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In this paper we discuss living systems as a non-linear self-interacting phenomenon, stabilized by 
the non-linear interaction between matter and self-created electromagnetic field. Such electromagnetic 
field can arise, in particular, as the radiation from electrosolitons which mediate the charge transport 
along macromolecules in metabolic redox processes. The non-linear nature of solitons results in an 
effective mechanism and leads to the synchronization of redox processes. It allows intra- and inter-
cellular communication and long-range coherence in the system. One peculiar property of solitons is 
the resonant effect of external weak stimuli on their dynamics, which can explain the mechanism of 
low-intensity (non-thermal) electromagnetic therapies. We also discuss the stabilizing role of noise and 
spatial symmetry breaking in living organisms as open dissipative structures far from equilibrium, 
and health/disease states as the corresponding attractors of the system in the multi-parametric phase 
diagram. The essential role of electromagnetic potentials in self-regulation and self-healing processes is 
analyzed, based on the long-range matter-field interaction and fast information transfer, provided by 
the electromagnetic potentials.
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In the present paper, based on Quantum Physics 
and Physics of open nonlinear dissipative systems, 
we discuss living systems as a non-linear self-
interacting phenomenon, which can be stabilized by 
the non-linear interaction between matter and self-
created electromagnetic field. In particular, such non-
linear self-interacting mechanism may follow from 
the theory of molecular solitons, as discussed below. 
We address our paper to a broad, interdisciplinary 
audience and therefore, avoid using mathematical 
equations to make reading easier, redirecting the 
interested reader to the original papers where 

detailed mathematical and physical descriptions can 
be found. 

Hereunder we mention briefly some of the 
properties of living systems which cannot be 
described according to linear models of closed 
systems. One of the main arguments is that the 
metabolism of living organisms is possible only 
under the permanent exchange with surrounding 
energy, matter and information. Therefore, such 
systems should inevitably be described according to 
the theory of non-linear open dissipative systems. 

Even at the cellular level we see a complex and 
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In the following sections, we will show that non-
linear concepts provide us, at least, qualitative, and 
sometimes also quantitative, answers to scientific 
problems. One of the essential notions of the non-
linear physics and mathematics is the notion of a 
‘soliton’, defined as a localized solution of non-linear 
wave equations, which is stable under interaction 
with other solitons and with respect to the influence 
of external perturbations. 

Molecular solitons
It is a well established fact that the metabolism 

of living systems is supported by the energy released 
in the hydrolysis of adenosinethriphosphate (ATP) 
molecules into adenosinediphosphate molecules at 
the final step of a long chain of biochemical reactions 
(1). According to the optical spectra of polypeptides, 
for cases of, e.g., protein synthesis, this energy is 
stored in the form of the so-called AMID-I excitation 
(mainly the excitation of the double carbon-oxygen 
bond C=O) of the nearest peptide group, which is 
the group of chemically bond HNCO atoms of the 
macromolecule in the vicinity of the chemical reaction. 
It is also well known that all metabolic processes are 
accompanied by the transport of charges (electrons 
and protons) released in redox processes, such as 
photosynthesis and animal intracellular respiration 
(1). In the 1960s-70s, a central scientific problem was 
the identification of mechanisms by which the tiny 
amount of energy released in the hydrolysis of ATP be 
transferred from the place where the chemical reaction 
took place to the place where the energy is utilized 
for the metabolism, at physiological temperatures 
- a problem known as ‘crisis in bio-energetics’ (2). 
A similar question is how can electrons propagate 
from a donor to acceptor macromolecule in the 
Krebbs cycle’s electron transport chain during redox 
processes. No linear physical model can explain 
the efficiency of ATP hydrolysis energy transfer 
or electron transport on macroscopic distances at 
physiological temperatures. 

A.S. Davydov has shown that such processes can 
be facilitated by polypeptide macromolecules in the 
cell (2). Polypeptides and other macromolecules, 
such as DNA, enzymes, as well as clusters of water 
molecules structured around bio-macromolecules 
(3), have a regular crystal-like structure, stabilized 
by hydrogen bonds, which are formed between 

hierarchic structure in which all sub-units are mutually 
inter-connected (1). Every cellular sub-unit is complex 
and manifests collective properties, like a crystal 
is different from the atoms from which it is built, 
because of the role of its ‘collective’ arrangement. 
How can a complex biological organism function in 
the most reliable way under permanently changing 
surrounding conditions? In a living organism, 
millions of biochemical reactions occur per second, 
each of which must take place at a given location, 
specific time, and  proper rate, which are necessary 
to support the metabolism within the interval of its 
stability. Cell proliferation is a good example of this 
type of strict balance. What mechanism regulates such 
balance, what tool controls the metabolism, and what 
mechanism supports the local biochemical reactions 
in remote areas that respond to the global needs of 
an organism? In other words, what is the mechanism 
converting short-range biochemical interactions into 
long-range ones that provide support to an organism’s 
metabolism as a whole? A possible physical answer 
is ‘an endogenous field is the control tool’. If this is 
the case, the nature and origin of such field need to be 
defined as does the mechanism of interaction between 
this field and matter. How do this mutually interacting 
(hence, self-interacting, hence, non-linear) field and 
matter support the dynamic stability of the living 
organism and what are the quasi-stationary states of 
such a system?  

It is worth recalling that ‘linear’ systems are 
theoretical models. Such linearizations are often 
forced to make a physical and mathematical 
description of a system possible, according to 
current knowledge. In many cases linearization is 
enough to describe some properties of a system. Up 
to the XX century, all physics was physics of linear 
systems. However, since it is an approximation 
model, linearization sometimes is not enough. In 
many cases, like those mentioned above, we must 
describe systems as essentially non-linear, which 
allow us to derive completely new properties of 
the system under study. The impressive success of 
physics and mathematics of non-linear systems in the 
XX-XXI centuries has allowed scientists not only to 
theoretically study numerous nonlinear phenomena 
in physics and biology, but also to apply non-linear 
systems to technologies, from microelectronics to 
information transfer technologies. 
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the overlap of the electron wave-functions on the 
neighbouring peptide groups in a polypepdide chain, 
and the binding energy of the soliton is 

Es = –Jg 2/4

Such solitons are exceptionally stable not only 
because of their lower energy, but also because they 
do not emit linear ‘sound waves’, since they can move 
with a subsonic velocity only, i.e. there is practically 
no energy dissipation. Therefore, macromolecules 
facilitate energy transfer (and in a similar way charge 
transport) via the soliton mechanism and make such 
transport possible to occur on large distances, up to 
hundreds of angstroms (2). As we have mentioned 
above, this is due to the interaction of quasi-particles 
(electrons, holes, protons, molecular excitations like 
AMID-I excitation, etc.) with local deformation of 
macromolecules induced by these quasi-particles. 
This interaction leads to self-trapping of quasi-
particles in nonlinear soliton-like states, usually 
called ‘molecular solitons’ for neutral quasi-particles, 
and ‘electrosolitons’ for charged particles (2). Below 
we will use the term ‘soliton’ in its general meaning. 

There is experimental evidence of the non-linear 
nature of AMID-I excitations, their exceptionally 
large life-time in macromolecules has been measured 
using laser spectroscopy (2). Unfortunately, up to 
now there is no direct experimental evidence of the 
role of solitons in redox processes. Nevertheless, 
the theory of molecular solitons can explain various 
properties of charge transport chain in redox 
processes (2), which in our opinion justifies further 
studies of the soliton concept. 

Such non-linear soliton-like states possess very 
peculiar features, which make them different from 
linear electron states, i.e., free electron, proton, 
hole, etc. Some of these properties are exceptionally 
large life-time, dynamical stability and coherent 
propagation along macromolecules. Large life-time 
and stability are the result of the non-linear nature 
of soliton formation which, as described above, 
arises from the electron self-trapping in the potential 
well created by the quasi-particle itself in the form 
of local deformation of the macromolecule (2). As 
a result, solitons are described by systems of non-
linear equations, in which self-induced non-linearity 
compensates the dispersion of a quasi-particle, which 

peptide groups, between peptide groups and nearest 
water molecules, or between water molecules within 
the cell. Such hydrogen bonds are relatively soft, in 
comparison with chemical bonds. It has been shown 
analytically and numerically (2) that the account of 
the periodicity of the structure and its flexibility, 
described as an electron-lattice interaction, leads to 
self-trapping of the AMID-I excitation or an electron 
(below we call electron, hole, proton, molecular 
excitation in a macromolecule ‘a quasi-particle’) in 
a soliton state. The wave-function of a quasi-particle 
in a soliton state is 

Ψs=  1   Sech(g(R‒Vt)/a)eikR‒iФ(t)            —
        2

						      (1)

Where R is the coordinate along the molecular 
chain, a is the lattice constant, g is the dimensionless 
electron-lattice coupling constant, V is the velocity of 
the propagation of the soliton, k and Ф(t) are its wave-
vector and phase, respectively. From Eq.(1) we see, 
that the quasi-particle is localized in the chain within 
the finite area of the width ls=2πa/g, determined by 
the strength of the coupling between the electron 
and chain deformation. It follows from Eq. (1) that 
a soliton propagates coherently along the chain with 
the average velocity V. Thus, a soliton created on one 
end of the chain, will reach the other end of the chain 
with probability equal to 1 within the time τ = L/V. 
Here L=Na is the length of the chain, consisting of 
N subunits (peptide groups in a polypeptide chain).

In such a soliton state the total energy of the 
system, Etot which includes the energy of the quasi-
particle and the energy of the deformation of a 
molecular chain, is: 

Etot = E0 – 2J –  1 Jg2

                                          
—

                         2
	                                         (2)

From Eq. (2) we see that this energy is lower 
than the energy of a chain with a free quasi-particle, 
Ef=E0 - 2J. Here E() is the energy of the electron 
level on an isolated peptide group (or unit cell in the 
case of water molecule chain, DNA, etc.), J is the 
electron exchange interaction energy, determined by 



360

of the soliton eigen-radiation, ωrad , is equal to the 
frequency of the main harmonic of oscillations of the 
soliton velocity ω0 , given in Eq. (2):

ωrad =ω0 ,						    
(5)

i.e., it is determined by the rate of redox processes. 
Moreover, this type of radiation is the one electric 
dipoles emit (5). Thus, according to the soliton 
concept the self-induced soliton radiation is 
physiologically relevant as it is determined by the 
metabolism of the corresponding system reflecting 
different hierarchical levels of the organism ranging 
from microscopic components up to macroscopic 
ones. 

Solitons in different macromolecules exchange, 
among them, their individual electromagnetic 
radiation: each soliton moves in the radiation field 
created by all other solitons. The solution of the 
corresponding equations shows that, moving in 
this common radiation field, solitons attain equal 
velocities. In other words, the field synchronizes 
their dynamics (5). This means, according to Eqs. 
(4)-(5), that the eigen electromagnetic field leads 
to a synchronization of frequencies of soliton 
radiation and gives rise to the appearance of system 
coherence: solitons move with the same velocities 
and emit radiation with equal frequencies, i.e., they 
move with the same rhythm, in tune with each other, 
coherently. As a result of such soliton coherence, 
the total intensity of the radiation in the system, Ir, 
is proportional to the square of the total number of 
solitons, N2 , - a relationship known as the ‘laser 
effect’. This radiation field is much stronger than 
a field created by particles moving with different 
velocities, non-coherently. In the latter case, the 
intensity is proportional to the number of particles, 
N. In a macroscopic organism the number of 
solitons N (i.e., electrons, that are released in the 
redox processes per unit of time) is a macroscopic 
number, and the difference between Ir ∝ N2 and I ∝ 
N is huge. Therefore, such a coherent radiation field 
can be strong enough to provide a long-range order 
and fulfill the role of controlling the metabolism of 
an organism (5-8). Therefore, charged solitons play 
the role of hypothetic coherent dipoles which emit 
macroscopic coherent electromagnetic radiation, 

means that solitons behave like stable quantum 
quasi-particles. It is important to note that soliton 
solutions (and, hence, solitons’ exceptional stability) 
cannot be obtained when linearization is applied, in 
no order of the theory of perturbations.  

Endogenous electromagnetic field and coherence
It follows from theoretical study (4) that 

propagating along macromolecules, solitons expire 
periodicity of the macromolecule in the form of 
the periodical Peierls-Nabarro potential relief 
with the period equal to the lattice period of the 
macromolecule 

UPN =U0sin(2π R   )
                          —
                           a

(3)
Here 0U  is the height of the potential relief, 

determined by the width of the localization of 
the soliton. This leads to oscillations of soliton 
velocity with the frequency of the main harmonic of 
oscillations, ω0 , proportional to the average soliton 
velocity,

ω0 = 2π  R0   
              —
               a

				    (4)

as it is shown analytically and numerically in (4). 
The average soliton velocity, that provides electron 
transport in redox process, is determined by the 
intensity of the redox process itself. 

Such oscillating type of soliton propagation 
means that solitons, moving from a site to a site, 
periodically accelerate and decelerate. The non-
zero time derivative of the velocity of a charged 
particle, according to Maxwell equations, results in 
the emission of the electromagnetic field. Solution of 
the corresponding Maxwell equations for a soliton 
shows that this field has an electromagnetic radiation 
component (5), which decreases slowly with 
distance, slower than the decrease of the electric and 
magnetic fields. The frequency of the main harmonic 

L. BRIZHIK ET AL.
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electromagnetic fields (9-11). Such complex 
non-linear quantum approach suggests a holistic 
description of the health-disease state of an organism 
and of the life phenomenon. 

We hypothesize that in a living organism the whole 
hierarchy of ‘selves’ can arise, from a microscopic 
self-trapped electron to a macroscopic self-induced 
field, to a self-arising consciousness, to formation 
of psychic ego (“self”), to self-formed/self-sustained 
collective ego. Through electromagnetic radiation, 
namely through vector-potential, a fast macroscopic 
long-range interaction can be attained not only between 
cells, organs, tissues, but also between different 
organisms (8) by mean of the resonance phenomenon, 
which we name bio-resonance when involving 
living structures. Thus, coherence is manifested at 
all levels of the organization of living matter from 
synchronization of redox processes at a cellular level 
up to coherence of individual consciousness and 
psyche, to formation of societies through a ‘collective 
consciousness’ as arising from the collective self-
interacting coherent electromagnetic field, formed 
by the fields of individuals. The principles of 
feedback and coherence are necessary conditions for 
successful functioning of individuals and societies. 
Indeed, ‘coherence’ as manifested in the form of 
self-agreement, happiness, emotional balance, inner 
and external sense of coherence, sense of meaning, 
agreement with the nearest surrounding (family, 
friends, colleagues, environment), with the whole 
society and nature, is a necessary health condition. 
We know intuitively the role of music, poetry, arts, 
nature on well-being. Exploring further the concept 
of coherence, we can say that they ‘induce’ (or at 
least increase) a coherence of the corresponding 
audio, visual, tactile and kinesthetic systems of an 
individual, and in a resonant way they can increase or 
even induce self-agreement and appearance of a more 
general coherence, and can lead to self-healing via 
activation of the self-regulation processes. 

Some biophysical aspects of complexity related to 
health and disease

From the point of view of the theory of complex 
dissipative structures (12), health and disease can 
be represented as quasi-stationary local minima of 
the corresponding organism in its complex multi-
parametric phase space, and, thus, can represent 

as it has been suggested by Herbert Fröhlich (6). 
We can expect a very complicated structure of this 
endogenous electromagnetic field, because it is 
determined by electrosolitons and their bound states, 
bisolitons, in different bio-macromolecules and in 
different tissues and organs. It has various frequency 
components arising from oscillations of biological 
membranes and other polar structures, in particular, 
microtubules, coherent domains of extracellular and 
intracellular water (2, 5, 7). This field should also have 
a complex polarization structure because the helical 
structure of macromolecules determines polarization 
of the electrosoliton self-induced radiation. It must 
have a complex geometrical structure determined by 
the optical properties and geometry of various tissues 
and organs as well as the whole body. 

On the other hand, the electromagnetic field in the 
organism can be partly self-trapped, forming a pattern 
of waveguides similar to electromagnetic waveguides 
in non-linear optical systems (8). This makes such a 
macroscopic structure stable on a large scale, able to 
reinstall a long-range order in cells, organs, tissues and 
systems after the appearance of a local disorder, for 
instance, due to a disease. This can constitute one of 
the mechanisms of self-healing through self-regulation 
and self-regeneration potential.

Taking into account the electromagnetic 
properties of electrosolitons described above, we can 
suggest a hypothesis, that non-linear interaction of 
self-induced electromagnetic radiation and matter 
(brain) can result in partial self-trapping of the total 
electromagnetic radiation in the brain. This opens the 
possibility that appearance of consciousness arises 
from dynamic metabolic processes and collective 
coherent complex dynamics of self-interacting 
matter and corresponding field. In spite of the self-
trapping, i.e., localization, the field incorporates 
the whole organism, and is a collective state of the 
integral global electromagnetic field mirroring all 
its enfolded features. It is a kind of electromagnetic 
vector entrapping the specificities of each single 
individual at each single time.

We are far from calculating this structure in 
detail, but we can rely on qualitative analysis, 
based on modern quantum physics and quantum 
electrodynamics, as well as on data of the evidence-
based medicine and Eastern medicine and on 
the experimental measurements of endogenous 
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defiance, toward pathogenesis, a stronger ‘disease 
attractor’. Therefore, health-disease dynamics could 
be represented by a bifurcation behavior in which 
one path could lead to a stronger health attractor 
and the other one could lead to a stronger disease 
attractor: the first one is useful to improve personal 
evolution while the second one is detrimental, but 
both are essential parts of any complex, nonlinear 
and evolutionary-based life process .

Power of weakness
Weak external stimuli do not cause stress on 

the organism, instead they can cause a relatively 
weak feedback. This can be one of the reasons why 
therapies, based on weak external stimuli, do not 
cause treatment rejection. Among such therapies 
are ultra-weak resonant electromagnetic therapy; 
System Information Therapy (the two are based 
on external and endogenous signals, respectively), 
ultra-low frequency electric dynamical stimulation, 
homeopathy, even such weak stimuli like just 
phase-shifted eigen-factor treatments (phase-shifted 
eigen-electromagnetic field, urine therapy, own-
blood injections, etc.). Rather than responding 
to these stimuli as if they were intrusions that 
demand a defence reaction of the organism, they 
are incorporated into the hierarchy of physiological 
processes, which can result in mobilization of self-
training and self-healing processes in the organism 
(6). Moreover, synergetics of such ‘friendly’ weak 
stimuli treatments can be very important, again due 
to the inter-connection of processes and organs, and 
due to their complexity and non-linearity. 

Weak (low intensity) low frequency stimuli can 
be converted through the biochemical/physiological 
processes into signals of frequencies equal or 
higher than biologically relevant frequencies, which 
then can be integrated into the morphogenetic 
(endogenous) electromagnetic field (16) in the most 
natural way, and thus, most efficient way, without 
negative impact on health. High frequency stimuli 
can be integrated provided their frequencies are 
in a strict resonance with the frequencies present 
in the endogenous electromagnetic field. Through 
an endogenous electromagnetic field, short-range 
interactions can be converted into long-range 
interactions, thus, they can provide a dynamical 
order to the whole organism. This applies first of all 

the corresponding quasi-stationary attractors for 
the state of the organism, each corresponding to 
its local energy minimum in the potential energy 
profile. Appearance of a disease in the organism is 
not only a manifestation of a corresponding organ 
dysfunction, genome disruption, or metabolism 
imbalance (metabolism being defined as the self-
regulation dynamic between anabolic and catabolic 
phases aimed to keep allostasis), but is also - and 
perhaps mainly - an attempt of the organism to cope 
with sudden or long-lasting stressor(s), inherited 
or attained due to certain reasons, like external 
negative effects or intrinsic malfunctioning (bad 
diet, lack of vitamins, improper physical activity, 
nerve stress, psychic and/or emotional tension, etc.). 
Therefore, one can conclude that ‘killing’ a disease 
is not the solution of the problem at all. It can even 
enhance the problem, mapping it on a higher level, 
and can cause a new disease(s) due to the inter-
connection of all processes, organs and systems 
in the organism according to systems biology and 
systems medicine viewpoint (13-15). Examples are 
abundant in medicine: side effects of drugs, allergic 
reactions, increase of drug-resistance, post-operative 
complications, are only a few that could be mentioned. 
In contrast, the main aim should be to understand 
and treat not only the symptoms, namely the effect, 
but rather also the causes, namely the meaning, of 
the disease. In this framework, the disease is an 
attempt to keep health aimed to maintenance of 
allostasis. Thus, the disease bears within itself the 
solution for the organism to regain health. It has to be 
considered as the solution that the organism provides 
to preserve its own life within the adaptive dynamic. 
Health and disease, as quasi-stationary, allostatic 
time-space condition involving different levels, 
such as cells, organs, tissues, systems, functions or 
the whole organism, can be considered as attractors. 
Being so interconnected with each other, ‘health’ 
and ‘disease’ are both necessary to sustain the living 
organism. Somehow, we need diseases to restore 
health leading, through increase of resilience, to a 
feed-forward toward salutogenesis, a stronger health 
attractor. In turn, we need a ‘health attractor’ to 
restore diseases and the process goes on endlessly 
yielding personal evolution. A very different 
situation is seen when the disease becomes chronic 
and leads to a feed-forward, through progressive 
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out to be more successful than on the zone of direct 
projection. A possible explanation according to the 
concept of self-interacting eigen-field and matter 
could be that the healthy organ (zone) responds more 
actively to the stimuli, than the ill organ (zone). This 
response generates a local radiation field, which, 
via the mechanism discussed above, induces a long-
range coherent signal that induces healing of the 
remote ill organ (zone). Following this concept, it 
can also be explained why in the case of a regime 
chosen less properly, there are no negative effects: 
the healthy organ does not react to such stimuli due 
to the exceptional stability of a non-linear system 
in a soliton-type state through the adaptation and 
allostasis (capability to maintain stability through 
dynamic changes) mechanism, thus preventing 
negative response (changes) both of the healthy and 
ill organs (zones). In order to settle as carefully as 
possible the parameters of carrying and modulating 
waves as well as the intensity of the magnetic field 
and duration of treatment to be delivered, it is useful 
and effective, for instance, the procedure patented by 
Omura as “o-ring bi-digital resonance test” (19).

Temporal and spatial symmetry breaking and role of 
noise

Living systems are complex open systems which 
can exist providing permanent exchange with 
energy, matter and information within the system 
and with the surrounding environment is possible at 
the proper rate. According to physics, any type of 
process is governed not by energy but by free energy, 
F=E-TΔS, determined as the difference between 
the energy (E) and product of temperature (T) and 
difference of entropies of the corresponding initial 
and final states (ΔS). In living systems, entropy 
decreases locally, but not globally. As discussed 
above, in a living system a non-local electromagnetic 
field can be self-created and its dynamically induced 
vector-potential can be a source of negentropy of 
living matter, determining the arrow of time from the 
past to the future (20). 

In this respect, it is necessary to note also the essential 
role of noise in complex systems and living organisms 
(12). Noise arises from a nonzero temperature at 
which the metabolism of any living organism is 
possible, moreover, such temperature ranges within 
finite temperature interval, limited both from below 

to the whole range of biochemical reactions which, 
spatially distributed on a macroscopic scale (all over 
the organism), occur in a necessary spatial location at 
a very precise rate under the instantaneously varying 
conditions. This applies also to the well-coordinated 
functioning of all organs and systems of the organism 
to maintain its quasi-stable (allostatic) functioning 
and interaction with the surrounding. Indeed, it 
has been proven that electromagnetic signals in the 
extremely low frequency range are able to transfer 
specific information pattern to living cells triggering 
stem cells differentiation, epithelial cell and 
neuronal cell differentiation (17), as well as human 
neuroblastoma cell differentiation toward a normal 
cell type by electronically transferring the molecular 
signals of retinoic acid even when mediated by the 
aqueous system constituting cell culture medium (see 
(18) and references therein). Little is known about 
the physical mechanisms of such biological effects, 
but their resonant non-thermal character indicates 
their non-linear origin. Molecular solitons can be one 
of the possible potential mediators, acting on one of 
the lowest levels of the biological hierarchy through 
their involvement in energy and charge transport 
processes. Namely, in the non-linear states, electrons 
(solitons) have non-thermal resonant sensitivity to 
the electromagnetic external signals, according to 
theoretical studies (8), unlike conventional electrons 
in ‘linear’ models. 

For successful results with weak stimuli 
treatment, stimuli have to be delivered to the 
organism at proper conditions depending on their 
nature. For instance, ultra-weak electromagnetic 
microwave resonant treatment requires a choice of 
proper resonances and delivery of these signals to 
the corresponding disease biological active zones 
with high level of localization accuracy due to a very 
short signal wavelength (few millimeters). In the 
case of weak low-frequency stimuli, these conditions 
are again proper frequency and power of the signal, 
but the area of the delivery of the signal can be less 
confined due to a bigger signal wavelength. Often it 
is noticed that treatments with weak stimuli are more 
successful when acting not only on the zone of the 
direct projection of the problem (disease), but also 
on the corresponding symmetric zone in the case of 
symmetric organs. In many cases of acute disease, 
acting on a remote biologically active zone turns 
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that reduction of allostatic load contribute to a global 
reduction of morbidity and mortality contributing to 
a successful aging (27) therefore the possibility of 
periodical management and relief of allostatic load 
by mean of Systems Information Therapy protocols 
could disclose a relevant integrative perspective 
in preventive medicine as well as in personalized 
medicine (28, 29).  

Breaking of temporal and spatial symmetry and 
the self-interactive nature of living systems at all 
levels of matter organization opens a possibility for 
an active work with the least need of external energy. 
Living organisms are the most efficient energy and 
information ‘processors’ in nature, which is one of 
the reasons of life’s stability as a global phenomenon. 
In particular, we refer to a ratchet phenomenon - an 
appearance of the oriented drift velocity in a non-linear 
system under the action of an unbiased periodical 
force, i.e., periodical force with zero mean-value. In 
particular, it has been shown in (30) that such a ratchet 
dynamics of solitons can take place in macromolecules 
under the effects of membrane oscillating potentials 
and is thermally enhanced. This reduces the amount 
of energy required for charge transport, and, hence, 
required to sustain redox processes and therefore, the 
entire metabolism. 

Conclusions and discussion: from feedback through 
feedforward to the future

The self-interactive nature of living systems at 
all levels of matter organization and intrinsically 
breaking of temporal and spatial symmetry of 
all macromolecules, organs, and systems, opens 
a possibility for an active work with the least use 
of external energy. Living organisms are the most 
efficient energy and information ‘processors’ in 
nature, which is one of the reasons of life’s stability 
as a global phenomenon. One of the mechanisms 
of such efficiency occurs through the ratchet 
phenomenon. This phenomenon is an appearance 
of the oriented drift (appearance of the directed 
velocity) in a non-linear system under the action of an 
unbiased periodical force, i.e., periodical force with 
zero mean-value. In particular, it has been shown 
in (30) that solitons in macromolecules attain such 
a ratchet dynamics in the presence of the unbiased 
electromagnetic field, and that such ratchet dynamics 
is thermally enhanced: at certain temperatures, the 

and from above, unlike a white noise. It arises also 
from a dissipative nature of life and its openness and 
its global nature due to interrelatedness. Such noise in 
living matter is not a side product of the corresponding 
processes as one could expect from a mechanical point 
of view, but is a source of energy and information to 
restore and maintain complex non-linear dynamics in 
a way, similar to stochastic resonance. Pure rhythm 
is a property of a ‘dead’ matter, some level of noise 
always accompanies heart rhythm, brain functioning, 
according to the corresponding electrocardiograms 
and encephalograms that have, therefore, typical 
chaotic and not random dynamics. Even cellular 
structures, organs, tissues and the whole body 
possess breaking of spatial symmetry (asymmetry) 
and have a fractal structure. Of course, the extent 
of asymmetry and noise/signal ratio has to be very 
small, most probably, there are corresponding critical 
values of these parameters, true life windows above 
which energy balance and coherence get destroyed, 
disease potential increases and a phase transition from 
healthy to ill state can take place. And, vice versa, 
decreasing the asymmetry extent and/or noise/signal 
ration via treatment, we can expect improvement of 
health. Indeed, a relationship between the presence 
of the allostatic load and fluctuating asymmetry (i.e., 
asymmetric activation of symmetric group of muscles 
due to a loose of coherence into the inter-hemispheric 
synchrony at the brain level) is known (20-23). Human 
beings develop fluctuating asymmetry in response 
to environmental stress. The expression of the total 
amount of the different efforts they are involved 
while surviving and evolving, keeping and improving 
allostasis, through lots of adaptive response at once 
is described as allostatic load. It is well established 
that the brain is the key organ in coping with stress 
and in keeping allostasis through activation of 
self-regulation and self-recovery properties of the 
organism (25). The Systems Information Therapy 
approach operating in the extremely low frequency 
range of the electromagnetic signals by means of a 
resonance effect, in a large group of patients showed 
complete disappearance or significant decrease 
of fluctuating asymmetry (26). According to (26) 
disappearance of fluctuating asymmetry could be 
a marker of a disappearance or at least of a not 
negligible decrease of the excess of the allostatic 
load of the examined subject. It has been reported 
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In spite of the fact that the present paper has a rather 
speculative character, we think it sheds new light on 
some of the aspects of the complex phenomenon of 
life and health. Its main ideas are based on the theory 
of non-linear open dissipative systems and the role 
of non-linear interaction of matter and eigen-created 
electromagnetic field. To conclude, we point out that 
in a non-linear self-interacting system of a molecular 
chain an electron self-trapped in a soliton state, solitons 
form the potential barrier for their own propagation 
(see Eq. (3)). Similarly, we can say: ‘We create our 
problems ourselves’. Want to be healthy, be healthy! 
Cope with negative thoughts, don’t live in your past, 
live for the future, work hard to be happy and you will 
be healthy. Break ego, be in a unison with the nature, 
and the nature will reward you enhancing evolution of 
your higher self.
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Puberty is a complex, coordinated biological process with multiple levels of regulations. The timing 
of puberty varies greatly in children and it is influenced by environmental, endocrine and genetic 
factors. Precocious puberty (PP) is an important issue, affecting between 1 in 5.000-10.000 children. The 
physiopathological mechanism is still unknown. From an etiological point of view, PP may be subdivided 
into gonadotropin-releasing hormone (GnRH) -dependent and independent causes. GnRH-dependent 
PP, often called central precocious puberty (CPP), is based on hypothalamic-pituitary-gonadal axis 
activation associated with progressive pubertal development, accelerated growth rate and advancement 
of skeletal age. Conversely, peripheral precocious puberty (PPP) is related to sex steroid exposure, 
independently of hypothalamic–pituitary–gonadal (HPG) axis activation. Kisspeptins play a central role 
in the modulation of GnRH secretion with peripheral factors that influence the timing of puberty, such 
as adipokines and endocrine disrupting chemicals. Moreover, PP could be related to genetic disorders, 
involving pivotal genes of the HPG axis. The standard test used to verify HPG activity is the gonadotropin 
response to administered GnRH analogs. We describe the physiopathological mechanisms of PP and its 
clinical implications, analysing diagnostic flow-chart and new potential biomarkers that could reveal 
PP. An update of the current literature was also carried out regarding the recent novelty for treatment. 
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Precocious puberty (PP) affects between 1 in 
5.000-10.000 children, with health and psychosocial 
consequences, in relation to peers and reduced final 
height (1). Furthermore, this condition has been 
associated with long-term adverse outcomes, such as 
an increased risk of adult obesity, type 2 diabetes and 
breast cancer (2).

A debate among pediatric endocrinologists 
concerning the necessity of revision of the age limit 
for what is considered PP requiring further diagnostic 

evaluation is still open due to the decline in the lower 
age limit of normality at pubertal onset (3).

Establishing the diagnosis of PP requires 
documenting pubertal physical findings and 
measuring luteinizing hormone (LH) concentration, 
which is the key biochemical assessment of pubertal 
status. When these first level tests are suggestive of 
PP, a stimulation test with gonadotropin-releasing 
hormone (GnRH) should be performed to assess the 
degree of activation of the hypothalamic–pituitary–
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which leads to the maturation of LH and follicle stimulating 
hormone (FSH) secretion and subsequently to the 
maturation of gonads and their activity. For the initiation 
of puberty, a functioning GnRH neuronal network and 
pulsatile GnRH secretion are critical prerequisites. Two 
mechanisms are responsible for the central control of 
pulsatile GnRH secretion: a tonic inhibitory restraint and 
excitatory inputs to GnRH neurons. Novel regulators of 
GnRH secretion have been found to be essential for normal 
pubertal development. In particular, a G-protein-coupled 
receptor gene called GPR54 and a family of neuropeptides 
encoded by the Kiss1 gene named kisspeptins, play a key 
role in the physiological mechanisms of puberty (4).

A number of clinical conditions offer clues regarding 
the influence on environmental factors, such as nutrition 
and body size, on puberty. In particular, a relationship 
between body mass index and timing of pubertal onset in 

gonadal (HPG) axis. 
Moreover, these analyses, associated with 

radiological assessments, allow the clinicians to 
distinguish between central and peripheral forms 
of PP. In recent years, potential new peptides have 
been evaluated, such as inhibin and kisspeptin. This 
editorial focuses on pathophysiological mechanisms 
underlying PP and new available biomarkers. 
Moreover, an update of the current literature on 
recent novelties for the treatment of PP has been 
carried out.

MECHANISMS AND RISK FACTORS

Normal pubertal development is caused by the 
increasing pulsatile activity of the GnRH pulse generator 

Fig. 1. GnRH neurons, which receive trans-synaptic and glial inputs, release GnRH to the hypophysial portal blood 
system, starting the pulsatile secretion of gonadotropins, LH and FSH, that stimulate the maturation and regulate the 
function of the gonads. Estradiol and testosterone, secreted by gonads, exert a negative feedback to hypothalamus and 
pituitary to regulate GnRH secretion. The same action is determined by inhibin B, which negatively regulates FSH and 
LH secretion. The hypothalamus-pituitary-gonad axis is influenced by peripheral regulators. In particular, high levels 
of adipokines, such as leptin, often observed in obese children, promotes the GnRH release through kisspeptin neurons 
stimulation. Similarly, endocrine disrupting chemicals could represent important triggers to puberty beginning. The 
lack of inhibitors of GnRH system, as observed in genetic disorders involving kisspeptin, its receptor or the makorin 
ring finger 3 gene, represent another mechanism of precocious puberty. GnRH: gonadotropin-releasing hormone;  LH: 
Luteinizing Hormone;  FSH: Follicle Stimulating Hormone
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of the differences in differential diagnosis and the 
fundamentally treatment options. A CPP is defined 
as organic when it is associated with a lesion of the 
central nervous system (hamartoma, hydrocephalus, 
infection) (11, 12), whereas an idiopathic form is 
diagnosed when the neuroradiological evaluation 
shows no lesion. The frequency of organic and 
idiopathic CPP varies according to the subject’s sex; 
idiopathic CPP rarely occurs in boys, but accounts 
for 70–80% of CPP cases in girls. On the other hand, 
a PPP is due to an increase of sex steroids with no 
evidence of activation of the hypothalamic-pituitary-
gonadal (HPG) axis. It could be secondary to either 
genetic disorders or very heterogeneous acquired 
diseases, such as adrenal, gonadal and surrenal 
tumor, congenital adrenal hyperplasia (13). Table 
I highlights differential characteristics between the 
two forms of PP. 

Clinical evaluation
PP is classically defined as the development of 

secondary sexual characteristics before the age 
of 8 years in girls (presenting with Tanner stage 
B2) and before 9 years in boys (Tanner G2 and/or 
testicular volume ≥ 4 ml) (14).  In addition to pubic 
hair, the clinical evaluation of male genital and 
female breast development is the standard method to 
monitor pubertal development, since it identifies the 
progression of secondary sexual characteristics (15).

The method proposed by Marshall and Tanner is 
the most commonly used for this purpose, describing 
the main changes in external sexual characteristics 
that occur during the period before (stage 1) and 
after puberty (stage 5) (16).

Furthermore, the onset of puberty is accompanied 
by an acceleration of linear growth and bone 
maturation. As a result, bone age will always be 
advanced compared to chronological age and 
statural age of the child, with premature closure of 
the epiphyseal cartilage of conjugation. 

Laboratory tests
Timely diagnosis and careful clinical assessment 

remains pivotal to successful PP management. To 
demonstrate the early activation of HPG axis in 
children with pubertal development, the gold standard 
for laboratory confirmation of CPP is the maximal 

girls has been revealed (5, 6).
A central role is played by the adipose tissue which 

is responsible for an amplified androgen conversion to 
estrogens, through an aromatase action and an increased 
insulin resistance, leading to enhanced bioavailability 
of sex steroids. The link between peripheral adipose 
tissues and central nervous system is based on adipokines 
and gastrointestinal peptides, such as leptin, which 
communicate the energy store status and the adequate 
starting time for the energy-intensive process of pubertal 
development. However, there are other important 
determinants of puberty. Recent studies support the 
hypothesis that certain stressful psychosocial factors 
in infancy and childhood may lead to earlier pubertal 
maturation (7).

Moreover, exposure to endocrine disrupting chemicals 
(EDCs), such as pythoestrogens,  are other possible 
candidates that may influence the endogenous endocrine 
milieu, and therefore potentially affect maturation of the 
reproductive system. A wide variety of synthetic EDCs 
has been recognized by environmental agencies, including 
pesticides, pollutants and substances used in plastic 
manufacturing, whereas natural EDCs could be found in 
several nutrients. 

They influence puberty through their estrogenic, anti-
estrogenic, androgenic, anti-androgenic effects or through 
their direct effects on GnRH. In fact, it was demonstrated 
that EDCs may act in the brain by stimulating hypothalamic 
neurons, thereby releasing kisspeptin and causing earlier 
onset of puberty (8).  

Moreover, central PP has also been associated to 
genetic factors. Several genes have been identified in 
the complex network of inhibitory, stimulatory, and 
permissive neuroendocrine factors involved in the control 
of puberty onset. Mutations in the gene encoding kiss-
peptin-1 (KISS1) and in the gene encoding its receptor 
(KISS1R) have been associated with central precocious 
puberty (9). It was demonstrated that the deficiency of the 
makorin ring finger 3 (MKRN3) gene, located on long arm 
of chromosome 15, causes familial central PP in humans 
(10). Fig. 1 summarizes the main mechanisms involved in 
the physiopathological process of the central precocious 
puberty. 

PRECOCIOUS PUBERTY ASSESSMENT

A combination of clinical signs, bone age, 
pelvic echography in girls, and hormonal data 
are required to diagnose PP and make a judgment 
concerning progression and prognosis. It is 
important to differentiate between central PP 
(CPP) and peripheral types of PP (PPP) because 
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central (peripheral) forms of PP. For decades, 
GnRH testing has been the standard dynamic test to 
assess pubertal disorders in children. More recently, 
leuprolide acetate (LA) stimulation test and other 
GnRH agonists (GnRHa) have been employed. A 
potential advantage of GnRHa versus GnRH is that 
the former compounds elicit prolonged stimulation 
of gonadotropin secretion and these hormones, in 
turn, stimulate sex hormone secretion by the gonads. 
However, despite substantial evidence indicating 
that a single stimulated gonadotropin sample is 
informative, many centres continue to obtain 
multiple samples during LA stimulation test, leading 
to longer test duration, higher costs, and greater 

LH level after GnRH stimulation. However, this test 
is inconvenient for patients and labor-intensive for 
clinicians as well as being expensive to carry out. 
Hence, there has been an effort to find measures that 
can substitute or simplify this method. Even though 
the basal concentration of LH and the subcutaneous 
GnRH analogue stimulation test are suggested as 
alternatives, none of these are sufficient to substitute 
as a gold standard. 

GnRH agonist stimulation test
The key endocrine investigation is to determine 

LH and FSH response to acute GnRH stimulation 
in order to distinguish between central and non-

16

Table I. Etiological classification of precocious puberty.

Gonadotropin dependent (Central PP)

CNS Lesions 

• Hypothalamic hamartoma 
• Tumours: optic glioma, germ cell tumour, astrocytoma 
• Congenital malformations: arachnoid cyst, hydrocephalus, neural tube defect 
• Acquired: head trauma, cranial irradiation, infection, perinatal asphyxia 
Non-CNS Lesion 

• Idiopathic 
• Activating KISS1 gene  and GPR54 
• Endocrine disruptor exposure; excess endogenous steroids (e.g. CAH) 
Gonadotropin independent (Peripheral PP)

                       Male                                                                            Female 

Congenital Congenital

Activating LH receptor mutation (testotoxicosis)             GNAs gene activating somatic   
Congenital Adrenal hyperplasia          mutation (McCune–Albright syndrome) 

   DAX1 gene mutation 

Acquired                                                                                  Acquired 

 Leydig cell tumour, granulosa cell tumour                              Ovarian Cyst / Tumor 
 hCG secreting tumours                                                            Surrenal Tumor 
 Exogenous sex steroids                                                            Exogenous sex steroids 

         Long-standing, untreated primary hypothyroidism 

PP: precocious puberty; CNS: central nervous system; KISS1: Kisspeptin-1;GPR54: G protein-
coupled receptor 54; CAH: Congenital Adrenal Hyperplasia; LH: luteinizing hormone; hCG: 
human chorionic gonadotropin 

PP: precocious puberty; CNS: central nervous system; KISS1: Kisspeptin-1;GPR54: G protein-coupled receptor 54; 
CAH: Congenital Adrenal Hyperplasia; LH: luteinizing hormone; hCG: human chorionic gonadotropin

Table I. Etiological classification of precocious puberty.
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neurons to modulate GnRH secretion. Kisspeptin 
levels were significantly higher in girls with CPP 
than in pre-pubertal girls, and were positively 
correlated with FSH and LH peak levels after GnRH 
stimulation, demonstrating that it could serve as a 
marker for diagnosis and follow-up of CPP and 
representing a valuable parameter for monitoring 
treatment efficacy (19). 

Metabolomic approach
A metabolomic approach was also assessed to 

identify metabolite urinary markers in PP subjects. 
Jia detected an altered urinary metabolic signature 
in PP girls, revealing several key metabolic systems 
involvement, such as up-regulated catecholamine 
and serotonin metabolic pathways (20). Moreover, 
Jang demonstrated that urine metabolomics 
provided several potential metabolic clues for PP 
mechanism, revealing abnormal metabolism of 
amino acid, especially aromatic amino acid, with a 
close correlation with CPP pathogenesis (21).

These urinary metabolite markers could 

inconvenience to patients (17).

Inhibin B levels
In the past decade, measurements of serum inhibin, 

produced by granulosa cells in small antral follicles 
under the influence of FSH, and anti-Mullerian hormone 
have provided useful tools for clinical investigation in 
gonadal disorders, including pubertal development 
diseases. It was revealed that, in girls with CPP, 
inhibin B levels were in accordance with the clinical 
stage of maturation, whereas in boys with delayed 
puberty. Furthermore, inhibin B levels were very low 
in congenital defects of the gonadotropin-releasing 
hormone-FSH-testis axis, but they were normal or 
intermediate in constitutional delayed puberty (18).

Determining inhibin B levels together with FSH 
levels is a considerable help for diagnosing disorders 
of pubertal development, but further studies are 
needed.

Kisspeptin levels
Kisspeptins act directly and indirectly on GnRH 

17

Table II. Diagnostic tools to detect  precocious puberty.

 Precocious Puberty 

Clinical history  Family history (suggest a genetic condition) 
 Prior CNS insults (trauma, radiation, meningitis, tumors) 
 Psychological evaluation (disruptive behaviour, male aggression, 

emotionally labile, depression) 
Clinical Assessment  Features of puberty (present or not, duration, progression rate) 

 Height and weight 
 Secondary sex characteristics 
 Bone maturation 
 Café-au-lait spots, goiter, bone deformity 

Laboratory tests  LH and FSH levels 
 GnRH stimulation test 
 Hormonal evaluation (estradiol, prolactin, hCG, hCG/testosterone)
 Inhibin and kisspeptin levels 

Radiological exams  X-ray (evaluating bone age) 
 Pelvic ultrasound for internal genitalia / ovaries 
 Ultrasound or CT adrenals 
 MRI/CT hypothalamus or pituitary glands 

CNS: central nervous system; LH: Luteinizing Hormone; FSH: Follicle Stimulating Hormone; 
GnRH: gonadotropin-releasing hormone; hCG: human chorionic gonadotropin; CT: computed 
tomography; MRI: magnetic resonance imaging

CNS: central nervous system; LH: Luteinizing Hormone; FSH: Follicle Stimulating Hormone; GnRH: gonadotropin-
releasing hormone; hCG: human chorionic gonadotropin; CT: computed tomography; MRI: magnetic resonance imaging 

Table II. Diagnostic tools to detect  precocious puberty. 
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sign of PP (22) Thus, pelvic ultrasound, a non 
invasive, inexpensive and reliable tool, may give a 
complementary indication to the GnRH test for the 
distinction between isolated premature thelarche and 
early-stage PP.

Brain MRI is always indicated for boys with 
isolated CPP, to search for a lesion, but its usefulness 
for girls is debated. The age of children may represent 
a valid cut off, considering that girls with PP 
development of central origin before 8 years of age 

provide a potential alternative diagnostic and 
stratification approach for the clinical management 
of PP, but further studies are needed to confirm these 
preliminary data.  

Instrumental methods
Different studies evaluated the role of pelvic 

sonography in the diagnosis of PP in girls, 
highlighting that an increase in uterine and ovarian 
measurements could represent an early and sensitive 

18

Table III. Management and outcomes of precocious puberty therapy.
Indications to treat children with precocious puberty 

 Clear diagnostic criteria for precocious puberty
 Pubertal LH level after GnRH stimulation and LH/FSH ratio after GnRH stimulation above 

diagnostic limit 
 Rapid pubertal development (progression from one pubertal stage to the next ina  markedly 

shorter period of time than normal)  
 Abnormal height potential (final height prediction < 3rd centile or < target height range or 

height for bone age < -2 SD) 
 Loss of height potential during follow up ( bone age more than  statural age)  
 Psychological / behaviour reasons related to precocious development of secondary sex 

characteristics
Outcomes of precocious puberty therapy 

 Prevention of psychological and social alterations 
 Regression of sexual characters 
 Block of sexual maturation 
 Slow bone maturation 
 Improvement of definitive stature 
 Prevention of early initiation of sexual life 
 Risk prevention of sexual abuse 

Choices available for the treatment of precocious puberty 

 Rapid Acting Monthly Depot 3-mo Depot 12-mo Implant 

Dosing 3-4 times daily or 
every day 

Every 28 days Every 90 days Every year 

Advantage Quick on/off Dosing and 
efficacy well 

studied

Fewer injections 
and fewer 

compliance 
concerns

No injections 
needed

Disadvantage Multiple daily 
doses needed 

with poor 
compliance 

Painful injections 
and suboptimal 

compliance 

Painful injections Surgical 
procedure for 
insertion and 

removal 
GnRH: gonadotropin-releasing hormone; LH: luteinizing hormone; FSH: follicle-stimulating 
hormoneGnRH: gonadotropin-releasing hormone; LH: luteinizing hormone; FSH: follicle-stimulating hormone       

Table III. Management and outcomes of precocious puberty therapy.
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systemic randomized controlled trials analysing the 
effects of  long-acting GnRHa therapy on FH.     

The FH increment, with respect to predicted height, 
can range from 3 to 10 cm, although realistically, a 
height gain of 4–6 cm is usual after at least 3–4 years 
of GnRHa treatment in girls with CPP. Arrigo et al. 
underlined that height gain from GnRHa therapy 
onset until FH  attainment  is generally rather limited 
(on average 2.9 cm) in  girls with idiopathic CPP. 
FH is also significantly conditioned by both target 
height and treatment duration (27). Outcome data for 
FH are even less established for boys in whom the 
incidence of PP is lower than in girls. An analysis 
of FH from 11 studies showed a remarkably varied 
mean height gain of 1.8 to 15.0 cm (28) 

Body mass index
Many of the past studies concerning the 

auxological effect of treatment with GnRHa in CPP 
have focused on final height outcomes, and less 
attention has been paid to the body weight changes.

Published data have demonstrated an increase in 
BMI during treatment with GnRHa, (29) whereas 
other reports suggested a reduction of BMI under 
gonadotropin-suppressive therapy or a weight excess 
not significantly related to GnRH agonist treatment 
(30).

Bone mineral density
The effect of GnRHa therapy for PP on BMD  is 

unclear and data are controversial. Girls with PP have 
lower BMD for chronological age and increased bone 
reasorption markers, with an improvement observed 
during the first year of therapy with GnRHa (31) On 
the other hand, Hong  et al. demonstrated that three-
year treatment with GnRHa in CPP patients did not 
impair bone maturation (32).

Reproductive potential and ovulatory dysfunction
There are no adverse effects in the longer term to 

reproductive potential, with a reactivation of gonadal 
function after treatment cessation. Moreover, no 
increased risk of ovulatory dysfunction associated 
with hirsutism or polycystic ovary syndrome has 
been observed (24).

Side effects 
GnRH agonists are generally well tolerated in 

should continue to be examined by a brain MRI. Also 
BMI, advanced bone age, LH and FSH peaks, have 
been proposed as factors which may identify girls at 
high risk of organic CPP (23). Table II summarizes 
clinical, laboratoristic and radiological tests required 
to obtain a correct diagnosis of CPP.

PRECOCIOUS PUBERTY TREATMENT

GnRHa therapy     
GnRHa therapy is the only choice of treatment in 

patients with PP. The main aim of PP treatment is 
to minimise any loss of final adult height, prevent 
the progression of secondary sexual characteristics 
and promote psychological well-being. However, 
GnRHa therapy is not indicated for every patient with 
PP because there is not always evidence of pubertal 
responsiveness to GnRH or any apparent impairment 
of height potential or significantly advanced bone age 
(24). Several preparations of GnRHa are currently 
available, including leuprorelin, triptorelin and 
goserelin, which are available as monthly and three-
monthly depot preparations. 

Although GnRHa treatment has a proven 
track record in terms of efficacy and safety for the 
treatment of CPP, the requirement for intermittent 
injections is inherently unpopular in a pediatric 
population. Thus, the histrelin implant represents a 
potentially appealing and novel mode of delivery, 
resulting in a continuous diffusion (25). Table III 
synthesizes the available therapeutic choices to treat 
central precocious puberty.

Effects of GnRHa treatment 
More than 20 years of experience with GnRHa 

treatment in CPP has provided important data on 
outcome regarding final height (FH), body mass 
index (BMI), bone mineral density (BMD) and  
reproduction. 

Final height 
Significant impairment of FH in untreated CPP 

has dominated the rationale for intervening with 
GnRHa treatment. The use of a long-acting GnRHa 
can initially induce gonadotropin secretion followed 
by pituitary desensitization and suppression of 
puberty. By this mechanism, GnRHa contributes 
to higher adult height (26).  However, there are no 
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kisspeptins and GPR54 in the neuroendocrine 
regulation of reproduction. Annu Rev Physiol 2008; 
70:213-38. 

5.	 Biro FM, Greenspan LC, Galvez MP. Puberty in 
Girls of the 21st Century J Pediatr Adolesc Gynecol 
2012; 25:289-94.

6.	 Chirico V, Cannavò S, Lacquaniti A, et al. Prolactin 
in obese children: a bridge between inflammation and 
metabolic-endocrine dysfunction. Clin Endocrinol 
(Oxf) 2013; 79:537-44. 

7.	 Bogaert AF. Age at puberty and father absence in a 
national probability sample. J Adolesc 2005; 28:541-
6. 

8.	 Losa-Ward SM1, Todd KL, McCaffrey KA, Tsutsui 
K, Patisaul HB. Disrupted organization of RFamide 
pathways in the hypothalamus is associated with 
advanced puberty in female rats neonatally exposed 
to bisphenol A. Biol Reprod 2012; 87:28. 

9.	 Silveira LG, Noel SD, Silveira-Neto AP, et al. 
Mutations of the KISS1 gene in disorders of puberty. 
J Clin Endocrinol Metab. 2010; 95:2276-80. 

10.	  Abreu AP, Dauber A, Macedo DB, et al. Central 
precocious puberty caused by mutations in the 
imprinted gene MKRN3. N Engl J Med 2013; 
368:2467-75. 

11.	  Salpietro V, Mankad K, Kinali M, et al. Pediatric 
idiopathic intracranial hypertension and the 
underlying endocrine-metabolic dysfunction: a pilot 
study. J Pediatr Endocrinol Metab 2014; 27:107-15.

12.	  Salpietro V, Polizzi A, Bertè LF, et al. Idiopathic 
intracranial hypertension: a unifying neuroendocrine 
hypothesis through the adrenal-brain axis. Neuro 
Endocrinol Lett 2012; 33:569-73. 

13.	 Trivin C, Couto-Silva AC, Sainte-Rose C, 
Chemaitilly W, Kalifa C, Doz F, Zerah M, Brauner 
R. Presentation and evolution of organic central 
precocious puberty according to the type of CNS 
lesion. Clin Endocrinol (Oxf) 2006; 65:239-45. 

14.	  Carel JC, Eugster EA, Rogol A, et al. Consensus 
statement on the use of gonadotropin-releasing 
hormone analogs in children. Pediatrics 2009; 
123:e752-62 

15.	  Tinggaard J1, Mieritz MG, Sørensen K, Mouritsen 
A, Hagen CP, Aksglaede L, Wohlfahrt-Veje C, Juul 
A. The physiology and timing of male puberty. Curr 
Opin Endocrinol Diabetes Obes 2012; 19:197-203. 

children and adolescents. In patients with a history 
of local reaction to GnRH, particularly those with a 
history of atopy, it may be appropriate to perform 
skin testing before proceeding with therapy. 
Systemic hypersensitivity reactions to GnRHa are a 
rare but important side effect of therapy. GnRHa are 
synthetic analogues of GnRH that inhibit FSH and 
LH hormone and have histamine- releasing activity. 
Local hypersensitivity to depot leuprolide injection, 
consisting of erythema and, less commonly, sterile 
abscess, occurs in up to 5% of children who receive 
this agent. Antibody formation against the GnRH 
agonist peptides has been a postulated cause for 
sterile abscess formation (33). 

CONCLUSIONS

The key endocrine investigation is to determine 
the LH and FSH response to acute GnRH 
stimulation. Ultrasound examination could serve as a 
complementary tool and, consequently, for the early 
initiation of appropriate treatment.  The treatment 
goals are prevention of early menarche and early 
sexual activity, the halting or regression of secondary 
sex characteristics, normalization of height velocity 
and deceleration of bone maturation. 

Precocious puberty can be a troubling time for 
children and their parents, but fortunately there is 
medical treatment to stop further physical pubertal 
development, and there are several forms of support 
strategies available. 
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It has been nearly 70 years since Rapport, Green 
and Page isolated and identified serotonin.

Serotonin. In 1952 Blaschko found that the 
natural substrate for tryptophane decarboxilase 
was 5-hydroxytryptophan, and the following year 
5-hydroxytryptophan decarboxylase, the enzyme 
that generates serotonin, was isolated. For many 
years there has been much interest in the mechanisms 
of release of biogenic amines such as serotonin.

Serotonin 5-HT is first converted to 
5-hydroxyindoleacetaldehyde and then to 

5-hydroxyindoleacetic acid as a result of the action of 
an aldehyde dehydrogenase. Oxidative deamination 
by monoamine oxidase is the chief mechanism of 
serotonin degradation. Brain homogenates in vitro 
and brain in vivo are able to hydroxylate tryptophan 
and serotonin synthesis which can only be greatly 
reduced at the level of 5-hydroxylation of the amino 
acid, and its degradation can be slowed by amine 
oxidase inhibitors (1). 5-HT can be released from 
nerve cells by a Ca++-mediated mechanism involving 
vesicles or by the reverse action of 5-HT transporter 
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hippocampus and can be detected in many CNS 
areas (10). Pharmacological blockade of 5-HT7 
receptors has antiepileptic and anxiolytic effects, 
while pharmacological activation of 5-HT7 receptors 
reduce REM sleep and cause hypothermia.  Systemic 
administration of 5-HT7 receptor agonists affect 
circadian rhythms and body temperature  (11)as well 
as improving learning.

Mast cells. Mast cells posses high-affinity IgE 
receptors (FcεRI) and are ubiquitous, predominantly 
localized in mucosal and connective tissues and 
distributed along blood vessels (12).  Abundant 
evidence indicates that mast cells play a key role 
in inflammation, and their products modulate 
inflammatory mediator production (13). Mast cells 
can be activated by antigens, cytokines, growth 
factors, and hormones, leading to differential release 
of distinct mediators without degranulation (14). 
Serotonin is present in murine mucosal mast cells 
in the lamina propria and some authors reported 
that human mast cells may also contain serotonin, 
especially in subjects with mastocytosis (15). In 
connective tissue formation there is an accumulation 
of mast cells believed to produce important 
ground substance components including serotonin 
which mediates the connective tissue repair and 
regeneration. Mast cell degranulation and serotonin 
mediate local vascular injury with edema formation 
and inflammation. A variety of substances provokes 
release of serotonin from mast cells, among them 
48/80, LPS, propamidine, toluidine blue, polymyxin 
B, morphine, egg white, etc.; while allicine, luteolin, 
ninhydrin, flavonoids and dinitrophenol inhibit 
serotonin release (16).

Many of the biological effects of mast cell 
activation are mediated by biogenic amines, such 
as serotonin, which are stored in and released from 
cytoplasmic granules. In human mast cells the only 
mediator of this class that is present in significant 
quantities is histamine, while in mouse and other 
rodents serotonin is very important, similarly to or 
more than histamine.  

Neuronal growth factor, cytokines, and other 
compounds are capable of enhancing the synthesis 
of 5-HT from L-tryptophan. It is generally accepted 
that serotonin and its derivatives in the nervous 
system function quite differently from that in 
the rest of the body and that little of the somatic 

(2).
Serotonin (5-HT) is one of the key neuro-

transmitters that acts in both central and peripheral 
nervous system, has an impact on cell proliferation, 
migration and apoptosis and exerts its effects via 
several receptors (3). Seven families of 5-HT 
receptors have been identified to date in mammals, 
5-HT1 through 5-HT7, each including distinct 
receptor subtypes (4). 5-HT3 receptors are ligand-
gated ion channels mediating fast depolarization. 
All the other 5-HT receptors are G protein-coupled 
receptors: 5-HT1 and 5-HT5 receptors inhibit 
adenylate cyclase, 5-HT4, 5-HT6 and 5-HT7 receptors 
stimulate adenylate cyclase, whereas the 5-HT2 
receptor family is positively linked to phospholipase 
C (5). Intra-derma injection of serotonin provokes 
pruritus in human skin, an effect that can be relieved 
by an antagonist of 5-HT3R which is used in the 
treatment of pruritus associated with malignant 
disease (6). Histamine and 5-HT induce itch upon 
intradermal injection, however, serotonin is much 
weaker than histamine in provoking pruritus (7). 
Pruritus was selectively inhibited by the treatment 
with an H4R antagonist in a Th2 cell-mediated 
mouse skin inflammation model that mimics several 
features of atopic dermatitis (7).

Treatment with anti-5-HT1AR diminishes the 
severity of contact allergy in experimental animals, 
an effect mediated by mast cells; while an agonist 
of this same receptor reduces the stress level and 
relieves pruritus in patients with atopic dermatitis, 
a disease also mediated by mast cells (8). Agonists 
of 5-HT2AR reduce the severity of contact allergic 
reactions in experimental animal model; while 
anti-5-HT2R inhibits allergic contact dermatitis 
in humans. Receptor activation (5-HT1AR) in the 
brain reduces inflammation mediated by caspase-3 
and therefore by IL-1 beta, an effect involving PLC, 
and dependent on ERK, MAPK and PKC. Serotonin 
has a role in inflammatory response and its receptors. 
5-HT1A receptor-positive mast cells, 5-HT2A receptor 
and serotonin reuptake transporter-positive may 
be a target for inflammatory diseases mediated by 
5-HT. T lymphocytes may be targets for therapy 
with serotonergic drugs in several diseases involving 
5-HT (9). 

5-HT7 receptor mRNA is highly expressed 
in thalamus, hypothalamus, amygdala and 
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T cells, natural killer cells, Langerhans cells, and 
sensory nerve endings. It is still questionable whether 
serotonergic drugs exert the immunosuppressive 
effects via serotonin receptor or serotonin transporter. 
Bupropion, a selective serotonin re-uptake inhibitor 
antidepressant, with unique pharmacological profile, 
has also an anti-inflammatory effect (20). 

Mast cells, melanocytes and platelets, by 
producing  a variety of chemotactic factors, 
participate in the activation of immune cells and 
initiate delayed-type hypersensitivity (21). However, 
in the skin the major source of serotonin are platelets.

Pro-inflammatory cytokines/chemokines are 
known to alter the metabolism and release of 5-HT 
in the central nervous system by rapidly regulating 
neuronal 5-HTT activity via p38 MAPK-linked 
pathways (22). Chemokines have chemotactic 
properties on inflammatory cells and other cell 
types. RANTES, MCP-1 and belong to the C-C 
class of chemokine supergene family and play a 
role in regulating Th-cell cytokine production and 
leukocyte trafficking. RANTES and MCP-1 are 
mediators of acute inflammatory responses and 
play a fundamental role in histamine and serotonin 
generation and cell function in mast cells (23). Since 
MCP-1 and Rantes are chemoattractant for mast 
cells and play a role in their degranulation it is likely 
that these chemokines are involved in the generation 
and release of serotonin in vitro and in clinical trials. 

Nerve growth factor (NGF), which is a diffusible 
protein playing a crucial role in several organ 
functions and is a target-derived pro-survival factor 
for sensory and sympathetic neurons derived from 
ganglia, stimulates release of 5-HT by mast cells in 
the rat peritoneum and is widely recognized as an 
important factor responsible for the survival and 
maintenance of the phenotype of specific subsets of 
peripheral neurons and basal forebrain cholinergic 
nuclei during development and maturation.

Further studies in this area should be 
conducted to confirm the findings described in 
this article and elucidate the precise mechanism of 

serotonin penetrates the brain. 5-HT is synthesized 
by epidermal melanocytes, platelets, mast cells and 
other inflammatory cells. Serotonin is present in 
the gastrointestinal tract and platelets where it is 
involved in peristalsis, coagulation and regulation of 
the circulation (17). It has been reported that rodent 
mast cells produce 5-HT, but human mast cells have 
not yet been fully examined (17).

Therefore, serotonin mediates sleep–wakefulness 
cycles, mood, emotional and food behaviors, 
and thermoregulation, and in pathophysiological 
conditions may provoke secretomotor activity and 
initiate nausea, pain, inflammation and pruritus. It 
is also involved in atopic dermatitis, inflammation, 
chronic stress, psoriasis, eczema, allergy, migraine, 
nerve-gut dysfunction, hyperalgesia, urticaria, cancer 
and has a contracting effect on smooth muscle.

5-HTT is an anti-receptor which down-regulates 
5-HT3R expression, and has been used in the 
treatment of some inflammatory and malignant skin 
diseases. The injection of 5-HT in experimental 
animal model enhances c-fos-like immunoreactivity 
which is present in rat brain and is involved in 
antidepressant-like action (18). 5-HT1AR agonists 
may activate NF-kB which is involved in the survival 
and proliferation of T and B cells.

The use of 5-HT receptor antagonists inhibit the 
agonist activity induced by some stimulators such as 
substance P,  or neurotransmitters, in mast cells and 
may have an anti-inflammatory action.

It has been reported that some cannabimimetic 
fatty acid derivatives which are useful for the 
alleviation of asthma and are weak ligands either 
for CB1 or CB2 receptors, have anti-inflammatory 
activity (19).

Many clinical and experimental reports suggest 
the possibility that anti-inflammatory effects of 
selective serotonin reuptake inhibitors in atopic 
dermatitis patients might be at least partly due 
to their suppressive effect on T cells. In humans, 
serotonin receptors and serotonin transporter protein 
are expressed on several cells including mast cells, 

___________________________________________________________________________
L-Tryptophan→L-triptophan-5-monooxygenase (Tryptophanhydroxylase)→5-Hydroxy-L-
Tryptophan→5-Hydroxytryptophan decarboxylase (Aromatic L-amino acid
decarboxylase)→SEROTONIN (5-HT).___________________________________________________________________________

Table I. The pathway for the synthesis of serotonin from tryptophan.
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This study investigated the effects of hybridized micro and nano structured collagen implants on 
tendon healing in an experimental tendon injury in rabbits. Fifty mature male New Zealand white 
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and modulus of elasticity. The collagen implants were almost totally absorbed 120 days after surgery. No 
inflammatory reaction or tissue degeneration or necrosis was evident in the treated tendons compared to 
the control ones. 3D collagen implants produced a newly regenerated tendinous tissue at the defect area 
that was morphologically and biomechanically superior to the control group. This collagen implant was 
biocompatible and biodegradable with high bio-safety in rabbits. 
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Surgical reconstruction of large Achilles tendon 
defects is technically demanding, and may fail to 
improve the function of the injured limb (1-3). Tendon 
grafts are an option, but autografts may produce donor 
site morbidity, and allo- and xenografts have serious 
limitations including availability, disease transmission 

and rejection (3, 4). Tissue engineering is an option 
(5, 6). Different scaffolds are used to reconstruct such 
defects (1, 7, 8). An ideal scaffold for tendon healing 
should be biodegradable, biocompatible; it should 
promote tenoconduction, tenoinduction, tenogenesis 
and should have tenoincorporative properties with 
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were randomly assigned to treated (n=25) and control 
(n=25) groups. The left Achilles tendon of each animal in 
both groups was designated as the injured tendon (n=25 
tendons in each group), and the right normal contra-
lateral tendon (NCT) was left intact (n=25 tendons in each 
group). The rabbits were housed in individual standard 
rabbit cages and maintained on standard rabbit diet 
(pellet) with no limitation of access to food or water. The 
left Achilles tendons of the treated group [injured treated 
tendons (ITTs)] were compared with the right NCTs and 
with the injured control tendons (ICTs), 120 days after 
injury. 

Preparation of collagens implants
Collagen type I was extracted from bovine tendons, 

and its purity confirmed by SDS/PAGE (11). The acid 
solubilized collagen molecules were electrospun on a 
dual plate device to produce large and aligned electrospun 
collagen fibers (12). After electrospinning, the acid-
solubilized bovine tendon type I collagen molecules were 
mixed with electrospun collagen fibers and polymerized 
in an incubator at 4°C for 48 h to produce a three-
dimensional collagen gel. The collagens were aligned 
under 12 Tesla magnetic fields (CRETA, Grenoble) during 
polymerization (13). The collagen composite was cut into 
several pieces of the same size and shape as the rabbit’s 
Achilles apparatus. The collagen composites were cross-
linked after suspension in iso-osmolar 0.1% riboflavin 
solution, using UV (wavelength of 365 nm) irradiation 
(14). The final product was repeatedly washed with 
distilled water, and received 100 Gray g-radiation and 
was suspended in ethanol 96% to produce and maintain 
its sterility until surgery (Fig. 1A). The morphology of the 
scaffolds were studied by scanning electron microscopy 
and the presence of highly aligned collagen fibers was 
confirmed in the scaffold (Fig. 1 B-D). Sterility and 
low endotoxin content of the scaffold was confirmed 
by microbiological and Limulus amebocyte lysate tests, 
respectively (15).

Premedication and anesthesia
The animals were premedicated and anesthetized by 

intramuscular administration of 1 mg/kg Acepromazine 
maleate and a combination of 15 mg/kg Ketamine and 
0.05 mg/kg Xylazin hydrochloride, respectively (All 
from, Alfasan Co. Woerden, Netherlands) (16-18).

Injury induction and surgical reconstruction
Under aseptic conditions, a longitudinal skin incision 

was made over the Achilles tendon complex. Then, 2 cm 
of the Achilles tendon with the covering paratenon were 
completely excised by transverse incisions. The defect was 
reconstructed using double strand modified Kessler core 

the neotenon (3, 5). To date, none of the available 
scaffolds have all these characteristics (5). The choice 
of biomaterial and the structure of the construct are 
two key steps for designing a proper tissue engineered 
scaffold for tendon regeneration and repair (3, 5). 
To produce a suitable scaffold aiming to mimic the 
native tendon, collagen could be a suitable biomaterial 
(5, 8). Collagen has optimum biocompatibility, 
biodegradability and bioactivity (7, 8). In addition, 
most of the tendon is composed of collagen type I 
which is polymerized as fibrils, fibers, fiber bundles 
and fascicles (9, 10). Therefore, a suitable tissue 
engineered based scaffold should mimic the structure 
of the native tendon so that it should be composed 
of aligned fibrils and fibers (3). Two techniques are 
used to produce fibrillar scaffolds, namely gelation 
and electrospinning (11, 12). Gelation, a traditional 
method, produces large fibers; by electrospinning, it 
is possible to produce nano-sized collagen fibrils (11, 
12). Gel system is a cost effective way to produce 
tissue engineered scaffolds (3). However, in the 
gel system, controlling the alignment and size of 
the fibers during polymerization is difficult (12). 
Moreover, such constructs have low biomechanical 
properties, which makes them not useful for tendon 
tissue engineering purposes (5). In electrospinning of 
different biomaterials, the degree of fiber alignment 
and size is easily controllable (11, 12). However, 
electrospinning is an expensive technology which 
reduces its application (12). Combining gelation 
and electrospinning of collagen type I molecules, a 
novel three-dimensional scaffold could be produced 
consisting of both aligned collagen fibrils and fibers.

We produced a tissue engineered based three-
dimensional collagen scaffold by a combination 
of gel system and electrospinning technologies to 
closely mimic the native tendon environment for 
tissue ingrowth. The effectiveness of such construct 
in a large tendon defect model was tested on rabbits. 
We hypothesized that collagen scaffold may have 
beneficial roles in cellular migration, proliferation, 
alignment and matrix production. This may improve 
the morphology and function of injured tendons. 

MATERIALS AND METHODS

Study design
Fifty skeletally-mature male White New Zealand 

rabbits 12 to 14 months old and 3.15±0.15 kg body mass 
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(n=20 for each group) was carefully evaluated for color 
changes, adhesion to the surrounding tissues, and any 
other abnormalities (21). Hyperemia and peritendinous 
adhesions were scored (Table I). The transverse diameter 
of the injured area was measured using a digital caliper.

Histopathological and histomorphometric analyses 
In each group, a longitudinal tendon sample from 

the injured area (n=10) and normal contralateral 
tendons (n=10) were used for histopathological and 
histomorphometric analyses. After fixation in 10% neutral 
buffered formalin, the samples were washed, dehydrated, 
cleared, embedded in paraffin wax, longitudinally 
sectioned at 4–5 μm in thickness, stained with hematoxylin 
and eosin, and examined by light microscopy (Olympus, 
Tokyo, Japan). The pictures were then recorded by a digital 
camera (Sony T-700, Tokyo, Japan) and transferred to a 
software (Adobe Photoshop CS-5, Ca, USA) for digital 
analysis. Five photomicrographs obtained from each 
tissue section (n=5) of each tendon sample (n=10 in each 
group) were used for histopathological analysis (a total 
of 250 histopathologic fields). Total cellularity, immature 
tenoblasts, mature tenoblasts, tenocytes, neutrophils, 
lymphocytes, macrophages, plasma cells and blood 
vessels of the tendon proper were counted (magnification 
×200) (22). Collagen mass density was analyzed by 
computer software (Image J, NIH, Ca, USA), and reported 
as percentage (19). The colors of the photomicrographs 
were converted into individual diagrams based on their 
color type, and the area of the diagrams was measured 
to determine collagen density (19). Alignment, tissue 
maturity and perivascular edema were scored (Table I). 

Scanning electron microscopy
In each group, the tendon samples (n=10 L; n=10 

R) were fixed in 2.5% cold glutaraldehyde in a 0.1M 
cacodylate buffer, pH 7.2. The samples were dehydrated 
in graded ethanol, dried by Hexa-methyl-disalysin (TAAB 
Co., London, UK), and then gold coated on Cupper 
mount. Different magnifications of ×50 to ×30,000 were 
used to analyze the SEM characteristics of the implants 
and tendon samples. The tendon surface and also the 
orientation, diameter and differentiation of the collagen 
fibrils and fibers together with their density were then 
analyzed. 

Biomechanical testing 
The tendons were mounted between the two 

cryoclamps. The biomechanical tests were performed 
using a tensile testing machine (Instron® Tensile Testing 
Machine, London, UK). Each tendon was loaded by 
elongating it at a displacement rate of 10 mm·s−1 until a 
50% decrease in load was detected. Load and crosshead 

pattern (PDS 0-4, Ethicon, INC.1997, J&J, USA). This 
aligned the tendon extremities, and produced a 2 cm gap 
between the tendon ends. For insertion of the implants in 
the tendon gap, a double strand suture was passed through 
the longitudinal axis of the implants. The subcutaneous 
tissue and skin over the lesion were closed routinely (Fig. 
1 E-G). Postoperative analgesia with fentanyl (Matrifen, 
Roskilde, DK) patch was provided for 3 days.

Contrast radiography
Non-ionized iodinated contrast medium (0.5 mL) 

was injected subcutaneously over the lesion under 
ultrasonography guidance. The animals were left alone 
after injection for 10 minutes to relax, and allow for the 
iodinated contrast medium to distribute subcutaneously 
over the tendon. Lateral radiographs from both legs of 
each rabbit were taken. 

Ultrasonography
At weekly intervals, transverse and longitudinal 

ultrasonographic images from the injured and normal 
tendons were provided via a 12 MHz linear probe (Siemens 
SLR-400, Berlin, Germany; Echowave 3.23 software) 
(19). Echogenicity, homogeneity and peritendinous 
adhesions were scored (Table I). 

Ethics and euthanasia
The animals were euthanised 120 days after tendon 

injury. The animals were anesthetized by IM injection 
of 15 mg/kg Ketamine, 2 mg/kg Xylazine, and 1 mg/
kg Acepromazine (Alfasan Co, Woerden, Netherlands). 
Euthanasia was provided by intra-cardiac injection 
of 1 mg/kg Gallamine triethiodide (Specia Co., Paris, 
France) (20). The study was approved by the local Ethics 
Committee of our faculty. 

Sample collection
Five animals of each group were used for contrast 

radiography. For ultrasonography, the left and right 
Achilles tendons of the animals were studied (n=20 left 
and n=20 right in each group). After euthanasia, the 
injured and the contralateral tendons were dissected and 
assessed for gross pathology (n=20 left and n=20 right for 
each group). In each group, the samples were randomly 
divided into two equal subgroups. Subgroup 1 was used 
for biomechanical testing, and subgroup 2 was used for 
histopathology and scanning electron microscopy (SEM). 
The tendons in subgroup 2 were divided longitudinally 
into two parts. Part A was used for histopathology, and 
part B for SEM.

Gross pathology
Each injured tendon (n=20 for each group) and NCT 
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normal tendons (Fig. 2). 

Ultrasonography
The diameter of the ITTs was significantly 

higher than the ICTs (2.95±0.24 vs 1.96±0.16, 
P=0.001). The ITT scores were significantly greater 
for echogenicity [2(1-2) vs 2(2-3), P=0.048], 
homogeneity [1.5(1-2) vs 3(2-3), P=0.021], and 
peritendinous adhesion [2(1-3) vs (3(2-3), P=0.039] 
compared to the ICTs at 120 DPI.

A different pattern of echogenicity through the 
length of the ICTs was seen at ultrasonography: 
hyper-echogenicity, hypo-echogenicity and 
dyshomogeneity were seen. The hyper-echogenic 
areas corresponded to the intact portion of the 
tendons, and the hypo-echogenic area corresponded 
to the injured part of the control tendons. This 
pattern was not evident in the ITTs. In general, the 
appearance of the ITTs was superior to that of the 
ICTs, but the ITTs still showed hypo-echogenicity 
compared to the normal contralateral tendons 
(NCTs). Compared to the ICTs, the ITTs showed no 
echogenicity around the tendon, suggesting lower 
peritendinous adhesion formation around the tendon 
(Fig. 3).  

Gross pathology
The ITT scores were significantly greater for 

peritendinous adhesion [2(1-3) vs 3(2-3), P=0.048] 
and hyperemia [2(1-2) vs 2.5(2-3), P=0.046] 
compared to the ICTs. The diameter of the ITTs was 
significantly greater than the ICTs (2.86±0.33mm 
vs 1.75±0.23mm, P=0.001). Generally, the ICTs 
showed adhesion to the surrounding structures, and 
it was hard to distinguish between the regenerated 
part of the tendon and the peritendinous adhesions. 
The regenerated tissue in the injured area was a 
transparent loose areolar connective tissue. Unlike 
the ICTs, the ITTs showed a dense and organized 
structure almost indistinguishable from their normal 
contralateral tendons, and were easily dissected and 
removed from the surrounding fascia.  In the ICTs, 
the tendon edges were not covered or filled with the 
newly regenerated connective tissue. In the ITTs, 
the tendon edges were completely replaced with a 
new tendinous structure, and the continuity between 
the edges was diagnostic. No remnant of the suture 
material was seen in either group, but in most 

displacement data were recorded at 1500 Hz, and load-
deformation and stress-strain curves were generated 
for each specimen using TestWorks 4 software (SUME 
Systems Corporation). The ultimate load, yield load, 
stiffness, ultimate strain, maximum stress and modulus of 
elasticity of the samples were determined (18, 22).

Statistical analysis
The measured values of the injured tendons of each 

group (left leg) were compared with the measured values 
of their normal contra-lateral tendons (right legs) of the 
same group using paired sample t-test. The measured 
values of the right and left tendons of the treated animals 
were compared with those of the right and left tendons 
of the control animals using the independent sample 
t-test. The results were expressed as mean ± standard 
deviation. The Mann-Whitney U test was used to analyze 
the scored values and the results were reported as mean 
(min-max). Statistics were performed using the computer 
software SPSS version 19 (SPSS Inc. Chicago, IL, USA).  
Differences of p<0.05 were considered significant.

Inter tester and intra tester reliability
The investigators who undertook the measurements and 

analyses of the results were unaware of the experimental 
design and grouping details. Each evaluation and 
measurement was performed in triplicate and the mean of 
the measured values were reported. For ultrasonographic 
and radiographic evaluations, three veterinary radiologists 
evaluated the tendons and reported their results. For 
gross pathologic, histopathologic and SEM evaluations, 
three expert healing pathologists evaluated samples and 
reported their results. No significant differences were seen 
between the results of the individuals (P>0.05). 

RESULTS

Contrast radiography
The contrast medium (CM) completely covered 

the injured treated tendons (ITTs), and at 120 days 
post injury (DPI) no sign of gap formation was 
evident in the injured area. The CM covered the 
proximal and distal parts of the injured control 
tendons (ICTs), but the gap was not covered with 
the CM, and a radiolucent space was seen instead 
of the radio-opaque area in these tendons. The CM 
partially filled the gap in the ICTs, and showed the 
shape of the tendon in both proximal and distal parts 
of the defect. The diameter of the lesions in the ITTs 
was similar to normal tendon, but the diameter of the 
ICTs was significantly lower than both the ITTs and 
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Fig. 1. A) A syringe pump was filled with type I collagen solution, obtained from bovine Achilles tendon. The collagen 
molecules were pumped into the electrically charged needle of the electro-spinning device and aligned along the direction 
of the – (negative) and + (positive) poles of the high voltage transformator on the collector. After electrospinning, the 
acid-solubilized bovine tendon type I collagen molecules were mixed with the electrospun collagen fibers and polymerized 
at 4°C for 48 h to produce a tridimensional collagen gel. The collagens were aligned under 12 Tesla magnetic fields 
during polymerization. The collagen implants were cut into several pieces of the same size and shape as the rabbit’s 
Achilles tendon apparatus. The collagen composites were cross-linked after suspension in iso-osmolar 0.1% riboflavin 
solution, using UV irradiation. The collagen implant was left to dry at room temperature to remove the chemical solvents. 
Then, it was repeatedly washed with distilled water, received 100 Gray g-radiation and suspended in ethanol 96% to 
produce and maintain its sterility until surgery. B) SEM, Randomized collagen microfibers formed in a regular collagen 
solution. C) SEM, Electrospun collagen nanofibers aligned through the direction of the – and + poles of the high voltage 
supplier. D) SEM, the final structure of the hybridized bioimplant after combining the randomized jelly structure with 
electrospun collagen nanofibers. E and F) Two cm of the left Achilles tendon of the rabbits were cut and discarded, 
and a 2 cm tendon gap was produced, and then maintained by a modified Kessler suture. G) The collagen implant was 
implanted in the defect area in the treated group. No prosthesis was used in the control group. A 2-cm gap was produced 
in the tendon, and left alone. 
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the remnant of the suture material was seen at the 
proximal and distal parts of the injured area. 

The vascular distribution was improved and 
the immature vessels were degenerated, but the 
large vessels were well organized at the periphery 
of the tendon proper. The tenoblasts and tenocytes 
were aligned parallel with the collagen fibers in a 
longitudinal direction.

On the other hand, areas of degeneration and 
necrosis were seen in the ICTs, and numerous 
immature blood vessels, surrounded by perivascular 
edema, were present in these lesions. Many 
mononuclear inflammatory cells were still present 
in the lesions, and the mesenchymal cells were 
immature. The collagen fibers showed a low density, 
were disorganized, and most of the lesions were 

instances the surface of the ICTs, unlike the ITTs, 
was hyperemic (Fig. 4). 

Histopathological findings
Compared to the ICTs, inflammation in the ITTs 

was lower, and the mesenchymal cells were more 
mature. No tissue reaction was seen in the ITTs at 
120 DPI, and most of the collagen prosthesis was 
absorbed and substituted with newly regenerated 
tendinous tissue. The remnant of the collagen 
implant was present as islands of collagens in the 
center of the tendon proper, and acted as a micro-
scaffold to align the newly regenerated collagen 
fibers. The crimp pattern was restored, and there 
were few peritendinous adhesions. Neither necrosis 
nor degeneration were seen at histopathology, and 

Fig. 2. Positive contrast radiography of the injured treated (A), intact (B) and injured control legs (C) of the animals, 120 
days after injury. D, E, F) Inverted pictures of the positive contrast radiographs (A, B, C). Based on the radiographical 
reports, the collagen implant was absorbed and substituted with a newly regenerated fibrous connective tissue with 
similar opacity of the normal tendon after 120 days of tendon injury [(A and D (treated) vs B and E (normal tendon)]. 
The gap was fully filled with this newly regenerated fibrous connective tissue. In the control tendons (C and F), the gap 
was not fully filled with the newly regenerated soft tissue and the contrast material was not able to cover the gap area. 
The gap was present even after 120 days of tendon injury. The arrow heads show upper and lower limits of the Achilles 
tendons. The circular arrow head show the injured area. The thick arrows show the Gastrocnemius Soleus muscle at the 
upper end of the rabbits Achilles tendon, and the thin arrows show the calcaneal tuberosity at the lower end of the rabbits 
Achilles tendon.

A. MOSHIRI ET AL.
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The diameter of the mature tenoblasts showed 
no significant differences between the lesions of 
either group (P=0.089). However, the transverse 
diameter of the immature tenoblasts and tenocytes 
were significantly lower in the ITTs compared to 
the ICTs (P=0.001 for both). The diameter of the 
small-, medium- and large-sized blood vessels 
were significantly higher in the ITTs compared 
to the ICTs (P=0.001 for all). Cell density and 
background density (the density of non-collagenic 
and non-cellular parts of the tendon) of the ITTs were 
significantly lower than the ICTs (P=0.001 for both), 
but the collagen density was significantly higher in 
the ITTs compared to the ICTs (P=0.001). 

Compared to the ICTs, the crimp pattern of the 
ITTs was improved, but the differences were not 
statistically significant (P=0.121). The ITT scores 
were significantly greater for tissue alignment, 
perivascular edema and peritendinous adhesions 
compared to the ICTs (P=0.049, P=0.001, P=0.001, 
respectively).  

Scanning electron microscopy
The diameter of the collagen fibrils of the ITTs 

filled with edema, lipid vacuoles and small blood 
vessels. The characteristic nature of the regenerated 
tissue was similar to the surrounding fascia, and did 
not appear as a tendon proper (Fig. 5).  

Total cellularity, total tenoblasts and immature 
tenoblasts in the ITTs significantly decreased 
compared to the ICTs, at 120 DPI (P=0.001 for all) 
(Table II). There were no significant differences 
in the number of mature tenoblasts between the 
injured areas of either group at this stage (P=0.972). 
However, the ITTs showed a significantly higher 
number of tenocytes compared to the ICTs (P=0.001). 
No significant differences were seen in the number of 
neutrophils and plasma cells in the lesions of either 
group (P=0.789, P=0.428, respectively). Lymphocyte 
and macrophage infiltration were significantly lower 
in the ITTs compared to the ICTs (P=0.001). The 
ITTs showed significantly lower total vascularity 
compared to the ICTs (P=0.001). They also showed 
significantly lower number of small- and medium-
sized blood vessels compared to the ICTs (P=0.001, 
P=0.006, respectively), but there were no significant 
differences in the number of the large vessels between 
the two groups (P=0.622).

Fig. 3. Plain ultrasonography of the rabbits Achilles tendon, 120 days after injury. The echogenicity of the injured area 
of the injured control tendon (A and D) is low, and the injured area shows an amputated view. The tendinous structure in 
the defect area is not organized in this group (D). Peritendinous adhesions are also seen in the periphery of the injured 
area with lower echogenicity than the tendinous structure (A). The echogenicity of the injured area is not homogenous 
(A and D). In the injured tendons treated with collagen implant (B and F), no amputated view is seen in the injured area 
and the defect is filled with the newly regenerated fibrous connective  tissue in a similar patterns to normal tendon (C and 
G). But the echogenicity of the injured treated tendons is still slightly lower than the normal tissue. The peritendinous 
adhesions are not diagnostic in these tendons, and the diameter of the newly regenerated tissue is larger than the injured 
area of the control tendon. 
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and fibers of the ITTs were oriented and aligned 
along the direction of major stress. Neither alignment 
nor crimp pattern was diagnostic in the ICTs. The 
ITTs showed a significantly higher percentage of 
collagen density and a lower percentage and number 
of cell density at ultrastructural level (P=0.001 for 
all). The tenoblasts of the ITTs were mature and 
cigar-shaped, exhibited lower diameter and were 
aligned parallel to collagen fibers and fiber bundles. 
The cellular structure of the ICTs was immature and 
disorganized throughout the disorganized collagen 
fibrils and immature fibers. The fiber bundles in the 
ICTs were not properly formed, the crimp pattern 
was not detectable, and the collagen fibrils were 
disorganized and haphazardly distributed (Fig. 6).

Biomechanical findings
The ITTs showed significantly higher ultimate 

load, yield load, stiffness, maximum stress and 
modulus of elasticity and lower ultimate strain 
and yield strain compared to the ICTs (P=0.001 

was significantly greater than the ICTs (P=0.001), 
but the diameter of the collagen fibers between the 
two groups was not significantly different (P=0.089) 
(Table III). The ITTs showed a well-organized 
collagen structure: the fibers and fiber bundles 
were completely developed. In the ICTs, the fiber 
bundles and fibers were still at their initial stage of 
differentiation. Unlike the ICTs, the collagen fibrils 

Fig. 4. Gross pathology of the injured tendons, 120 
days after injury. A (treated) and B (control) show the 
left leg of the rabbits. The arrows show the superficial 
and deep limit surface of the Achilles tendon of rabbits. 
C (treated) D (control) and E (normal) show dissected 
Achilles tendons of the rabbits. The distance between the 
cutting edges of a control tendon is indicated by arrow 
heads. The newly regenerated soft fibrous connective 
tissue filled the gap area of the treated group. This dense 
fibrous connective tissue is organized and connected the 
cut edges of the injured tendons after 120 days of tendon 
injury in the treated group. No remnant of the collagen 
implant is seen grossly at the injured area, and the degree 
of peritendinous adhesions is low in these tendons (A, 
C). The diameter of the injured area of the control group 
is lower than the treated tendons. The cut edges of the 
injured control tendons are still present (See arrow heads, 
D) in the injured area and a loose areolar connective 
tissue with a characteristic hyperemia is present in the gap 
area. This newly regenerated soft tissue is far behind the 
normal tendinous tissue and has characteristics similar 
to subcutaneous fascia (B and D). Muscular fibrosis and 
atrophy is seen in the gastrocnemius muscle of the injured 
control legs (D). These fibrotic changes are not seen in the 
treated and normal legs (C and E). 

A. MOSHIRI ET AL.
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load, yield load, stiffness, maximum stress and 
modulus of elasticity were significantly lower, and 
the ultimate strain and yield strain were significantly 
higher than their NCTs (P=0.001 for all). There were 
no significant differences between the ultimate load, 

for all) (Table IV). Although the biomechanical 
characteristics of the ITTs were significantly higher 
than the ICTs, the biomechanical properties of the 
injured tendons of both groups were still significantly 
lower than their NCTs (P<0.05). Hence, the ultimate 

Fig. 5. Histopathological findings of the injured tendons, 120 days after injury. The newly regenerated soft connective 
tissue is seen in the injured area of the injured control tendons (A, D, G). Large amounts of adipose tissue and numerous 
immature blood vessels are seen in this section (A and D). No tendinous structure is formed in the defect area of this 
tendon. Collagen density is low and unorganized. No tissue maturity is seen at the defect area. The tenoblasts are mostly 
immature and are aligned in a circular pattern (G). The collagen mass density in the defect area of the injured treated 
tendons is greatly improved and the collagen fibers are aligned along the longitudinal axis of the tendon (B). In the 
cross section (E) and longitudinal section (F) of the injured treated tendons, the remnants of the collagen implant are 
seen as small islands. The newly regenerated collagen fibers are aligned along the direction of the collagen implant, 
gastrocnemius muscle and the calcaneal tuberosity. These remnants of the collagen implants acted as a scaffold for the 
newly regenerated collagen fibers and had a major role in their alignment and maturity. Mature tenoblasts and tenocytes 
are aligned along the direction of the highly matured collagen fibers (H). In the normal tendon, the number of cells is 
low and the cells are mostly tenocytes (I). Collagen mass density is high and the collagen fibers are highly matured and 
aligned along the direction of the stress transmitted from the gastrocnemius muscle to calcaneal tuberosity (C). A-F are 
stained by H&E. Scale bar=50 µm. G-I are inverted pictures of the H&E stained sections. Scale bar=12.5 µm.
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injured tendons compared to the natural ability of the 
healing response. Perhaps, the first explanation is the 
ability of the collagen implant to maintain continuity 
between the tendon stumps. This characteristic, 
together with the chemo-attractive characteristic 
of the collagen molecules, possibly increased the 
rate of cell migration from the tendon ends and the 
peritendinous tissues to the injured area.

The first step in tendon healing is the inflammatory 

yield load, stiffness, stress, ultimate strain, yield 
strain and modulus of elasticity of the NCTs of the 
treated and control groups (P>0.05).

DISCUSSION

Implantation of the three-dimensional collagen 
implant in a rabbit tendon defect model significantly 
increased the biomechanical performance of the 

Fig. 6. SEM, 120 days after injury. A, D and G) Injured control tendons at different magnification (×1.7, 5, 26K 
respectively). The immature collagen fibrils are randomly arranged and failed to produce fibers or fiber bundles (A). The 
collagen fibrils are not organized and are immature, and are unimodally distributed. Their diameters are small (D and G). 
B, E, H) The injured treated tendons. The fiber bundles (B), fibers (E) and fibrils (H) are formed and are unidirectionally 
aligned. Such differentiation in the hierarchical structure of the collagen is not seen in the injured control area (A and 
D). Although various levels of the collagenic structures of the injured treated area are completely differentiated after 
120 days of injury, the diameter of the collagen fibers and fiber bundles is far behind that of the normal tendon (C and 
F). In normal tendon, the fiber bundles are highly mature (C), and are composed of small fibers (C and F). These fibers 
are highly impacted in these bundles, and they are also composed of highly aligned collagen fibrils (C and F). I) A 
longitudinal section of the normal tendon. The collagen fibers are highly aligned and the mature tenoblasts and tenocytes 
are laid along the longitudinal direction of the collagen fibers.  Magnification for B,E and H are 1.4, 7.7 and 26 and for 
C, F and I are 1.7,4 and 1.16K,  respectively.
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Inflammation plays a key role in tendon healing, 
and without inflammation tendon healing would not 
continue in an effective fashion (3, 9). However, this 
was not evident in our experimental set-up because 
our evaluation time was 120 days after surgical 
application of collagen implants, and we would 
therefore have missed this stage. We indirectly 
followed the inflammatory cells in the later stages of 
tendon healing. In the earlier stages of inflammation, 
numerous neutrophils and macrophages initiate the 
healing process and facilitate fibroplasia (10, 18). 
In the second phase, the fibroplasia stage, immature 

stage, when inflammatory cells infiltrate into the 
injured area (3, 9). Collagen molecules attract 
inflammatory cells (23, 24). The presence of the 
collagenous material in the wound could initiate 
inflammation and increase tissue reaction (24, 25). 
The inflammatory cells possibly migrate during 
the first stage of tendon healing to degrade the 
collagen implant (8, 23). This results in increasing 
inflammation, possibly because of the phagocytosis 
activity of the neutrophils (10). These cells should 
be more numerous than in the control tendons in the 
earlier stages of tendon healing. 

Table I. Scoring criteria used to define the ultrasonographic, gross and histopathological 
findings.

A) Ultrasonographical features of the injured 
tendons 

SCORE 1. Echogenicity 2. Hyperechogenic area/hypoechogenic area of the 
tendons (homogeneity) 

3. Transverse movement of the 
tendon (Index for 
peritendinous adhesion) 

0 normal echogenicity smooth (homogenous) echogenicity freely movement  

1 slightly hyper-echoic non-smooth (heterogeneous) echogenicity (mild) movable in one direction (left or right) 

2 Hyper-echoic non-smooth echogenicity (moderate) movable in one direction with force (left 
or right) 

3 Hypo-echoic Amputated view or non-smooth echogenicity (severe) fixed or non-movable 

  B) Gross pathologic features of the injured 
tendons 

SCORE 1. Peritendinous adhesion 2. Hyperemia Status 

0 No adhesion no hyperemia, shiny glistening surface appearance normal 

1  tendon was easily detached from the 
surrounding tissues by blunt 
dissection 

only in the paratenon mild 

2 for detachment from the surrounding 
tissues, tendon needed little sharp 
dissection 

it was extended to the tendon proper but it was not severe in 
nature 

moderate 

3 for detachment from the surrounding 
tissues, tendon needed completely 
sharp dissection 

it was extensively extended to the tendon proper and made its 
appearance more pink and dark 

severe 

C) Histopathologic features of the injured 
tendons 

SCORE 1. Alignment 2. Perivascular edema Status 

0 most of the collagen fibers were 
longitudinally oriented in only one 
direction and the tenoblasts and 
tenocytes were laid longitudinally 
along their orientation 

No edema normal 

1 collagen fibers were longitudinally 
oriented in one direction pattern but 
there were few areas of unorganized 
collagen fibers in the field 

presence of edema just around small blood vessels mild 

2 collagen fibers were not 
longitudinally oriented and the 
irregular orientation pattern was 
predominant 

Presence of edema around small and medium sized blood vessels moderate 

3 there was no obvious pattern and the 
collagen fibers were disorganized 

Presence of edema around all types of vessels severe 

SCORE 3. Crimp pattern  Status 

0 Crimp pattern was present  normal 

1 Crimp pattern was not present  Far behind normal 

Table I. Scoring criteria used to define the ultrasonographic, gross and histopathological findings.
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Table II. Histopathological findings of the injured treated and injured control tendons, 120 days 
post injury and surgical reconstruction (Quantitative assessments). 

Injured control tendons (left Achilles 
tendon) 

Injured tendons treated with collagen 
implant (left Achilles tendon) 

Mean and Standard Deviation Mean and Standard Deviation P Value

Total cellularity 443.11 ± 16.37 289.17 ± 8.36 0.001* 

Total fibroblasts and fibrocytes 322.14 ± 15.19 222.48 ± 9.68 0.001* 

Immature fibroblasts (tenoblasts)
167.48 ± 12.11 68.73 ± 6.37 0.001* 

Mature fibroblasts (tenoblasts)
121.44 ± 11.34 122.91 ± 3.84 0.972 

Fibrocyte (tenocyte)
22.01 ± 2.53 33.31 ± 2.69 0.001* 

Neutrophils
1.09 ± 0.69 0.97 ± 0.63 0.789 

Lymphocytes
63.51 ± 5.6 39.63 ± 5.2 0.001* 

Plasma cells
2.56 ± 1.12 1.15 ± 0.87 0.428 

Macrophages
33.22 ± 5.67 22.44 ± 2.64 0.001* 

Number of vessels  (total)
32.87 ± 6.26 16.9 ± 3.28 0.001* 

Number of small vessels 
17.29 ± 2.24 10.16 ± 0.98 0.001* 

Number of medium vessels
6.83 ± 0.75 4.72 ± 0.65 0.006* 

Number of large vessels
4.74 ± 1.65 3.1 ± 0.93 0.622 

Diameter of immature fibroblasts (µm) 
7.82 ± 1.13 5.49 ± 0.33 0.001* 

Diameter of mature fibroblasts (µm)
3.31 ± 0.39 2.79 ± 0.36 0.089 

Diameter of fibrocytes (µm)
1.52 ± 0.08 1.24 ± 0.05 0.001* 

Diameter of small vessels (µm)
15.24 ± 0.97 21.6 ± 1.93 0.001* 

Diameter of medium vessels (µm)
42.57 ± 1.85 50.48 ± 1.65 0.001* 

Diameter of large vessels (µm)
81.62 ± 4.31 101.04 ± 3.57 0.001* 

Percentage of collagen density 
23.52 ± 4.03 62.38 ± 3.02 0.001* 

Percentage of cell density 
19.86 ± 1.65 10.62 ± 1.36 0.001* 

Percentage of background density 
48.46 ± 2.9 32.9 ± 2.84 0.001* 

Semi-quantitative scored values  
Crimp pattern   

0.75Mean ± 0.44Sd

1Median (0-1)Min-Max

0.6 ± 0.5 

1 (0-1) 

0.121 

Collagen fibers’ alignment
2.55 ± 0.51 

3 (2-3) 

1.65 ± 0.48 

2 (1-2) 

0.049* 

Perivascular edema
2.8 ± 0.41 

3 (2-3) 

1.6 ± 0.5 

2 (2-3) 

0.001* 

Peritendinous adhesion
2.75 ± 0.44 

3 (2-3) 

1.75 ± 0.44 

2 (1-2) 

0.001* 

Histopathologic fields: n=5. Histopathologic sections: n=5. Tendon samples: n=10. Total 
picture for each group: n=250. Independent sample t-test was used to compare the significant 
differences between the left injured legs of the treated groups and control groups. Significant 

Table II. Histopathological findings of the injured treated and injured control tendons, 120 days post injury and surgical 
reconstruction (Quantitative assessments).

Histopathologic fields: n=5. Histopathologic sections: n=5. Tendon samples: n=10. Total picture for each group: n=250. 
Independent sample t-test was used to compare the significant differences between the left injured legs of the treated 
groups and control groups. Significant differences were determined at confidence interval of 95% and P<0.05. For semi-
quantitative analysis (scoring system) non-parametric Mann Whitney U test was used to define the significant differences 
between groups (P<0.05). Quantitative data are reported as a Mean ± standard deviation and scored values are reported 
as Mean ± standard deviation and they are also reported as median (minimum-maximum). The significant p value is 
indicated with * in the tables. The results are in triplicate.
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fibroblasts are predominant (9). Macrophages, 
lymphocytes and plasma cells are also highly 
infiltrated in this newly regenerated granulation 
tissue (3). However, the number of neutrophils has 
substantially reduced (9).

 The ITTs showed significantly less inflammatory 
cells such as neutrophils, macrophages, and especially 
lymphocytes at 120 DPI, compared to the ICTs, 
suggesting that the inflammatory stage in the ITTs 

had passed faster than in the ICTs. In addition, 
compared to the ICTs, the ITTs showed better 
differentiation, alignment and maturation of the newly 
regenerated collagen fibrils, fibers and fiber bundles. 
The significantly lower cellularity and improved 
tenoblast maturity demonstrated that the ITTs were 
probably in the maturation stage of tendon healing 
(3, 9). Moreover, the imaging results and the gross 
pathological appearance of the ITTs were almost 

Independent sample t-test was used to compare the significant differences between the left injured legs of the treated 
groups and control groups. Significant differences were determined at confidence interval of 95% and P<0.05. The 
significant p value is indicated with * in the tables. 

differences were determined at confidence interval of 95% and P<0.05. For semi-quantitative 
analysis (scoring system) non-parametric Mann Whitney U test was used to define the significant 
differences between groups (P<0.05). Quantitative data are reported as a Mean ± standard 
deviation and scored values are reported as Mean ± standard deviation and they are also 
reported as median (minimum-maximum). The significant p value is indicated with * in the 
tables. The results are in triplicate. 

Table III. SEM. Ultra-structural findings of the injured treated and injured control tendons; 120 
days post injury and surgical reconstruction (Quantitative assessments). 

SEM pictures: n=5. SEM sections: n=5. Tendon samples: n=10. Total picture for each group: 
n=250. Independent sample T-test was used to compare the significant differences between the 
left injured legs of the treated groups and control groups. Significant differences were 
determined at confidence interval of 95% and P<0.05. The significant p value is indicated with 
*.

Injured control tendons (left Achilles) Injured treated tendons  
(left Achilles tendon) 

Mean and Standard Deviation Mean and Standard Deviation P Value 
Diameter of collagen the fibrils (nm) 

39.2 ± 5.02 61.92 ± 3.92 0.001* 
Diameter of the collagen fibers (nm) 

525.14 ± 10.75 546.45 ± 15.96 0.089 
Diameter of the fiber bundles (nm) 

Not developed 2864.75 ± 330.34 0.001* 
Diameter of the fascicles (nm) Not developed Not developed 

Number of the cells  
195.71 ± 9.75 75.72 ± 5.57 0.001* 

Density of the collagen fibrils (%) 
47.03 ± 4.88 65.76 ± 3.9 0.001* 

Cell density (%) 
17.06 ± 1.25 9.97 ± 1.64 0.001* 

Table III. SEM. Ultra-structural findings of the injured treated and injured control tendons; 120 days post injury and 
surgical reconstruction (Quantitative assessments).

SEM pictures: n=5. SEM sections: n=5. Tendon samples: n=10. Total picture for each group: n=250. Independent sample 
T-test was used to compare the significant differences between the left injured legs of the treated groups and control 
groups. Significant differences were determined at confidence interval of 95% and P<0.05. The significant p value is 
indicated with *.

Table IV. Biomechanical findings of the injured treated and injured control tendons, 120 days 
post injury and surgical reconstruction (Quantitative assessments). 

Left Achilles Left Achilles Right Achilles Right Achilles 
Variable Unit Injured Control 

Tendons (1) 
Injured Treat 
-ed tendons (2) 

Normal 
Tendons of the 
control group 

(3)

Normal 
Tendons of the 
Treated Group 

(4) 

P
Value 

(1 vs 2) 

P
Value 

(2 vs 4) 

P
Value 

(3 vs 4) 

Ultimate load 
Newton (N) 41.42 ± 5.77 118.91 ± 16.07 344.07 ± 39.15 349.32 ± 33.09 0.001* 0.001* 0.924 

Yield load  
(N) 29.73 ± 6.65 99.03 ± 15.12 298.92 ± 28.86 303.19 ± 26.79 0.001* 0.001* 0.694 

Stiffness  
(N)/mm 11.7 ± 2.01 59.21 ± 5.06 211.79 ± 28.59 203.32 ± 19.31 0.001* 0.001* 0.915 

Strain  
% 20.44 ± 2.81 13.4 ± 0.88 10.91 ± 0.45 10.62 ± 0.78 0.001* 0.001* 0.802 

Yield strain  
% 17.38 ± 2.33 10.99 ± 1.05 8.24 ± 0.33 7.97 ± 0.38 0.001* 0.001* 0.577 

Maximum stress  
(N)/mm2 11 ± 1.39 18.54 ± 2.32 32.62 ± 4.05 33.31 ± 3.44 0.001* 0.001* 0.976 

Modulus of elasticity  
(N)/mm2 0.53 ± 0.1 1.38 ± 0.23 2.99 ± 0.38 3.15 ± 0.46 0.001* 0.001* 0.898 

Independent sample t-test was used to compare the significant differences between the left 
injured legs of the treated groups and control groups. Significant differences were determined at 
confidence interval of 95% and P<0.05. The significant p value is indicated with * in the tables.  

Table IV. Biomechanical findings of the injured treated and injured control tendons, 120 days post injury and surgical 
reconstruction (Quantitative assessments).



394

outside the injured area, and the newly regenerated 
collagen fibers are more compact and aligned in 
the direction of the collagen fibers of the implant. 
Thus, this tissue engineering manipulation reduces 
peritendinous adhesion. Ambulation on the injured 
leg could improve the alignment of the collagen along 
the stress line in the longitudinal axis of the tendon 
(10). It has been shown that disorganized collagen 
scaffold interferes with fibroblast mediated deposition 
of organized extracellular matrix in vitro (28).

Enhanced alignment improves the maturity 
of the collagen fibrils and fibers, and stress on the 
injured tendons could facilitate the merging of the 
small collagen fibrils and increase their tolerance 
against tensile strength and weight (18, 22). By 
increasing the diameter of the collagen fibrils, the 
biomechanical performance of the injured tendon is 
also increased (9, 16, 17). 

Another explanation for the effectiveness of 
collagen implant on the biomechanical performance 
of the regenerated tissue was the bio- and cyto-
compatibility and biodegradability of the three-
dimensional collagen implant. These characteristics 
are important in the improved structural 
organization and biomechanical properties of the 
ITTs demonstrated in the present study. At 120 DPI, 
the collagen implant was almost fully absorbed, 
and only some small islands of the implant were 
evident in the center of the construct. The tenocytes 
and tenoblasts infiltrated through these parts of 
the collagen implant and aligned in the direction 
of the collagen fibers of the collagen implant. In 
addition, the newly regenerated collagen fibers were 
aligned around them in the same direction. In an 
experimental tendon injury in rabbits, the preserved 
large diameter collagen fibrils in the injured tendons 
treated with hyaluronic acid acted as scaffolds for 
the newly regenerated collagen fibrils (19). These 
newly regenerated collagen fibrils showed greater 
transverse diameter at ultrastructural level compared 
to the controls (19). The three-dimensional collagen 
implants were able to increase the biomechanical 
performance of the regenerated tissue.

Although the xenogenous-based collagen 
implant may have a role in increasing inflammation, 
no evidence of rejection at the injured area of the 
treated tendons was seen at 120 DPI. The results of 
the present study are in accordance with those by 

comparable to the intact tendons at 120 DPI. On the 
other hand, the morphologic characteristics of the 
ICTs showed that the healing process, although not 
in the inflammatory stage, did not match with further 
stages of tendon healing (10, 17). This suggests that 
the healing process was not properly initiated and did 
not continue in an effective manner. The high degree of 
inflammatory cell infiltrate together with the presence 
of disorganized immature collagen fibrils, degenerative 
changes, and several immature blood vessels observed 
in the ICTs suggests that the unassisted injured tendon 
defect failed to produce tendinous tissue, so that a loose 
areolar connective tissue, far from a normal tendinous 
tissue, was formed in the ICTs. 

One of the most clinically relevant issues after 
tendon injury is the development of peritendinous 
adhesion (26). Prolonged inflammation increases 
peritendinous adhesions, as continuous inflammation 
initiates a longer fibroplasia phase so that fibroblasts 
migrate and release their collagen constituents at 
different directions of the lesion (3, 9). In normal 
healing, the epitenon and paratenon are damaged, 
and the fibroblasts are free to migrate and proliferate 
in all directions (20). The proliferation phase is 
more severe and prolonged if the blood vessels are 
damaged because more fibrin is deposited in the 
lesion (21). The fibrin clot in the injured area acts 
as a scaffold for fibroblasts and produces more 
peritendinous adhesions (3). 

In the present experiment, the ITTs showed 
significantly lower amounts of peritendinous 
adhesions around the injured area. Two different 
mechanisms could be proposed for this finding. 
The first is the ability of collagen to initiate and 
increase inflammation (23, 24, 27). Based on these 
morphological results, it should be highlighted that 
the collagen implant did not prolong the inflammation 
but possibly increased its quality and rate. By 
increasing infiltration of the inflammatory cells, 
the fibrin clot is degraded and absorbed faster than 
with lower inflammatory response (3, 9, 18). The 
second mechanism could result from attraction of the 
fibroblasts by the collagen implant and migration of 
these cells in the direction of the implant fibers (8, 23). 
Collagen is a potent chemo-attractant for fibroblasts in 
vivo, and this accelerates repair of the damaged tissue 
(8). By this mechanism, tenoblast proliferation is more 
beneficial, because the implanted collagen is not laid 
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Allman et al. (27), who showed that implantation 
of porcine extracellular matrix in mice initiated 
an immune response consistent with a remodeling 
reaction rather than rejection.

The major merit of the collagen implant is that, 
unlike tendon xenografts, there is no need for immuno-
suppression and, because the implant integrates 
with the newly regenerated tissue and is eventually 
completely absorbed, it bestows its characteristics on 
the new tendon but does not remain part of it, as is the 
case with some other prostheses (29). For example, 
Nishimoto et al. (30) found that after implantation of a 
poly-L-lactic acid based prosthesis in a ligament defect 
model in rabbits, despite excellent biomechanical 
properties of the repaired area, the implant was not 
degraded and no new tissue had replaced the scaffold 
after 16 weeks. Sato et al. (1) investigated several 
different synthetic-based artificial tendons (e.g. 
polylactic acid), the mechanical properties of which 
declined over 26 weeks, but were not replaced by new 
ligaments. In contrast with these findings, and in line 
with ours, Gigante et al. (8), using a highly aligned 
bilamellar membrane of type I purified equine collagen 
in a multi-lamellar conformation to augment a patellar 
tendon defect model in rabbits, found that the scaffold 
was incorporated with the native tendon. In addition, 
Enea et al. (7), working with a patellar tendon defect 
in a sheep model and using an experimental protocol 
similar to ours, but with a different type of collagen 
implant, found that it was incorporated into the 
repaired tissue after 3-6 months.

This study has some limitations. A major limitation 
was that the short-term effect of the collagen implant 
on tendon healing was not investigated. This was 
because we were not sure about the effectiveness 
of the collagen implant on large tendon defect 
models in rabbits. Therefore, we decided to let the 
healing process progress, and investigate only the 
final outcome. Another limitation is the methods of 
observation. For example, we did not use ELISA 
tests to define the pro-inflammatory cytokines 
and matrix metalloproteinases. Perhaps, further 
biochemical studies combined with the results of the 
present study in future investigations will enable to 
describe in greater details the mechanism of action 
of the collagen implants on tendon healing in vivo. 

In conclusion, the hybridized nano-micro-
structured three-dimensional collagen implant 

produced a newly regenerated tendinous tissue 
that was morphologically and biomechanically 
close to intact tendons after 120 days of injury in 
a large tendon defect model. This type of collagen 
implant was not rejected, was biodegradable and 
biocompatible, and was well tolerated in vivo. 
Application of such collagen implant may have 
some value in the clinical setting. However, studies 
on different species and clinical trials are needed to 
confirm the results of the present study.
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Measurement of serum glycopeptidolipid core IgA antibody (GPL antibody) was recently reported 
to show a high sensitivity and specificity for diagnosing Mycobacterium avium-intracellulare complex 
(MAC) pulmonary disease (MAC-PD), but its clinical value has not been confirmed. This study aims to 
evaluate the seropositive rate in patients with suspected MAC-PD based on chest computed tomography 
(CT), and to examine whether GPL antibody reflects the extent of lung involvement on CT or the 
number of bacteria in sputum, retrospectively. Among 66 patients with suspected MAC-PD on CT, 36 
patients were negative for MAC by culture and 30 were positive. Sputum grades of MAC were evaluated 
by fluorochrome microscopy of sputum smears. The lungs were divided into six regions to assess the 
extent of disease. Serum levels of GPL antibody were measured with an enzyme immunoassay (cut-off 
value >0.7 U/ml). The GPL antibody positive rate was 19.4% among patients who were negative for 
MAC by culture versus 73.3% among culture–positive patients. The serum level of GPL antibody was 
significantly correlated with the sputum smear grade (r=0.43, p<0.05) and was also correlated with the 
number of lung regions showing MAC-PD features on CT (r=0.43, p<0.05). Some MAC-PD patients 
may have CT features of MAC with positive level of GPL antibody, although the diagnosis cannot be 
confirmed by culture. GPL antibody levels reflect the pulmonary burden of MAC, as assessed from the 
sputum smear grade and number of involved regions on chest CT.
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Infection with Mycobacterium avium – 
intracellulare complex (MAC) is the most common 
non-tuberculous mycobacterial pulmonary disease 
(NTM-PD) (1-3). In addition to clinical and 
radiographic features, examination of sputum, 

samples, bronchial washings, or tissue biopsy 
samples has been used for the diagnosis of MAC-PD. 
Isolation of non-tuberculous mycobacteria (NTM) 
by culture and subsequent testing with specific 
DNA probes for M. avium and M. intracellulare are 
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antibody. The diagnostic sensitivity of this antibody 
was also examined in MAC-PD patients who met 
the diagnostic criteria for NTM according to ATS/
IDSA (2), as well as in MAC-PD patients who did 
not meet all of the criteria. Furthermore, whether 
GPL antibody reflects the burden of infection was 
investigated by comparing the antibody level with 
the number of lung regions showing lesions on 
chest CT, and with the number of bacteria in sputum 
samples on microscopic examination. 

MATERIALS AND METHODS

Subjects
This study investigated 66 patients who attended 

Maebashi Red Cross Hospital between June 2012 and June 
2013, retrospectively. Patients receiving anticancer agents, 
steroids, or immuno suppressive agents were excluded. 
Patients with suspected MAC-PD based on chest CT 
findings were enrolled. TB was excluded by the polymerase 
chain reaction (PCR), by enzyme immunoassay for TB 
of colonies grown from samples, or by the interferon-g 
release assay of peripheral blood (QuantiFERON®-TB 
Gold, Japan BCG Laboratory, Tokyo, Japan; or T-spot® 
TB, Oxford Immunotec, Oxford, UK). Treatment of 
sputum samples for culture of mycobacteria and isolation 
of DNA from sputum or bronchial washings for PCR were 
performed as described previously (10).

Patients were divided into two groups. Group A was 
composed of 36 patients with features of MAC-PD on 
chest CT who were negative for MAC by culture, smear, 
and PCR. Group B was composed of 30 patients with 
features of MAC-PD on chest CT who had at least one 
positive culture and were positive for MAC by PCR. 
The final diagnosis of MAC species of M. avium, M. 
intracellulare, or M. avium-intracellulare complex was 
carried out by PCR. Group B was further divided into 
two subgroups. Patients who met the diagnostic criteria 
for NTM in the ATS/IDSA statement were classified as 
having definite MAC-PD (2). This subgroup met the 
following microbiological criteria: i) positive cultures 
from at least two separate sputum samples and ii) positive 
culture from at least one sample of bronchial washings 
(lavage fluid). The patients who did not meet these 
criteria were classified as having probable MAC-PD and 
this subgroup had only one positive sputum culture. The 
present study was conducted according to the guidelines 
of the Declaration of Helsinki and all patients gave 
informed consent.

CT findings and smear grade
All patients underwent chest CT, and were suspected 

generally performed. However, it is not always easy 
to obtain sputum samples or bronchial washings, 
and recovery of NTM from clinical samples can 
sometimes be difficult.  Although the 2007 American 
Thoracic Society (ATS)/Infectious Disease Society 
of America (IDSA) guidelines simplified the 
diagnosis of NTM-PD, there are some patients who 
do not fit these diagnostic criteria (2, 4). Therefore, it 
has been hoped that novel diagnostic tools for NTM 
will be developed.

The glycopeptidolipid (GPL) core is a common 
structure of GPL antigen, which is a major cell surface 
antigen of MAC that is not present on M. tuberculosis 
or M. Kansasii (5, 6). Recently, measurement of 
the serum level of IgA antibody specific for the 
GPL core (GPL antibody) has been reported to 
be a useful diagnostic tool for MAC-PD and for 
differentiating MAC from pulmonary tuberculosis 
(TB) and M. Kansasii infection (7-9). When GPL 
antibody was measured by enzyme immunoassay, 
its level was higher in MAC-PD patients who had 
larger nodular lesions (10-30 mm) compared with 
patients who had smaller nodular lesions (<10 mm), 
and its level showed a weak correlation with the 
number of involved segments on CT when the lungs 
were divided into 18 segments (7). The sensitivity 
of GPL antibody for MAC-PD was 84.3% and the 
specificity was 100% when a cut-off value > 0.7 U/
ml was employed.  Analysis of the relation between 
antibody levels and the features of MAC on chest 
radiographs showed that the GPL antibody level was 
higher in the nodular bronchiectatic type than in the 
fibrocavity subtype (8). Furthermore, the usefulness 
of serodiagnosis with GPL antibody was reported 
in the United States, although high antibody levels 
were also found in patients with infection caused by 
M. abscessus and M. fortuitum (9).

The present study was performed to further 
investigate the usefulness of serodiagnosis with GPL 
antibody in clinical practice. From the findings on 
plain chest X-ray films, MAC-PD is divided into 
two types (nodular bronchiectatic and fibrocavity) 
according to the ATS/IDSA statement, but chest CT 
scanning is usually performed as well (2). In the 
present study, the serum level of GPL antibody was 
measured in patients who were suspected to have 
MAC-PD from chest CT findings, which have not 
previously been assessed in comparison with GPL 
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Wallis test and Dunn’s multiple comparison test as a 
post-hoc analysis. Statistical significance was accepted at 
*p<0.05.

RESULTS

The characteristics of group A (n=36) and 
group B (n=30) are shown in Table I.  There were 
no significant differences in age, body mass index 
(BMI), and smoking history (pack-years). In group 
A, bronchial lavage was carried out for 6/36 and 1 of 
the 6 patients was positive for serum GPL antibody. 
In group B, 5/30 patients underwent bronchial 
lavage and 3 of the 5 patients were positive for GPL 
antibody. Among the mycobacterial species isolated, 
M. avium - intracellulare complex was most frequent 
in group B.

The main CT finding suggestive of MAC-PD 
was bronchiectasis in group A versus centrilobular 
changes in group B. Cavitation was more frequent 
in group B compared with group A (Fig. 1). GPL 
antibody was positive in 7/36 patients (19.4%) from 
group A and 22/30 patients (73.3%) from group B 
(using a cut-off value >0.7 U/ml).

The serum level of GPL antibody was significantly 
higher in group B (5.4±6.4) than in group A (0.8±1.9) 
(*p=0.0002, Fig. 2). When group B was further 
divided into patients with definite MAC (n=23) 
and patients with probable MAC (n=7), the serum 
level of GPL antibody was higher in the definite 
MAC subgroup (6.4±6.8) than the probable MAC 

as having MAC-PD based on the findings. The CT 
features of MAC-PD were classified according to 
previous studies with addition of the hypersensitivity 
type: i) bronchiectasis; ii) cavitation; iii) centrilobular 
nodules (defined as multiple, well-circumscribed areas of 
increased attenuation around the terminal or respiratory 
bronchioles, with the majority of the nodules being about 
5 mm in size); iv) consolidation; v) larger nodules (>10 
mm); and vi) hypersensitivity. The hypersensitivity type 
is MAC hypersensitivity pneumonitis associated with 
exposure to MAC (11-13). The CT scans were assessed by 
two physicians and one radiologist. On chest CT, the lungs 
were divided into six regions: right upper lobe (RUL), 
right middle lobe (RML), right lower lobe (RLL), left 
upper lobe (LUL), lingula (Lg), and left lower lobe (LLL). 
Smears were graded by microscopy with fluorochrome 
staining from 1+ (1-9 organisms per 10 high-power fields) 
to 4+ (>90 organisms per high-power field) according to 
the ATS/IDSA statement (2, 14).

Measurement of serum GPL core IgA antibody
Measurement of serum GPL antibody levels was 

performed by enzyme immunoassay according to the 
manufacturer’s instructions (Tauns Laboratory Inc., 
Shizuoka, Japan). The cut-off value was set at 0.7 U/ml, 
and levels > 0.7 U/ml were defined as positive, as reported 
previously (8). 

Statistical analysis
Results are expressed as the mean ± SD. The significance 

of differences between two groups was calculated by the 
Mann-Whitney U-test. Correlations were assessed with 
Spearman’s rank correlation coefficient analysis. The GPL 
antibody levels in lobes were compared using the Kruskal-

Table I. Characteristics of the patients. 

Patients of group A were MAC-PD suspected by CT, but negative for MAC by sputum smear, PCR and culture. Patients 
of group B were MAC-PD suspected by CT, and positive culture for MAC. Smoking history was shown current (cur), ex-, 
and never smoker. Parameters are shown as mean (±SD). 

Table I. Characteristics of the patients 

Patients of group A were suspected MAC-PD by CT, but negative for sputum smear, PCR 
and culture for MAC  and patients group B were  suspected MAC-PD by CT, and culture 
positive for MAC.  Smoking history were shown current (cur-), ex-, and never smoker.
Parameters are shown as mean (±SD)

Group A B
n 35 30

Age, years 68.3(11.8) 71.7(10.9)
M/F 17/19 15/15
BMI 21.0(3.7) 19.8(3.6)

smoking history, pack years 10.2(16.1) 15.3(21.2)
cur, ex-, never 2, 16, 18 0, 16, 14
MAC species

M. avium 10
M. Intracellulare 5
M. avium and intracellulare 15
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were positive for GPL antibody.
In group B, the serum level of GPL antibody 

was significantly correlated with the sputum smear 

subgroup (1.9±2.4) (p=0.091, Fig. 3). In the definite 
MAC subgroup, 17/23 patients were positive for 
GPL antibody, and the sensitivity of this antibody for 
MAC-PD was 73.9% (cut-off value >0.7 U/ml). In 
the probable MAC subgroup, 3/7 (42.9 %) patients 
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Fig. 1.  The number of patients with each chest CT feature 
of MAC pulmonary disease (MAC-PD) in group A (MAC-
PD suspected by CT, but negative for MAC by sputum 
smear, PCR, and culture) and group B (MAC-PD suspected 
by CT and positive culture for MAC).  BE: bronchiectasis; 
Cav: cavitation; Cen: centrilobular nodules; Con: 
consolidation; Nod: nodules; hypersensitivity.
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Fig. 2. Serum levels of GPL antibody in group A (MAC-
PD suspected, but negative for MAC by sputum smear, 
PCR, and culture) and group B (MAC-PD suspected 
by CT and positive culture for MAC). The antibody 
level was significantly higher in group B than in group 
A (*p=0.0002). Horizontal bars indicate mean GPL 
antibody levels in each group.
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Fig. 3. Serum levels of GPL antibody in group B patients 
with definite MAC-PD (23 patients meeting the criteria 
for MAC-PD in the ATS/IDSA statement) and group B 
patients with probable MAC-PD (7 patients not meeting 
the criteria for MAC-PD in the ATS/IDSA statement). 
The GPL antibody level was higher in the definite 
subgroup than in the probable subgroup (p=0.09) but 
was not statistically significant. Horizontal bars indicate 
mean GPL antibody levels in each group. Statistical 
significance: *p<0.05.

Fig. 4. Correlation between the serum level of GPL 
antibody and the sputum smear grade determined by 
microscopy in group B. Five patients who underwent 
bronchial lavage had grade 0 sputum smears.  There was 
a significant positive correlation between the serum level 
of GPL antibody and the sputum smear grade (r=0.43, 
*p=0.02).
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for MAC by sputum smear, PCR, and culture (group 
A). As a result, GPL antibody was positive in 19.4% 
(using a cut-off value > 0.7 U/ml). It was reported 
that only 10 out of 100 patients who showed positive 
cultures for MAC were diagnosed as having MAC-
PD with bronciectasis (15). GPL antibody has been 
proven to show a high sensitivity (84.3%) and high 
specificity (100%) for MAC-PD, and serodiagnosis 
was reported to be useful for distinguishing among 
MAC-PD, MAC contamination, pulmonary TB, other 
lung diseases, and healthy subjects (8). A considerable 
number of MAC-PD patients in group A showed 
negative culture of sputum or bronchial washings in 
the present study. Bronchiectasis was most frequent 
in group A, and MAC infection has been reported 
to promote the development of bronchiectasis (11, 
16). Patients who are positive for GPL antibody but 
negative for MAC by culture need to be observed 
carefully, and performing further examinations such 
as bronchial lavage is recommended. Although GPL 
antibody shows a high sensitivity and specificity for 
MAC-PD, it has been reported that antibody levels 
are also high in patients with M. abscessus and M. 
fortuitum infection or immuno-competence  (9, 17, 
18). Identification of the correct species is important 
(19), emphasizing the need to make efforts to obtain 
samples and perform culture.

The present study showed that the GPL antibody 
level was significantly higher in culture-positive 

grade (r=0.43, *p=0.02, Fig. 4). In group B, five 
patients underwent bronchial lavage. Before lavage, 
the sputum smear grade of these 5 patients was 0, 
so the smear grade was set as 0 when assessing its 
correlation with GPL antibody levels.  In group B, 
the serum level of GPL antibody was correlated 
with the number of lung regions showing features of 
MAC-PD (r=0.43, *p=0.02, Fig. 5). GPL antibody 
levels were not statistically different between lobes 
(Fig. 6).   

DISCUSSION

There are many pulmonary diseases with similar 
chest CT findings to MAC, including TB, diffuse 
panbronchiolitis, chronic obstructive pulmonary 
disease, sarcoidosis, interstitial pneumonia, and 
sometimes hypersensitivity pneumonitis (2), so 
it is not easy to distinguish MAC-PD from other 
conditions. A previous study showed that chest CT 
findings were related to the pathological features of 
MAC-PD (11).  

Based on this previous report on the chest CT 
findings of MAC (11), the present study investigated 
serodiagnosis with GPL antibody in patients who had 
suspected MAC-PD by chest CT, but were negative 
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Fig. 5. Correlation between the serum level of GPL 
antibody and the number of lung regions with features of 
MAC-PD on chest CT in group B. The lungs were divided 
into the following 6 regions: right upper lobe (RUL), right 
middle lobe (RML), right lower lobe (RLL), left upper lobe 
(LUL), lingula (Lg), and left lower lobe (LLL). There was 
a significant positive correlation between the serum level 
of GPL antibody and the number of lung regions showing 
features of MAC-PD on chest CT scans (r=0.43, *p=0.02).

Fig. 6. Comparison of GPL antibody levels of each lobe 
in group B.  The lungs were divided into RUL, RML, RLL, 
LUL, Lg, and LLL. There were no statistically significant 
differences between the lobes of the serum levels of GPL 
antibody. 
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reported to be useful for distinguishing MAC from 
TB, and this dual skin test was also reported to be 
useful for avoiding misdiagnosis of latent TB (20, 
21). Therefore, further diagnostic methods for MAC-
PD need to be developed.

In conclusion, some patients who have chest CT 
findings consistent with MAC-PD are negative for 
MAC by culture and other patients with positive 
chest CT findings have insufficient positive culture 
results to fit the diagnostic criteria (2).  Since 
measurement of serum GPL antibody show a high 
specificity for MAC-PD, a positive antibody test 
supports the diagnosis of this disease. The level of 
GPL antibody was shown to reflect the burden and 
spread of MAC infection in the lungs, but whether 
this antibody indicates the progression of MAC-PD 
or the response to treatment remains unknown. A 
recent study revealed that progressive lung disease 
due to MAC is associated with specific VNTR 
genotypes (22). Whether the GPL antibody level 
reflects the progression of MAC-PD in association 
with specific VNTR genotypes also needs to be 
investigated further.
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The molecular mechanisms involved in the 
physiological adaptation to exercise are not fully 
understood. Adaptation is predominantly driven by 
changes in gene expression, which may be governed 
by exercise-induced modifications to the epigenome 
(1).  Epigenetics is the study of phenotypic or gene 

expression patterns heritable through cell division 
that are independent of changes in the underlying 
DNA sequence (2). Epigenetics has also been defined 
more broadly as the dynamic regulation of gene 
expression by sequence-independent mechanisms, 
including changes in DNA methylation and histone 
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chronic inflammation and altered expression 
of the DNA methyl transferase gene (DNMT1) 
with chronic exposure of cells to inflammatory 
mediators such as the cytokine IL-6 (8). In contrast 
to chronic inflammation, exercise induces an acute 
and transient stress to the human body. Presently, 
DNA methylation changes associated with acute 
exercise-induced elevations in IL-6 is unknown. 
Interleukin-6 is a pleiotropic cytokine with a 
wide range of biological activities (9, 10), such as 
support of erythropoeisis, regulation of immune 
system responses and generation of acute phase 
reactions (11) as well as having a metabolic role 
inducing counterregulatory hormones (12). The aim 
of this study was to characterise DNA methylation 
profile in peripheral blood mononuclear cells 
(PBMC) following a bout of prolonged exercise 
using a genome-wide approach and to evaluate the 
relationship between plasma IL-6 concentrations 
and individual gene methylation status. 

MATERIALS AND METHODS

Recruitment and ethics
Eight endurance-trained males were recruited and 

provided written informed consent to take part in the 
study. All participants were free from any symptoms of 
illness for at least four weeks prior to, and until completion 
of the study. None were taking anti-inflammatory 
pharmaceuticals or vitamin supplements or any other 
medications. 

Exclusion criteria included any chronic medical 
condition and a history of any condition resulting in a 
prolonged period (greater than six months) of fatigue. The 
study and the informed consent procedure was approved 
by the Northumbria University Faculty of Health and Life 
Sciences research ethics committee and was performed in 
accordance with national and international frameworks 
(13, 14).

Preliminary testing
Prior to completion of the main trials, participants’ 

maximal oxygen uptake (VO2max) and running velocity at 
VO2max(vVO2max) were obtained on a motorised treadmill 
(hp Cosmos Pulsar, Germany). Initial treadmill speed was 
set at 12 km•h-1 on a 1% gradient, and increased by 1 km•h-

1 every three minutes until volitional exhaustion. Expired 
gas was measured throughout via an online breath-by-
breath analyser (Cortex meta analyser 3B, Germany), 
and heart rate was measured during the last thirty seconds 
of each stage via short range telemetry (Polar RS400, 

modifications (3) that also include acetylation, 
ubiquitination, sumoylation and phosphorylation, all 
of which play central roles in silencing or activating 
gene expression. The present study will focus 
specifically on DNA methylation. 

DNA methylation and transcriptional regulation
DNA methylation preferentially occurs at the 

C5 position of cytosines in the CG motif, forming 
5’-methylcytosines that account for approximately 
1% in the mammalian genome (4). In eukaryotes the 
presence of methylated cytosines in a gene’s promoter 
is associated with transcriptional repression. Thus, 
hypermethylation of a gene’s promoter CpG region 
acts to silence gene expression; hypomethylation 
of a gene’s promoter CpG region on the other hand 
is associated with transcriptional activation (5). In 
addition to changes in promoter methylation, DNA 
methylation can repress gene expression by blocking 
the binding of transcription factors to enhancers. 
Several transcription factors can bind to a particular 
sequence of unmethylated DNA but cannot bind 
to that DNA if one of its cytosines is methylated; 
methylated cytosines can recruit the binding of 
proteins that regulate histone activity.

Whilst the epigenome is tightly regulated, 
studies have demonstrated that DNA methylation 
in both human and animal tissue can be perturbed 
by environmental stimuli including exercise (6). 
Indeed, a single exercise session has been shown 
to affect DNA methylation status in muscle tissue 
that results in gene expression changes, providing 
evidence for a dynamic role of DNA methylation 
in gene expression regulation (6). Specifically, 
Barrès and co-workers (6) showed that exercise 
could demethylate the promotor regions of genes 
associated with metabolic signalling such as PGC-
1α, PPAR-δ and PDK4. Findings indicated that 
the amount of demethylation correlated with the 
intensity of the exercise, with individuals who had 
cycled with higher intensity showing the greatest 
gene demethylation and transcriptional activation.

It is known that exercise will elevate circulating 
levels of the pro-inflammatory cytokine interleukin-6 
(IL-6) to a magnitude increase – depending on 
duration and intensity – of 100-fold over baseline 
(7). Previous research has shown that abnormal 
DNA methylation patterns are associated with 



PROOF

409Journal of Biological Regulators & Homeostatic Agents

Kit™; Zymo, Orange, USA). Bi-sulfite treatment of 
DNA samples converts unmethylatedcytosines to uracils, 
whereas methylated cytosines are protected and remain 
cytosine. The original methylation status is subsequently 
established by determining whether a base at a given locus 
was converted to a uracil.

llumina® Infinium® Methylation Assay
Quantitative measurements of DNA methylation 

were determined for 27,578 CpG dinucleotides spanning 
14,475 designable RefSeq genes by an Illumina approved 
service provider as per the manufacturer’s instructions. 
The CpG sites were chosen by Illumina to include the 
promoter, 5’, and 3’ region of genes. In addition, CpGs 
sites were chosen to cover CpG islands and shores, CpG 
sites outside of CpG islands, as well as Disease-associated 
regions identified through genome wide association 
studies. Bisulfite-treated whole genome amplified DNA 
was hybridised to locus-specific DNA oligomers linked to 
individual bead types representing each CpG locus – the 
methylated (C) and the unmethylated (T). The resulting 
DNA methylation beta values were continuous variables 
between 0 and 1, representing the ratio of the intensity of 
the methylated bead type to the combined locus intensity. 

Data analysis
Cytokine data are presented as mean ± S.D. Data was 

analysed using SPSS version 19. To examine the sphericity 
of the data, Mauchly’s test of sphericity was used, with a 
Greenhouse-Geisser correction applied for any violations. 
To examine whether there was a significant increase in 
plasma IL-6, a one-way repeated analysis of covariance 
was conducted, with a Bonferroni adjustment where 
necessary. The accepted level of statistical significance 
was set at p≤0.05. 

Quality control and analysis of the methylation data 
was conducted using the R statistical software platform 
and BioConductor suite of packages. Each CpG site was 
assessed to determine whether methylation was altered 
by a bout of exercise immediately and 24 hours post 
exercise. The analysis was carried out using LIMMA 
on a CpG-site by CpG-site basis, adjusting for CHIP 
to account for any batch effects. Multiple testing was 
adjusted for using the Benjamini-Hochberg method. The 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) v6.7 was used to identify enriched 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways (16). In addition, Ingenuity pathway analysis 
(IPA; www.ingenuity.com; a curated database of the 
relationships between genes obtained from published 
articles, and genetic and expression data repositories) was 
used to identify biological pathways common to genes 
with altered methylation (p<0.001, before adjusting for 

Finland) The test was considered maximal if a minimum 
of two of the following were fulfilled; a change in VO2 
less than 2 mL•kg-1•min-1 across the last two stages; a 
minimum respiratory exchange ratio of 1.15 and a heart 
rate greater than 90% age predicted maximum (calculated 
as 220-age).

Experimental trials
To control for nutritional status, participants were 

asked to keep a food diary for the 24-hour period prior 
to their first main trial and then repeat the same food 
intake the day before the resting sample. Participants were 
instructed to abstain from exercise, alcohol and caffeine 
for the twenty-four hour period preceding each trial and 
until the final blood sample was collected the following 
day. On the day of the main trials, participants arrived 
at the laboratory at 09:00 after a twelve-hour fast during 
which they could consume water ad libitum. They were 
asked to empty their bladder after which their height and 
body mass were obtained. They were then seated for 
a period of ten to fifteen minutes, when a blood sample 
was obtained from an antecubital vein into vacutainers 
(PRE). Following this, participants underwent a protocol 
known to induce moderate elevations in circulating IL-6 
concentration (15). This consisted of a two-hour run at 
60% VO2max interspersed with sprints at 90% VO2max for the 
last thirty seconds of every ten minutes. On completion 
of the endurance run participants then completed a 5-km 
time trial after which a second blood sample was obtained 
(POST). A final blood sample was obtained the following 
morning, after a twelve hour fast (POST24). Laboratory 
environmental conditions throughout the study were 
20.0±1.4°C and 38±6% relative humidity.

Plasma IL-6 analysis
At each blood sampling point, blood was collected 

in a K3EDTA coated vacutainer that was immediately 
centrigued for 10 min and aspirated.  The supernatant 
was stored at -80°C until later analysis. Plasma IL-6 
concentration was measured in duplicate using a 
commercially available high-sensitivity ELISA (R & D 
systems, Abingdon, UK).  

Peripheral blood mononuclear cell (PBMC) sample prep-
aration 

PBMCs were isolated from blood collected in heparin 
tubes. DNA was extracted from the PBMCs using 
QIAamp® DNA Mini kit (Qiagen, Hilden, Germany) 
as per the manufacturer’s instructions. Since the assay 
determines the proportion of methylated cytosine in 
bisulfite-converted DNA, our DNA samples were 
bisulfite converted prior to analysis. One ug of DNA 
was bisulfite-converted (EZ-96 DNA Methylation-Gold 
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nor 24 h post-exercise (p>0.05, after adjusting 
for multiple testing). Mild degrees of fluctuation 
in global methylation status were observed with 
exercise but after adjusting for multiple testing these 
effects were not statistically significant (Fig. 2, A 
and B). Interestingly, there was more fluctuation 
immediately post exercise than 24 hours post exercise 
(Fig. 2, A and B). Immediately post exercise, 53 CpG 
sites had altered methylation (unadjusted p=0.001), 
however none were significant after adjusting 
for multiple testing. We used DAVID to identify 
enriched KEGG pathways among these genes and 
found none, indicating that this variation may either 
be false positives or perhaps random fluctuation. No 
individual CpG site differed 24 hours after exercise 
(unadjusted p<0.001). 

In contrast, 114 CpG sites showed a correlation 
between IL-6 protein levels and methylation of CpG 
sites (unadjusted p=0.001). Eleven of these CpG 
sites and IL-6 protein concentrations (Figs. 2C, 3A, 
3B and Table I) (p≤0.05) were still significant after 
adjusting for multiple testing with a trend towards 
significance for a further seven CpG sites (p=0.06) 
after adjusting for multiple testing. Although the 
fold changes (Table I) were small, there is a clear 
relationship between IL-6 protein levels and 
individual CpG site methylation (Table I; Fig. 3, A 
and B). DAVID identified enriched KEGG pathways 
among the top 114 genes including the “T cell 
receptor signalling pathway” (p=0.01); “leukocyte 
transendothelial migration” (p=0.02); “natural killer 
cell mediated cytotoxicity” (p=0.02); “primary 
immunodeficiency” (p=0.03) and “systemic lupus 
erythematosus” (p=0.05). 

We used IPA to investigate whether genes altered 
immediately after exercise, or when associated with 
circulating IL-6 (before adjusting the associations 
for multiple testing) shared any common biological 
pathways. Using IPA we identified 17 out of the top 
104 genes associated with circulating IL-6 that were 
overrepresented in genes relating to the inflammatory 
response (p=2.5x10-9). Within these 17 genes, we 
also found a network of six genes (Fig. 4a); central 
to this network is a protein tyrosine phosphatase 
(PTPN6). In addition, among the top 50 genes whose 
methylation was altered immediately after exercise 
we generated a network of 19 interconnected 
proteins that play a role in infectious disease (Fig. 4b; 

multiple testing) immediately and 24 hours post exercise. 
Pathways common to genes whose methylation status 
was associated with circulating IL-6 were looked for. 
IPA determined whether the associated CpG sites were 
significantly enriched in a specific biological function 
or network by assessing direct or indirect interactions. 
Significance was assigned if right-tailed Fisher’s exact 
test p-value <0.05.

RESULTS

All subjects completed the exercise trial with 
mean (±S.D.) age 25±4 years, height 180±5 cm, 
weight 77±9.8 kg and VO2max53±6 mL•kg-1•min-1. 
During the two-hour run, mean exercise intensity 
was 70±5% of VO2max while mean heart rate was 
154±9 beats•min-1 and rating of perceived exertion 
was 11±2 during the pre-load. The time trial was 
completed in a mean time of 1541±315 s, mean heart 
rate during the time trial was 173±14 beats•min-1 and 
rating of perceived exertion was 16±1. 

There was a significant elevation in plasma IL-6 
levels immediately following the bout of prolonged 
exercise, which returned to baseline by 24-h post-
exercise (F=30.190, p≤0.05) (Fig. 1). A bout of 
prolonged exercise did not alter the methylation 
status of any CpG site immediately post-exercise 

Fig. 1. Changes in plasma IL-6 concentrations with exer-
cise. Plasma IL-6 levels (pg•mL-1) before (PRE), immedi-
ately following (Post TT) and 24 hours after (24 h post) a 
bout of prolonged exercise. Plasma IL-6 levels increased 
immediately following the bout of prolonged exercise and 
then returned to baseline 24 h post-exercise (F=30.190, 
p≤0.05). *Significantly higher than Pre and 24 h post 
(p<0.005).
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first time, the effect of an acute bout of prolonged 
exercise on global and specific DNA methylation 
status in PBMCs and exercise-induced elevations 
in circulating IL-6 concentration. Whilst global 
DNA methylation was not altered by an acute bout 
of exercise per se, a relationship was determined 
between site-specific changes in DNA methylation 

Fisher’s exact test p-value: 1x10-45), indicating that 
this network represents true relationships between 
these genes.

DISCUSSION

In the present study we investigated, for the 

Fig. 2. Associations between individual CpG site methylation. Comparison of DNA from PBMCs before and immediately 
following a bout of prolonged exercise (panel A); comparison of DNA from PBMCs before and 24 hours after a bout of 
prolonged exercise (panel B); levels of IL-6 proteins levels measured before, immediately after and 24 hours after a bout 
of prolonged exercise (panel C).
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CpG site  Chromosome  Position  Gene  GENE_ID 
Adjusted 
P‐value 

Fold 
Change 

Correlation R2 

cg20535085  1  158883228  SLAMF1  6504  0.05  1.02  0.743 

cg20395892  12  64869047  IRAK3  11213  0.05  0.99  ‐0.779 

cg03368758  4  16509831  LDB2  9079  0.05  0.98  ‐0.732 

cg02131853  4  38711032  TMEM156  80008  0.05  1.02  0.766 

cg11921829  1  156013554  FCRL2  79368  0.05  0.98  ‐0.768 

cg08999352  9  129587031  CDK9  1025  0.05  0.99  ‐0.743 

cg15518883  9  35640561  SIT1  27240  0.05  1.02  0.759 

cg14870461  3  69144793  AER61  285203  0.05  0.98  ‐0.704 

cg23324787  11  36576270  RAG2  5897  0.05  1.02  0.726 

cg09419900  10  124729456  C10orf89  118672  0.05  0.99  ‐0.729 

cg02992767  X  135557639  CD40LG  959  0.05  1.01  0.717 

cg23580000  16  48879657  ADCY7  113  0.06  0.98  ‐0.803 

cg22566906  12  50685980  GRASP  160622  0.06  0.99  ‐0.685 

cg09076077  20  58063710  C20orf197  284756  0.06  0.98  ‐0.647 

cg22143352  14  74967594  JDP2  122953  0.06  0.99  ‐0.740 

cg12836863  13  31787023  BRCA2  675  0.06  0.98  ‐0.707 

cg18303397  3  130642825  MBD4  8930  0.06  1.02  0.721 

cg00431549  12  14930292  MGP  4256  0.06  0.98  ‐0.713 

 

 

 

 

Gene  Encoded protein  Functional properties of encoded protein 

SLAMF1   Signalling lymphocytic activation molecule 
Induce proliferation and immunoglobulin synthesis by activated human B cells.Important for 
regulation of T‐B cell interaction (22). 

IRAK3  Interleukin‐1 receptor‐associated kinase  A key inhibitor of inflammation in association with obesity and metabolic syndrome [23]. 

LDB2  LIM domain binding 2  
Capable of binding to a variety of transcription factors and are likely to function at enhancers 
to bring together diverse transcription factors. Plays a role in cell migration and normal 
neuronal development (23). 

TMEM156    Unknown 

FCRL2  FC receptor‐like 2 
Transmembrane protein expressed by memory B cells with a potentially negative 
immunomodulatory function (24). 

CDK9  Cyclin‐dependent kinase 9 
CKD family members are important cell cycle regulators – CKD9 specifically involved in 
neutrophil lifespan and inhibiting apoptosis (25). 

SIT1 
Signalling threshold‐regulating 
transmembrane adapter 1 

Important modulator of TCR‐mediated signalling that regulated T‐cell activation, homeostasis 
and tolerance (26) 

AER61    Unknown 
RAG2  Recombinant activating gene 2  Involved in the initiation of V(D)J recombination during B and T cell development (27). 
C10orf89    Unknown 

CD40LG  CD40 ligand 
Expressed on the surface of T cells. Involved in regulation of B cell function by engaging CD40 
on to B cell surface (28). 

ADCY7  Adenylate cyclase 7 
Catalyses the formation of cyclic AMP from ATP and is inhibitable by calcium. Involved in 
modulation of mood and identified as a risk factor for depression (29). 

GRASP/GRP1 
General receptor for phosphoinositides 1‐
associated scaffold protein 

A molecular scaffold protein linking receptors to neuronal proteins (30). 

C20orf197    Unknown 

JDP2   Jun dimerization protein 2 
Involved in inducing cellular senescence and suppressing adipocyte differentiation by 
regulating histone modification (31). 

BRCA2  Breast cancer 2 
This gene is involved in maintenance of genome stability, specifically the homologous 
recombination pathway for double‐strand DNA repair. BRCA2 is considered a tumour 
suppressor gene, gene mutations associated with risk of breast or ovarian cancer (32). 

MBD4  Methyl‐CpG binding domain 4  
Mediates biological consequences of methylation signal and may have some function in DNA 
repair (33). 

MGP   Matrix GLA protein 
Matrix Gla protein (MGP), an inhibitor of calcification, limits calcium phosphate deposition in 
the vessel wall – play a role in prevention of coronary heart disease, hypertension (34). 

 

Table I. CpG sites correlated IL-6 concentration.

Table II. Functional properties of encoded proteins, whose gene methylation is associated with Il-6 protein levels.

P.J. ROBSON-ANSLEY ET AL.



PROOF

413Journal of Biological Regulators & Homeostatic Agents

metabolic syndrome (17), was inversely associated 
with plasma IL-6 concentrations. In our study, we 
showed that acute transient increases in IL-6 during 
exercise were associated with demethylation of 
IRAK3, potentially impacting upon transcriptional 
expression. The consequence of elevated IRAK3 
being regulation of plasma IL-6.

A similar observation was evident between MGP 
methylation status and IL-6 concentration; MGP 
acts as an inhibitor of calcium deposition in vessel 
walls and plays a role in the prevention of coronary 
heart disease (18). Matrix Gla protein, synthesised 
by chondrocytes and vascular smooth muscle cells, 
has been shown to be a strong inhibitor of vascular 

of CpG sites in 11 individual genes (Table I) and 
exercise-induced IL-6 protein levels. These findings 
suggest that changes in the DNA methylation pattern 
may have some regulatory role on IL-6 levels 
following an acute bout of prolonged exercise.

Although the biological role of some of these 
CpG sites in relation to IL-6 activity has yet to be 
determined, some of the genes (descriptions of 
proposed functional properties of encoded proteins 
provided in Table II) are involved in inflammatory 
processes and are suggested to play a role in diseases 
associated with inflammation. For example, we 
observed that methylation of IRAK3, a key inhibitor 
of inflammation associated with obesity and 

Fig. 3. IL-6 protein levels and methylation of genes. Individual plots of IL-6 protein levels and methylation of genes that 
were significantly (panel A) and closely (panel B) associated with IL-6 proteins following a genome wide methylation 
scan (Table I). The x-axes represent methylation (beta values ~ intensity of the methylated bead type / combined locus 
intensity) of individual CpG sites for the corresponding genes (see Table I). The y-axis represents of IL-6 protein levels 
(pgmL-1): pre (open circles); post (crosses); and 24 h post (closed circles) a prolonged bout of exercise.
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Fig. 4. Pathway analysis of associated genes. We found a limited number of CpG sites were associated with circulating 
IL-6, and none were altered immediately after exercise after adjusting for multiple testing. We used IPA to assess if genes 
that were associated with our outcomes of interest (before adjusting for multiple testing) were enriched in biological 
pathways.  Using IPA we identified that 17out of the top 104 genes associated (before adjusting for multiple testing) with 
circulating IL-6 that were overrepresented in genes relating to the inflammatory response. Within these 17 genes, we 
identified a network of 6 genes known to be related to the inflammatory response (panel A). We also found that nineteen 
out of the top fifty genes whose methylation status was altered immediately after exercise (before adjusting for multiple 
testing) were enriched in networks important in Infectious disease (panel B). The genes with diagonal stripes have in-
creased methylation and those with checkered patterns have decreased methylation. The genes in grey are those whose 
methylation was not altered after exercise but are shown to complete pathway links. Proteins are depicted as nodes in 
various shapes representing the functional class of the protein. Lines depict the biological relationships between nodes. 
Circular lines or arrows represent self-regulation.
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stress on the human body, resulting in an immune 
response (21) and IL-6 elevation (10). Therefore it 
would be expected that gene pathways associated 
with the immune response, including “leukocyte 
transendothelial migration”, “natural killer cell 
mediated cytotoxicity” and “infectious disease”, 
be enriched due to their functional interaction with 
cytokine processes.

In the present study, we found associations between 
elevated protein concentrations of IL-6 and altered 
methylation of genes that potentially regulate IL-6 
and the inflammatory response, such as IRAK3or, 
potentially act downstream of increasing plasma IL-
6, such as MGP, that protect the vasculature from 
adverse inflammatory processes. We suggest further 
studies to include mRNA expression analysis of 
IRAK3 and MGP genes associated with methylation 
and demethylation in response to exercise to confirm 
interaction with IL-6. These were not within the 
scope of the present study but warrant further 
exploration.

Presently, we cannot draw a conclusion as 
to whether differential IL-6 expression is a 
consequence rather than a cause of changes in 
methylation. It is not clear whether changes in DNA 
methylation subsequently regulate IL-6 production 
or altered IL-6 levels change the methylation of 
some gene promoters. It is plausible that there may 
be synergistic interaction between DNA methylation 
changes and IL-6 concentrations. 

In summary, our study provides novel data 
suggesting that exercise-induced temporal increases 
in systemic IL-6 concentration are associated with 
dynamic alterations in DNA methylation status in 
certain genes, although the physiological relevance 
of these preliminary findings requires further study. 
Nonetheless, the data add support to the growing 
body of research indicating the potential impact 
of the external environment on DNA methylation 
in humans, which may provide an intermediate 
step between environment and chronic lifestyle-
associated diseases. 
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calcification (19). Inflammatory processes play an 
important role in the development of adverse vascular 
events and have been associated with cytokines, 
namely IL-6, tumour necrosis factor-α (TNF-α) as 
well as C-reactive protein (19). Our data suggest 
that elevations in IL-6 concentration are associated 
with demethylation (activation) of the MGP gene 
as a potential mechanism to protect the vasculature 
from elevated levels of IL-6. We propose that these 
‘dynamic’ changes in the methylation status of 
genes such as IRAK3 and MGP are essential for 
appropriate regulation of IL-6 and physiological 
responses mediated by the cytokine following an 
acute bout of exercise. Whilst our findings indicate 
that overall an acute bout of exercise does not affect 
methylation globally, a novel finding itself, we were 
able to correlate the methylation status of individual 
genes to IL-6 concentrations and tentatively suggest 
that the acute effects of exercise on methylation may 
be site-specific. 

These findings suggest that the epigenome is 
dynamic and can change due to environmental 
exposures/stressors such as exercise. The effects 
of short-term versus chronic alterations in the 
inflammatory environment on DNA methylation/
gene expression and physiological changes warrant 
further study and were not the scope of the present 
investigation. 

Research demonstrates that epigenetic factors, 
including DNA methylation, are influenced by the 
environment (20); our data suggests that this can 
happen with relatively short exposure to environmental 
stimuli such as exercised-induced elevations in 
circulating IL-6 concentrations. Relationships were 
only found between IL-6 and 11 CpG sites despite 
evaluating 27,578 CpG dinucleotides spanning 
14,000 genes, therefore caution should be exercised 
when interpreting the physiological relevance of 
these findings. In addition, DAVID pathway analysis 
demonstrated that the top 114 associated genes 
(before adjusting for multiple testing) are enriched 
for pathways important in the immune response 
such as the “T cell receptor-signalling pathway”. In 
addition, Ingenuity pathway analysis demonstrated 
that genes associated with circulating IL-6 and 
altered immediately after exercise were enriched in 
genes important in the inflammatory response and 
infectious disease. Indeed, exercise does induce 
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The process of granulosa cell luteinization is part of the main process determining growth, 
differentiation and proliferation of these cells. Although the mechanisms underlying the regulation of 
luteinizing hormone receptor (LHR), follicle stimulating hormone receptor (FSHR) and cytochrome 
P450 aromatase expression in mammalian granulosa cells is well understood, still little is known about 
the expression of mRNA and encoded proteins in relation to cell proliferation and luteinization in vitro. 
Porcine granulosa cells were observed in vitro at a168-h period while undergoing real-time proliferation 
using an RTCA system. Furthermore, LHR, FSHR and CYP19 mRNA expression were detected using 
RQ-PCR after 168 h of in vitro culture (IVC) at 24-h intervals, and LHR, FSHR and P450arom were 
examined by confocal microscopic observation at 0 h, 24 h, 48 h, 96 h, and 168 h of IVC. We found 
increased expression of LHR and CYP19 mRNA at 24 h and 48 h of IVC compared to the other stages 
(P<0.01, P<0.001), whereas FSHR mRNA was higher only at 0 h (P<0.001). In contrast, LHR, FSHR and 
P450arom protein expression was significantly higher at the end of the168-h IVC period compared to 0 
h, 24 h, 48 h and 96 h (P<0.001). LHR, FSHR and P450arom were distributed in the cytoplasm of porcine 
GCs at each time point of IVC. When analyzing cell proliferation, differences in cell index were observed 
(at least P<0.05) between the first (0-24 h) and the last period (144-168 h) of IVC; however, soon after 24 
h of IVC a logarithmic increase in proliferation was also seen. We assume that the expression of LHR, 
FSHR and CYP19 mRNAs depends on the period of in vitro cultivation and may be linked with the 
luteinization process of porcine GCs. Furthermore, the patterns of mRNA and protein expression suggest 
a post-transcriptional regulation of LHR, FSHR and P450arom. In summary, it can be presumed that 
mRNA and protein expression and in vitro luteinization and proliferation of porcine GCs are regulated 
by different mechanisms, because not all of these processes are correlated. 

ASSOCIATION BETWEEN THE EXPRESSION OF LHR, FSHR AND CYP19 GENES, 
CELLULAR DISTRIBUTION OF ENCODED PROTEINS AND PROLIFERATION OF 

PORCINE GRANULOSA CELLS IN REAL-TIME
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Ovarian follicle maturation and ovulation is regulated by endocrine mechanisms that include 
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regulated by endocrine and paracrine systems and 
related to follicle growth and development as well 
as to protein synthesis activity in oocytes (13). 
However, there is still a lack of data explaining GC 
ability to proliferate in vivo or in vitro that simply 
could be explained by a granulosa cell-cumulus 
cell differentiation enigma. Recently, we were 
able to demonstrate a link between cumulus cell 
proliferation and Cdk4 and Cx43 protein expression 
and subcellular distribution (14). We showed that 
oocyte-separated cumulus cells can proliferate in 
vitro using a cell proliferation index based on cell 
impedance measurement. However, to date there are 
only few published studies examining the expression 
of proteins that may be recognized as differentiation 
markers in cumulus cells, such as AMH, Slc38a3, 
Has2, Ptgs2, Ptx3 and Tnfaip6 (15). 

The present study was aimed at finding a 
relationship between porcine GC proliferation and 
the expression of LHR, FSHR and CYP19, as well 
as to characterize the cellular distribution of these 
proteins during different periods of real-time in vitro 
cultivation.

MATERIALS AND METHODS

Animals 
A total of 30 crossbred Landrace gilts with a median 

age of 120 days and a median weight of 98 kg were used 
in this study. All of the animals were kept under the same 
housing conditions. All of the experiments were approved 
by the local ethics committee.

Collection of porcine ovaries and in vitro cultivation of 
porcine granulosa cells (GCs)

The ovaries and reproductive tracts were recovered 
immediately after slaughter and transported within 10 
min to the laboratory in a solution of 38°C, 0.9% NaCl. 
To provide optimum conditions for subsequent oocyte 
maturation in vitro, the ovaries of each animal were 
placed in 5% fetal bovine serum (FBS; Sigma-Aldrich 
Co., St. Louis, MO, USA) in PBS (15, 16). Thereafter, 
single follicles were opened by puncturing them using a 
5-ml syringe and 20-G needle in a sterile Petri dish, and 
the cumulus-oocyte-complexes (COCs) and follicular 
fluid (FF) were recovered. 

The in vitro cultivation medium consisted of 
Dulbecco’s Modified Eagle’s Medium (DMEM/F12, 
Sigma-Aldrich, USA), 2% fetal calf serum FCS (PAA, 
Austria), 10 mg/ml ascorbic acid (Sigma-Aldrich, USA), 

several extracellular and intracellular interactions. 
Understanding these processes in more detail is a 
key to gaining insight into ovarian function and 
may be a target of pharmaceutical interventions 
that aim to provide new forms of fertility treatment 
in (domestic) animals. Since McFarland et al. and 
Sprengel et al. (1, 2) first cloned and sequenced 
the gonadotropin-related receptors, it has been 
recognized that gonadotropins form membrane 
associated receptors that are structurally related to 
G-protein receptors, such as TSHR and GHR (3). The 
first description regarding the existence of FSHR in 
granulosa cells (GCs) was given by Zeleznik et al. 
(4), who used autoradiographic analysis to examine 
the localization of 125I-labelled FSH in rat ovarian 
sections. Camp et al. (5) found LHR mRNA present 
in the theca cells of immature follicles and in theca 
and granulosa cells of mature antral follicles. 

Ovulation induced by pre-ovulatory estradiol and 
LH surge leads to activation of a gene transcription 
cascade in GCs. The induction of FSH and LH 
actions in GCs further leads to the activation of post-
receptor mechanisms, which are related to a response 
of GC to gonadotropins. It has been shown that 
FSHR and LHR may be differentially expressed in 
GCs, which may be explained by the fact that LHR is 
more effectively coupled to cAMP (6). Furthermore, 
an LH surge during ovulation is responsible for the 
induction of the expression of “high-tone” cAMP-
related genes that regulate GC differentiation and 
follicle rupture (6).  

It was found that cytochrome P450 aromatase 
(CYP19), which is also called estrogen synthetase, 
catalyzes the conversion of androgens to estrogens 
and is involved in regulation of LHR and FSHR 
expression through ovulation (7-9). P450 aromatase 
is an enzyme that is highly expressed and its encoded 
protein is distributed in the ovary and placenta. 
Here, this enzyme participates in the regulation of 
reproductive functions, especially in stimulation of 
cell growth and differentiation (10-12). The function 
of P450 aromatase in the regulation of reproductive 
functions via activation of several growth factor-
induced signaling pathways is well understood 
in mammals; however, the relation between GC 
proliferation and CYP19 expression or cellular 
distribution is not yet well known.  

It is accepted that differentiation of GCs is 
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cells was used in further confocal microscopy analysis. 
After each cultivation period, the cell index (CI) was 
used to evaluate the relative and quantitative changes in 
electrical cell impedance. The cell status was determined 
using the RTCA software. 

Confocal microscope analysis of protein levels and 
distribution in GCs

At period of proliferation (0 h, 24 h, 48 h, 96 h, 168 
h), GCs were collected and fixed using acetone-methanol 
(1:1) for 10 min at -20ºC and washed three times in PBS/
PVP (0.2%). To block non-specific binding, the samples 
were incubated in 3% BSA in PBS with 0.1% Tween-20 
for 30 min at room temperature (RT). GCs were incubated 
for 1 h at RT with a goat polyclonal anti-LHR antibody 
(Ab) (K-15), goat polyclonal anti-FSHR Ab (N-20), 
and goat polyclonal anti-P450arom Ab from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). The antibodies 
were diluted 1:500 in PBS with 1.5% BSA and 0.1% 
Tween-20. After several washes with PBS containing 
0.1% Tween-20, the samples incubated with anti-LHR, 
anti-FSHR and anti-P450arom primary antibodies 
were treated with a fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit IgG Ab diluted 1:500 in PBS 
with 0.1% Tween-20 for 1 hour at RT. After washing in 
PBS with 0.1% Tween-20, the GCs were stained with 

0.05 μM dexamethasone (Sigma-Aldrich, USA), 200 mM 
L-glutamine (Invitrogen, USA), 10 mg/ml gentamicin 
(Invitrogen, USA), 10,000 units/ml penicillin and 10,000 
μg/ml streptomycin (Invitrogen, USA). Cells were 
cultivated at 38.5°C under aerobic conditions (5% CO2). 
Once the adherent cells were more than 80% confluent, 
they were detached with 0.05% trypsin-EDTA (Invitrogen, 
USA) for 10 min and counted using a Z2 counter or 
cell viability analyzer (Vi-Cell XR 2.03; both Beckman 
Coulter, USA).

In vitro GC cultivation using a real-time cellular analyzer 
(RTCA)

The recovered GCs were transferred into an E-Plate 
48 of a real-time cell analyzer (RTCA, Roche-Applied 
Science, GmbH, Penzberg, Germany), which consisted 
of an RTCA analyzer, an RTCA SP station and RTCA 
software. The GCs were then cultured in 200 μl of standard 
porcine IVM culture medium that consisted of Dulbecco’s 
Modified Eagle’s Medium (DMEM/F12, Sigma-Aldrich, 
USA), as mentioned above. The GCs were cultured for 
0-168 h at 38.5°C under 5% CO2 in air. The cultivation 
medium was replaced every 44 h. After each period of 
cultivation, the GCs were treated with trypsin (0.25% 
trypsin in a balanced salt solution, Sigma-Aldrich, St. 
Louis, MO, USA), and the collected pool of proliferating 

Table I. Oligonucleotide sequences used for RQ-PCR analysis.

Gene Gene accesion 
number

Primer sequence (5’-3’) Produkt size
(bp)

CYP19 NM_214429.1 AAAGACGCAGGATTTTCACA 

TCTTTTGTCAGTTCACCACGT

97

FSHR NM_214386.2 GAATTGAAAAGGCCAACAAC 

CTTTCAAAACTTAGTCCCACG

214

LHR NM_214449.1 AAGCACAGCAAGGAGACCAA 

AAGAGGACAGTCACGTTTCC

231

ACTB XM_003124280.3 CCCTTGCCGCTCCGCCTTC 

GCAGCAATATCGGTCATCCAT 

69

PBGD NM_001097412.1 GAGAGTGCCCCTATGATGCT 

ATGATGGCACTGAACTCCT 

214

18S rRNA        AB117609 GTGAAACTGCGAATGGCTC 

CCGTCGGCATGTATTAGCT
105

Table I. Oligonucleotide sequences used for RQ-PCR analysis.
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using an RTCA system. The differences were considered 
to be significant at *P<0.05, **P<0.01 and ***P<0.001 
for the RQ-PCR and RTCA analyses and were evaluated 
by comparing the results obtained in five replicates of the 
same recovered granulosa cells. Statistical calculations 
were applied to the highest normalized proliferation index 
at each time point for each investigated group to compare 
the results. All statistical analyses were performed using 
the software program GraphPad Prism version 4.0 
(GraphPad Software, San Diego, CA, USA).

RESULTS

After RQ-PCR analysis, we found an increased 
expression of CYP19 mRNA after 48 h of IVC 
compared to all other periods (P<0.001) and at 
24 h compared to GCs before cultivation (at 0 h) 
(P<0.01) (Fig. 1A). The expression of FSHR was 
approximately 9-fold higher at 0 h of IVC compared 
to the other time points (P<0.001) (Fig. 1B). LHR 
mRNA was higher expressed at 24 h and 48 h of IVC 
compared to all other observed time points of IVC 
(P<0.001). Significant differences (P<0.01) in the 
LHR transcript level were also found at 48 h of IVC 
compared to 24 h (Fig. 1C). 

We used a real-time cellular analyzer system to 
evaluate the proliferation index of porcine granulosa 
cells during 168 h of IVC (Fig. 2A). We found 
differences in the proliferation index at 0 h-24 h 
and 24 h-48 h of IVC in two of the twelve groups of 
replicates (P<0.01, P<0.05, respectively) (Fig. 2 B, 
C). When analyzing the proliferation index between 
48 h-72 h of IVC we observed differences in three 
of the twelve groups of replicates (P<0.05) (Fig. 
2D). Differences in two replication groups were 
analyzed at 72 h-96 h (Fig. 2E), 96 h-120 h (Fig. 
2F) and at 144-168 h of IVC (Fig. 2H) and in three 
groups at 120-144 h (Fig. 2G), respectively (P<0.05 
to P<0.001). 

Imaris 7.2 software was used to analyze the 
expression and cellular distribution of LHR, FSHR 
and P450arom in porcine granulosa cells at 0 h 24 h, 
48 h, 96 h and 168 h of real-time in vitro cultivation. 
Regarding LHR expression, we found an increased 
level of this protein at 168 h of IVC compared to all 
other time points (P<0.001, difference between 168 
h and 0 h, 24 h, and 48 h), (P<0.05 between 168 h 
and 96 h), (Fig. 3 A-F). Similarly, FSHR expression 
revealed the same pattern of protein expression, 

0.1 µg/ml 4,6-diamino-2-phenylindole (DAPI, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) in mineral 
oil, mounted in an anti-fade medium on glass slides 
and examined by an LSN 510 confocal system with an 
Olympus Fluoview 10i microscope. Additionally, the GCs 
were stained with goat polyclonal anti-vimentin antibody 
(data not shown). The FITC was excited at 488 nm using 
an argon laser, and the emission was imaged through a 
505-530 nm filter. All confocal microscopic images were 
analyzed using Imaris 7.2 software (BitPlane, Zurich, 
Switzerland).

Real-time quantitative polymerase chain reaction (RQ-
PCR) analysis 

Total RNA was isolated from GCs before (at 0 h) and 
after (24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h) of 
IVC using an RNeasy mini column from Qiagen GmbH 
(Hilden, Germany). The RNA samples were re-suspended 
in 20 µl of RNase-free water and stored in liquid nitrogen. 
RNA samples were then treated with DNase I and reverse-
transcribed (RT) into cDNA. RQ-PCR was conducted in 
a LightCycler real-time PCR detection system (Roche 
Diagnostics GmbH, Mannheim, Germany) using 
SYBR® Green I as a detection dye, and target cDNA was 
quantified using the relative quantification method. The 
relative abundance of LHR, FSHR and CYP19 transcripts 
in each sample was standardized to the internal standard 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
For amplification, 2 µl of cDNA solution was added to 
18 µl of QuantiTect® SYBR® Green PCR (Master Mix 
Qiagen GmbH, Hilden, Germany) and primers (Table 
I). One RNA sample of each preparation was processed 
without the RT-reaction to provide a negative control for 
subsequent PCR. 

To quantify the specific genes expressed in the GCs, 
the expression levels of specific oocyte mRNAs in each 

sample were calculated relative to PBGD and ACTB. 
To ensure the integrity of these results, the additional 
housekeeping gene 18S rRNA was used as an internal 

standard to demonstrate that PBGD and ACTB mRNAs 
were not differentially regulated in the groups of GCs. 
The gene for 18S rRNA expression has been identified as 
an appropriate housekeeping gene for use in quantitative 

PCR studies. Expression of PBGD, ACTB and 18S rRNA 
mRNA was measured in cDNA samples from isolated 

GCs. 

Statistical analysis
A one-way ANOVA followed by Tukey’s post-hoc 

test was used to compare the results of the real-time 
quantification of the proliferation index. The experiments 
were carried out in at least two replicates. The results 
quantifying the cell proliferation index were obtained 
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24 h, 48 h, 96 h levels and 168 h (P<0.001) (Fig. 
5 A-F). Moreover, all of the investigated proteins 
were distributed in the cytoplasm rather than in the 
nucleus of the granulosa cells. 

DISCUSSION

The granulosa cells belong to the population 
of ovarian cells that play a crucial role in oocyte 
maturation as well as having an important function 
during follicle growth and development. It was 
recently clearly demonstrated that follicular GCs 
and theca cells expressed LHR, FSHR and P450 
aromatase on both the mRNA and protein level. 
However, there are conflicting results regarding 
how these proteins are expressed in GCs at different 
stages of the follicle development. There are only a 
few reports available that describe the expression 
profile and distribution of LHR, FSHR and P450 
aromatase within the porcine ovary. 

Mamluk et al. (18) characterized the cDNA 
sequence encoding bovine LHR and evaluated the 
effect of different luteinization protocols on the 
steroidogenic capacity and of LHR mRNA expression 
in granulosa-luteal cells. In this experiment, bovine 
granulosa cells were cultured with either forskolin or 
LH. They found that LHR mRNA was not present in 
luteal granulosa cells (LG), but in luteal theca cells 
(LT), where the expression of LHR was similar to 
that in forskolin- and LH-treated cells. Moreover, 
the expression of P450 aromatase was lower in luteal 
cells cultured with LH compared to those cultured 
with forskolin, and the differences were much more 
visible in LT- than in LG-cells. They concluded 
that LHR mRNA was primarily restricted to theca-
dependent luteal cells rather than granulosa luteal 
cells. They also suggested that differences in LHR 
and P450 aromatase transcript contents indicate the 
existence of different mechanisms regulating the 
expression of mRNAs within the bovine ovary. In 
another study, Prochazka et al. (19) found that freshly 
isolated COCs displayed limited responses to LH and 
did not possess a sufficient number of functional LHR 
in porcine COCs. They also found that incubation of 
COCs with LH and FSH resulted in the completion 
of meiosis, activation of the PKA signaling pathway, 
expression of hyaluronan synthase 2, synthesis of 
hyaluronic acid and progesterone, and extensive 

with the highest levels detected at 168 h (P<0.001, 
P<0.05) (Fig. 4 A-F). With regard to P450arom, we 
observed different expression levels between 0 h, 
24 h, 48 h and after 96 h of IVC (P<0.01), between 
the 96 h and 168 h (P<0.05) and between the 0 h, 

Fig. 1. Relative abundance of CYP19, FSHR and LHR 
transcripts in porcine GCs analyzed before at 0 h, 24 h, 
48 h, 72 h, 96 h, 120 h, 144 h and 168 h of IVC. Porcine 
GCs were isolated from follicles of pubertal gilts and 
immediately used to isolate RNA, which was reverse-
transcribed into cDNA. The relative abundance of CYP19 
(A), FSHR (B), and LHR (C) mRNAs was evaluated by 
RQ-PCR analysis before and after IVC. The results are 
presented as the mean ± SEM with the level of significance 
shown as * P<0.05, ** P<0.01, *** P<0.001. 
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Durlej et al. (20) looked for an association 
between FSHR mRNA and protein expression and 
antiandrogen flutamide treatment in the neonatal 
porcine ovary. They observed positive expression of 
FSHR in the oocytes, GCs of primary follicles and 
surface epithelium of the ovaries from both control 
and flutamide-treated groups. They concluded that 
FSHR is involved in the formation of early follicles 
and that androgens play a crucial role in the early 
stages of follicle growth and development. The 
role of FSHR expression in preovulatory follicle 
growth was recently investigated by Paradis et al. 
(21). They used proteomic analysis to investigate 
alterations in protein and gene expressions in 
oocytectomized cumulus cells (OOX) and found that 
oocyte co-culture inhibited FSHR mRNA expression 
in OOX and that the oocyte stimulated HSD3B 
transcript expression. This indicates a significant 
role of cumulus cells in progesterone synthesis. 
Cardenas and Pope (22) observed that FSHR mRNA 

expansion of cumulus cells. It was concluded that the 
expression and presence of functional LHR in porcine 
COCs is related to the time of in vitro cultivation and 
dependent on the availability of hormones in the 
medium or follicular fluid. Moreover, the formation 
of functional LHR was dependent on cAMP pathway 
activation. Concordant with the results of these 
studies, an increased expression of LHR mRNA 
after 24 h and 48 h compared to the other time 
points of IVC was observed in our experiment. It 
may be assumed that a decreased expression of LHR 
before IVC (0 h) may be due to lack of necessary 
supplementation of hormones in medium during 
culture. The increased level of LHR expression after 
24 h and 48 h of IVC, however, may be related to 
the process of luteinization and follicular-luteal 
transition of granulosa cells. At later stages of IVC, 
a decreased expression of LHR may reflect a lower 
sensitivity or susceptibility of granulosa cells in LH-
dependent pathway activation. 
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Fig. 2. Normalized proliferation index of porcine GCs cultivated for 168 hours. Porcine granulosa cells were recovered 
from follicles of puberal gilts and treated with collagenase for 10 min at 38.5ºC. The cells were immediately transferred 
into an E-Plate 48 of a real-time cell analyzer (RTCA, Roche-Applied Science, GmbH, Penzberg, Germany). The 
experiment consisted of six replicates involving the cultivation of the same population of collected cells. At each step 
of the experiment, the normalized proliferation index was assessed for real-time in vitro cultivation for the time periods 
of 0-169 h (A), 0-24 h (B), 24-48 h (C), 48-72 h (D), 72-96 h (E), 96-120 h (F), 120-144 h (G), 144-168 h (H). The 
differences were considered to be significant at the level of *P<0.05, **P<0.01 and ***P<0.001. The different superscripts 
described significant differences (ab). At first 0-24 h (B) the cell are in lag phase. After 24-48 h the cells proliferation 
index is increased and the cells are in log phase (C). 
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Fig. 3. Confocal microscopic observation of LHR protein levels and cellular distribution in porcine GCs before at 0 h, 
24 h, 48 h, 96 h and 168 h of IVC.  The GCs that were collected before (A) and after 24 h (B), 48 h (C), 96 h (D) and 
168 h (E) of IVC were stained with 0.1 µg/ml 4,6-diamino-2-phenylindole (DAPI; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) in mineral oil following staining for porcine LHR (goat polyclonal anti-LHR antibody (Ab) (K-15)). 
Secondary antibodies were labeled with FITC (fluorescence isothiocyanate), which emits a green fluorescent signal after 
excitation at 488 nm. The fluorescence intensity was measured using Imaris software. The differences were considered to 
be significant at P<0.05, P<0.01 and P<0.001 (F). GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA, 
USA) was used for statistical calculations. All confocal microscopic images were analyzed using Imaris 7.2 (BitPlane, 
Zurich, Switzerland) software. The arrows indicate the cytoplasmic localization of investigated proteins in GCs in both 
before and after IVC. a-Nomarski, b-DAPI stained nucleus, c-antibody stained cells, d-merge. The scale bars represent 
40 µm (A, B, D, E), and 20 µm (C).
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Fig. 4. Confocal microscopic observation of FSHR protein levels and cellular distribution in porcine GCs before at 0 h, 
24 h, 48 h, 96 h and 168 h of IVC. The GCs that were collected before (A) and after 24 h (B), 48 h (C), 96 h (D) and 168 
h (E) of IVC were stained with 0.1 µg/ml 4,6-diamino-2-phenylindole (DAPI; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) in mineral oil following staining for porcine FSHR [goat polyclonal anti-FSHR Ab (N-20)]. Secondary antibodies 
were labeled with FITC (fluorescence isothiocyanate), which emits a green fluorescent signal after excitation at 488 
nm. The fluorescence intensity was measured using Imaris software. The differences were considered to be significant 
at P<0.05, P<0.01 and P<0.001 (F). The arrows indicate the cytoplasmic localization of investigated proteins in GCs 
in both before and after IVC. a-Nomarski, b-DAPI stained nucleus, c-antibody stained cells, d-merge. The scale bars 
represent 40 µm (A, B, D, E), and 20 µm (C).
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 Fig. 5. Confocal microscopic observation of P450arom protein levels and cellular distribution in porcine GCs before at 0 
h, 24 h, 48 h, 96 h and 168 h of IVC. The GCs that were collected before (A) and after 24 h (B), 48 h (C), 96 h (D) and 168 
h (E) of IVC were stained with 0.1 µg/ml 4,6-diamino-2-phenylindole (DAPI; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) in mineral oil following staining for porcine P450arom goat polyclonal anti-P450arom. Secondary antibodies were 
labeled with FITC (fluorescence isothiocyanate), which emits a green fluorescent signal after excitation at 488 nm. The 
fluorescence intensity was measured using Imaris software. The differences were considered to be significant at P<0.05, 
P<0.01 and P<0.001 (F). The arrows indicate the cytoplasmic localization of investigated proteins in GCs in both before 
and after IVC. a-Nomarski, b-DAPI stained nucleus, c-antibody stained cells, d-merge. The scale bars represent 40 µm 
(A, B, D, E), and 20 µm (C).
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during folliculogenesis and may also be served as 
markers of these three cell populations during antral 
follicle formation. 

Our results, since conflicting with those of 
other studies, are the first to be performed using 
a quantitative real-time proliferation system. 
They demonstrated that the expression of LHR, 
FSHR and CYP19 mRNA was not correlated with 
GC proliferation in pigs. However, an increased 
expression of LHR, FSHR and P450arom proteins 
was detected after 168 h at the end of the IVC. These 
reversible mRNA and protein expression levels may 
be explained by alternative splicing occurring during 
the induction of the luteinization process of porcine 
GCs during IVC. It can be hypothesized further that 
the expression of LHR, FSHR and CYP19 mRNA 
depends on follicle growth (and possibly atresia) and 
is under hormonal control during the luteinization 
process of porcine GCs. 
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Pirfenidone is an antifibrotic agent for patients with pulmonary fibrosis, but this drug has adverse 
gastrointestinal (GI) effects. The first aim of this study was to assess GI symptoms due to pirfenidone 
by using a new questionnaire for reflux symptoms and dismotility symptoms. Whether adding herbal 
medicine of rikkunshi-to improved GI symptoms due to pirfenidone therapy was also investigated. This 
was a randomized controlled trial performed on 17 IPF patients.  The patients were assigned to two 
groups, and the study period was 8 weeks. The pirfenidone group received pirfenidone therapy for 8 
weeks with add-on rikkunshi-to from 4 weeks, while the control group did not receive either of these 
agents. To assess the effects of RK, plasma levels of acyl-ghrelin and des-acyl-ghrelin, serum KL-6 and 
surfactant protein-D, and pulmonary function tests were monitored. GI symptoms were most severe 
during the initial 2 wks of pirfenidone therapy at a dose of 600 mg/day. Both reflux symptoms and 
dismotility symptoms deteriorated. Rikkunshi-to improved GI symptoms to the level prior to pirfenidone 
therapy. Plasma levels of des-acyl-ghrelin and acyl-/des-acyl-ghrelin ratio changed significantly at 8 
weeks compared to 2 weeks. GI adverse events due to PFD were most severe in the first 2 weeks of 
treatment at a dose of 600 mg/day, and both reflux and dismotility symptoms deteriorated, but the 
drug was well tolerated at 1200 mg/day. Rikkunshi-to contributed to improvement of GI symptoms, but 
plasma ghrelin levels did not reflect the improvement of GI symptoms.  
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Idiopathic pulmonary fibrosis (IPF) is a specific 
form of chronic, progressive fibrosing interstitial 
pneumonia of unknown etiology that primarily 
occurs in older adults and has a poor prognosis (1). 

Until recently, there was no specific pharmacological 
therapy for IPF. However, 5-methyl-1-phenyl-2-
[1H]-pyridone (pirfenidone: PFD; Shionogi and 
Co., Ltd., Osaka, Japan; Marnac Inc., Dallas, 
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the effect of RK on GI symptoms was examined along 
with measurement of the plasma acyl-ghrelin and 
des-acyl-ghrelin levels, while the anti-inflammatory 
effect of RK was assessed by measuring serum KL-6 
and surfactant protein-D (SP-D), and by pulmonary 
function tests.   

MATERIALS AND METHODS

Subjects
The diagnosis of IPF was determined according to 

the American Thoracic Society/European Respiratory 
Society (ATS/ERS) International Multidisciplinary 
Consensus Classification of the Idiopathic Interstitial 
Pneumonia (18). One patient had undergone video-
assisted thoracoscopic surgery (VATS) for lung, but the 
other patients did not have surgery. Patients were excluded 
if they had a history of esophageal, gastric, or duodenal 
surgery, were currently using acid-suppressing drugs 
(PPIs, H2 blockers) or prokinetic agents such as selective 
serotonin (5HT4) agonists, or were mentally incompetent. 

Study design and procedures
This study was performed as a randomized controlled 

trial. The IPF patients were randomly assigned to a 
group receiving PFD and RK therapy (PFD group) or a 
group that did not receive these agents (control group). 
Randomization was performed with the envelope method 
and the study period was 8 weeks (wks). In the PFD 
group, PFD was administered orally at 200 mg t.i.d (600 
mg/day) for the initial 2 wks, and then at 400 mg t.i.d 
(1200 mg/day) for the remaining 6 wks. RK was also 
administered orally at 2.5 g t.i.d (7.5 g/day) from 4 to 8 
wks after starting PFD treatment. The patients in the PFD 
group were reviewed every two wks and parameters were 
measured. In the control group, patients did not receive 
PFD or any immunosuppressive agents. The patients in 
the control group visited the hospital every 4 wks and 
parameters were measured (Table I). This study was 
conducted according to the guidelines of the Declaration 
of Helsinki, and all patients provided written informed 
consent before enrollment. This study was approved by 
the Human Research Committee of Maebashi Red Cross 
Hospital.

Assessment of gastrointestinal symptoms
The assessment of GI symptoms was performed with 

a new questionnaire, the modified frequency scale for the 
symptoms of gastroesophageal reflux disease (MFSSG), 
which can clearly distinguish symptoms of GERD (reflux 
symptoms) from symptoms of functional dyspepsia (FD) 
(dismotility symptoms). The MFSSG was modified 

TX), a novel compound with anti-inflammatory, 
antioxidant, and antifibrotic effects in experimental 
models of pulmonary fibrosis (2, 3), has been proven 
to show efficacy in IPF patients (4-7). PFD has 
various adverse effects, including gastrointestinal 
(GI) symptoms, photosensitivity, rash, and dizziness, 
and a recent meta-analysis of randomized controlled 
trials showed a high rate of GI adverse events 
(nausea, dyspepsia, diarrhea, and anorexia) related 
to PFD therapy (8).   

Different medications are required for two major 
classes of GI symptoms, i.e., reflux and dismotility 
symptoms. For reflux symptoms, such as heartburn 
and regurgitation, anti-acid therapy with proton 
pump inhibitors (PPIs) or H2 receptor antagonists 
(H2 blockers) is prescribed, while prokinetic agents 
are used for dismotility symptoms. Although various 
GI symptoms have been reported as adverse events 
due to PFD, effective drugs for these symptoms have 
not been identified.  

Rikkunshi-to (RK) is a Chinese herbal medicine 
(Lin-Jun-Zi-Tang, TJ-43, Tsumura Pharmaceutical 
Co., Tokyo, Japan) that can be used to treat GI 
symptoms, including both reflux and dismotility 
symptoms (9, 10). One of the mechanisms by which 
RK improves GI symptoms is through an action on 
ghrelin (11).

Ghrelin is a motilin-related peptide that was 
discovered in the stomach where it acts as an 
endogenous ligand of growth hormone secretagogue 
receptor (GSH-R) (12). Acyl-ghrelin undergoes 
post-translational modification by O-n-octanoylation 
at serine 3, while des-acyl-ghrelin lacks O-n-
octanoylation at serine 3. Acyl-ghrelin stimulates 
gastric antral motility and induces fasting motor 
activity in the duodenum, while des-acyl ghrelin 
decreases food intake and inhibits gastric emptying 
(13, 14).  

As well as acting as a regulator of GI motility, 
ghrelin has anti-inflammatory effects, and it has been 
shown to attenuate sepsis-induced and bleomycin-
induced lung injury in animals (15, 16).

In the present study, GI adverse events caused 
by pirfenidone were investigated with a new 
questionnaire for detection of reflux symptoms and 
dismotility symptoms (17). The GI medications 
employed by IPF patients on PFD therapy were also 
investigated using the questionnaire. Furthermore, 
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patients were Japanese, and they were randomly 
assigned to the PFD group or the control group. Two 
of the patients enrolled in the PFD group could not 
complete this study, one because of heart failure 
and the other due to diarrhea. Both these patients 
recovered after treatment. Thus, a total of 15 patients 
completed the study. The characteristics of the 
PFD group (n=8) and the control group (n=7) are 
shown in Table I. All the patients were men, and the 
median age was over 70 years in both groups. BMI 
showed no significant difference, but smoking was 
significantly more frequent in the control group than 
the PFD group (p< 0.05). The positive rate for of H. 
pylori Ag was 25.0% in the PFD group and 57.1% in 
the control group. Spirometric analysis of %VC and 
%FVC did not show statistical differences between 
the PFD and control groups. Mean KL-6 and SP-D 
levels were higher in the control group, but both 
levels were not statistically different between the 
PFD and control groups. The major comorbidities 
were diabetes mellitus and hypertension in both 
groups.   

Changes of GI symptoms assessed by the MFSSG  
When changes of the mean total MFSSG score 

were assessed in the PFD group, the score was 
highest 2 wks after starting PFD therapy at 600 mg/
day, and it improved by 4 wks despite dose escalation 
to 1200 mg/day. Four weeks after starting treatment 
with PFD, RK was added. The total MFSSG score 
showed further improvement at 6 wks and at 8 
wks, returning to the baseline value at 0 wks before 
starting PFD (Fig. 1A).  The mean scores for reflux 
and dismotility showed a similar pattern of changes 
to the total score (Fig. 1 B, C). In the control group, 
the total score, as well as the reflux and dismotility 
scores, were stable during the study period (Fig. 1A-
1C). There was statistically significant improvement 
of reflux score after commencement of RK therapy 
in the PFD group at 8 wks compared to 2 wks of 
before RK therapy. There was statistically significant 
improvement of motility score after commencement 
of RK therapy in the PFD group at 8 wks compared 
to 4 wks of before RK therapy. There were fewer H. 
pylori positive patients in the PFD group (n=2) than 
in the control group (n=4). Of the two patients with 
H. pylori infection in the PFD group, one patient 
showed the same score for reflux symtoms and 

FSSG by adding two questions regarding interdigestive 
and postprandial epigastric pain (17, 19).  The MFSSG 
questionnaire is composed of 14 questions, which are 
scored to indicate the frequency of symptoms as follows: 
never=0, occasionally=1, sometimes=2, often=3, and 
always=4. The unique feature of the MFSSG is that the 
questions cover both acid regurgitation-related symptoms 
(reflux symptoms, questions 1-6) and gastric dysmotility-
related symptoms (dismotility symptoms, questions 7-12). 
To determine the dominant symptom in a patient, the total 
scores of acid regurgitation-related symptoms (reflux 
symptoms) or gastric dysmotility-related symptoms 
(dismotility symptoms) were compared.  

Blood sampling and analysis
Measurement of the peripheral blood levels of KL-6 

and SP-D was carried out by electrochemiluminescence 
immunoassay (ECLIA). Anti-Helicobacter Pylori IgG 
antibody (H. Pylori Ag) was determined by enzyme-
linked immunoassay (EIA).  Plasma acyl-ghrelin and 
des-acyl-ghrelin levels were also determined by EIA. 
For the measurment of plasma acyl-ghrelin and des-
acyl-ghrelin, the patients were in a fasting state from 
9pm the previous evening, and sampling was performed 
the following morning. Peripheral blood was drawn into 
tubes containing EDTA-2Na (1 mg) and aprotinin (500 
U/ml). After centrifugation at 4°C, 1 N HCl was added 
at a 1/10 volume for plasma, and then stored at -20°C 
until assay. The levels were determined using Enzyme-
Linked immunoassay (Mitsubishi Chemical Medience 
Inc, Tokyo, Japan). All samples were measured within one 
month from blood collection.    

Pulmonary function tests 
Pulmonary function tests were performed using a 

Chestac-55V (CHEST MI, Tokyo, Japan) on the first day 
of the study (week 0) and after 8 wks to evaluate the % 
vital capacity (%VC) and % forced vital capacity (%FVC). 

Statistical analysis
Data are expressed as the mean (± SD). Comparison 

between the two groups was carried out with Student’s t- 
test. Statistical significance was accepted at * P<0.05.

RESULTS

Profile of the patients
A total of 17 patients, who met the criteria for 

diagnosis of IPF, were enrolled in the present study. 
One patient had previously been diagnosed with 
IPF, while the others were referred to Maebashi Red 
Cross Hospital and IPF was newly diagnosed.  All 
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ghrelin level showed a slight increase over 8 wks 
in the control group (Fig. 2A). In the PFD group, 
the plasma des-acyl-ghrelin level was decreased at 
2 wks, but the level gradually increased to 8 wks 
after dose escalation of PFD at 2 wks, despite adding 
RK from 4 wks (p<0.05). In the control group, the 
des-acyl-ghrelin level was decreased at 4 wks, but 
returned to baseline at 8 wks (Fig. 2B). The acyl-
ghrelin/des-acyl-ghrelin ratio decreased after the 
start of PFD treatment, and the decrease was not 
improved by adding RK in the PFD group. The ratio 
was statistically different between 2 wks and 8 wks 
in the PFD group (p<0.05). In the control group, the 
ratio did not show marked changes (Fig. 2C).  

dismotility symptoms, with both scores worsening at 
2 wks after starting PFD. The other patient with H. 
pylori infection had dominant dismotility symptoms 
at 0 wks, but reflux symptoms became worse than 
dismotility symptoms at 2 wks after starting PFD. 
The majority of patients in the PFD group without H. 
pylori infection showed deterioration of both reflux 
and dismotility symptoms.  

Changes of plasma acyl-ghrelin and des-acyl-ghrelin 
The plasma level of acyl-ghrelin decreased by 

4 wks after starting PFD, and the acyl-ghrelin level 
did not increase after addition of RK, but the levels 
were not statistically different. In contrast, the acyl-

21

Table I. Characteristics of the patients.

Groups  Pirfenidone Control 

Number of subjects 8 7 
M/F 8/0  7/0 
Age 71.6(5.3)  70.3(9.4)  
BMI 22.8(5.8) 25.4(2.8) 

smoking status 
 (pack-yrs) 

16.0(16.1) 41.1(7.0)* 

never,/ex/curr  2/6/0  0/6/1 
H.Pyroi Ag(+/-) 2/6 4/3 

DM 3 2 
HL 1 1 
HT 2 2 

Arrythmia 0 3 
HU 0 1 
SAS 1 0 

Acyl-ghrelin, fmol/ml 7.6(8.3) 5.5(1.4) 
Des-acyl-ghrelin, fmol/ml 58.2(39.2) 49.1(15.0) 

KL-6, U/ml 639.3(269.2) 1320(707.6) 
SP-D, ng/ml 241.9(135.7) 326.7(119.3) 

VC, % predicted 77.1(13.1) 85.0(15.3) 
FVC, % predicted 78.1(11.8) 84.5(14.3) 

The number of males or females is indicated as M/F, and body mass index is indicated 
as BMI. Anti-Helicobacter pylori IgG antibody positive/negative (+/-). Comorbidities 
are diabetes mellitus (DM), hyperlipidemia (HL), hypertension (HT), arrhythmia, 
hyperuricemia (HU), and sleep apnea syndrome (SAS). Data are shown as the mean 
(±SD).  *Statistically significant difference between groups.   

The number of males or females is indicated as M/F, and body mass index is indicated as BMI. Anti-Helicobacter 
pylori IgG antibody positive/negative (+/-). Comorbidities are diabetes mellitus (DM), hyperlipidemia (HL), 
hypertension (HT), arrhythmia, hyperuricemia (HU), and sleep apnea syndrome (SAS). Data are shown as the 
mean (±SD).  *Statistically significant difference between groups.  

Table I. Characteristics of the patients.  

Y. SHIMIZU ET AL.
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(Fig. 3 C, D). 

DISCUSSION

This study investigated the changes of GI symptoms 
during 8 wks of PFD therapy, and demonstrated that 
reflux and dismotility symptoms were well tolerated 
in IPF patients receiving PFD at a daily dose of 
1200 mg. In addition, the combined administration 
of PFD and RK improved GI symptoms to the level 
prior to starting PFD.  The findings of this study are 
of importance for IPF therapy. To our knowledge, 
this is the first serial examination of the changes 
of GI symptoms, focusing on reflux symptoms and 

Changes of IPF disease state parameters 
The plasma KL-6 level was increased after 4 wks 

of PFD therapy, but decreased to the baseline level at 
8 wks in the PFD group. In contrast, the KL-6 levels 
gradually decreased over 8 wks in the control group 
(Fig. 3A). The SP-D level was slightly decreased 
in both the PFD group and the control group after 
8 wks (Fig. 3B).  Neither KL-6 nor SP-D showed 
statistically significant changes during the study 
period. The pulmonary function parameters (% 
changes from base line of VC or FVC) did not show 
statistical changes between 0 wks and 8 wks in either 
group, but decline in FVC was within 5%, and this 
was better in the PFD group than the control group 
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Fig. 1.  Changes of the mean scores for gastrointestinal symptoms. Total score for both reflux symptoms and dismotility 
symptoms (A), reflux symptoms score (B), and dismotility symptoms score (C). IPF patients receiving pirfenidone (PFD) 
with add-on rikkunshi-to (RK) from four weeks were monitored every two weeks (PFD group).  Score for reflux symptoms 
at 2 weeks were statistically improved at 8 weeks (*p<0.05). Score for motility symptoms at 4 weeks were statistically 
improved at 8 weeks (*p<0.05).  IPF patients without such therapy were monitored every four weeks (control group).    
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continuation of PFD therapy with dose reduction 
rather than cessation of PFD was recommended (21). 
H. pylori infection has been reported to increase the 
occurrence of dismotility symptoms (22). Although 
only a small number of patients were investigated in 
the present study, H. pylori infection did not seem 
to affect the pattern of either reflux or dismotility 
symptoms.  

RK reduced the GI symptoms. Previous clinical 
studies of PFD therapy for IPF patients showed that 
dismotility symptoms, such as anorexia, nausea, 
and dyspepsia, were more frequent than other GI 
symptoms (8). In the present study, reflux symptoms 
also deteriorated to a similar degree as dismotility 
symptoms after the start of PFD therapy. When RK 
was added to PFD, it contributed to improving both 

dismotility symptoms, along with investigation of 
the effects of RK on GI symptoms caused by PFD.

Both reflux and dismotility symptoms were 
exacerbated by PFD. GI symptoms (assessed from 
the total MFSSG score) were most severe at 2 wks 
with the initial dose of 600 mg. Unexpectedly, GI 
symptoms improved slightly without any treatment 
from 2 wks to 4 wks when the dose was escalated to 
1200 mg. The mechanisms involved are unknown, 
but the number of GI adverse events did not differ 
significantly between doses of 1800 mg/day and 
1200 mg/day in Japanese subjects receiving 52 
wks of therapy (20). Although the severity of GI 
symptoms related to PFD therapy seems to not only 
depend on the dose, a recent study suggested that 
GI symptoms are improved by dose reduction, and 
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Fig. 2. Changes of plasma acyl-ghrelin and des-acyl ghrelin. The percent (%) changes from baseline (week 0) of plasma 
acyl-ghrelin (A) and des-acyl-ghrelin (B) are shown.  The acyl-ghrelin /des-acyl-ghrelin ratio was calculated from 
measured values, and is not the ratio of the % change of acyl-ghrelin relative to the % change of des-acyl-ghrelin (C). 
IPF patients receiving pirfenidone (PFD) with add-on rikkunshi-to (RK) were monitored every two weeks (PFD group, 
○). IPF patients without such therapy were monitored every four weeks (control group, □). Changes of % changes of 
des-acyl-ghrelin or acyl-ghrelin/des-acyl-ghrelin ratio in PFD group were statistically different between 2 weeks and 8 
weeks (*p<0.05).
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In this study, RK was administered orally at 
a dose of 7.5 g/ day, which is the dose for adults 
according to previous reports (14, 23). However, a 
dose-response study into the effects of RK performed 
on dogs showed that intragastric administration of 
RK at 4.0 g (for a 10-12 kg dog) induced an increase 
in the plasma level of acyl-ghrelin, but 2.7 g or 1.3 
g of RK did not increase plasma acyl-ghrelin (24). 
Thus, a low dose of RK may be one of the reasons 
for no increase of acyl-ghrelin in the present study, 
although GI symptoms were improved.    

The acyl-ghrelin/des-acyl-ghrelin ratio declined 
during PFD therapy.  Des-acyl-ghrelin was reported 
to be a strong inhibitor of acyl-ghrelin in animals 
(25).  RK was expected to prevent a decrease of the 
acyl-ghrelin/des-acyl-ghrelin ratio, but this effect 

reflux and dismotility symptoms to the level before 
starting PFD, and RK seemed to be more effective 
for dismotility symptoms.  

RK did not affect the plasma acyl-ghrelin level 
in IPF patients receiving PFD. RK has been reported 
to improve both reflux and dismotility symptoms 
(9), and RK also reduces adverse events due to 
chemotherapy such as cisplatin-induced anorexia 
(11).  A role of ghrelin in these effects of RK has been 
reported. The acyl-ghrelin level was decreased by 
PFD therapy, and adding RK did not prevent a further 
decline in the present study. It has been reported that 
RK suppresses a decrease of the acyl-ghrelin level, so 
a change of acyl-ghrelin was expected to underlie the 
improvement of GI symptoms, but the acyl-ghrelin 
level was not influenced by RK in the present study. 
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with blood sampling and pulmonary function tests.
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could not be seen in the present study.      
Several factors, such as body weight (BW), 

comorbidities, and cigarette smoking, have an 
influence on ghrelin levels (26-29). In the present 
study, the body mass index (BMI) of patients in the 
PFD and control groups did not change significantly 
during the study period, and disease status parameters 
were unchanged. Although the smoking history 
assessed by pack-years was significantly greater in 
the control group than the PFD group, acyl-ghrelin 
was lower in the control group compared with the 
PFD group at 0 wks. How smoking status affects the 
ghrelin level has not been determined (28, 29).

Ghrelin has other roles in addition to being 
a regulator of gut motility, including an anti-
inflammatory effect on lung injury (15, 16). In the 
present study, biomarkers of IPF disease activity 
(KL-6 and SP-D) (7) and pulmonary function tests 
were not affected by RK. PFD treatment reduces the 
decline of % FVC from baseline (4-7). In this study, 
the decline was not statistically different, but the 
degree of dceline in % changes of FVC from base 
line was better in the PFD group compared to the 
control group.      

There were several limitations to the present 
study. Since IPF is not a common disease, we found 
it difficult to enroll many patients, so the study was 
small in size.  Also, we focused on evaluating the 
improvement of GI symptoms by RK rather than 
its anti-inflammatory effect. We predicted that GI 
symptoms would be most severe at 4 wks when the 
maximum dose of PFD was being administered. 
Therefore, we focused on the effect of RK by assessing 
the extent to which it improved GI symptoms after 
being added at 4 wks. Unexpectedly, we found that 
GI symptoms were most severe at 2 wks with the low 
dose of PFD. To determine the effect of RK more 
clearly, further studies may be needed.  

In conclusion, GI adverse events due to PFD 
therapy were most severe after 2 wks of treatment at 
a dose of 600 mg/day, and both reflux and dismotility 
symptoms showed deterioration. Addition of 
RK seemed to contribute to improvement of GI 
symptoms, but further investigation is needed.   
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Urinary tract infections (UTIs) are among the 
most common infections in infants and neonates (1, 
2) which can cause permanent renal failure especially 
among children with vesicoureteral reflux. The 
diagnosis of UTI is difficult in the neonatal period 
because the signs and symptoms are non-specific in 
this age group. The incidence rate of UTI infection 

in neonates is 0.01-1% and increases to 10% in low 
birth weight and preterm babies. Early diagnosis, 
appropriate antimicrobial treatment and precise 
follow-up of patients could be the key solutions 
to reducing the occurrence of this condition (1-4). 
Approximately 3-5% of girls and 1% of boys acquire 
an UTI (5). It has been shown that 8.4% of girls and 
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Social Sciences (SPSS) 16.0 for Windows. The normality 
of data and homogeneity of variance were checked before 
analysis. The nonparametric Kruskal-Wallis test or chi-
squared test, were used for different variables accordingly.

RESULTS

A total of 220 infected patients were surveyed 
during 2007-2009, among whom 3.2% (n=7) were 
admitted as outpatients who had been referred to 
hospitals in other provinces in Iran to continue their 
treatments. These patients were, therefore, excluded 
from the study due to the lack of access to their 
information, and the assessment of data was carried 
out based on the 213 remaining patients.                                                                                    

Less than two-thirds of the samples (58.7%) 
were obtained from girls and more than one-third 
(41.3%) were from boys. The ratio of boys to girls 
was 0.7. The samples referred to the laboratory 
belonged to NICU (63.8%) and the paediatrics ward 
(36.2%). Among the 213 samples surveyed, the most 
common bacteria were as follows: E.coli (45.1%), 
Klebsiella spp. (17.8%), Enterobacter spp. (15.5%), 
Staphylococcus spp. (12.2%) and other bacteria 
(9.4%) (Table I). 

The most effective antibiotics against E. coli, 
Klebsiella spp., Enterobacter and Staphylococcus 
spp. were nitrofurantoin (75.3%), SXT (58.8%), 
nitrofurantoin (62.5%) and cephalothin (50%), 
respectively. Other bacteria were also more sensitive 
to nitrofurantoin (43.7%) compared to other 
antibiotics (Table II and III).

DISCUSSION

Urinary tract infections (UTIs) are among the 
most common bacterial infections encountered by 
primary care physicians. Although UTIs do not 
occur with as great a frequency in children as in 
adults, they can be a source of significant morbidity 
in children. In this study, the prevalence of UTI was 
higher in females compared to males. 

The most frequent bacteria identified were 
E. coli, Klebsiella spp., Enterobacter spp., and 
Staphylococcus spp., respectively.  The most 
common bacteria identified were associated to 
the summer season whilst the least common were 
associated to spring. The highest prevalence of UTI 

1.7% of boys will be, at least once, infected before 
the age of 7 and that the prevalence of UTI among 
neonates is reported as 5% and among children as 
2% (6-8). However, the epidemiology and etiology 
of UTI, both in community and nosocomial 
infections, and the resistance pattern of the causative 
organisms has changed compared to previous years 
(9, 10). Antibiotic resistance, as an important issue 
affecting the treatment of infectious bacteria, has 
increased during recent years (11). Resistance rate 
varies among different countries (12). 

The aim of the present study was to determine 
the antibiotic resistance pattern of the most common 
bacteria causing UTI among paediatric patients 
admitted to a hospital in Ilam. 

MATERIALS AND METHODS

During the current cross-sectional retrospective 
study, children and neonates infected with urinary tract 
infection, admitted to Imam Khomeini Hospital in Ilam, 
were surveyed during 2007-2009. The Ilam province, 
with a population of 560,000, is located in Western Iran. 
All the children and neonates who need to be hospitalized 
are referred to the paediatrics unit and neonatal Intensive 
Care Unit at Imam Khomeini Hospital in Ilam. The current 
study can, therefore, be extrapolated to the total population 
of paediatrics in the Ilam province. A total of 220 patients, 
infected with UTI, were evaluated in this study among 
whom 7 patients were admitted as outpatients who had 
been referred to hospitals in other provinces in Iran to 
continue their treatments. These patients were excluded 
from the study and the data analysis was carried out based 
on the 213 remaining patients. 	

In the present study, the samples were confirmed as UTI 
by a pediatrician, according to the clinical and paraclinical 
indexes.  Patients were children aged from 1 week to 16 
years without history of genitourinary abnormalities, 
recent hospitalization, or antibiotic usage. Patients were 
hospitalized for evaluation and treatment with signs and 
symptoms of acute pyelonephritis, including temperature 
≥ 38°C, chills, frequency, dysuria, urgency, suprapubic 
and/or flank tenderness, pyuria (defined as ≥5WBC/hpf), 
and fever of unknown source in children and in neonates 
(7–30 days of age) with clinical evidence of sepsis.

The demographic and clinical data associated with 
hospitalized children and neonates infected with urinary 
tract infections were extracted from the patients’ documents 
using appropriate check lists. Other data such as year, 
season and the unit of admission were also recorded. The 
data were analyzed using the Statistical Package for the 
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females (1). In another study carried out by Ghedira 
et al. in Tunisia, a higher prevalence of UTI was 
reported in the male gender (13).

There was a significant correlation between the 
antibiotic resistance patterns of the identified bacteria 
and the antibiotics ampicillin and nitrofurantoin. An 

was associated to the years 2008 (53.5%), 2007 (30%) 
and 2009 (23.5%), respectively. The prevalence of 
UTI in males was less than that in females which was 
consistent with the results of the study carried out 
by Tseng et al. in Taiwan. The prevalence of UTI in 
the study of Tseng was 48.2% in males and 51.8% in 

Table I. The frequency of bacterial isolated from paediatric patients with UTI according to gender, seasonal pattern and 
hospital wards.
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Bacterial isolates 
TotalP value OthersStaphylococcus spp Enterobacter spp Klebsiella Spp E. coli 

125714202460N

58.7 5.6 11.2 1619.2 48%
Female 

881312131436N
41.3 

0.88 

14.8 13.6 14.8 15.9 40.9 %Male

Gender 

43-45925NSpring
20.2 -9.3 11.6 20.9 58.1 %
6537111727NSummer 

30.5 4.6 10.8 16.9 26.2 41.5 %
56978230NAutumn 

26.3 16.1 12.5 14.3 3.6 53.6 %
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23

0.006 

16.3 16.3 18.4 20.4 28.6 %

Season

1361115233156N
63.8 8.1 1116.9 22.8 41.2 %NICU

7791110740N
36.2 

0.09 
11.7 14.3 139.1 51.9 %Pediatric

Ward

2132026333896N
1009.4 12.2 15.5 17.8 45.1 %Total

 

 

 

 

 

Table III. The antibiotic resistance pattern of bacteria among paediatric patients with UTI during the years 2007-2009.

Table II. The resistance pattern of the most common bacteria identified in paediatric patients with UTI.
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ampicillin whilst the antibiotic resistance of 
Klebsiella spp., and Proteus spp. were 8.3% against 
ampicillin and 7.7% against furantoin, respectively. 
The highest antibiotic  resistance, in the mentioned 
study, was against ampicillin (77.4%) whilst the 
lowest was against nitrofurantoin (8.4%).      

The highest antibiotic resistance among 
Klebsiella spp., similar to that of Enterobacter spp., 
was against ampicillin and cephalothin, respectively. 
Staphylococcus spp., were more resistant against 
ampicillin whilst other bacteria were more 
resistant against ampicillin, cephalothin and SXT, 
respectively. There was a significant correlation 
between the frequency of antibiotic resistance of 
the identified bacteria and the year of study for the 
antibiotics nitrofurantoin (p=0.000) and ampicillin 
(p= 0.05) whilst there was no such a correlation for 
other antibiotics (p> 0.05). Resistance to gentamicin 
had increased from 14.6% in 2007 to 26.9% in 2009, 
while it had increased from 51.6% in 2007 to 75% 
in 2009 for cephalothin and from 23.8% in 2007 to 
40.9% in 2009 for nitrofurantoin. This increase in 
resistance pattern was significant for gentamicin and 
nitrofurantoin (p=0.001) whilst it was not significant 
for cephalothin (p=0.07). 

The maximum antibiotic sensitivity of E. coli to 
nitrofurantoin and ampicillin was 75.3% and 17.1%, 
respectively which were lower than those reported 
by Tseng (96.6% for nitrofurantoin and 19.1% 
for ampicillin) (1). The maximum sensitivity of 
Klebsiella spp., to SXT, gentamicin and nitrofurantoin 
was 58.8%, 50% and 40%, respectively, whilst the 
sensitivity rate against ampicillin was 0%. Similarly, 
in the study of Tseng sensitivity to ampicillin was 
very low (8.3%) (1). 

 In the current study, the rate of resistance to 
ampicillin was 78.8% which was higher than that 
reported by others (77.4%) (1). Different studies 
have shown that the rate of resistance to ampicillin is 
continuing to increase. Some instances of such studies 
have been carried out in different parts of Europe 
and Northern America. During a 22-year period in 
Britain, resistance to ampicillin had increased from 
12% to 40% in hospitalized patients and from 33% 
to 46% in outpatients. In another study from Canada, 
the resistance rate of E. coli to ampicillin has been 
reported as 40% (24, 25). The resistance rate of E. 
coli to ampicillin has been reported as a range of 

increase in the rate of resistance to gentamicin and 
nitrofurantoin was seen during 2007-2009. 

In the current study, E. coli was the most common 
bacteria (45.1%) causing urinary tract infection 
among the population under survey and this result 
was consistent with that reported by other studies 
(1, 3, 13-20). The other most frequent bacteria 
identified were Klebsiella spp., (17.8%), Enterobacter 
spp., (15.5%) and Staphylococcus spp., (12.2%), 
respectively. The frequencies of the bacteria E. coli, 
Klebsiella spp., and Enterobacter spp. were higher in 
the females compared to males whilst the frequency 
of Staphylococcus spp. was higher in the male gender. 
There was no significant correlation between gender 
and the prevalence of the identified bacteria (p=0.88).   

E. coli is the most common member of the family 
Enterobacteriaceae which is responsible for 75-90% 
of UTI cases (21). The prevalence of infections 
caused by E.coli differs in different parts of the world 
and has been reported as a range of 56.2-87% (3, 13, 
17-20). In a study carried out in Taiwan, the most 
common bacteria causing UTI were E.coli (81%), 
Klebsiella spp. (6.5%), Enterococcus spp. (6%) and 
Proteus spp. (3.5%). These results were similar to 
those reported by other studies (1, 14-16). 

In the current study, the highest prevalence of 
bacteria causing UTI was associated to the spring 
season. The most common bacteria seen in the 
spring and summer were E.coli and Klebsiella 
spp. respectively, while Enterobacter spp., and 
Staphylococcus spp., were more frequent in winter. 
There was a significant correlation between the 
seasonal pattern and the prevalence of the identified 
bacteria (p=0.006). 

The highest resistance of E. coli was against 
ampicillin, SXT and cephalothin, respectively.  The 
results of the recent studies showed that ampicillin 
resistance has increased among E. coli spp. from 
70.8% to 91.7% compared to 15 years ago (1). 
However, the interesting point in these studies was 
the consistency of gentamicin-resistance pattern 
(16.2%-19.8%) among all pathogens and the minor 
change in the nitrofurantoin-resistance pattern within 
the last 15 years (1). Other studies have reported an 
antibiotic resistance pattern of 44.1% to 74% for E. 
coli against ampicillin (18, 22, 23). 

The antibiotic resistance of E. coli was reported 
as 96.6% against nitrofurantoin and 19.1% against 
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8.	 Shaw KN, Gorelick M, McGowan KL, Yakscoe NM, 
Schwartz JS. Prevalence of urinary tract infection in 
febrile young children in the emergency department. 
Pediatrics 1998; 102:e16.

9.	 Manges AR, Natarajan P, Solberg OD, Dietrich PS, 
Riley LW. The changing prevalence of drug-resistant 
Escherichia coli clonal groups in a community: 
evidence for community outbreaks of urinary tract 
infections. Epidemiol Infect 2006; 134:425-31.

10.	 Kahan NR, Chinitz DP, Waitman DA, Dushnitzky 
D, Kahan E, Shapiro M. Empiric treatment 
of uncomplicated urinary tract infection with 
fluoroquinolones in older women in Israel: another 
lost treatment option? Ann Pharmacother 2006; 
40:2223-27.

11.	 Akram M, Shahid M, Khan AU. Etiology and 
antibiotic resistance patterns of community-acquired 
urinary tract infections in J N M C Hospital Aligarh, 
India. Ann Clin Microbiol Antimicrob 2007; 6:4.

12.	 Gales AC, Jones RN, Turnidge J, Rennie R, 
Ramphal R. Characterization of Pseudomonas 
aeruginosa isolates: occurrence rates, antimicrobial 
susceptibility patterns, and molecular typing in 
the global SENTRY Antimicrobial Surveillance 
Program, 1997-1999. Clin Infect Dis 2001; 32:S146-
55.

13.	 Ghedira Besbes L, Messaoudi A, Ben Meriem C, 
Guediche MN. [Profile of antimicrobial resistance of 
agents causing urinary tract infections in children]. 
Tunis Med 2004; 82:299-305.

14.	 Yen CW, Chen DH. Urinary tract infection in 
children. J Microbiol Immunol Infect 1999; 32:199-
205.

15.	 Wu CY, Chiu PC, Hsieh KS, Chiu CL, Shih CH, 
Chiou YH. Childhood urinary tract infection: a 
clinical analysis of 597 cases. Acta Paediatr Taiwan 
2004; 45:328-33.

16.	 Wang SF, Huang FY, Chiu NC, Tsai TC, Ho UY, Kao 
HA, Hsu CH, Hung HY. Urinary tract infection in 
infants less than 2 months of age. Zhonghua Min 
Guo Xiao Er Ke Yi Xue Hui Za Zhi 1994; 35:294-
300.

17.	 Lutter SA, Currie ML, Mitz LB, Greenbaum LA. 
Antibiotic resistance patterns in children hospitalized 
for urinary tract infections. Arch Pediatr Adolesc 
Med 2005; 159:924-28.

44.1% to 74% by other studies (1, 9, 11, 22, 26). 
Finally, the results of this study show that 

antibiotic resistance among bacteria isolated from 
different infections in paediatrics in Iran is a big 
problem especially among hospitalized patients, as 
well as immuno-compromised patients. Therefore, 
the use of appropriate antibiotics against UTIs and 
establishment of annual surveillance programs on 
determining the antibiotic sensitivity of bacteria 
to routinely used antibiotics can be helpful for 
physicians in choosing an appropriate treatment for 
patients suffering from UTI and also to reduce the 
complications related to serious UTI.  
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We investigated the relationship of the positivity for Chlamydophila pneumoniae (Cpn) and Mycoplasma 
pneumonia (Mpn), inflammatory and metabolic markers, and mRNA expression and polymorphisms 
of the TLR2, TLR4, IL-6 and TNFA genes with acute myocardial infarction (AMI). Two hundred and 
eighteen individuals (98 AMI and 120 non-AMI) were selected at two Clinical Centers. Blood samples 
were drawn to extract DNA and RNA and to measure laboratory variables including anti-Cpn IgM 
and IgG. Cpn and Mpn genomic DNA as well as TLR2, TLR4, IL-6 and TNFA mRNA expression were 
evaluated by quantitative real-time PCR (qPCR). Gene polymorphisms were detected by PCR-HRM. 
AMI patients had higher positivity for Cpn-DNA (17.3%) than non-AMI group (6.7%, p=0.018). In 
addition, Cpn-DNA positivity was an independent predictor of risk for AMI (OR: 2.56, CI: 1.08 - 6.04, 
p=0.031). Positivity for anti-Cpn IgG and Mpn-DNA was similar between AMI and non-AMI (p>0.05). 
TLR4 mRNA expression was higher in AMI than non-AMI individuals (p=0.005). CD14 -260C>T, TNFA 
-308A>G, TLR2 c.2258G>A, TLR4 c.896A>G and TLR4 c.1196C>T variants were not associated with 
increased risk for AMI (p>0.05). In the AMI group, individuals carrying CD14 -260CC genotype had 
higher hsCRP levels than CT/TT carriers (p=0.041). These results are suggestive that Cpn-DNA positivity 
and increased TLR4 mRNA expression in blood leukocytes may be associated with AMI and could be 
useful markers to evaluate the severity and progression of the atherosclerotic disease in AMI patients.
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Atherosclerosis is considered to be an 
inflammatory disease, secondary to endothelial 
injury, associated with various risk factors, such 
as cigarette smoking, hypercholesterolaemia, high 
arterial blood pressure and, more recently, with 
infectious agents (1-3). 

Several infectious agents have been investigated 
for being part of the instability of the atheroma 
plaque. Chlamydophila pneumoniae (Cpn), an 
obligate intracellular bacterium, was detected 
in atheroma plaque and it has been suggested to 
participate in the atherosclerotic process leading to 
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increased gene expression leading to an enhanced 
inflammatory process in elderly myocardial infarction 
patients (12). It is likely that CD14 -260C>T and 
TNFA -308G>A polymorphisms contribute to 
inter-individual differences in susceptibility to 
Cpn and Mpn infections. It was also observed that 
individuals carrying CD14 -260TT genotype are 
more susceptible to Cpn infection (13). In addition, 
variants in the TLR4 (c.896A>G and c.1196C>T) and 
TLR2 (c.2258G>A) have been shown to alter protein 
activity in leukocytes, which could reduce cytokine 
response and increase susceptibility to infection 
(12, 14). We investigated the association of the Cpn 
and Mpn positivity, metabolic and inflammatory 
markers, mRNA expression and polymorphisms of 
inflammatory-related genes with acute myocardial 
infarction (AMI).

MATERIALS AND METHODS

Subjects 
Two hundred eighteen non-related individuals (<70 

y) with AMI (n=98) and without AMI (non-AMI, n=120) 
were selected at two Clinical Centers (Institute Dante 
Pazzanese of Cardiology (IDPC) and Santa Casa of Sao 
Paulo (SCSP), Sao Paulo city, Brazil. AMI was diagnosed 
by clinical and laboratory evaluation according to the 
World Health Organization (WHO) criteria (15).

Biodemographic data and information on age, height 
and weight, cigarette smoking, alcohol consumption, 
hypertension and diabetes were evaluated. Each individual 
declared his ethnic group during the interview as required 
by Brazilian legislation. Those with increased systolic/
diastolic blood pressure (≥140/90 mmHg) or under anti-
hypertensive therapy were considered hypertensive (16). 
Diabetics were considered as those individuals with 
increased fasting glycemia (≥ 7.0 mmol/l, 126 mg/dl) or 
those receiving any hypoglycemic medication. Current 
cigarette smokers consumed three or more cigarettes/
day. An alcohol consumer was considered one who 
takes a daily intake dose of 1 g or more of beer, wine, 
or 6 distilled spirits. Individuals practicing any physical 
activity or sport were considerate active.

Exclusion criteria were individuals with acute respira-
tory disease, renal or liver insufficiency, thyroid dysfunc-
tion, familial hypercholesterolemia, inflammatory dis-
ease, unstable angina, peripheral vascular disease, myo-
cardiopathy, pericardiopathy and hematological disease.

The study protocol was approved by the Ethics Com-
mittee of the IDPC, SCSP and School of Pharmaceutical 
Sciences of the University of Sao Paulo (USP), Sao Paulo 

acute myocardial infarction (AMI) (4). Our group 
previously demonstrated that a co-infection with 
Cpn and Mycoplasma pneumoniae (Mpn) was linked 
to coronary plaque rupture, in association with vessel 
dilatation and adventicial inflammation (5) using an 
aortic atherosclerosis aneurysm study. A relationship 
between the positivity for anti-Mpn antibodies and 
coronary artery disease (CAD) was found only in 
patients with Cpn positivity (6), suggesting that 
coinfection may be an important risk factor for CAD, 
but the pathophysiological mechanisms remain to be 
elucidated.

Cpn and Mpn infect mucosal surfaces of the 
human respiratory tract causing pneumonia and 
bronchitis. Cpn can survive into immune cells by 
disarming mechanisms of innate immunity likely 
because Cpn infection blocks type I interferon (IFN) 
induction by preventing phosphorylation and nuclear 
translocation of the IFN regulatory factor 3 (IRF3), 
as demonstrated in infected epithelial cells (7). Thus, 
this respiratory bacterium may disseminate through 
peripheral blood leukocytes until reaching coronary 
arteries. Therefore, the detection of Cpn and Mpn 
in peripheral blood leukocytes of AMI patients may 
support the participation of these pathogens in the 
development of atherosclerosis. Although several 
studies have shown the presence of Cpn and Mpn 
within atheroma plaque (5, 8, 9), it is not clear 
whether Cpn and Mpn are passive inhabitants of the 
plaque or if these bacteria induce and/or intensify the 
inflammatory process in the arterial wall.

Toll-like receptors (TLR) and CD14 are receptors 
involved in microbial recognition by immune 
cells causing an inflammatory response. Increased 
expression of TLR encoding genes was found in 
coronary atherosclerotic lesion of patients with acute 
coronary syndrome (ACS) or stable angina pectoris 
suggesting that some types of bacteria could trigger 
the up-regulation of inflammatory-related genes in 
affected patients (10). Moreover, increased plasma 
inflammatory markers, such as interleukin (IL)-4 and 
IL-8, and intercellular adhesion molecule-1 (ICAM-
1) have also been found in CAD patients after 
infection with Cpn IgA, and may make an important 
contribution to CAD progression (11).

Common variants in genes encoding CD14 (CD14 
-260C>T) and tumor necrosis factor alpha (TNFA 
-308G>A) have been reported to be associated with 
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probe, and TaqMan Universal PCR Master Mix (Applied 
Biosystems, Foster City, CA, USA). PCR were car-
ried out in a ABI Prism 7500 SDS (Applied Biosystems, 
Foster City, CA, USA) using the cycling conditions: 
95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 
1 min. PCR product sequences were confirmed to be from 
the 16S rRNA gene by sequencing at the Human Genome 
Research Center of the USP, São Paulo city, Brazil.

In order to establish positive controls, we cloned 
plasmids containing the amplified region of each target 
bacteria. Reference strains were grown as recommended 
by the American Type Culture Collection (ATCC). The 
bacterial species used in this study were: M. pneumonia 
strain FH (ATCC 15531) and C. pneumonia strain 
AR39 (ATCC 53592). PCR was performed using 200 
nM reverse and forward primers (Table I) (Invitrogen 
Corporation, CA, USA), 50 ng genomic DNA, 200 μM 
dNTPs (GE Healthcare, Buckinghamshire, England), 1.0 
U termostable DNA polymerase and PCR buffer (50 mM 
KCl, 20 mmol/l (NH4)2SO4, 2 mM MgCl2, 75 mM Tris–
HCl (pH 9.0)) (Biotools, Madrid, Spain) in 25 μl total 
volume. The PCR program consisted of one cycle at 95°C 
for 3 min; 29 cycles at 95°C for 1 min, 64°C for 1 min, 72°C 
for 1 min; and one cycle at 72°C for 10 min. Amplification 
was carried out in a PTC-200 Thermal Cycler (MJ 
Research Inc., MA, USA). Cpn and Mpn PCR products 
were purified using the QIAquick PCR purification kit 
(QIAGEN, GmbH, Germany) and inserted separately 
into the pGEM-T Easy vectors (Amersham Biosciences, 
Piscataway/NJ, USA). Clones were sequenced using M13 
forward and reverse primers (Table I). 

Chemically competent Escherichia coli strain DH5-α 
were transformed with recombinant plasmids (pGEM-
Cpn and pGEM-Mpn) and inserted fragments were 
detected by restriction fragment analysis using agarose gel 
electrophoresis. Plasmids were purified with a MaxiPrep 
(Qiagen, GmbH, Germany) and concentrations were 
determined by spectrophotometry using ChemiImager 
4400 v5.5 (Alpha Innotech Corporation, San Leandro, 
CA, USA). Plasmid DNA solutions were diluted in water 
as 10-fold dilutions containing 101 to 109 plasmid copies. 
These dilutions of positive plasmid controls for two target 
microorganisms were run in triplicate by quantitative real-
time PCR (qPCR) and standard curves were obtained as 
previously described (20). pGEM-Cpn and pGEM-Mpn 
sequences were confirmed by DNA sequencing.

Gene expression analysis
Total RNA (1 µg) extracted from blood leukocytes 

was treated with DNAse (Qiagen, Valencia, CA, USA) 
and then reverse-transcribed with 200U of SuperScript 
II reverse transcriptase (Invitrogen, MD, USA). TLR2, 
TLR4, IL-6 and TNFA mRNA levels were determined 

city, Brazil, and each participant gave informed consent.

Blood sampling and laboratory analyses
Blood was drawn from an antecubital vein after at least 

8 h of fasting. Trisodium citrate-anticoagulated blood was 
centrifuged for 25 min at 4°C and used for fibrinogen anal-
ysis. EDTA-anticoagulated blood was used for DNA and 
RNA analyses. Serum was used for biochemical measure-
ments and kept at -80°C until used for detection of anti-
Cpn IgG and IgM.

Serum glucose, total cholesterol, high-density lipopro-
tein (HDL) cholesterol and triglycerides were determined 
by routine laboratory procedures using a fully automated 
Hitachi mod. 912 system (Roche Diagnostic, São Paulo, 
Brazil). Low-density lipoprotein (LDL) cholesterol and 
very low-density lipoprotein (VLDL) cholesterol were 
calculated using Friedewald´s formula when the triglycer-
ide concentration did not exceed 4.52mmol/l (17).

Serum apolipoprotein (apo) B and AI were determined 
by immunonephelometry (Dade Behring Marburg GmbH, 
Marburg, Germany). Serum ultrasensitive C-reactive pro-
tein (hsCPR) and IL-6 were measured by chemilumines-
cence immunoassay (Roche Diagnostic, Sao Paulo, Bra-
zil). Plasma fibrinogen was determined by spectrophotom-
etry using Electra mod. 1400C (Beckman coulter Inc, Palo 
Alto, CA, USA). 

The detection of anti-Cpn IgG and IgM was performed 
using an indirect immunofluorescence assay as previously 
described (18). The titer >1/512 was considered a cut-off 
value for positive result, because it is representative for 
acute infection (19).

Genomic DNA and RNA extraction
The genomic DNA and the total RNA were extracted 

from EDTA-treated whole blood samples using QIAamp 
DNA Blood Mini Kit and QIAamp RNA Blood Mini Kit, 
respectively (QIAGEN, GmbH, Germany) following the 
manufacturer’s protocols, immediately after the venipunc-
ture blood collection.

Cpn-DNA and Mpn-DNA detection 
Cpn-DNA and Mpn-DNA were detected in blood sam-

ples by quantitative real-time PCR (qPCR) using the Taq-
Man® system. Primers and probes used for the detection of 
Cpn-DNA and Mpn-DNA, shown in Table I, were selected 
using Primer Express software v.1.0 (Applied Biosys-
tems, Foster City, CA, USA). The sequences were based 
on species-specific highly conservative regions from the 
16S rRNA gene. The species-specific primers and probes 
were identified by multiple sequence alignment using the 
ClustalW software. 

DNA samples were assayed in a 25 μl reaction mix-
ture containing 50 ng template DNA, 200 nM primers and 
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association between Cpn-DNA and Mpn-DNA positivity, 
polymorphisms and other variables with AMI using Wald 
Stepwise criteria to select variables. For this purpose, the 
independent variables were grouped into quartiles. High 
mRNA levels were considered to be values higher than 
the third quartile. The level of significance was considered 
5%.

RESULTS

Characteristics of the study groups
Biodemographic, clinical and laboratory results 

of the AMI patients and non-AMI subjects are shown 
in Table II. The AMI group had increased frequency 
of hypertension, diabetes, cigarette smoking, and 
even higher age and BMI values, than non-AMI 
groups (p<0.05).

The AMI group also had higher concentrations 
of glucose, triglycerides, VLDL cholesterol, hsCRP, 
IL-6 and fibrinogen, and lower HDL cholesterol and 
Apo AI, when compared with the non-AMI group 
(p<0.001).         

Bacterial DNA detection
Positive samples for Cpn-DNA were found more 

frequent in the AMI group (17.3%) than in the non-
AMI group (6.7%, p=0.018) (Table II). On the other 
hand, positivity for anti-Cpn IgG (titer >1/512) was 
similar between AMI (7.1%) and non-AMI (3.8%, 
p=0.719), while all samples were negative for anti-
Cpn IgM (titer < 1/16) (data not shown). Mpn-DNA 
positivity was similar between AMI (5.0%) and non-
AMI (5.8%, p=1.000) groups (Table II).

According to the multiple logistic regression 
analysis, individuals positive for Cpn-DNA have 
two times more susceptibility for AMI (OR: 2.56, 
95%CI: 1.08-6.04, p=0.031) than those with negative 
results for Cpn-DNA (Table III). However, Cpn-
DNA positivity was not associated with increased 
levels of hsCRP, IL-6 and fibrinogen (p>0.05) (Data 
not shown).

Gene expression in blood leukocytes
Results from analysis of mRNA expression 

in blood leukocytes are shown in Fig. I. AMI 
individuals showed higher levels of TLR4 mRNA 
expression when compared with non-AMI 
individuals (p=0.005). On the other hand, TLR2, 
IL6 and TNFA mRNA expression was not associated 

by qPCR using TaqMan® system (Applied Biosystems, 
Foster City, CA, USA). qPCR were assayed in a 25 μl 
reaction mixture containing of 1 μL cDNA, 200 nM of 
primers and probe, and TaqMan Universal PCR Master 
Mix (Life Technologies, Foster City, CA, USA) diluted 
in nuclease-free water. The thermal cycling protocol 
consisted of one cycle at 95°C for 10 min, and 40 cycles 
at 95°C for 15 s and 60°C for 1 min. The amplification 
was carried out in a 7500 fast real-time system (Life 
Technologies).

The mRNA expression was calculated for each target 
gene using the comparative cycle threshold (Ct) method, 
as previously described (21). Genorm software [http://
medgen.ugent.be/genorm] was used to select the most 
stable endogenous reference gene and the most stable 
in the experimental conditions was glyceraldehyde-3-
phosphate dehydrogenase (GAPD) (21).

Gene polymorphism analysis
CD14 -260C>T (rs2569190), TNFA -308G>A 

(rs1800795), TLR2 c.2258G>A (rs5743708), TLR4 
c.896A>G (rs4986790) and TLR4 c.1196C>T (rs4987233) 
variants were detected by PCR followed by high-resolution 
melting (HRM) analysis. PCR-HRM assays contained 25 
ng genomic DNA, 200 nM of primers (Table I) (Applied 
Biosystems, Foster City, CA, USA) and 450 nM of 
SYTO® 9 green fluorescent nucleic acid stain (Invitrogen, 
Gathersburg, USA) in a 20 μl reaction mixture. PCR 
was performed on ABI Prism 7500 SDS (Applied 
Biosystems, Foster City, CA, USA) in conditions as 
follows: 1 cycle at 95°C for 15 min; 45 cycles at 95°C 
for 10 s and at 60°C for 30s. Melting curve data were 
generated by increasing the temperature from 50°C to 
95°C at 0.1°C per second and recording fluorescence. 
HRM curve analysis was performed using HRM v.2.0.1 
software (Applied Biosystems, Foster City, CA, 
USA). Genotyping assays were repeated for 25% of the 
DNA samples randomly selected. Different genotypes 
for CD14, TNFA, TLR2 and TLR4 polymorphisms were 
confirmed by DNA sequencing, and thereafter used as 
reference samples in the genotyping assays.

Statistical analysis
Statistical analyses were performed using Prism 

v.5.0 for Windows (Graph Pad Software Inc., CA, USA) 
and SPSS v. 17.0 for Windows (SPSS Inc., Madrid, 
Spain). Variables without normal distribution were log 
transformed for analysis. Continuous variables were 
presented as mean ± SD and compared by t-test. Analysis 
of mRNA expression data were performed using Mann-
Whitney U test and presented as median. Categorical 
variables were compared by a chi-squared test. Multiple 
logistic regression analysis was carried out to search for an 
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mRNA expression levels than those with negative 
results for Mpn-DNA (Data not shown). According 
to the multiple logistic regression analysis, positive 
individuals for Cpn-DNA were not associated with 
increased mRNA expression of TLR2, TLR4, IL-6 
and TNFA (data not shown). 

Genetic polymorphisms
Genotype distributions of the CD14, TNFA, 

TLR2 and TLR4 polymorphisms were in Hard-
Weinberg Equilibrium (HWE), indicating that the 

with AMI condition (Fig. 1). TLR2 and TNFA mRNA 
leukocyte expression was higher than TLR4 and IL6 
in both AMI and non-AMI groups (p<0.05, data not 
shown). Results from multiple logistic regression 
analysis showed that high levels of TLR2, TLR4, IL-6 
and TNFA mRNA were not related to AMI (Table III). 

Positivity for Cpn-DNA was not associated 
with variability in TLR4, TLR2, IL6 and TNFA 
mRNA expressions in AMI individuals (p>0.05, 
Fig. 2). Likewise, AMI subjects with positivity for 
Mpn-DNA had similar TLR4, TLR2, IL6 and TNFA 

23 
 

Table I. Primers and probes sequences used for real time PCR. 

Gene Primers and 
Probes Sequence 5’ → 3’ Size (bp) 

M13 Forward GTAAAACGACGCCCAG 280 
 Reverse CAGGAAACAGCTATGAC  
Cpn-DNA Forward GGACCTTACCTGGACTTGACATG 70 
 Reverse TGTGTATCTGTCCTTGCGGAAA  
 Probe FAM-TTGACAACTGTAGAAATAC-MGBNFQ  
Mpn-DNA Forward GACCTGCAAGGGTTCGTTATTT 68 
 Reverse GGCCGTTACCCCACCAA  
 Probe FAM-TGAGGGTGCGCCATA-MGBNFQ  
TLR2 Forward ATACAGACAAAGGCATACA' 103 
 Reverse ACCATAAACCCAACAACT  
 Probe FAM-TTTATCGTCTTCCTGGTTCAAGCC-TAMRA  
TLR4 Forward TGCGTGAGACCAGAAAGC 123 
 Reverse GTCCAGGTTCTTGGTTGA  
 Probe FAM-ATGTCTGCCTCGCGCCTGGC-TAMRA  
IL6 Forward GATTGTGCAATGTGACGTCCTT 125 
 Reverse GCTGCACTTTTCCCCCTAGTT  
 Probe FAM-CGCCTCCAGGAGCCCAGCTATGA-TAMRA  
TNFA Forward GTAGGACCCTGGAGGCTGAAC 80 
 Reverse CCCAAAAGAAATGGAGGCAAT  

 Probe FAM-CCCCCTCCTTCAGACACCCTCAACC-
TAMRA  

GAPD Forward GGAAGGTGAAGGTCGGAGTCA 130 
 Reverse CTGGAAGATGGTGATGGGATTTC  

 Probe FAM-CATGGCACCGTCAAGGCTGAGAACG-
TAMRA  

CD14 -269C>T Forward AACCTAATTCTACCCCCCTTGG 78 
(rs2569190) Reverse TCAGAGGCAGCCGAAGAGTT  
TNFA -308G>A Forward AGCCTCAATGACGACCTAAGCC 84 
(rs1800795) Reverse AATGAGCCTCAGACATCTCCAGT  
TLR4 c.896A>G Forward GATTAGCATACTTAGACTACTACCTCGAAG 98 
(rs4986790) Reverse CTTCTGAAAAAGCATTCCCACC  
TLR4 c.1196C>T Forward GGTTGCTGTTCTCAAAGTGATTTTGGGTCA 104 
(rs4986791) Reverse AGGAAGTTTTCCTGGAAAGAATTGCCAGC  
TLR2 c2258G>A Forward CCATTCCCCAGCGCTTCT 58 
(rs57437080) Reverse TGAACACCAAGACCTACCTGGA  

Cpn: Chlamydophila pneumoniae; Mpn: Mycoplasma pneumoniae; MGB: minor groove 
binding; NFQ: nonfluorescente quencher; TAMRA: Carboxytetramethylrhodamine; TLR: Toll-
like receptor; IL6: interleukin-6; TNFA: Tumor necrosis factor alpha; GAPD: Glyceraldehyde 
3-phosphate dehydrogenase. 

Table I. Primers and probes sequences used for real time PCR.

Cpn: Chlamydophila pneumoniae; Mpn: Mycoplasma pneumoniae; MGB: minor groove binding; NFQ: nonfluorescente 
quencher; TAMRA: Carboxytetramethylrhodamine; TLR: Toll-like receptor; IL6: interleukin-6; TNFA: Tumor necrosis 
factor alpha; GAPD: Glyceraldehyde 3-phosphate dehydrogenase.
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Table II. Biodemographic, clinical and laboratory data of AMI and non-AMI groups.

Variables AMI (98) Non-AMI (120) p-value 

Age, years 61.4 ± 10.4 56.2 ± 9.1 <0.001 

Men, % 65.0 (65) 75.0 (90) 0.137 

Caucasian/African, % 65.0/35.0 65.9/34.1 1.00 

BMI, Kg/m² 28.6 ± 3.5 24.0 ± 3.4 <0.001 

Hypertension, % 62.0 (62) 20.0  (24) <0.001 

Diabetes, % 20.0 (20) 5.0 (6) <0.001 

Cigarette smoking, % 75.0 (75) 33.3 (40) <0.001 

Alcohol consumption, % 30.0 (30) 23.3 (28) 0.683 

Physical activity, % 11.0 (11) 12.5 (15) 0.836 

Glucose, mmol/l* 6.6 ± 3.2 5.1 ± 0.6 <0.001 

Total cholesterol, mmol/l* 4.7 ± 1.4 4.5 ± 1.1 0.984 

HDL cholesterol, mmol/l 1.1 ± 0.2 1.4 ± 0.4 <0.001 

LDL cholesterol, mmol/l* 2.8 ± 1.1 2.8 ± 0.9 0.937 

VLDL cholesterol, mmol/l* 0.8 ± 0.4 0.5 ± 0.3 <0.001 

Triglycerides, mmol/l* 2.1 ± 2.0 1.1 ± 0.6 <0.001 

Apolipoprotein AI, g/l 1.3 ± 0.3 1.4 ± 0.3 <0.001 

Apolipoprotein B, g/l* 1.0 ± 0.3 0.9 ± 0.2 0.683 

hsCRP, ng/ml 0.4 ± 0.9 0.1 ± 0.2 <0.001 

IL-6, ρg/ml 11.4 ± 11.6 0.9 ± 1.2 <0.001 

Fibrinogen, g/l 4.7 ± 1.9 2.7 ± 0.7 <0.001 

Cpn-DNA 17.3 % (17) 6.7 % (8) 0.018 

Mpn-DNA 5.0 % (5) 5.8 % (7) 1.000 

Anti-Cpn IgG 7.1 % (7) 3.8 % (5) 0.719 

Minor allele frequency    

TNFA -308G>A  11.0 % 8.3 % 0.364 

CD14 -260C>T 36.7 % 32.9 % 0.364 

TLR4 Asp299Gly, c.896A>G 4.6 % 3.3 % 0.620 

TLR4 Thr399Ile, c.1196C>T 3.6 % 5.0 % 0.492 

TLR2 Arg753Gln, c.2258G>A 0.5 % 0.8 % 1.000 

Number of individuals in parenthesis. Continuous variables are presented as mean ± SD and 
compared by t-test. Categorical variables were compared by chi-square test. (*) Log transformed Number of individuals in parenthesis. Continuous variables are presented as mean ± SD and compared by t-test. Categorical 

variables were compared by chi-square test. (*) Log transformed data. AMI: Acute Myocardial Infarction; BMI: Body 
mass index; HDL: High-density Lipoprotein; LDL: Low-density Lipoprotein; VLDL: Very Low-density Lipoprotein; 
Cpn: Chlamydophila pneumonia; Mpn: Mycoplasma pneumonia; Ig: Immunoglobulin; hsCRP: high sensitive C-reactive 
protein; IL-6: Interleukin-6; TNF: Tumor Necrosis Factor; CD14: Cluster of differentiation 14; TLR: Toll-Like receptor.

Table II. Biodemographic, clinical and laboratory data of AMI and non-AMI groups.
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Table III. Predictors of susceptibility to AMI. Multiple logistic regression model. 
Predictors O.R 95%CI p-value 

Cpn-DNA 2.56 1.08 - 6.04 0.031

Mpn-DNA 0.86 0.26 - 2.80 0.803 

High TLR4 mRNA 1.74 0.94 - 3.25 0.078 

High IL6 mRNA 1.17 0.63 - 2.17 0.611 

High TLR2 mRNA 1.17 0.63 - 2.17 0.611 

High TNFA mRNA 0.96 0.51 - 1.78 0.903 

TNFA -308G>A 0.56 0.21 - 2.41 0.419 

CD14 -260C>T 0.65 0.19 - 2.73 0.512 

TLR4 Asp299Gly, c.896A>G 0.89 0.49 - 2.12 0.823 

TLR4 Thr399Ile, c.1196C>T 0.76 0.42 - 1.91 0.720 

TLR2 c.2258G>A 0.92 0.41-2.32 0.913 

High mRNA levels were considered to be values higher than the third quartile. Non-
AMI group was used as reference. All polymorphisms were introduced as dummy 
variables for the presence of less frequent allele. Models were adjusted for age, body 
mass index, hypertension, diabetes, cigarette smoking and alcohol consumption. OR: 
odds ratio; CI: confidence interval; Cpn: Chlamydophila pneumoniae; Mpn, 
Mycoplasma pneumoniae; IL6: Interleukin-6; TNFA: Tumor necrosis factor alpha; 
TLR: Toll-like receptor.  
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Fig. 1. TLR4, TLR2, IL6 and TNFA mRNA expression in peripheral blood leukocytes. 
Values are presented as a dispersion plot with bars indicating median values and 
compared by Mann-Whitney U test and expressed as a relative value of mRNA 
quantification to the control (2-ΔCT). 
 

High mRNA levels were considered to be values higher than the third quartile. Non-AMI group was used as reference. 
All polymorphisms were introduced as dummy variables for the presence of less frequent allele. Models were adjusted for 
age, body mass index, hypertension, diabetes, cigarette smoking and alcohol consumption. OR: odds ratio; CI: confidence 
interval; Cpn: Chlamydophila pneumoniae; Mpn, Mycoplasma pneumoniae; IL6: Interleukin-6; TNFA: Tumor necrosis 
factor alpha; TLR: Toll-like receptor. 

Table III. Predictors of susceptibility to AMI. Multiple logistic regression model.

Fig. 1. TLR4, TLR2, IL6 and TNFA mRNA expression in peripheral blood leukocytes. Values are presented as a dispersion 
plot with bars indicating median values and compared by Mann-Whitney U test and expressed as a relative value of 
mRNA quantification to the control (2-ΔCT).



456

carrying CD14 -260CC genotype had higher hsCRP 
levels than CT/TT carriers (p=0.041). No statistical 
significance was observed between CD14 -260C>T 
genotypes for other inflammatory markers (IL-6 and 
fibrinogen) or metabolic variables (p>0.05). In the 
same way, TNFA -308A>G, TLR2 c.2258G>A, TLR4 
c.896A>G and TLR4 c.1196C>T polymorphisms 
were not associated with variability in inflammatory 
and metabolic markers (p>0.05).

DISCUSSION

In this study, the presence of Cpn-DNA and Mpn-
DNA was detected in peripheral blood leucocytes 
and positivity for Cpn-DNA associated with AMI. 
These results contribute with previous studies that 
have found an association between Cpn-DNA and 
atherosclerosis using peripheral blood leukocytes 
(22) and atheroma plaque as study models (21-23). 
Prager et al. detected Cpn-DNA in 86.9% of the 
peripheral blood leukocytes and in 82.6% of the 

sampling method was appropriate and the number 
of cases is representative (data not shown). Allelic 
frequencies of TNFA -308G>A, CD14 -260C>T, 
TLR2 c.2258G>A, TLR4 c.896A>G and TLR4 
c.1196C>T variants were similar between AMI and 
non-AMI individuals (p>0.05) as shown in Table II. 
Multiple logistic regression analysis confirmed that 
these polymorphisms were not associated with AMI 
(Table III).

CD14 -260T allele (CT/TT genotypes) tended to 
be associated with positivity for Cpn-DNA in AMI 
group (p=0.055). Lack of relationship was found 
between positivity for Cpn-DNA and TNFA -308A>G 
(Table IV), TLR2 c.2258G>A, TLR4 c.896A>G or 
TLR4 c.1196C>T variants (data not shown). Nor 
was positivity for Mpn-DNA related to the studied 
variants in AMI group (Data not shown).

The influence of CD14 -260C>T and TNFA 
-308A>G polymorphisms on inflammatory 
and metabolic markers in AMI group was also 
investigated, as shown in Table IV. Individuals 

28 
 

 
Fig. 2. TLR4, TLR2, IL6 and TNFA mRNA expression in AMI patients according to 
Cpn-DNA positivity. Values are presented as a dispersion plot with bars indicating 
median values and compared by Mann-Whitney U test and expressed as a relative value 
of mRNA quantification to the control (2-ΔCT). 
 

Fig. 2. TLR4, TLR2, IL6 and TNFA mRNA expression in AMI patients according to Cpn-DNA positivity. Values are 
presented as a dispersion plot with bars indicating median values and compared by Mann-Whitney U test and expressed 
as a relative value of mRNA quantification to the control (2-ΔCT).
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DNA and AMI, which is the main manifestation 
of atherosclerosis. Taken together, these results 
are suggestive that Cpn-infection is involved in 
the pathophysiology of atherosclerosis, and the 
exacerbation of the inflammatory response may 
result in the disruption of the atheroma plaque and 
AMI.

In a previous study, we found 100% positivity 
for Mpn antigens in 27 tissues from patients with 
aortic atherosclerosis aneurysm (AAA) using 
immunohistochemistry (IHC) assays (5). We 
concluded that infection by Mpn participates in the 
pathogenesis of AAA as well as the symbiotic co-
infection by Cpn and Mpn. In this study, Mpn-DNA 
positivity in blood leukocytes was not associated 
with AMI, whereas we found a low frequency of 
Mpn-DNA (5%) in AMI patients. On the other hand, 
Weiss et al. detected the presence of Mpn-DNA in 13 
(36.1%) atherosclerotic plaques and 27 (25%) blood 
leukocytes of 36 samples from patients undergoing 
carotid endarterectomy (26), but no association was 

atherosclerotic plaques from 46 patients undergoing 
carotid endarterectomy showing that Cpn may be 
associated with atherosclerosis (21). Sessa et al. 
reported a similar distribution pattern of the Cpn-
DNA among carotid plaque and peripheral blood 
mononuclear cells (PBMC), but not in lymph nodes, 
in 30 patients with carotid atherosclerotic disease. 
The authors suggested PBMC model as a less invasive 
procedure to detect Cpn in patients with chlamydia-
positive atherosclerotic plaques (23). Jha et al. 
showed high prevalence of Cpn-DNA in the aorta 
(64.7%) and in the coronary artery (58.3%) of CAD 
patients (24). The presence of circulating Cpn-DNA 
was also evaluated in a sample of CAD 296 patients 
and this interesting study showed an association 
between positivity for Cpn-DNA and advanced CAD, 
suggesting that Cpn infection may be a contributing 
factor to progression of coronary atherosclerosis 
(25). Although the Cpn-DNA positivity in our study 
was lower than that observed in other studies using 
CAD patients, we found association between Cpn-

29 
 

Table IV. Relationship of the TNFA and CD14 polymorphisms with Cpn-DNA and Mpn-DNA positivity and inflammatory and 
metabolic markers in AMI group. 
Variable CD14 -260C>T genotypes  TNFA -308G>A genotype 

 -260CC (40) -260CT/TT (58) p  -308GG (76) -308GA/AA (22) p 

Cpn-DNA + 7.5 % (3) 24.1 % (14) 0.055  15.8 % (12) 22.7 % (5) 0.543 

Mpn-DNA + 5.0 % (2) 5.2 (3) 0.928  5.3 % (4) 4.5 % (1) 1.000 

Anti-Cp IgG + 2.5 % (1) 10.3 % (6) 0.234  5.3 % (4) 13.6  % (3) 0.353 

hsCRP, ng/mL 0.6 ± 0.8 0.3 ± 1.1 0.041  0.4 ± 1.0 0.3 ± 0.4 0.868 

IL-6, ρg/mL 13.5 ± 12.1 9.9 ± 11.1 0.064  10.8 ± 11.2 13.2 ± 12.8 0.551 

Fibrinogen, g/l 4.8 ± 2.1 3.9 ± 1.7 0.107  4.2 ± 1.7 4.8 ± 2.0 0.866 

Glucose, mmol/l 5.86±3.14 4.84±4.14 0.411  5.71±3.17 5.98±3.89 0.741 

Total cholesterol, mmol/l 4.37±1.41 3.76±0.90 0.184  4.28±1.36 4.49±1.43 0.709 

HDL cholesterol, mmol/l 0.99±0.29 0.94±0.41 0.554  1.23±0.33 1.09±0.29 0.079 

LDL cholesterol, mmol/l 2.72±1.08 2.49±0.54 0.738  2.76±1.10 2.31±0.44 0.347 

VLDL cholesterol, mmol/l 0.42±0.25 0.47±0.38 0.065  0.73±0.49 0.60±0.34 0.841 

Triglycerides, mmol/l 1.87±1.1.45 1.23±0.87 0.072  1.83±2.00 1.25±0.92 0.241 

Apolipoprotein A1, g/l 1.32±0.39 1.15±0.18 0.399  1.37±0.33 1.53±0.18 0.074 

Apolipoprotein B, g/l 0.97±0.31 0.82±0.23 0.338  0.97±0.31 0.90±0.32 0.487 

Number of individuals in parenthesis. Continuous variables are presented as mean ± SD and compared by t-test. Categorical variables 
were compared by chi-square test. AMI: acute myocardial infarction; Cpn: Chlamydophila pneumonia; Mpn: Mycoplasma pneumonia; 
IgG: immunoglobulin G; hsCRP: high sensitive C-reactive protein; IL-6: interleukin-6; HDL: high-density lipoprotein; LDL: low-density 
lipoprotein; VLDL: very low-density lipoprotein; TNFA: Tumor necrosis factor alpha; CD14: Cluster of differentiation 14. 
Number of individuals in parenthesis. Continuous variables are presented as mean ± SD and compared by t-test. 
Categorical variables were compared by chi-square test. AMI: acute myocardial infarction; Cpn: Chlamydophila 
pneumonia; Mpn: Mycoplasma pneumonia; IgG: immunoglobulin G; hsCRP: high sensitive C-reactive protein; IL-6: 
interleukin-6; HDL: high-density lipoprotein; LDL: low-density lipoprotein; VLDL: very low-density lipoprotein; TNFA: 
Tumor necrosis factor alpha; CD14: Cluster of differentiation 14.

Table IV. Relationship of the TNFA and CD14 polymorphisms with Cpn-DNA and Mpn-DNA positivity and inflammatory 
and metabolic markers in AMI group.
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Our previous study demonstrated that CD14 
-260C>T, IL6 -174G>C and TLR4 c.896A>G and 
TLR4 c.1196C>T variants were not associated with 
AMI in young patients (30). Likewise, in this study, 
these variants and TNFA -308A>G polymorphism 
were not associated with AMI in older patients. 
A meta-analysis covering a total of 8,299 AMI 
cases and 6,849 controls indicated that the TLR4 
c.896A>G polymorphism was not associated with 
AMI risk (31) corroborating our findings. On the 
other hand, Pu et al. performed a meta-analysis of 
28 studies involving 13,335 coronary heart disease 
(CHD) cases and 7,979 controls and found that 
CD14 -260C>T polymorphism was a risk factor 
for CHD (32). The relationship between TNFA 
-308A>G polymorphism and AMI was investigated 
by Ghaderian et al. in a case-control study with AMI 
patients (33). The authors found that TNFA -308A>G 
polymorphism might be helpful for determining 
susceptibility to AMI in Iranian patients.

An interesting tendency of association was 
observed between Cpn-DNA positivity and CD14 
-260C>T polymorphism, and it is likely that the 
CD14 variant alters the expression of CD14 protein, 
which may increase the susceptibility to chlamydial 
infection in macrophages. Poikonen et al. evaluated 
the effects of the CD14 -260C>T, TLR2 Arg753Gln 
and TLR4 Asp299Gly polymorphisms on Cpn growth 
in human macrophages in vitro. They found that the 
Cpn growth was high in CD14 -260TT genotype 
carrying cells and the other polymorphisms had no 
effect on chlamydial growth (34).

We found an association between CD14 -260CC 
genotype and higher levels of hsCRP in AMI 
patients. Conversely, CD14 -260TT genotype was 
independently associated with increased hsCRP 
levels in one study with a sample of CAD patients 
(35). These contradictory results are suggestive 
that the relationship between CD14 -260C>T 
polymorphisms and hsCRP levels may depend on 
genetic, epigenetic and environmental factors as 
well as the study model, size sample, and severity 
of the CHD.

In conclusion, the results from this study are 
suggestive that positivity for Cpn-DNA and increased 
mRNA expression of TLR4 in blood leukocytes may 
be associated with AMI and could be useful markers 
to evaluate the severity and progression of the 

observed between the presence of Mpn-DNA in 
leucocytes and atherosclerotic plaques. Therefore, 
the authors concluded that the random distribution 
of Mpn in tissue samples does not support a role 
for Mpn in the development of atherosclerosis. 
These contradictory results are suggestive that 
the relationship between positivity for Mpn and 
atherosclerosis or CAD depends on the study model, 
size sample, severity of the atherosclerotic disease 
and other factors. Therefore, more studies are 
necessary to elucidate the mechanisms by which 
Mpn infection contributes to the development and 
progression of the coronary atherosclerotic process.

In our study, increased TLR4 mRNA expression 
in blood leukocytes was associated with AMI, 
which is suggestive of the TLR4 involvement in the 
inflammatory response related to AMI. Increased 
TLR4 mRNA levels in circulating monocytes were 
also reported in CAD patients (27). In addition, 
Fukushima et al. showed that TLR4 mRNA 
expression levels in coronary plaques was higher 
in ACS patients than in those with stable angina 
pectoris using coronary plaques (10). The TLR2 
and TLR4 are transmembrane receptors involved in 
the innate immune system response to the presence 
of foreign microorganisms in the host organism. 
Associated with theirs ligand, TLR2 and TLR4 
induce the production of inflammatory markers (28). 
Therefore, leukocyte TLR4 mRNA expression may 
be a potential marker to evaluate the progress of the 
atherosclerotic disease in AMI patients, as well as to 
monitor the pharmacological therapy.  

We evaluated whether positivity for Cpn-
DNA was associated with altered TLR4 mRNA 
expression in blood leukocytes and no relationship 
was found. Indeed, chlamydial components such as 
lipopolysaccharide (LPS) and chlamydial heat shock 
protein 60 (cHSP60) are recognized by TLR4 and 
the intact organisms stimulate the innate immune 
cells through TLR2 (29). Nevertheless, Cpn is a 
highly adapted pathogen that can productively infect 
macrophages and disarm essential aspects of innate 
immunity, whereas Cpn infection targets TRAF3 for 
degradation as demonstrated in infected epithelial 
cells (7). This degradation may explain why Cpn-
DNA positivity was not associated either with 
increased mRNA expression of TLR4 nor with TLR2, 
IL6 and TNFA gene expression.
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There is an increasing body of evidence that alterations of regulatory T (Treg) cell numbers and 
functions lead to immune disorders. Accordingly, understanding the regulatory mechanisms that 
maintain peripheral regulatory T (Treg) cell homeostasis is key to the development of effective targeted 
biologic therapies. We previously demonstrated the effects of IL-10 or TGF-β on distinct CD8+CD28- T cell 
subsets in vitro. Allergy-related changes of CD8+CD25+FoxP3bright Treg cells and FoxP3 mRNA expression 
in peripheral blood were assessed by means of multicolor flow cytometry and real-time polymerase 
chain reaction (RT-PCR). Co-stimulation of CD8+CD25+ T cells with anti-CD3/CD28 in the presence 
of either IL-10 or TGF-β increased the frequency of CD8+CD25+FoxP3bright Treg cells in patients with 
asthma and controls. Likewise, CD8+CD25+ T cell activation with anti-CD3/CD28 and TGF-β increased 
FoxP3mRNA expression in all groups. Anti-CD3/CD28 and IL-10 appeared to regulate FoxP3 mRNA 
expression in a phenotype-dependent manner. Specifically, co-stimulation by anti-CD3/CD28 and IL-10 
markedly increased FoxP3 mRNA expression in the severe asthma group whereas it had opposite effects 
on this value in other groups. Taken altogether, these data suggest that IL-10 and TGF-β may modulate 
FoxP3 expressions at the protein and mRNA levels in respect to their need for peripheral tolerance. 
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Allergic asthma is a Th2 cell-mediated chronic 
inflammatory syndrome characterized by bronchial 
hyperresponsiveness to a variety of allergic stimuli 
(1). It has been previously demonstrated that a 
subpopulation of T cells known as regulatory T 
(Treg) cell, plays a role in various physiological and 
pathological immune responses. Although much 
attention and funding have been devoted to the role of 
CD4+ Treg cell in allergy and other immune-mediated 
diseases, the role of CD8+ Treg cell in immunity, 
tolerance, and disease remains unclear. A limited 
number of reports have suggested that Treg cells 

number and function may be altered in patients with 
allergic mediated airway inflammation (2). CD8+ 
Treg cells were shown to regulate Th2-type cytokine 
signaling in vitro (3). Cytokines are important 
mediators that regulate leukocyte recruitment 
during allergic inflammation (4).  Specifically, Th2 
cell-related cytokines promote the recruitment of 
T cells into the inflamed airways. Allergen specific 
immunotherapy can hinder or limit allergic response 
by increasing the patterns of cytokines produced by 
Th2 and Treg cells (5). Over the past few decades there 
have been a plethora of attempts to decipher the 
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wheezing, breathlessness, and chest tightness as indicated 
in the GINA (The Global Initiative for Asthma) guidelines. 
Patients with asthma (AA) (n=50) were stratified into 
severe (SA) (n=25) or mild to moderate (MA) (n=25) 
categories according to ENFUMOSA (European Network 
For Understanding Mechanisms Of Severe Asthma) 
criteria. Subjects without history of allergy or lung disease 
and who had negative skin prick test reaction served as 
controls. All participants were non-smokers and had not 
had a respiratory tract infection in the preceding month. 

Blood samples and cell separation
PBMC were isolated using Ficoll-HyPaque 1077 

density gradient centrifugation (Sigma-Aldrich, St Louis, 
Missouri). PBMCs (1 x 106 cells/100 μl) were incubated 
for 15 min with 5 μl of Human CD8+ T Cell Enrichment 
Cocktail. Cells were washed with buffer and centrifuged 
at 1500 r/min for 10 min. The pellet was resuspended 
in buffer and incubated for 30 min with streptavidin 
beads. Cells were filtered using magnetic-activated cell 
sorting protocol. The resulting CD8+ T cell fraction 
was subsequently incubated for 15 min with CD25-
coated magnetic beads conjugated to anti-CD25 mAb 
(Miltenyi Biotec, mouse IgG1), followed by incubation 
with anti-human CD25PE mAb (Miltenyi Biotec, clone 
4E3, Mouse IgG2b, k). The CD8+CD25+ fraction was 
enriched by passing the suspension through LD-columns 
set on the MACS device (Miltenyi Biotec, USA). The 
entire procedure was carried out at 4°C. The purity 
of CD8+CD25+ T cell was > 97% as assessed by flow 
cytometry. 

In vitro cell activation
For quantitative analysis, freshly isolated CD8+CD25+ 

T cells (1x106 cells/100μl) were cultured with purified 
NA/ LE anti-human CD3 mAb (BD Pharmingen, clone 
UCHT1, Mouse IgG1, k) (10 ug/ ml), in combination 
with purified NA/LE anti-human CD28PE mAb (BD 
Pharmingen, clone CD28.2, Mouse IgG1, k) (1ug/ 
ml) in complete RPMI medium containing 10% fetal 
bovine serum, 20 mM Hepes buffer, non-essential amino 
acids, sodium pyruvate, 2 mM L-glutamine, 100 μg/ 
ml streptomycin and 100 units/ ml penicillin (Sigma-
Aldrich). CD8+CD25+ T cell cultures were stimulated 
with 10ng/ ml of recombinant anti-human IL-10PE mAb 
(BD Pharmingen, clone JES3-19F1, Rat IgG2a, k) or anti-
human TGF-β PE mAb (Abcam, clone 2AR2, Rat IgG1, k). 
The cells were incubated for 72 h in 24-well flat bottom 
sterile plates (Thermo Fisher Scientific Inc.) at 37°C in a 
5% CO2-humidified atmosphere. 

Immune staining and flow cytometry analysis
After isolation, the single-cell suspension (1x106/100μl) 

implication of CD8+ Treg cell and relevant cytokines 
including IL-10 and TGF-β in immune tolerance (6). 
These cytokines are emerging as major regulators of 
airway immune responses in healthy (7) and allergic 
(8) subjects. Accordingly, IL-10 and TGF-β appear 
to mediate immunity and chronic inflammation (9). 
Anti-IgE antibody has been demonstrated to exert its 
clinical effects by increasing the levels of IL-10 and 
TGF-β in patients with allergic asthma (10). TGF-β 
and IL-10 polymorphisms have been associated with 
allergy and asthma (11). Although the effects of 
these cytokines on the differentiation of lymphocytes 
have been somehow previously investigated (12), 
their direct role on CD8+CD25+FoxP3bright Treg cells 
and FoxP3 mRNA expression remains unclear. The 
present study was designed to investigate the changes 
of CD8+CD25+FoxP3bright Treg cells and FoxP3 gene 
expression in the peripheral blood of allergic asthma 
subjects (AA) and healthy controls (NC) after 
short-term culture. Co-stimulation of CD8+CD25+ 

cells with anti-CD3/CD28 in the presence of 
either IL-10 or TGF-β increased the frequency of 
CD8+CD25+FoxP3brigh Treg cells in patients with 
asthma and controls. Similarly, co stimulation of 
CD8+CD25+ T cells by anti-CD3/CD28 and TGF-β 
increased FoxP3 mRNA expression in all groups. 
Activation of CD8+CD25+ T cells by anti-CD3/
CD28 and IL-10 appeared to regulate Foxp3 mRNA 
expression in a phenotype-dependent manner. 
Specifically, co-stimulation by anti-CD3/CD28 and 
IL-10 markedly increased Foxp3 mRNA expression 
in severe asthma (SA) group whereas it had opposite 
effects on this value in other groups. Taken together, 
these data suggest that IL-10 and TGF-β may 
modulate Foxp3 expressions at the protein and 
mRNA levels in respect to their need for peripheral 
tolerance. 

MATERIALS AND METHODS

Patients and controls
The study protocol was approved by the Local Ethics 

Committee of the Medical University of Lodz. Each 
subject provided written informed consent before screening 
and blood sample collection. Skin-prick tests, total serum 
immunoglobulin E and forced expiratory volume in 1 
second (FEV1) were measured as previously described (13). 
Asthma diagnosis was based on several factors, including 
lung function tests and a detailed medical history of 
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The AA group included 25 (50%) males and 25 
(50%) females. The SA group comprised 12 (48%) 
men and 13 (52%) women whereas the MA and 
NC groups included 13 (52%) men and 12 (48%) 
women. SA patients were taking high doses of 
inhaled steroids (800-1600 μg/day) of budesonide. 
MA patients were taking inhaled steroids (200-800 
μg/day) of budesonide pro re nata.

Severe asthma group had the lowest percentage of 
CD8+CD25+FoxP3bright Treg cells parallel with the 
highest percentage of CD8+CD25+FoxP3- T cells 
after enrichment (baseline)

Patients with allergic asthma had lower 

of activated or non-activated CD8+CD25+ T cells were 
incubated  for 30 min at 4°C with anti-human CD8AmCyan 
mAb (BD Biosciences, clone SK1, Mouse IgG1, k), and 
anti- human CD25FITC mAb (BD Biosciences, clone 
M-A251, Mouse IgG1, k). Surfaced labeled cells were 
washed with Foxp3 permeabilization buffer for 30 min at 
4°C. For intracellular Foxp3 staining, cells were incubated 
with anti- human FoxP3APC mAb (eBioscience, clone 236A/
E7, Mouse IgG1, k) for 45 min at 4°C. The frequency of 
CD8+CD25+ T cell subsets was measured using a FACS 
Canto II cytometer equipped with FACS Diva software 
(Becton Dickinson, San Jose, CA, USA) as previously 
described (14). The acquisition and analysis were restricted 
to the lymphocyte gate as determined by their forward 
(FSC) and side-scatter (SSC) characteristics. Lymphocytes 
were gated based on their CD8 expression and each sub-
population was gated on CD25, and FoxP3 expression (Fig. 
1). All experiments were carried out in triplicate. The same 
gate specifications were used for each sample. 

Real-time reverse transcription–PCR of FoxP3 mRNA
Total RNA was extracted from sorted CD8+CD25+ 

T cells using NucliSens Minimag Extraction 
Reagents kit in accordance with the manufacturer’s 
instructions (BioMérieux Industry, Durham, NC, USA). 
Taqman reaction was achieved with template cDNA 
(corresponding to 1 μg total RNA). FoxP3 mRNA was 
quantified by real-time polymerase using the Brilliant II 
FAST SYBR QPCR Master kit (Stratagene, USA) in a 
Light Cycler instrument (Roche Molecular Biochemicals) 
as described elsewhere (15). Results are presented as 
folds relative to the expression of GAPDH and are 
expressed in pmol/μl. The sequences of the primers 
are as follows: Human FoxP3: Forward primer (FP) 
5-CAGCACATTCCCAGAGTTCCT-3 and reverse primer 
(RP) 5-GCGTGTGAACCAGTGGTAGAT-3. GAPDH: 
Forward primer (FP) 5-GGCTGCTTTTAACTCTGG-3 
and reverse primer (RP) 5-GGAGGGATCTCGCTCC.

Statistical analysis
All statistical analyses were performed using Statistica 

Polska software (Stat Soft, Poland). The results were 
compared between groups by Mann-Whitney test.  P value 
less than 0.05 was considered significant. 

RESULTS

Patients’ characteristics
The characteristics of the AA patients did not 

differ from those of their healthy gender and age-
matched peers. The mean age of the study population 
was: SA (48±14), MA (42±13), and NC (48.5±14.5). 

Fig. 1.  Flow cytometric analysis of the expression of CD25 and FoxP3 in CD8+ T 
cells. Cells were stained for CD8, CD25 and FoxP3 co-expression as described in 
Materials and Method. The gates in panel defining CD8+ , CD8+CD25+, CD8+FoxP3+  

T cells events of fully stained cells (B, D, F) and their controls (A,C,E), respectively, 
were created based on FMOs (fluorescence minus one-CD8, CD25 and FoxP3). The 
FMO gate line is applied to a specific channel to differentiate cells. Dot plots 
represent the standard data for three independent measurements. Data are 
representative of allergic asthma subjects and controls groups. 

Fig. 1.  Flow cytometric analysis of the expression of 
CD25 and FoxP3 in CD8+ T cells. Cells were stained 
for CD8, CD25 and FoxP3 co-expression as described 
in Materials and Methods. The gates in panel defining 
CD8+ , CD8+CD25+, CD8+FoxP3+  T cells events of 
fully stained cells (B, D, F) and their controls (A,C,E), 
respectively, were created based on FMOs (fluorescence 
minus one-CD8, CD25 and FoxP3). The FMO gate line 
is applied to a specific channel to differentiate cells. Dot 
plots represent the standard data for three independent 
measurements. Data are representative of allergic asthma 
subjects and controls groups.
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CD8+CD25+FoxP3bright Treg cells (3.4±4.55) than 
those with mild to moderate asthma (7.5±8.15), 
p<0.01, and age-matched controls (12.1±13.2), 
p<0.0001 (Fig. 2A). In contrast, subjects with allergic 

percentages of CD8+CD25+FoxP3bright Treg cells 
[(SA (3.4±4.55) vs MA (7.5±8.15)] than controls 
NC (12.1 ±13.2). Moreover, patients with severe 
asthma had a significantly lower percentage of 

Fig. 2. Increase of the frequency of CD8+CD25+FoxP3bright Treg cells and decrease of 
the frequency of CD8+CD25+FoxP3- T cells in severe asthma. Purified CD8+CD25+ T 
cells from allergic asthma subjects and healthy controls were co-stained for CD8, 
CD25 and FoxP3 co-expression. The proportions of CD8+CD25+FoxP3bright Treg cells 
and CD8+CD25+FoxP3- T cells subsets were quantified. Bar diagrams indicate the 
frequency of CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells subsets. 
Data are expressed as median percentages ± interquartiles and are representative of 
three independent experiments. P <0.05 was considered significant. 

Fig. 3. Comparison of the effects of anti-CD3/CD28 and IL-10 on the proportion of 
CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells in vitro. Freshly 
isolated CD8+CD25+ T cells were co stimulated with anti-CD3/CD28 and IL-10. The 
proportions of CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells 
subsets were quantified. Bars represent the median percentages ± interquartiles of 
three independent experiments. Statistical analysis was performed using Mann-
Whitney test. P< 0.05 was considered significant. 
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Fig. 3. Comparison of the effects of anti-CD3/CD28 and IL-10 on the proportion of CD8+CD25+FoxP3bright Treg cells and 
CD8+CD25+FoxP3- T cells in vitro. Freshly isolated CD8+CD25+ T cells were co stimulated with anti-CD3/CD28 and 
IL-10. The proportions of CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells subsets were quantified. Bars 
represent the median percentages ± interquartiles of three independent experiments. Statistical analysis was performed 
using Mann-Whitney test. P< 0.05 was considered significant.

M. EUSEBIO ET AL.



PROOF

465Journal of Biological Regulators & Homeostatic Agents

(96±95.5) than their mild to moderate asthma 
counterparts (92.5±91.85), p<0.01 and controls 
(87.9±86.9) p<0.0001 (Fig. 2B).

asthma had higher percentages of CD8+CD25+FoxP3- 
T cells than controls. Subjects with severe asthma 
had a significantly higher percentage of these cells 

Fig. 4. Comparison of the effects of anti-CD3/CD28 and TGF-β on the proportion of 
CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells in vitro. Freshly 
isolated CD8+CD25+ T cells were co stimulated with anti-CD3/CD28 and TGF-β. The 
proportions of CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells 
subsets were quantified. Bars represent the median percentages ± interquartiles of 
three independent experiments. Statistical analysis was performed using Mann-
Whitney test. P< 0.05 was considered significant. 
 

Fig. 5. Decrease in the Foxp3 mRNA expression in purified CD8+CD25+ T cells of 
severe asthma patients compared with controls. The levels of FOXP3 mRNA 
expression in non stimulated CD8+CD25+ T cells were assessed by RT-PCR. Bars 
represent the median percentages ± interquartiles of three independent experiments. 
There was a significant difference between the Foxp3 mRNA expressions in severe 
asthma (SA) patients and healthy subjects (NC) (Mann-Whitney test. P< 0.05 was 
considered significant). 

Fig. 6. Decrease in the Foxp3 mRNA expression in stimulated CD8+CD25+ T cells of 
severe asthma patients compared with controls. The levels of FoxP3 mRNA expression 
in anti-CD3/CD28 and IL-10 stimulated CD8+CD25+ T cells were assessed by RT-
PCR. There were no significant differences between the severe asthma and controls 
groups with respect to the level of FoxP3 mRNA expression (Mann-Whitney test. P< 
0.05 was considered significant). 

Fig. 4. Comparison of the effects of anti-CD3/CD28 and TGF-β on the proportion of CD8+CD25+FoxP3bright Treg cells and 
CD8+CD25+FoxP3- T cells in vitro. Freshly isolated CD8+CD25+ T cells were co stimulated with anti-CD3/CD28 and 
TGF-β. The proportions of CD8+CD25+FoxP3bright Treg cells and CD8+CD25+FoxP3- T cells subsets were quantified. Bars 
represent the median percentages ± interquartiles of three independent experiments. Statistical analysis was performed 
using Mann-Whitney test. P< 0.05 was considered significant.

Fig. 5. Decrease in the Foxp3 mRNA expression in purified CD8+CD25+ T cells of severe asthma patients compared with 
controls. The levels of FOXP3 mRNA expression in non stimulated CD8+CD25+ T cells were assessed by RT-PCR. Bars 
represent the median percentages ± interquartiles of three independent experiments. There was a significant difference 
between the Foxp3 mRNA expressions in severe asthma (SA) patients and healthy subjects (NC) (Mann-Whitney test. P< 
0.05 was considered significant).
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anti-CD3/CD28 in the presence of IL-10 resulted 
in a 1.57-fold increase in the percentage of 
CD8+CD25+FoxP3brigh Treg cells in patients with 
severe asthma (3.4±4.55 to 5.5±10) compared with a 
3.86-fold increase in this parameter in patients with 

Co-stimulation of anti-CD3/CD28 activated 
CD8+CD25+ T cells in the presence of either 
IL-10 or TGF-β increased the frequencies of 
CD8+CD25+FoxP3bright Treg cells

Co-stimulation of CD8+CD25+ T cells with 

Fig. 5. Decrease in the Foxp3 mRNA expression in purified CD8+CD25+ T cells of 
severe asthma patients compared with controls. The levels of FOXP3 mRNA 
expression in non stimulated CD8+CD25+ T cells were assessed by RT-PCR. Bars 
represent the median percentages ± interquartiles of three independent experiments. 
There was a significant difference between the Foxp3 mRNA expressions in severe 
asthma (SA) patients and healthy subjects (NC) (Mann-Whitney test. P< 0.05 was 
considered significant). 

Fig. 6. Decrease in the Foxp3 mRNA expression in stimulated CD8+CD25+ T cells of 
severe asthma patients compared with controls. The levels of FoxP3 mRNA expression 
in anti-CD3/CD28 and IL-10 stimulated CD8+CD25+ T cells were assessed by RT-
PCR. There were no significant differences between the severe asthma and controls 
groups with respect to the level of FoxP3 mRNA expression (Mann-Whitney test. P< 
0.05 was considered significant). 

Fig. 7. Decrease in the Foxp3 mRNA expression in stimulated CD8+CD25+ T cells of 
severe asthma patients compared with controls. FoxP3 mRNA expression in anti-
CD3/CD28 and TGF-β stimulated CD8+CD25+ T cells were assessed by RT-PCR. 
There were no significant differences between the severe asthma and controls groups 
with respect to the level of FoxP3 mRNA expression (Mann-Whitney test). P< 0.05 
was considered significant. 

Fig. 6. Decrease in the Foxp3 mRNA expression in stimulated CD8+CD25+ T cells of severe asthma patients compared 
with controls. The levels of FoxP3 mRNA expression in anti-CD3/CD28 and IL-10 stimulated CD8+CD25+ T cells were 
assessed by RT-PCR. There were no significant differences between the severe asthma and controls groups with respect to 
the level of FoxP3 mRNA expression (Mann-Whitney test. P< 0.05 was considered significant).

Fig. 7. Decrease in the Foxp3 mRNA expression in stimulated CD8+CD25+ T cells of severe asthma patients compared 
with controls. FoxP3 mRNA expression in anti-CD3/CD28 and TGF-β stimulated CD8+CD25+ T cells were assessed by 
RT-PCR. There were no significant differences between the severe asthma and controls groups with respect to the level of 
FoxP3 mRNA expression (Mann-Whitney test). P< 0.05 was considered significant.
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TGF-β induced a 2.71 (0.82±0.58 to 2.23±2.23)-fold 
increase in the expression of FoxP3 mRNA (Fig. 7). 
Co-stimulation of these cells with anti-CD3/CD28 
and IL-10 induced a 1.07 (0.82±0.58 to 0.88±0.99)-
fold increase in the level of FoxP3 mRNA expression 
(Fig. 6).

TGF-β increased the level of FoxP3 mRNA 
expression in anti-CD3/CD28 treated CD8+CD25+ 
T cells from patients with mild to moderate asthma 
and controls whereas IL-10 had opposite effects on 
this parameter

Compared with baseline, co-stimulation of 
CD8+CD25+ T cells with anti-CD3/CD28 and 
TGF-β induced a 1.15 (2.29±2.29 to 2.64±2.38)-fold 
and a 1.05 (2.11±2.5 to 2.22±2.25)-fold increase in 
the levels of FoxP3 mRNA expression in patients 
with mild to moderate asthma and healthy subjects, 
respectively (Fig. 7).  In contrast, co-stimulation of 
CD8+CD25+ T cells from healthy subjects with anti-
CD3/CD28 and IL-10 induced a 2.27 (2.11±2.5 to 
0.93±0.9)-fold decrease in the level of FoxP3 mRNA 
expression (Fig. 6). 

DISCUSSION

IL-10 and TGF-β are key factors in maintaining 
T-cell tolerance (16). Previous studies have 
characterized CD8+ Treg cells expressing IL-10 and 
TGF-β in aberrant immune response in the lung 
(17). However, the regulatory mechanisms ascribed 
to this subset in the contest of asthma are not well 
understood. Environmental factors including T-cell 
receptor (TCR) stimulation (18) and TGF-β (19) 
have been shown to regulate the expressions of CD25 
and Foxp3.  Our previous studies have described 
the influence of IL-10 and TGF-β on the relative 
percentages of CD8+CD28- T cell subsets from AA 
subjects and controls (20). 

The present study demonstrates the role of 
activation signals delivered by IL-10 and TGF-β 
in allergy-related changes in the percentages of 
circulatory CD8+CD25+FoxP3bright Treg cells. The 
second main observation is that co stimulation of 
CD8+CD25+ T cells through anti-CD3/CD28 and 
TGF-β increased FoxP3 mRNA expression in all 
groups. Interestingly, anti-CD3/CD28 and IL-10 
regulated FoxP3 mRNA expression in a phenotype-

mild to moderate asthma (7.5±8.15 to 29.0±25.1) 
and a 2.31-fold increase in this parameter in controls 
(12.1±13.2 to 28.0±27.85) (Fig. 3A). Similarly, co-
stimulation with anti-CD3/CD28 in the presence of 
TGF-β induced a 2.14-fold increase in the percentage 
of this subset in severe asthma subjects (3.4±4.55 
to 7.3±10) compared with a 4.49-fold increase in 
this value in subjects with mild to moderate asthma 
(7.5±8.15 to 33.7±33.2) and a 4.03-fold increase in 
this parameter in controls (12.1±13.2 to 48.8±50.5) 
(Fig.4A). 

TGF-β exerted more potent effect on FoxP3 
expression in anti-CD3/CD28 activated CD8+CD25+ 
T cells than IL-10

Although both cytokines increased the level 
of FoxP3 expression in anti-CD3/CD28 activated 
CD8+CD25+ T cells from severe asthma subjects, 
the effect of TGF-β was 1.36-fold higher than that 
induced by IL-10 [(TGF-β=2.14) vs (IL-10=1.57)]. 
Likewise, the effect of TGF-β on the frequency 
of  CD8+CD25+FoxP3bright Treg cells from patients 
with mild to moderate asthma was 1.6-fold higher 
than that induced by IL-10 [(IL-10=3.86) vs 
TGF-β=4.49)]. The effect of TGF-β on the frequency 
of CD8+CD25+FoxP3bright Treg cells from controls was 
4.03-fold higher than that induced by IL-10 [(IL-
10=2.31) vs (TGF-β= 4.03)].

Severe allergic asthma subjects had the lowest FoxP3 
mRNA expression in peripheral blood enriched 
CD8+CD25+ T cells at baseline

At early time points (before culture), circulating 
CD8+CD25+ T cells from patients with severe asthma 
(0.82±0.58) expressed a significantly lower level of 
FoxP3 mRNA than similar cells from healthy donors 
(2.11±2.5) p<0.05. Moreover, patients with severe 
asthma (0.82±0.58) had a non-significantly lower 
level of FoxP3 mRNA expression than those with 
mild to moderate asthma (2.29±2.29), p>0.05 (Fig. 
5).

Stimulation of CD8+CD25+ T cells from patients with 
severe allergic asthma with anti-CD3/CD28 in the 
presence of either IL-10 or TGF-β increased the level 
of FoxP3 mRNA expression

Co-stimulation of CD8+CD25+ T cells from 
severe asthma subjects with anti-CD3/CD28 and 
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factors including the ADAM33 DNA methylation 
(28) in the pathogenesis of asthma has also been 
described. TGF-β isoforms namely TGF-β1 and 
TGF-β2 are thought to be involved in the regulation 
of inflammation, cell growth, and differentiation 
(29). Specifically, it has also been demonstrated that 
TGF-β2 inhibits ADAM33 mRNA expression by 
chromatin modification through DNA methylation 
(30). Further studies are needed to investigate 
whether the tremendously decreased levels of FoxP3 
mRNA that we observed after co-stimulation with 
IL-10 were effectively caused by decreased gene 
expression, or were strongly influenced by the 
treatment protocol or epigenetic modulation of Treg 
cell. 

In conclusion, we suggest that IL-10 and TGF-β 
may modulate Foxp3 expressions at the protein and 
mRNA levels in respect to their need for peripheral 
tolerance. A better understanding of the values of Treg 
cells and their markers in asthma may provide clues 
for prospective therapy and non-invasive diagnosis 
of allergy. Ongoing trials of target therapies that 
modulate Treg cells to restore tolerance deserve 
better attention. Moreover, our preliminary findings, 
together with additional evidence depicting the role 
of IL-10 and TGF- β in chronic inflammation, may 
open new avenues for the selective modulation of 
cytokine signaling to 
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decrease in FoxP3 mRNA levels in patients with 
mild to moderate asthma. It has been previously 
demonstrated that different drugs influence the level 
of Foxp3 mRNA and the number of Treg cell. Therefore, 
although this finding is difficult to explain, it may 
be related to different treatment protocols in allergy 
asthma groups.  Epigenetic modulation of Foxp3 
mRNA expression and Treg cells may provide another 
plausible explanation to our unexpected finding. 
It has been hypothesized that epigenetic changes 
contribute, to some extent, to the differentiation 
of T-cell (24), FoxP3 expression (25), and chronic 
inflammatory diseases (26). Genetic variants of IL-
10 and changes in the pattern of IL-10 methylation 
appear to play a role in the development of asthma 
and allergy (27). The role of other genetic/epigenetic 
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Pain management represents an important part 
of current daily medical practice since many pain-
related diseases require medical treatment. Pain can 
be a maladaptive response to stress, a condition/
state in which differences between afferent stimuli 
and the dynamic process responsible for maintaining 
stability in an organism (allostasis) activate adaptive 
responses to reduce these differences. Since allostasis 
aims to maintain stability while coping with both 
internal and external changes, it is a process that 
varies intrinsically with time. Allostatic load is the 
sum of the allostatic response to physiological status 
at a specific time, which occurs when activation 
of allostatic response is continuously restored (1-
3). As part of an adaptive response, pain induces 
a faster recovery of allostasis in acute diseases, 

while it worsens allostatic load and slows recovery 
in chronic diseases (4-6). Thus, pain has to be 
considered not only from a symptomatic viewpoint 
but also from a systemic perspective (7-10). Several 
factors contribute to the current complexity in pain 
management: age increase in the general population 
with a corresponding increase of chronic disease 
comorbidities; increased number of drug allergies 
and/or side effects; increased number of multi-
pharmacological treatment of patients for whom 
the choice of pain killer medication is difficult due 
to possible cross drug reactions. In addition, usual 
pharmacological treatments with painkillers or non-
steroidal anti-inflammatory drugs can often result 
in increased stress in patients and thus, increase 
their allostatic load while significantly reducing 
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with acute or chronic pain in a general practitioner’s 
surgery; iii. Test the effectiveness of a generic liquid 
(Nomabit base), employed as placebo, in patients with 
pain in a general practitioner’s surgery; iv. Compare the 
effectiveness between the three procedures. All patients 
signed an informed consent form and this study was 
performed in accordance with the declaration of Helsinki. 

All patients were informed that they were part of a 
study in which they received treatment for pain without 
being aware of the treatment group they were part of 
(biophysics, pharmacologic or placebo group). This was 
a single-blind study since only the physician knew which 
drug was being given to the patient. Patients receiving 
biophysics therapy or placebo were therefore unaware of 
which therapy they were taking. To increase the reliability 
of the results obtained with biophysical therapy recorded 
on aqueous solution of trace elements in comparison with 
placebo, patients belonging to the placebo group were 
given the same aqueous solution used in the biophysical 
therapy, with the same weekly schedule but without 
recorded biophysical signals. Our aim was to avoid any 
psychological effects on the outcome of the study.

Inclusion criteria were the presence of pain (acute or 
chronic) and aged between 18 and 90 years. Exclusion 
criteria included: patients with allergy to the drugs used, 
patients who do not give their informed consent, patients 
with psychic diseases or severe illnesses. 

Patients in the biophysical therapy group (Group 
1) were treated following a 2-step protocol using a 
commercially available electro-medical device, Med 
Select 729 (Wega, Germany). This medical device operates 
in the low frequency range (between 0 and 20 KHz) using 
a magnetic field with an intensity similar to the Earth’s 
magnetic field with a maximum of 50 μT (MicroTesla). 
It allows to record input signals using two electrodes and 
to send output signals to the patient through two magnetic 
electrodes for local use, for example, on the pain site, or 
through a magnetic carpet where the patient can lie down 
(in this way the entire body of the patient can be treated). 
Therefore, the device can offer a local and systemic 
treatment simultaneously, as previously described (18). 
The same device used for signal recording (Med Select 
729) was always used. The experimental design was 
extremely easy to reproduce since the programs used for 
the 2-step treatment are already preset in the apparatus: 
anyone with access to a similar device can employ these 
settings and programs. The 1st step consisted of selecting 
the program ‘regulation therapy’ on the touch screen 
of the Med Select 729 device to record the endogenous 
input signals at the painful region of each patient and of 
delivering the therapeutic electromagnetic output signals 
to an electromagnetic, full body-sized carpet on which 
the patient lay for 10 minutes. Then, the program ‘pain 

healing resources. For these reasons, an effective 
non-pharmacological strategy to cope with pain in 
an effective and safe way would benefit patients. 
Biophysical  therapies using electro-medical 
devices (such as Med Select 729 in this trial) allow 
to perform very personalized treatment using 
endogenous electromagnetic signals of the patient, 
and is therefore consistent with the developing 
concept of personalized medicine without the need 
for pharmacological treatment (11, 12). 

Following the understanding that the 
characteristics and behavior of a system are not the 
sum of its single parts, but a result of its complex 
interactions – a concept defined as Systems 
Medicine (7-10) – a new clinical approach has 
been developed (13). The System Information 
Therapy is an integrative clinical tool based on 
biophysical methods operating by endogenous and 
external electromagnetic signals simultaneously. 
Living organisms produce electromagnetic signals 
endogenously and use them in the coordination of 
their internal processes and cell-to-cell interaction 
(14-16). The anti-inflammatory effects of electronic 
signals derived from electromagnetic therapies 
have also been demonstrated (17). The System 
Information Therapy approach using biophysical 
procedures simultaneously produces a systemic 
and a local effect (18)  and leads to a reduction of 
allostatic load as detected by evaluation of fluctuating 
asymmetry, a clinical marker of stress (19, 20). 
Here, we present a pilot study aimed at assessing the 
efficacy of biophysical therapy in treating pain. We 
utilised the transfer of electromagnetic signals to an 
aqueous system, in agreement with previous studies 
(21-26), to implement a cost reduced, easy-to-apply 
non-pharmacological treatment for pain. 

MATERIALS AND METHODS

This pilot clinical trial was designed to assess the 
efficacy of a biophysical treatment recorded on an aqueous 
system compared to a common anti-inflammatory drug 
(ibuprofen) and compared to placebo. The purpose of the 
experimental design was to: i. Test the effectiveness of a 
biophysical therapy by the daily sublingual administration 
of drops of the recorded aqueous solution (Nomabit 
base) to patients with acute or chronic pain in a general 
practitioner’s surgery; ii. Test the effectiveness of the 
administration of ipobrufen 600 mg twice a day, in patients 
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a significance level of α=0.05 (two-sided). Statistical 
analysis was carried out using SAS software (version 9.2, 
Cary, NC, USA). Sequential analysis was used to assess 
the efficacy of treatment (Fig. 1). The validity limits of 
a triangular and sequential mirroring test were with a 
probability of error of p<0.05, an event probability of 
80% and a relative risk of 0.75. The V axis corresponds 
to approximately one-quarter of the observed events. The 
Z axis is the number of observed events in the control 
group minus the number of expected events given by an 
equivalent treatment. A statistically positive and valid 
significance was obtained if the data sequence crossed 
over the line above, whereas it was considered negative 
if it crossed over the line below; if it stays within the two 
continuous lines (between the line above and line below) 
differences in the therapeutic response among the various 
groups cannot be considered statistically significant.

RESULTS

Baseline clinical characteristics
A total of 66 patients (40 females and 26 males) 

were enrolled in the present study. The number of 
patients was similar for 3 treatment groups: 26 in the 
Biophysical therapy group (17 females, 9 males), 23 
in the pharmacological group (11 females, 9 males); 
17 in the placebo group (12 females, 5 males).  
The age distribution of patients in the 3 groups is 
shown in Fig. 2. The mean age of patients in the 
Biophysical group was an average of 56.1 years; 
in the pharmacological group, 59.4 years and 55.3 
years in the placebo group. The study included 
patients with both acute and chronic pain.

therapy’ was selected from the touch screen of the Med 
Select 729 to record the endogenous input signals at the 
painful region and deliver the therapeutic output signals at 
the pain site for 10 minutes. 

These output therapeutic signals were recorded on a 
commercially available aqueous system (Nomabit Base) 
by placing the solution into a special output coil built-in 
for this purpose in the Med Select 729 device. The aqueous 
solution in which signals were recorded was inserted into 
a coil present in the device. The recording circuit and 
procedures are described in detail (26).

The Nomabit Base aqueous solution was subsequently 
self-administered by the patient in order to allow the 
therapeutic information recorded to be delivered according 
to a weekly plan starting on Monday with a single 
drop and increasing by one drop/day up to 6 drops on 
Saturday; no therapy was administered on Sunday (Table 
I). The Nomabit Base aqueous solution is composed of 
oligominerals currently marketed in Italy and used as a 
food supplement: it presents the advantage of already 
being provided with a dropper and stored in a cardboard 
coated aluminum container, which ensures that the signal 
is preserved on the aqueous solution and is protected 
from thermal shock and environmental interferences with 
electromagnetic signals. This is an “off label” use of a 
common dietary supplement, which is already suitable to 
be stored for a long period of time (up to three months after 
opening, as indicated on the label by the manufacturer 
without risk of bacterial or fungal contamination that may 
alter its characteristics).

Patients in the pharmacological treatment group 
(group 2) were treated with ibuprofen 600 mg twice 
a day, on a full stomach, for 10 days. Patients included 
in the placebo group (group 3) received Nomabit Base 
solution as placebo (Nomabit Base solution was therefore 
not placed into the Med Select and did not receive output 
signals), and followed the same protocol as patients from 
the biophysical group (Table I).

The evaluation of the pain was performed at 3 different 
time points: beginning of the study, after one week and after 
one month, using a visual analogue scale (VAS), a self-
rating method currently in use in clinical management of 
pain. Criteria of evaluation of VAS self-rating modification 
in the follow up was the following: Reduction  >  2 points  
in VAS score  was considered as  improved; Reduction  
=  1 points  in VAS score was considered as unchanged; 
Reduction <  0 points in VAS score was considered as a 
worsening of the condition.

Statistical analysis
Comparisons between improvement in VAS score 

for the 3 treatment groups were carried out using the 
Chi-square test. All statistical tests were performed with 

Table I. Weekly protocol of therapy administration in the 
biophysical group

Day  Treatment (drops)

Monday 1

Tuesday 2

Wednesday 3

Thursday 4

Friday 5

Saturday 6

Sunday none



474

Fig. 1. Sequential analysis was used to assess the efficacy of treatment. The V axis corresponds to approximately one 
quarter of the observed events. The Z axis is the number of observed events in the control group minus the number of 
expected events given by an equivalent treatment. A statistically positive and valid significance was obtained if the data 
sequence crosses over the above line, whereas it was considered negative if it crosses over the line below; if it stays 
within the two continuous lines differences in the therapeutic response among the various groups cannot be considered 
statistically significant. See Methods for further information (Statistical analysis). 

Fig. 2. Age distribution among patients in the 3 groups.

A. FOLETTI ET AL.
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group (16/26) and 65.2% in the pharmacological 
group (15/23). At the same time point, only 41.2% 
of patients treated with placebo showed a reduction 
in pain perception (7/17). Of note, only 26.9% of 
patients (7/26) in the Biophysical group, 13% in 
the pharmacological group (3/23) and 23.5% of the 
placebo group (4/17) showed reported no change 

Effect of biophysical and pharmacological therapies 
on pain relief after 1 week of treatment

After one week of treatment, both biophysical and 
pharmacological therapies were effective in inducing 
pain relief as reported by a reduction of >2 points in 
VAS at the first follow-up assessment: improvement 
was reported by 61.5% of patients in the biophysical 

Fig. 3. Change in pain intensity after 1 week of treatment. A) Change in pain intensity as self-rated by VAS after 1 week 
of treatment. B) Sequential analysis of data from each patient after 1 week of treatment. 



476

Effect of biophysical and pharmacological therapies 
on pain relief after 1 month of treatment

After 1 month of treatment, both biophysical 
therapy and ibuprofen (600 mg) were found to be 
effective in reducing pain compared to the placebo 

in VAS scores. Worsening of pain was reported in 
11.5% of the Biophysical group (3/26), in 17.4% 
of the pharmacological group (4/23) and in 35.3% 
of the placebo group (6/17; Fig. 3A). A sequential 
analysis is also presented in Fig. 3B. 

Fig. 4. Change in pain intensity after 1 month of treatment. A) Change in pain intensity as self-rated by VAS after 1 week 
of treatment. B) Sequential analysis of data from each patient after 1 month of treatment.  

A. FOLETTI ET AL.
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allowed to perform only one treatment, lasting 
only 20 minutes, in the presence of the physician. 
The rest of the treatment was self-administered, 
saving time and cost to the patient. Biophysical 
therapy can be therefore considered a time and cost-
effective approach for pain treatment. In addition, 
the biophysical approach is a personalized therapy, 
since the pattern of signals recorded are endogenous 
electromagnetic signals, unique to each patient. 

The recording of output signals on an aqueous 
system, a commercially available solution of micro 
elements Nomabit Base (by Named, Italy), has already 
been previously demonstrated (21-26). Here, we 
demonstrate that this procedure is clinically feasible 
and applicable as an integrative tool in general 
practice, in agreement with previous hypotheses that 
an aqueous system is capable of recording, storing, 
and transferring biophysical active information to 
biological targets (27-30). Further clinical trials are 
indeed required to confirm the data presented in this 
preliminary pilot study and to understand whether 
this system can be applied to other clinical areas 
besides pain management. Biophysical therapy may 
also be considered as a second line intervention in 
cases where pharmacological treatment is ineffective 
or leads to serious side effects or allergies. The 
progressive aging of the population raises a number 
of challenges in the management of pain and many 
other symptoms due to the increase of incidence of 
chronic diseases. We envisage that this biophysical 
approach can help to manage symptoms derived from 
these diseases by reducing the global allostatic load. 
We believe that biophysical treatments can help to 
reduce total morbidity and mortality, as previously 
documented from successful studies on aging (31, 
32).

In summary, we present important findings 
from this pilot study in which biophysical therapy 
demonstrated the same efficacy thanthe  usual 
pharmacological therapy with ibuprofen in pain 
management. Since the effectiveness of this 
procedure of recording electromagnetic signals 
in aqueous solutions has not previously been 
proven, it is important that the results of this pilot 
study are interpreted with caution. Regardless, the 
improvement in pain perception could be seen as 
early as one week of treatment with the effects of 
both therapeutic approaches still observed after 

group. A significant improvement, corresponding 
to 2 or more points in VAS score, was reported in 
84.6% of biophysical-treated patients (22/26), in 
91.3% of ibuprofen-treated patients (21/23) and in 
only 58.8% of placebo-treated patients (10/17). Only 
11.5% of cases (3/26), in the biophysical group, no 
patients in the pharmacological group (0/23) and 
5.9% cases of the placebo group (1/17) demonstrated 
unchanged pain perception (decrease of one point 
of VAS). Pain worsening, defined as an increase of 
VAS score between 0 and 1, was reported in 7.7% 
of cases in the Biophysical group (1/26), in 8.7% 
of cases in the pharmacological group (2/23) and in 
35.3% of patients in the placebo group (6/17; Fig. 
4A). Sequential analysis of the data demonstrated a 
similar trend in responsiveness to treatment between 
the Biophysical and Pharmacological groups 
compared to placebo at the end of the first month (χ2 

= 12.15, p<0.02; Fig. 4B).

DISCUSSION

The main findings from the present study 
demonstrate that biophysical therapy is an 
effective method to relieve pain. Patients receiving 
biophysical treatment showed a similar reduction in 
pain perception (assessed by changes in VAS score) 
as those patients treated with the non-steroidal anti-
inflammatory drug Ibubrofen (600 mg), administered 
twice a day. In contrast, patients treated with placebo 
did not present with any significant pain relief. In 
addition, biophysical and pharmacological therapies 
also demonstrated long-term efficacy: at the second 
follow-up assessment carried out after one month 
of treatment, a significant reduction in pain was 
observed in biophysical and pharmacological-treated 
patients, but not in placebo-treated patients. 

These data suggest that biophysical therapy mimics 
the dynamics of the pharmacological treatment and 
produces long lasting effects. Interestingly, only 
a few patients showed a worsening of pain in the 
biophysical group and no reported side effects were 
derived from this treatment. Moreover, many patients 
in the Biophysical group reported a general relaxation 
following treatment, which was presumably due to a 
systemic effect of the biophysical therapy.

Importantly, the use of a single recording 
procedure during the entire biophysical therapy 
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involvement in SSc evaluated with HRCT is directly proportional to functional lung parameters. HRCT, 
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the first-line assessment of scleroderma lung involvement. 
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Systemic sclerosis (SSc) is a connective tissue 
disease clinically characterized by different degrees 
of skin and visceral organ involvement. The etiology 
of SSc still remains obscure; the disease appears to be 
the result of multistep and multifactorial processes, 
including immune-system alterations, altered 
fibroblasts activation and diffuse microvascular 
abnormalities. Both fibrotic and vascular alterations 
are responsible for SSc organ damage, mainly lung, 
heart, gastrointestinal tract, and/or kidney (1, 2).

Interstitial lung disease (ILD) is one of the most 

frequent clinical manifestations of SSc. The presence 
of bibasilar fibrosis at radiological investigation is one 
of the diagnostic hallmarks of SSc; however, clinical 
manifestations of ILD are extremely variable, from 
asymptomatic interstitial involvement to progressive 
fibrosis leading to respiratory failure (3). In addition, 
pulmonary arterial hypertension, alone or more 
often associated to lung fibrosis, represents one 
of the most harmful complications of ILD. On the 
whole, ILD may affect the overall prognosis of the 
disease; however, the natural history and outcome 
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conclusions were reached as the average interpretation; 
therefore, all discordant interpretations were resolved by 
consensus. For HRCT, the presence and the distribution of 
the following signs were detected: ground-glass opacities, 
septal and non-septal lines, subpleural curvilinear 
shadows, parenchymal bands, honeycombing areas, 
subpleural cysts, and bronchiectasis. Each lung was 
subdivided into three zones, upper, middle and lower, as 
follows: the upper zones were defined as the areas above 
the level of carina; the middle zones, between the level of 
carina and the level of the inferior pulmonary veins; and 
the lower zones, under the level of the inferior pulmonary 
veins. A score between 0 and 3, on the basis of the 
presence/absence and the kind of radiological signs was 
given as follows:

0: no signs of interstitial lung impairment;
1: ground-glass and/or septal lines;
2: non-septal lines and/or subpleural curvilinear 

shadows and/or parenchymal bands;
3: honeycombing areas and/or subpleural cysts.
The scores of the six lung areas were then summarized 

to obtain an overall score that was a value between 0 and 
18 (minimum 0 and maximum 18).

The standard chest radiogram was evaluated as 
follows: score 0, in the absence of signs of interstitial lung 
involvement; 1 or 2, presence of mild or marked reticulo-
nodular interstitial lung involvement, respectively; and 
3, presence of severe reticulo-nodular interstitial lung 
involvement mimicking the HRCT honeycombing 
pattern.

Lung function tests
Forced vital capacity (FVC), forced expiratory volume 

in the first second (FEV1) were determined in all patients 
using a 9L water seal spirometer Baires (Biomedin, 
Padova, Italy); determination of the residual volume 
(RV) was obtained with the helium dilution method. 
Total lung capacity (TLC) was calculated by adding RV 
to inspiratory vital capacity (VC). The diffusing capacity 
for carbon monoxide (DLco) with the single breath 
method was also performed and corrected for alveolar 
volume and hemoglobin level. Values for FVC, FEV1, 
TLC, RV, and DLco were expressed as percentage of 
the normal predicted values for age, height, and sex (8-
10). Results below 80% of the respective normal value 
were considered pathological; FEV1/VC was considered 
abnormal for values < 88% and < 89% in males and in 
females, respectively. 

The FVC < 80% was assumed as criterion of restrictive 
lung defect. In this sample, the FVC was better distributed 
and more sensitive than TLC in describing a restrictive 
syndrome.  

Apart from instrumental lung evaluations, all patients 

of ILD may be unpredictable in a relevant number 
of patients. A correct evaluation of the activity and 
severity of ILD may be decisive for an adequate 
therapeutic approach. High resolution computed 
tomography (HRCT) has been included among non-
invasive diagnostic procedures routinely employed 
in clinical practice for the study of SSc patients (4). 
The aim of the present study was to investigate the 
characteristic of ILD in a large series of SSc patients 
by means of HRCT; in addition, radiological findings 
were correlated with other non-invasive pulmonary 
investigations, and various SSc symptoms.

MATERIALS AND METHODS

One hundred and seven consecutive SSc patients 
followed-up in our Rheumatology Centre from the 1st 
January 2000 to 31st December 2010 were evaluated 
for ILD; all patients gave informed consent for the use 
of the data from their clinical records. Disease duration 
was calculated from the onset of the first non-Raynaud’s 
phenomenon disease feature. In all subjects, SSc was 
classified at baseline according to the American College 
of Rheumatology preliminary criteria; patients were 
also classified on the basis of the extent of skin sclerosis 
according to LeRoy’s cutaneous subset model (5), and 
standardized criteria were followed for the evaluation of 
clinical and serological parameters (6). For all patients, 
the follow-up was 10 years. 

Lung radiological evaluation
Patients underwent both standard chest radiogram and 

HRCT scan. All scans were performed with a 3000 Sytec 
(GE, Milwaukee, Wisconsin, USA) with a scanning time 
of 1/sec. 1-mm sections were acquired at 10-mm intervals 
from apex to base, by using a 24-36 cm field of view, a 
512 x 512-reconstruction matrix, 120 kV, and 160 mA. 
Images were reconstructed with a high-spatial-frequency 
algorithm for lung analysis, and reviewed at lung window 
(window width 1600 HU; window level –500 HU).

Lung evaluation was performed at the suspended end-
inspiratory volume. Most patients underwent scanning 
in the prone position; in cases showing increased 
opacification in the postero-basal segments, a limited 
number of sections were also acquired through the lower 
zones of the lung, with the patient in the prone position, to 
ensure that opacification was not due to gravity-dependent 
perfusion.

Without knowledge of the patients’ clinical conditions, 
two trained radiologists independently evaluated, 
in random order, both chest radiograms and HRCT 
scans modified from Schurawitzki et al. (7). The final 
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Table I. The patient population consisted of limited 
cutaneous SSc (lcSSc) in 72% of cases, and diffuse 
cutaneous SSc (dcSSc) in 28%. 

Table II shows the prevalence of the main 
symptoms of ILD along with the results of 
radiological and other non-invasive pulmonary 
investigations at baseline. Over two-thirds of 
patients referred dyspnea on exertion (72%), 
dyspnea at rest was present in 9% of individuals, 
and non-productive cough in 39%. 39% of SSc 
patients had a history of smoking (ongoing and/or 
former, ≥ 10 pack-years); the presence of smoking 
habit did not correlate with respiratory symptoms, 
HRCT score or other lung parameter alterations, and 
disease outcome. Standard chest X-ray and HRCT 
showed one or more alterations in the majority 
of cases, showing comparable mean total scores, 
namely 5.9±5.2 and 6.2±5.1, respectively (Table II). 
The most frequent findings at HRCT examination 
were ground-glass, septal, and non-septal lines, 
while honeycombing was detected in 21% of 
cases (Table II). Lung function tests revealed the 
presence of restrictive syndrome, generally mild or 
moderate, in almost half of the patients (47%). On 

underwent echocardiography. Left and right ventricular 
measures were obtained; moreover, pulmonary arterial 
systolic pressure (PAPs) was estimated using Doppler 
recordings of tricuspid regurgitation, measuring the peak 
velocity of the tricuspid regurgitation jet. If indicated, right 
heart catheterization was performed to make the diagnosis 
of pulmonary hypertension.

Statistical analysis and survival 
Continuous variables were expressed as mean ± 

standard deviation. Group differences were tested for 
significance by chi-squared test, with Yates’ correction, 
unpaired two-tailed Student’s t-test, and ANOVA test 
where appropriate. Comparisons between continuous 
variables were performed by means of the Pearson’s 
product-moment correlation coefficient. Simple and 
multiple regression analyses were also performed by 
means of SPSS version 17.0. A p value <0.05 was 
considered significant. 

RESULTS

Main demographic and clinico-serological 
features of the 107 SSc patients (87 females, 20 
males; mean age 52.1±12.3 years; mean disease 
duration 7±6 years) at baseline are summarized in 

Table I. Demographic and clinico-serological features of SSc 
patients.

No. of  patients   107 
Female/male ratio 1/6 
Mean age (years) 52.1±12.3 
Mean dis dur (years) 7±6 
SSc skin subsets  

 limited 72% 
 diffuse 28% 

Hypermelanosis 48% 
Calcinosis  21% 
Teleangectasias 72% 
Skin ulcers  38% 
Raynaud's phenomenon 95% 
Sicca syndrome 50% 
Arthralgias/arthritis 64%/5% 
Esophageal involvement 59% 
Lung involvement 58% 
Autoantibodies

 anti-centromere 44% 
 anti-Scl70 36% 

Table I. Demographic and clinico-serological features of SSc patients.
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p<0.0001), while the correlation with the main 
spirometric parameters, namely TLC (p<0.033), 
VC (p<0.001), FVC (p<0.001), FEV1 (p=0.004), 
and DLco (p=ns), was weaker (Fig. 1). Moreover, 
significantly higher HRCT scores were found in 
patients with dyspnea on exertion (p=0.05) or cough 
(p=0.04). Consistently, dyspnea on exertion was 
significantly associated with higher HRCT score 
(p=0.01), or pulmonary hypertension diagnosed by 
right heart catheterization (p=0.032). 

A significantly higher HRCT score was found in 
patients with serum anti-Scl70 antibodies compared 

the contrary, obstructive syndrome evaluated on the 
basis of FEV1/VC reduction was found in only 9% 
of cases. DLco was abnormally reduced in a high 
percentage of patients (81%), comparable to that 
observed for radiological alterations. Clinically overt 
interstitial lung involvement evaluated on the basis 
of symptoms (dyspnea and/or cough), radiological, 
and spirometric alterations was observed in 58% of 
cases. The possible relationships between HRCT 
abnormalities and other lung parameter alterations 
were also investigated; in particular, HRCT score 
strongly correlated with chest X-ray score (r=0.825; 

   
Table II. Scleroderma lung involvement in 107 
patients.
  % mean±SD
Chest X-ray alterations (total) 85
mean total score (range 0-18)  5.9±5.2 

HRCT alterations (total) 84
ground-glass 58  
septal lines 66  
nonseptal lines 56  
subpleural curvilinear shadows 16  
parenchymal bands 24  
honeycombing 21  
subpleural cysts 21  
bronchiectases 23  
mean total score (0-18)   6.2±5.1 

Pulmonary function tests 
TLC (<80%) 12 96±16 
VC (<80%) 47 79±18 
FVC (<80%) 42 80±18 
FEV1 (<80%) 38 84±19 
FEV1/VC (F <89%; M <88%) 9 106±14 
DLco (<80%) 81 59±18 
Restrictive syndrome (VC) 47  
Ostructive syndrome (FEV1/VC) 9   
Dyspnea on exertion/at rest 72/9
Cough/Phlegm 39/4
Smoking habit 39   

Table II. Scleroderma lung involvement in 107 patients.

M. COLACI ET AL.
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Fig. 1. Correlation between HRCT score and standard chest X-ray score, DLCO, VC, and TLC values.

Fig. 2. Mean total HRCT score in SSc patients divided according to gender, lung function parameters, and serology 
(ACA=anticentromere and anti-Scl70 autoantibodies). Statistical evaluations were performed by means of unpaired two-
tailed Student’s t-test.                          
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was a discrepancy between HRCT score and DLco 
impairment, the latter being the result of interstitial 
lung fibrosis and/or lung vascular abnormalities. 
Mild or absent alterations on HRCT were observed 
in some patients with marked DLco reduction, 
often due to pulmonary hypertension. Dyspnea on 
exertion was the most common symptom of ILD; 
nonetheless, its origin is multifactorial, as suggested 
by the statistically significant association between 
dyspnea and pulmonary hypertension. On the 
whole, symptomatic lung involvement, evaluated 
on the basis of clinical manifestations, fibrotic and/
or vascular alterations, was observed in almost two-
thirds of SSc patients. Interestingly, no significant 
correlations were noticed between the prevalence 
of ILD and the extent of cutaneous involvement or 
other visceral organ involvement. On the contrary, 
the presence of scleroderma serological markers 
may have some important clinical implications: anti-
Scl70 autoantibodies were significantly associated 
with more severe interstitial lung fibrosis, while 
anti-centromere (ACA)-positive individuals showed 
a milder lung involvement, as evidenced by HRCT 
score. These observations are in keeping with 
previous studies suggesting a worse prognostic 
value of anti-Scl70 and a possible “protective” role 
of ACA in the SSc outcome (13).

The detection of lung involvement is crucial in 
the clinical assessment and management of SSc 
patients. Bibasilar lung fibrosis is included among 
the SSc classification criteria, and its presence is 
particularly useful to diagnose patients with mild 
sclerodactyly or sine scleroderma SSc (14, 15). 
Moreover, the progression of ILD to respiratory 
failure and/or pulmonary heart disease may affect 
the overall prognosis of SSc (16, 17). Follow-up 
studies on large SSc series suggested that ILD, alone 
or in combination with other organ involvement, is 
one of the most frequent cause of death (13, 18). The 
outcome of ILD is often unpredictable - in a significant 
number of patients it may evolve insidiously since 
pulmonary symptoms may be very mild or absent, 
especially in the early SSc. Thus, diagnosis of 
fibrosing alveolitis and/or pulmonary hypertension 
may be delayed with negative consequences for the 
therapeutic decisions and prognosis. 

An early evaluation of alveolitis is decisive to 
predict the progression of ILD to severe lung fibrosis; 

to anti-Scl70-negatives (p=0.01); conversely, ACA-
positive individuals showed a significantly milder 
lung involvement as revealed by HRCT (p=0.0002) 
(Fig. 2). During the follow-up of study, 14 SSc 
patients died, 10 due to severe lung involvement 
(complicated by lung carcinoma in 3 cases), 1 due to 
cardiac involvement, and 1 due to sepsis; in 2 patients 
the cause of death remained unknown. The deceased 
patients had shown a significantly higher HRCT 
score (9.5±4.5 vs 5.7±5; p=0.01), with restrictive 
syndrome in 12/14 cases, a significantly lower DLco 
(41±10 vs 61±20; p=0.002), FVC (67±15 vs 82±18; 
p=0.02), and VC (66±18 vs 80±17; p=0.02); other 
adverse prognostic parameters were the patient age 
(58±12 vs 51±12; p=0.043), pulmonary hypertension 
(3/14 vs 0/97; p=0.001) and abnormally high 
erythrocyte sedimentation rate (35±30 vs 22±17; 
p=0.02) at the time of the first visit. On the contrary, 
patient age and sex, disease duration, and cutaneous 
subsets did not affect the SSc outcome.

DISCUSSION

The results of the present study on a large series 
of 107 unselected SSc patients demonstrated the 
presence of various lung alterations by means of 
HRCT in the majority of individuals. There was a 
good correlation between HRCT and standard chest 
X-ray scores, demonstrating a discrete capacity of 
the latter as digital imaging to evidence lung fibrosis, 
if evaluated by trained radiologists. These findings 
are in keeping with the study by Steele et al. (11), 
who demonstrated that physical examination and 
standard chest X-ray are good predictors of ILD in 
SSc patients, as a starting point for defining SSc-ILD 
in observational research; HRCT is then necessary 
in order to more deeply investigate lung interstitium, 
i.e. ILD pattern or its distribution and the severity. 
In half of the cases the presence of restrictive 
syndrome was suggested by spirometric parameter 
alterations (TLC and FVC), which were significantly 
correlated with HRCT score. The DLco was the 
functional index that better reflected the severity 
of ILD (12): the prevalence of impaired DLco was 
comparable to the whole HRCT alterations (81% 
vs 84%); moreover, DLco significantly correlated 
with radiological lung alterations quantified by 
HRCT score. However, in individual cases there 

M. COLACI ET AL.
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6.	 Walker KM, Pope J; Scleroderma Clinical 
Trials Consortium; Canadian Scleroderma 
Research Group. Expert agreement on EULAR/
EUSTAR recommendations for the management of 
systemic sclerosis. J Rheumatol 2011; 38:1326-8.

7.	 Schurawitzki H, Stiglbauer R, Graninger W, Herold 
C, Pölzleitner D, Burghuber OC, Tscholakoff  D. 
Interstitial lung disease in progressive systemic 
sclerosis: high-resolution CT versus radiography. 
Radiology 1990; 176:755-9.

8.	 Stocks J, Quanjer PH. Reference values for residual 
volume, functional residual capacity and total 
lung capacity. ATS Workshop on Lung Volume 
Measurements. Official Statement of The European 
Respiratory Society. Eur Resp J 1995; 8:492-506. 

9.	 Cotes JE, Chinn DJ, Quanjer PH, Roca J, Yernault 
JC. Standardization of the measurement of transfer 
factor (diffusing capacity). Report Working Party 
Standardization of Lung Function Tests, European 
Community for Steel and Coal. Official Statement of 
the European Respiratory Society. Eur Resp J 1993; 
16:41-52.

10.	 Liang B-M, Lam DCL, Feng Y-L. Clinical 
applications of lung function tests: a revisit. 
Respirology 2012; 17:611-9.

11.	 Steele R, Hudson M, Lo E, Baron M. Clinical 
decision rule to predict the presence of interstitial 
lung disease in systemic sclerosis. Arthritis Care Res 
2012; 64:519-24.

12.	 Gatta G, Di Grezia G, Iacomino A, Russo A, Petrillo 
M, Feragalli B, Cappabianca S, Grassi R. HRCT in 
systemic sclerosis: correlation between respiratory 
functional indexes and extension of lung failure. J 
Biol Regul Homeost Agents 2013; 27:579-87.

13.	 Vettori S, Cuomo G, Abignano G, Iudici M, Valentini 

ground glass alterations at HRCT could be indirect 
signs of active lung involvement (19). Since impaired 
DLco can be the consequence of interstitial fibrosis 
and/or pulmonary vascular disease (20), a screening 
evaluation of pulmonary arterial pressure by color-
Doppler echocardiography, eventually confirmed by 
right heart catheterization, is mandatory. 

The findings observed in our unselected SSc 
patients confirm in part the results of previous 
studies (21). Differences in the prevalence of lung 
involvement, in general, and of single pulmonary 
alterations among SSc series may be due to some 
important bias, firstly the large variability in the 
patient selection and/or in the employed study 
methodologies. 

The quantification of both activity and severity 
of SSc manifestations is crucial in the disease 
management (13). For SSc patient assessment, 
the core set of non-invasive diagnostic procedures 
should include a clinical history and careful 
physical examination, standard chest X-ray, HRCT, 
spirometry with DLco, ECG, and color-Doppler 
echocardiography (6). These investigations are 
often sufficient to detect early both interstitial 
and/or vascular lung involvements. HRCT score 
and pulmonary function tests with DLco permit 
to quantify the severity of ILD and to monitor its 
variations during the follow-up. 

Evaluation of ILD may be particularly difficult 
in the presence of discrepant clinical findings 
due to the different sensibility and specificity of 
diagnostic procedures and not secondarily to the 
single patient compliance. In this respect, a team of 
referral specialists, i.e. pneumologist, cardiologist, 
and radiologist, familiar with the most common 
SSc cardiopulmonary features is needed to correctly 
evaluate the results of diagnostic investigations and 
to diminish inter-observer variability.  
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Rough titanium surfaces enhance the activation of Wnt canonical signaling, a pathway required 
for osteoblast differentiation. The present study investigated the effects of GSK3b-inhibitor (2’Z,3’E)-
6-Bromoindirubin-3′-oxime (BIO) on osteoblastic differentiation on titanium surfaces with different 
topography and wettability. C2C12 cells were plated on pickled, acid-etched/sand-blasted (SLA), modified 
hydrophilic SLA titanium discs (modSLA) and stimulated with increasing doses of BIO. Activation of 
Wnt canonical signaling was measured with a reporter system. Gene expression was measured in the 
same cell system by Real Time PCR. Osteoblastic MC3T3 cells were then plated on discs with or without 
BIO and the expression of osteoblast specific genes was assessed by Real Time PCR. One mM BIO 
activated Wnt canonical signaling in C2C12 cells on all surfaces, and the highest effect was on rough 
surfaces. BIO markedly increased the expression of Osteoprotegerin and Osteocalcin in MC3T3 cells on 
rough surfaces at the concentration of 100 nM, and on all surfaces at the concentration of 1 mM.  BIO 
enhances Wnt signaling activation and the expression of osteoblastic genes on rough surfaces and could 
be a viable approach to improve cell response to implant surfaces.
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Osseointegrated implants require close contact 
between the biomaterial and surrounding tissues. 
This process can be dramatically improved by 
surfaces that promote cell adhesion and the activation 
of signaling pathways that direct the commitment of 
undifferentiated cells from the marrow compartment 
toward the osteoblastic lineage (1, 2). The canonical 
Wnt signaling plays a fundamental role for the 
commitment of osteochondral progenitors (3), as 
disruption of this cascade severely impairs bone 
formation (4), and deletion of Wnt surface receptor 
Lrp5 leads to severe osteopenia (5). Moreover, 
this pathway contributes to maintain existing 
bone through modulating osteoclastogenesis and 

thus bone turnover (6, 7). The main regulator of 
the canonical Wnt signaling is b-catenin, a multi-
role protein that can function both as a structural 
protein and as co-transcription factor (8). The fate 
of b-catenin is controlled by a multi-protein complex 
that includes the GSK3b kinase (9-11). This complex 
targets b-catenin for proteosomal degradation, thus 
controlling its activity. Inhibitors of GSK3b have 
been previously shown to stimulate cell proliferation 
and osteoblast differentiation in vitro and in rodent 
models in vivo (12, 13), and our group has recently 
demonstrated that GSK3b inhibition by Lithium 
Chloride is a viable strategy to improve osteoblast 
differentiation on hyperhydrophilic titanium 
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then treated with 1.5 mM recombinant Wnt3a protein, 
similarly to what was previously published (19), to 
provide background stimulation for the canonical Wnt 
pathway, and with either vehicle or increasing doses of 
BIO. Cells were then assayed after 24 h. MC3T3 cells 
were plated on Pickled, SLA or modSLA discs in 1 ml 
of complete medium in 24 well plates at the density of 
50000 cells/well, in triplicate. On the following day, 
complete medium enriched with 250 mM ascorbic acid 
(Sigma-Aldrich Italy, Milan, Italy) was added to the cells 
to promote differentiation. Cells were assayed 96 h after 
plating.

	
Reporter assays

The TCF-Luc assay kit was obtained from 
SABioscience (Frederick, MD, USA). The kit contains 
a vector carrying the Firefly Luciferase gene under the 
control of TCF-binding elements, and a control plasmid 
constitutively expressing Renilla Luciferase under 
the control of the CMV promoter. Luciferase activity 
was calculated as the ratio between Firefly and Renilla 
Luciferase. The reporter assays were performed with 
Dual-Luciferase Reporter assay system (Promega, Milan, 
Italy)  according to the manufacturer’s recommendations. 
The samples were read with a Glomax 20/20 Luminometer 
(Promega, Milan, Italy) with double injectors.

Cell viability assay 
To evaluate cell viability on titanium surfaces, the 

MTT assay for cell viability was used (Roche Applied 
Science, Monza, Italy), according to the manufacturer’s 
indications. Briefly, 50 μl MTT labeling reagent (final 
concentration 0.5 mg/ml) were added, and then incubated 
for 4 hours, then 500 μl of solubilization solution were 
added. After overnight incubation, absorbance was read 
at 570 nm using a Multiscan Ascent spectrophotometer 
(Titertek Instruments Inc., Huntsville, AL, USA).

Real Time PCR
Total RNA was extracted from cell cultures using TRizol 

(Life Technologies, Carlsbad, CA, USA), according to the 
manufacturer’s indications. TaqMan quantitative RT-PCR 
was performed as previously described using the following 
primer probe sets from Life Technologies (Carlsbad, 
CA, USA): Alkaline Phosphatase (Mm00475834_m1); 
Osteoprotegerin (Mm00435451_m1); Cyclooxygenase-2 
(Mm01307329_m1); Runx2 (Mm00501584_m1); 
Osteocalcin (for 5’-GCTGCGCTCTGTCTCTCTGA-3’; 
rev 5’-TGCTTGGACATGAAGGCTTTG-3’; 
probe 5’-FAM-AAGCCCAGCGGCC-NFQ-3’); the 
housekeeping gene used in the study was mouse ribosomal 
protein S2, ChoB (for 5’-CCCAGGATGGCGACGAT-3’; 
rev 5’-CCGAATGCTGTAATGGCGTAT-3’; probe, 

surfaces (14). Alternative inhibitors with broader 
spectrum may represent an important tool to improve 
osteoblast differentiation and bone formation around 
titanium implants with different surface treatment. 

The present study investigated the effects of 
(2’Z,3’E)-6-Bromoindirubin-3′-oxime (BIO), a well 
known inhibitor of GSK3b, on the activation of Wnt 
canonical signaling and osteoblast differentiation 
in cells growing on titanium surfaces with different 
topography.

MATERIALS AND METHODS

Pickled, acid-etched, sand-blasted (SLA) and 
hydrophilic SLA (modSLA) commercially pure titanium 
samples were kindly provided by Straumann Institut 
AG (Basel, Switzerland). These surfaces have been 
extensively characterized and are an established model of 
commercially available implant surface (15-18). Pickled 
discs are a smooth surface with mean peak to valley 
roughness (Ra) of 0.2 µm. SLA and modSLA surfaces 
have an Ra of 3.2 µm. The samples were provided as sterile 
discs of 1 mm thickness, 16 mm diameter, and were used 
in 24 well plates (Corning, Amsterdam, The Netherlands) 
for biological assays.

Reagent (2’Z,3’E)-6-Bromoindirubin-3′-oxime (BIO) 
was purchased from Sigma-Aldrich (Sigma-Aldrich Italy, 
Milan, Italy). The C2C12 cell line was purchased from 
the European Catalog of Cell Cultures (Health Protection 
Agency Culture Collections, Salisbury, UK) and MC3T3 
cells were obtained from the American Type Culture 
Collection (LGC Standards S.R.L., Sesto S.Giovanni, 
MI, Italy). C2C12 cells were chosen because they are a 
common model to study the Wnt canonical pathway, due 
to the abundance of the molecular machinery necessary 
for this pathway, whilst MC3T3 cells are an established 
model of osteoblastic cell. They were grown in Dulbecco’s 
modified Eagle Medium (DMEM, Sigma-Aldrich Italy, 
Milan, Italy), 10% Fetal Bovine Serum (Euroclone, 
Pero, Italy), 1% Penicillin and Streptomycin (Penstrep, 
Sigma-Aldrich Italy, Milan, Italy) and 1% Glutamine 
(Sigma-Aldrich Italy, Milan, Italy). For viability and 
gene expression assays, 100000 C2C12 cells were plated 
on Pickled, SLA or modSLA discs in 1 ml of complete 
medium in 24 well plates (Euroclone, Pero, Italy), in 
triplicate and assayed 24 h after plating. For reporter assays, 
C2C12 cells were plated on titanium surfaces in 1ml/well 
OptiMEM (Life Technologies, Carlsbad, CA, USA), 5% 
FBS, 1% Penstrep at the density of 80000 cells/well and 
transfected. Attractene (Qiagen, Venlo, The Netherlands) 
was used to forward-transfect cells with reporter plasmids 
according to the manufacturer’s instructions. Cells were 
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than smooth surfaces, although this effect was not 
observed at the higher concentration (Fig. 1). 

The mRNA levels were then measured for Wnt 
target genes at Real Time PCR in C2C12 cells 
cultured on titanium discs with different surface 
treatments in the absence or in the presence of 1 mM 
BIO, the concentration that exerted the highest effects 
based on the previous experiment. Addition of BIO 
significantly increased the expression of Wnt target 
Alkaline Phosphatase (ALP) and Osteoprotegerin 
(OPG) in cells on SLA and modSLA surfaces (Fig. 
2). Noticeably, it elevated the expression of transcript 
for another known Wnt target, Cyclooxygenase-2 
(Cox-2), a protein required for the synthesis of 
Prostaglandin, in cells on smooth and SLA surfaces, 
although no changes were observed on modSLA 
(Fig. 2). 

To measure cell growth on pickled, SLA and 
modSLA surfaces, we performed MTT assay at 
24, 48 and 72 h of culture in C2C12 cells (Fig. 
3). Cells on pickled surfaces displayed a tendency 
to proliferate faster than cells on rough SLA and 
modSLA titanium, as previously reported, and 
addition of 1 mM BIO did not affect their behavior.

To investigate whether BIO could promote the 

5’-FAM-TCCAGAGCAGGATCC-NFQ-3’). qPCR was 
performed with a Real Time PCR machine (StepOne, Life 
Technologies, Foster City, CA, USA).

Statistical analysis
Data were analyzed using Prism 4 (Prism 4, GraphPad, 

La Jolla, CA, USA). All values are reported as the mean 
± Standard Deviation of three repeated experiments 
performed in triplicate. Differences between group means 
were evaluated with ANOVA statistical test and Bonferroni 
post-test and differences were considered significant when 
p<0.05.

RESULTS

To investigate the effects of (2’Z,3’E)-6-
Bromoindirubin-3’-oxime (BIO) on canonical Wnt 
signaling in cells of the mesenchymal lineage on 
different titanium surfaces, we cultured premyoblast 
C2C12 cells on Pickled (smooth), sand-blasted/acid-
etched (SLA) and hyperhydrophilic SLA (modSLA). 
BIO significantly increased Wnt activation, with a 
peak at 1 mM, and Wnt stimulation was higher on 
modSLA surfaces than smooth and SLA surfaces 
at both 1 and 10 mM. The peak concentration of 1 
mM induced also a higher Wnt activation on SLA 

Fig. 1. Luciferase activity of C2C12 cells cultured on pickled, sand-blasted/acid-etched (SLA) or hydrophilic SLA 
(modSLA) and transfected with both a reporter construct expressing firefly luciferase under the control of multiple 
β-catenin/TCF binding sites and a control plasmid constitutively expressing Renilla luciferase. Cells were treated with 
1.5 mM Wnt3a and with either vehicle or increasing concentrations of BIO. * p <0.05, † p <0.001 vs vehicle group.
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three surfaces. Interestingly, BIO did not appear to 
affect the expression of Runx2, a gene required for 
osteoblast differentiation, but nevertheless increased 
the transcript levels for Osteocalcin (OCN), a marker 
with a pattern similar to that observed with OPG. 
One hundred nM BIO increased OCN expression on 
SLA and modSLA titanium and 1 mM BIO increased 
the mRNA levels for OCN on all surfaces (Fig. 4). 

expression of osteogenic genes on titanium surfaces, 
the murine calvaria cell line MC3T3 was stimulated 
with vehicle, 100 nM or 1 mM BIO (Fig. 4). One 
hundred nM BIO increased the expression of Wnt 
target genes and osteoblastic markers ALP and OPG 
in cells on SLA and modSLA surfaces, while 1 mM 
BIO significantly increased the mRNA levels of 
ALP on SLA and modSLA discs and of OPG on all 

Fig. 2. Quantitative RT-PCR of (A) Alkaline Phosphatase (ALP), (B) Osteoprotegerin (OPG) or (C) Cyclooxygenase-2 
(Cox-2) mRNA from C2C12 cells cultured on pickled, SLA or modSLA titanium after addition of Wnt3a and treated 
with either vehicle or 1 mM BIO. All values were normalized to ribosomal protein S2 mRNA levels. All treatments were 
performed in triplicate.  * p <0.05, † p <0.01 and ‡ p <0.001 vs vehicle group.

Fig. 3. MTT viability assay of C2C12 cells on pickled, SLA or modSLA titanium surfaces in the presence of either vehicle 
or 1 mM BIO.

S. LUMETTI ET AL.



PROOF

493Journal of Biological Regulators & Homeostatic Agents

b-catenin (24), a protein whose activity is regulated 
by a destruction complex that includes the GSK3b 
kinase (25). We have previously shown that Lithium 
Chloride (LiCl), a GSK3b inhibitor, could enhance 
activation of Wnt signaling and improve osteoblastic 
differentiation in murine cells on titanium surfaces. 
LiCl however presents with important drawbacks, 
which limit its potential use in a clinical perspective. 
Most significantly, LiCl has been reported to inhibit 
mineralization in vivo (26), which is obviously an 
undesirable phenomenon for implant integration. 
Moreover, LiCl is known to nonspecifically 
act on multiple signaling pathways (27). We 
therefore investigated an alternative, more specific 
GSK3b inhibitor, (2’Z,3’E)-6-Bromoindirubin-3′-
oxime (BIO), which has been shown to maintain 
pluripotency of human and murine embryonic stem 

DISCUSSION

The canonical Wnt signaling pathway is initiated 
upon binding of secreted glycoproteins of the Wnt 
family to membrane receptors, which then transduce 
the signal and activate alternative signaling cascades. 
It has been shown that rough implant topography 
can enhance the activation of the canonical Wnt 
pathway in vitro and in vivo (2, 20, 21), and we 
have reported that cytoskeletal organization affects 
canonical Wnt signaling, suggesting that surface 
topography can promote osteoblastic differentiation 
at least in part by directly regulating cell shape 
(22, 23). Therefore, this signaling pathway appears 
as an interesting candidate target to improve bone 
formation around endosseous implants. A pivotal 
role for the regulation of this pathway is played by 

Fig. 4. Quantitative Real Time-PCR of (A) ALP, (B) OPG, (C) Runx-2 or (D) Osteocalcin mRNA from MC3T3 cells 
cultured on pickled, SLA or modSLA titanium treated with either vehicle, 100 nM or 1 μM BIO. All values were normalized 
to ribosomal protein S2 mRNA levels. * p <0.05, † p <0.01 and ‡ p <0.001 vs vehicle group.



494

2.	 Wall I, Donos N, Carlqvist K, Jones F, Brett P. 
Modified titanium surfaces promote accelerated 
osteogenic differentiation of mesenchymal stromal 
cells in vitro. Bone 2009; 45:17-26.

3.	 Krishnan V, Bryant HU, Macdougald OA. Regulation 
of bone mass by Wnt signaling. J Clin Invest 2006; 
116:1202-9.

4.	 Rodda SJ, McMahon AP. Distinct roles for Hedgehog 
and canonical Wnt signaling in specification, 
differentiation and maintenance of osteoblast 
progenitors. Development 2006; 133:3231-44.

5.	 Cui Y, Niziolek PJ, MacDonald BT, et al. Lrp5 
functions in bone to regulate bone mass. Nat Med 
2011; 17:684-91.

6.	 Kramer I, Halleux C, Keller H, et al. Osteocyte Wnt/
beta-catenin signaling is required for normal bone 
homeostasis. Mol Cell Biol 2010; 30:3071-85.

7.	 Glass DA, 2nd, Bialek P, Ahn JD, et al. Canonical 
Wnt signaling in differentiated osteoblasts controls 
osteoclast differentiation. Dev Cell 2005; 8:751-64.

8.	 Verheyen EM, Gottardi CJ. Regulation of Wnt/beta-
catenin signaling by protein kinases. Dev Dyn 2010; 
239(1):34-44.

9.	 Cselenyi CS, Jernigan KK, Tahinci E, Thorne 
CA, Lee LA, Lee E. LRP6 transduces a canonical 
Wnt signal independently of Axin degradation by 
inhibiting GSK3’s phosphorylation of beta-catenin. 
Proc Natl Acad Sci U S A 2008; 105:8032-37.

10.	 Bonewald LF, Johnson ML. Osteocytes, 
mechanosensing and Wnt signaling. Bone 2008; 
42:606-15.

11.	 Rokutanda S, Fujita T, Kanatani N, et al. Akt regulates 
skeletal development through GSK3, mTOR, and 
FoxOs. Dev Biol 2009; 328:78-93.

12.	 Clement-Lacroix P, Ai M, Morvan F, et al. Lrp5-
independent activation of Wnt signaling by lithium 
chloride increases bone formation and bone mass in 
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14.	 Galli C, Piemontese M, Lumetti S, Manfredi E, 
Macaluso GM, Passeri G. GSK3b-inhibitor lithium 
chloride enhances activation of Wnt canonical 

cells (28). The present study showed that BIO, though 
not significantly affecting cell viability, enhances 
Wnt canonical signaling in murine cells growing on 
titanium surfaces by both reporter assay and gene 
expression. We decided to normalize our Real Time 
PCR data using the ribosomal S2 subunit, as this has 
shown good consistency as a housekeeping gene in 
bone cells (29-33). Although a stimulation is visible 
in all groups as compared to control, cells on rough 
or hyperhydrophilic surfaces appear to be more 
responsive to BIO. BIO thus appears to magnify 
the effects of surface topography on Wnt signaling 
activation. When we cultured osteoblastic MC3T3 
cells on titanium surfaces and stimulated them 
with increasing concentrations of BIO we observed 
an increase in the expression levels of osteogenic 
genes, limited to rough surfaces at the lower dose 
and on every surface at the higher dosem, although 
no change in Runx2 expression was observed in 
the absence or in the presence of BIO, suggesting 
that the effect of BIO on osteoblastic differentiation 
is not mediated by an increase of activity of this 
transcription factor.

Based on the present data, BIO appears as a 
candidate molecule to improve cell differentiation 
on implant surfaces with different cell topography, 
in particular on hyperhydrophilic surfaces. Future 
studies will have to address the issue of how to 
deliver such a stimulus and how to properly release 
these molecules in the surrounding environment, 
thus controlling their concentrations in the peri-
implant tissues. 
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The ablative role of minimally invasive surgery (MIS) in neuroblastoma (NB) is still controversial 
due to the possible CO2 pneumoperitoneum side-effects on tumor aggressiveness. It is known that CO2 
produces hypoxic condition with changes in tumor microenvironment influencing cell functions. Here we 
investigated whether CO2 exposure affects the transcription factor HIF-1α and the apoptotic signalling 
pathway in SH-SY5Y NB cells. SH-SY5Y cells were exposed to a pressure of 15 mmHg CO2 (100%) for 4 
h (T0) and then moved to normal condition for 24 h (T24). In control and CO2-exposed cells, we analyzed 
the mRNA levels and DNA binding activity of HIF-1α. We also evaluated the proliferative activity and 
cell viability as well as caspase-9/3 cleavage and nuclear fragmentation. A significant increase in HIF-
1α activation was observed in SH-SY5Y cells exposed to CO2 compared to control cells. CO2 treatment 
also decreased the proliferation rate and the percentage of viable cells. In addition, the expression 
and cleavage of caspase-9 and -3 were significantly increased in NB cells exposed to CO2. These data 
correlated with apoptotic feature observed in CO2-treated NB cells. Our findings show that CO2-induced 
hypoxic condition exerts cytotoxic effects on NB cells by eliciting mitochondrial apoptotic pathway and 
thereby improving the understanding of the possible clinical impact of CO2 pneumoperitoneum on NB 
behavior.
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The role of minimally invasive surgery (MIS) in 
neuroblastoma (NB) treatment is unclear. The clinical 
advantages of MIS regarding surgical morbidity 
and antitumor efficacy after NB resection are not 
conclusive (1). In parallel, molecular implications of 
CO2 impact on tumor behaviour are an open issue. 
The few experimental studies predominantly report 

a negative CO2 influence on liver metastasis, NB 
cell apoptosis, c-myc and HMGB-1 expressions 
as well as NB cell migration (2–4). However, in a 
recent work, we showed in vitro that simulated CO2 
pneumoperitoneum environment induced oxidative 
stress and cell DNA damage followed by a significant 
attenuation of cell proliferation mediated by p53 
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(Milan, Italy). Rabbit antibody against caspase-3 was from 
Millipore (Milan, Italy); antibodies against procaspase-9 
and active caspase-9 were from Abcam (DBA, Milan, 
Italy). Horseradish peroxidase-conjugated anti-mouse and 
-rabbit secondary antibodies, ECL Chemiluminescence 
detection kit and X-ray film were purchased from GE 
Healthcare (Milan, Italy). Developer, fixer, and Kodak 
X-ray film were from Kodak (Milan, Italy). 

Fetal bovine serum (FBS), TRIzol reagent, High-
capacity cDNA archive kit, TaqMan PCR master mix and 
TaqMan assay for human HIF-1α (Hs00936366_m1) and 
β-actin (Hs99999903_m1) were from Life Technologies 
(Milan, Italy).

Cell culture and treatment 
SH-SY5Y NB cells were cultured in RPMI-1640 

medium containing 10% (v/v) heat-inactivated FBS, 
L-glutamine (2 mM), 100 units/mL penicillin, and 100 mg/
mL streptomycin, and maintained at 37°C in a humidified 
incubator with 5% CO2 and 95% air. Sub-confluent SH-
SY5Y cells were exposed to a pressure of 15 mmHg 
(100%) of CO2 for 4 h into a pneumoperitoneum chamber 
located in an incubator set at 37°C, as previously reported 
(5). After gas treatment, cells were either immediately 
harvested (T0) or incubated again in 5% CO2 and 95% 
air for 24 h (T24). Control cultures were maintained in a 
standard cell incubator (95% air/5% CO2) at 37°C and 
either harvested after 4 h or further incubated for 24 h.

Analysis of gene expression by Real-Time PCR
Total RNA was isolated using TRIzol reagent, then 

two micrograms of RNA were reverse transcribed with 
High-Capacity cDNA Archive kit according to the 
manufacturer’s instructions.

HIF-1α mRNA levels were analyzed by Real-
Time PCR using a TaqMan gene expression assay 
(Life Technologies, Milan, Italy). β-actin was used as 
endogenous control. Quantitative PCR reactions were set 
up in duplicate in a 96-well plate and were carried out in 10 
µl reactions containing 1x Gene Expression Mastermix, 
1x TaqMan-specific assay, and 25 ng RNA converted into 
cDNA. RT-PCR was performed in a 7900HT Fast Real-
Time PCR System with the following profile: one cycle 
at 50°C for 2 min, then 95°C for 10 min, followed by 40 
cycles at 95°C for 15 s and 60°C for 1 min. Data were 
collected with SDS 2.3 software (Applied Biosystems, 
Foster City, CA, USA) and analyzed using the 2-DDCT 
relative quantification method. Values are presented as 
fold change relative to unexposed T0 cells.

Nuclear extracts and gel mobility shift assay
Nuclear extracts of CO2-exposed and control cells 

were prepared as previously described (13). The presence 

activation (5). 
It is known that CO2 produces a hypoxic condition 

on cells and tissues (6). Hypoxic control of cell growth 
and death may be of general pathophysiological 
importance. The primary transcriptional responses 
to hypoxic stress are mediated by the Hypoxia 
Inducible transcription factors (HIFs) of which HIF-
1α was shown to play a central role in the growth 
and survival of cancer cells. It has been reported that 
increased expression of HIF-1α and its regulated 
genes can be also associated with apoptotic pathway 
via activation of p53 protein (7). The balance between 
hypoxia-induced apoptosis and the increased 
resistance to cell death mediated by various hypoxia-
induced pathways determines whether a tumor can 
survive and even grow under hypoxic conditions.

Several studies have shown that hypoxic NB 
cells adopt an immature, neural crest-like phenotype, 
which results in more aggressive tumor cells with 
increased potential to metastasize (8–10). In one 
clinical study, an up-regulation was demonstrated of 
HIF-1α associated with adverse clinic-pathological 
and biological factors in neuroblastomas (11).

On the other hand, it has been shown that 
hypoxia affect NB cell behavior in a time-relative 
manner, indeed apoptotic features were observed 
at an early period of exposure time, but these 
effects were reversed with the extension of hypoxic 
treatment (12). Therefore, the aim of this study was 
to investigate molecular mechanisms underlying 
hypoxic response associated with CO2 insufflation 
in NB cells to evaluate the controversial effects 
associated with changes of HIF-1α pathway. 
Moreover, we evaluated the cell proliferation rate 
and characterized the apoptotic signalling pathway 
following CO2 exposure of NB cells. 

MATERIALS AND METHODS

Materials 
The human SH-SY5Y NB cells (CRL-2266) were 

purchased from American Type Culture Collections 
(ATCC) (Rockville, MD, USA) and maintained in 
culture for no more than 20 passages. RPMI, penicillin/
streptomycin mixture, glutamine, phosphate buffered 
saline solution (PBS), (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Hoechst 33258 
and other chemicals of analytical grade, as well as mouse 
monoclonal antibody against α-tubulin were from Sigma 
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Following treatment, the cells plated at a density of 
2.5 · 105 cells/ml in 4-well chamber slides were washed 
with PBS and fixed with 4% paraformaldehyde for 15 
min at room temperature. After three rinses with PBS, the 
cells were incubated for 15 min with Hoechst 33258 (20 
μg/ml in PBS), and then the morphology of the nucleus 
was analyzed under a DM IRB fluorescence microscope 
(Leica Microsystem, Heidelberg, Mannheim, Germany), 
equipped with a digital camera (Canon Power Shot S50, 
Milan, Italy). Viable cells were identified by their intact 
nuclei with diffuse fluorescence, whereas apoptotic cells 
by their chromosome condensation and fragmentation of 
nuclei exhibiting highlight staining.  

At random, 200 cells were observed in the fluorescent 
microscope at ×400 magnification and the percentage of 
cells reflecting pathological changes was calculated. Data 
were collected for three replicates and used to calculate the 
respective means and standard error of the mean (SEM).

Statistical analysis 
All experiments were repeated at least three times and 

each experiment was performed in triplicate. All values 
are expressed as mean ± SEM. Statistical analysis was 
carried out using Student’s t-test, with p-values less than 
0.05 considered significant.

RESULTS

Given the well-known property of CO2 to create a 
hypoxic environment, we firstly examined the effects 
of CO2 exposure on HIF-1α expression/activation in 
SH-SY5Y NB cells. 

HIF-1α mRNA levels were only weakly increased 
in NB cells exposed to 15 mmHg CO2 for 4 h (T0) 
with respect to control cells, and returned to basal 
levels in cells maintained up to 24 h of incubation 
in standard condition after removal of CO2 (T24) 
(Fig. 1A). Nevertheless, as highlighted by EMSA 
analysis, immediately after 4 h CO2 exposure (T0) 
we observed a significant increase in HIF-1 DNA 
binding activity in nuclear extracts of treated cells 
in comparison to control ones. No differences were 
found in HIF-1 activation between CO2-exposed and 
unexposed cells 24 h after gas removal (T24) (Fig. 
1B).

We then evaluated the effect of CO2-induced 
hypoxic stress on cell proliferation. As shown in 
Fig. 2A, CO2 exposure exhibited anti-proliferative 
effects on NB cells. Although there was no 
significant difference in the cellular MTT reduction 

of HIF-1 DNA binding activity in cell nuclear extracts 
was evaluated by electrophoretic mobility shift assay 
(EMSA), using the EMSA HIF1 detection kit (Panomics, 
Redwood City, CA, USA) according to the manufacturer’s 
instructions. 

Proliferation assay and cytotoxicity study
To assess the effects of CO2 exposure on cell 

proliferation, an MTT (3-(4,5-methylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) reduction assay was 
performed. 

At the end of the incubation periods (T0 and T24), 
control and CO2 exposed cells, seeded at a density of 2.5 
· 104 cell/well in 96-well culture plates, were incubated 
with fresh medium containing MTT (0.5 mg/mL) at 37°C 
for 4 h. Then, insoluble formazan crystals were dissolved 
in 100 µL of acidic isopropanol (0.04 M HCl in absolute 
isopropanol) at 37°C for 1 h. The optical density in each 
well was determined at 570 nm using a microplate reader 
(Tecan Italia, Cologno Monzese, Italy). Results were 
expressed as percentage of control T0 cells. All experiments 
were performed in triplicate. Cytotoxic effects of CO2 
exposure were assessed by the trypan blue dye exclusion 
test, according to manufactured instructions. 

Western blotting 
After incubation, cells plated in 25 cm2 flasks at a 

density of 2.5 · 105 cell/ml were scraped off and lysed 
using ice-cold RIPA buffer supplemented with Protease 
Inhibitor Cocktail (SIGMA Aldrich, Milan, Italy), 
followed by centrifugation at 8,000 x g at 4°C for 10 min 
to remove cell debris. Protein concentration was evaluated 
by the Bradford method and 30 µg proteins were loaded 
on a 10% denaturing SDS-polyacrylamide gel. After 
protein transfer, the nitrocellulose membranes were 
blocked with 5% non-fat dry milk at room temperature 
for an hour. Then membranes were incubated with mouse 
monoclonal antibody against α-tubulin (diluted 1:50000 
in TBS-T), rabbit antibodies against caspase-3 (diluted 
1:200), procaspase-9 or active caspase-9 (diluted 1:100) 
overnight at 4°C, followed by incubation with horseradish 
peroxidase-conjugated anti-mouse or anti-rabbit secondary 
antibodies (respectively diluted 1:50000 and 1:1000 in 
TBS-T) for 2 h at room temperature. Immunoblots were 
developed with ECL Plus chemiluminescent detection 
system kit using Kodak film. The band intensity was 
quantified by densitometric analysis with an AlphaImager 
1200 System (Alpha Innotech, San Leandro, CA, USA). 

Hoechst 33258 fluorescent microscopy
Hoechst microscopy analyses were performed 

to examine the apoptotic cell death as a result of 
morphological change in the nucleus.
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SY5Y. A significant up-regulation of procaspase-9 
(p<0.05) was observed in NB cells treated with 
CO2 for 4 h (T0) compared to control cells, although 
in the following 24 h (T24) protein amounts were 
similar to control ones (Fig. 3). The exposure of NB 
cells to CO2 was also accompanied by a significant 
increase in caspase-9 cleavage both in T0 and T24 
cells compared with control cells (p<0.05) (Fig. 3).

Similarly, procaspase-3 expression levels were 
increased in CO2-exposed T0 cells (1.7-fold, p<0.05), 
increasing up to 2-fold (p<0.05) in CO2-exposed 
T24 cells when compared to controls. In addition, 
fragments of activated caspase-3 (17 kDa subunit) 
appeared immediately after CO2 exposure, and were 
more evident in CO2-exposed T24 cells with 5.3-fold 
(p<0.01) increases in comparison to control cells 
(Fig. 4). 

CO2-induced apoptosis in SH-SY5Y cells was 

between CO2-exposed and unexposed T0 cells, after 
24 h of incubation in standard condition (T24) the 
proliferative activity was slower in CO2-treated cells 
(50%) than in control cells (80%). The MTT data 
was confirmed by counting the cells in a Neubauer 
hemocytometer chamber (data not shown).

The inhibitory effect of CO2 treatment on cell 
proliferation was accompanied by the induction of 
cell death, evaluated by trypan blue dye exclusion 
test. The percentage of dead cells was similar in T0-
exposed and unexposed cells (9% vs 5%, p>0.05), 
but in the following 24 h we observed a significant 
increase in cell death of CO2–exposed cells in 
comparison to control ones (27% vs 9%, p< 0.01) 
(Fig. 2B).

Considering that hypoxia may be associated with 
apoptosis in experimental models, we evaluated the 
activation of caspase pathway in CO2-exposed SH-

Fig. 1. Effects of CO2 exposure on HIF-1α transcription and activation in SH-SY5Y cells. After 4 h CO2 insufflation, 
cells were either immediately harvested (T0) or incubated again in 5% CO2 and 95% air for 24 h (T24). A) Total RNA 
was purified from cell cultures and the mRNA levels of HIF-1α was evaluated by Real-Time PCR. B) Nuclear extracts 
were incubated with an oligonucleotide probe containing the HIF-1α consensus motif and subjected to EMSA analysis. 
The densitometric analysis of HIF-1α bands is shown at the bottom. Values represent the mean ± SEM of three separate 
experiments. **p<0.01 significant differences in comparison to control.
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with favorable prognostic factors or metastasis) 
(1). The relationship between laparoscopic tumor 
surgery and overall survival, event-free survival 
as well as surgical morbidity, is unclear in the 
pediatric population (1). A critical issue for the 
complete acceptance of MIS in NB resection is to 
elucidate the potential adverse effects of CO2, a gas 
molecule used for pneumoperitoneum, on tumor cell 
behavior. NB is the most common heterogeneous 
solid tumor in children and it has been postulated 
that the exposure to CO2 increases malignancy of 
tumor cells (2, 16). Conversely, in a recent study 
we highlighted cytotoxic effects induced by CO2 
insufflation on human NB cells via oxidative stress 
(5). In particular, we showed significantly increased 
ROS production in SH-SY5Y NB cells after CO2 
insufflation with marked DNA damage, p53 up-
regulation and cell cycle arrest. These data suggested 
that CO2 can interfere with the malignant potential 
of the NB cells and led us to investigate molecular 
mechanisms contributing to these effects.

CO2 alters the chemical environment of cells 
through hypoxia influencing different cell functions 
(6). In a previous study, the hypoxic CO2 effects on 
markers of malignancy as c-myc and HMGB-1 in SH-
SY5Y NB cells were evaluated. The authors found 
strong molecular signs of malignant transformation 

evaluated by fluorescence microscopy after Hoechst 
33258 staining of CO2-exposed and unexposed cells. 
As shown in Fig. 5, homogeneously stained nuclei 
were observed in control cells both at T0 and T24, as 
well as in CO2-exposed T0 cells, while CO2-exposed 
T24 cells presented apoptotic features with fragmented 
nuclei.

Direct counting of apoptotic cells was carried out 
to quantify microscopic observations and the number 
of apoptotic cells was expressed as percent of the 
total number of cells. In control and CO2-treated T0 
cultures we detected less than 1% apoptotic cells, 
whereas 12% of CO2-exposed T24 cells showed 
apoptotic features (p<0.01).

DISCUSSION

In pediatric surgical oncology, the use of MIS 
can offer several advantages in comparison to open 
surgery, such as less pain, faster recovery time and 
improved cosmesis. In addition, this technique 
is mostly aimed to minimize the physiologic 
consequences of an operation which include 
scarring, stress response and disability (14, 15). To 
date, the applications of MIS in the management of 
NB are limited to selected conditions (diagnostic 
purpose, treatment of well encapsulated tumors 

Fig. 2. CO2 exposure decreases NB cell growth and increases the percentage of dead cells. A) Proliferation rate was 
assessed by MTT assay. Results of MTT test are expressed as percentages of the values detected in untreated T0 cells. 
Each value is the mean ± S.E.M. of at least three experiments. B) Cell death was evaluated using the trypan blue dye 
exclusion test. Data represent the mean ± S.E.M. of three different experiments. **p<0.01 significant differences in 
comparison to control T0 cells; §p<0.05 significant differences in comparison to CO2 T0 cells; #p<0.05 and ##p<0.01 
significant differences in comparison to control T24 cells.
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transcription factor inhibiting HIF1-induced 
apoptosis and promoting cell survival (19).

In the present report, we evaluated HIF-1α 
involvement in NB cell response to CO2. We 
highlighted an increase in HIF-1α activation after 
4 h CO2 exposure of SH-SY5Y NB cells, and no 
differences were observed between CO2-exposed 
and unexposed cells 24 h after gas removal. 
Although several in vitro and in vivo studies showed 
a transcriptional regulation of HIF-1α (20, 21), 
in our experimental condition HIF-1α activation 
was associated only to a weak induction of its 
transcription. Thus, we can affirm that, based on 
the severity and duration of hypoxic exposure, 

in tumor cells subjected to CO2 exposure (3). 
The primary factor mediating the response 

to hypoxic stress is HIF-1, which consists of a 
constitutively expressed subunit, HIF-1β, and 
an oxygen-regulated subunit, HIF-1α. It is well 
known that HIF-1α plays a pivotal role in adaptive 
responses of cancer cells to hypoxic condition, 
inducing the expression of numerous genes involved 
in a broad range of cellular processes such as 
angiogenesis, proliferation, migration and invasion, 
but paradoxically it also mediates hypoxic cell death 
(17, 18). On the other hand, previous experiments 
on NIH3T3 normal fibroblasts demonstrated that 
hypoxic stress influenced Forkhead Box O3a 

Fig. 3. CO2 treatment induces caspase-9 cleavage in SH-SY5Y NB cells. Cell lysates from CO2 exposed and unexposed 
cell cultures were analyzed by Western blotting using specific antibodies against procaspase-9 and cleaved caspase-9. 
Densitometric analysis of immunoblots (bottom) was carried out after normalization against α-tubulin. The immunoblots 
are representative of three separate experiments. *p<0.05, and **p<0.01 significant differences in comparison to relative 
controls.

M. CURRÒ ET AL.
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to increased ROS production which in turn triggers a 
cascade of events involving the activation of p53 and 
transcription factors, such as HIF-1 (23–25). 

On the basis of this evidence, the present and 
previous results (5) suggest that the increase in 
ROS production caused by CO2-induced hypoxic 
microenvironment is associated with HIF-1α 
activation and p53 up-regulation. 

Because p53 engages the cell death pathway 
and HIF-1α contributes to programmed cell death 
during hypoxia, we explored the potential capacity 
of CO2 to induce apoptosis on NB cells. Our 
results show that the early HIF-1α activation was 
accompanied by a significant increase in caspase-9 

HIF-1α was primarily regulated by posttranslational 
modifications at the level of its protein stability, as 
frequently is the case for transcription factors.

To further study the underlying mechanisms 
of the CO2 effects on NB cells, we determined the 
proliferative activity and cell viability by MTT 
assay and trypan blue staining, respectively. CO2 
exposure showed growth inhibitory effects leading 
also to NB cell death. Our results are in line with 
previous data reporting a persistent decrease in NB 
cell proliferation after CO2 incubation (22).

Cell response to hypoxic conditions is at least 
partly mediated by mitochondria attempting to reduce 
oxygen utilization. Mitochondrial dysfunction leads 

Fig. 4. Caspase-3 expression and cleavage in SH-SY5Y NB cells treated with CO2. After exposure to 15 mmHg CO2, cellular 
proteins were extracted for the determination of the expression of procaspase-3 by Western blotting. The activation of 
caspase-3 was assessed by the presence of a 17 kDa fragment derived from the cleavage of proenzyme caspase-3 (32 kDa). 
Densitometric analysis of immunoblots (bottom) was carried out after normalization against α-tubulin. The immunoblots 
are representative of three separate experiments. **p<0.01, and ***p<0.005 significant differences in comparison to 
relative controls.
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the extrinsic pathway (death receptor-mediated) 
(26). A recent work also showed that CoCl2, a well-
characterized hypoxia-mimetic agent, induced 
canonical p53 mitochondrial apoptosis in the p53 
wild-type NB cell lines, and caspase-independent 
cell death in both p53 mutated and knockout cells 
(27).

In contrast with our results, Reisman and 
coworkers (3) reported a reduction of caspase 3/7 
activity in SH-SY5Y cells after CO2 treatment when 
compared to unexposed cells. However, in this work 
the authors performed the CO2-exposure of NB cells 
for 2 h and did not evaluate the effects at prolonged 
times after gas removal. Another study assessed 
the effects of CO2 pneumoperitoneum on MKN-45 
gastric cancer cells investigating the role of HIF-
1α in CO2-induced apoptosis. Data suggested that 
CO2 insufflation increased the expression of HIF-1α 
which promoted apoptosis by activating Bax protein, 
a major core of the intrinsic apoptosis pathway at the 
mitochondria (28).

A mechanism by which HIF-1α can induce 
apoptosis is the stabilization of the tumor suppressor 
p53 (29). Several studies reported a cross-talk 
between the HIF-1α and p53 transcription factors, 
and both direct and indirect interactions have been 
proposed to explain this interplay (30). Chen et al. 
(31) described the formation of a trimeric complex 
containing p53, MDM2 and HIF-1α. In this ternary 
complex, the direct binding of HIF-1α to MDM2, 
the best-known physiological inhibitor of p53, 
suppresses the MDM2-dependent ubiquitination and 
nuclear export of p53 favoring its transcriptional 
activity (31). 

However, the relationship between HIF-1α 
and p53 provides a potential negative feedback 
loop for the HIF-1α stabilization by promoting its 
MDM2-mediated ubiquitination and proteasomal 
degradation (32). Thus, once p53 becomes 
activated under hypoxic conditions, it contributes to 
terminating HIF-1 adaptive responses and exerts its 
anti-proliferative and pro-apoptotic activity.

In light of these observations and considering our 
previous data showing the CO2-induced activation of 
the tumor suppressor p53 (5), we can hypothesize 
that following CO2 exposure the HIF-1α activation 
increases the p53 protein stability, leading to 
apoptotic cell death. 

cleavage that persisted until 24 h after CO2 
removal. Once activated, caspase-9, the initiator 
caspase in mitochondrial apoptosis pathway, can 
process a group of downstream effector caspases, 
including caspase-3, which are responsible for the 
proteolytic cleavage of many intracellular proteins, 
resulting in the biochemical and morphological 
changes associated with apoptosis. In line with this 
evidence, our data demonstrated a marked increase 
of caspase-3 cleavage and apoptotic rate in CO2-
exposed NB cells following caspase-9 activation. 
Thus, in our experimental condition, HIF-1α appears 
to be a key candidate in the regulation of apoptotic 
cell death triggering the intrinsic mitochondrial/
caspase-9 pathway. Our data are consistent with a 
previous study clearly showing that hypoxia-induced 
apoptosis relies on the intrinsic mitochondrial 
apoptotic pathway, while it is independent from 

Fig. 5. Apoptotic morphological changes in SH-SY5Y 
NB cells induced by CO2 exposure, evaluated by Hoechst 
staining. Following treatment, the cells plated in 4-well 
chamber slides were stained with Hoechst 33258 and 
examined by fluorescence microscopy at ×400. A) 
Control cultures at T0; (B) cells treated with CO2 for 4 
h (T0); (C) control cells at T24; (D) cells exposed to CO2 
for 4 h and then incubated in standard condition for 24 
h (T24). The arrows designate the presence of apoptotic 
nuclear profiles. 
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6. 	 Wildbrett P, Oh A, Naundorf D, Volk T, Jacobi 
CA. Impact of laparoscopic gases on peritoneal 
microenvironment and essential parameters of cell 
function. Surg Endosc 2003; 17:78-82. 

7. 	 Carmeliet P, Dor Y, Herbert JM, et al. Role of 
HIF-1alpha in hypoxia-mediated apoptosis, cell 
proliferation and tumour angiogenesis. Nature 1998; 
394:485-90. 

8. 	 Jögi A, Øra I, Nilsson H, Lindeheim A, Makino 
Y, Poellinger L, Axelson H, Påhlman S. Hypoxia 
alters gene expression in human neuroblastoma cells 
toward an immature and neural crest-like phenotype. 
Proc Natl Acad Sci U S A 2002; 99:7021-26. 

9. 	 Jögi A, Vallon-Christersson J, Holmquist L, Axelson 
H, Borg A, Påhlman S. Human neuroblastoma cells 
exposed to hypoxia: induction of genes associated 
with growth, survival, and aggressive behavior. Exp 
Cell Res 2004; 295:469-87. 

10. 	 Löfstedt T, Jögi A, Sigvardsson M, Gradin K, 
Poellinger L, Påhlman S, Axelson H. Induction of 
ID2 expression by hypoxia-inducible factor-1: a role 
in dedifferentiation of hypoxic neuroblastoma cells. 
J Biol Chem 2004; 279:39223-31. 

11. 	 Dungwa JV, Hunt LP, Ramani P. HIF-1α up-regulation 
is associated with adverse clinicopathological and 
biological factors in neuroblastomas. Histopathology 
2012; 61:417-27. 

12. 	 Wang D, Weng Q, Zhang L, He Q, Yang B. VEGF 
and Bcl-2 interact via MAPKs signaling pathway in 
the response to hypoxia in neuroblastoma. Cell Mol 
Neurobiol 2009; 29:391-401. 

13. 	 Caccamo D, Campisi A, Currò M, Aguennouz M, Li 
Volti G, Avola R, Ientile R. Nuclear factor-kappab 
activation is associated with glutamate-evoked tissue 
transglutaminase up-regulation in primary astrocyte 
cultures. J Neurosci Res 2005; 82:858-65. 

14. 	 Carter JJ, Whelan RL. The immunologic 
consequences of laparoscopy in oncology. Surg 
Oncol Clin N Am 2001; 10:655-77. 

15. 	 Novitsky YW, Litwin DEM, Callery MP. The net 
immunologic advantage of laparoscopic surgery. 
Surg Endosc 2004; 18:1411-19. 

16. 	 Hiyama E, Iehara T, Sugimoto T, et al. Effectiveness 
of screening for neuroblastoma at 6 months of age: a 
retrospective population-based cohort study. Lancet 
2008; 371:1173-80. 

Our results indicate that mimicking conditions 
of CO2 pneumoperitoneum affect HIF-1α activity 
promoting apoptosis rather than cell proliferation 
in p53 wild-type SH-SY5Y NB cell line. These data 
corroborate our previous findings on CO2-induced 
cell cycle arrest (5). 

In conclusion, we emphasize that laparoscopic 
approach could have no side negative effects on NB 
cell behavior. However, the better characterization 
of the molecular mechanisms underlying the 
tumor cell response to CO2, both in in vitro and 
in vivo experimental studies, should become a 
focus of research activities in pediatric surgical 
oncology. The demonstration that MIS is a safe and 
effective technique in NB treatment might extend 
its applicability to this heterogeneous tumor, and 
allow to benefit from its clinical and immunological 
qualities.
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The pulmonary fibrosis extent in systemic sclerosis (SSc) has a prognostic value. Chest Computed 
Tomography (CT) is the gold standard to detect an interstitial lung disease (ILD). Semi-quantitative 
scores and quantitative methods can estimate the ILD. The first ones have a considerable inter-intra-
observer variability, while quantitative scores, based on distribution of lung attenuation parameters (also 
called CT indexes), can be obtained through expensive and not so user-friendly software. The aim of this 
work is to investigate whether a DICOM-viewer open-source software (OsiriX) can obtain CT indexes 
correlating with semi-quantitative scores. Sixty-three chest CTs of ILD-SSc patients were assessed 
with two semi-quantitative methods (visual extent and limited/extensive ILD grading) and then blindly 
processed with OsiriX to obtain the distribution parameters of lung attenuation (kurtosis, skewness and 
mean). Semiquantitative assessment and CT indexes were compared through the Spearman rank test 
and Mann-Whitney test. All CT indexes showed a statistically significant correlation of moderate degree 
with the visual extent semi-quantitative assessment (p-value < 0.05). Skewness was the lung attenuation 
distribution parameter with the strongest correlation (r =-0.378, p-value = 0.0023). Moreover, CT 
indexes of patients with an extensive and limited disease were statistically different (p < 0.01). CT indexes 
correlating with a radiological semi-quantitative ILD assessment can be obtained through OsiriX. CT 
indexes can be considered very helpful to discriminate patients with extensive and limited ILD. 
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COMPARISON BETWEEN SEMIQUANTITATIVE AND QUANTITATIVE COMPUTED 

TOMOGRAPHY ASSESSMENTS

A. ARIANI1, F. LUMETTI1, M. SILVA2, D. SANTILLI1, F. MOZZANI1,
 G. LUCCHINI1, G. DELSANTE1 and N. SVERZELLATI2

1Department of Medicine, Internal Medicine and Rheumatology Unit, Azienda Ospedaliero-
Universitaria di Parma, Parma, Italy; 2Department of Clinical Sciences, Section of Radiology, 

University of Parma, Parma, Italy

Received March 18, 2014 – Accepted June 20, 2014

Systemic sclerosis (SSc) is a connective tissue 
disease secondary to both autoimmune and vascular 
etiology (1). SSc can affect any organ including the 
lung. In particular, interstitial fibrosis is the most 
frequent and prognostically relevant pulmonary 
alteration (2). Currently, the most suitable non-
invasive instrumental examination to detect 

interstitial lung disease (ILD) is chest Computed 
Tomography (CT). During the last two decades, 
radiologists have developed semi-quantitative 
scores to describe the presence, extent and severity 
of pulmonary fibrosis (3, 4). Some of these scores 
have a prognostic value (5), but they are not 
suitable for clinical practice. Their usefulness is 
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one paper demonstrated that one of these DICOM-
viewers, OsiriX, can be a useful tool to achieve a 
post-processing analysis finalized to quantify the 
ILD extent through the kurtosis, skewness and mean 
lung attenuation calculation (12).

The main aim of this work is to verify the 
existence of a correspondence between two ILD 
semi-quantitative assessments and lung attenuation 
distribution parameters (kurtosis, skewness, 
mean lung attenuation - MLA), also called ILD 
quantitative CT indexes, obtained through OsiriX. 
In particular, we focused our research on: a) the 
correlations between OsiriX calculated CT indexes 
(i.e. quantitative assessment) and a visual extent 
assessment (i.e. one of the two semi-quantitative 
assessments); b) the differences among the distinct 
CT indexes of patients with an extensive vs limited 
disease according to Goh et al. ILD scoring - one 
of the most important radiological semi-quantitative 
assessments strongly related to severe pulmonary 
involvement.

MATERIALS AND METHODS

The study was conducted according to the Declaration 
of Helsinki and approved by the local Ethics Committee. 

due to the capability to distinguish whether the 
lung damage is mainly related to ground glass 
opacities or honeycombing lesions. However, even 
among experienced radiologists, the inter-observer 
agreements of semi-quantitative assessments range 
from weak to moderate (6). 

In order to overcome this operator-dependent 
limit, special software was developed. This software 
can semi-automatically differentiate normal lung 
parenchyma from the ILD-affected part within chest 
CT images. The analysis of the histograms of lung 
attenuation (i.e. radiation absorption) distribution 
allows to obtain some parameters (such as kurtosis, 
skewness, mean lung attenuation - definitions in 
Table I) which permit a quantitative evaluation of 
pulmonary fibrosis (7, 8).

However, the software employed by the majority 
of authors (9, 10) to perform this kind of analysis 
(post-processing) is not very common due to both its 
cost and the challenging training required to achieve 
a proper use of such.

Over the last few years software capable of 
viewing radiological images (in Digital Imaging 
Communications in Medicine - DICOM, format), 
available online and free of charge, has opened a 
new approach to medical imaging (11). Recently, 

ble I. Glossary.

Attenuation X-rays absorption (in HU) of a single spatial unit (voxel) 
in which chest CT subdivides the lung examined

Distribution hystogram absolute frequency graphical representation of lung 
attenuation values

Mean Lung Attenuation 
(MLA)

arithmetic mean of all attenuation values

Kurtosis dimensionless quantity related to the peakedness of the  
distribution histogram. Along with MLA and skewness, it 
is a lung attenuation distribution parameter

Skewness dimensionless quantitiy related to the simmetry of the  
distribution histogram. Along with MLA and kurtosis, it is 
a lung attenuation  distribution parameter

1

Table I. Glossary.
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settings for visualization of the lung parenchyma (centre 
-500 HU, window width 1600 HU). When ILD was 
indeterminate, Forced Vital Capacity was taken into 
account as described by Goh et al. 

While scoring the study cases, the observer had no 
knowledge of other lung function data or other indicators 
of disease severity. 

Quantitative assessment
OsiriX is a user-friendly DICOM-viewer, free of 

charge and available on the developer’s website (www.
osirix-viewer.com) (14). It allows even to an unskilled 
user to perform post-processing on CT and MR. The 
lung segmentation algorithm is the same presented by 
Ariani et al. (12). Voxels between -950 HU and -400 HU 
were selected using 3D Growing Region Upper/Lower 
Threshold algorithm with the seed inside pulmonary 
parenchyma.  After the application of the brush ROI tool 
(closing with a “Structuring Element Radius” equal to 20) 
the whole lung was segmented. Finally, after applying 
Compute Volume command, CT indexes were displayed. 
Fig. 1 shows the CT indexes as the final result of the 
above-mentioned method. 

Statistical analysis
Statistical analysis was performed using R software 

(www.r-project.org, version 3.0.1 with psy and ca 
package). Non-parametric tests were used for all 
parameters (even those that follow a Gaussian distribution 
according to the Functional test of D’Agostino-Pearson).

The Spearman rank order test was used to verify 
the correlation between lung attenuation distribution 
parameters and the visual extent semi-quantitative score. 
A Spearman rho value of 0-0.30 was considered fair, 0.31-
0.50 moderate, 0.51-0.70 good, 0.71-1.00 excellent. 

The difference between CT indexes of patients with 
an extensive and limited disease was carried out by the 
Mann-Withney test. A p-value <0.05 was considered 
statistically significant.

RESULTS

The CT index with the stronger degree of 
correlation with the visual extent assessment is the 
skewness (r = -0.378, p-value = 0.0023); kurtosis 
and MLA had a moderate correlation with the visual 
extent assessment (respectively r = -0.332 , p-value 
= 0.0079 and r = 0.366, p-value = 0.0031). 

Patients with extensive and limited disease had 
dissimilar CT index values; these differences were 
statistically significant (p-value < 0.01). Median, 
spread and shape of kurtosis, skewness and MLA in 

Patients
We included 63 consecutive patients admitted to our 

clinic between September and December 2013, with 
diagnosis of diffuse or limited SSc established according 
to the ACR/EULAR classification criteria (13). The 
descriptive statistics of these patients are summarized in 
Table II. All patients gave their informed consent.

Computed tomography 
CT was always performed using 128- slice MDCT 

(Somatom FLASH, Siemens, Forcheim, Germany). CT 
images were reconstructed at section width slice thickness 
of 1 mm using a high spatial frequency algorithm. All 
patients were examined in the supine position from lung 
apices to lung bases at full-suspended inspiration using 
standard acquisition parameters: 100 effective mAs, 
120kVp. All images were viewed at window settings 
optimized for assessment of lung parenchyma (window 
width, 1600–1600 HU; window level, -500 to -600 HU). 

Semiquantitative assessments
Five levels in each CT were preselected by an observer 

who was not involved in subsequent scoring of the cases: 
i) the aortic arch; ii) 1cm below the level of the carina; iii) 
the right pulmonary venous confluence; iv) the midpoint 
between 3 and 5; and v) 1 cm above the dome of the right 
hemi-diaphragm.

The CT sections of each patient were assessed for the 
ILD extent to the nearest 5%. The mean value constituted 
the visual extent assessment.

All images were reviewed, according to the Goh et 
al. method, (4) at the preselected levels by one thoracic 
radiologist (9 years experience in scoring chest CT for ILD 
extent) using DICOM viewing software (DicomWorks, 
version 1.3; http://dicom.online.fr) at standard window 

Table II. Descriptive statistics of SSc patients.
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Table II. Descriptive statistics of SSc patients.

CHARACTERISTIC RESULTS 

Age, mean ± SD years 
Gender, % female 
Race/ethnicity
Caucasian
African
Other 
SSc duration, mean ± SD years 
Diffuse cutaneous SSc, % 
Current smoker, % 
Scl70 positive patients, % 
Forced Vital Capacity, mean ± SD % 
Diffusion Lung capacity of CO, mean ± SD % 

  59.6±13.2 
   92.1% 

   96.8 % 
    1.6 % 
    1.6 % 
   8.6±6.3 
   39.7% 
   4.8% 
   47.6% 
   83.6±13.2 
   67.0±19.7 
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Although the determination of these parameters is 
really promising, the introduction into clinical practice 
of these types of DICOM-viewers is improbable 
due to the relatively high cost of licenses and to the 
difficulty in training new users. The software needed 
to perform a pulmonary fibrosis quantification is very 
sophisticated, proprietary (7, 9, 19) and, therefore, 
not so easily applicable in multi-center studies. 
Moreover, until now no study has been able to propose 
satisfactory CT index cut-offs to discern the patients 
with the worse prognosis (20).

A recent study described a positive experience 
with a free DICOM-viewer software, OsiriX, that 
achieves the same results as the proprietary programs 
(12). This very user-friendly and easy-to-learn 
DICOM viewer was able to calculate distribution 
parameters of the attenuation histograms referred 
both to the entire lung and to the non-fibrotic 
component.

Taking into account these results, the following 

the above groups are reported in the box-plot graphs 
(Fig. 2). 

DISCUSSION

CT chest is the best non-invasive exam to detect 
pulmonary fibrosis. The radiological score more 
widely used to assess ILD presence, severity and 
extent shows a moderate inter-observer agreement 
only if made by experienced radiologists. Otherwise 
the concordance can only be low (4). To overcome 
this problem, DICOM-viewer software capable of 
identifying (segment) the whole lung and the areas 
affected by fibrosis has been developed. From these 
segmentations it is possible to obtain histograms of 
lung attenuation and of their distribution parameters 
whose usefulness in quantifying pulmonary fibrosis 
has been demonstrated by several authors (15-17). 
The CT index inter- and intra-observer variability is 
lower than the one of the semi-quantitative score (18).

Fig. 1. Example of OsiriX 3D ROI (Region Of Interest) lung CT indexes window. The final output of the segmentation 
process and CT indexes computation consists of a tridimensional lung recostruction (above) with a list of the related 
attenuation parameters (third column below, under “Growing Region”).

A. ARIANI ET AL.
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with not very aggressive SSc; iii) the absence of 
Osirix algorithm exploration in carrying out the 
fibrosis unaffected lung; iv) the lack of negative 
controls; v) having arbitrarily (although in line with 
the most recent papers) established to start the lung 
segmentation from a given interval (-950, -400 HU); 
vi) the need to use a computer running MacOsX, a 
not so widespread operative system.

Forthcoming research perspectives are the 
comparison of lung attenuation distribution 
parameters with spirometric values, the study of 
inter- and intra-observer variability of CT indexes 

considerations can be drawn: 1) all the distribution 
parameters had a moderate degree correlation with 
ILD visual extent semi-quantitative score performed 
by an experienced radiologist. 2) CT index 
distributions in limited and extensive disease groups 
are considerably different. 3) Skewness is the CT 
index that better correlates with the ILD visual extent 
assessment; it also showed the most remarkable 
difference in distribution values among the limited 
vs extensive disease groups.

The main limitations of this study are: i) the 
reduced sample size, ii) the selection of patients 

Fig. 2. Box-plots showing the difference of kurtosis (A), skewness (B) and MLA (C) distribution between limited and 
extensive disease patient groups.
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open-source DICOM viewer software (OsiriX) to 
assess pulmonary fibrosis in systemic sclerosis: 
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15.	 Sverzellati N, Calabrò E, Chetta A, et al. Visual score 
and quantitative CT indices in pulmonary fibrosis: 
Relationship with physiologic impairment. Radiol 
med 2007; 112:1160-72. 

16.	 Lynch DA. Quantitative CT of fibrotic interstitial 
lung disease. Chest 2007; 131:643-4. 

17.	 Best AC, Meng J, Lynch AM, Bozic CM, Miller D, 
Grunwald GK, Lynch DA. Idiopathic pulmonary 
fibrosis: physiologic tests, quantitative CT indexes, 
and CT visual scores as predictors of mortality. 
Radiology 2008; 246:935-40. 

18.	 Camiciottoli G, Orlandi I, Bartolucci M, et al. Lung 
CT densitometry in systemic sclerosis: correlation 
with lung function, exercise testing, and quality of 
life. Chest 2007; 131:672-81. 

19.	 Zavaletta VA, Bartholmai BJ, Robb RA. High 
resolution multidetector CT-aided tissue analysis and 
quantification of lung fibrosis. Acad Radiol 2007; 

obtained through OsiriX, the investigation of CT 
index changes in follow-up chest CTs and a greater 
sample size.

In summary, our data suggest that lung attenuation 
distribution parameters have a good correspondence 
to an expert radiologist’s ILD evaluation. These CT 
indexes (in particular skewness and kurtosis) could 
be easily introduced in clinical practice. OsiriX is a 
free DICOM viewer, easy to learn even by a non-
radiologist user, and it can become a tool allowing 
the identification of patients with an extensive ILD 
resulting in poor prognosis. This work could be the 
starting point of the first stage of a change in the 
clinical approach to the assessment of pulmonary 
fibrosis because wider use of CT indexes may 
provide useful elements for evaluating the efficacy 
of anti-fibrotic therapy.

REFERENCES

1.	 Matucci-Cerinic M, Kahaleh B, Wigley FM. Review: 
evidence that systemic sclerosis is a vascular disease. 
Arthritis Rheum 2013; 65:1953-62. 

2.	 Karassa FB, Ioannidis JPA. Mortality in systemic 
sclerosis. Clin Exp Rheumatol 2008; 26:S85-93. 

3.	 Warrick JH, Bhalla M, Schabel SI, Silver RM. High 
resolution computed tomography in early scleroderma 
lung disease. J Rheumatol 1991; 18:1520-8. 

4.	 Goh NSL, Desai SR, Veeraraghavan S, et al. 
Interstitial lung disease in systemic sclerosis: a 
simple staging system. Am J Respir Crit Care Med 
2008; 177(11):1248-54. 

5.	 Moore OA, Goh N, Corte T, et al. Extent of 
disease on high-resolution computed tomography 
lung is a predictor of decline and mortality in 
systemic sclerosis-related interstitial lung disease. 
Rheumatology 2013; 52:155-60. 

6.	 Wells AU. High-resolution computed tomography 
and scleroderma lung disease. Rheumatology 
(Oxford) 2008; 47:v59-61. 

7.	 Sumikawa H1, Johkoh T, Yamamoto S, et al. 
Computed tomography values calculation and 
volume histogram analysis for various computed 
tomographic patterns of diffuse lung diseases. J 
Comput Assist Tomogr 2009; 33:731-8. 

8.	 Orlandi I, Camiciottoli G, Diciotti S, et al. Thin-
section and low-dose volumetric computed 

A. ARIANI ET AL.



PROOF

513Journal of Biological Regulators & Homeostatic Agents

diffuse interstitial lung disease: correlation with 
physiologic tests and computed tomography visual 
scores. J Comput Assist Tomogr 2011; 35:266-71. 

14:772-87. 
20.	 Shin KE, Chung MJ, Jung MP, Choe BK, Lee KS. 

Quantitative computed tomographic indexes in 





JOURNAL OF BIOLOGICAL REGULATORS & HOMEOSTATIC AGENTS

0393-974X (2014)
Copyright © by BIOLIFE, s.a.s.

This publication and/or article is for individual use only and may not be further
reproduced without written permission from the copyright holder.

Unauthorized reproduction may result in financial and other penalties
DISCLOSURE: ALL AUTHORS REPORT NO CONFLICTS OF 

INTEREST RELEVANT TO THIS ARTICLE.
515

Vol. 28, no. 3, 515-522 (2014)

Key words: chicken, gene expression, IL-1 receptors, TIR8/SIGIRR, Toll-like receptors, inflammation

Mailing address: Dr Lauretta Turin,
Department of Veterinary Science 
and Public Health (DIVET), 
University of Milan, 
via Celoria 10,  20133 Milan, Italy
Tel.: +39 02 50318090 Fax: +39 02 50318089
e-mail: lauretta.turin@unimi.it

The orphan receptor TIR8, also known as SIGIRR, belongs to the TLR/IL-1R (TIR) superfamily 
and plays an important role in the immune response. The signalling pathways of the receptors belonging 
to the TIR family are tightly regulated at multiple levels and through different mechanisms. TIR8 
negatively modulates innate immunity and inflammatory responses in the areas where it is primarily 
expressed (gastrointestinal tract, kidney and lung). TIR8 has been well characterized in mouse, humans 
and in other Mammalian species, but it is still poorly known in chicken. Given the importance of 
gastrointestinal diseases in chicken, the aim of our study was to investigate the distribution of TIR8 in 
a wide panel of non-pathologic tissues and organs. TIR8 expression was analyzed in chicken samples at 
both levels of transcript mRNA and translated protein. The pattern of expression of TIR8 (ubiquitous) 
was similar to Mammals for some tissues (high levels in kidney and gastrointestinal tract), but it resulted 
unique for other tissues. High expression was detected in liver, pancreas and female reproductive tract. 
Interestingly, the receptor was highly expressed also in heterophils, the most common granulocytes 
of birds. Few isoforms of chicken TIR8 were detected by Western blot, suggesting the occurrence of 
different post-translational processing in different organs. Immunohistochemistry revealed TIR8 
immunolabelling in chicken intestine and thymus. These results demonstrate that the receptor, although 
evolutionarily conserved, show species-specific peculiarities. 
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The orphan receptor TIR8 (Toll-like/interleukin-1 
receptor-8), also known as SIGIRR (Single 
Immunoglobulin IL-1R-Related molecule), belongs 
to the IL-1R (Interleukin-1 receptor) family of the 
TIR (Toll-like/interleukin-1 receptors) super-family. 
Innate mechanisms of defense against pathogens 
involve different members of the TIR superfamily, 
which includes pro-inflammatory receptors TLRs 
(Toll-like receptors) and IL-1Rs, decoy receptors, 
negative regulator receptors, accessory and adapter 
molecules, all sharing the conserved intracellular 
TIR domain (1-4).

Upon stimulation by their ligands, TLRs and 
IL-1Rs interact with specific adaptor proteins and 

initiate a signalling pathway, which leads to the 
activation of transcription factors and to the synthesis 
of proinflammatory cytokines and chemokines (5).

Signalling pathways of TLR/IL-1Rs are very 
complex and tightly regulated to ensure the appropriate 
modulation of the innate and inflammatory responses 
and to limit deregulated activations that could cause 
uncontrolled inflammation or autoimmune responses 
(6, 7). TIR8 is a negative regulator of the inflammatory 
pathways in the epithelial tissues at mucosal sites, 
where it is highly expressed (8-11). The negative 
regulation of TLR and IL-1R signalling influences 
the communication among intestinal epithelial cells, 
immune system and commensal microorganisms (12).
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muscle and bone marrow from a 56-day-old commercial 
broiler chicken were collected at a slaughterhouse, and 
immediately placed in sterile tubes containing 3 ml 
of RNA Later (Qiagen, Hilden, Germany) and stored 
at 4°C for 24 h. Duplicate samples were immediately 
frozen and stored at -80°C until Western blot analysis; 
other samples were fixed in 10% buffered formalin for 
immunohistochemistry.

Blood from 5 commercial broilers of the same age 
and breed was collected and pooled in tubes containing 
ethylenediamine-tetraacetic acid (EDTA) to isolate 
chicken heterophils, as reported (25). The blood diluted 
1:2 with RPMI-1640 media (Invitrogen, Carlsbard, CA, 
USA) containing 1% methylcellulose was centrifuged at 
35 g for 15 min at 4°C. The supernatant was transferred 
to a new tube and diluted 1:2 with Ca2+ and Mg2+-free 
Hank’s balanced salt solution, layered onto discontinuous 
Histopaque-1077 (Sigma Chemical Company, St. Louis, 
MO, USA) gradient and centrifuged at 190 g for 1 h at 
4°C. The heterophil layer was collected, washed with 
Hank’s solution and resuspended in Phosphate Buffered 
Saline (PBS).

The experimental protocol was approved by the Ethics 
Committee of the University of Milan (Protocol Number 
121521500524).

RNA extraction 
Total RNA was isolated from the samples by the 

guanidine isothiocyanate (4M) method with minor 
modifications. Briefly, the samples were homogenized 
in 3 ml of guanidine isothiocyanate using a rotor-stator 
system (Ultra Turrax T25 Ika-Werke, Staufen, Germany). 
The lysate (1.3 ml) was centrifuged overnight at 42,000 
rpm at 18°C on a 5.7M cesium chloride layer (Optima 
TL ultracentrifuge, Beckman Instruments, Inc. Palo Alto, 
CA, USA). The pellet was dissolved in sterile water and 
the RNA was precipitated with absolute ethanol and 
sodium acetate 3M pH 5.4 in dry ice for 2 hours. After 
centrifugation in a microcentrifuge (Eppendorf, Hamburg, 
Germany) at maximum speed for 30 min at 4°C, the RNA 
pellet was dissolved in sterile water and stored at -20°C. 

RNA determination and Reverse Transcription
The concentration of total RNA was determined 

using a spectrophotometer (BioPhotometer, Eppendorf, 
Hamburg, Germany) at 260 nm wavelength. About 1 μg 
of total RNA from each sample was reverse transcribed 
to cDNA using the High Capacity cDNA Archive kit with 
random hexamers (Applied Biosystem, Foster City, CA, 
USA) and the resulting cDNA was stored at -20°C before 
Real-Time PCR assays.

Real-Time PCR
The cDNA obtained from each sample was used as a 

TIR8 inhibits NF-kB (nuclear factor kappa-light-
chain-enhancer of activated B cells), JNKs (c-Jun 
N-terminal kinases) and AKT/PKB (AKT/protein 
kinase B) activation following the stimulation of 
IL-1R or TLR family members (13). It regulates 
potentially detrimental inflammatory responses 
associated to infections, autoimmune diseases or 
cancer (14-19).

Birds’ immune systems are quite similar to the 
mammalian ones in terms of overall organization 
and mechanisms of immunity. The avian TIR 
family includes some orthologue members of the 
mammalian molecules and some unique to birds 
(20-22). TIR8, mainly studied in mouse and human 
models (2, 3, 9, 11-14, 17, 18), has been studied, 
more recently, also in other species (23, 24), but it is 
still poorly known in chickens. 

The chicken has a long and distinguished history 
as a major model system for studies in different 
fields, including genetic and immunology. It was 
the first economically important species for which a 
genetic linkage map was constructed, the first non-
mammalian amniote genome to be fully sequenced 
and the first species where the T- (thymus) and B- 
(Bursa of Fabricius) lymphocytes were discovered. 

Considering the importance of TIR8 in innate 
immunity and inflammation, its evolutionary 
conservation and the lack of data on it in chicken, we 
focused our study on this receptor in such species. 
The detailed map of TIR8 expression, preliminary 
knowledge to any investigation on its role in the 
pathogenesis, was the major aim of this study. We 
examined the distribution of Tir8 in a wide panel 
of chicken organs both at the transcriptional level 
(mRNA) by means of quantitative RT-Real-Time 
PCR and at the protein level by Western blot and 
immunohistochemistry. The presence of isoforms 
was evaluated by Western blot analysis, after the 
validation of a polyclonal antibody to human TIR8, 
which was cross-reactive with the chicken receptor. 

MATERIALS AND METHODS

Samples 
Samples (0.5 cm3) of brain, cerebellum, Harderian 

gland, skin, trachea, thymus, air sac, heart, lung, liver, 
gizzard, proventriculus, small intestine, pancreas, 
caecum, large intestine, cloaca, bursa of Fabricius, spleen, 
kidney, adrenal gland, testicle, ovary, oviduct, skeletal 
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and Western blotted on nitrocellulose membrane. 
Immunodetection was carried out overnight at 4°C using a 
polyclonal goat anti-hSIGIRR Antibody (R&D Systems, 
Minneapolis, MN, USA) as the primary antibody at a 
concentration of 0.1 mg/ml (1:500 dilution from stock 
solution). An HRP-conjugated anti-goat secondary 
antibody (Sigma-Aldrich, St. Louis, MO, USA) was used 
(1:2000 dilution, 1 hour at room temperature). Positive 
bands were detected using chemiluminescent HRP 
substrate (Millipore, Molsheim, France).

Immunohistochemistry
Formalin-fixed tissue samples sciatic nerve, bursa 

of Fabricius, thymus, spleen, lung, liver, proventriculus, 
gizzard, duodenum, jejunum, cecum, Harderian gland, 
kidney were routinely processed for histology. Four-µm 
thick paraffin-wax sections were stained for demonstration 
of TIR8 receptor using Avidin-Biotin-peroxidase 
Complex (ABC) immunohistochemistry (27). Additional 
sections were included as negative control. Briefly, after 
the quenching of endogenous peroxidase activity with 
0.3% hydrogen peroxide in Phosphate Buffered Saline 
(PBS) pH 7.4 for 30 min, antigen retrieval was performed 
using microwave treatment at 750 W for 15 min (three 
cycles, 5 minutes each) in 10 mM citrate buffer (pH 6.0). 
After rinsing with PBS, 10% normal horse serum was 
applied for 30 min to block non-specific antibody binding. 
Subsequently, sections were incubated overnight at 4°C 
with the same primary antibody used for Western blot 
(polyclonal goat anti-hSIGIRR Antibody, R&D Systems, 
Minneapolis, MN, USA) diluted 1:100. Biotinylated horse 
anti-goat antibody (Vector Laboratories Inc., Burlingame, 
CA, USA) was used as secondary antibody, followed 
by ABC Vectastain Elite kit (Vector Laboratories Inc., 
Burlingame, CA, USA). Peroxidase activity was revealed 
with 3-amino-9-ethylcarbazole (Vector Laboratories Inc., 
Burlingame, CA, USA).

RESULTS

Tir8 mRNA expression analysis by Real-Time PCR 
The expression pattern of Tir8 was analyzed by 

mean of quantitative Real-Time PCR assays in a 
panel of 27 chicken organs and tissues. The complete 
mRNA sequence of chicken Tir8 (gi:118091084) 
was selected to design specific primers spanning two 
adjacent exons. The primer pair with the best score 
localized in the middle of the sequence was used in 
Real-Time PCR assays to amplify the cDNA from 
each sample (26). 

All the sampled organs resulted positive to the 

template for Real-Time PCR in optimized 25 μl reaction 
volume in MicroAmp optical 96-well plates. Each plate 
contained duplicates of each sample cDNA diluted 1:100 
(9 μl), 2X Power Syber Green PCR Master Mix (12.5 
μl) (Applied Biosystem, Foster City, CA, USA) and 
primers 300 nM each (0.3 μl of 10 μM solution). The 
species-specific primer pairs were designed using as 
target the most complete chicken sequence homologous 
to human and mouse tir8 available in the NCBI nucleotide 
sequences database (gi:118091084); primers were also 
designed for the chicken housekeeping beta-actin gene 
(access number gi:45382926, NCBI) (26). Primers were 
custom synthesized by Invitrogen (Carlsbad, CA, USA).

In addition to the cDNA samples, duplicates of 10-
fold serial dilutions of chicken kidney cDNA were used as 
templates to generate standard curves for estimation of the 
expression in relationship to the calibrator (kidney 1:100) 
(relative quantification). A duplicate no-template control 
(NTC) was also included in each plate.

Real-Time quantitative PCR was carried out in the 
7000 Sequence Detection System (Applied Biosystem, 
Foster City, CA, USA) at the following thermal cycle 
conditions, 10 min at 95°C followed by 40 cycles of 15 s 
at 95°C and 1 min at 60°C. Quantification was determined 
after application of an algorithm to the data analyzed 
by the software of the 7000 Detection System (Applied 
Biosystem, Foster City, CA, USA). 

For each sample tested the expression level was 
calculated following the results of the calibrator of the 
same run. The chicken Tir8 expression was normalized 
using the calculated beta-actin cDNA expression (mean) 
of the same sample and run. We used the free software 
BLAST available on the PubMed web site for gene 
sequence search and alignment. Primer Express software 
(Applied Biosystem, Foster City, CA, USA) was used for 
the specific primer design.

Western blot
Chicken tissues stored at -80°C were processed for 

the extraction of proteins. Each sample was mechanically 
homogenized using a rotor-stator system in 1 ml of cold 
lysis buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% 
(v/v) NP40, 2% (v/v) TritonX100, 1% (w/v) Zwitterion, 
1 mM EDTA) added with protease inhibitors cocktail 
and PMSF (Sigma-Aldrich, St. Louis, MO, USA) and 
incubated for 30 min on ice. After centrifugation for 10 
min at 15,000 x g in minifuge at 4°C, the supernatant 
was collected and protein concentration was determined 
spectrophotometrically using the Bradford micromethod 
(BioRad Protein Assay, BioRad Laboratories, GmbH, 
Munich, Germany).

Aliquots of lysed organs, corresponding to 60 μg of 
total protein content were loaded on 10% SDS-PAGE 
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was found in proventriculus and gizzard with higher 
levels in the former.

TIR8 protein expression analysis by Western blot
The expression of TIR8 protein in different 

chicken organs as well as the presence of possible 
tissue-specific isoforms, was assessed by Western 
blot analysis. A polyclonal goat anti-human TIR8 
was used as primary antibody, after preliminary 
validation on chicken samples.

Results from Western blot analysis, presented in 
Fig. 2, show the presence of TIR8 protein in all the 
organs examined. Moreover, Western blot analysis 
revealed few TIR8 forms with different molecular 

presence of Tir8 transcript, with different levels of 
expression. Kidney RNA was the organ showing the 
highest level of Tir8 mRNA; therefore it was used as 
experimental calibrator and as positive control. The 
results of Real-Time PCR quantification, expressed 
as ratio between each specimen and the calibrator, 
are summarized in Fig. 1. Besides kidney, Tir8 is 
highly expressed in heterophils, liver and in pancreas, 
followed by GI tract and oviduct; it is moderately 
expressed in respiratory tract, heart and gizzard. Low 
expression of Tir8 was detected in adrenal gland, 
skin, bursa of Fabricius, testicle and ovary. All the 
other samples displayed very low levels of Tir8 
mRNA. Interestingly, a different expression of Tir8 

Fig. 1. TIR8 mRNA expression in chicken organs and tissues (Real-Time PCR). The TIR8 expression level of each sample 
is quantified as folds of the expression of the same gene in the chicken kidney (calibrator). Data were normalized to beta-
actin gene expression in all the organs.

L. TURIN ET AL.
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immunohistochemistry with the same polyclonal 
anti-human TIR8 antibody used for Western blot 
and validated for cross-reactivity with the chicken 
receptor. The expression of TIR8 protein was found 
only in scattered cells of the intestinal mucosa (Fig. 
3) and in some thymus epithelial cells (data not 
shown), whereas all the other samples were negative.

DISCUSSION

The negative regulator of the immune response 
TIR8 has been gaining importance lately also in 
Veterinary Medicine as inflammatory diseases 
affecting farm animals have negative impacts on 
production, resulting in economic loss.

In this study, the expression of TIR8 was 
investigated in chicken at both transcriptional 
(mRNA) and translational (protein) levels. 
Messenger RNA was detected and quantified by Real-
Time PCR, while TIR8 protein was revealed by both 
Western blot analysis and immunohistochemistry. 
The two sets of data are substantially in agreement. 
Few differences may be linked to different sensitivity 
of techniques, each one requiring a different protocol 
for sample preparation. In addition, different tissues 
may have a different presence of inhibitors of PCR 
reaction. Discrepancies between transcribed and 
translated products have been reported for TIR8 also 
in bovine species (24).  

weight in most of the examined samples.
A TIR8 form of about 75 kDa was observed in most 

of the tissues and organs. TIR8 bands corresponding 
to a molecular weight of approximately 45 kDa were 
detected only in caecum, large intestine, thymus, 
bursa of  Fabricius, ovary, lung, heart, spleen, 
liver, pancreas and proventriculus. In other organs 
(cerebellum, brain, skeletal muscle) the anti-TIR8 
antibody reacted with proteins showing a molecular 
weight around 35 kDa. Bone marrow, liver and skin 
presented a band with a molecular weight about 50 
kDa.

The fraction with molecular weight of 
approximately 75 kDa, which corresponds to the 
expected molecular weight of the complete protein, 
appeared to be the major TIR8 component in all 
the samples except kidney, brain and pancreas. In 
kidney, three TIR8 forms were identified, ranging 
from 70 to 90 kDa; in pancreas the band at about 45 
kDa appeared to be predominant.

TIR8 expression in Harderian gland were barely 
detectable by anti-TIR8 antibody.

Taken together, the results from this study showed 
that TIR8 receptor was widely expressed throughout 
all the digestive apparatus as well as in several other 
organs and tissues. 

Immunohistochemistry 
The expression of TIR8 protein was assayed by 

Fig. 2. TIR8 protein expression in chicken organs and tissues (Western blot). Homogenates of 60 μg of total protein 
extracted from each sample were loaded. Target protein was detected on the blots by staining with polyclonal goat anti-
human SIGIRR antibody. 45kDa bands are indicated with *, 50kDa bands are indicated with # and 35 kDa bands are 
indicated with °.



520

nodes) and the presence of a renal portal system 
could account for the high Tir8 expression in avian 
liver and kidney. It is well known that chicken ovary 
is a preferential site of microbial infections (for 
example due to Salmonella enteritidis) that can be 
subsequently transmitted to the eggs and embryos 
(28). Different levels of Tir8 in different organs 
could suggest a complex regulatory mechanism for 
the receptor expression in response to microbial 
infections, particularly depending on their duration. 
Interestingly, the different Tir8 expression in the 

The present findings confirm some conservation 
in the expression pattern of this receptor between 
chicken and the other species studied so far, i.e. 
mouse, humans and cattle (3, 9, 23, 24). The highest 
levels of Tir8 expression were found in the kidney 
and in the GI; however, bird exhibited different 
expression levels in different organs, such as a high 
expression in liver and oviduct. These peculiar traits 
may be linked to a different evolutionary pressure 
by the environment and pathogens. Indeed, the 
rudimental lymphatic system of birds (lack of lymph 

Fig. 3. Expression of TIR8 protein in chicken gut (immunohistochemistry). In a section of intestine of chicken, few cells 
of intestinal villi (arrows) were positively immunolabelled for TIR8 (BAR: 40 μm). Anti-SIGRR immunohistochemistry, 
Mayer’s Haematoxylin counterstain.

L. TURIN ET AL.



PROOF

521Journal of Biological Regulators & Homeostatic Agents

Immunohistochemistry displayed low sensitivity 
showing immunolabelling only in a few organs. 
This may be due to a lower reactivity of the 
commercial antibody with paraffin included tissues. 
Nevertheless, positivity of scattered cells of the 
intestinal mucosa further confirms the central role of 
TIR8 expression in chicken intestine. Noteworthy, 
the immunolabeling of scattered cells in chicken 
thymus reveals an unexpected presence of TIR8 in an 
organ showing only scarce Tir8 mRNA expression. 

In conclusion, an ubiquitous expression of TIR8 
was demonstrated in chickens at both transcriptional 
(mRNA) and translational (protein) levels. This is 
a preliminary study of TIR8 in chicken, base for 
further investigation on the modulatory role of TIR8 
during diseases of infectious and non-infectious 
origin, which are of particular relevance in chicken.
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Calcium phosphate ceramics have been applied in bone replacement for several decades due to their 
excellent biocompatibility, bioactivity, osteoconductivity and mechanical strength. Several studies have 
demonstrated that porous hydroxyapatite (HA) is an excellent scaffold for osteogenic proliferation and 
differentiation of the osteoprogenitor cells. However, different methods of synthesis and production of 
HA ceramic-based materials may have considerable effect on the physical and biological properties. 
In the present work, two hydroxyapatite-based materials, a natural hydroxyapatite ceramic of bovine 
origin and a synthetic nano-cristalline hydroxyapatite were tested in vitro with MG63 cell line. The results 
displayed that both the materials demonstrated a good biocompatibility. The immunocytochemical stain 
revealed a different positivity of the osteogenic markers between the cultures with the biomaterials, and 
the control culture. Western blot data confirmed the immunocytochemical stain. Both the materials 
tested in the present study demonstrated a good biocompatibility with the osteoblastic cells allowing, at 
the same time, the osteogenic differentiation, and they may be useful in clinical use.
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For about 30 years the use of fixed prosthesis 
anchored to endosseous implant has been one of the 
most important treatments allowing rehabilitation 
of edentulous maxillary jaws with normal-levels 
of esthetics and function (1, 2). However, bone 
resorption in edentulous regions often results in an 
inadequate ridge for implant osseointegration (3). 
In order to overcome this problem, different bone-

grafting procedures and materials have been used 
which allow to provide a proper implant placement.

For the reconstruction of bone defects of the jaws, 
many procedures have been developed, such as sinus 
lift technique or guide bone regeneration (GBR) 
(4), with autologous bone being the gold standard 
(5). However, there are several disadvantages, like 
infection, unpredictable graft resorption, the risk of 
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MTT (3-dimethylthiazol-2,5-diphenyltetrazolium bro-
mide) colorimetric assay 

Detection of cytotoxicity effects was performed indi-
rectly by quantification of mitochondrial dehydrogenase 
activity by MTT assay (Sigma, Milan, Italy). This viabil-
ity test is based on the reduction of a tetrazolium salt to 
a soluble formazan salt by a reductase of the mitochon-
drial respiratory chain that is active only in viable cells. 
Cells were plated and treated as described above. After 
72 h, the medium was removed; 200 μL of MTT (Sigma, 
Milan, Italy) solution (5 mg/mL in DMEM without phe-
nol red) and 1.8 mL of DMEM were added to the cell 
monolayer; the multi-well plates were incubated at 37°C 
for further 4 h. After discarding the supernatants, the dark 
blue formazan crystals were dissolved by adding 2 mL 
of solvent (10% HCl 1N in isopropanol, Sigma, Milan, 
Italy) and quantified spectrophotometrically (Secomam, 
Anthelie light, version 3.8, Contardi, Italy) at 570 and 
690 nm. Results of MTT are reported as optical density 
and can be directly correlated with the cell number. In the 
control cultures, the cells were placed directly into adher-
ent polystyrene culture plates at the same culture density 
as placed onto the samples. The mean and the standard 
deviations were obtained from three different experiments 
of the same specimen.

Immunocytochemical stain of the cellular lines 
Cells were cultured on glass slides coated with poly-

L-lysine to enhance cell attachment. Cultured cells were 
rinsed with phosphate-buffered saline (PBS), fixed in cold 
acetone and air-dried. To improve the staining pattern, the 
slides were boiled three times for 3 min in 10 mM citrate 
buffer as antigen retrieval method. In order to prevent 
non-specific bindings of antibodies, sections were then 
pre-incubated with non-immune bovine serum (diluted 
1:100 in PBS) for 25 min at room temperature (RT). After 
washing twice with Tris-HCl buffer, primary antibodies 
were applied. A negative control was performed in each 
run by substituting primary antibodies with non-immune 
reagent (DAKO Antibody Diluent, Dakopatts, Hamburg, 
Germany). All the slides were washed twice in Tris-HCl 
buffer between each step. Primary antibody was diluted 
using 0.05 M Tris-HCl buffer pH 7.2-7.6, containing 1% 
bovine serum albumin and incubated at optimal dilution 
and time: mouse monoclonal antibody against Osteopontin 
(American Research Products, Waltham, MA, USA) 
1:100; Osteocalcin (Biogenex, Fremont, CA, USA) 1:100 
and OB-Cadherin (Transduction Laboratories, Lexington, 
Kentucky, USA) 1:200. Sequential 20-min incubations 
with biotinylated anti-mouse immunoglobulins and 
streptavidin conjugated to alkaline phosphatase were 
performed. Finally, a new fast red substrate system 
(K0597, Dako, Glostrup, Denmark) was applied as a 

postoperative pain, paresthesia or hypersensivity, the 
limited availability of bone in the oral site, and the 
necessity for an additional operation under general 
anesthesia with a prolonged stay in hospital, in the 
case of extra-oral donor sites (6, 7).

Thus, research focused on the use of biomaterials 
to facilitate bone repair processes (8). For this 
purpose, Hydroxyapatite (HA) and HA-based 
materials are widely used in the bone regeneration 
field as it has the same mineral phase as bone, with 
high biocompatibility results, and high potential to 
increase bone regeneration (9, 10). Other studies 
demonstrated that the porous HA is an excellent 
scaffold for the osteogenic proliferation and 
differentiation of the osteoprogenitor cells (11, 
12). However, different methods of synthesis and 
production of HA ceramic-based materials, as well 
as addiction of composite materials like collagen 
or silica gel, may have considerable effect on the 
physical and biological properties (13). Moreover, 
a direct comparison between non-composite natural 
vs synthetic HA has still not been investigated in 
depth. Thus, the aim of this work is to test in vitro 
two HA-based materials, a natural HA ceramic of 
bovine origin (Endobon, Biomet, Florida, USA) 
and a synthetic nano-cristalline HA (Neo Active 
Apatite, Ghimas, Bologna, Italy). Thus, the two 
materials were co-cultured for 72 h with osteoblastic 
cell line and then differences in cell viability and 
differentiation were investigated.

MATERIALS AND METHODS

Cell culture 
Osteoblast-like cells (MG63)(ATCC, Rockville, 

MD, USA) were cultured in sterile Falcon wells using 
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich, Milan, Italy) supplemented with 10% fetal 
bovine serum (FBS), 1% nonessential amino acids 2.0 
mM L-glutamine, and 1% penicillin–streptomycin (all 
from GIBCO, Invitrogen, Milan, Italy). Cultures were 
maintained in a 5% CO2 humidified atmosphere at 37°C. 
MG63 cells were collected and seeded at a density of 
1x105 cells/ml into 9 cm2 (3 ml) wells. One set of wells 
contained the natural xenogenic HA, whereas another set 
contained the synthetic nano-HA covering the same area. 
The same concentration of cells was seeded into empty 
wells as a control (CTR). Plates were cultured under 
standard conditions up to 72 h. Every 24 h, the medium (3 
ml of DMEM with 10% FBS) was changed. 
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60 min at room temperature. Blots were finally washed 
five times in PBS containing 0.1% Tween-20, processed 
with Super Signal West Pico Chemiluminescent substrate 
(Pierce, Rockford, IL, USA) and autoradiographed. To 
confirm equal protein loading per lane, membranes were 
subsequently reacted with 1:5000 dilution of a mouse 
monoclonal antibody to β-actin (Sigma-Aldrich, St. 
Louis, Missouri, USA). 

The relative signal intensity of proteins detected in 
blots of tissue samples was quantified using Quantity One 
1-D Analysis software (Bio-Rad Laboratories).

Statistical analysis
To avoid variations, the experiment was carried out in 

triplicate. Differences were determined by one-way anal-
ysis of variance and considered statistically significant at 
p < 0.05.

RESULTS

Cellular viability
The analysis of the cellular viability conducted 

after 72 h of contact between the xenogenic 
biomaterial and the synthetic nano-hydroxyapatite 
did not show any significant difference in growth of 
the cellular population tested (MG63), compared to 
the control (p > 0.05). This demonstrates that both the 
hydroxyapatite-based materials are biocompatible 
and they do not block the normal osteoblastic-like 
cell proliferation. 

Immunocytochemical stain of the cellular lines 
The immunocytochemical stain revealed a 

chromogenic solution.
The number of markers expressing cells was estimated 

as a percentage of the final number of 100 cells of each 
slide, evaluating 5 random areas at high magnification. 

Western blot
Cellular pellets were suspended in a lysis buffer 

(Phosphate-Buffered Saline (PBS), 1% Nonidet P40, 
0.1% SDS, 1 mM phenylmethylsulfonylfluoride, 2 μg/
mL aprotinin) and homogenized on ice using an Ultra-
Turrax homogenizer (IKA, Staufen, Germany) at medium 
speed. The homogenate was centrifuged at 14,000 x 15 
min at 4°C.  Protein concentrations were estimated using 
Bradford assay (Sigma-Aldrich, St. Louis, Missouri, 
USA) using bovine serum albumin as the standard.

Subsequently, 50 μg of total protein extracts were 
heated to 95°C for 5 min and electrophoresed on 10% 
polyacrylamide gel (SDS-PAGE) under reducing 
conditions. Proteins were electrophoretically transferred 
to nitrocellulose membrane (Bio-Rad, Melville, NY, 
USA); complete transfer was assessed using prestained 
protein standards (Bio-Rad, Melville, NY, USA). Blots 
were placed in PBS, pH 7, containing 5% non-fat 
dried milk and 0.1% Tween-20 (blocking solution) and 
incubated for 60 min at 37°C. After washing in PBS 
containing 0.1% Tween-20, blots were incubated with 
Osteopontin monoclonal antibody (American Research 
Products, Waltham, MA, USA) 1:100 and OB-Cadherin 
(Transduction Laboratories, Lexington, Kentucky, USA) 
1:200 in blocking solution for 60 min at room temperature. 
The membranes were then washed five times with PBS 
containing 0.1% Tween-20 before incubation with 
secondary antibody, horseradish peroxidase-conjugated 
goat anti-mouse IgG (Santa Cruz Biotechnology Inc., 
Santa Cruz, CA, USA) 1:10000 in blocking solution for 

Figure 1 

Fig. 1. Immunocytochemical stain of positive cells for osteopontin, osteocalcin and OB-cadherin showing that the cells in 
contact with natural and synthetic hydroxyapatite displayed a higher marker expression compared to the control.
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expression compared to the control cells, without 
any statistical difference between the biomaterials 
used. 

Regarding OB-cadherin, the band corresponding 
to this protein was slightly higher in the cells in 
contact with synthetic nano-HA compared to the 
cells in contact with natural bovine HA, even if 
differences were not statistically significant. Also for 
OB-cadherin control cells showed a low ammount of 
protein expression compared to cells in contact with 
both biomaterials.

DISCUSSION

Hydroxyapatite (HA) is widely used in the 
bone regeneration field due to it having the same 
mineral phase as bone. Multiple studies in vivo have 
demonstrated the high biocompatibility of the HA 
ceramics, and their high potential to increase bone 
regeneration (9, 10). Other studies demonstrated 
that the porous HA is an excellent scaffold for 
the osteogenic proliferation and differentiation of 
osteoprogenitor cells (11, 12). However, different 
methods of synthesis and production of HA ceramic-
based materials, as well as other biomaterials, 
may have considerable effect on the physical and 
biological properties (13, 14).

Indeed, granule-shaped calcium phosphate-
based biomaterials can be manufactured in different 
ways. One frequently applied approach is to 
remove proteins and other organic compounds from 
spongious bovine bone or calcareous algae or other 
natural sources using a high temperature treatment. 
The resulting porous structure from hydroxyapatite 
(HA) can be crushed into granules of different sizes 
(15).  

Another strategy is the fabrication of synthetic 
calcium phosphate ceramics (such as HA, 
β-tricalciumphosphate or biphasic mixtures), 
recently mostly nano-HA (15). However, the 
microstructure and therefore also the solubility of the 
resulting calcium phosphate ceramic is not the same 
as the nanocrystalline structure of HA occurring in 
natural bone, nor the same between ceramics from 
natural sources and fully synthetic ceramics.

Therefore, in this study, two HA based materials, 
a natural HA ceramic of bovine origin (Endobon, 
Biomet, Florida, USA) and a synthetic nano-

different positivity of the osteopontin protein 
between the culture with the biomaterials, and the 
control culture (Fig. 1).

Therefore, 72 h later the cells in contact with 
natural and synthetic hydroxyapatite showed a 
superior osteopontin expression compared to the 
control (p < 0.05). The percentage of cells expressing 
the osteoblastic marker did not show statistically 
significant differences between the two materials 
tested (p > 0.05). Similar results were obtained 
for the other well-known markers of osteoblastic 
differentiation: osteocalcin and OB-cadherin. 
Indeed, cells cultured with both biomaterials showed 
a higher osteocalcin and OB-cadherin expression 
compared to control cells (p < 0.05). 

Western blot
The Western blot analysis of the proteins 

extracted from the lyses of the MG63 cells, revealed 
that the osteoblastic cells normally express both 
osteopontin and ob-cadherin (Fig. 2). The analysis 
of the osteopontin expression, normalized for the 
actin expression, showed that the cells cultured with 
both the biomaterials, have an increased osteopontin 

Fig. 2. Western blot showing that the cells cultured with 
both the biomaterials have an increased marker expression 
compared to the control cells.

Figure 2 
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adipogenic lineages is associated with regulated 
expression of specific cadherins (25-27). 
Osteoblastic cells express both N-cadherin and OB-
cadherin, where the latter was specifically associated 
to osteoblast differentiation (28).

Both the materials tested in the present study 
demonstrated a good biocompatibility with the 
osteoblastic cells, allowing, at the same time, 
osteogenic differentiation. Indeed, the assays of cell 
viability did not show any significant difference in 
growth of the cellular population tested (MG63), 
suggesting that both the HA materials did not retard 
the cell proliferation, which shows the ceramics are 
non-toxic. Based on the above results, it was taken 
for granted that both the HA materials had good cell 
biocompatibility in vitro.

The analysis of the marker’s expression after 72 
h of culture demonstrated with both the biomaterials 
that the cells had a greater positivity compared to the 
control.

However, when comparing the marker expression 
of osteogenic differentiation between the cell cultures 
with the two materials, there were no significant 
differences for any of the proteins considered. This 
demonstrates that both materials can act as a good 
scaffold, allowing osteoblast-like cell proliferation 
and differentiation. 

It is also interesting to notice that in vitro 
performance of the synthesized nanocrystalline 
HA-based granular material is comparable to an 
already established natural HA material such as the 
xenogenic bovine HA.

The present results confirm previous findings 
about synthesized HA. Indeed, Panzavolta et al. 
showed how the presence of synthesized HA in 
the scaffold promoted the production of alkaline 
phosphatase (ALP) and OC in osteoblast culture, as 
well as the up-regulation of mRNA levels of ALP, 
OC, Runx2, and TGF- β1 after 3 days of culture (28). 
Moreover, gene expression of the osteogenic markers 
ALP, osteonectin, osteopontin and bone sialoprotein 
II was detected in osteoblatic-like cells cultivated 
on three different types of synthetic nanocrystalline 
hydroxyapatite granules (24).

Western blot confirmed immunocytochemistry 
results. Indeed, after 72 hours the OPN, normalized 
for the actin expression, is increased in the cultures 
with biomaterials compared to the control, irrelevant 

cristalline HA (Neo Active Apatite, Ghimas, Bologna, 
Italy) were tested in vitro. These biomaterials were 
cultured with MG63 human osteoblastic-like cells, 
which are commonly used for the evaluation of the 
impact of an implant material on a microenvironment 
(16, 17). After 72 h the cells were analyzed for 
the expression of the osteoblastic differentiation 
markers (osteopontin, osteocalcin and OB-cadherin) 
by immunocytochemical and Western blotting 
techniques, and were compared to the control cells.

Osteocalcin (OC) is the most abundant non-
collagenous protein of the Extracellular Matrix 
(ECM) representing approximately 15% of ECM 
non-collagenic proteins (18) and it is synthesized 
by the osteoblast before being secreted into the bone 
matrix. The role of this protein in osteogenesis and 
bone remodeling is still not clear, although it may 
regulate the mineral maturity and the ability to act as 
a chemotactic agent (19). Indeed, it is considered a 
marker of mature differentiated osteoblast that plays 
a role during bone mineralization (20).

Osteopontin (OPN), also known as bone 
sialoprotein (BSP-I), is another well-known marker 
of osteoblastic differentiation. The expression of 
this protein on the cell-matrix interface may suggest 
its role in the bone cell adhesion (21). This protein 
expression is increased by bone growth factors, 
such as TGF-β. This demonstrates the role of the 
sialoprotein in bone formation and its additional role 
in bone resorption (22).

OPN, as an early marker of osteogenic 
differentiation, is associated with the osteoblastic 
maturation during the matrix synthesis and before 
the mineralization (23). 

Moreover, osteopontin expression occurs also 
in non-bone tissues in response to a stimulus such 
as inflammation and is associated with a wide 
array of cellular processes, including development, 
carcinogenesis, immunity, inflammation, and tissue 
repair (24).

OB-cadherin (also known as Cadherin-11) is a 
transmembrane glycoprotein, part of the cadherin 
super-family, produced by osteoblastic cells, that 
plays a pivotal role in their differentiation. Several 
lines of evidence have previously demonstrated 
that uncommitted mesenchymal embryonic cells 
express several cadherins, and that commitment 
and differentiation into osteogenic, myogenic or 
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osteoblast-like cell gene expression. Int J Immuno-
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3.	 Pietrokovski J, Massler M. Alveolar ridge resorption 
following tooth extraction. J Prosthet Dent 1967; 
17:21-7.

4.	 Wallace SS, Froum SJ. Effect of maxillary sinus aug-
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8:328-43.

5.	 Tessier P, Kawamoto H, Matthews D, Posnick J, 
Raulo Y, Tulasne JF, Wolfe SA. Autogenous bone 
grafts and bone substitutes--tools and techniques: I. 
A 20,000-case experience in maxillofacial and cra-
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24S.
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Emanuelli M, Procaccini M, Lo Muzio L. Anti-in-
flammatory cytokines in peri-implant soft tissues: a 
preliminary study on humans using cDNA microar-
ray technology. Eur J Inflamm 2007; 5:121-7.

8.	 Boccaccini AR, Blaker JJ. Bioactive composite ma-
terials for tissue engineering scaffolds. Expert Rev 
Med Devices 2005; 2:303-17.

9.	 Dong J, Kojima H, Uemura T, Kikuchi M, Tateishi 
T, Tanaka J. In vivo evaluation of a novel porous hy-
droxyapatite to sustain osteogenesis of transplanted 
bone marrow-derived osteoblastic cells. J Biomed 
Mater Res 2001; 57:208-16.

10.	 Huber FX, Berger I, McArthur N, Huber C, Kock 
HP, Hillmeier J, Meeder PJ. Evaluation of a novel 
nanocrystalline hydroxyapatite paste and a solid hy-
droxyapatite ceramic for the treatment of critical size 
bone defects (CSD) in rabbits. J Mater Sci Mater 
Med 2008; 19:33-8.

11.	 Okamoto M, Dohi Y, Ohgushi H, Shimaoka H, Ikeu-
chi M, Matsushima A, Yonemasu K, Hosoi H. Influ-
ence of the porosity of hydroxyapatite ceramics on in 
vitro and in vivo bone formation by cultured rat bone 
marrow stromal cells. J Mater Sci Mater Med 2006; 
17:327-36.

12.	 Matsushima A, Kotobuki N, Tadokoro M, Kawate K, 
Yajima H, Takakura Y, Ohgushi H. In vivo osteogen-

of which biomaterial was used. OB-cadherin showed 
a similar result, even if the amount of this protein 
was slightly higher in the cells in contact with 
synthetic nano-HA compared to the cells in contact 
with natural bovine HA.

In vitro studies on biomaterial are useful to 
compare the biocompatibility data on new developed 
materials and give the possibility to quantify the cell 
differentiation. These also allow for a more objective 
control on the cell-material interaction, even if the 
results cannot be transferred directly to in vivo or 
clinical studies.

In the present experimental study, both the HA 
ceramics acted as good and biocompatible substrates, 
able to support the osteoblastic normal proliferation 
and osteogenic differentiation. The increased 
expression of the osteogenic markers osteocalcin, 
osteopontine and OB-cadherin compared to controls, 
may suggest the potential beneficial use of these 
ceramics also in clinical use. Indeed, osteocalcin is an 
important regulatory protein of bone remodeling and 
osteoblastic maturation (29); moreover, osteopontin 
plays an important role in matrix mineralization, 
and the expression is an index of in vivo new bone 
formation (30). Moreover, osteoblasts presenting 
a high expression of OB-cadherin, after sinus lift 
procedures in humans with allograft biomaterial, 
were considered as active forming bone cells (30).

In conclusion, the synthetic nanocrystalline 
granular material may be of clinical interest, 
especially for bone regeneration applications, since 
its in vitro performance is comparable to an already 
established bovine HA material.
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LETTER TO THE EDITOR

Chromium (Cr), a naturally occurring heavy 
metal, exists in many states, but the trivalent [Cr (III)] 
and hexavalent [Cr (VI)] forms are the most common 
types in the environment (1). The toxic effects of Cr 
are attributed to an overproduction of reactive oxygen 
species (ROS) during reduction of Cr intermediates 
[Cr (V) and Cr (IV)] (2). Potassium dichromate 
(K2Cr2O7), a Cr (VI), is the most toxic form of Cr 
and has been demonstrated to induce nephrotoxicity 
and is recognized as a human carcinogen (3). The 
kidney is the main route of the Cr excretion, and 
it has been reported that acute treatment with Cr 
(VI) induces an increase in the kidney’s Cr content 
in rats (4). A large body of experimental evidence 
suggests that oxidative stress is a prominent feature 

in the acceleration of pathogenesis of renal damage 
during treatment with Cr (VI) (3, 4). In fact, it was 
recently reported that lipid peroxidation induced as a 
result of toxicity by different metals can be estimated 
by arachidonic acid (AA) oxidation product 8-iso-
prostaglandine F2α (8-iso-PGF2α), and increased 
expression of proinflammatory cytokines (IL-1β 
and TNF-α) (5). However, the relative contribution 
of the proinflammatory cytokines in the enhanced 
8-iso-PGF2α biosynthesis, as a complementary onset 
during the chronic exposition to Cr (VI) has not yet 
been demonstrated. Furthermore, besides such a non-
enzymatic AA degradation, we are of the opinion that 
Cr (VI) can also affect enzymatic AA degradation. 
A lot of reports concerning different metabolic 
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establishments (11). Daily Cr (VI) intake by rats was 
determined after measuring drinking water consumption. 
So each treated rat ingested daily 39.31±5.72 mg of Cr 
(VI), (Table I). 

Blood collection
Rat venous blood samples (from abdominal vein) were 

withdrawn into tubes containing 3.8% sodium citrate (0.9 
mL of blood to 0.1 mL of sodium citrate). Plasma was 
prepared by centrifugation (2000g for 20 min), separated 
into aliquots, and stored at -80°C until analyses were 
performed. 

Urine collection
Before sacrifice, urine samples were obtained from 

each animal housed in a specially designed metabolic 
cage, where fecal contamination was avoided. They were 
collected in bottles within 24 h cycles. The volume of 
each urine sample was centrifuged at 3000 g for 5 min, 
separated into aliquots, and stored at -80°C until analyses 
were performed.

IL-1β and TNF-α immunoassay
Plasma levels of IL-1β and TNF-α were determined 

using commercially available enzyme-linked 
immunosorbent assay kits (Rat IL-1β and TNF-α Platinum 
ELISA, Bender Med-Systems, Vienna, Austria). Results 
are expressed as pg mL-1. All assays were performed as 
outlined in the protocols enclosed in each kit. Intra-assay 
and inter-assay coefficients of variation were < 9 %.

8-iso-PGF2α and 11-dehydro-TXB2 immunoassays
8-iso-PGF2α and 11-dehydro-TXB2 in the plasma were 

analyzed by a newly developed ELISA for quantitative 
analysis of 8-iso-PGF2α and 11-dehydro-TXB2 levels in 
biological fluids from Cayman Chemical Company (An 
Arbor, MI, USA). The total amounts of 8-iso-PGF2α and 
11-dehydro-TXB2 were analyzed after hydrolysis and 
extraction. The limits of detection of the assays were 
about 2,7 pg mL-1 for 8-iso-PGF2α and about 15,6 pg 
mL-1 for 11-dehydro-TXB2. Intra-assay and inter-assay 
coefficients of variation were < 10 %.

Creatinine assay
The levels of creatinine (Crt) in the plasma and urine 

were estimated spectrophotometrically using the Jaffe 
reaction (12).

Statistical analysis
Data were analyzed by one-way ANOVA, followed by 

the Newman–Keulls multiple comparison test between all 
groups. The correlation between different parameters was 
assessed by Spearman’s rank correlation analysis within-

settings show that the enzymatic degradation of AA 
is always followed by increased urinary 11-dehydro-
thromboxane B2 (11-dehydro-TXB2), as one of the 
most prominent imuno-tromboxanes present in the 
urine (6-8). Taking this, together with the reported 
ability of 11-dehydro-TXB2 to induce platelet 
activity (9, 10), the expected logical outcome will 
be that: changes in the urinary 11-dehydro-TXB2 as 
a consequence of the chronic treatment with Cr (VI) 
represent a direct reflection of the changes in platelet 
activity and nephrotoxicity.  

To our knowledge, no studies have been carried 
out to examine the association of the platelet 
activation with AA peroxidation as a consequence 
of the Cr (VI) toxicity in rodents. Therefore, the 
present experiment was undertaken to evaluate lipid 
peroxidation associated platelet changes in male rats 
following chronic exposure to Cr (VI).

MATERIALS AND METHODS

Animals and experimental design
This study was carried out in accordance with the 

recommendations in the Guide for Care and Use of 
Laboratory Animals of the EC Directive 86/609/EEC. The 
protocol was approved by the Committee of the Ethics 
of Animal Experiments of the University “Sts. Cyril 
and Methodius” Skopje, R. Macedonia. All surgery was 
performed under sodium pentobarbital anesthesia, and all 
efforts were made to minimize suffering.

Animals were anesthetized with an intraperitoneal 
injection of (50 mg kg-1b. wt. thiopentane sodium BP; 
Rhone-Poulenc Rorer Limited, Nenagh, Co-Tipperary, 
Ireland). Male Wistar rats (n = 30) were used for all 
protocols and were maintained on a 12:12, light:dark 
cycle and fed with standard rat chow.

In vivo treatment 
Thirty male Wister rats were randomly divided into 

two groups of 15 each: group I served as controls and 
group II received 700 ppm of K2Cr2O7 (Cr VI) (equivalent 
to 67 mg/kg) through the drinking water for 14 days (n 
= 15). Since the major route of Cr (VI) for the general 
population is the oral way (11), the present study is 
designed to investigate the toxicity of Cr (VI) given to 
rats via the oral route. The dose of Cr (VI) and the period 
of treatment were selected on the basis of previous studies 
(3, 4). 

The levels of Cr (VI), used in the present study, 
are not usually found in the environment, but may be 
encountered in the workplace or in the vicinity of industrial 
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of lipid peroxidation (8-iso-PGF2α) and inflammation 
(IL-1β and TNF-α), as a consequence of the treatment 
with Cr (VI), Spearman’s rank correlation analysis 
was introduced. The obtained results are presented 
in Fig. 2A, and show that Cr (VI)-induced changes 
in plasma 8-iso-PGF2α correlate positively with the 
changes in plasma IL-1β,  (ρ=0.608; p<0.016). Also, 
by using the same Spearman’s test we tested whether 
induced lipid peroxidation is associated with the 
platelet activation. In this direction our correlation 
test suggests positive linear correlation between the 
biosynthesis of 8-iso-PGF2α and the excretion rate of 
11-dehydro-TXB2 (ρ=0.567, p<0.027, Fig. 2B).

DISCUSSION

A Cr (VI) effect on the kidney function is 
evident through increased plasma Crt, as a marker 
of the kidney function. From the literature (13), it 
is evident that Cr (VI) interacts with the renal cell 
membranes and such interaction leads to altered 
membrane permeability and loss of functional 
integrity of the kidney. Similar mechanisms were 
determined in our study measured through increased 
8-iso-PGF2α biosynthesis. Our results for induced 
lipid peroxidation are in agreement with the studies 
of Franchini et al. and Shi et al. (13, 14), who 
reported that the Cr (VI)-induced lesions in the level 
of proximal tubular cells increase biosynthesis of 
the 8-iso-PGF2α and inflammatory events. Also, the 
highest rates of the plasma IL-1β and TNF-α levels 
as a consequence of the treatment with Cr (VI), 

subject of the tested variables. Only 2-tailed probabilities 
were used for testing statistical significance. Probability 
values < 0.05 were regarded as statistically significant. All 
analyses were performed with Graph Pad Prism 4.0 (San 
Diego, CA, USA).

RESULTS

In the present report, we performed a series of 
studies to test the hypothesis that Cr (VI)-induced 
platelet activation is related to biologically active 
products of arachidonic acid peroxidation. Increased 
plasma levels of Crt after treatment with Cr (VI) 
(p < 0.05; Fig. 1A), reflects the interaction of the 
Cr (VI) with the kidney cells. This interaction was 
additionally corroborated by the significant increase 
of plasma 8-iso-PGF2α, in the Cr (VI)-treated rats 
(p < 0.05; Fig. 1B). Our hypothesis that Cr (VI)-
induced increase of lipid peroxidation is associated 
with inflammatory events was corroborated with the 
significant increasing of IL-1β and TNF-α levels (p 
< 0.05; Fig. 1 C and D, respectively). Treatment with 
Cr (VI) was without significant influence on plasma 
11-dehydro-TXB2 (Fig. 1E), while the urinary level 
was significantly increased (p < 0.05) (Fig. 1F). In 
order to define the relationship between the indexes 

Fig. 1. A) Creatinine in plasma (Crt, mean ± SD); B) 8-iso-
prostaglandin F2α level in plasma (8-iso-PGF2α , mean ± 
SD); C) Interleukin-1β in plasma (IL-1β, mean ± SD); D) 
Tumor necrosis factor-α in plasma (TNF-α, mean ± SE); 
E)11-dehydro-TXB2 level in plasma (11-DH-TXB2, mean 
± SD); F) 11-dehydro-TXB2 level in urine (11-dH-TXB2, 
mean ± SD). Control (C), Chromium treated (Cr):*effect 
of Chromium: *p < 0.05.

Fig. 2. A) Spearman’s rank correlation between 8-iso-
PGF2α  formation and IL-1β in Cr (VI) treated rats 
(ρ=0.579, p<0.007); B) Spearman’s rank correlation 
between 8-iso-PGF2α formation and urinary 11-dehydro-
TXB2 excretion rate in Cr (VI) treated rats (ρ=0.579, 
p<0.007).                  
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the described endothelial damage. Consequently, 
we are of the opinion that platelets (or other blood-
derived cells) are probably activated during their 
passage through the kidney with Cr (VI)-induced 
endothelial damage. This explanation is in agreement 
with the findings of Benigni et al. (19), who reported 
marked infiltration of blood-borne cells, mainly of 
monocyte-macrophage type, in the glomerular tuft 
of Cyclosporin A treated animals. On the basis of 
these results, we assume that increased urinary 
11-dehydro-TXB2 excretion rate can be taken as an 
indicator for increased platelet activity during Cr 
(VI)-induced nephrotoxcity. 

Future studies addressing the metabolism of 
11-dehydro-TXB2 in rat kidney have to be carried out 
to make a distinction between renal and extrarenal 
production of the urinary 11-dehydro-TXB2 as a 
consequence of the Cr (VI) metabolism. As far as 
the relevance of these findings in rodents with regard 
to humans, this could be another important area for 
future comparative investigation.
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LETTER TO THE EDITOR

Acute rhinopharyngitis (ARP) is a very frequent 
respiratory infection in childhood and may 
commonly cause complications, such as otitis media, 
rhinosinusitis, and lower respiratory tract infections 
(1). Upper respiratory infections (URI) represent a 
social problem for both the pharmaco-economic 
impact and a burden for the family. Many factors 
may be involved as promoting and/or causing URI, 
such as age (for a relative immaturity of the immune 
response), social and community attendance, air 

and pollution in the home, atopic status, passive 
smoking, and low socio-economic level (2). Even 
though most URI are sustained by viral infections, 
bacterial superimposition may occur. In this 
regard, it has been currently estimated that biofilm 
formation is involved in at least 60% of chronic and/
or recurrent infections (3). Biofilms are microbial 
communities consisting of bacteria that are self-
reproducing on biological surfaces (4). Biofilms are 
thought to be frequently involved in the antibiotic 
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resistance occurring in recent years. Resistance 
observed in biofilms is due to multicellular strategies 
and/or to the ability of individual cells contained in 
the biofilm, to differentiate into a protected state that 
tolerates antibiotic effects. Biofilms may be detected 
by nasal cytology, showing the presence of particular 
spots, specific for the polysaccharide nature of the 
biofilm envelope (5).

Intranasal inhaling treatment represents a crucial 
strategy in the management of ARP, as it allows to: 
i) achieve higher local medication concentration 
using lower drug dosage; ii) exert prompt activity; 
iii) remove secretions by the watery solution; iv) 
increase tolerability; and v) reduce the occurrence 
of antibiotic resistance. In this regard, we previously 
reported that inhaled thiamphenicol was effective 
and safe in treating children with bacterial ARP (6) 
as well as inhaled tobramycin (7).

Recent studies demonstrated that hyaluronic 
acid (HA) could be able to reduce inflammatory 
damage during UR disorders by exerting several 
interesting mechanisms of action (8-11). HA has 
immune-modulatory, repairing, lubricating, and anti-
inflammatory activities. Therefore, the purpose of 
this study was to evaluate the effects of inhaled HA 
as ancillary therapy in children with bacterial ARP.

MATERIALS AND METHODS

Population and eligibility criteria
Children were enrolled in the trial according to 

inclusion and exclusion criteria. Inclusion criteria were 
based on: i) documented diagnosis of ARP by bacterial 
infection; ii) age ranging between 3-10 years; and 
iii) at least 5 of these parameters: nasal obstruction, 
muco-purulent discharge, post-nasal drip, cough, sore 
throat, fever, and positive culture, as previously stated 
(6, 7). Exclusion criteria were: i) primary or acquired 
immunodeficiency; ii) previous (last month) or current 
administration of drugs capable of interfering with the 
study (eg, immune-modulatory, homeopathic therapy, or 
systemic corticosteroids for at least 2 consecutive weeks); 
iii) history of chronic disease (including cystic fibrosis, 
cancer, or congenital malformation of the airways, allergic 
rhinitis); and iv) negative culture.

Study design
A randomized, single-blind, two arm parallel-group 

protocol was designed. The study was approved by the 
Ethics Committee of ASL Napoli 1-Centro, Italy. All 

parents of the enrolled children provided written informed 
consent.

Study treatment
At baseline, children were randomly assigned to the 

aerosol-therapy treatment with 125 mg of thiamphenicol 
(Glitisol, Zambon Italia, Vicenza, Italy) diluted in 4 mL 
of saline isotonic solution twice daily (group A) or with 
125 mg of thiamphenicol plus 4 ml of sodium hyaluronate 
(high molecular weight) at 0.2% plus 5% xylitol  (Aluneb, 
Sakura Italia, Lonato del Garda, Italy) twice daily (group 
B) for 10 days. Inhaled therapy was performed using the 
nasal device Rinowash (Airliquide Medical System, Italy) 
that was connected to an aerosol nebulizer with pneumatic 
compressor (1.5 bar per 5 L/min) Nebula (Airliquide 
Medical System, Italy). This nasal device allows the 
nebulization of particles with a median aerodynamic 
diameter > 10 micron over a nebulization time of 60-90 
seconds for any application.

Study procedures
The entire study was carried out between November 

2013 and February 2014. 
The children were examined at the beginning of 

the study (T0) and after the 10-day treatment (T1). For 
each patient, clinical examination, including assessing 
of complaints perception, rhino-pharyngoscopic 
examination, and nasal cytology were performed.

Simplified Visual Analogue Scale (sVAS) is one 
of the most commonly used measures of assessing the 
perception of symptoms and was used in a previous study 
investigating nasal obstruction perception in children 
(12). The sVAS is a 4-point scale, from 1 to 4, such as 1 
(no respiratory symptom), 2 (mild symptom), 3 (moderate 
symptom), and 4 (severe symptom).

Nasal cytology was performed by scraping the middle 
part of the inferior turbinate, using the Rhino-Probe device. 
The sample was stratified on a slide, fixed with methanol 
for 4 minutes, and colored using the May-Grunwald-
Giemsa staining method. Microscopic observation was 
performed at 400x magnification to check coloration 
quality and cell distribution, and at 1000x magnification 
in immersion to discriminate different cell types and to 
study the intracellular components. 

A semi-quantitative grading was used as previously 
defined by Gelardi (13). Neutrophil number was 
calculated as mean of 10 fields and categorized (13). They 
were graded as follows: Grade 0= not visible; Grade 1= 
less than 10% of total cell recovered; Grade 2= 11-30%; 
Grade 3= 31-50%; Grade 4= >50%.

Bacteria were assessed during the nasal cytology 
reading and were categorized as previously defined (13). 
They were graded as follows: Grade 0= not visible; Grade 
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than 0.05 was considered as statistically significant. A 
statistical software program (StatSoft Italia s.r.l. 2005. 
Statistica 7.1) was used for all analyses.

RESULTS

Globally, 51 children (27 males, mean age 
5.9±2.1 years) with bacterial ARP were enrolled 
in the study. All completed the study. No clinically 
relevant adverse events were reported in either group. 
Table I shows the baseline demographic and clinical 
characteristics of the patients in the two groups. 

Of 51 patients screened, 24 patients received 
thiamphenicol alone (Group A) and 27 thiamphenicol 
+ hyaluronic acid (Group B). The two groups were 
well-matched for all considered parameters (p= N.S.), 
thus the two groups were statistically homogeneous.

Group A showed a statistically significant 
reduction of median sVAS after treatment (from 3 
[2-3] to 1.5 [1-2]; p = 0.0005, Wilcoxon test), as 
shown in Table II and Fig. 1. The treatment with 
thiamphenicol + hyaluronic acid (Group B) was also 
capable of significantly reducing sVAS median  (from 
3 [2-3] to 1 [0-1];  p = 0.0001, Wilcoxon test), as 
shown in Table II and Fig. 1. The intergroup analysis 
showed that Group B had lower sVAS values than 
Group A (1 [0-1] vs 1.5 [1-2]; p< 0.006, U-Mann-
Whitney test), as shown in Table III and Fig. 1. 

1= occasional groups; Grade 2= moderate number; Grade 
3= easily visible; Grade 4= covering the entire field.

Nasopharyngeal spotting: typical cyan-color patches 
corresponding to a wave-length of 480 nm were considered 
as an infectious spot as surrogate marker for bacterial 
biofilm (5).

Endoscopy was carried out with a pediatric rigid 
endoscope diameter 2.7 mm with 30° angle of vision 
(Karl Storz), and was video-recorded by a micro-camera 
connected to a digital recorder set (Karl Storz Tele Pack). 
A flexible endoscope (1.9 mm diameter) was used in 
restless children and in those with narrow nasal fossa due 
to anatomical abnormalities.  

Statistical analysis
Descriptive statistics were firstly performed and 

quantitative parameters were reported as median and 
interquartile range [IQR] or mean and standard deviation 
(SD), when appropriate. Qualitative data were reported 
as frequencies and percentages. The test was used as a 
nonparametric counterpart. 

Comparison of quantitative data between the two 
groups of patients, in case of two independent variables, 
was made by the U-Mann-Whitney test; the paired data 
were compared using the Wilcoxon test. Comparison 
of non-paired qualitative data for was made by the chi-
squared test, or by the Fisher’s Exact test in case of 
expected frequencies less than five; for paired data 
McNemar chi-squared test was used. 

All statistical tests were two sided; a p value of less 
 
     Table I. Baseline demographic and clinical characteristic of the 51 patients evaluated. 
 
 
Characteristic Group A ( 24 pts) Group B ( 27 pts) P value 

Gender- males, N (%)  13 (54) 14 (52) N.S.╪ 

Age (years), mean ±S.D. 6±2.4 5.8±1.9 N.S. * 

sVAS, median [IQR] 
 

3 [2-3] 3[2-3] N.S. * 

Spotting nasopharyngeal,  N 
(%) 

11 (45.8) 
 

 14 (51.8) 
 

N.S. ╪ 

Nasal cytology 
   Neutrophils, median [IQR] 

   Bacteria, median [IQR] 

 
2  [2-3] 
2 [1-2] 

 
2 [1-2.5] 
2 [1-2] 

             
  N.S. * 
  N.S. * 

The percentages in round brackets are calculated over the total number of subjects reported at 
the top of column. 
╪: Chi-squared test. 
*: Mann-Whitney U test 

 
 

The percentages in round brackets are calculated over the total number of subjects reported at the top of column.
╪: Chi-squared test.
*: Mann-Whitney U test

Table I. Baseline demographic and clinical characteristic of the 51 patients evaluated.
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count (1 [1-2] vs 0.5 [0-1]; p= 0.0003), as shown in 
Table III and Fig. 2.

Neutrophil median count diminished in both 
Groups (from 2 [2-3] to 1.5 [1-2] p=0.03, for Group 
A; from 2 [1-2.5] to 1 [0-1] p=0.003, for B group), 

Both treatments reduced bacteria median count 
(from 2 [1-2] to 1 [1-2]; p= 0.001, for Group A.  
From 2 [1-2] to 0.5 [0-1]; p=0.00001, for B Group), 
as shown in Table II and Fig. 2. Group B had a 
significantly major reduction of bacteria median 

 
Table II. Clinical and cytological parameters assessed at baseline (Visit 1) and at the end of the 
study (Visit 2) in Group A and B. 
 
 
     Group A 
Characteristic Visit 1 Visit 2 P value 

sVAS, median [IQR] 
 

3 [2-3] 1.5 [1-2] 0.0005 ** 

Spotting nasopharyngeal,  N 
(%) 

11 (45.8) 
 

3 (12.5) 
 

0.002 ╪╪ 

Nasal cytology 
   Neutrophils, median [IQR] 

   Bacteria, median [IQR] 

 
2  [2-3] 
2 [1-2] 

 
1.5 [1-2] 
1 [1-2] 

 
0.03** 

0.001** 

 
     Group B 
Characteristic Visit 1 Visit 2 P value 

sVAS, median [IQR] 
 

3 [2-3] 1 [1-1] 0.0001 ** 

Spotting nasopharyngeal,  N 
(%) 

14  (51.8) 
 

 4(14.8) 
 

0.004 ╪╪ 

Nasal cytology 
   Neutrophils, median [IQR] 

   Bacteria, median [IQR] 

 
2  [1-2.5] 

2 [1-2] 

 
1  [0-1] 

0.5 [0-1] 
 

 
0.003 ** 

0.00001 ** 

╪╪ : Chi-squared McNemar test 
 ** : Wilcoxon test 

 
 
 
 

Table II. Clinical and cytological parameters assessed at baseline (Visit 1) and at the end of the study (Visit 2) in Group 
A and B.

 
Table III. Clinical and cytological parameters assessed at Visit 2 in Group A compared to Group 
B. 
 
 
Characteristic Group A ( 24  pts) Group B ( 27  pts) P value 

sVAS, median [IQR] 
 

1.5 [1-2] 1 [1-1] 0.006* 

Spotting nasopharyngeal,  N 
(%) 

3 (12.5) 
 

4(14.8) 
 

N.S. ╪ 

Nasal cytology 
   Neutrophils, median [IQR] 

   Bacteria, median [IQR] 

 
1.5[1-2] 
1[1-2] 

 
1[0-1] 

0.5[0-1] 

 
0.01* 

0.0003 * 

*: Mann-Whitney U test 
╪: Chi-squared test. 

 
 
 

 

*: Mann-Whitney U test
╪: Chi-squared test.

Table III. Clinical and cytological parameters assessed at Visit 2 in Group A compared to Group B.
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╪╪ : Chi-squared McNemar test
 ** : Wilcoxon test
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Fig. 1. Simplified Visual Analogue Scale (sVAS) in Group A and B, at baseline and after treatment.

Fig. 2. Bacteria count in Group A and B, at baseline and after treatment.
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have been proposed as adjunctive therapy, in this 
regard HA may be promising in the URI treatment.

HA is a glycosamino-glycan which is 
fundamental in the composition of the extra-cellular 
matrix of connective tissue. HA attracts active 
cations, such as Na, for matrix osmosis. More 
interestingly, HA regulates the innate immunity, 
promotes angiogenesis, and modulates proliferation, 
migration, and differentiation of the cells involved 
in injury repair (15).  In particular, HA interacts with 
Toll Like Receptors 2 and 4, so stimulating innate 
immunity against bacteria and virus (16). Moreover, 
HA contributes to the integrity of epithelial barrier 
exerting a cyto-protective activity (17).

The present study provides evidence that HA, 
prescribed as ancillary therapy, may exert favorable 
effects in children with bacterial ARP.

Firstly, this study confirms previous findings 
demonstrating that thiamphenicol is effective and 
safe in treating children with bacterial ARP (6). In 
addition, the combination of thiamphenicol plus HA 
significantly affects the perception of respiratory 
complaints as well as reducing the biofilm, the 

as shown in Table II and Fig. 3. The combination 
thiamphenicol plus HA induced a significantly more 
evident reduction of neutrophil median count (1.5 
[1-2] vs 1 [0-1] p= 0.01), as shown in Table III and 
Fig. 3.

The number of subjects with spotting decreased 
significantly after treatment in both groups (from 
45.8% to 12.5% for Group A, from 51.8% to 14.8% 
for Group B), as reported in Table II. However, there 
was no significant difference between groups at the 
end of treatment, as shown in Table III.

DISCUSSION

Aerosol therapy is very popular in the treatment of 
URI and should be preferred to systemic treatments, 
mainly in less severe clinical cases. There is evidence 
that topical intranasal administration of antibiotics is 
effective and safe in children with bacterial ARP (6, 
7). However, bacterial biofilm represents a relevant 
issue in infection treatment, as it frequently causes 
antibiotic resistance. For this reason, ancillary 
therapy could support antibiotics. Many molecules 

Fig. 3. Neutrophil count in Group A and B, at baseline and after treatment.
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2006; 19:131-9.

8.	 Zahm JM, Milliot M, Bresin A, Coraux C, Birembaut 
P. The effect of hyaluronic on airway mucus tran-
sport and airway epithelial barrier integrity: potential 
application I the cytoprotection of airway tissue. Ma-
trix Biol 2011; 30:389-95.
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mucosal host defense. FASEB J 2001; 15:2179-86.
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Effects of sodium hyaluronate in children with re-
current upper respiratory tract infections. Int J Im-
munopathol Pharmacol 2013; 26:127-35.

11.	 Gelardi M, Guglielmi AVN, De Candia N, Maffez-
zoni E, Berardi P, Quaranta N. Effect of sodium hya-
luronate on mucociliary clearance after functional 
endoscopic sinus surgery. Eur Ann Allergy Clin Im-
munol 2013; 45:103-8.

12.	 Ciprandi G, Tosca MA, Signori A, Ameli F. Compa-
rison between symptoms and endoscopy in children 
with nasal obstruction. Int J Ped Otholaryngol 2010; 
74:1405-8.

13.	 Gelardi M, Marseglia G, Licari A, Let al. Nasal 
cytology in children: recent advances. Ital J Pediatr 
2012;38:51.

14.	 Ameli F, Brocchetti F, Tosca MA, Signori A, Cipran-
di G. Adenoidal hypertrophy and allergic rhinitis: is 
there an inverse relationship? Am J Rhinol Allergy 
2013; 27:e5-10.

15.	 Jiang D, Liang J, Noble PW. Hyaluronan in tissue 
injury and repair. Annu Rev Cell Dev Biol 2007; 
23:435-61.

16.	 Jackson DG. Immunological functions of hyaluro-
nan and its receptors in the lymphatics. Immunol Rev 
2009; 230:216-31.

17.	 Tieu DD, Kern RC, Schleimer RP. Alterations in epi-
thelial barrier function and host defense responses in 
chronic rhinosinusitis. J Allergy Clin Immunol 2009; 
124:37-42

18.	 Franceschini F, De Benedictis FM, Peroni DG, et al. 
Anesthesia in children with asthma and rhinitis. Int J 
Immunopathol Pharmacol 2011; 24(3):S83-90.

bacteria, and neutrophil count.
More interestingly, the comparison between 

thiamphenicol alone and the association tiamphenicol 
plus HA clearly shows that the latter is significantly 
superior in reducing symptom perception and 
infection parameters, such as bacteria and neutrophil 
count. These findings are surely clinically relevant 
as proof that HA may be useful in improving the 
effectiveness of aerosol antibiotic therapy in treating 
bacterial ARP.

Moreover, the present study confirms previous 
studies conducted on patients with upper airways 
disorders, such as recurrent URI (10) and sinus 
surgery (11). In addition, a possible indication could 
be the pre-treatment of children who have to undergo 
anesthesia in order to prevent asthma attacks (18).

The pleiotropic mechanisms of action provided 
by HA seem to exert a relevant anti-inflammatory 
and anti-infective activity in the management of 
bacterial ARP.

In conclusion, the present study provides 
evidence that HA associated with a topical antibiotic 
may induce a better control of respiratory symptoms 
and significantly affect inflammatory and infectious 
events.
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