, in that patients with Infl WF had
significantly higher pain scores.

To our knowledge, this is the first description of such a phenomenon
in twodifferent VLUwound types, and likely is a result of the differences
of inflammatory and anti-inflammatory biomolecules present in the
WF.

In fact, pain associated with VLU is induced by the inflammatory re-
action in response to wounding, by wound complications (e.g. infec-
tion) and by damaged peripheral nerves [65].

In this regard, it has beenwidely demonstrated that after tissue inju-
ry and inflammation, nociceptors are directly sensitized by classical



Fig. 4. Cytokine release profile inWF- andWF+ Sulodexide-stimulated THP-1 monocytes. Interleukins, chemokines, colony stimulating factors and growth factors are expressed as fold
change versus unstimulated THP-1 control cells, referred as 100% (* = p b 0.05).
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nociceptive mediators (e.g. prostaglandins, and sympathetic amines),
and both directly and indirectly by cytokines/chemokines. In fact,
some cytokines (IL-1β, TNF-α, IL-6, IL-8/CXCL8, and IL-12) are indirectly
involved in hyper-nociception through the activation of COX-2 (and its
product prostaglandins) and sympathetic amines [66]. On the other
hands, several studies highlighted that pro-inflammatory cytokines
and chemokines induce inflammatory and neuropathic pain through di-
rect receptor-mediated actions on afferent nociceptive sensory neu-
rons; these effects are mainly related to the activation of second
messengers, modification of ion currents, and change of the excitability
[67].

Furthermore, although the inflammatory response seemed to be
spatially limited to the wound microenvironment, the biochemical sig-
nals necessary for wound closure were also spread to the systemic cir-
culation. In fact, it is noteworthy that RANTES/CCL5, IP-10/CXCL10,
and PDGFbb, which were significantly increased in WF from granulat-
ing/healing VLU and which might be useful biomarkers of healing [68,
69], were also the only molecules found over-expressed in plasma sam-
ples compared with WF.

Apart from PDGFbb, which has been already associated with ulcer
wound closure, representing a mitogenic signal for fibroblasts [70,71],
IP-10/CXCL10 and RANTES/CCL5 has been poorly investigated in VLU.
RANTES/CCL5has been previously associated to an enhanced inflamma-
tory response in VLU, with levels decreasing as the wound proceed to
heal [62]. However, more recently it has been reported that RANTES/
CCL5, as well as IP-10/CXCL10 and Eotaxin/CCL11, represent crucial
chemokines involved in the regulation of white blood cell and endothe-
lial cell precursor mobilization from bone-marrow and dermal tissue in
the injury site (necessary “homing process” for tissue repair and to con-
trol wound neovascularization) [72–75], and as a potent stimuli for the
synthesis of type I collagen and hyaluronan by dermal fibroblasts [72,
76].

All these observations pave the hypothesis for a possible double in-
volvement of these mediators, released both locally into the wound
site (for granulating phase and tissue repair process) and found system-
ically in blood circulation (for the homing of recruited precursor cells ).
Although from the analyses of WF we could not trace the cell types
producing these soluble mediators, it is widely known that monocyte/
macrophage cells (one of the most represented cell type infiltrating
the ulcer bed) are able to produce a variety of cytokines, chemokines,
growth factors, and proteolytic enzymes to guide the evolution of
chronic wounds [77,78].

In addition, in response to signals derived from the surrounding mi-
croenvironment, monocytes and macrophages undergo reprogramming
in distinct functional phenotypes [79,80]. In this respect, we reported
that the LPS-induced cytokine production by THP-1monocyteswas char-
acterized by significantly increased levels of IL-1β, IL-6, IFN-γ, TNF-α, IL-
1ra, IL-4, IL-8/CXCL8, IP-10/CXCL10, MCP-1/CCL2, MIP-1α/CCL3, MIP-
1β/CCL4, and Eotaxin/CCL11 when compared with control cells. Similar
findings have been observed through the stimulation of monocytes
with WF from inflammatory ulcers.

Our results, probably linked to the observation that many Infl VLU
(68.8%) were found bacterial-infected, are in agreement with previous
findings [34], suggesting that non-healingWF increased Toll-like recep-
tor (TLR-2 and TLR-4) ligand activity.

In fact, TLR are a group of highly conserved pattern recognition re-
ceptors expressed on the cell surface of innate immune cells and non-
immune cells of dermis and epidermis. They recognize discrete patho-
gen molecular patterns, as well as endogenous damage associated mo-
lecular patterns released after tissue and cellular damage, and trigger
specific pro-inflammatory responses and cytokine release coordinating
the wound healing process [81].

Overall, these observations suggested that chronic wounds are char-
acterized by an inflammatory microenvironment, where proteins, en-
zymes, toxins and TLR-ligands derived from contaminating bacteria
alter the biochemical profile of the wound microenvironment, leading
to abnormal/non resolving inflammatory responses [34,82]. Of clinical
importance, TLR antagonist may be important in VLU treatment and
healing, but further research and clinical trials would be required.

According to the recent international guidelines reporting Sulodexide
as one of themain therapeutic approaches for VLU [4], anddue to the high
plasticity of monocyte/macrophage to change phenotype on the basis of
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the local stimulation, we decided to administer Sulodexide after LPS-
exposure to simulate in vitro the inflammatory activation of monocytes
occurring in vivo during CVI.

Our results demonstrated that Sulodexide was able to reduce the re-
lease of many important pro-inflammatory cytokines (interleukins,
TNF-α, IFN-γ) and chemokines (MIP-1α, MIP-1β, RANTES) and pro-
mote the secretion of CSFs. These data suggest that Sulodexide canmod-
ulate the expression of cytokines and chemokines in monocytes, and
may be important in the mechanisms in healing VLU [37].

Noteworthy was also to determine how Infl and Gran WF affect
monocyte activation and subsequent release of biomolecules, and if
Sulodexide is able to mitigate the cytokine and chemokine production
from WF-stimulated monocytes. We observed that Sulodexide can
down-regulate the secretion of IL-2, IL-12, IL-10 and VEGF in Infl WF-
treated THP-1, and up-regulate the release of IL-5, IL-17, and GM-CSF
in Gran WF-stimulated THP-1, highlighting new potential roles of
Sulodexide in VLU healing.

It has been previously demonstrated that heparin showed an anti-
inflammatory effect due to the inhibition of the LPS-binding to the
CD14 surface receptor in monocytes[83], thus reducing the release of
cytokines.

With respect to this study, we added Sulodexide in THP-1 culture
media after the removal of the culture media containing LPS, therefore
the reduced release of cytokine by Sulodexide was not related to the
possible inhibition of the LPS-receptor interaction, since the LPS has al-
ready activated its receptor when Sulodexidewas added. This would in-
dicate that Sulodexide effects on LPS-stimulated monocytes, could be
hypothetically linked to: 1. Downstream inhibition of LPS:CD14 signal-
ing. 2. LPS ligand-receptor uncoupling. 3. Direct inhibition of cytokine
transcription and/or translation. 4. Post-translational inhibition. 5. Inhi-
bition of cytokine secretion [37,38,43,44,84].

It is well known that glycosaminoglycans (GAG) exhibit pleiotropic-
like effects during inflammatory conditions, depending on the GAG
type, sulfatedmoieties and concentration. In fact, lowmolecular weight
fragments of GAGs, such as those released during the inflammatory-
mediated ECM remodeling, can act as signaling molecules to promote
white blood cell recruitment in the site of injury [85], as well as high
level of GAGs could counteract the inflammatory responses [86]. Both
in vivo and in vitro studies have highlighted the ability of Sulodexide
to counteract inflammatory responses, by protecting the endothelial
layer, by limiting the activity of inflammatory signals, and inhibiting
leukocyte activation [38,44].

The modulation of the cytokine release by monocyte may represent
the biochemical basis for the anti-inflammatory properties of
Sulodexide. As a consequence, reducing the release of inflammatory
molecules related to monocyte infiltration and activation in VLU could
improve wound repair, and restoring the balance between inflammato-
ry and anti-inflammatory pathways in ulcer microenvironment.

Moreover, the capability of Sulodexide to modulate the cytokine re-
lease from activatedmonocytes may represent a promising approach to
coordinate the activity of the phenotypically [79] and functionally [87]
different populations of circulating monocytes.

5. Conclusions

We believe that the wounds classified as Infl vs. Gran had a clear
clinical distinction and represented two different states of the healing
process of VLU, and hence showed differences in the biomolecules pres-
ent within each sampling of WF. Temporal relationships of various bio-
molecules found in WF of different VLU wound states need further
clarification. Importantly, future works will be required to determine
which biochemical andmolecular signals in the inflammatory and gran-
ulating phases of VLU repair, are predictive of complete ulcer healing
and which are predictive of a persistent inflammatory open wound,
setting the basis for a better comprehension of the molecular basis of
this chronic vascular disease. Moreover, future studies will be required
to determine how Sulodexide is able to down-regulate and/or up-
regulate a variety of biomolecules in monocytes/macrophages, and im-
prove the ability to target the proper VLUwound type (Infl vs. Gran) for
maximum patient's benefit and enhancing the healing process.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2016.07.018.
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