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Abstract

Hyaluronic acid (HA), a biopolymer, member of the family of the glycosaminoglicanes (GAGs) is one of the major natural components of

the connective amorphous matrix. The lungs, together with skin and intestine, contain O50% of HA of the body: it provides to several

biologic functions and presents the unique capacity to link and retain a particularly relevant number of water molecules. Since other GAGs

have been proven to be provided with anti-asthmatic properties and HA has been employed with positive results by intra-tracheal instillation

in experimental models of lung emphysema and COPD, we have explored the efficacy of the pre-administered aerosol of HA (compared to

placebo) in preventing in asthmatic patients the bronchoconstriction induced by a challenge test such as that obtained with muscular exercise.

In a randomised, cross-over, single-blind study design, saline as placebo (P) or HA have been administered by aerosol, in two non-

consecutive days, 30 min prior to the beginning of the challenge (10 min free running), to 14 patients (13–36 years old; 7 teenagers, 7 young

adults; 11 males, 3 females; 12 allergic, 2 non-allergic), all suffering from mild bronchial asthma. The bronchoconstrictive effect induced by

the muscular exercise has been relevant and statistically significant. With the P pre-treatment, the average FEV1measured 5 min after the end

of exercise was reduced by 36.14% from the baseline FEV1. Pre-treatment with HA determined a partial but clear-cut protection of the FEV1

impairment due to the challenge: the average post-challenge FEV1 resulted to be 12.43% less than the pre-challenge baseline value. No

significant difference was observed in the level of HA protection in the subgroup of teenagers when compared to that of young adults. The

protection induced by HA, when compared with P, resulted particularly significant by the statistical point of view (p!0.0001). We conclude

that aerosol HA administration significantly reduces the bronchial hyper-reactivity to muscular exercise in asthmatics. Such effect could be

attributed to the correction of the pathological remodelling, one of the main features of asthma: a correction which could be attributed to the

unique physicochemical properties of this major component of the loose connective amorphous matrix of the airways, which is undoubtedly

involved in the remodelling process.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hyaluronic acid (HA) is a naturally occurring biopoly-

mer which serves several important biological functions in

bacteria and superior organisms, including human. In

human tissues, naturally occurring HA may be found

ubiquitously, in particular as intercellular space filler of

the extra-cellular matrix, with higher concentration in
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the vitreous humour and synovial liquid, but also in the

loose connective tissue [1].

HA is a member of the family of the glycosaminogli-

canes (GAGs): the molecule is constituted by a linear chain

without ramifications, containing a repeated series of

disaccharide units of glucuronic acid and N-acetyl-gluco-

samine linked by glucoside chains (Fig. 1). One single

molecule contains up to 10,000 disaccharide units and it

may have a molecular weight of several million Daltons.

Different from other GAGs, HA does not contain sulphur

groups, is free from covalent links to proteins and presents

the simplest chemical structure.

HA presents the unique capacity to link and retain a

relevant number of water molecules in the inter-fibrillar
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Fig. 1. Disaccharide repeating unit of HA comprising glucuronic acid and

N-acetyl-glucosamine linked by glucoside chain.
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spaces contributing to constitute the fundamental part of the

amorphous colloidal matrix which glues cells and connec-

tive fibres, and to determine relevant effects on tissue

morphogenesis [2], cells growth, differentiation and

migration, hydration, lubrication, solute transport, as well

as on microcirculatory exchanges, due to its influence on

interstitial volume, hydraulic conductibility and macromol-

ecule diffusibility [3].

In serum, HA levels are 10–100 mg/l. Skin, intestine and
lungcontainmorethan50%ofHAofthebody[4]. In the lungs,

HA content is 15–150 mg/g dry weight (different species),

mainly localised in the peri-bronchial and inter-alveolar/peri-

alveolar tissue. It is drained by the lymphatic vessels and

catabolised in the local lymph nodes [5] and liver [6].

Up to some years ago, HA was extracted from natural

sources such as cockscomb or bovine connective tissues and

the procedure consisted in enzymatic digestion and specific

separation from the proteins in order to purify the extract.

This procedure presented several disadvantages: bad

molecular weight standardisation, risk of viral infection,

high costs.

More recently [7], such disadvantages have been largely

avoided and good results have been obtained thanks to a

biotechnological procedure consisting in the bio-fermenta-

tion of GC bacteria such as Streptococcus zooepidermicus

(Fig. 2), a micro-organism which is coated with a mucoid
Fig. 2. Cross-sectioned Streptococcus zooepidermicus cell with its HA

capsule from aerated culture (particular): w3000!.
HA capsule and can so theoretically provide unlimited HA

biopolymers with a molecular weight going from 10,000 up

to 4 million Daltons (depending on temperature, initial

glucose concentrations, speed of bacterial growth): this is

presently the favourite production procedure worldwide.

HA is synthesised into the fibroblast and other cellular

plasmatic membranes through the joining of glycidic

residuals to the reducing chain extremity [8]. HA receptors

have been localised on fibroblasts and 3T3 cells surface [9]

and recently on endothelial surface [10] probably influen-

cing angiogenesis. Furthermore, HA reduces erythrocite

viscosity [11].

1.1. Aim and objectives of the investigation

Although less investigated than heparin, HA, due to its

peculiar physico-chemical characteristics, has been proven

to be provided with several biologic functions in the tissues

of animals and humans, such as stabilisation of proteogli-

cans in the extra-cellular matrix [12], high hydrating

properties [13], contribution to tissue repair [14], inhibition

of migration, chemiotaxis and aggregation of polymorpho-

nuclear leucocytes and monocytes [15–17], regulation of

cellular growth and solute transfer.

Furthermore, itsconcentration ishigh inseveral tissuesand

parenchymas, largequantityofHAbeingespeciallypresent in

the lung. Therapeutic applications of HA in diseases

interesting domains such as the orthopaedic, ophthalmic and

dermatologic ones have already been extensively studied and

reproduced in animal models [18–22].

Together with its molecular similarities with other

GAGs, especially heparin [23] which according to the

literature is provided with anti-asthmatic properties

[24–28], the above mentioned HA biological activities and

characteristics give evidence in favour of its possible

therapeutic interventions in such respiratory disease. Some

studies have been performed on the activity of HA in models

of other obstructive diseases such as emphysema and

exacerbation of COPD [29,30]; our preliminary data have

shown the possibility of preventing induced bronchocon-

striction in asthma thanks to the pre-treatment with

aerosolised HA [31,32]: such aerosol had been proven to

protect the asthmatics from different specific and non-

specific challenges [33]. In this study we present data on the

effect of inhaled HA in adult asthmatics, namely on the

bronchial response to a non-specific challenge such as

physical exercise.
2. Subjects and methods

2.1. Production plan for the preparation of the HA used

in the present study

Preliminarly, solutions of HA with a molecular weight

variable from400 to 4000 kilodaltons (KD)were prepared [7].
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A condensation reaction between glucuronic acid of vegetal

origin and hydrolysed chitin solution (acetylglucosamine

85–90% the dry weight) in presence of a biological

catalysator, at a temperature of 18–20 8C, is successively

obtained. A 10% water mixture of about 90% disaccharide

(provided with a structure which is identical to the HA basic

monomer) and HA polymers for the resting 10%, is so

obtained, under the form of a translucent colloid. The above

mentioned proportions have been selected with the intention

of optimising (reducing) the viscosity of the preparation so

facilitating its aerosolisation.
2.2. Patients

Fourteen patients (11 males), mean age 21.36 (range:

13–36 years old; 7 teenagers, 7 young adults; 11 males, 3

females), all suffering from mild persistent asthma (nZ12

allergic, 2 non-allergic) have been selected for the present

study: all patients were asymptomatic at the enrolment, with

a FEV1 O80% (predicted). All asthmatic patients partici-

pated to the study out of the season of their individual allergy.

The study design was randomised, cross-over, single-

blind.

All patients gave their informed consent.

At 9 a.m. each patient has been submitted to a non-

specific bronchial challenge consisting in physical exercise.

The respiratory function has been studied before and after

such challenge by the mean of a body plethysmograph

VMax Autobox, V6-20 provided with a pneumotachograph

Mass Flow Meter (Sensor Medics, Yorba Linda, CA, USA):
Fig. 3. Protective effect of the pre-treatment with aerosolised hyaluronic acid on

with the effect of the pre-treatment with aerosolised placebo. Vertical axis: FEV1
FEV1 was the functional variable taken into consideration

for the purpose of the present study.

2.3. Exercise test

Four millilitres of saline (placeboZP) or isoosmolar

solution containing 0.3% of the above mentioned colloidal

preparation of HA in saline were administered at random by

aerosol to each patient in two non-consecutive days via a

nebuliser (Turbo Boy, Pari, Starnberg, Germany) 30 min

prior to the beginning of the challenge, which consisted of a

free run of 10 min. All subjects were invited to run on a

100 m track on a flat paved oval surrounding our Hospital

pavilion. Heart rate was measured every 200 m. Each

subject was encouraged to run at an intensity such as to

reach and maintain a heart rate of about 85% of his own

predicted value. All tests were performed in good weather

days and adequate clothes.

Clinical symptoms and spirometric data have been evalua-

ted before the physical exercise and 5 min following its stop.

2.4. Statistics

The results have been statistically analysed on the basis

of paired T-test.
3. Results

The bronchoconstrictive effect induced by physical

exercise has been relevant (Fig. 3) and statistically
bronchoconstriction induced by muscular exercise in asthmatics, compared

(l/s).



Table 1

Exercise challenge test

Patient’s

initials

Sex Age Placebo

base line

FEV1

(%Pred) Placebo

post-chall

FEV1

%Diff. post-

challenge

HA base line

FEV1

(%Pred) HA post-

challenge

FEV1

%Diff. post-

challenge

Baseline Baseline

BBD M 13 2.71 (107) 1.82 K33 2.43 (96) 2.48 C2

SB M 14 2.99 (91) 2.10 K30 3.02 (94) 2.65 K12

SG M 14 2.33 (88) 1.85 K21 2.56 (97) 2.39 K7

FR M 15 3.82 (103) 2.09 K45 3.54 (96) 3.40 K4

TAR M 16 4.16 (101) 2.52 K39 4.12 (100) 3.27 K21

BI M 17 3.95 (99) 2.66 K33 4.02 (101) 3.60 K10

PG M 17 2.83 (86) 1.56 K45 2.63 (82) 1.44 K45

NB F 20 3.13 (88) 1.63 K52 3.38 (95) 3.18 K6

AA M 23 4.60 (94) 2.55 K46 4.95 (98) 4.77 K4

FE M 24 4.37 (85) 2.61 K40 4.33 (85) 3.42 K21

ICH M 26 4.51 (108) 3.09 K31 4.23 (101) 3.53 K17

FM M 30 3.99 (100) 2.91 K27 3.96 (99) 3.68 K8

SP F 34 2.88 (105) 1.92 K33 2.81 (102) 2.83 C1

TRR F 36 2.90 (99) 2.00 K31 2.67 (91) 2.08 K22

Mean 21.36 3.51 96.71 2.24 K36.14 3.48 95.36 3.05 K12.43

SEM 2.05 0.20 2.50 0.13 2.30 0.23 2.34 0.23 3.27

%Diff. K36.3 p!0.0001 K12.3 p!0.001

p!0.001
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significant (Table 1): the average FEV1 measured 5 min

post-exercise was reduced by 36.14% from the baseline

values (p!0.0001) which have been obtained in the

subjects pre-treated with aerosolised P.

Pre-treatment with aerosolised HA determined partial

but clear protection on the FEV1 reduction due to the

bronchoconstriction induced by the challenge: the average

post-challenge FEV1 was proven to be 12.43% less than the

pre-challenge baseline (p!0.001).

In the asthmatic patients, the protection induced by HA

(when compared to P) on the bronchoconstriction due to

muscular exercise resulted particularly significant by the

statistical point of view (p!0.0001) when evaluated on the

basis of the respective FEV1 individual values. Incidentally,

once the patients are divided into two subgroups (A:

teenagers and B: young adults), the results obtained in the

subgroup A (7 individuals: 6 allergic, 1 non-allergic; mean

age 15.14, range 13–17 years) vs B (7 individuals: 6

allergic, 1 non-allergic; mean age 25.57, range 20.36 years)

were not proven statistically different (NS).
4. Discussion

The physiological and physico-chemical HA properties

derive from its molecular structure which in solution is a

casual winding. This occupies a volume which is 1000 times

larger than that occupied by organic materials [34], so that

the neighbouring molecules are trapped by HA in

concentrations O1 mg/ml [35].

Since two molecules cannot occupy the same space in the

same time and since the volume occupied by HA is very

large, HA solutions of 5 or 15 mg/ml exclude albumin,

respectively, from 25 to 75% of the total fluid volume [36].
Due to such ‘exclusion’, the volume available for other

macromolecules (inflammatory ones included) is conse-

quently limited, so that their total number per volume unit

decreases and/or concentration/colloidal osmotic pressure

in such limited volume increases remarkably, facts which

can deeply influence fluid lymphatic transcapillary drainage

[37] and reduce interstitial protein content [38]. These can

be the main reasons for the higher ‘restriction’ of

macromolecular traffic in HA solutions than in water [39].

Then, the importance of HA in microcirculatory exchanges

is mainly due to its action on the interstitial connective

tissue, so that, once HA concentration increases, diffusion of

macromolecules decreases.

Themultiple functions ofHAand especially the limitation

of neighbouring molecules and cells (including the inflam-

matory ones) and its high concentration in the lung matrix let

conclude that a substantial role can be attributed to this

molecule as amajor component of the extra-cellularmatrix in

different connective tissues, contributing to their local

homeostasis. Extensive orthopaedic studies in arthritic

patients have demonstrated clear clinical success when

high molecular weight hyaluronic acid solutions have been

locally injected: an effect which has been attributed to the

modulation of the inflammation [40], persisting for several

weeks [41], due to specific interaction with ICAM-1

receptors exposed on the surface of inflammatory cells

such as macrophages and T-lymphocytes.

Due to its high concentration in the lung, the hypothesis

of a possible analogous anti-inflammatory, or at least

protective, activity on the respiratory apparatus could be

legitimated. In fact, it has been demonstrated that in the

airways wall HA positively influences bio-mechanical

forces, hydric balance, cellular functions, activity of growth

factors and cytokine behaviour [35].



G. Petrigni, L. Allegra / Pulmonary Pharmacology & Therapeutics 19 (2006) 166–171170
4.1. Conclusions

On such hypothetical basis, attention has been put on the

possible activity of HA on pulmonary matrix (notoriously

altered in the remodelled bronchial wall as well in the

emphysematous lung tissue), so that the initial models were

intended to study its activity in animal experimental lung

emphysema [35], also on the basis of the observed low

concentration of the molecule in emphysematous patients

[42].

Furthermore, according to more or less recent obser-

vations, airways remodelling is presently considered one of

the main features to be investigated in asthma: a concept

which legitimates the hypothesis that the correction of the

asthmatics’ bronchial wall alterations which obviously

involves its major amorphous matrix component (HA),

up-to-date nearly neglected, could be claimed as one of the

main needs to prevent abnormal reactivity or to treat

structural and/or functional bronchial deficiencies in asthma

as well as in other obstructive diseases.

Of course, it is not easy to imagine that a single

inhalation of HA before exercise could induce alone, as a

possible outcome, the minimisation of the complex

phenomenon of asthma remodelling. To explain our

observations we have, first of all, to take in consideration

the increase in osmolarity of airways surface fluid, which

results from water loss by evaporation during exercise,

being believed to significantly contribute to the broncho-

constriction induced by such a stimulus. Therefore, the

results of the present study are explained, at least in part, by

the capacity of HA of preventing airway dehydration during

exercise. A phenomenon, the latter, which can directly or

indirectly contribute to the partial correction of the

pathological remodelling of bronchial wall composition

and consequent asset. Only long-lasting therapeutical plans

will furnish an answer to the question whether and to which

extent a treatment with HA and/or other GAGs can

contribute to the correction of bronchial remodelling.
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