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Carlos Artério Sorgi1 • Stephen Fernandes de Paula Rodrigues4 •

Sandra Helena Poliselli Farsky4 • Francisco Wanderley Garcia Paula-Silva1 •

Irmgard Merfort3 • Lúcia Helena Faccioli1
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Abstract
Objective To evaluate the in vivo anti-inflammatory

potential of bovine hyaluronidase (HYAL) using two dif-

ferent models of acute inflammation.
Methods Air pouches were produced in the dorsal sub-

cutaneous of mice and injected with phosphate saline

solution or HYAL. The antiinflammatory action of HYAL
was evaluated in carrageenan (Cg)-inflamed air pouches.

After 4 and 24 h the cellular influx, protein exudation,

cytokines and lipid mediators were evaluated. The action
of HYAL on the rolling and adhesion of leukocytes was

investigated in the LPS-stimulated mesenteric microcircu-

lation by intravital microscopic.
Results Treatment with HYAL reduced the cellular influx

and protein exudation in non-inflamed and inflamed air

pouches. HYAL treatment of Cg-inflamed air pouch
reduced the production of tumor necrosis factor-alpha

(TNF-a), interleukin-8 (IL-8), leukotriene B4 (LTB4) and
LTC4, whereas prostaglandins E2 (PGE2) and D2 (PGD2)

concentrations were unchanged. Histological analyses

showed that HYAL administration diminished cell infil-
tration in the air-pouch lining. In LPS-stimulated

mesenteric microcirculation, HYAL usage decreased roll-

ing and adhesion of leukocytes, but did not affect the blood
vessels diameters.

Conclusion The results demonstrate that HYAL inhibited

cellular recruitment, edema formation and pro-inflamma-
tory mediators production, resulting in decreased

adherence of leukocytes to blood vessels and tissue infil-

tration. Our data suggest that HYAL may be considered an
effective candidate to ameliorate acute inflammation.

Keywords Air pouch ! Cytokines ! Lipid mediators !
Intravital microscopy ! Leukocyte–endothelial
interactions ! Neutrophil influx ! Carrageenan ! LPS

Introduction

Hyaluronidases (HYALs) are enzymes present in several

human organs and body fluids, virus, bacteria and in a wide
range of animal venoms [1]. HYALs are well known for

their spreading activity due to degradation capacity of the

extracellular matrix, mainly of hyaluronic acid (HA) [2–4].
Therefore, HYAL has been therapeutically used for many

years to facilitate the subcutaneous infusion and dispersion

of fluids and improve the absorption of drugs [5, 6]. Data
from the literature demonstrated that endogenous HYAL

degrades HA generating fragments with different sizes and

distinct roles. Depending on its size, HA fragments may
exert inflammatory or anti-inflammatory effects [7, 8]. In

the last years, further important biological properties were
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& Lúcia Helena Faccioli
faccioli@fcfrp.usp.br

1 Departamento de Análises Clı́nicas, Toxicológicas e
Bromatológicas, Faculdade de Ciências Farmacêuticas de
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described, such as its ability to recruit mesenchymal-like

cells to the lung thus reducing bleomycin-induced lung
injury and fibrosis [9], its involvement in cancer progres-

sion promoting tumor cell invasion [10], its expression in

keloid disease [11] and its ability to accelerate wound
healing [12]. Additionally, the anti-inflammatory activity

of external HYAL on in vivo acute inflammation has also

been investigated [13], but its mechanisms of action has
not been fully elucidated.

Inflammation comprises a wide range of physiological
and pathological processes which are orchestrated by a

highly modulated interaction between mediators of

inflammation and inflammatory cells [14]. It is charac-
terized by leukocytes attraction, such as neutrophils and

monocytes in the acute response, and increased vascular

permeability promoting protein extravasation and edema
formation in the tissues [15, 16]. Pro-inflammatory (e.g.

TNF-a, IL-1b, IL-6), and IL-8 (KC murine homologue)

and anti-inflammatory cytokines (e.g. IL-10, TGF-b) are
involved in these processes [16–18]. Another important

group of mediators includes prostaglandins (PGs) and

leukotrienes (LTs) that are known as potent pro-inflam-
matory or anti-inflammatory mediators, stimulating

cellular responses such as smooth muscle contraction, cell

chemo-attraction, and increased vascular permeability
resulting in edema [19–23]. Leucocytes and edema in the

inflamed site are very important to remove microorgan-

isms, dilute toxins, deliver nutrients and soluble
molecules [24]. Altogether, a well-regulated inflammatory

process can protect the host against injurious agents and

induces tissue remodeling, thereby re-establishing tissue
function after damages [25, 26]. However, excessive

acute or chronic inflammations may trigger irreversible

tissue damage, resulting in organ failure, or even cause
death [27, 28]. For this reason pharmacological control of

inflammation is essential for human health, and a high

number of anti-inflammatory drugs have been developed.
However, several drugs that have been used to control

inflammation, have serious side effects, and the continu-

ous search for new molecules with anti-inflammatory
actions, and fewer side effects has been pursued by the

pharmaceutical industry.

In the current report we have investigated the effect of
bovine HYAL on sterile inflammation induced by Cg

injection into the air pouch and in LPS-induced leuko-

cytes recruitment on mesenteric vessels. Our results
demonstrated that exogenous bovine testis HYAL exhi-

bits anti-inflammatory activity. We could provide

evidence that cellular recruitment, edema formation and
pro-inflammatory mediators production may be mediated

by inhibition of adherence of leukocytes to blood

vessels.

Materials and methods

Chemicals and biochemical

LPS-free bovine enzyme HYAL (H3884), carrageenan

agar–agar, sodium citrate dehydrate and lipopolysaccharide
(Sigma Aldrich Chemical Co, St. Louis, MO, USA).

Ketamine and xylasine (Vetbrands, Paulinia, SP, Brazil).

KC and TNF-a ELISA kits (R&D Systems, Minneapolis,
MN, USA). PGE2, PGD2, LTC4 and LTB4 EIA kits

(Cayman Chemical, Ann Arbor, USA). Coomassie protein

assay reagent (Thermo Scientific, Rockford, USA). Panotic
staining (Laborclin, Pinhais, Paraná, Brazil).

Animal

C57BL/6 male mice (18–25 g) were from animal facility of

Faculdade de Ciências Farmacêuticas de Ribeirão Preto,
Universidade de São Paulo (FCFRP, USP). Mice stayed

under standard laboratory conditions with a 12 h light–dark

cycle and free access to food and water. All experiments
were approved by the guidelines of the Animal Care

Committee of the Universidade de São Paulo (process
#2012.1.397.53.2).

In vivo air pouch induction and stimuli inoculations

Prior to create the air pouch, animals were anesthetized (i.p.)

with 100 lL of anesthetic solution containing ketamin
(80 mg/kg) and xylasine (15 mg/kg). The back of the mice

was shaved and 3 mL of sterile air was injected subcuta-

neously into the midline of the dorsal region with a 25 G
needle through a sterile filter (Millex" GV 0.22 lm—Merck

Millipore Ltd, Tullagreen, IRL). Three days later, 2 mL of

sterile air was injected into the pre-existing air pouch [29, 30].
At day 6 after the first air inoculation, animals received

0.5 mL of phosphate buffered saline (PBS) or 16 U HYAL

(0.5 mL/pouch) into the air pouch. In another set of experi-
ments mice were inoculated with 0.5 mL of PBS or

carrageenan (Cg) (1 % solution) and 1 h after PBS or Cg, a

new injection of 1 mL of PBS or 16 U HYAL (0.5 mL/
pouch) was given. HYAL dose was based on previous pub-

lications [9, 12] and was administered directly into the

pouches. Negative controls were air pouches with only sterile
PBS (0.5 mL/pouch). After 4 or 24 h of HYAL inoculations,

animals were euthanized with an overdose of anesthetic.

Evaluation of leukocyte accumulation into the air
pouch

After euthanizing the animals, 2 mL of sterile PBS con-

taining 3.6 % sodium citrate were injected into the air
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pouches, which were gently massaged for 1 min. Lavage

fluid was collected and the total cells were counted in
Turk’s solution using a Neubauer chamber. Differential

leukocyte counts were performed on cytospin preparations

stained with Panoptic kit". After centrifugation (400g, for
10 min, at 4 #C), the cell-free lavage fluid was stored at

-70 #C for protein, cytokines and lipid mediators

measurement.

Total protein quantification

Total proteins were quantified in the cell-free lavage fluid

obtained from the air pouches cavities by Coomassie pro-
tein assay reagent, according to the manufacturer’s

instructions.

Cytokines and lipid mediators measurements

The obtained cell-free lavage fluid was used to measure IL-
8 and TNF-a by enzyme-linked immunosorbent assay

(ELISA) techniques using specific antibodies (purified and

biotinylated) and standard cytokines, according to the
manufacturer’s instructions (R&D Systems, Minneapolis,

USA). Optical densities were measured at 450 nm in a

micro plate reader (lQuantTM, BioTek" Instruments, Inc.
Winooski, Vermont, USA). Concentration of cytokines was

expressed in pg/mL and assay sensitivity was[10 pg/mL.

PGE2, PGD2, LTB4 and LTC4 were measured using EIA
assays according to the manufacturer’s instructions (Cay-

man Chemical, Ann Arbor, USA). The optical density of

samples was determined at 420 nm and concentrations of
eicosanoids were calculated based on the standard curve.

The detection limit was 19.5 pg/mL for PGD2, 7.8 pg/mL

for PGE2 and LTC4 and 3.9 pg/mL for LTB4.

Histological analysis

Histological changes in the inflamed air-pouch lining tissue

were investigated. The pouch lining at 4 and 24 h post

HYAL inoculation was fixed in 10 % formalin for histo-
logical evaluation. These samples were embedded in

paraffin and serial sections of 5-lm thickness were

mounted on glass slides, dewaxed, rehydrated to distilled
water, and stained with hematoxylin and eosin (H&E). The

slides were examined and photomicrographed using digital

camera (Leica Microsystems Ltd, Heebrugg, Swiss),
attached to a light microscope Leica DMR (Leica,

Microsystems GmbH, Wetzlar, Germany) and connected to

a computer where the images were processed using the
Leica Q-Win software (Leica Microsystems Image Solu-

tions, Cambridge, UK).

Intravital microscopy

The experimental procedure employed is described else-
where [31]. Briefly, male C57Bl/6 mice were anesthetized

and mesentery was surgically exteriorized. Animals were

maintained on a board thermostatically controlled at 37 #C.
Preparation was kept moist and warm by covering the

tissue with a transparent plastic film just after watering

it with a Ringer–Locke solution [154 mM NaCl,
5.6 mM!KCl, 2 mM CaCl2!2H2O, 6 mM NaHCO3, 5 mM

glucose and 1 % (w/v) gelatin, and pH 7.2–7.4]. The rate of

solution outflow onto the exposed tissue was 2 mL/min and
ceased 5 min before the basal measurement was taken.

After a tissue stabilization period of 10 min, trans illu-

minated images were obtained by optical intravital
microscopy (Axioplan II, Carl-Zeiss equipped with a

20.09/0.25 Achroplan longitudinal distance objective/nu-

meric aperture, Oberkochen, Germany). Images were
captured using a video camera (AxioCam HR, Carl-Zeiss

Oberkochen, Germany) transmitted simultaneously to a

computer, recorded and analyzed (software AxioVision,
Carl-Zeiss, Oberkochen, Germany). Interaction between

leukocytes and blood vessel walls was analyzed by deter-

mining the number of rolling and adherent leukocytes in
mesentery post capillary venules (20–30 lm diameter).

Leukocytes moving in the periphery of the axial stream in

contact with the endothelium were considered to be rolling,
and their number was determined for 5 min. The number of

leukocytes that adhered to the endothelium (stopped at the

vessel wall) in a 100-lm-vessel length was determined in
the same vascular segment. Diameter of blood vessels was

quantified using the software AxioVision (Carl-Zeiss,

Oberkochen, Germany).
After the basal measurements (time zero), the mesentery

was stimulated by topical application of LPS (15 lg) and
numbers of rolling and leukocyte adhesion were measured
25 min later in post capillary vessels. Afterwards, mesen-

tery vessels were topically treated with HYAL (16 U), and

intravital measurements were obtained 10 and 25 min after
LPS. Data were collected always at the same point of the

vessel after topical application of the chemicals.

Statistical analysis

Statistical analyses were performed using GraphPad soft-
ware (San Diego, CA 176, USA). Data were expressed as

mean ± standard error of mean (SEM). Statistical varia-

tions among groups were determined using one way
analysis of variance (ANOVA) or two-way-ANOVA fol-

lowed by Tukey’s test when appropriated. Values of
p\ 0.05 were considered significant.
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Results

HYAL decreases the number of leukocytes
under physiological and inflamed conditions

Non-inflamed air pouches treated with 16 U of HYAL
exhibited a significant decrease in the number of total

leukocytes (Fig. 1a), neutrophils (Fig. 1b) and mononu-

clear (Fig. 1d) cells after 4 h, when compared to air
pouches inoculated with PBS only (control). After 24 h of

HYAL treatment, the cell numbers were equivalent to PBS

values. Negligible changes in the number of eosinophils
were observed throughout the experimental time course

under both conditions (4 and 24 h) (Fig. 1c). These slight

changes may reflect tissue lesions induced by the needles
or activation of mast cells by the PBS inoculation.

Next, the in vivo effects of HYAL (16 U) treatment

were evaluated under inflammatory conditions induced by
Cg inoculation in the air pouch. As expected, the animals,

which received Cg directly into the pouches, showed high

numbers of leukocytes after 4 and 24 h (Fig. 2) compared
to PBS-inoculated air pouches (Fig. 1a–d). Cg-inoculated

air pouches exhibited a predominance of neutrophils after
4 h, which declined 24 h later (Fig. 2b), but still exceeded

the number found in PBS-inoculated air pouches (Fig. 1b).

HYAL treatment (Fig. 2a–d) 1 h after Cg injection signifi-

cantly decreased total leucocytes and numbers of neutrophils
present in the air pouches. Reductionswere 44 and 48 %, 4 and

24 h after Cg injection, respectively. As depicted in Fig. 2d,

HYAL treatment into the air pouches similarly inhibited
mononuclear cell numbers 4 and 24 h later (40 and 50 % of

inhibition, respectively). Non-alteration in eosinophil numbers

was observed throughout the experimental time course in
inflamed and non-inflamed pouches (Figs. 1c, 2c).

HYAL inhibits protein extravasation into inflamed
and non-inflamed air pouch

Augmented proteins in the extravascular space is a conse-

quence of increased vascular permeability, and its

quantification is used to evidence edema formation. There-
fore, we measured the protein concentration in air pouch

fluid recovered after PBS or Cg injection in the presence or

absence of HYAL (16 U) administration (Fig. 3). As
expected, Cg injection induced edema formation, indicated

by a higher concentration of protein in the air pouch fluid

4 h later (Fig. 3b) compared to fluid from PBS-injected
pouches (Fig. 3a). Interestingly, HYAL treatment 1 h after

PBS or Cg administration significantly reduced the protein

concentration 4 or 24 h later (Fig. 3a, b).

Fig. 1 Hyaluronidase (HYAL) decreases leukocytes in non-inflamed
air pouch. Total and differential cell numbers were determined in the
lavage fluid of non-inflamed air pouch 4 and 24 h after HYAL (16
U/0.5 mL/pouch) or phosphate buffered saline (PBS) (control/

0.5 mL/pouch) inoculation. a Total leukocytes; b neutrophils;
c eosinophils; and d mononuclear cell were counted as described in
‘‘Materials and methods’’. Results are presented as mean ± SEM
(n = 3). Significantly different p\ 0.05. Asterisk HYAL vs. PBS
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HYAL significantly inhibits IL-8, TNF-a, LTB4,
LTC4, but not PGE2 and PGD2 in the inflamed air
pouches

Cytokines and lipid mediators are important for cell recruit-

ment and edema formation during the inflammatory response.
Therefore, we evaluated the impact of HYAL treatment on

Cg-induced IL-8, TNF-a, LTC4, LTB4, PGD2, and PGE2

production. HYAL treatment significantly decreased the

concentration of inflammatory cytokines and 5-lipoxygenase

metabolites after 4 h (Fig. 4), whereas the amount of the
cyclooxygenase metabolites PGD2 and PGE2 remained

unaltered. After 24 h no significant changes in the concen-

tration of all cytokines and lipid mediators were observed.

Fig. 2 Hyaluronidase (HYAL) decreases leukocytes in carrageenan
(Cg) inflamed air pouch. Pouches were inoculated with phosphate
buffered saline (PBS) (PBS/0.5 mL/pouch) or with Cg 1 % concen-
tration and treated 1 h later with HYAL (Cg ? HYAL 16 U/0.5 mL/
pouch) or PBS (Cg ? PBS/0.5 mL/pouch). Total and differential cell
numbers were determined in the lavage fluid of non-inflamed and

inflamed air pouch 4 and 24 h after HYAL or PBS treatments. a Total
leukocytes; b neutrophils; c eosinophils; and d mononuclear cell were
counted as described in ‘‘Materials and methods’’. Results are
presented as mean ± SEM (n = 3). Significantly different p\ 0.05.
Asterisk Cg ? HYAL vs. Cg ? PBS and hash PBS vs. Cg ? PBS

Fig. 3 Hyaluronidase (HYAL) decreases edema formation. The total
protein content was measured in the lavage fluid of (A) non-inflamed
and (B) inflamed air pouch 4 and 24 h after treatment with HYAL (16
U/0.5 mL/pouch) or phosphate buffered saline (PBS) (control/

0.5 mL/pouch) inoculation. In the inflamed pouches the animals
received carrageenan (Cg) 1 h prior to the treatments. Results are
expressed as mean ± SEM (n = 3). Significantly different p\ 0.05.
Asterisk HYAL vs. PBS
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HYAL affects cellular recruitment in the inflamed
air-pouch lining tissue

Histological analysis revealed that Cg injection into pou-

ches markedly increased the number of leukocytes in the

skin-tissue linings surrounding the pouch cavity (Fig. 5).
Although the cellular density was not quantified within the

air pouch membrane, a clear difference is visible between

the HYAL treated air pouches compared to that one which
was only treated with PBS. As observed in the inserts,

HYAL decreases cell infiltration into the skin-tissue linings

surrounding the pouch cavity. These findings, together with
the results shown in Fig. 2, provide additional evidence

that the anti-inflammatory action of HYAL is related to the
blockade of infiltrating cells.

HYAL decreases the rolling and adhesion
of leukocytes

To get more insights into the anti-inflammatory effects of
HYAL, we investigated the action of HYAL on the rolling

and adhesion of leukocytes in mesenteric microcirculation.

A marked increase in leukocyte adhesion was observed
10 min after topical application of LPS on mesenteric

postcapillary venules (Fig. 6b). HYAL treatment decreased

the number of adherent leukocytes to the vessel wall

Fig. 4 Hyaluronidase (HYAL) decreases cytokines and eicosanoid
production in carrageenan (Cg) inflamed air pouch. Pouches were
inoculated with phosphate buffered saline (PBS) (PBS/0.5 mL/pouch)
or with Cg (1 %/0.5 mL) and 1 h later treated with HYAL
(Cg ? HYAL 16 U/0.5 mL/pouch) or PBS (Cg ? PBS/0.5 mL/
pouch). Productions of cytokines and lipid mediators in the lavage

fluid of non-inflamed and inflamed air pouch were determined 4 and
24 h after HYAL or PBS treatments. a IL-8, b TNF-a, c LTB4,
d LTC4, e PGD2, and f PGE2 were assayed by ELISA as described in
‘‘Materials and methods’’. Results are presented as mean ± SEM
(n = 3). Significantly different p\ 0.05. Asterisk Cg ? HYAL vs.
Cg ? PBS and hash PBS vs. Cg ? PBS
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(Fig. 6b). A similar performance was noticed concerning

the number of rolling leukocytes, but no statistically sig-
nificant difference was obtained after LPS or LPS plus

HYAL application compared to the basal leukocyte count

(Fig. 6a). LPS or HYAL treatment did not exert any
influence on the postcapillary venules diameter (Fig. 6c).

Discussion

The search for new substances with anti-inflammatory

activity with minimal side effects is still a challenging task

for the pharmaceutical industry and academic groups. In
this study, we report on a yet unknown biological activity

of HYAL. In air pouches model we demonstrated that local

treatment with HYAL decreases the production of inflam-
matory mediators TNF-a, IL-8, LTB4 and LTC4, which

may be explain the observed reduction in leukocytes

recruitment and in protein extravasation. Both events are
pathognomonic signals of an inflammatory response [22–

25]. A reduced number of leukocytes were observed after

HYAL treatment both in the fluid recovered from the air

pouches as well as in the surrounding skin tissue. By

intravital microscopy, we observed the inhibitory actions of
HYAL on LPS-induced leukocyte endothelial interactions,

effects that may contribute to the reduced edema [31].

Neutrophils are necessary for control of pathogens infec-
tion and removal of undesirable substances. However, they

can also cause tissue damage [17, 24]. Moreover, it is well
known that TNF-a, IL-8 and LTB4 are increased in inflam-

mation [33–38], and contribute to excessive accumulation of

neutrophils in the synovia that may induce tissue destruction
[39, 40]. Our study provides evidence that HYAL may rep-

resent a new tool for treatment of inflammatory diseases. In

non-inflamed (PBS-inoculated) and in Cg-inflamed air pou-
ches, HYAL decreased the number of leucocytes, especially

neutrophils, which are the first cells recruited to the inflam-

matory sites. Additionally, HYAL administered into Cg-
inflamed air pouches strongly inhibited LTB4 and LTC4

production, without affecting PGE2 and PGD2, showing

specificity for the inhibition of the 5-lipoxygenase pathway.
Reduction of these inflammatory mediators production has

been proposed for the control of arthritis, lung inflammation,

cardiovascular diseases, asthma, and cancer [36, 41–45].

Fig. 5 Hyaluronidase (HYAL) affects cellular recruitment in the
inflamed air-pouch lining tissue. Pouches were inoculated with Cg
(1 % concentration) and 1 h later treated with HYAL (Cg ? HYAL
16 U/0.5 mL/pouch) or phosphate buffered saline (PBS) (Cg ? PBS/
0.5 mL/pouch). Paraffin-air pouch membrane sections were stained

with hematoxylin and eosin to evaluate the inflammatory infiltrate
response by image analysis. The inserts depicted from the skin-tissue
linings surrounding the pouch cavity (9400 original magnification)
shows the infiltrating cells. The sections were photographed at 9100
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The inhibition of the LPS-induced edema observed after

in vivo HYAL administration is interesting. It is known

that the intact glycocalyx layer prevents vascular leakage.
It has been shown that HYAL treatment leads to aug-

mented vascular permeability and alterations on the

capillaries density [46–48]. However, enhanced vascular
permeability during inflammation is also influenced by

adhesion of activated circulating neutrophils to the

endothelium [49]. Migrating neutrophils release mediators
from intracellular granules, which induce endothelial cell

contraction and basal membrane disruption [49].

Our findings concerning the reduction of edema after

HYAL treatment is supported by the literature [50, 51].
This effect was attributed to the ability of hyaluronidase

to degrade hyaluronan, a glucosaminoglycan that has a

unique water-binding capacity. The authors hypothesized
that hyaluronan accumulation plays a critical role in

edema formation, and that hyaluronidase therapy could be

used to reduce edema. Additionally, our group previously
reported that HYAL significantly reduced the edema

formation in the injured skin and regulates the inflam-
matory response during cutaneous wound healing by

mediating pro and anti-inflammatory cytokines like

TNFa, IL-1a, IL-10, and IL-4, lipid mediators like PGE2,
LTB4, and PGD2 [12]. Moreover, in accordance with our

results, Huang et al. [13] showed that hyaluronidase does

not have any inflammatory properties in the air pouch
model, instead hyaluronidase inhibits some aspects of

inflammation, such as neutrophil infiltration into the air

pouch.
To evaluate the role of HYAL on initial and funda-

mental steps of the leukocyte recruitment into inflamed

tissues, intravital microscopy studies were performed in the
mesenteric microcirculation. Data showed that local

application of HYAL impaired the intermittent and firm

adhesion of circulating cells to the endothelium evoked by
LPS actions. Topical application of LPS leads to a fast

expression of adhesion molecules on leukocytes and

endothelial cells to mediate the rolling behaviour and the
subsequent firm adhesion and diapedesis [24, 32, 52].

Therefore, it may be assumed that HYAL can affect the

cascade of adhesion molecules expression by acting on
leukocytes or endothelial cells, or even on both cell types.

Indeed, it may be a plausible mechanism as it was recently

shown that purified human HYAL (Mr 5000–1,500,000)
blocked the neutrophil migration into mice LPS inflamed

air pouch, independently on cytokine production, but by

blocking CD44 receptor and hyaluronic acid (HA) inter-
actions [13]. CD44 is an 80- to 250-kDa type I

transmembrane glycoprotein that binds HA and a variety of

extracellular domains as well as cell-surface ligands. It was
already demonstrated that HA induces neutrophil migration

by CD44 receptor binding in both endothelial cells and

neutrophils [26, 53]. Moreover, impaired neutrophil influx
to inflamed tissues is observed in CD44-deficient mice

[54].

Altogether, our results and those from the literature
demonstrate that endogenous HYAL could have a regula-

tory role in the inflammatory process which may be due in

part by HA fragments and also by mediating pro and anti-
inflammatory cytokines like TNFa and IL-8 as well as lipid

mediators like LTB4 and LTC4. Considering our results

application of HYAL may be suitable for treatment of skin
inflammation.

Fig. 6 Effect of hyaluronidase (HYAL) topical application on
leukocyte–endothelial interaction in vivo. Number of rollers (a) and
adherent leukocytes (b); postcapillary vessel diameter (c) in the
mesentery postcapillary venules during a 5 min interval. Values were
obtained before (basal count) or 25 min after LPS 15 lg topical
application. Topical application of hyaluronidase (16 U) was carried
out after measuring LPS effects. The effects of hyaluronidase were
detected 10 and 25 min later. Data are expressed as mean ± SEM of
5–8 animals in each group. Statistical analysis was performed using
ANOVA followed by Tukey’s test. p\ 0.001 vs. basal
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Machado Mda S, de Andrade SF, Niero R, Farsky SH. Achyro-
cline satureioides (Lam.) D.C. hydroalcoholic extract inhibits
neutrophil functions related to innate host defense. Evid Based
Complement Alternat Med. 2013. doi:10.1155/2013/787916.

33. Verri WA Jr, Souto FO, Vieira SM, Almeida SC, Fukada SY, Xu
D, Alves-Filho JC, Cunha TM, Guerrero AT, Mattos-Guimaraes
RB, Oliveira FR, Teixeira MM, Silva JS, McInnes IB, Ferreira
SH, Louzada-Junior P, Liew FY, Cunha FQ. IL-33 induces
neutrophil migration in rheumatoid arthritis and is a target of anti-
TNF therapy. Ann Rheum Dis. 2010;69(9):1697–703.

34. Hwang SY, Kim JY, Kim KW, Park MK, Moon Y, Kim WU,
Kim HY. IL-17 induces production of IL-6 and IL-8 in
rheumatoid arthritis synovial fibroblasts via NF-kappaB- and PI3-
kinase/Akt-dependent pathways. Arthritis Res Ther. 2004;6(2):
R120–8.

35. Troughton PR, Platt R, Bird H, el-Manzalawi E, Bassiouni M,
Wright V. Synovial fluid interleukin-8 and neutrophil function in
rheumatoid arthritis and seronegative polyarthritis. Br J
Rheumatol. 1996;35(12):1244–51.

Hyaluronidase decreases neutrophils infiltration to the inflammatory site

123



36. Chen M, Lam BK, Kanaoka Y, Nigrovic PA, Audoly LP, Austen
KF, Lee DM. Neutrophil-derived leukotriene B4 is required for
inflammatory arthritis. J Exp Med. 2006;203:837–42.

37. Elmgreen J, Nielsen OH, Ahnfelt-Rønne I. Enhanced capacity for
release of leucotriene B4 by neutrophils in rheumatoid arthritis.
Ann Rheum Dis. 1987;46(7):501–5.

38. Mendes MT, Silveira PF. The interrelationship between leuko-
triene B4 and leukotriene-A4-hydrolase in collagen/adjuvant-
induced arthritis in rats. Biomed Res Int. 2014. doi:10.1155/2014/
730421.

39. Tudan C, Jackson JK, Blanis L, Pelech SL, Burt HM. Inhibition
of TNF-alpha-induced neutrophil apoptosis by crystals of calcium
pyrophosphate dihydrate is mediated by the extracellular signal-
regulated kinase and phosphatidylinositol 3-kinase/Akt pathways
up-stream of caspase 3. J Immunol. 2000;165(10):5798–806.

40. Adkison AM, Raptis SZ, Kelley DG, Pham CT. Dipeptidyl
peptidase I activates neutrophil-derived serine proteases and
regulates the development of acute experimental arthritis. J Clin
Invest. 2002;109:363–71.

41. Alten R, Gromnica-Ihle E, Pohl C, Emmerich J, Steffgen J,
Roscher R, Sigmund R, Schmolke B, Steinmann G. Inhibition of
leukotriene B4-induced CD11B/CD18 (Mac-1) expression by
BIIL 284, a new long acting LTB4 receptor antagonist, in patients
with rheumatoid arthritis. Ann Rheum Dis. 2004;63:170–6.

42. Crooks SW, Bayley DL, Hill SL, Stockley RA. Bronchial
inflammation in acute bacterial exacerbations of chronic bron-
chitis: the role of leukotriene B4. Eur Respir J. 2000;15(2):
274–80.

43. Folco G, Rossoni G, Buccellati C, Berti F, Maclouf J, Sala A.
Leukotrienes in cardiovascular diseases. Am J Respir Crit Care
Med. 2000;161:S112–6.

44. O’Byrne PM. Leukotrienes in the pathogenesis of asthma. Chest.
1997;111(2 Suppl):27S–34S.

45. Steele VE, Holmes CA, Hawk ET, Kopelovich L, Lubet RA,
Crowell JA, Sigman CC, Kelloff GJ. Lipoxygenase inhibitors as
potential cancer chemopreventives. Cancer Epidemiol Biomark-
ers Prev. 1999;8(5):467–83.

46. Henry CB, Duling BR. Permeation of the luminal capillary gly-
cocalyx is determined by hyaluronan. Am J Physiol.
1999;277:H508–14.

47. Cabrales P, Vázquez BY, Tsai AG, Intaglietta M. Microvascular
and capillary perfusion following glycocalyx degradation. J Appl
Physiol. 1985;2007(102):2251–9.

48. Van den Berg BM, Vink H, Spaan JA. The endothelial glyco-
calyx protects against myocardial edema. Circ Res. 2003;92(6):
592–4.

49. Finsterbusch M, Voisin MB, Beyrau M, Williams TJ, Nourshargh
S. Neutrophils recruited by chemoattractants in vivo induce
microvascular plasma protein leakage through secretion of TNF.
J Exp Med. 2014;211:1307–14.

50. Johnsson C, Hällgren R, Elvin A, Gerdin B, Tufveson G. Hya-
luronidase ameliorates rejection-induced edema. Transpl Int.
1999;12(4):235–43.

51. Johnsson C, Hällgren R, Tufveson G. Hyaluronidase can be used
to reduce interstitial edema in the presence of heparin. J Cardio-
vasc Pharmacol Ther. 2000;5(3):229–36.

52. Yipp BG, Andonegui G, Howlett CJ, Robbins SM, Hartung T, Ho
M, Kubes P. Profound differences in leukocyte-endothelial cell
responses to lipopolysaccharide versus lipoteichoic acid. J Im-
munol. 2002;168(9):4650–8.

53. Hakansson L, Venge P. The combined action of hyaluronic acid
and fibronectin stimulates neutrophil migration. J Immunol.
1985;135(4):2735–9.

54. Khan AI, Kerfoot SM, Heit B, Liu L, Andonegui G, Ruffell B,
Johnson P, Kubes P. Role of CD44 and hyaluronan in neutrophil
recruitment. J Immunol. 2004;173(12):7594–601.

M. Fronza et al.

123

View publication statsView publication stats


