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Attention Deficit Hyperactivity Disorder (ADHD) and Bipolar Disorder (BPD) are two common 
neuropsychological disorders which are often present in a comorbid state. I used the results of cerebral 
blood flow studies made with Single Photon Emission Computer Tomography (SPECT), Positron Emission 
Tomography (PET) and Functional Magnetic Resonance Imaging (fMRI), to investigate a possible 
relationship between ADHD and BPD. The common areas of the brain involved in both BPD and ADHD 
appears to be the prefrontal cortex in its various components, the basal ganglia and possibly the cerebellum 
which, especially in the past, has been little studied by researchers in relation to ADHD and BPD. Among 
the differences the blood flow lateralization, present in BPD in states of altered mood, is evident with left 
hypoperfusion and right hyperperfusion during depression, the opposite in the case of manic state; in 
ADHD, the lateralization is less constant and of questionable interpretation.  In BPD the involvement of a 
greater number of brain areas, especially the temporal lobe, is common. I advance the hypothesis that BPD 
progresses from ADHD secondary to expansion of perturbation in cerebral blood flow.

Key words: cerebral blood flow, attention deficit hyperactivity disorder, bipolar disorder, fMRI, SPECT

Mailing address:
Maria Cristina Di Tommaso M.D 
80 Lakeside Ave
Cranston RI 02910, USA
Tel: +1 857 413 9128
Fax: +11 401 444 7146
e-mail: mditommaso@mclean.harvard.edu     

A COMPARATIVE STUDY OF BIPOLAR DISORDER AND ATTENTION DEFICIT 
HYPERACTIVITY DISORDER THROUGH THE MEASUREMENT OF REGIONAL 

CEREBRAL BLOOD FLOW

M.C. DI TOMMASO

McLean Hospital, Harvard University, Cambridge, USA

Received March 26, 2011 – Accepted November 8, 2011

EDITORIAL

The possibility of a relationship between 
Attention Deficit Hyperactivity Disorder (ADHD) 
and Bipolar Disorder (BPD) has of late been 
attracting great interest (1, 2). Some areas of deficit 
typical of ADHD, such as impairment in sustained 
attention, motor inhibition, verbal learning, memory, 
organization and problem solving (3) have been 
reported in BPD (4, 5).

Many of the diagnostic criteria for ADHD overlap 
with those of BPD, possibly resulting in mistaken 
diagnosis of mania. Likewise, hyperactivity in 
ADHD may be mistakenly diagnosed as BPD (6). 
Conversely, incidence of BPD co-diagnosed in 
children with ADHD (11% to 22% in outpatient and 
hospitalized patients, respectively) is also higher 
than that expected in comparison to the basal rate 

in an isolated sample population (1). Moreover, 
evidence has supported the assertion that the 
comorbid diagnosis of BPD in ADHD children is 
not due to artefact from overlapping symptoms: 
following the removal from the diagnostic procedure 
of overlapping symptoms such as hyperactivity 
and distractibility which could contribute to both 
diagnoses (7) argues that a significant proportion of 
individuals retain both diagnoses.

Though the diagnostic criteria for ADHD and 
BPD per the DSM-IV appear to be unrelated, 
there is evidence to suggest that a relationship 
may exist. Three hypotheses exist suggesting 1) 
the two conditions may be completely distinct and 
unrelated in any way to one another 2) the conditions 
may be distinct manifestations deriving from the 
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Rarely the studied subjects were similar for 
sociodemographic conditions, ethnicity or even age or 
gender, though there can be profound effects on all brain 
measures and cognitive functional performance.

Attention deficit/hyperactivity disorder
Initially, ADHD studies focused on the frontal lobe, 

often seen as the origin of  this disorder (8, 3). Others, 
hypothesizing insufficient frontal cortical inhibitory 
control, focused on a fronto-limbic dysfunction (9, 
10).  This view drew support from studies of stimulant 
medications and animal models (both of which implicated 
dopaminergic and noradrenergic influences on prefrontal 
cortex) (11, 12). These early hypotheses have now 
expanded as cognitive neuroscience has determined that 
distributed networks of brain regions underlie attention, 
cognition, and behavioral self-regulation (13) and that 
dysfunction in various components of this network can 
be associated with ADHD (14-16). Studies of functional 
imaging, in agreement with the structural ones, have 
revealed the involvement of the prefrontal cortex (17-
19) and in particular the dorso lateral prefrontal cortex 
(DLPFC) (20) and the ventral lateral prefrontal cortex 
VLPFC (19). These two areas were thought to be involved 
in functions such as selective attention, planning, 
executive control and working memory (13, 21). 

The anterior cingulate dorsal cortex (dACC), which 
from earlier studies of cerebral blood flow did not appear 
to be involved in ADHD, was found to be hypofunctional 
in other types of functional studies. In a focused study 
on dACC, in which the Counting Stroop task was used 
as a cognitive activation index, Bush et al. (22) reported 
that dACC was hypofunctional in adults with ADHD. 
Similarly, Rubia et al. (23),using stop-signal and motor 
timing tasks, also found mesial prefrontal hypofunction 
in the vicinity of dACC in patients with ADHD. Rubia 
et al. (23) attributed to the hypoactivation of this area a 
deficit of attention regulation of the motor output and to 
the hypofunction of the right inferior prefrontal cortex the 
poor inhibitory control. More recently, Durston et al. (24) 
and Tamm et al. (25), using Go-NoGo tasks, respectively, 
in children and adolescents, reported that healthy subjects 
activated dACC, whereas ADHD subjects did not. 
Additionally, Tamm et al. (25) also reported that dACC 
was hypoactive in the ADHD group relative to the control 
group.

The alteration of dACC, especially on the right 
hemisphere, could itself justify all the symptoms of 
ADHD, as it has been shown that it has an important 
role in attention, motor control, response inhibition and 
decision-making based on reward (13, 26-28). Thus, 
hypoperfusion, or less activity, in this region would 
necessarily decrease attentiveness, the result of which is 

same disorder or 3) there may be a more complex 
relationship between ADHD and BPD, somewhere 
therein.

The aim of this study is to determine the possible 
alteration in neuropsychological functioning in 
patients with BPD and in ones with ADHD, by 
relating the cerebral blood flow, and to establish a 
relationship, as yet not formulated, between the two 
illnesses.

MATERIALS AND METHODS

Papers were reviewed through 2009 using the NIH 
PubMed literature search system. Additionally, references 
from identified papers were evaluated for inclusion in 
this review.  Inclusion criteria were that manuscripts: 1) 
use research diagnostic criteria(RDC) or DSM-III, DSM-
III-R or DSM-IV to diagnose BPD and/or ADHD; 2) 
Directly compare ADHD or BPD with healthy subjects; 
3) be published in English. For select manuscripts these 
criteria were relaxed to allow the inclusion of studies that 
were particularly useful.

I reviewed papers in which regional cerebral 
blood flow had been valued as an objective index 
of functional brain activity. I considered trials made 
with Single Photon Emission Computer Tomography 
(SPECT) and Positron Emission Tomography (PET). 
Also, it seemed to be appropriate to mention some 
studies, among the few existing on this topic in ADHD, 
conducted with Functional Magnetic Resonance 
Imaging (fMRI) as that added some interesting findings. 

Limits
A considerable amount of limitations of published 

functional imaging literature limit the conclusions of this 
review. These studies exhibit a number of methodological 
limitations that preclude clear conclusions. For example, 
different diagnostic groups (e.g. unipolar and bipolar 
depressed) and different active states within diagnoses 
(e.g. depressed and manic) are often lumped into a single 
patient sample. Similarly, the statistical methods utilized 
in each manuscript are often incompletely described and 
important confounders are not controlled. Additionally, 
many of the studies do not report whether investigators 
were blinded to group assignment prior to beginning 
measurements. Moreover, there is a considerable 
variability among studies in institutional dependent image 
acquisition and post-processing methods as well as region-
of-interest identification, making direct comparative 
analysis difficult.

The matching of population is also crucial for ensuring 
valid results, but is difficult to control.
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with functional neuroimaging confirmed the blood flow 
asymmetry in BPDin brain areas (36, 37). 

Culha et al. (38) reported in euthymic bipolar subjects 
a bilateral low rCBF in the medial-basal temporal region, 
in the medial frontal region, in the occipital lobe and in 
the cingulate gyrus; there were no differences for the 
hemisphere.  This paper seems to show not only that 
in bipolar patients there are alterations in the euthymic 
state, but also that the lateralization and inversion of 
perfusion state in the BPD is a phenomenon which occurs 
during periods of depression or mania. Six of the papers 
here presented yielded the involvement of the temporal 
lobe in the BPD (34-36, 37). While most of the studies 
reported a hypoperfusion in the temporal lobe, in a group 
of  bipolar subjects, without distinguishing between 
depressed, manic and euthymic patients, found a high 
rCBF in the anterior temporal region, correlated with 
low psychomotor and executive performance (37). The 
basal ganglia are surely involved in the BPD, given their 
close connections with the frontal cortex and given that 
the injuries of the ventral-medial caudate may produce 
a secondary bipolar syndrome. Delvenne et al. (33) and 
Benabarre et al. (40) demonstrated a low rCBF in the basal 
ganglia in depressed bipolar patients. O’Connell (39) 
showed hypo and hyperperfusion in the basal ganglia in 
manic subjects; Benabarre et al. (37) also found a striatal 
hypoperfusion in bipolar patients during the execution of 
the Wisconsin Card Sorting Test (executive functions) 
and a right striatum hyperperfusion during the Stroop 
test (attention task), related to a worse performance in 
memory and in attention and executive tasks. The right 
parietal cortex, which has a role in the spatial attention was 
hypoperfused in depressed bipolar patients (36, 38), while 
in the Benabarre trial (37) a high rCBF was shown in the 
left parietal lobe. Only in this last paper the cerebellum 
appears, which in the bipolar subjects has a low rCBF 
and is related to low executive performance. The occipital 
lobe was hypoperfused in the trials of Delvenne et al. (33), 
Bonne et al. (36), and Culha et al. (38), while in the work 
of Benabarre et al. (37), there is a hyperperfusion in the 
occipital cortex. 

CONCLUSION

There appears to be an overall asymmetry of 
focal change in cerebral perfusion that occurs more 
clearly in BPD than ADHD. In depression associated 
with BPD, hypoperfusion is often reported in the left 
frontal, sometimes also left temporal, lobes, while in 
manic patients a right prefrontal lobe hypoperfusion 
appears. This was exemplified by the work of Rubin 
et al. (35), contributing to the understanding of 

manifested as attention deficit.
The frontal cortex is obviously a very complex 

structure, and its specific areas are connected with several 
subcortical structures. Alterations in prefrontal cortex and 
subcortical structures can be the basis not only of ADHD, 
but also of BPD (29). 

In animals it has been demonstrated that lesions of the 
striatum (30), or of the prefrontal cortex, yield a picture 
very similar to ADHD, with hyperactivity and attention 
deficit. Lou et al. (31, 32) reporting a striatal hypoperfusion 
in ADHD children, hypothesize that the caudate nucleus, 
through the connections with the thalamus, modulate 
(mainly inhibitory) the polisensory activity.  This did not 
occur in ADHD because of the striatal lesions.

Studies concerning the functional abnormalities of the 
cerebellum in ADHD are a relatively recent phenomenon.  
Structural imaging studies have reported the involvement 
of the cerebellar inferior- posterior lobe while more 
recent functional studies (17, 19) have demonstrated the 
cerebellar alteration in ADHD patients. In these studies a 
relevant role is attributed to the cerebellum, not only to 
the prefrontal cortex, in the cognitive processes and the 
executive functioning changes in ADHD.

I can conclude that the hypofunctionality of the 
cerebellum, the striatum, and the prefrontal cortex in its 
various components (orbital, mesial, lateral) is associated 
with ADHD. However the frontal cortex appears to be the 
structure most intricately involved in this disorder: in that 
regard any injury, even isolated, of the frontal lobe may 
cause ADHD.

Bipolar disorder
The findings regarding the BPD appear to be quite 

complex though one result remains almost constant in 
all studies: the involvement of the prefrontal cortex. 
Another element nearly universally present is asymmetry 
of perfusion. Commonly, in patients with structural brain 
damage from stroke or cancer, depression occurs when 
lesions are located in the left hemisphere.  When the 
right hemisphere is injured, however, manifestations of 
mania appear instead. Delvenne et al. (33) reported for 
the first time a hypoperfusion in the left hemisphere (basal 
ganglia and frontal and occipital lateral cortex) in bipolar 
patients with major depression. In 1993 Migliorelli et al. 
(34) showed in manic patients a reduced regional cerebral 
blood flow (rCBF) in the ventral basal area of the right 
temporal lobe, with hyperperfusion in the same area in 
the left hemisphere.  In 1995, Rubin et al. (35) published 
a more significant trial where they compared 22 patients 
with BPD (11 depressed, 11 manic) with 11 controls. In 
the prefrontal and temporal cortex right hyperperfusion 
and left hypoperfusion was shown in manic subjects, the 
opposite in depressed patients. Later, almost all researchers 
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in brain and perfusion.
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Interleukin-36 (IL-36) is a pro-inflammatory cytokine which plays an important role in innate and 
adaptive immunity. IL-36 activates MAPK and NF-KB pathways and is produced by many different 
cells. This cytokine is a family member of interleukin-1 (IL-1) and plays an important role in the 
pathophysiology of several diseases. Here we summarise and review the new aspects of this important 
pro-inflammatory cytokine. 

EDITORIAL

Cytokines are a large and heterogeneous group of 
proteins that modulate the immune system (1-5) and 
play an increasingly important role in immunology, 
immunopathology, and immunopharmacology. 
Cytokines are released by particular cells in 
response to a variety of stimuli, activate target cells 
after binding to specific cell surface receptors, and 
mediate communication between cells of the immune 
and inflammatory systems. Pro-inflammatory 
cytokines are important mediators of inflammation, 
proteolysis, and cell recruitment and proliferation 
(6-9). Interleukin 1 (IL-1)was discovered by Gery 
in 1972 and he named it lymphocyte-activating 
factor (LAF). It was not until 1985 that IL-1 was 

discovered to consist of two distinct proteins, now 
called interleukin-1 alpha (IL-1a) and interleukin-1 
beta (IL-1b) (10-14). The most important regulatory 
molecule for IL-1α activity is IL-1RA, which is 
usually produced in a 10-100-fold molar excess. 
IL-1α (Fig. 1) possesses biological effects on cells 
in the picomolar to femtomolar range. Cytokines of 
the IL-1 family, such as IL-1 a/b, IL-18 and IL-33, 
have important functions in host defense, immune 
regulation, and inflammation. These cytokines play 
critical roles in the function of the innate and adaptive 
immune system. The IL-1 family cytokines include 
a noumber of interleukins such as IL-1α, IL-1β, 
IL-1 receptor antagonist (IL-1RA), IL-18, IL-33 and 
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now IL-36 has been added which is a newly-named 
cytokine family that comprises three members: IL-
36α, IL-36β and IL-36γ (Table I) (15). IL-36, a pro-
inflammatory cytokine that activates the MAPK 
and NF-kappaB pathways  is an important player 
in innate and adaptive immune response (Table II) 
(16-19). Probably, many different cells are source of 
IL-36, and this cytokine may play an important role 
in the pathophysiology of several diseases, similar to 
other IL-1 family member cytokines (20-23).

IL-18 is a pleiotropic proinflammatory cytokine 
produced by monocyte/macrophage lineage as well 
as epithelial cells, such as human keratinocytes (24-
27). IL-18 leads to increased immunoglobulin E 
production from B cells and enhanced production of 
IL-4 and IL-13 by basophils, mast cells, and CD4(+) 
T cells. Inflammation is thought to be initiated by 
over-release of IL-18 and accelerated by IL-1. Recent 
studies also demonstrate a convincing role for IL-18 
in atopic responses, including atopic inflammatory 
diseases (28-32). Moreover, IL-18 directly stimulates 
basophils and mast cells to produce Th2 cytokines 
and histamine, independently of IgE. IL-18 also 
induces IL-13 and/or IL-4 production by NK cells, 
mast cells and basophils (33-36).

IL-1RA is a competitive inhibitor of IL-1 binding 
to IL-1RI, and promotes anti-inflammatory activity 
(37-43). IL-33 stimulates in mast cells arachidonic 
acid products release such as PGD2 and inflammatory 
cytokines including TNFa (44-47). However, these 
effects have shown neither induced nor enhanced 
mast cell degranulation. IL-33 induces biological 
effects on mast cells and T cells through its receptor 
IL-33Rb-chain and may have pro-inflammatory 
potential effects similar to the cytokines from the 
same family. This cytokine/receptor combination 
may therefore serve as novel target for the treatment 
and control of allergy, autoimmune diseases, and 
some cancers. Recently, it was found that IL-33 is 
a strong activator of mast cell lines (LAD II cells) 
capable of inducing MCP-1 (a C-C chemokine family 
member) release at transcriptional and translational 
level, IL-8 and VEGF, suggesting a possible role of 
this new cytokine in the inflammatory response and 
recruitment of inflammatory cells (48-52).

IL-36 cytokines, are expressed in a restrictive 
manner, primarily in the skin and epithelium. All 
these cytokines are similar to the classical IL-1 

cytokines, and are involved in the initiation or 
regulation of immune responses and inflammation 
(53-57). However, little is known about the 
expression pattern and the biologic function of IL-
36α, IL-36β, IL-36γ and IL-36 receptor antagonist 
(IL-36RA) in vivo and in vitro. In addition, their IL-
36R ligands are also poorly understood. IL-1 family 
ligands signal through heterodimeric receptors 
which induce signaling and involve the activation of 
NF-κB and MAPK pathways (58-62).

IL-36 receptor (IL-36R), also called (IL-1R)-
Related Protein 2 (IL-1RRP2), is a ligand for IL-
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IL-36 by human keratinocytes, whereas IFN-γ 
selectively induces IL-36β. In addition they found 
that IL-36α and IL-36β, but not IL-36γ, directly 
induced TNF-α mRNA and protein synthesis in 
keratinocytes demostrating that IL-36α and IL-
36β could regulate TNF-α directly in these cells. 
Moreover, they show that IL-36 can be induced by 
Th17 cytokines and direct regulation of IL-8 and 
IL-6 by IL-36α and IL-36β, which synergized with 
IL-17A and TNF-α. IL-36s are not only regulated by 
Th17 cytokines, but they themselves can regulate 
the expression and enhance the function of Th17 
cytokines. In addition, they reported that blockade of 
IL-22 signaling downregulated the gene expression 
of all IL-36 cytokines and skin inflammation in the 
psoriatic tissues, whereas injection of recombinant 
IL-22 protein into the skin had opposite results (69, 
76-79)

In addition, in chronic kidney disease, and 
human rheumatoid synovial tissues, IL-36α is also 
expressed. These biological implications of IL-36 
suggest a link between inflammatory skin lesions 
(psoriasis vulgaris biopsies) and rheumatoid arthritis 
(80-86).

This study show that IL-36α, IL-36β, and IL-36γ, 

36α (IL-1F6), IL-36β (IL-1F8), and IL-36γ (IL-1F9). 
Moreover, IL-1F5, which has been shown to exert 
receptor antagonist activities, has been renamed IL-
36RA. IL-36RA binds to IL-1RRP2 and inhibits 
IL-36. It has been reported that IL-36RA is a strong 
antagonist not only of IL-36γ but also of IL-36α and 
IL-36β and the authors demonstrated that this activity 
requires removal of the N-terminal methionine from 
IL-36RA (63-68).

It has been also shown that IL-36α, β and γ  
bind to IL-36R, and stimulate intracellular signals; 
while IL-1F5 inhibits NF-κB in certain cell types. 
IL-36α, IL-36β, IL-36γ and IL-36RA, probably 
act extracellularly, and it is unclear how they are 
generated. It has been reported that IL-36α, β and 
γ are important in dermatology, since they are 
produced in the skin, in lesional psoriasis skin, in 
both the epidermis and dermis, in IL-1β or TNF-α–
stimulated human keratinocytes and in activated 
epithelial tissues, where the messenger RNAs are 
highly expressed. In the biopsies of psoriatic-like 
mouse skin plaques, gene and protein expression of 
IL-36 cytokines was strongly increased (69-75). 

These authors also show that IL-22, IL-17A, and 
TNF-α induce the ex vivo production of all three 

  Table II. Biological effects of IL-36.
 
 

- Activates the MAPK and NF-kappaB pathways 
- An important player in innate and adaptive immune response 
- Pathophysiology of several diseases 
- Initiation or regulation of immune responses and inflammation 
- IL-1F5 (renamed IL-36RA) exerts receptor antagonist activities 
- IL-1F5 inhibits NF-κB in certain cell types 
- Mediate lesional psoriasis skin 
- Mediate epidermis and dermis inflammation 
- Mediate the proliferation of keratinocytes and in activate epithelial tissues 
- Strongly increased in psoriatic-like mouse skin plaques 
- IL-36α and IL-36β, but not IL-36γ, directly induced TNF-α 
- IL-36 can be induced by Th17 cytokines 
- Direct regulates IL-8 and IL-6 
- Regulates the expression and enhance the function of Th17  
- Interelation with IL-22 in skin inflammation 
- Mediate chronic kidney disease, and human rheumatoid synovial tissues 
______________________________________________________ 
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play an important role in inflammatory diseases and 
that IL-36RA is their natural antagonist. IL-36RA 
inhibits both the full-length and truncated ligands; 
the ratio of antagonist to agonist required for full 
inhibition is similar to that of IL-1RA to IL-1β (63, 
87-89). In addition, it has been shown that IL-36R is 
expressed in dendritic cells (DCs) and CD4+ T cells 
and that IL-36R agonist ligands are able to stimulate 
the production of several cytokines by DCs, whereas 
IL-36Ra exerts an inhibitory effect. In addition these 
authors shown that IL-36R agonist ligands are potent 
regulators of T-cell responses. 

These studies amplify the concept of innate 
immune and describe the role of IL-36s in 
autoimmune disease, suggesting that IL-36 cytokines 
and their receptor represent a fundamental target 
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diseases.
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Adriamycin nephropathy (AN) (or doxorubicin 
nephropathy, DN) has several strengths as an 
experimental model of chronic kidney disease 
(CKD). Doxorubicin (DR) alters glomerular 
endothelium and exerts oxidative damage on cell 
structure through a direct reduction to a semiquinone 
radical or by producing reactive oxidative species 
(ROS) via the xanthine oxidase system (1). Oxidative 
stress (OS) and inflammation increase in normal 
aging and in CKD (2). DN is characterized by 
glomerulosclerosis, tubulointerstitial inflammation 

and fibrosis (3, 4). Fibrosis typically results from 
chronic inflammation. Emerging evidence has 
revealed that the mechanisms driving fibrogenesis 
are distinct from those regulating inflammation (5). 
Fibroblasts and myofibroblasts are considered to be 
the key mediators of fibrosis in the kidney and other 
organs (6). Fibroblasts in kidney fibrosis emerge 
via endothelial-to-mesenchymal (EMT-EndMT) 
transition (7). Activated myofibroblasts serve as the 
primary collagen-producing cells (5). The mice with 
DRCKD develop overt proteinuria from day 5, with 
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mild glomerosclerotic lesions starting by week 4, 
becoming extensive with associated tubulointerstitial 
fibrosis by week 6 (8).

Transforming growth factor (TGF)-β and 
platelet-derived growth factor (PDGF) are known to 
be important cytokines for mesangial proliferation 
and renal fibrogenesis in glomerulonephritis and 
anti-Thy1 nephritis. TGF-β and PDGF stimulate 
mesangial cell proliferation and the synthesis of 
extracellular matrix (ECM) proteins, leading to 
progressive matrix expansion changes (mesangial 
proliferation) and renal fibrosis (9, 10). Almost 
all experimental and human renal diseases are 
characterized by altered expression of components 
of the PDGF system. PDGF alpha-receptors 
(PDGFR-α) and beta-receptors (PDGFR-β) are 
induced during fibrogenesis, thereby amplifying 
biological responses to PDGF isoforms (11). MMP-
2 may regulate collagen accumulation in CKD 
inflammatory sites, allowing cyst enlargement and 
limiting the severity of interstitial fibrosis (12). 
Much of the literature has shown that TGF-β1 is 
strongly implicated in the progression of renal 
fibrosis (13). However, some studies demonstrated 
TGF-β1 to be with duality, acting either as a pro-
apoptotic or an anti-apoptotic depending on the cell 
type or circumstances (14). Akt and PI3K are related 
to the cell growth and proliferation (15). Numerous 
interventions including aerobic training, resistance 
exercise training, and combined training programs 
have been reported as beneficial to the end-stage 
renal disease (ESRD) (16).

Kidney is one of the major sites for elimination 
of many cytokines. The delicate equilibrium of pro-
inflammatory cytokines and their inhibitors is clearly 
dysregulated in CKD patients, particularly seen in 
the altered immune response in uremia linking to 
a diversity of complications including activation 
of proinflammatory interleukin-6 (IL-6) (17). 
Exercise decreases IL-6 and TNF-alpha levels (18). 
Acute exercise increases adipose tissue interstitial 
adiponectin concentration in both overweight and 
lean subjects (19).

The severity and timing of renal injury in DN 
implicates it to be a model suitable for testing 
interventions that could either worsen or protect 
against renal injury. Moreover, DN has been shown 
in numerous studies to be modulated by both non-

immune and immune factors, and has facilitated 
further study of mechanisms of tubulointerstitial 
injury (4). More importantly, the type of structural 
and functional injury is very similar to that of 
chronic proteinuric renal disease in humans (4), and 
it is a highly reproducible model. 

Considering rehabilitation has improved many 
chronic diseases, we hypothesized that treadmill 
exercise may improve DN by modulating levels 
of some relevant cytokines (IL-6 and TNF-α), 
signaling proteins (Akt, PI3K, TGF-β1, and smooth 
muscle actin), certain enzymes (metalloproteinase-
2, metalloproteinase-9 and superoxide dismutase), 
and the oxidative stress marker malondialdehyde.  

MATERIALS AND METHODS

Chemicals and kits
All the biochemical tests were conducted using the 

enzymatic colorimetric assays by the specific kits provided 
by Roche, either located in Switzerland or USA. Collagen 
was assayed by Sirius Red staining. Doxorubicin was a 
product of Pfizer (Milano, Italia), Pro-PREP lysis buffer 
was purchased from iNtRON Biotechnology (Seongnam, 
Korea). The kit source for other determinations included 
SOD and TBARS from Cayman (MI, USA); Rat IL-6 
EIA KIT from PeproTech (NJ, USA); Rat TNF-α KIT and 
Quantikine® Mouse/Rat PDGF-BB Immunoassay from 
R&D Systems Inc. (MN, USA). The source of the antibody 
used in this experiment was: phosphor-Akt (1:1000), 
phosphor-PDGF Receptor β (1:1000) and β-actin from 
Cell Signaling (MA, USA); phosphor-PI3K (1:500) from 
Santa Cruz (CA, USA); α-Smooth Muscle Actin (1:1000) 
from Sigma-Aldrich Co. (MO, USA). Chemiluminescent 
HRP Substrate was the product of Millipore (MA, USA).

Animal CKD model
This experimental protocol was approved by the China 

Medical University Ethic Committee of Experimental 
Animals (Taichung, Taiwan). Principles of laboratory 
animal care (NIH publication) were followed. Thirty-
six four-week old Sprague-Dawley adult male rats 
(BioLASCO Taiwan Co., Ltd. Resources) weighing 225-
250 g were used in the study. These rats were acclimated 
and fed ordinary laboratory chow during the first week. 
The rats were housed in an animal room maintained at 
a relative humidity (RH) 50-60% within 23°C±1oC with 
a 12-h/12-h light/dark cycle. The animals were allowed 
free access to water and ordinary laboratory pellet chow 
containing 1.8-2.2% of calcium, 1.1% of phosphorus and 
2650 kcal/kg energy. These rats were randomly assigned 
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GA =cross-sectional tuft area
β is the shape coefficient (1.38 for this case, for a 

sphere =1.38)
k is the size distribution coefficient (=1.1 for this 

case)  

Histochemical examinations 
Kidneys were fixed by immersion with 10% formalin 

in PBS (pH 7.4) at 4°C for 24 h and processed for 
paraffin embedding. Paraffin sections were dewaxed in 
xylene and rehydrated in a series of ethanol washes. The 
nuclei of these specimens were subjected to Weigert’s 
Haematoxylin-Eosin stain. Otherwise, the collagen 
content was stained with Sirius Red. The area stained 
by Sirius Red were counted with the software Image-Pro 
Plus (MediaCybernetics, Bethesda, MD, USA).

ELISA of IL-6, TNF-α, SOD, TBARs and PDGF-BB
Serum levels of IL-6, TNF-α and PDGF-BB were 

measured by the Rat IL-6 EIA Kit from PeproTech Inc. 
(NJ, USA), Rat TNF-α Kit and PDGF-BB Kit (R&D 
Systems Inc., MN, USA), respectively. The SOD and 
the thiobarbituric acid reactive substance (TBARs) were 
assayed with the commercial ELISA kits provided by 
Cayman Chemical Co. (MI, USA). All ELISA protocols 
were performed by following the manufacturer’s 
instructions. The SYSMEX K-1000 Reader used was a 
product of San-Tong Instrument Co. (Taipei, Taiwan). 

Gelantinolytic zymography  
The expression of MMP-2 and MMP-9, were assayed 

according to Leber and Balkwill (22). Briefly, the serum 
blood centrifuged at 10000×g. The supernatant serum 
(10 μL) was loaded onto a 7.5 % sodium dodecyl sulfate 
(SDS)-polyacrylamide gel copolymerized with 0.1% 
gelatin and subjected to electrophoresis under 100 V 
for 1.5 h. In order to remove SDS, the gel was washed 
twice, each time with 2.5% TritonX-100 solution for 30 
min, and then rinsed with incubation buffer (0.05 M Tris-
HCl buffer, pH 8.0, 5 mM CaCl2 plus 5 mM ZnCl2). The 
mixture was incubated at 37°C overnight. The gel was 
stained with Coomasie Blue at room temperature for 2 h 
as described (22). Gelatinases in the serum can be detected 
as unstained gelatin degraded zones on the gel. Its amount 
expressed was quantified with a densitometer (ImagePro 
Plus 5.0 Medica Cybernetics).

Western blotting
Frozen renal cortex tissue samples (approximately 100 

mg) were homogenized with the homogenizer (T10 basic, 
The IKA Company, Germany) in 1 mL of Pro-PREP 
lysis buffer (pH 7.2). The homogenate was centrifuged 
at 12000×g for 20 min at 4°C, and the supernatant was 

to six groups: the normal sedentary, the normal 30-min 
exercise, the normal 60-min exercise, the doxorubicin 
induced CKD (DR-CKD), the DRCKD+30 min-exercise, 
and the DRCKD+60 min-exercise groups. These six 
groups were separately housed in twelve colony cages, 3 
rats in each. CKD was induced by a single s.c. injection of 
8.5 mg/kg of doxorubicin (20). 

Treadmill exercise protocol
Initially, a pre-exercise training was tried by increasing 

gradually the running exercise from 5 to 10 min, and then 
to 20 min. and administered with doxorubicin 8.5 mg/
kg s.c. after a 2 week-pre-exercise training. From the 
third week on, the rats were subjected to formal running 
exercise 30 m/min, 30 or 60 min/day, 3 times per week 
for a total period of 13 weeks. During the whole course, 
the sedentary group remained in the cages under the same 
environmental condition and inspected daily. 

Blood, urine and tissue sample collection
Urine Collection. On finishing the treatment at week 

13, rats were moved to the metabolic cage two days before 
the end of week 13. The urine was collected from 8:00 am 
to 8:00 am the following day. The total volume of urine 
per day for each rat was taken. The urine samples were 
freshly analyzed for urinary protein, creatinine and BUN 
or immediately stored in the freezer at 0-4oC when not in 
use. Urine BUN and creatinine were measured by reagent 
(Siemens, Bakersfield, CA, USA) and automatic analyzer 
(Ciba-Corning Express Plus) (Ciba-Corning, USA). The 
urinary protein concentration was measured using ELISA 
reader.

Blood Collection. After urine collection, the blood 
samples were immediately withdrawn from the abdominal 
aorta under ether intraperitoneal ketamine and xylasine 
anesthesia. The sample blood was centrifuged at 3000×g 
to separate the serum. The serum obtained were used for 
measurement of parameters including cell count, serum 
calcium, phosphate, albumin, uric acid, cholesterol, 
triglyceride, BUN and creatinine, which were measured 
by reagent (Siemens, Bakersfield, CA, USA) and 
automatic analyzer (Ciba-Corning Express Plus) (Ciba-
Corning, USA).

Tissue Collection. After euthanization, the organs 
were inspected visually for their external morphological 
changes. The kidneys were exsiccated and immediately 
frozen with liquid nitrogen and stored in -80oC. 

Glomerular volume
The glomerular volume was determined by the formula 

(21).
GV= (β/k) (GA)3/2 ……………………………………1
Where GV = glomerular volume
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collected as tissue sample lysate. The sample protein 
lysates were heated at 100oC for 10 min before loading 
and separated on precasted 7.5% SDS-PAGE. The proteins 
were electrotransferred onto the PVDF membrane in 
transfer buffer for 1 h. The nonspecific binding to the 
membrane was blocked for 1 h at room temperature 
with 5% nonfat milk in TBS buffer. The membranes 
were then incubated for 16 h at 4oC with various primary 
antibodies. After extensive washing in TBS buffer, the 
membranes were the incubated with secondary antibody 
in blocking buffer containing 5% nonfat milk for 1 h at 
room temperature. Membranes were then washed with 
TBS buffer and the signals were visualized using the 
Luminescent Image Analyzer LAS-4000 (Fujifilm, Tokyo, 
Japan). Levels of TGF-β, p-PDGFR, p-PI3K, p-Akt, and 
α-SMA were analyzed by each immunoassay according to 
the instructions given by the manufacturers as mentioned 
in the above section "Chemicals And Kits". β-Actin was 
used as the reference protein.

Statistical analysis
Data obtained in the same group were analyzed by 

Student’s t test with computer statistical software SPSS 
10.0 (SPSS, Chicago, IL). ANOVA software statistical 
system was used with the Tukey’s testing to analyze 
the variances and significances of difference between 

paired means. Significance of difference was judged by a 
confidence level of p < 0.05.

RESULTS

Change in physiological parameters
The body weight of the three normal controls 

was rather comparable. However, DR severely 
suppressed the body weight, which was recovered 
by exercise in an intensity-dependant fashion (Table 
I). The normal ratio of kidney to body weight resided 
in range 0.63 to 0.65 among all the three normal 
groups. DR induction caused edema and swelling of 
kidney and raised the ratio to 0.90%. Exercise with 
30-min and 60-min programs respectively recovered 
it to 0.72% and 0.69% (Table I).      

DR-induced rats showed swollen kidneys with 
edema, hence the glomerular volume (GV) increased 
about +21%. On receiving training, the GV reduced 
to +19% and +12%, respectively by 30-min and 
60-min exercise (Table I). The normal values of rat 
blood cells were (1.3~1.6)×104/μL, (7.7~8.3)×106/
μL, and (8.40~8.97)×105/μL, respectively for 
WBC, RBC, and platelet. DR caused reduction of 

10

10

Table I.  Changes of physiological parameters by exercise training. 

Normal DR-CKDParameter 

Control 30-min 60-min Control 30-min 60-min 

Body weight (g) 46160a 42254a 41352a 2747b 28714b 30316c

Ratio%,  

(Kw/Bw)

0.630.1c 0.630.1c 0.650.1c 0.900.1a 0.720.1b 0.690.1b

Glomerular  

volume (mm3)

1.000.2ab 1.000.1b 0.90.1c 1.210.1a 1.190.2ab 1.120.1ab

WBC, 104/L 1.60.03a 1.50.05a 1.30.08a 1.40.02a 1.10.02a 1.30.02a

RBC, 106/L 8.30.4a 8.40.1a 7.70.6a 5.70.4b 6.10.6b 6.10.6b

Platelet, 105/L 6.82.0c 9.01.0c 8.60.4c 15.82.9a 13.01.3ab 11.71.8bc

*The values are indicated in meanSD (n=6).  

Different superscripts in each row indicate significantly different.  
Data obtained in the same group were analyzed by Student’s t test with computer 
statistical software SPSS 10.0 (SPSS, Chicago, IL). ANOVA software statistical 
system was used with the Tukey’s testing to analyze the variances and significances 
of difference between paired means. Significance level p<0.05.  

 

 

 

 

 

 

 

 

 

 

Table I. Changes of physiological parameters by exercise training. 

*The values are indicated in mean±SD (n=6). 
Different superscripts in each row indicate significantly different. 
Data obtained in the same group were analyzed by Student’s t test with computer statistical software SPSS 10.0 (SPSS, 
Chicago, IL). ANOVA software statistical system was used with the Tukey’s testing to analyze the variances and 
significances of difference between paired means. Significance level p<0.05. 
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WBC and RBC, but increased the platelet count to 
1.58×106/μL (Table I). Exercise caused only slight 
elevation of RBC, but significant suppression of 
platelets (Table I). Strangely, the WBC count was 
significantly reduced by exercise. Exercise only 
showed only slight amelioration on RBC and platelet 
counts (Table I).

Change of serum and urinary biochemical parameters
The serum calcium was totally unaffected by DR, 

although the phosphate level was slightly elevated 
by DR. No apparent difference was found among all 
other groups (Table II). The serum albumin level was 
severely decreased on DR treatment. Exercise was 
able to secure only a slight difference. The serum 
uric acid level slightly increased in all DR-treated 
groups, however still remaining within normal 
concentration range 2.0 to 13.0 mg/dL (Table II). DR 
triggered the elevation of serum levels of cholesterol, 
triglycerides, BUN and creatinine, which was seen 

11

11

 
Table II. The serum and urinary biochemical parameters.＊

 
Normal DR-CKDParameter 

(normal range, 

mg/dL) 
Control 30-min 60-min Control 30-min 60-min 

SERUM 

Calcium 

(5.3-13.0)

8.90.5a 9.10.6a 9.00.4a 9.30.6a 8.60.2a 8.80.1a

Phosphate

(5.3-8.3)

7.10.3 a 7.41.0a 8.51.1a 8.90.4a 7.20.3a 8.11.0a

Albumin 

(3.8-4.8)

4.20.1a 4.60.3a 4.40.2a 2.80.0b 3.00.1b 3.10.4b

Uric acid 

(2.0-13.0)

2.11.0b 2.10.7b 2.50.9b 3.90.7a 8.90.5a 3.21.1b

Cholesterol

(40-130) 

6811c 586c 5314c 681675 a 36425ab 728b

Triglyceride 

(26-145) 

4711d 4613d 4510d 53282a 26641b 20728c

BUN

(15-21)

162b 201b 171b 352a 261a 211b

Creatinine

(0.2-0.8)

0.60.1b 0.60.1b 0.50.1b 0.90.3a 0.80.1b 0.70.1b

URINE (mg/dL) 

Protein 21±14
c
 23±11

c
 21±5

c
 163±16

a
 158±7

a
 138±10

b

Creatinine 17215ab 17711b 1778a 93 c 543c 7311b

BUN 616c 659c 504d 24715a 22745a 1806b

*Values are indicated in mean±SD (n=6).  
Different superscripts in each row indicate significantly different.  
Data obtained in the same group were analyzed by Student’s t test with computer 
statistical software SPSS 10.0 (SPSS, Chicago, IL). ANOVA software statistical 
system was used with the Tukey’s testing to analyze the variances and significances 
of difference between paired means. Significance level p<0.05. 

*Values are indicated in mean±SD (n=6). 
Different superscripts in each row indicate significantly different. 
Data obtained in the same group were analyzed by Student’s t test with computer statistical software SPSS 10.0 (SPSS, 
Chicago, IL). ANOVA software statistical system was used with the Tukey’s testing to analyze the variances and 
significances of difference between paired means. Significance level p<0.05.

Table II. The serum and urinary biochemical parameters. 
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Fig. 1. A) The renal morphology of rats affected by exercise intensity. B) The hematoxylin-eosin staining on glomeruli of 
rats trained with/and without different exercise intensity (400x). C) The Sirius Red staining on renal mesangiums of rats 
trained with/and without different exercise intensity. The table shown below indicates the quantification of the Sirius Red 
staining (No. of each group=6). Different superscripts in each row indicate significantly different. Data obtained in the 
same group were analyzed by Student’s t test with computer statistical software SPSS 10.0 (SPSS, Chicago, IL). ANOVA 
software statistical system was used with the Tukey’s testing to analyze the variances and significances of difference 
between paired means. Significance level p<0.05. 
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significantly ameliorated by exercise, particularly 
by the 60-min training program (Table II). The 
urinary creatinine level was significantly suppressed, 
but the urinary BUN and protein levels were all 
elevated by DR treatment. By 60 min-exercise, the 
creatinine levels raised slightly, but not to the normal 
level; BUN was only suppressed slightly, although 

significantly comparing to the DR control, yet not 
recovering to the normal level (Table II). 

Appearance of kidneys
The kidneys of DR-CKD rats looked pale and 

light in color compared to the controls (Fig. 1A). 
After exercise training, the kidneys of the DR-CKD 
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however, slight improvement was still seen with a 
strength-dependent manner (Fig. 3B).

Effect of exercise on the serum level of PDGF-BB
The level of PDGF-BB in the three control groups 

usually retained at below 500pg/mL. DR severely 
damaged kidney and upregulated PDGF-BB to a 
level of 3000pg/mL. Moderate exercise slightly 
suppressed it to 2500pg/mL. But more significant 
amelioration was furnished by more endurance 
exercise to 900pg/mL (Fig. 3C).

Effect of exercise on MMP-2 and MMP-9
MMP-2 was highly upregulated, but MMP-9 

seemed to be totally unaffected, in the DR control 
group. The increase of MMP-2 was suppressed by 
exercise training in a strength-dependent manner. In 
contrast, levels of MMP-2 and MMP-9 in all three 
controls were rather comparable (Fig. 4). 

Effect of exercise on TGF-β, p-PI3K, and p-Akt
DR upregulated TGF-β and simultaneously 

downregulated p-PI3K and p-Akt. No apparent 
changes were seen any of the normal groups (Fig. 
5). Exercise upregulated TGF-β in an intensity–
dependant fashion, and similar trend was found for 
both p-PI3K and p-Akt levels (Fig. 5).

DR upregulated p-PDGFR but did not affect level 
of α-SMA

The upregulation of p-PDGFR by DR was 
suppressed by exercise training in an intensity-
dependant manner, moderately by the 30-min and 
entirely by the 60-min exercise. Instead, levels of α-
SMA were unaffected in any of the groups (Fig. 6).

DISCUSSION

Body weight loss was slightly regained by 60-min 
treadmill exercise

CKD impairs muscle protein metabolism leading 
to muscle atrophy, as a consequence, body weight 
loss was apparently seen in the DRCKD groups (3). 
Both the resistance exercise (muscle overload) and 
endurance training (treadmill running) affect CKD-
induced abnormalities in muscle protein metabolism 
and progenitor cell function. Exercise blunted the 
increase in disease-induced muscle proteolysis 

60-min exercise rats recovered slightly but not 
returning to normal color and size (Fig. 1A). 

Exercise ameliorated glomerular swelling and the 
collagen deposition   

The glomeruli in DR-CKD rats were swollen with 
edema (Fig. 1B). Exercise restored the glomerular 
size in an exercise-intensity-dependent fashion. The 
glomeruli recovered almost to normal size after a 
period of 11-week treadmill training with 60-min 
exercise protocol (Fig. 1B). In the renal interstitium 
and cortex of DR-CKD rats, a huge amount of 
collagen deposition occurred, which showed gradual 
attenuation resulting from exercise, the least amount 
was found in the DR-CKD with 60 min exercise 
program (Fig. 1C) 

Exercise alleviated SOD but suppressed MDA levels 
in a strength-dependent manner

A similar situation was found for serum SOD. DR 
suppressed SOD to 7.5U/mL comparing with 17U/
mL of the control. Exercise recovered most SOD 
levels in a strength dependent manner (Fig. 2A). On 
the contrary, the serum MDA level in all controls 
remained almost constantly in range of 1.9 to 2.5 μM 
(Fig. 2B). On induction with DR, the serum level of 
MDA in the DR-CKD rats was rapidly raised to 9.75 
μM, which was effectively suppressed after exercise 
training in an intensity dependent manner to 7.0 μM 
(for the 30-min exercise) and 4.6 μM (for the 60-min 
exercise rats) (Fig. 2B). 

Effect of exercise on expression of interleukin-6 and 
TNF-α 

DR upregulated the expression of IL-6 to 18.7 ng/
mL comparing to the control (14.9 ng/mL) (Fig. 3A). 
Moderate exercise (30-min) further raised the level to 
21ng/mL (for the 30-min exercise control) and 23ng/
mL, but 60-min strenuous exercise recovered its 
level respectively to 16.5ng/mL in the 60-min control 
and 17.5ng/mL in the 60-min exercise group (Fig. 
3A). In the three normal groups, moderate exercise 
suppressed slightly, while the strenuous exercise 
upregulated significantly the level of TNF-α (Fig. 
3B) compared to the normal control level 1080pg/
mL. In contrast, DR downregulated TNF-α to below 
200 pg/mL. Although both exercise trainings totally 
failed to recover the TNF-α level to normal levels, 
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Fig. 3. A) The cytokine IL-6 affected by exercise training. B) The cytokine TNF-α affected by exercise training. C) 
Cytokine PDGF-BB expression affected by exercise training. Different superscripts indicate significantly different. Data 
obtained in the same group were analyzed by Student’s t test with computer statistical software SPSS 10.0 (SPSS, Chicago, 
IL). ANOVA software statistical system was used with the Tukey’s testing to analyze the variances and significances of 
difference between paired means. Significance level p<0.05 (No. of each group=6). 
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(3). Treadmill exercise only showed a slight 
ameliorative effect in this regard (Table I). Wang et 
al. demonstrated muscle loading, but not treadmill 
running, corrected protein synthesis and progenitor 
cell (23).

Glomerular hypertrophy was recovered by exercise 
training

The type of structural and functional injury in 
AN is very similar to that of chronic proteinuric 
renal disease in humans (1). Mice with AN show 
glomerular hypertrophy and hyaline deposits with 
resorption droplets in tubule cells, mesangial 
expansion in glomeruli, tubular vacuolization, global 
glomerular sclerosis, tubular collapse and severe 
interstitial expansion (23). Numerous interventions 

including aerobic training, resistance exercise 
training, and combined training programs have 
reported beneficial to the end-stage renal disease 
(ESRD) (16). 

Elevation of BUN, urinary creatinine and protein 
was ameliorated by exercise

Clinically, a level of BUN in human exceeding 
20mg/dL can be considered as CKD. Elevated 
levels of serum and urinary BUN could mean CKD 
impaired muscle protein metabolism leading to 
muscle atrophy (3). Exercise has been known to 
improve insulin sensitivity in skeletal muscle, and 
help lipolisis and glycolysis (24), which explains 
the amerliorating effect of exercise on the urinary 
protein (Table II), being consistent with Wang et al. 
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Fig. 4. Zymography of serum levels of MMP’s analyzed by Elisa Assay (A), and its quantified data for MMP-9 (B), and 
MMP-2 (C).  
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(3).
Levels of serum calcium, phosphate, and 

albumin all remained normal in all groups. Only 
creatinine was slightly increased in the DRCKD 
group (Table II). In  contrast, the corresponding 
serum biochemical parameters (mean±SD mg/dL) 
of human beings were: 9.16 (0.70) for calcium; 3.93 
(0.84) for phosphate; 3.9 (0.5) for albumin; and 2.30 
(0.84) for creatinine (25).    

Cytokine expression intervened in carbohydrate and 
protein metabolism 

Adriamycin-induced renal injury has been shown 
in numerous studies to be modulated by both non-
immune and immune factors (4). IL-1, IL-2, and IL-6 
can induce tissue proteolytic catabolism (24), which 
was highlighted in the increased levels of urinary 
BUN and protein (Table II). IL-6 is released from 
contracting muscles in large amounts and exerts its 
effect on adipose tissue, inducing lipolysis and gene 
transcription in abdominal subcutaneous fat (24). 

A high level of IL-6 mediates protein breakdown 
in muscle (24). Hence the significantly lowered 
IL-6 in the 60 min-exercise group exhibited more 
significant body weight recovery compared to that 
of the 30-min exercise group (Table I). Pedersen and 
Fischer pointed out that muscle-derived IL-6 is likely 
to inhibit low-grade TNF-α production and, TNF-α-
induced insulin resistance and could therefore, be 
important for mediating the beneficial health effects 

of exercise (24), a result consistent with our finding 
(Fig. 3A, 3B). 

TGF-β1 inhibited the pre-fibrotic status in DR-CKD 
rats through downregulation of PDGF

DN is characterized by podocyte injury 
followed by glomerulosclerosis, tubulointerstitial 
inflammation and fibrosis. TGF-β1 induces the 
autophagy through TAK1 and Akt activation (14). 
The autophagic process constitutes an adaptative 
mechanism to glomerular injury by inhibiting 
apoptosis and promoting mesangial cell survival 
(14). DR upregulated, but exercise dowregulated 
PDGF-BB (Fig. 3C). Although DR also upregulated 
TGF-β, exercise further upregulated its level to 
higher levels in an intensity-dependant manner, 
depending on the strenuosity of exercise. In this 
regards, TGF-β1 is more likely an anti-apoptotic 
rather than an apoptotic (14). Evidence in our 
experiment showed the endurance exercise (60-min 
treadmill training) simultaneously upregulated TGF-
β1, Akt, and PI3K, implicated in the improvement of 
the CKD status (14, 15). 

PDGF has a role in growth-promoting activity 
for fibroblasts and smooth muscle cells, and in 
stimulating tissue repair processes (26). In chronic 
inflammatory conditions, the stimulatory effect of 
PDGF on connective tissue cells may lead to tissue 
fibrosis (27), consistent with our data (Figs. 1C and 
3C). Accumulating evidence has supported that 
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Fig. 5. Effect of exercise training on the signals TGF-β, p-PI3K, and p-Akt associated with glomerulogenesis. 
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PDGF produced by mesangial cells or inflammatory 
cells may contribute to the development of 
glomerulonephritis through autocrine or paracrine 
mechanisms (26). 

Antioxidative nature of exercise potentially 
implicated the protective effect on cardiovascular 
diseases

Exercise was capable of upregulating the SOD 
(Fig. 2A) and suppressing MDA levels (Fig. 2B), 

which may lead to the suppression of oxidative 
damage on serum LDL, an implication in the 
protective effect on the cardiovascular system. 
MDA level reached a peak on day 8 after treatment 
of DR. When these rats received SOD, they showed 
significant suppression of urinary protein excretion, 
serum and renal MDA compared to the DR control 
group (28). Alternatively, Zhu & Lu reported that 
nephrin plays an important role in maintaining 
glomerular filtration barrier. DR induced MDA 
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and suppressed SOD, resulting in reduced level of 
nephrin, contributing at least part of, if not entirely, 
the cause of reducing glomerular filtration rate (29).  

Suppressed levels of MMPs regulated the collagen 
deposition and limited the severity of interstitial 
fibrosis

DR upregulated levels of MMP-2 and MMP-9, 
conversely, exercise suppressed these levels (Fig. 4A, 
4B). Tubular cell epithelia-mesenchymal transition 
(EMT) is a fundamental contributor to renal fibrosis. 
In moderate and severe tubulo-interstitial damage, 
increased expression of MMP-2 was noted (30). The 
basement membrane containing type-IV collagen 
as its major collagen component, was attacked 
specifically by MMP-2. Kinetically, the huge 
substrate collagen deposition should have appeared 
before the expression of MMP-2. Thus, even 
exercise was shown to have effectively suppressed 
the expression of MMP-2 (Fig. 4), the huge amount 
of collagen previously already deposited in the 
interstitial compartment might not be degraded as 
immediately as expected. As a consequence, Siruis 
stain revealed much collagen deposition (Fig. 1C). 
Speculatively, only adequately efficient exercise is 
able to secure renal interstitial fibrosis. The results 
obtained are summarized in Fig. 7. 

Conclusively, 60-min treadmill exercise training 
program may be more feasible in view of CKD 
recovery by rehabilitation. As rehabilitation is 
a personalized medicine, an appropriate design 
regarding the individual variation, the intensity, the 
duration and the frequency of exercise per week has 
to be well figured out. Our data also revealed that 
the endurance exercise is more associated with the 
normalization of signaling expressions involving 
TGF-β, PDGF-BB, p-PDGFR, p-PI3K, and p-Akt, 
which may help CKD patients to restore cell survival, 
proliferation, and growth. 
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The exact nature of shock wave (SW) action is not, as yet, fully understood, although a possible 
hypothesis may be that shock waves induce neoangiogenesis. To test this hypothesis, a three-dimensional 
(3D) culture model on Matrigel was developed employing a human microvascular endothelial cell line 
(HMEC-1) which was stimulated with low energy soft- focused SW generated by an SW lithotripter. 
After 12 hours we observed a statistically significant increase in capillary connections subsequent to 
shock-wave treatment in respect to the control group and a marked 3-hour down-regulation in genes 
involved in the apoptotic processes (BAX, BCL2LI, GADD45A, PRKCA), in cell cycle (CDKN2C, 
CEBPB, HK2, IRF1, PRKCA), oncogenes (JUN, WNT1), cell adhesion (ICAM-1), and proteolytic 
systems (CTSD, KLK2, MMP10). Our preliminary results indicate that microvascular endothelial cells 
in vitro quickly respond to SW, proliferating and forming vessel-like structures, depending on the energy 
level employed and the number of shocks released. The early decreased expression in the analysed genes 
could be interpreted as the “first reactive response” of the endothelial cells to the external stimuli and 
the prelude to the events characterizing the neo-angiogenic sequence. 
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Over the last few decades the clinical use of 
shock waves (SW) has widened from its urological 
application of lithotripsy for gallstones to the 
treatment of both inflammatory and degenerative 
orthopaedic diseases in tendons, ligaments and soft 
tissues. In bone pathology, building on the early 
experience of Valchanou and Michailov (1), SW 
have been successfully employed in the treatment 
of non-union and in bone vascular diseases (2, 3). 
More recently, they have been proposed for wound 
care management, owing to the tissue trophic effect 

generated by the largest distribution of the high 
pressure focused acoustic waves into low energy soft 
focused or unfocused shock waves (uSW) (4).

Although the physical principles and the effects 
of SW on tissues have been broadly investigated, 
some cellular and biochemical aspects have not 
yet been completely clarified.  In vivo studies have 
demonstrated the angiogenic activity of SW (5, 6). 
Experimental data suggest that one of their main 
biological effects is the production of nitric oxide (7), 
which has been shown to be effective in promoting 
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angiogenesis (8). Angiogenesis, the formation of 
new blood vessels from pre-existing capillaries, is 
indeed essential for tissue healing and is regulated 
by a variety of growth and angiogenic factors.

Current opinion suggests also that mechanical 
stimulation induced by SW produces a direct effect 
on the extracellular matrix (ECM) which then 
triggers cytoplasmatic and nuclear reactions that 
vary with the experimental model, the energy level, 
the number of impulses and the cell type (9). As 
has been demonstrated for specific bio-mechanical 
stimuli, SW could induce a biochemical reaction in 
responsive cells that affects growth, development, 
differentiation, apoptosis regulation and gene 
expression via signal transduction pathways (10)

The aim of this study is to verify the ability of uSW 
to induce new vessel proliferation (neoangiogenesis) 
and, at the same time, to investigate the initial response 
of endothelial cells to acoustic stimulation. For this 
purpose we employed an in vitro system consisting 
of a matrix support seeded with microvascular 
endothelial cells which resembles, as closely as 
possible, the structure of the natural tissues.

MATERIALS AND METHODS

3D cell culture 
A human microvascular endothelial cell line (HMEC-

1, Invitrogen) was used in this experiment. Cell cultures 
were established in the central well of 24-multiwell 
plates containing BD Matrigel™. BD Matrigel™ is 
derived from a protein mixture containing structural 
elements which are analogous to the components of 
ECM. It provides an excellent environment in vitro 
for the promotion, differentiation and proliferation 
of endothelial cells (11). Cultures were established at 
different cell densities (2500, 5000, and 10,000 cells/
well respectively), for both untreated and uSW treated 
cells, with 5 wells prepared for each different density. 
Cells were cultured in MCDB 131 Medium (Invitrogen) 
without endothelial growth factors supplemented with 
2% fetal bovine serum (FBS, Invitrogen). A control 
culture for each cell density was left untreated, whilst 
the other cultures, when they had reached 70-80% 
of confluence, were treated with a Dermagold™ 100 
shock-wave electro-hydraulic SW-device (MTS Europe 
GmbH, Konstanz, Germany), designed to be applied 
cutaneously.  

Device description and shock wave stimulation
In brief, in an electro hydraulic device, the discharged 

high voltage produced by two submerged opposite 
electrodes, emits a surrounding spherical SW which 
expands in the watery medium from the original first focal 
point (F1) to the walls of an ellipsoid reflector. Because 
of the geometric shape of the reflector, SW are conveyed 
to a second focal point (F2) which corresponds to the 
target tissue. In Dermagold™ 100 the paraboloid reflector 
generates soft focused (un-focused) SW. 

Two different energy levels were used for treating the 
cells: level E1, with an Energy Flux Density (EFD) value 
of 0.01 mJ/mm2 and Focus Total Energy (FTE) of 0.12 
mJ at -6 dB, corresponding respectively to 83.5 mm of 
focal length and 8 mm of focal diameter; level E2, with 
an EFD value of 0.02 mJ/mm2 and FTE of 0.40 mJ at 
-6 dB, corresponding to 83 mm of focal length and 8.7 
mm of focal diameter. EFD conventionally represents 
the amount of acoustic energy delivered to, and flowing 
through, a distinct square area of the focus, perpendicular 
to the plane of wave propagation, and is defined in mJ/
mm2. The -6dB focus corresponds to the focus area 
where pressure is greater or equal to half the value of the 
maximum energy. Moreover, for each energy level (E1- 
E2), 200 and 800 impulses were applied at a frequency of 
3 Hz (Table I).

The SW-device membrane was spread with ultrasound 
conduction gel, and then multiwells were placed on the 
membrane using a coupling device. Only the five central 
wells were seeded with cells, whereas the outer wells 
contained only the culture medium, to avoid acoustic 
interference. The plate was positioned on the coupling SW-
device membrane, ensuring that all the wells containing 
cells lay on the membrane. Moreover, in order to avoid 
the creation of air interface and the risk of cavitation and 
stirring, a cylinder filled with water was positioned over 
the plate. 

Angiogenic evaluation 
After the treatment, plates were incubated at 37°C (in 

the presence of 5% of CO2) for 12 h. Then all the samples 
were observed under an inverted microscope (Leica 
Microsystems) connected to a charged coupled device 
camera. The capillary density was evaluated by counting 
the number of connections formed by the endothelial cells 
in each microscopy field at 40X of magnification (10 fields 
were counted for each sample) with the aid of a specific 
software program (ImageJ, Wayne Rasband, NIH, USA,  
http://rsb.info.nih.gov/ij/download.html)

Gene expression analysis
The most responsive group in terms of numbers of 

capillary connections underwent gene expression analysis 
using the Super Array kit-Signal Transduction Pathway 
Finder (SABiosciences, Qiagen), able to profile 84 key 
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ensured that no SW-induced stirring or cavitations 
were observed that could have affected our results. 
After 12 hours, the treated cells showed a substantial 
increase in the number of new vessel-like structures 
if compared to untreated cells. This morphological 
differentiation was more remarkable in the samples 
that were exposed to low energies and limited 
numbers of shots (Figs. 1 and 2). There was a 
statistically significant increase in the number of 
capillary connections (bifurcations) in the cells 
treated under the E1 condition of lower shock-wave 
energy (EDF of 0.01 mJ/mm2). Under E1 condition 
the behaviour of EC was also related to the number 
of shots applied; indeed, when HMEC-1, plated at 
a density of 2500 cells/well, received 200 shots, the 
number of bifurcations was 7.4±1.5 and 2.0±0.4 for 
treated and untreated cells respectively (p<0.05), 
whereas, when they received 800 shots the number 
was not significantly different from the untreated 
cells (4.1±0.8, p>0.05). Under the same conditions 
(E1 200 shots) HMEC-1, plated at a density of 5000 
cells/well showed 19.1±5, and 10.6±2.1 respectively 
for treated and untreated cells (p<0.05) and 8.2±5.3 
when they received 800 shots. When plated at 10000 
cells/well, the cells showed 39.0±1.8 and 22.0±4.4 
bifurcations respectively (p<0.05) when they were 
treated with 200 shots and were left untreated. When 
cells received 800 shots we observed 37.20±4.0 
bifurcations (p<0.05) (Fig. 3).

As reported by other authors (12), we observed a 
disaggregation of the Matrigel scaffold and a negative 
effect on the formation of capillary connections at 
higher energies (data not shown). 

Gene Expression 
In samples showing the most marked increase 

in number of capillary connections (energy level 
E1 and 200 shots), we observed a decreased gene 
expression 3 hours after uSW treatment (Fig. 4). 
Indeed, cells showed a strong down-regulation of 
genes involved in the apoptotic process (BAX, 
anti-apoptotic BCL2LI, GADD45A, PRKCA), also 
in the cell cycle (CDKN2C, CEBPB, HK2, IRF1, 
PRKCA), oncogenes (JUN, WNT1), cell adhesion 
(ICAM-1), and proteolytic systems (CTSD, KLK2, 
MMP10). Table II illustrates the modulation of the 
gene expression (fold change) of six genes strongly 
implicated in the phenomena described. However, 

genes representative of 18 different signal transduction 
pathways.

The cells were harvested, and RNA was extracted 
using an Array Grade Total RNA Isolation kit (Super 
Array Bioscience Corp.). RNA purity was evaluated by 
spectrophotometer, measuring the absorbance rate at 260 
and 280 nm. DNA copies (cDNA) were synthesized from 
the RNA by inverse transcriptase reaction, incubating 
the mixture at 42°C for 50 mins and at 75°C for 5 mins. 
Subsequently, biotinylated cDNA was obtained through 
subsequent reactions and incubation at 37°C for 4 h. The 
cDNA was then diluted in a suitable buffer and distributed 
on membranes inside an overnight hybridization oven. 
Then, after a series of washing cycles, the incubation with 
avidine-phosphatase alkaline complex and the chromogen 
produced a chemioluminescent reaction. The resulting 
patterns were scanned and the images were analysed using 
densitometry software. The variation in gene expression 
of the treated cells versus the untreated ones was evaluated 
normalizing the obtained values on a housekeeping gene 
expression (glyceraldehyde-phosphate dehydrogenase, 
GAPDH). 

Statistical analysis
One-way-ANOVA was performed in order to evaluate 

the differences in the number of capillary connections 
between the treated cells and the controls during the in 
vitro angiogenesis, the Dunnett Test was used as a post-hoc 
test. The results were expressed as mean±SD. Prism 3.0 
software (Graph Pad Software) was used for all statistical 
analyses. p value <0.05 was considered statistically 
significant. 

RESULTS

Microscopic findings 
The in vitro model was developed using a 

human microvascular endothelial cell line (HMEC-
1) cultured in a three-dimensional matrix (BD 
Matrigel™). HMEC-1 is the first immortalized 
human microvascular endothelial cell line that 
retains the morphologic, phenotypic and functional 
features of normal human microvascular endothelial 
cells, secreting Von Willebrand factor and forming 
tubular structures when cultured on solid supports. 
In particular, when plated on Matrigel, these cells are 
able to form a three-dimensional network of capillary 
vessels which is comparable to the structure formed 
in the final stage of the angiogenic cascade (Kubota 
et al. 1988). 

The cylinder of water placed above the plate 
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we did not observe any increased expression of 
receptors for angiogenic agents like endothelial 
nitric oxide synthase (eNOS) or vascular endothelial 
growth factor (VEGF).

DISCUSSION

Endothelial cells (ECs) are mechano-sensitive 

cells which physiologically react to flow shear stress. 
Particular regions of the cell membrane seem to be 
involved in the recognition of the different features 
of the laminar flow (13-15) which are subsequently 
transferred to the cytoskeleton (16, 17). Those 
cellular compartments engaged with selective sites 
of eNOS are thought to mediate the angiogenic (18) 
and anti-apoptotic effect (19) of the shear stress. 

Fig. 1. Microphotographs of uSW treated (a) and untreated (b) HMEC-1, seeded on Matrigel at 2500 cells/well and 
cultured for 12 hours. Picture in (a) shows cells treated at lower shock-wave energy level (E1, 0.01 mJ/mm2) with a 
low number of impulses (200 shots). Under this condition the number of bifurcations in HMEC-1 cells was significantly 
higher than in untreated cells (p<0.05). Original magnification: 40X.

Fig. 2. Detail of strict capillary connections and cellular organization in HMEC-1 culture treated with uSW (E1, 0.01 mJ/
mm2, 200 shots) (a). Capillary connections and bifurcations are not present in untreated cells (b). Original magnification: 
100X.
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chemo-attractant factors (22).  
Although the late neo-angiogenic response has 

been documented adequately, much less attention 
has been given to the very early changes induced 
by mechanical stimulus. Our study was established 
to investigate the early effects of unfocused shock 
waves on HMEC-1 cultured in a three-dimensional 
Matrigel model, where cells were stimulated using a 
source of low energy unfocused shock waves (soft–
focussed) with a pulsation frequency of 3 Hz per 
second. The experimental Matrigel model, as with 
any in vitro model, is obviously not a perfect replica 
of the biological tissues. However, by reproducing 
the architecture of a mechano-sensitive structure 
such as the capillary network, it is possible to provide 
a valid model for analyzing the behaviour of ECs 
when submitted to an acoustic signal characterized 

In clinical practice, several vascular pathologies 
are characterized by an intrinsic EC dysfunction 
and a diminished production of growth factors (GF) 
(20). Hence, new therapeutic options attempt to 
correct this sort of “biologic imbalance” by inducing 
neovascularisation, a process which can be achieved 
by supplementing the VEGF either via gene therapy 
or transplanting endothelial progenitor cells (20, 21).  

On the other hand, SW stimulation represents an 
alternative, and innovative, therapeutic approach in 
those conditions where a strong angiogenic impulse 
is required – for example in severe skin wounds (4) or 
in myocardial ischemic lesions (6). Moreover, recent 
experimental studies suggest that the treatment of 
ischemic tissue with low energy SWs improves the 
recruitment of circulating endothelial progenitor 
cells (EPCs) due to enhanced expression of specific 

Fig. 3. Count of capillary connections (bifurcations) in HMEC-1 seeded at different cell concentrations, 12 h after low 
energy uSW treatment (E1, 0.01 mJ/mm2) with different number of shots (200 shots, light grey bars; 800 shots, dark grey 
bars). Untreated HMEC-1 are shown as negative control (white bars). Data are expressed as mean ± SD. Under E1 
condition the behaviour of EC was related to the number of shots applied; indeed at all densities, cells receiving 200 shots 
showed a significant increase in the number of bifurcations in comparison to untreated cells (7.4±1.5 vs 2.0±0.4 at 2500 
cells/well; 19.1±5 vs 10.6±2.1 at 5000 cells/well; 39.0±1.8 vs 10000 cells/well; all p<0.05). On the other hand, E1 uSW 
treatment with 800 shots was able to induce a significant increase in the number of bifurcations just in HMEC-1 cells 
plated at high density (10000 cells/well) in comparison to untreated cells (37.20±4,0 vs  22.0±4.4 at, p<0.05). 
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model, analogous morphological results have been 
reported in an in vivo study by Zimpfer et al. (23). 
They described an increased microvascular density 
assessed by quantitative histology at 6 and 14 weeks, 
following a single uSW epicardial stimulation in 
myocardial infarction in a rat model. Stojadinovic et 
al. (24) reported an enhanced vascularisation after 
4 and 7 days from treatment in a murine model of 
ischemic skin, and an up-regulation of pro-angiogenic 
genes after 6 hours. Additionally, Keji et al. (25) 
reported an increased capillary density in ischemic 
skeletal muscle 28 days after SW stimulation. 

As described above, the pro-angiogenic effects 
of SW are most likely mediated by VEGF and NO. 
In our study, we did not observe either VEGF or 
eNOS modulation 3 hours after SW stimulation, 
whereas other authors demonstrated the production 
of VEGF and the increased expression of the specific 
angiogenesis pathway after 6 hours (24, 26). Instead, 
we observed a significant down-regulation of genes 

by regular impulse and larger focal extension. The 
employed multiwaves device generates shock 
waves in which the larger energy distribution area 
corresponds to a lower depth of penetration, due to 
the geometric properties of the paraboloid reflector,  
which  causes the transmission of the acoustic wave 
front in a large area, nearly parallel (4) and almost 
laminar.

HMEC–1 are different from the lining EC of large 
vessels, and are thought to be involved in angiogenesis 
and in wound healing. We demonstrated that unfocused 
shock waves induced a quick morphological response 
(12 hours), characterized by a significant increase 
of vessel-like structures formation. The difference 
between treated and not-treated cells was statistically 
significant at lower shock-wave energy levels (E1, 0.01 
mJ/mm2 EDF) with a limited number of shots (200), 
thus demonstrating that the number of shots and cell 
concentration seem to affect the cell response to uSW.

Although derived from a different experimental 

Fig. 4. Gene expression analysis of HMEC-1 treated at lower energy level (E1, 0.01 mJ/mm2) with 200 shots after 3 h from 
treatment (a) and of untreated HMEC-1 (b). Downregulated genes are circled (from the top WNT1, CDKN2C, ICAM-1 
(double circled), TANK, CEBPB and BAX).
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who remarked that mechanical stimulus induced by 
shear stress could improve the differentiation EPCs 
in ECs, regulating the expression of several genes 
involved in apoptosis and inducing EPCs to form 
capillary-like networks in 3D cultures.

A possible limitation of this study could be the 
presence of air between the cylindric holes of the 
well plates which could have partially affected the 
wave propagation. Another limitation lies in the 
fact that the central cell-seeded well received the 
maximum energy whilst the four peripheral ones 
received a slightly lower energy. What we observed 
is a sort of ‘average’ effect of the shock waves.  
However, this replicates the action of shock waves 

involved in the apoptotic process (BAX, anti-
apoptotic BCL2LI, GADD45A, PRKCA), in cell 
cycle (CDKN2C, CEBPB, HK2, IRF1, PRKCA), in 
cell adhesion (ICAM-1), and in proteolytic systems 
(CTSD, KLK2, MMP10), even if some genes 
(like PRKCA, IRF-1and the proteolytic genes) are 
involved in many other processes and so their specific 
role in endothelial cells cannot be determined by 
gene-expression analysis alone. However, this SW-
induced modulation, which is more significant for 
the antiapoptotic genes, could represent the “early 
reactive response” of HMEC-1 to the physical 
impulse induced by the uSW. These observations 
compare favorably with Kim and Von Recum (27) 
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Table I. Experimental setting: each condition was tested in a well of 24-multiwell (n=5).  
 

 5000 cells/well 10000 cells/well 

E1 200 shots E1 200 shots E1 200 shots 
E1 800 shots E1 800 shots E1 800 shots 
E2 200 shots E2 200 shots E2 200 shots 
E2 800 shots E2 800 shots E2 800 shots 

E1 = 0.01 mJ/mm2; E2 = 0.02 mJ/mm2

Table II. Most relevant gene expression down-regulation (fold change) induced by uSW treatment 
(energy level E1 and 200 shots) and revealed 3 hours after treatment by gene array. 

Gene Symbol Gene Bank Function Fold change p-value 

BAX NM_004324 Apoptosis 
regulation -8.0 0.042 

CDKN2C NM_0078626 Cell cycle 
regulation -10.0 0.030 

CEBPB NM_0078626 Transcription 
regulation -8.0 0.046 

ICAM-1 NM_000201 Adhesion 
molecule -10.0 0.009 

WNT1 NM_005430 Signal
transduction -8.0 0.034 

TANK NM_004180 Signal
transduction -7.0 0.008 

The gene expression was normalized on the expression of glyceraldehyde-phosphate dehydrogenase 
(GAPDH).

Table I. Experimental setting: each condition was tested in a well of 24-multiwell (n=5). 

E1 = 0.01 mJ/mm2; E2 = 0.02 mJ/mm2
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ameliorates myocardial ischemia in patients with 
severe coronary artery disease. Coron. Artery Dis 
2006; 17:63-70.

7.	 	 Mariotto S, Cavalieri E, Amelio E, Ciampa AR, 
De Prati AC, Marlinghaus E, Russo S, Suzuki H. 
Extracorporeal Shock Waves: from lithotripsy to 
anti-inflammatory action by NO production. Nitric 
Oxide 2005; 12:89-96.

8.	 	 Cooke JP, Losordo DW. Nitric oxide and 
angiogenesis. Circulation 2002; 105:2133-5.

9.	 	 Speed CA. Extracorporeal shock wave therapy in 
management of chronic soft-tissue conditions. J 
Bone Joint Surg Br 2004; 86B:165-71.

10.		 Tarbell JM, Weinbaum S, Kamm RD. Cellular fluid 
mechanics and mechanotransduction.  Ann Biomed 
Eng 2005; 12:1719-23.

11.		 Kubota Y, Kleinman HK, Martin GR, Lawley TJ. 
Role of laminin and basement membrane in the 
morphological differentiation of human endothelial 
cells into capillary-like structures.  J Cell Biol 1988; 
107:1589-98.

12.		 Steinbach P, Hofstaedter F, Nicolai H, Roessler W, 
Wieland W. Determination of the energy-dependent 
extent of vascular damage caused by high-energy 
shock waves in an umbilical cord model. Urol Res 
1993; 21:279-82.

13.		 Fleming I, Busse R. Signal transduction of eNOS 
activation. Cardiovasc Res 1999; 43:532-41.

14.		 Ziegler T, Silacci P, Harrison VJ, Hayoz D. Nitric 
oxide synthase expression in endothelial cells 
exposed to mechanical forces. Hypertension 1998; 
32:351-5.

15.		 Barakat AI, Lieu DK, Gojova A. Secrets of the code: 
do vascular endothelial cells use ion channels to 
decipher complex flow signals? Biomaterials 2006; 
27:671-8.

16.		 Corson MA, James NL, Latta SE, Nerem RM, Berck 
BC, Harrison DG. Phosforylation of Endothelial 
Nitric Oxide Syntetase in response to fluid shear 
stress. Circ Res 1996; 79:984-91.

17.		 Davies PF, Barbee KA, Volin MV, et al. Spatial 
relationships in early signals events of flow mediated 
endothelial mechanotransduction. Annu Rev Physiol 
1997; 59:527-49.

18.		 Baum O, Da Silva-Azevedo L, Willerding G, Wockel 
A, Planitzer G, Gossrau R, Pries AR, Zakrzewicz A. 

in vivo, where the areas nearer the focal point receive 
a higher energy dose than those surrounding them.

In conclusion, our results seem to confirm that 
some aspects of the early gene response of ECs to 
uSW stimulation are comparable to those of the 
laminar shear stress flow, mainly characterized by 
an anti-apoptotic effect. We observed that, under 
specific experimental conditions, uSW were able to 
induce neovascularisation after 12 hours from a single 
stimulation. After 3 hours, the EC did not show specific 
pro-angiogenic activity, but just preparatory signals, 
such as the downregulation of the genes involved in 
cell cycle and cell adhesion, probably correlated to an 
upcoming detachment of endothelial junctions. 

Further experimental studies are necessary to 
validate these hypotheses and to investigate whether 
the biological response of EC to SW stimulation 
involves the same intercellular pathways and 
regulatory mechanisms that characterise other 
types of biophysical stimuli. At the same time, new 
research into the gene expression could shed light 
on the triggering of the angiogenic process when 
acoustic stimulation is applied. 
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Osteoarthritis (OA) is a debilitating joint disease, 
affecting 60-70% of people over the age of 70 
years, in which the surface of articular cartilage 
degrades and is unable to repair itself through natural 
processes. It causes considerable pain and loss of 
mobility, thus reducing the quality of life of millions 
of elderly people and resulting in substantial direct 

and indirect socioeconomic costs. Treatment of 
OA is often difficult and unsatisfactory and only a 
few methods are available. These include surgical 
treatment, consisting in the replacement of affected 
joints (although this has limited indications and is 
sometimes not sufficient); non-surgical treatment, 
which mostly involves medication with NSAIDs 
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in vitro, the imbalance between chondroformation 
and chondroresorption processes observed in OA 
cartilage in vivo. During the pathology this delicate 
equilibrium is progressively altered, leading to 
excessive tissue degradation and, finally, tissue 
disruption

The selection of articular osteoarthritis 
chondrocytes as the model for our study was based on 
previous research into the autologous transplantation 
of in vitro cultivated chondrocytes, which is used in 
the treatment of articular lesions (16, 17). 

The research protocol was approved by our local 
ethics committee, and each femoral head donor 
provided informed written consent.

MATERIALS AND METHODS

Reagents
Dulbecco’s modified Eagle’s medium (DMEM), 

fetal bovine serum (FBS), L-glutamine, penicillin, 
streptomycin, amphotericin B, hyaluronidase, Pronase 
E from Streptomyces griseus, collagenase type II, 
trypsin/EDTA, urea, CHAPS, Tris-HCl, dithioerythritol, 
2’,7’-dichlorofluorescein diacetate (DCFH-DA), 
propidium iodide (PI), rhodamine 123 (Rhod123) and 
o-phthaldialdehyde (OPT) were all obtained from Sigma-
Aldrich. (St. Louis, MO, USA). A cell strainer was 
purchased from BD Biosciences (Franklin Lakes, NJ, 
USA) and flasks from Costar (Cambridge, MA, USA). 
The AlamarBlue® Assay was obtained from Invitrogen, 
(Carlsbad, CA, USA) and ERK1/2 antibodies and goat 
polyclonal to rabbit IgG were acquired from Abcam 
(Cambridge Science Park, Cambridge, UK).

Cell culture
Human chondrocytes were obtained from twenty 

adult patients (12 males and 8 females, aged 56-78 years) 
suffering from severe osteoarthritis and undergoing 
femoral head replacement.

Articular cartilage slices isolated from the femoral 
condyles were dissected under aseptic conditions. The 
separation of chondrocytes was started not later than 24 
hours after procurement. 

Visually intact cartilage was sampled from the femoral 
condyles, diced into small fragments and digested in 
a spinner bottle. All enzymatic solutions were made 
in DMEM with antibiotics and antimycotics (2 mM 
L-glutamine, penicillin (100 U/mL), streptomycin (100 
μg/mL) and 0.25 µg/ml amphotericin B) and 10% FBS. 

The articular cartilage was treated with 0.25% sheep 
testes hyaluronidase in DMEM for 90 min at 37°C. 

(non-steroidal anti-inflammatory drugs); or adjuvant 
therapies, such as physical therapy. Autologus 
chondrocyte transplantation is often used in the 
treatment of joint lesions to avoid a secondary OA. 

The hypothesis of stimulating bone and cartilage 
regeneration through the application of specific 
electric and magnetic fields that affect growth and 
repair mechanisms has recently been proposed and 
investigated by many authors (1-3). The effects of 
electromagnetic fields (MF) on human cells seem 
to depend on their respective codes (frequency, 
intensity, waveform), as described in numerous in 
vitro and in vivo studies (4-8). For example, many 
papers have reported that bone and cartilage can 
be stimulated by MF to increase the synthesis of 
extracellular matrix molecules (9, 10). It has also 
been shown that the extracellular matrix of the 
hyaline cartilage is piezoelectric, meaning that it is 
capable of converting electromagnetic oscillations 
to mechanical vibrations and vice versa (11). The 
analgesic-therapeutic efficacy and tolerability of 
an extremely low frequency (ELF) electromagnetic 
field, modulated at a frequency of 100 Hz with a 
sinusoidal waveform and a mean induction of a few 
gauss, has been demonstrated in various hyperalgic 
pathologies - especially those of the locomotor 
apparatus, such as osteoporosis (12, 13), rheumatoid 
arthritis (12) and osteoarthritis (14, 15).

In order to verify the usefulness of applying as 
broad a magnetic field as possible, we introduce, 
in contrast with the traditional ELF-MF, the new 
TAMMEF system (Therapeutic Application of 
Musically Modulated Electromagnetic Field), 
whose parameters (frequency, intensity, waveform) 
are modified in time and vary randomly within the 
respective ranges, so that all the possible codes 
can occur during a single application (usually 30 
minutes). 

The aim of our study is to analyze the in vitro effects 
of MF on human chondrocytes from OA patients, 
comparing the ELF and the TAMMEF systems 
and focusing our attention on cell proliferation, the 
induction of apoptosis and oxidative stress. The 
treatment was performed in the absence or presence 
of factors known to interfere with OA chondrocyte 
metabolism, such as inflammatory cytokine 
interleukin-1ß (IL-1ß) or the stimulatory insulin-
like growth factor 1 (IGF-1). This model mimics, 
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The treatments consisted of 30 min exposure to MF, 
once per day for 15 days, for the cells that were cultured 
in standard conditions, that is without the addition of 
factors to the medium. Cell proliferation and cytotoxicity 
under these conditions were evaluated. ROS production, 
glutathione (GSH) content and transmembrane potential 
(Dym), on the other hand, were assayed both under 
standard conditions and under stimulation with IL-1ß 
or IGF-1. In the latter case the stimulated cells were 
immediately treated with magnetic fields (groups B and 
C) or incubated far from the MF (group A) for 12 h.

Cell survival and proliferation 
Cell survival and proliferation were monitored during 

treatment with MF (at 3, 7 and 15 days of exposure), using 
the alamarBlue® Assay (Invitrogen S.R.L, DAL1025, 
MI, Italy). Cells were seeded in micro-well plates (2x104 
cells/0.33 cm2); the culture medium was removed and 
replaced with 10% (v/v) alamarBlue® in DMEM without 
FBS and incubated for 4 h at 37°C in 5% CO2 atmosphere. 
The system incorporates the fluorometric/colorimetric 
redox indicator, which changes from the oxidized form 
(non-fluorescent, blue) to the reduced form (fluorescent, 
red) in response to chemical reduction of the growth 
medium due to cell growth; continuous growth maintains 
a reduced environment while the inhibition of growth 
maintains an oxidized environment.

OD was read using a Multiskan EX microplate 
spectrofluorometer 200-240 V (Thermo Fisher Scientific, 
81 Waltham MA 02454 USA) at excitation 530 nm and 
emission 590 nm. The change of colour from the initial 
blue to the final red was directly proportional to the 
reduced amount of the reagent and provided an estimation 
of the number of viable cells submitted to the test. 

Growth curves were constructed by counting cells 
after exposure to MF, for 10 minutes each day, at 3, 7, 
and 15 days, and plotting OD versus time. The controls 
were sham-exposed and treated in exactly the same way 
as exposed cells, except magnetic fields were not applied 
to the control flasks. Each experiment was repeated three 
times (total of four) with similar results. The variation 
within each experiment was <5% in most cases, while the 
variation between experiments was usually no more than 
10%.

Western blotting
To assess the expression of ERK1/2 following MF 

exposure, 10 μg of proteins from groups A, B and C 
were boiled for 5 min and submitted to 12% SDS-PAGE 
according to Laemmli (19). The bands were transferred 
from the gel to a nitrocellulose membrane (0.45 μ), 100V 
was applied for 1 h at 4°C and then they were stained 
with Ponceau-S. The membrane was blocked with 0.3% 

The hyaluronidase solution was then replaced by 0.25% 
Pronase E from Streptomyces griseus in DMEM for 60 
min at 37°C. The cartilage was subsequently washed 
twice with DMEM containing 10% FBS and digested 
with collagenase type II (1 mg/mL) in DMEM at 37°C 
for 1-2 h. The cell suspension was filtered on a 70 µm cell 
strainer, rinsed in the medium and centrifuged at 100 x g 
for 10 min. The viability and number of isolated cells were 
estimated by vital staining using trypan blue. Usually, 
1x106 chondrocytes can be obtained from the femoral 
condyles of one individual. The chondrocytes were then 
cultured in DMEM supplemented with 100 U penicillin, 
100 µg/mL streptomycin, 2 mM glutamine, and 10% FBS 
in 75 cm2 flasks, and incubated at 37°C in an atmosphere 
of 5% CO2, 95% air, until confluence (2-3 weeks); the FBS 
was then reduced to 5% (standard conditions). 

When confluence was reached, the chondrocytes were 
isolated from the culture flasks by adding 0.1% trypsin/
EDTA, then centrifuged and put into fresh flasks at a 
density of 2x106 cells. The DMEM medium was changed 
every 2-3 days. 

During cell stimulation, consisting in the addition to the 
culture medium of IL-1ß or IGF-1 to a final concentration 
of 5 ng/ml, FBS was further reduced to 2%.

Magnetic fields
We used two different kinds of MFs: 1) ELF MF 

(Extremely Low Frequency Magnetic Fields) modulated 
at a frequency of 100 Hz with a sinusoidal waveform and 
a mean induction of a few gauss; 2) the new TAMMEF 
system (Therapeutic Application of Musically Modulated 
Electromagnetic Fields), whose parameters (frequency, 
intensity and waveform) vary in time because they are 
generated by a piece of music (Rachmaninov’s Piano 
Concerto number 2 in C minor, Op.18 for piano and 
orchestra) (14). Further details have been described 
previously (18). To conduct the experiments, the flasks 
containing the biological samples (about 70× 106 cells) 
were positioned between the magnetic poles in order to be 
directly within the generated EMF. The resulting functional 
modifications in the cellular microenvironment depended 
not only on the particular microenvironment or the MF, 
but also on changes in the field due to the responses of the 
cells themselves (18).

Cell treatment 
Cells from all the patients were pooled and randomly 

divided into three groups: group A, termed Sham 
Exposed (SE), served as the reference control. During the 
treatments, these cells were removed from the incubator 
and maintained far from the MF, so they could not be 
influenced by the magnetic fields; group B was exposed to 
ELFs; group C was exposed to TAMMEFs.
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non-fat powdered milk in 1x PBS containing 0.1% Tween 
20, washed twice for 10 min with the same solution and 
incubated overnight at 37°C with antibodies against 
ERK1/2 (1:2000) (Abcam, Cambridge Science Park, 
Cambridge, UK).

The membrane was then washed in 1x PBS containing 
0.1% (v/v) Tween 20. The bound primary antibodies were 
detected using goat polyclonal to rabbit IgG peroxidase-
conjugate (1:3000) (Abcam, Cambridge Science Park, 
Cambridge, UK) and visualized using a ChemidocTM 

XRS 170-870 molecular imager (Bio-Rad, Hercules, 
CA, USA) with Quantity One software (© 2006, Bio-
Rad Laboratories, Inc). Western blots were quantified by 
densitometry using TotalLab 1.0 (Nonlinear dynamics, 
Newcastle upon Tyne, UK).

 Flow Cytometric Analysis
Cell cycle

DNA content was analysed using PI, as previously 
described (20). The percentages of cells in the G1, S and 
G2 phases were determined using the MODFIT program 
(Verity Software, Topsham, ME, USA). At least 20,000 
events were collected for each sample using Cell Quest 
software(© Becton Dickinson and Company, 1997); 
debris was excluded from the analysis by an appropriate 
morphological gate of forward scatter versus side scatter.

The cell cycle was evaluated in chondrocytes cultured 
in standard conditions, that is without the addition of 
external factors (IGF-1 or IL-1ß). This analysis was 
performed at the 4th, 7th and 15th day of treatment. 

ROS production
ROS production was measured by the conversion 

of nonfluorescent 2’,7’-dichlorofluorescein diacetate 
(DCFH-DA) to fluorescent 2’,7’-dichlorofluorescein 
(DCF), corresponding to the amount of H2O2 generated 
by increased oxidative metabolism; so cytofluorimetric 
measurement of the DCF produced can provide an index 
of intracellular oxidation (20). Therefore, to monitor ROS 
production over time, we incubated the cells with DCFH-
DA (10 μM final concentration) for 30 min. To measure 
the intensity of the DCF fluorescence, the cells were 
kept in ice until analysis using a fluorescence-activated 
cell sorting (FACS) Calibur flow cytometer (Becton 
Dickinson, Mountain View, CA, USA) equipped with an 
excitation laser line at 488 nm and CellQuest software 
(Becton Dickinson). The DCF (green fluorescence) was 
collected in a log scale through a 530±20 band pass 
filter. Monoparametric histograms of the fluorescence 
distribution were plotted to estimate ROS production. 
ROS generation, GSH depletion and mitochondrial 
changes (Dym) were monitored over time to demonstrate 
the presence or absence of oxidative stress in the cultures, 

resulting from the treatment with MF. Since mitochondrial 
functionality is a crucial factor in cytotoxic processes, we 
evaluated the Dym value using rhodamine 123, a cationic 
lipophilic vital marker specific for mitochondria, which is 
incorporated in mitochondria in a manner dependent on 
Dym.

We performed three series of experiments. In the first 
series, the cells were cultured in standard conditions, 
treated for 15 days (30 min/die) with ELF or TAMMEF 
fields and assayed after 4, 7 and 15 days from the 
beginning of treatment. In the second series, the cells 
were cultured in the presence of the insulin-like growth 
factor IGF-1, which favours chondroformation and in 
the third series the cells were cultured in the presence of 
IL-1ß, which is abundant in OA and a potent stimulator 
of chondroresorption. In both second and third series the 
cells were treated for 12 h with ELF or TAMMEF fields 
and immediately assayed. 

Glutathione content assay
GSH content was evaluated using o-phthaldialdehyde 

(OPT) (Sigma-Aldrich, Milan, Italy), as described by 
Treumer (21). Briefly, the OPT method is based on 
reaction with both glutathione amino- and sulfhydryl 
groups, which yields a cyclic highly fluorescent product. 
The OPT-GSH fluorescent product appears in the green 
fluorescence channel. For staining, 1 106 cells were 
resuspended in 500 μl HEPES N-[2-hydroxyethyl]
piperazine-N’-[2-ethanesulfonic acid]-buffered saline 
pH 7.4 and 1 mM OPT in dimethylformamide was 
added. After 5 min of incubation at room temperature, 
the suspension was immediately washed and the cells 
analysed using a FACSCalibur flow cytometer as above. 
The OPT-GSH (green fluorescence) was collected in a log 
scale through a 530±20 band pass filter. Monoparametric 
histograms of the fluorescence distribution were plotted to 
estimate GSH content.

Mitochondrial transmembrane potential  
Dym was assessed by flow cytometry uptake of the 

cationic lipophilic dye Rhod 123 and PI using a commercial 
product (Sigma-Aldrich, Milan, Italy) according to the 
method described previously (20). Briefly, at different 
times of incubation, approximately 5 105 cells for each 
sample were treated with Rhod 123 and incubated for 
30 min at 37°C in the dark. The cells were then washed 
twice in phosphate-buffered saline (PBS) and the pellet 
was resuspended in 200 μl of binding buffer plus 10 μl 
of the PI stock solution (10 μg/ml final concentration). 
The cells, kept in ice, were analysed using a FACSCalibur 
flow cytometer. The Rhod123 (green fluorescence) and 
the PI (red fluorescence) were both collected in a log 
scale, through a 530±20 and a 575±152.8.nm band pass 
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ERK1/2 expression, with respect to SE, of 76.7% 
after ELF and of 61.1% after TAMMEF treatment. 
Therefore ELF treatment produces an increase in 
expression of 40.4% with respect to TAMMEF 
treatment.

Cell cycle
In Fig. 3 the time course is reported of the DNA 

content during exposure to ELF or TAMMEF. It can 
be observed that after 4 days the number of cells in 
the G0/G1 phase decreased in both treatments, while 
cells in the G2/M phase increased, demonstrating 
that both MF treatments induced more divisions. 
The same occurred after 7 days of treatment, while 
after 15 days the G0/G1 peak increased, meaning 

filter, respectively.

RESULTS

Growth curves
The cells submitted to treatment with 

electromagnetic fields were visibly more vital and 
proliferative than the untreated cells. The difference 
was statistically significant after 7 days of ELF 
treatment (+20% with respect to SE). Fig. 1, A and B 
report the growth curves.

Western blot
The results of the Western blot analysis (Fig. 2) 

supported previous findings, showing an increase in 

Fig. 1. Chondrocyte vitality after 3, 5, 7 days of treatment with magnetic fields (ELF and TAMMEF). A) The values are 
calculated as mean of O.D. and are reported as %± SD respect to the control (S.E.).*P<0.05. B) Growth curves resulting 
from mean of O.D. at 530 nm excitation and 590 nm emission.

Fig. 2. Differential expression of ERK1/2 proteins, evaluated by Western blot analysis in osteoarthritic chondrocytes, 
treated with ELF and TAMMEF fields.
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that most of the cells had completed their mitosis. 
An important result is that no hypodiploid peak 
was detectable after ELF or TAMMEF treatment, 
meaning that no apoptosis or stress was induced by 
the exposure.

In standard conditions, ROS production  
increased slightly at the beginning of the treatment, 
then returned to levels comparable to the controls; 
likewise, the production of reduced GSH increased 
in the early stages of treatment to deal with the 
production of ROS, and decreased during treatment 
until it stabilized at the lower baseline. In the case 
of mitochondrial transmembrane potential, there 
was no significant difference between controls and 
treated cells at any stage of the treatment.

The figures related to these experiments are not 

reported because of their non-statistical relevance. 
In the cells cultured under stimulation, on the other 
hand, the cytofluorimetric analysis highlighted 
significant differences.

Regarding the production of ROS, we can see 
from the histograms in Fig. 4 that the level decreased 
slightly in the presence of growth factor IGF-
1, although there were no significant differences 
between the control and treated cells. In the case 
of administration of IL-1β (Fig. 4), on the other 
hand, there was a significant decrease of about 50% 
following TAMMEF treatment, while no significant 
decreasing was observed after ELF treatment.

The production of intracellular GSH increased 
significantly after MF, both in the case of stimulation 
with IGF-1 and with IL-1β (Fig. 5). In particular, the 

Fig. 3. Flow cytometric analysis reporting the distribution of the cells during the cell cycle, analyzed after 4, 7 and 15 
days of exposure to ELF and TAMMEF MFs. The logarithm of fluorescence intensity in the FL1-H channel (X axis) is an 
indicator of DNA content; the number of cells is indicated on the Y-axis.
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of treatment in comparison to the controls. However, 
after two weeks the growth rate in the cultures 
treated with ELF and TAMMEF was similar to that 
of the untreated cultures, excluding tumoural cell 
evolution caused by uncontrolled proliferation.

Differences in the growth rate between treated 
and untreated cultures can be interpreted as a possible 
influence that magnetic fields may have on the state 
of cells’ electric charge, in terms of the ability of 
chondrocytes to restore the correct intracellular 
energetic equilibrium (24).

As mentioned above, our study demonstrates 
that magnetic fields do not affect cell viability and 
proliferation even after long-term exposure, which 
could therefore hypothetically be applied in in vivo 
studies. The molecular mechanisms through which 
low frequency electromagnetic fields could interfere 
with chondrocyte proliferation and differentiation 
have been partially clarified. Fabbri et al. (25) 
reported that this effect appears to be mediated by 
the rapid phosphorylation and activation of ERK1/2 
(extracellular signal-regulated kinases) through a 
Ras-independent pathway.

Furthermore, other investigators have 
demonstrated that exposure to ELF stimulates ROS 

increase was highly significant (p<0.01) in the cells 
stimulated with IGF-1, in line with the decrease of 
ROS (Fig. 4), especially after TAMMEF: this explains 
an increase in antioxidant power, represented by 
the increase in GSH, to counteract reactive oxygen 
species.

Fig. 6 shows that both stimulations in both 
treatments induced a decrease in fluorescence, 
resulting in hyperpolarization of the mitochondrial 
membrane. This leads to closure of megapores and 
failure to release cytochrome c (proapoptotic factor) 
from mitochondria to the cytosol. In the control 
cells, however, the fluorescence was much higher, 
indicating that the membranes were depolarizing, 
with the consequent opening of megapores, allowing 
entry of the fluorescent probe and the release of 
proapoptotic substances.

DISCUSSION

Both ELF and TAMMEF treatments can provide 
benefits in terms of the growth and proliferation 
of human osteoarthritic chondrocytes (15, 22, 23). 
Cultures treated with ELF and TAMMEF systems 
received greater stimuli to proliferate in the first days 

Fig. 4. Fluorescence intensity recorded after ROS production by chondrocytes treated with IGF-1 (5 ng/ml) (left) and 
IL-1β (5 ng/ml) (right) and 12 hours of magnetic stimulation. The values are reported as %± SD respect to the control 
(S.E.).*P<0.05.
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production (26). In this study the effects of ELF 
and TAMMEF on ROS and GSH production was 
evaluated. In particular the use of a DCF probe, 

which is sensitive to variations in cell redox state, 
revealed a decrease in intracellular ROS, while 
the use of an OPT probe revealed an increase in 

Fig. 5. Fluorescence intensity recorded after GSH production by chondrocytes treated with IGF-1 (5 ng/ml) (left) and 
IL-1β (5 ng/ml) (right) and 12 hours of magnetic stimulation. The values are reported as %± SD respect to the control 
(S.E.).*P<0.05. **P<0.01.

Fig. 6. Transmembrane potential Fluorescence intensity recorded  by chondrocytes (marked with Rho123) treated with 
IGF-1 (5 ng/ml) (left) and IL-1β (5 ng/ml) (right) and 12 hours of magnetic stimulation. The values are reported as %± 
SD in respect to the control (S.E.).*P<0.05. **P<0.01.
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pathways in the treatments of OA.
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Guanosine has long been known as an endogenous purine nucleoside deeply involved in the modulation 
of several intracellular processes, especially G-protein activity. More recently, it has been reported to 
act as an extracellular signaling molecule released from neurons and, more markedly, from astrocytes 
either in basal conditions or after different kinds of stimulation including hypoxia. Moreover, in vivo 
studies have shown that guanosine plays an important role as both a neuroprotective and neurotrophic 
agent in the central nervous system. Specific high-affinity binding sites for this nucleoside have been 
found on membrane preparations from rat brain. The present study was undertaken to investigate 
the distribution and metabolic profiles of guanosine after administering the nucleoside to gain a better 
understanding of the biological effects of this potential drug candidate. Rats were given an intraperitonal 
(i.p.) injection of 2, 4, 8 or 16 mg/kg of guanosine combined with 0.05% of [3H]guanosine. Plasma samples 
were collected 7.5, 15, 30, 60 and 90 min after the guanosine-mixture administration and analyzed by 
either a liquid scintillation counter or by HPLC connected to a UV and to an on-line radiochemical 
detector to measure the levels of guanosine and its metabolic products guanine, xanthine and uric acid. 
The levels of guanosine, guanine and xanthine were also measured in brain, lung, heart, kidney and liver 
tissue homogenates at the defined time points after the injection of 8 mg/kg of the guanosine-mixture. We 
found that the levels of radioactivity in plasma increased linearly in a dose- and time-dependent manner. 
Guanosine was widely distributed in all tissues examined in the present study, at almost twice its usual 
levels. In addition, guanine levels dramatically increased in all the organs. Interestingly, enzymatic 
analysis of the plasma samples showed the presence of a soluble purine nucleoside phosphorylase, a 
key enzyme in the purine salvage pathway and nucleoside catabolism. Since guanosine has been shown 
to be neuroprotective and astrocytes have been reported to play critical roles in mediating neuronal 
survival and functions in different neurodegenerative disorders, we also performed uptake and release 
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of quinolinic acid (QA)-induced seizures (10); d) 
modulation of the EEG changes occurring following 
QA infusion (11). Moreover GUO: a) produced 
antinociceptive effects in the hot plate, glutamate, 
capsaicin, formalin and acetic acid models (12); 
b) reduced thermal hyperalgesia and prevented 
locomotor deficits and body weight loss in a rat model 
of  peripheral mononeuropathy (13); c) protected 
mice against leucopenia and thrombocytopenia 
and decreased the frequency of micronucleated 
polychromatic erythrocytes induced by X-ray 
irradiation (14), and its levels have been shown to 
increase after nucleoside p.o. or i.p. administration 
in either the cerebral spinal fluid (15, 16) or in the 
spinal tissue (17) in rats.

GUO levels, and consequently their biological 
effects, can also be influenced by the activity of 
purine nucleoside phosphorylase (PNP), the enzyme 
that reversibly catalyzes the phosphorolysis of 
inosine, GUO (Fig. 1) to hypoxanthine and guanine 
(GUA) (18). 

In the present study, we report the distribution of 
GUO and of its metabolites -namely GUA, xanthine 
(XAN) and uric acid- after i.p. injection of this 
nucleoside in rats.

The extracellular concentration of GUO, GUA 
and their metabolic products, similar to their adenine-
based counterparts, can be also partially attributed 
to the activity of cell membrane nucleoside/
nucleobase transporters, namely the concentrative 
nucleoside transporters (CNTs), which are active 
transport systems, and the equilibrative nucleoside/
nucleobase transporters (ENTs) which are involved 
in the bidirectional passive transport (19, 20). 
Their uptake/release activity, beyond their role in 
retrieval of nucleosides for nucleotide biosynthesis, 
is also a recognized and crucial cell strategy for the 
modulation of the extracellular signaling effects 
mediated by both adenine and guanine-based 

Extracellular adenine-based purines, mainly 
adenosine (ADO) and ATP have long been 
accepted as important molecules in intercellular 
communication. They are released from almost all 
cell types including neurons and glial cells (1, 2) and 
are able to mediate several diverse biological effects. 

Like ADO and ATP, extracellular guanine-
based purines (GBPs), mainly GTP, GMP and their 
metabolic nucleoside product guanosine (GUO) have 
been shown to act as signaling molecules. Indeed 
GTP, like ATP, has been reported to be taken up and 
stored in synaptic vesicles (3), thus suggesting a GBP 
vescicular co-release with other neurotransmitters. 
Moreover, astrocytes, one of the most numerous type 
of cells in the central nervous system (CNS), have 
been shown to release GBPs and it is interesting to 
note that, under the hypoxic/hypoglycemic insult, 
these cells released GBPs to a greater extent than 
their adenine-based counterparts (4).

In the CNS, GMP and GUO have been reported 
to have a similar neuroprotective profile (5, 6). 
GUO has been shown to control glutamate release 
from astrocytes and to enhance glutamate uptake in 
these cells (3). Interestingly, even though GTP and 
GMP are able to mimic these effects, the increase of 
glutamate uptake was not enhanced in an additive 
manner by the combination of GMP, GTP and GUO 
nor was it modified by astrocyte treatment with 
GMP-PNP, the poorly hydrolysable analogue of 
GTP, raising the possibility that GUO was the active 
compound (7).

GUO has been shown to exert a number of 
neuroprotective effects also in in vivo experimental 
models. The oral (p.o.) or intraperitoneal (i.p.) 
administration of this nucleoside has been reported 
to induce: a) enhanced locomotor recovery of rats 
submitted to moderate spinal crush (8); b) reduced 
neuronal death and amelioration of symptoms in a 
rat model of Parkinson’s Disease (9); c) prevention 

experiments using primary cultures of rat brain astrocytes. Astrocytes actively and specifically take up 
both guanosine and guanine and release the respective nucleotides which, in turn, undergo breakdown 
extracellularly. The high levels of guanine found in the culture medium following astrocyte preloading 
with guanosine indicates that guanine should also be considered as a potential signaling molecule able 
to mediate, at least in part, the biological effects that, until now, have been ascribed to guanosine. These 
findings indicate that newly synthesized guanosine/guanine-based analogues could represent a novel 
therapeutic approach to neurodegenerative disorders and support the evidence that astrocytes could 
represent novel, promising therapeutic targets in brain diseases. 



53Journal of Biological Regulators & Homeostatic Agents

Determination of plasma concentration of guanosine and 
its derivatives

Blood (0.5 ml) was collected from the lateral tail vein 
into heparinized tubes in either control (set I) or treated 
rats (set II). Each treated animal of set II underwent 
sequential blood sampling at 7.5, 15, 30, 60 and 90 min 
after injection. Plasma was separated by centrifugation at 
1,700 g for 10 min at 4°C and divided into two aliquots. 
The liquid scintillation cocktail (Ultima Gold) was 
added to the first aliquot, and the total radioactivity was 
counted by liquid scintillation counter (Tri-Carb 2100TR, 
PerkinElmer, Monza, Italy). 

The second aliquot was used for HPLC analysis. 
HClO4 was added to plasma samples (final concentration 
of 0.4 M) to precipitate plasma proteins. The mixture was 
vortex-mixed and then centrifuged (10,000 g for 10 min 
at 4°C); the supernates containing the soluble molecules 
were neutralized with KOH solution, centrifuged (10,000 
g for 10 min at 4°C), filtered (0.2 µm filters, Millipore, 
Vimodrone, Italy), immediately frozen at –80°C and 
stored until HPLC analysis.

Determination of tissue concentration of guanosine and 
its metabolites

After the injection of the 8 mg/kg of GUO/[3H]
GUO mixture, rats (set III) were sacrificed at the times 
indicated and the brain, heart, lung, liver and kidney 
were immediately removed, washed with saline solution, 
blotted with filter paper and weighed. In addition, rats 
from the control group (set I) were also sacrificed and 
the same organs were removed for comparison purposes. 
Tissues (200 mg) were then minced and homogenized 
into 1 ml of ice cold 0.4 M HClO4 using an Ultra-Turrax 
homogenizer (Ika Labortechnik, Staufen, Germany), and 
centrifuged (10,000 g for 10 min at 4°C). Each supernate 
fraction was adjusted to pH 7 with KOH and centrifuged 
to remove KClO4. Samples were then filtered with 0.2 µm 
filters (Millipore, Vimodrone, Italy) immediately frozen 
at –80°C and stored until HPLC analysis.

HPLC analysis
GUO and its metabolites, GUA, XAN and uric acid 

were assayed by Agilent 1100 series HPLC (Agilent 
Technologies, Waldbronn, Germany). Separation was carried 
out as previously reported (4) with a reverse-phase analytical 
column (LiChroCART 125-4 LiChrospher 100 RP-18 5 µm, 
Merck, Darmstadt, Germany) and a flow rate of 1.5 ml/min. 
A 15-min linear gradient was applied from 100% buffer A 
(60 mM KH2PO4 and 5 mM tetrabutylammonium phosphate, 
pH 6) to 100% buffer B (30% methanol plus 70% buffer A). 
The amounts of the unlabeled compounds were measured 
with a diode array detector (DAD) (Agilent Technologies, 
Waldbronn, Germany) on the basis of the absorption at 254 

purines. 
Taking into account this further relevant regulatory 

mechanism, the interesting neuroprotective effects 
exerted by exogenous GUO and the potential beneficial 
role played by glial cells in several brain diseases, 
we also evaluated the uptake of GUO and GUA and 
the release of GBPs in primary cultures of rat brain 
astrocytes, the main neural cell type responsible for 
the maintenance of brain homeostasis (21).

MATERIALS AND METHODS

Chemicals
[3H]GUO (15 Ci/mmol) and [3H]GUA (15 Ci/mmol) 

were purchased from American Radiolabeled Chemicals, 
Inc. (St. Louis, MO, USA). The scintillation cocktail, 
Ultima Gold and Ultima FloM, were purchased from 
PerkinElmer Inc (Monza, Italy). Dulbecco’s modified 
Eagle’s medium, fetal calf serum, penicillin/streptomycin 
and trypsin were from Gibco-BRL (San Giuliano Milanese, 
Italy). Tetrabutylammonium phosphate was purchased 
from Waters SpA (Vimodrone, Italy). Unless indicated 
otherwise, all the other chemicals were purchased from 
Sigma-Aldrich (Milano, Italy) and were of the highest 
purity analytical grade. HPLC analysis was performed 
using HPLC grade solvents that were always filtered 
immediately prior to use.

Animals
Male Sprague-Dawley rats weighing 200-250 g 

(Charles River Laboratories, Milano, Italy) were used in 
this study. The animals were housed individually and kept 
on a 12 h light/dark cycle. Food and water were allowed 
ad libitum.

The rats were randomly divided into different groups 
(5 rats/group), and three sets of experiments were run: I) 
rats were treated with an i.p. injection of 1 ml of saline 
solution (control group) to evaluate the endogenous 
amount of GUO and its derivatives in plasma and tissues; 
II) rats were treated with an i.p. injection of 1 ml of 2, 4, 
8 or 16 mg/kg GUO combined with 0.05% of [3H]GUO 
(15 Ci/mmol) to evaluate the plasma concentration of 
GUO and its metabolites at 7.5, 15, 30, 60 and 90 min 
after i.p. injection (5 rats/dose); III) rats were treated with 
i.p. injection of 1 ml of 8 mg/kg of the GUO/[3H]GUO 
mixture and were then sacrificed to evaluate levels of 
GUO and its metabolites in the tissues at the same time 
periods reported above (5 rats/time point). 

Animal studies were conducted in accordance with the 
European Animal Care Guidelines, and the experimental 
procedures were approved by the Animal Research Ethics 
Board of the University of Chieti-Pescara.
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medium for the first 24 h and were then maintained in 
an identical medium without leucine methyl ester. The 
medium was replaced every 3 to 4 days. At the 7th and 
13th days in vitro, cells were shaken for 3 h at 80 rpm on a 
plate shaker to minimize attachment and thus microglial 
contamination of the cultures. Astrocytes were detached 
from the culture flasks by treatment (5–10 min at 37°C) 
with 0.025% trypsin/0.04% EDTA. Astrocytes were 
replated onto poly(D-lysine)-coated 35-mm dishes at a 
concentration of 5x105 cells/dish. The cells were used for 
experimental procedures 48 h after seeding.

[3H]guanosine and [3H]guanine incorporation into 
primary cultures of rat brain  astrocytes 

Astrocyte cultures were rinsed twice with a modified 
Krebs-HEPES buffer (KHB) containing 15 mM HEPES, 
pH 7.4, 120 mM NaCl, 4 mM KCl, 1.2 mM MgSO4, 1.2 
mM KH2PO4, 1 mM CaCl2, and 10 mM D-glucose and 
then pre-incubated with fresh modified KHB on a rocking 
platform in a humidified incubator at 37°C for 5 min. The 
incubation was initiated by adding different concentrations 
(ranging from 0.001 to 10 µM) of [3H]GUO or [3H]GUA 
(15 Ci/mmol each) to the cells. After designated time 
intervals, the incorporation of GBPs was terminated by 
two ice-cold washes with unlabeled medium to remove 
extracellular substrates. Finally, astrocytes were scraped, 
lysed and then briefly sonicated in ice. An aliquot (100 
μl) of lysates was taken for measurement of the total 
radioactivity using the liquid scintillation counter. Protein 
concentration was measured by the Bradford method with 
bovine serum albumin as the standard. Data were the 
mean ± S.E.M. of at least 3 experiments.

Determination of efflux of guanine-base purines from 
primary cultures of rat brain astrocytes

Astrocyte cultures were incubated for 15 min on a 
rocking platform in a humidified incubator at 37°C with 
modified KHB containing 100 nM [3H]GUO (15 Ci/
mmol). At the end of the period of incubation, cultures 
were quickly washed twice with ice-cold unlabeled 
medium. Cells then were maintained in unlabeled modified 
KHB for 15 min in an humidified incubator at 37°C. At 
the end of this time period, the medium was collected, 
centrifuged, filtered and analyzed by HPLC connected to 
the on-line radiochemical detector, using the conditions 
described in the “HPLC analysis” section. When used, the 
inhibitor of ecto-5’-nucleotidase, α-β methylenadenosine 
5’-diphosphate (AOPCP), was added to the unlabeled 
modified KHB to a final concentration of 100 µM until the 
end of the experiment. Finally, cells were scraped, lysed, 
and sonicated and an aliquot of lysates was taken for 
the measurement of protein concentration as previously 
described. The amount of GBPs was expressed as pmol/

nm (290 nm for uric acid); the compounds were identified 
by their migration times and UV spectrum, comparing them 
with the relative standards.

The labeled compounds were simultaneously assayed 
by an on-line radiochemical detector (FLO-ONE 500 
TR, Packard Instrument, Meriden, CT, USA). The liquid 
scintillation cocktail (Ultima-FloM) was pumped at 3 
ml/min and mixed continuously with the HPLC eluate. 
The mixture was passed through a 500 µl detector flow 
cell. After background radioactivity subtraction, radio-
chromatograms were integrated and the cpm under each 
peak were obtained. Radioactivity associated with each 
HPLC-identified substance was measured and reported as 
microgram equivalents of administered GUO per gram of 
tissue and/or ml of plasma.

Plasma purine nucleoside phosphorylase activity
Enzyme activity was determined by HPLC, measuring 

the conversion of inosine to hypoxanthine. The reaction 
mixture was composed of 50 mM HEPES pH 7.0 
containing 1 mM inosine and 10 mM phosphate used as 
substrate and co-substrate, respectively. The final reaction 
volume was 1 ml. The reaction was started by the addition 
of 100 μl of plasma, and the mixture was incubated by 
shaking at 37°C. After 15 min, the reaction was stopped by 
the addition of HClO4 (final concentration of 0.4 M), and 
the samples were centrifuged at 10,000 g for 5 min at 4°C. 
The supernate was neutralized with KOH and centrifuged 
again. Samples were then filtered with 0.2 µm filters 
(Millipore, Vimodrone, Italy) and analyzed by HPLC 
coupled with a UV-DAD detector using the conditions 
described in the previous section to calculate the amount 
of inosine and hypoxanthine. Samples, to which no 
substrate was added, were run and served as blanks. Data 
were the mean ± S.E.M. of at least 3 experiments. 

Cell culture
Primary cultures of astrocytes were prepared from 

neonatal rats 2 to 4 days after birth as described previously 
(22). Briefly, cerebral cortices were collected in a growth 
medium of high-glucose Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal calf serum and 1% 
penicillin/streptomycin (10,000 U/ml penicillin G sodium 
and 10,000 µg/ml streptomycin sulfate in 0.85% saline). 
The tissue was then washed in phosphate-buffered saline 
(PBS), cut in small fragments, and digested with 0.025% 
trypsin/0.04% EDTA solution in PBS for 20 min at 37°C. 
The cells were then dissociated in 0.01% DNase solution 
in growth medium for 10 min at 37°C and centrifuged 
at 1000 rpm for 10 min. The pellet was resuspended in 
a growth medium containing 5 mM L-leucine methyl 
ester to constrain microglia contamination. Cells, seeded 
on poly(D-lysine)-coated T75 flasks, were grown in this 
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DAD detector and an on-line radiochemical detector 
allowed the identification and quantification of GUO 
(Fig. 3A) and of its metabolic products GUA (Fig. 
3B), XAN (Fig. 3C) and uric acid (Fig. 5).

Interestingly, as shown in Fig. 3, A-C, following 
the i.p. administration at all the different doses 
used, the amounts of unchanged GUO (Fig. 3A) 
in the different plasma samples resulted always 
significantly lower than those of its metabolic 
derivatives 7.5 min after the injection, indicating that 
a rapid and marked metabolic breakdown occurs.

The concentration profiles of GUO, GUA, and 
XAN in plasma were very similar over time at all 
assayed doses of the administered mixture (Fig. 3, 
A-C). Indeed, following the injection, the plasma 
levels of each compound rapidly increased reaching 
a maximum at 15 min and then decreased with time 
(Fig. 3, A-C).

After the i.p. injection of the GUO-mixture at 
doses of 2 mg/kg and 4 mg/kg, the peak plasma 
concentrations were respectively 0.019±0.003 
and 0.069±0.017 μg equivalents/ml for GUO, 
0.230±0.060 and 0.490±0.083 μg equivalents/
ml for GUA, and 0.110±0.028 and 0.390±0.085 

ml/15 min/mg protein. Data were the mean ± S.E.M. of at 
least 3 experiments.

Statistical analysis
The unpaired Student’s t-test was used to compare two 

groups. One-way analysis of variance was used to test for 
significant differences between multiple groups. Statistical 
significance was defined as P < 0.05.

RESULTS

Levels of radioactivity in plasma
Rats were given i.p. injections of GUO at doses 

of 2, 4, 8 or 16 mg/kg combined with 0.05% of [3H]
GUO, referred to henceforth as GUO-mixture. The 
level of total radioactivity over time in rat plasma 
following the administration is shown in Fig. 2. 
Plasma levels of radioactivity increased in a time-
dependent and dose-dependent manner, reaching a 
plateau phase after 60 min.

Concentration of guanosine and of its metabolic 
products in plasma

Following i.p. administration of the GUO-mixture 
(2, 4, 8 or 16 mg/kg), HPLC coupled with both a UV-

Fig. 1. Purine nucleoside phosphorylase (PNP) catalyses the reversible phosphorolysis of purine nucleosides (guanosine 
or inosine) resulting in the formation of ribose-1-phosphate and purine bases (guanine or hypoxanthine).
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the inset of Fig. 5.

Enzymatic activity of purine nucleoside 
phosphorylase (PNP) in plasma

To verify whether the presence of GUA in rat 
plasma samples could derive from the catalytic 
activity of PNP, an enzyme which, using inorganic 
phosphate, is known to cleave GUO to GUA and 
inosine to hypoxanthine yielding ribose-1-phosphate 
(Fig. 1), the plasma PNP activity was measured. 
Since in plasma the spectrophotometric method 
might not be optimal due to turbidity and to the low 
activity (23), the HPLC method has been preferred 
for this measurement. The addition of 1 mM inosine, 
currently used as substrate, to the plasma samples 
resulted in a PNP activity of 11.19±2.75 nmol/ml/
min. These findings support the hypothesis that 
GUO can be rapidly converted into GUA once it 
reaches the blood after any route of administration.

Tissue distribution of guanosine and of its labeled 
metabolic products

It is well known that the introduction of 
radiotracers provides a powerful analytical tool 
when either biodistribution or pharmacokinetic 
observations have to be made with new molecules. In 

μg equivalents/ml for XAN. The corresponding 
values for the doses of 8 mg/kg and 16 mg/kg of 
the GUO-mixture were respectively 0.124±0.020 
and 0.244±0.028 μg equivalents/ml for GUO, 
0.880±0.150 and 1.350±0.210 μg equivalents/
ml for GUA, and 0.660±0.090 and 1.150±0.180 
μg equivalents/ml for XAN The calculated AUC0-

90, reported in Fig. 4 shows that the concentration 
of each compound increased linearly in a dose-
dependent manner with the following rank order: 
GUA > XAN > GUO.

When XAN is converted to uric acid by the 
xanthine dehydrogenase/oxidase enzyme complex, 
tritium on carbon atom number 8 present in the 
molecule of [3H]GUO is cleaved resulting in the 
presentation of uric acid as an unlabeled compound. 
In this case, the amount of uric acid in the different 
plasma samples was measured using HPLC coupled 
with UV-DAD detector. Similar to the labeled 
compounds, the concentration of uric acid reached 
a maximum at 15 min after the i.p. injection of the 
GUO-mixture at all the concentrations used and 
decreased within the following 75 min (Fig. 5). The 
area under the plasma concentration-time curve 
calculated in the time interval 0-90 min (AUC0-90) 
increased in a dose-dependent manner as shown in 

Fig. 2. Plasma concentration - time profiles of total radioactivity after i.p. injection of the guanosine mixture at doses of  
2 mg/kg (■), 4 mg/kg (▲), 8 mg/kg (●) or 16 mg/kg (♦). Each point represents the mean ± S.E.M. of five rats. If the S.E.M. 
is not shown, it is smaller than the symbols.
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Fig. 3. Plasma concentration - time profiles of guanosine (A), guanine (B) and xanthine (C) after i.p. injection of the 
guanosine mixture at doses of 2 mg/kg (■), 4 mg/kg (▲), 8 mg/kg (●) or 16 mg/kg (♦). Plasma purine levels were 
determined by HPLC coupled with an on-line radiochemical detector as detailed in Materials and Methods. Each point 
represents the mean ± S.E.M. of five rats. If the S.E.M. is not shown, it is smaller than the symbols.
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fact, it allows the detection of very low concentrations 
of the labeled compound in the different chosen 
biological samples.

The values for the presence of GUO, GUA and 
XAN in different tissues were extrapolated using 
their respective radiolabeled compounds formed 
after the i.p injection of the GUO-mixture and are 
expressed as µg equivalents of the GUO-mixture 
injected per g of tissue. The values obtained from 
liver, kidney, heart, lung and brain at the different 
time points (7.5, 15, 30, 60 and 90 min after the 
administration of 8 mg /kg of the GUO-mixture) are 
reported in Fig. 6.

Significant concentrations of GUO and, its 
metabolites were found in all the tissues examined. 
The concentration profiles of GUO, GUA, and 
XAN were similar to those reported for the plasma 
samples (Fig. 3A-C), the maximal concentrations 
being reached 15-30 min after the injection. In all the 
tissues analyzed, the maximal amounts of GUO and 
GUA were significantly higher than those measured 
in plasma. XAN was highly concentrated in liver 

and kidney indicating that these organs actively 
metabolize GUO.

Plasma and tissue concentrations of endogenous 
guanosine and of its metabolic products

The endogenous levels of GUO, GUA and XAN 
were analyzed in control animals and are shown in 
Fig. 7.

At peak levels after the 8 mg/kg i.p. injection 
of the GUO-mixture, the amounts of GUO and its 
derivatives, have been reported as folds of increase 
relative to the respective concentrations evaluated in 
control animals (Fig. 7). All tissues showed a 2-fold 
increase in GUO levels compared to controls with 
the exception of the liver in which GUO levels were 
about 3.6-fold greater than control values (Fig. 7). 
GUA levels dramatically increased by at least 9-10-
fold except for plasma in which the increase was 
about 2-fold the controls.

XAN levels also increased after the administration 
of the GUO-mixture. XAN concentrations were 
approximately 2-fold the basal levels in plasma, 

Fig. 4. The AUC0-90 of guanosine (○), guanine (∆) and 
xanthine (□) after the i.p. injection of the four different 
doses of guanosine mixture. Each point represents the 
mean ± S.E.M. of five rats. If the S.E.M. is not shown, it is 
smaller than the symbols.

Fig. 5. Plasma concentration - time profiles of uric acid 
after i.p. injection of the guanosine mixture at doses of 
2 mg/kg (■), 4 mg/kg (▲), 8 mg/kg (●) or 16 mg/kg (♦). 
Plasma uric acid levels were determined by HPLC coupled 
with a UV-DAD detector as detailed in Materials and 
Methods. The AUC0-90 of uric acid after the i.p. injection 
of the different doses of guanosine mixture is shown in the 
inset. Each point represents the mean ± S.E.M. of five rats.
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heart, lung and brain (Fig. 7) and about 3- and 5-fold 
the controls in liver and kidney, respectively. This 
agrees with the findings of Shin et al. (24) who 
reported that, after intramuscular administration of 
[3H]GUO, the total radioactivity was most highly 
concentrated in the kidney.

Guanosine and guanine accumulation in primary 
cultures of rat brain astrocytes

To measure the accumulation of [3H]GUO and 
[3H]GUA by primary cultures of rat brain astrocytes, 
0.1 mM of either the nucleoside or the nucleobase 
were used. As shown in Figs. 8A and 8C, at 37°C 

Fig. 6. Tissue distribution over time of guanosine (○), 
guanine (∆) and xanthine (□) in liver (A), kidney (B), 
heart (C), lung (D) and brain (E) after i.p. injection of 
the guanosine mixture (8 mg/kg) in rats. Tissue purine 
levels were determined by HPLC coupled with an on-
line radiochemical detector as detailed in Materials and 
Methods. Each point represents the mean ± S.E.M. of 
five rats. If the S.E.M. is not shown, it is smaller than the 
symbols.
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the end of this period, significant amounts of GUO, 
GUA and XAN, were found (Fig. 9). 

To assess whether GUO and its metabolites were 
released per se or were the result of the extracellular 
breakdown of guanine-based nucleotides, the cells 
were pre-treated with 100 mM AOPCP a specific 
inhibitor of ecto-5’-nucleotidase (7, 16) the enzyme 
that acts as the final step in converting extracellular 
nucleoside-5’-monophosphates, including GMP, into 
their respective nucleosides. As shown in Fig. 9, this 
compound dramatically reduced the extracellular 
amounts of GUO and of its metabolic products. The 
levels of GMP in the cell medium were 0.090±0.016 
and 0.782±0.124 pmol/15min/mg protein in the 
absence and in the presence of AOPCP, respectively.

DISCUSSION

GUO exerts neuroprotective actions which 
have been related to inhibition of apoptosis, 

[3H]GUO and [3H]GUA were linearly taken up by 
the cells in a time-dependent manner. 

With increasing concentrations (Fig. 8, B and 
D), the accumulation of tritium in the cells, after 15 
min of incubation, reached saturation at the higher 
concentration used. This is consistent with previously 
reported results indicating that these uptakes occur, 
at least in part, by facilitated rather than simple 
diffusion (25). Similar results were obtained when 
the experiments were carried out in Na+-free medium 
(data not reported) thus excluding a significant 
Na+-dependent uptake for these compounds in 
physiological conditions.  

Efflux of guanine-based purines in primary cultures 
of rat brain astrocytes

To evaluate the efflux of GBPs, cells were pre-
incubated with 0.1 mM [3H]GUO for 15 min. After 
an adequate wash, astrocytes were maintained for 
a further 15 min in a fresh unlabeled medium. At 

Fig. 7. Effect of the administration of the guanosine (GUO) mixture (8 mg/kg) expressed as increase over basal values 
of GUO and its metabolic derivatives. The endogenous levels of GUO, guanine (GUA) and xanthine (XAN) have been 
measured in control animals and reported in the inset below. Each column represents the mean ± S.E.M. of five rats.
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activity of other agents including acriflavine (24) 
and cytosine-beta-D-arabinofuranoside (33).

Nevertheless, to our knowledge, only one study 
has reported a pharmacokinetic analysis of GUO 
following administration of this nucleoside (each 
dose containing a percentage of [3H]GUO) in rats 
(24). However, in this study, the authors did not 
take into account that GUO, like ADO and inosine, 
undergoes extracellular metabolism. PNP catalyses 
the reversible conversion of GUO into GUA and 
of inosine into hypoxanthine, reactions occurring 
in mammalian metabolism during the well-known 
“purine salvage pathway” aimed at the formation 
of the corresponding mononucleotides (18). PNP is 

cytotoxicity, glutamatergic neurotransmission, and 
protein aggregate formation (9, 26, 27) as well as to 
stimulation of glutamate uptake (3), synaptogenesis 
(28) and tissue repair (8, 29, 17). Moreover, this 
nucleoside has neurotrophic effects by enhancing the 
production of several trophic factors (30).We also 
previously reported a specific high-affinity binding 
site for GUO on membrane preparations from rat 
brain (31), thus, GUO or its analogs could be studied 
as a potential new approach in the treatment of 
neurodegenerative disorders. 

In addition, it has been recently reported that GUO 
and its metabolic product GUA exert antiproliferative 
effects (32) and that GUO enhances the antitumor 

Fig. 8. Time course (A, C) and concentration dependence (B, D) of [3H]guanosine ([3H]-GUO) (●) and [3H]guanine 
([3H]-GUA) (▲) accumulation by primary cultures of rat brain astrocytes. The time courses (A, C) were carried out at 
37°C (closed) or 0°C (opened). Each point represents the mean ± S.E.M. of at least three experiments. If the S.E.M. is not 
shown, it is smaller than the symbols.
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widely expressed in human tissue and its activity is 
detectable in plasma of normal subjects. 

We therefore investigated the distribution of 
not only GUO but also of its metabolic products 
following i.p. administration of a mixture containing 
GUO and [3H]GUO (the radiotracer being the 0.05% 
of the total) in rats. The levels of radioactivity in 
rat plasma increased over time in a dose-dependent 
manner, this finding being consistent with data 
reported by Shin et al. (24).

As early as 7.5 min following the i.p injection, 
GUO was detectable in the plasma at a level of 
0.035% of the administered nucleoside mixture and, 
more interestingly, GUO metabolites, GUA and 
XAN, were also present with their amounts being 
much higher (about 10- and 5-fold, respectively) 
than of GUO itself. This findings fits well with our 
results showing the presence of PNP activity in 

plasma samples. 
In plasma samples, uric acid was also detectable 

at levels significantly higher than those of GUO by 
7.5 min following the mixture administration. It is 
known that the urate oxidase gene is inactivated 
in hominoids (34) and human blood uric acid 
concentration is much higher (up to 100-fold) than 
in other animal species including rodents (35) where 
urate oxidase rapidly metabolizes uric acid into 
allantoin. Thus, the effects of urate in this species, 
deriving from a modification of blood or tissue levels 
of uric acid to which they might be particularly 
sensitive, may not be really predictive for human 
pathophysiology. In our opinion, these kinds of 
metabolic mismatches should also be considered 
when determining the clinical relevance of animal 
models. In the present study, we therefore decided 
to measure only GUA and XAN, along with GUO in 
the chosen tissue samples.

The tissue distribution of GUO and of its 
metabolic products was tested after a single i.p. 
administration of 8 mg/kg GUO-mixture. This dosage 
was chosen on the basis of previous in vivo studies 
in which GUO, given to rats via i.p. injection at the 
same concentration (7.5-8 mg/kg), was reported to 
exert relevant neuroprotective effects (36, 13). 
Similar to the findings in plasma, a significant and 
early increase in GUO, GUA and XAN levels was 
observed in the tissues analyzed. Interestingly, the 
concentrations in each tissue were higher than those 
measured in plasma, indicating rapid distribution and 
accumulation of these compounds in the different 
organs. High amounts of XAN were detected in 
liver and kidney as early as 7.5 min following the 
injection; the levels of this metabolite were about 
40- and 50-fold those reported for plasma and about 
10-fold higher than those reported for the other 
tissues examined, suggesting an important role for 
liver and kidney in GUO metabolism and likely in 
its excretion. 

GUO and its derivatives are endogenous 
compounds and they are present both outside 
and inside the cells of all mammalians (including 
humans). We found that the amounts of the 
endogenous  GUO, GUA and XAN measured in the 
different tissues are in agreement with those reported 
by others (37, 38), and, based on the significant 
increase of each compound following the injection 

Fig. 9. Guanine-based purine release from primary 
cultures of rat brain astrocytes incubated for 15 min with 
modified KHB containing 100 nM [3H]guanosine (15 
Ci/mmol). The cells were then maintained in unlabeled 
modified KHB, in the presence or in the absence of 100 
µM AOPCP, for 15 min and guanosine (GUO), guanine 
(GUA) and xanthine (XAN) levels were determined by 
HPLC coupled with an on-line radiochemical detector 
as detailed in Materials and Methods. Each column 
represents the mean ± S.E.M. of at least three experiments 
(* P < 0.05 and ** P < 0.01 vs. untreated cells).
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of GUO, it is reasonable to conclude that the 
contribution of endogenous GUO, GUA and XAN is 
almost negligible.

It is interesting to note that the GUO/GUA ratio, 
which was about 1.5-2 in the different organs for the 
endogenous compounds, was inverted following the 
i.p. injection. This was true except for plasma where 
the amount of GUA was always higher than that of 
GUO. These results may be explained by the presence 
and activity of a plasma PNP rapidly metabolizing 
GUO into GUA which, in its turn, is widely distributed. 
Moreover, GUA distribution is supported by the 
evidence that endothelial cells, which in particular 
districts (e.g. brain) represent key elements in the 
blood-tissue interface, can actively take up nucleosides, 
synthetic nucleoside analogues, and nucleobases via 
either ENTs or CNTs. These mechanisms, working 
together, deeply influence nucleoside and nucleobase 
levels in the vascular system.

Given that: a) rapid plasma metabolism of GUO 
into GUA occurs, b) several well-documented 
neuroprotective effects for GUO have been reported, 
c) astrocytes have been shown to be the main sources 
of both adenine or guanine-based purines within 
the CNS (3, 4), we also evaluated whether primary 
cultures of rat brain astrocytes were able to take up 
and to release GUO and GUA in resting conditions. 
Following loading the cells with either [3H]GUO 
or [3H]GUA, the cultured astrocytes were able to 
accumulate these compounds in a time- and dose-
dependent manner. The accumulation was similar in 
a Na+-free medium confirming that, in physiological 
conditions, ENTs mediate the transport of these 
GBPs. Nagasawa et al. (25) using similar culture 
conditions also found that astrocytes were able to 
take up either the nucleoside or the nucleobase, with 
GUA being more avidly transported than GUO.

We have also shown that after cell loading with 
[3H]GUO, labeled GUO, GUA and XAN were found 
in the extracellular medium. GUA levels were higher 
than GUO ones, suggesting the presence and the 
activity of an extracellular form of PNP which we are 
exploring further. However, when astrocytes were 
pretreated with AOPCP to inhibit the extracellular 
conversion of GMP into GUO, the amounts of GUO, 
GUA and XAN were markedly reduced, indicating 
that GUO and its metabolic products found in the 
astrocyte culture medium mainly derive from the 

extracellular breakdown of the released nucleotides. 
This is similar to the findings with ADO which, 
in the extracellular space, is largely derived from 
ATP breakdown (39) and is consistent with the 
findings of Souza and co-workers who reported that 
antinociceptive, anticonvulsant or amnesic effects 
of GMP administration are due to its conversion to 
GUO (40, 16).

In conclusion, it is clear from this study that 
following i.p. administration to rats, GUO is 
absorbed and extensively converted to GUA by 
either intracellular or extracellular PNP. The 
nucleoside, along with its direct metabolite, is widely 
distributed, able to cross the blood brain barrier and 
is therefore capable of exerting neuroprotective 
effects. In the brain, astrocytes actively participate 
in the complex trafficking of not only GUO, but also 
of GUA between the intracellular and extracellular 
compartments. This indicates that this nucleobase 
could mediate some of the biological activities 
exerted by GUO and should be considered a new, 
interesting signaling molecule for further studies. 
Based on these considerations, newly synthesized 
guanosine/guanine-based analogues are being tested 
in our laboratories.

Even though recent progress has unveiled new, 
interesting aspects of the physiology of ecto-enzymes 
involved in the complex pathways of the purinergic 
system, including that of an indirect but crucial control 
of subtype receptor activation, they remain still poorly 
known. Nevertheless from a long-term perspective, 
molecular and functional studies on these enzymes, 
both at intracellular and extracellular levels, including 
PNP, the altered expression/activity of which is known 
to cause a severe immunodeficiency associated with 
neurological disorders, should eventually contribute 
to a better understanding of the processes involved 
in neurodegeneration, inflammation and vascular 
alterations and potentially to the development of new 
therapeutic interventions.
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Peripheral Arterial Disease (PAD) is a chronic 
condition caused by atherosclerosis and the most 
severe manifestation of PAD is Critical Limb 
Ischemia (CLI). Approximately 12% of the adult 
population suffers from PAD, and the prevalence 
is equal in men and women (1). The most common 
risk factors associated with PAD are increasing age, 
smoking and diabetes.

Diabetes increases the risk of developing 
symptomatic and asymptomatic PAD by 1.5- to 

4-fold and leads to an increased risk of cardiovascular 
events and early mortality (2, 3). In a NHANES study 
(4), 26% of participants with PAD had diabetes; in 
the Edinburgh Artery Study, the prevalence of PAD 
was greater in participants with diabetes or impaired 
glucose tolerance (20.6%) than in those with normal 
glucose tolerance (12.5%-(5)).

In diabetes, an impaired vascular collateralization 
has been extensively shown, but the causes leading 
to its pathogenesis are not fully understood. 
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Poor collateral development is associated to 
reduced number of circulating endothelial progenitor 
cells (EPC) (6). Thus, depletion of circulating EPCs 
may contribute to endothelial dysfunction, as an 
early event in the atherogenetic process and poor 
collateralization as a late event, leading to clinical 
manifestations of atherosclerosis and cardiovascular 
disease progression (7).

Advances made in understanding the mechanisms 
that are involved in the pathophysiology of 
atherosclerosis indicate that normal homeostasis of 
the arterial wall is essential to prevent development 
of atherosclerosis, identifying the inflammation as an 
important element for the pathogenesis of vascular 
disease, in its early and late clinical manifestations. 

Many molecular aspects of vascular inflammation 
present in atherosclerosis are common to acute 
inflammation and immune phenomena. All these 
have at their basis a condition of endothelial 
dysfunction (8). 

Recent studies suggested that components of 
the immune system are altered in type 2 diabetes 
(T2D), suggesting that inflammation participates 
in the pathogenesis of T2D (9). Therefore, we 
hypothesised that in PAD patients, with or without 
diabetes, elevated circulating levels of cytokines 
may induce alterations in endothelial function, 
specifically inhibiting proliferation, migration and 
tubule-like formation. 

Our data indicate that the vascular disease, alone 
and in combination with diabetes, produced such an 
impressive up-regulation of different inflammatory 
(IFN-γ, MCP-1 and TNF-α) and arteriogenic 
cytokines (VEGF and EGF). VEGF levels correlated 
significantly with TNF-α and IFN-γ. These 
cytokines act synergistically, exerting a negative 
effect on endothelial cell activation, indicating that 
the combination of these factors may be involved 
in the pathogenesis of endothelial dysfunction. 
Pharmacological modulation of these factors can 
help the development of new therapeutic strategies.

MATERIALS AND METHODS

Patient’s inclusion criteria
Fifteen patients were enrolled in this study and 

classified into two groups: PAD (n=9) and PAD + type 
2 diabetes (n=6). Thirteen healthy control subjects were 
recruited from the local community. Lower extremity 

vascular disease was diagnosed by a history of claudication 
or rest pain, ankle-brachial index (ABI), Laser Doppler 
analysis. All patients were treated with autologous bone 
marrow cell transplantation between February 2008 and 
July 2010. The protocol was approved by the Ethics 
Committee of the Seconda Universita’ of Naples and was 
registered at the Trial Registration, NCT00306085. All 
subjects gave written informed consent before evaluation 
for inclusion. Routine laboratory screening was performed 
for all patients. 

Bone marrow harvest
Bone marrow was extracted from the iliac crest under 

anaesthesia in a sterile manner, anti-coagulated with 
heparin (1:50), and passed through filtering devices to 
remove large particulate matter such as fat, bone chips 
and/or clots (Fenwal Bone Marrow kit collection 4R2104, 
Fenwal Inc Blood Technologies, Lake Zurich, IL, USA). A 
fraction of 10 ml of bone marrow aspirates were collected 
in tubes with Na Citrate (129 mM) and serum collected 
after centrifugation. Peripheral blood was obtained by 
venepuncture and collected, as previously described.

Serum cytokines
Serum cytokine concentrations were quantified using 

a biochip array analyzer (Evidence, Randox Laboratories 
Ltd, Crumlin, UK). Using this procedure, all molecule 
assays are performed simultaneously using just 100 µL of 
sample, assay diluent, 1 panel-specific conjugate solution 
and 1 signal reagent (luminol and peroxide 1:1). The 
biochip used consists of a 9.9-mm solid substrate (silica) 
on which discrete test regions have been constructed. The 
binding ligands (antibodies) are attached to predefined 
sites (DDR) on the chemically modified surface of the 
biochip. After a simple enzyme-linked immunosorbent 
assay procedure, each spot is imaged to capture the 
chemiluminescent signals generated at each spot on the 
array. The light signal is captured by a charge-coupled 
device camera (CCD-camera) as part of an imaging 
station and converted by image-processing software to 
provide results compared with calibration curves for each 
location on the biochip.

The concentrations of SDF-1 levels in peripheral 
blood were measured using commercial ELISA kits 
(R&D Systems, Minneapolis, MN, USA), according to 
the manufacturer’s instructions. This assay employs the 
quantitative sandwich enzyme immunoassay technique. 
Standards and samples were pipetted into the wells, 
pre-coated with an antibody against SDF-1, to allow 
the link of specific molecules to immobilized antibody. 
After washing any unbound substance, an enzyme-linked 
monoclonal antibody specific for SDF-1 was added to the 
wells and colour developed in proportion to the amount 
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(34.17pg/ml) (Provitro), EGM-2 + 25 mM glucose, EGM-
2 + the combination of all cytokines + 25 mM glucose 
and plated onto Matrigel. Cells were incubated at 37°C 
in hypoxic conditions and capillary tube formation in 
Matrigel was observed under an inverted microscope 
(Leica) after 24 hours of incubation.

Statistical analysis
All data are represented as mean ± S.D. Statistical 

analyses of the cytokine array were performed by 
the analysis of variance (ANOVA) and by multiple 
comparisons. To quantify correlations between cytokine 
levels and disease, the Spearman ranked correlation 
coefficient (r) was determined, using SPSS 17.0 version 
software.

RESULTS

Patient baseline characteristics
Between February 2008 and July 2010, we 

enrolled 15 patients (12 men/ 3 women) with severe 
PAD classified as stage III and IV, according to the 
Leriche-Fontaine classification with a median age 
of 75±14. Six patients showed type II diabetes. The 
characteristics of the patients are shown in Table Ia. 
Due to the severity of the disease, all patients (n=15) 
underwent autologous transplantation of bone 
marrow cells as ultimate therapeutic option. Thirteen 
healthy subjects (7 men, 6 women) with a median 
age of 67±10 were considered as control and their 
characteristics shown in Table Ib. 

Cytokine levels in PAD and in PAD + T2D sera 
A key role in the pathogenesis of inflammatory 

disorders is played by cytokines. We decided 
to measure the levels of 12 different cytokines, 
implicated in inflammation, using high sensitivity 
cytokine arrays. We included also SDF-1, due to its 
possible role in the migration of stem cells (11). 

Serum cytokine levels were measured in patients 
presenting symptomatic PAD, PAD+T2D and healthy 
subjects of similar age, gender and race (Table 
II). Applying the analysis of variance (ANOVA) 
between the two different groups (Controls and 
(PAD and PAD+D)), we found a significant increase 
in the levels of VEGF, IFN-γ, TNF-α, MCP-1 and 
EGF in the serum of patients with PAD with or 
without diabetes (Fig. 1). Furthermore, by multiple 
comparison analysis, VEGF, TNF-α and MCP-1 

of SDF-1 using a colorimetric assay. Quantification was 
obtained at 450 nm using an ELISA reader (TECAN, 
Infinite 2000).

Endothelial Cell (EC) culture 
Human Umbilical Vein Endothelial Cells (HUVEC) 

were purchased from Provitro (Stemcells) and cultured 
in sterile endothelial growth medium (EGM-2, Clonetics, 
San Diego, CA, USA). The cells were grown at 37°C 
in a humidified 95% air/5% CO2 environment. For all 
experiments HUVEC were used at passage 4.

Hypoxic culture conditions were achieved in a BD 
GasPak EZ Anaerobe Gas Generating Pouch System 
(BD Biosciences, San Diego, CA, USA). As certified by 
the manufacturer, the Anaerobe Gas Generating Pouch 
System produces an atmosphere containing 10% carbon 
dioxide and 1% oxygen.

EC proliferation 
HUVEC were plated (40x104 cells/well in 96-well 

plates) and incubated at 37°C in hypoxic conditions for 
24 h in presence of endothelial basal medium (EBM), 
endothelial growth medium (EGM-2) and 25 mM glucose 
alone or in combination with the following cytokines: 
VEGF (62.32 pg/ml), IFN-γ (1.65 pg/ml), TNF-α (3.6 pg/
ml), MCP-1 (153.9 pg/ml), EGF (34.17 pg/ml), purchased 
from Provitro. After 24 hours, the number of living cells 
was measured by determination of ATP cellular levels 
using ViaLight ®Plus Kit (Lonza). All experiments were 
performed in triplicate.

EC migration 
A total of  4 x104 cells were resuspended in 250 µl of 

EBM and pipetted into the upper chamber of a modified 
Boyden chamber (Costar Transwell assay, 8 µm pore size, 
Corning, NY). The chamber was placed in a 24-well culture 
dish in presence of EGM-2 alone, EGM-2 with VEGF 
(62.32 pg/ml), IFN-γ (1.65 pg/ml), TNF-α (3.6 pg/ml), 
MCP-1(153.9 pg/ml) and EGF (34.17 pg/ml) (Provitro), 
EGM-2 + 25 mM glucose, EGM-2 + the combination of 
all cytokines and 25 mM glucose. After 24-h incubation 
at 37°C in hypoxic conditions, transmigrated cells were 
counted by independent investigators with an inverted 
microscope (Leica) using a 63x oil immersion objective.

EC tube formation in Matrigel
For analysis of capillary tube formation, 150 µl 

Matrigel (Becton Dickinson) was laid into a 96-well plate 
(Falcon, Germany) and incubated at 37°C for 30 minutes. 
HUVEC were trypsinized and 4x104 cells were suspended 
in 150 µl of complete endothelial growth medium (EGM-
2), EGM-2 with VEGF (62.32pg/ml), IFN-γ (1.65pg/
ml), TNF-α (3.6pg/ml), MCP-1(153.9pg/ml) and EGF 
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Table I. Patients’ (a) and healthy controls’ (b) characteristics.Table I. a) Patients’ characteristics.

 

   Patient Age Sex   Diabetes Dyslipidemia Hypertension   Ulcers   Smoker Leriche-

Fontaine

stages

 ABI

index

Heart

failure

P Pt4 47 m no yes no no yes IV n.d. no

A Pt7 83 f no yes yes no no III n.d. no

D
Pt8 78 m no yes no no no IV sx:0.42

dx:0.35

yes

Pt10 52 m no no yes yes no IV dx: n.d.

sx:0.60

no

Pt11 80 m no no no yes no IV sx:0.64 yes

Pt12 85 f no no yes yes no IV sx: 0.40

dx:0.30

no

Pt15 71 m no no no no no III sx:0.70 no

Pt16 87 m no no no yes no IV sx:n.d.

dx:n.d.

no

Pt18 39 m no no no no yes III sx:0.91

dx:0.64

yes

Pt1 80 m yes no yes no ex smoker IV sx:0.46

dx:0.56

no

Pt3 75 m yes no no yes no III sx:0.86

dx:0.61

no

Pt6 60 m yes no no no yes IV n.d. no

Pt9 74 m yes no yes yes no IV sx:0.30

dx:0.38

no

Pt13 72 m yes no no yes no IV sx:0.53 no

P

A

D

+

D
Pt17 83 f yes no no yes no III sx:0.86

dx:0.92

no

b) Controls’ characteristics.

   Patient Age Sex   Diabetes Dyslipidemia Hypertension Smoker Heart

failure

  Ctr6 55 m no no no yes no

  Ctr15 43 m no no no no no

  Ctr16 67 f no no yes no no

  Ctr17 58 m no no no yes no

  Ctr18 76 m no no yes ex smoker no

  Ctr20 64 f no no yes no no

  Ctr24 75 f no no yes no no

  Ctr25 81 m no no yes no no

  Ctr27 68 f no no no yes no

  Ctr28 57 m no no yes no no

  Ctr30 73 f no no no no no

  Ctr31 66 f no no no no no

C

O

N

T

R

O

L

S

  Ctr32 68 m no no no ex smoker no
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distribution of cytokines in the two compartments, 
i.e. peripheral blood and bone marrow (data not 
shown).

We examined for an association in circulating 
cytokines. We found that there was a strong 
correlation between VEGF and IFN-γ (r=0.59, p= 
0.021) and between VEGF and TNF-α (r= 0.78, 
p= 0.001) in patients with PAD, with or w/o the 
diabetes, whereas VEGF did not correlate with the 
inflammatory marker MCP-1 (r= 0.38, p= 0.156) nor 
with levels of EGF (r=0.50, p= 0.058) (Fig. 2).

Increasing evidence suggests that cytokines act 
as signal transducing molecules into the cells and are 
involved in a variety of immunological, inflammatory 
and infectious diseases. Our results indicate that 

discriminated between patients and healthy subjects, 
whereas IFN-γ and EGF did not (VEGF p=0.028; 
TNF-α p=0.016; MCP-1 p=0.011). These results 
provide evidence of adaptive immune responses 
in patients affected by chronic arterial disease, in 
terms of increased production of inflammatory and 
arteriogenic cytokines in the blood. This may reveal 
a relationship of cytokine levels with the clinical 
manifestations of PAD, with or without the diabetes, 
although in a relatively small number of subjects. 
We also measured the levels of different cytokines in 
bone marrow blood (BM), collected at the moment 
of the transplantation procedure undergone by PAD 
patients and we found that the average levels of the 
cytokines were comparable, indicating a homogenous 

1

Table II. High sensitivity assay.

P

A

D

SAMPLE     IL2 
(pg/ml) 

    IL4 
(pg/ml) 

IL6 
(pg/ml) 

   IL8  
(pg/ml) 

IL10 
(pg/ml) 

VEGF
(pg/ml) 

IFN-
(pg/ml) 

TNF-
(pg/ml) 

IL1A
(pg/ml) 

IL1B 
(pg/ml) 

 MCP1 
(pg/ml) 

    EGF
(pg/ml) 

SDF1
(pg/ml) 

PB 4 1.24 1.89 2.14 2.48 0.57 31.79 1.19 2.01 0.13 0.95 117.48 7.49 144.22 

PB 7 2.84 2.68 3.4 56.32 1.16 161 2.79 5.05 1.65 0.72 215.26 38.92 3926.29 
PB 8 1.11 1.81 1.67 5.14 0.66 67.81 0.8 3.2 0.15 0.59 159.41 2.69 2409.61 

PB 10 1.02 2.64 0.75 4.78 0.52 34.7 0.92 2.65 0.14 0.83 103 59.15 2313 

PB 11 3.69 1.73 46.67 19.44 0.69 279.69 5.94 8.7 0.17 0.51 187.11 91.47 3554.45 
PB 12 1.11 2.56 6.69 8.44 0.59 23.9 1.47 2.92 0.13 0.56 256.42 43.45 2426.91 
PB 15 1.46 2.13 2.11 2.33 0.52 2.84 0.32 1.91 0.12 0.75 86.56 0.66 3102.26 
PB 16 1.11 2.48 5.99 3.05 0.53 45.78 0.6 4.81 0.19 1.42 5.67 3.29 2636.96 

PB 18 1.33 2.76 0.66 5.63 0.49 23.22 1.96 2.33 0.11 1 13.964 43.9     nd 

AVERAGE 1.6 2.3 7.8 12 0.63 74 1.8 3.7 0.3 0.8 127 32 2564 

P PB 1 1.62 2.36 2.95 8.68 0.75 37.35 0.59 2.45 0.15 1.53 142.51 60.7 2448.95 
A PB 3 1.75 2.01 3.57 9.57 9.62 70.16 2.68 3.42 0.38 0.69 223.57 62.05 2542.12 

D PB 6 4.41 3.03 2.28 16.61 1.31 62.31 1.8 3.98 0.26 1 151.94 84.86 2496.37 

+ PB 9 1.54 2.32 5.59 9.06 0.64 42.83 2.22 4.66 0.24 1.05 270.48 12.2 4406.94 
D PB 13 1.02 2.52 1.31 2.58 0.35 7.42 0.33 1.16 0.2 0.36 33.4 8.34 530.57 

PB 17 1.33 2.32 3.98 8.21 0.43 4.95 1.58 3.38 0.17 0.48 201.25 3.11 4100.64 

AVERAGE 1.9 2.4 3.3 9.2 2.2 37 1.5 3.2 0.2 0.8 170 38 2754 

PB 6 1.33 2.36 0.73 1.87 0.66 4.87 0.4 1.7 0.14 0.69 54.63 2.65     nd 
PB 15 1.41 2.48 2.08 11.51 0.67 8.78 1.43 2.05 0.37 1.02 89.38 1.96     nd 

C PB 16 3.77 4.25 0.57 2.33 0.57 7.23 0.36 1.32 0.09 0.89 63.4 3.26     nd 

O PB 17 1.33 2.95 0.97 2.46 0.64 9.55 0.26 1.97 0.14 0.74 81.26 3.75     nd 
N PB 18 1.46 2.2 0.65 2.23 1.1 15.03 0.31 1.97 0.1 0.53 65.13 23.12     nd 
T PB 20 1.58 3.11 0.61 3.64 0.86 7.82 0.28 1.59 0.38 2.04 43.89 6     nd 

R PB 24 2.68 1.85 0.81 2.01 0.55 1.91 0.38 1.24 0.13 1.82 35.59 1.79     nd 
O PB 25 1.46 2.6 1.4 3.07 0.5 28.77 0.65 1.61 0.18 0.59 71.05 13.11     nd 
L PB 27 1.37 2.44 0.67 2.28 0.72 11.7 0.87 1.59 0.15 0.85 81.71 27.91     nd 

S PB 28 2.72 1.93 0.58 1.82 0.64 3.75 0.62 1.61 0.1 0.85 19.06 4.27     nd 
PB 30 2.48 2.36 1.34 2.74 0.73 10.88 1.7 2.8 0.12 5.61 138.3 5.02     nd 

PB 31 1.5 2.72 0.71 3.75 0.57 14.78 0.56 1.97 0.19 0.55 91.49 23.03     nd 
PB 32 1.33 3.19 0.96 3.08 1.29 11.05 0.44 2.99 0.14 0.99 66 9.38     nd 

AVERAGE 1.9 2.6 0.9 3.3 0.7 10 0.6 1.9 0.2 1.3 69 9.6 2320*  

*(31) 

Each value is expressed in pg/ml and the average of each cytokine is reported.

Table II. High sensitivity array. The cytokine array was performed both on peripheral blood (PB) of the group of patients 
(PAD and PAD+D) and healthy controls.

Each value is expressed in pg/ml and the average of each cytokine is reported.
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in patients with vascular disease a significant up-
regulation of different inflammatory (IFN-γ, MCP-1 
and TNF-α) and arteriogenic cytokines (VEGF and 
EGF) is shown. Therefore, by using the cytokine 
array, we identified a set of cytokines present in 
patients suffering from severe vascular disease, 
which may be involved in the pathogenesis of the 
disease. Furthermore, the close correlation between 
VEGF, IFN-γ and TNF-α suggest at least a partially-
shared, common trigger for production of these 
cytokines in vascular disease. 

Effects of combination of cytokines on proliferation 
of HUVEC cells

A translational approach was then applied to 
investigate endothelial activation occurring in 

response to these cytokines. Endothelial cells were 
exposed to the different cytokines to evaluate changes 
in cell growth, migration and tube-like formation. In 
order to mimic ischemic conditions associated to the 
arterial disease and therefore present in the legs of 
our patients, we evaluated the combined effect of the 
hypoxia and the combination of cytokines (VEGF, 
IFN-γ, TNF-α, MCP-1 and EGF) on proliferation 
of HUVEC cells. Hypoxia is one of the most potent 
stimuli to restore adequate oxygen (O2) delivery 
to ischemic tissues in vivo and represents a strong 
stimulus to increase proliferation of endothelial 
cells in vitro (10). To this end, we exposed cells 
to low O2 (1%) and measured the HUVEC cell 
growth, in combination with the different cytokines 
found altered in our patients, both individually 

Figure 1

Fig. 1. Scatter plots of the cytokines significantly increased (VEGF, IFN-γ, TNF-α, MCP-1 and EGF) in the bloodstream 
of peripheral arterial disease patients (PAD) and healthy controls (C). The average value of each concentration has been 
depicted in each scatter plot. The p value refers to a repeated ANOVA measures comparing patients and controls.
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environment present in diabetes. The exposure to 
high glucose (25 mM) affected endothelial cells 
proliferation under hypoxic condition (Fig. 3a). 

Taken together, these results suggested that 
under low oxygen conditions (1%) the endothelial 
cells growth was not influenced by the exposure to 
a single cytokine. However, when combined, the 
cytokines negatively affected the growth. 

We then evaluated whether the effects of the 
combination of cytokines can be rescued under 
optimal (10%) serum condition. As shown in Fig. 
3b, the capability of HUVEC cells to proliferate was 
negatively affected also in the presence of serum (p 
value ≤ 0.05), whereas the hyperglycemic condition 
did not have a detrimental effect when used alone, 
but a negative addictive effect was observed when 

and collectively. We also measured the effect of 
hyperglycemic condition associated to hypoxia. 

Cells were exposed to hypoxic conditions 
in presence of a single cytokine at the average 
concentration found in PAD patients. As depicted in 
Fig. 3a, the treatment of cells for 24 h with a single 
cytokine, at the average concentration found in PAD 
patients, did not reduce the proliferation compared 
to hypoxic condition alone. When HUVEC cells 
were exposed to the cocktail of all cytokines, their 
growth was significantly inhibited, suggesting that 
simultaneous presence of different cytokines affected 
negatively the proliferation of endothelial cells (Fig. 
3a).

In addition, we evaluated the effect of the high 
glucose condition, mimicking the hyperglycemic 

Figure 2

Fig. 2. Correlations between VEGF and IFN-γ, TNF-α, MCP-1 and EGF in the total cohort of PAD patients (n=15) 
measured using the Spearman method. R coefficients and p values are reported.
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Figure 3a

Figure 3b

Figure 3a

Figure 3b

Fig. 3. a) Proliferation of HUVEC cells. Cells were incubated in serum-free medium for 24 h in hypoxic conditions in 
the presence of different cytokines, both individually and collectively, used at the average concentration found in PAD 
patients (C PAD) and under hyperglycemic conditions (G). b) Cells were incubated in 10% serum for 24 h in hypoxic 
conditions in the presence of the cocktail of different cytokines (C PAD) and under hyperglycemic conditions (G), alone 
or in combination with cytokines. Each histogram indicates the RLUs related to cell growth measured under hypoxic 
conditions. Error bars represent SD of n = 3. * denotes statistical differences when p ≤ 0.05 compared to control and ** 
when p ≤0.01 compared to control.
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inflammatory cytokines and chemokines (11).
We then evaluated the effect of cytokines on 

migratory capacity of endothelial cells under 
optimal (10%) serum condition, since the starvation 
abolished the migratory ability (data not shown). 
When cells were exposed to the cytokines at average 
concentration found in our patients, the migration 
capability of endothelial cells was significantly 
repressed under hypoxic conditions (Fig. 4a).

When incubated with 25 mM glucose, the 
migration ability of HUVEC cells was slightly 
reduced compared to EGM-2. Of note, the presence 

combined with the cocktail of all cytokines. 
Taken together, our findings indicate that 

cytokines exert a marked synergistic effect on 
endothelial proliferation.

Effects of combination of cytokines on migration of 
HUVEC cells

Endothelial cell migration is a prerequisite for 
angiogenesis, which involves the formation of 
new blood vessels. The angiogenic and migratory 
properties of endothelial cells are coordinated by a 
range of factors, receptors, cell-adhesion molecules, 

Figure 4a

Figure 4b

Figure 4a

Figure 4b

Fig. 4. a) HUVEC cell migration assay. Cells were placed in presence of serum (EGM-2) under hypoxic conditions using 
cytokines collectively at the average concentration found in PAD patients (C PAD) and under hyperglycemic conditions 
(G), alone or in combination with cytokines. Statistical differences were denoted by *** when p ≤ 0.0001 compared to 
control. b) Tube formation of HUVEC cells in hypoxic conditions in presence of proangiogenic culture medium (EGM-
2), in response to cytokines used collectively at the average concentration found in PAD patients (C PAD) and under 
hyperglycemic conditions (G), alone or in combination with cytokines. Magnification 10X. Scale bar 100 µm.
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of high glucose condition in combination with 
cytokines at concentration found in PAD patients 
inhibited the migration of HUVEC cells (Fig. 4a), 
suggesting that inflammatory and arteriogenic 
cytokines have an inhibitory effect on endothelial 
cell proliferation and migration, when used in 
combination.

Effects of combination of cytokines on tubule 
formation 

The final event during angiogenesis is the 
organisation of endothelial cells in a three-
dimensional network of tubes. We then investigated 
whether the presence of cytokines in hypoxic 
environment can influence the formation of vessel-
like structures.

When seeded into extracellular matrix composites 
in the presence of proangiogenic growth factors, 
HUVEC cells were able to form three-dimensional 
networks of vessel-like structures (Fig. 4b), 
suggesting that these cells had an intrinsic capacity to 
form tubule-like structures. The addition of cytokines 
at average concentration found in our patients under 
hypoxia led to a less organised tubule formation, 
suggesting that also the network formation in vitro is 
influenced by the combination of these cytokines. A 
less severe phenotype was observed when cells were 
exposed to hyperglycemia, corroborating the idea 
that the hyperglycemia alone allowed the endothelial 
cells to form vessel-like structures, although the 
association with cytokines had an inhibitory effect.

These observations may be particularly relevant 
to PAD pathogenesis, as it may indicate that tissue 
ischemia per se is sufficient to promote proliferation 
and migration of endothelial cells for recovery of 
ischemia through angiogenesis (12). However, the 
circulating cytokines lead to the inability of endothelial 
cells to proliferate, migrate and form tubule-like 
structures in ischemic conditions, suggesting that: 
I) chronic condition led to an abnormal production 
of cytokines; II) the pharmacological modulation of 
these circulating factors can help the development of 
new therapeutic strategies to induce neoangiogenesis 
processes.

DISCUSSION

Vascular disease is a prerequisite for many 

human diseases and is associated with generalised 
endothelial dysfunction. Several mechanisms have 
been described to explain impaired endothelial 
activation and seem to be linked to tissue 
inflammation. Inflammation plays a central role in 
atherosclerotic lesion development and progression, 
accompanied by other vascular incidents (8). 

Accumulating data suggested that vascular 
repair mechanisms are important to maintain 
normal homeostasis of the arterial wall and to 
prevent development of pathologic processes, such 
as atherosclerosis. Therefore, defective repair of 
endothelial injury seems to be altered in vascular 
disorders. 

Components of the immune system, namely, 
altered levels of specific cytokines and chemokines, 
participate in the pathogenesis of type 2 diabetes. 
Chronic hyperglycemia, together with enhanced 
inflammatory markers, seems to impair insulin 
secretion and induces b-cells death (9). According 
to this study, the onset of arterial diseases and its 
progression are largely determined by the progressive 
failure of endothelial cells to restore blood flow 
determined by chronic inflammation. 

To understand the biochemical and cellular 
mechanisms that account for reduced or impaired 
vascular cell function, in patients suffering from 
severe vascular disease, with and without the 
diabetes, we investigated the role played by 
circulating cytokines on endothelial cells. In this 
study, for the first time, a positive correlation was 
observed between circulating cytokines present 
in PAD patients’ serum and impaired endothelial 
functions.

We found high concentrations of inflammatory 
(IFN-γ, TNF-α and MCP-1) and arteriogenic 
cytokines (VEGF and EGF). Vascular endothelial 
growth factor (VEGF) is one of the most important 
inducers of angiogenesis (13). Nevertheless, VEGF 
is also the major pathogenic factor for diabetic 
retinopathy (DR) and represent the major therapeutic 
target. In fact, VEGF plays an essential and causative 
role in retinal inflammation, vascular lesions, and 
vascular leakage in DR (14). 

Epidermal growth factor (EGF) plays an 
important role in the regulation of cell growth, 
proliferation, and differentiation in many cell types, 
by binding to its receptor EGFR. Recently, it has 
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resulting in effective therapeutic strategy (27). 
Considering this information, this approach can be 
an effective therapeutic strategy for treatment of 
PAD. 

A promising therapeutic option for patients with 
peripheral arterial disease (PAD) is based on cell-
based therapy through autologous bone marrow 
transplantation (28-29). The efficacy of bone marrow 
transplantation to augment neoangiogenesis seems 
to involve multiple mechanisms. All of them may 
actively contribute to the angiogenic process, either 
by engrafting endothelial progenitor cells within 
the vessel wall and by providing soluble factors, 
which promote the recruitment, proliferation and 
differentiation of progenitor endothelial cells, as well 
as reducing inflammation. In fact, a growing body of 
evidence suggests that the multi-potential stem cells 
present in bone marrow possess immunomodulatory 
and reparative properties (30). Therefore, bone 
marrow transplantation can down-regulate many 
inflammatory effectors, making the engraftment or 
the activation of progenitor endothelial cells easier. 

Our study has a limitation in the number of 
patients recruited with the result of an insufficient 
statistical power to reach definite conclusions. 
Additional randomized trials are required to 
determine whether the “paracrine hypothesis” is 
efficient in the modulation of reparative processes.

However, our data may offer a new 
physiopathological hypothesis for endothelial 
dysfunction in patients with vascular disease and 
the pharmacological modulation of these factors 
can help to develop new therapeutic strategies to 
improve regenerative processes. 
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Flow mediated vasodilation (FMD) evaluates the endothelium-dependent vasodilation, is a reliable 
marker of arterial endothelial dysfunction and is related to coronary artery disease. Visceral fat predicts 
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Atherosclerosis and venous thrombosis have been 
found associated in recent epidemiological studies, 
and venous thromboembolism is related to indicators 
of atherosclerosis and/or arterial thromboembolic 
events and may be considered as a long-term risk 
factor for arterial cardiovascular events (1-6). A 
linking alteration may be represented by impaired 

endothelial function (7). Endothelial dysfunction 
results from functional changes characterized by 
vasospasm, coagulation abnormalities and increased 
vascular proliferation and has been reported to be 
the initial step in atherosclerosis (8). Peripheral 
endothelial function can be non-invasively evaluated 
by the measurement of the flow-mediated dilation 
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(FMD) of the brachial artery by using high-resolution 
ultrasound methods (9, 10). 

Increased visceral adipose tissue, the fat that 
surrounds the internal organs (e.g., heart, intestines) 
in the cavities of the body, predicts an unfavorable 
cardiovascular and metabolic risk profile and is 
strongly correlated with atherogenic and diabetogenic 
features and with increased levels of prothrombotic 
factors and proinflammatory cytokines (11-13). The 
direct measurement of epicardial fat (EF) thickness 
via transthoracic echocardiography is considered an 
affordable and reliable marker for visceral adiposity 
and is strongly correlated to the results obtained with 
whole body magnetic resonance imaging scan (14, 
15). 

In this study we have evaluated the FMD and EF 
thickness in subjects with and without idiopathic 
deep venous thrombosis (DVT).

MATERIALS AND METHODS

Subjects
The study was approved by the local Scientific and 

EthicasCommittee and was conducted on consecutive 
subjects hospitalized in the Department of Internal 
Medicine. We enrolled 77 inpatients, 38 without DVT  and 
39 with idiopathic DVT. Subjects gave written informed 
consent and the investigation conformed to the principles 
outlined in the Declaration of Helsinki.  Exclusion criteria 
included pregnancy, cancer, concomitant infection, leg 
trauma or bone fracture, cast therapy, surgical procedures 
in the last 90 days, condition of being chronically 
ill, bedridden or non-ambulatory and treatment with 
prothrombotic agents (steroids, estrogens). Subjects were 
chosen to obtain two matched groups, homogeneous in 
respect to the common risk factors for atherosclerosis 
(age, male gender, obesity, current cigarette smoking, 
dyslipidemia, diabetes mellitus, arterial hypertension), 
in respect to cardiovascular diseases (stable and unstable 
angina, myocardial infarction, cerebrovascular accident 
such as non-hemorrhagic stroke, peripheral vascular 
disease) and in respect to medication history (use of 
statins, anti-hypertensive agents, anti-platelet drugs) 
and biochemical parameters (total, LDL and HDL 
cholesterol, triglycerides, plasma glucose and erythrocyte 
sedimentation rate, ESR). Heparin was administered to the 
subjects with venous thrombosis after ultrasonographic 
evaluations in the form of low-molecular-weight heparin 

(enoxaparin, at a dosage of  1mg/kg twice a day).

Biochemical parameters
In all enrolled subjects, a venous blood sample was 

drawn after an overnight fast for the determination 
of plasma glucose, lipid parameters (total and HDL 
cholesterol, triglycerides) and erythrocyte sedimentation 
rate (ESR).  Plasma glucose, lipids and ESR were  
measured by standard methods. The common risk factors 
for atherosclerosis (age, gender, obesity, smoking, 
dyslipidemia, diabetes mellitus, arterial hypertension) 
were considered and reported.

The screening for mutations and conditions associated 
with thrombophilia (antithrombin III, protein C or protein 
S deficiency, factor V Leiden, prothrombin G20210A 
mutation, hyperhomocysteinemia and lupus-like 
anticoagulants) was carried out on all the subjects and the 
subjects with alterations of these factors were excluded 
from the study.

Weight in kilograms (to the nearest 0.1 kg) and 
standing height in centimeters (to the nearest 0.5 cm) 
were measured at the clinical examination by standard 
protocols. Level of overweight was measured by body 
mass index (BMI, calculated as body weight divided 
by height squared). We asked questions on the number 
of cigarettes smoked per day and duration of smoking 
to provide the foundation for the definitions of smoking 
status and pack-years of smoking. Blood pressure was 
measured in both study groups using the same protocol. 
Three measurements were taken with a random-zero 
sphygmomanometer, and the mean of the last 2 of 3 
measurements was used. Hypertension was defined 
as systolic blood pressure of 140 mm Hg or higher, or 
diastolic blood pressure of 90 mmHg or higher, or current 
treatment with blood pressure medications.

Plasma glucose was determined by the glucose 
oxidase method. Diabetes mellitus was defined at 
baseline as fasting glucose levels of 126mg/dL (7mmol/L) 
or higher, non-fasting glucose levels of 200 mg/dL 
(11.1mmol/L) or higher, or a history of or treatment for 
diabetes. Impaired fasting glucose level was defined as 
110mg/dL (6.1mmol/L) or higher but lower than 126mg/
dL (7mmol/L). Plasma total cholesterol (milligrams per 
deciliter) and triglyceride levels (milligrams per deciliter) 
were measured by enzymatic methods and low-density 
lipoprotein (LDL) cholesterol (milligrams per deciliter) 
was calculated indirectly using the Friedewald equation. 
High-density lipoprotein (HDL) cholesterol was measured 
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3 minutes, registered in telediastole, coinciding with R 
wave of the ECG, which was continuously monitored. 
The variations of the diameter during the reactive 
hyperemia were expressed as percentage increase of the 
diameter compared to the basal value. The measurement 
was registered at the media-adventitia interface of anterior 
(near) and posterior (far) vessel walls. For each scanning 
the diameters were measured in four heart cycles and 
the average was calculated by dividing the difference 
between the maximum diameter and the basal one by the 
maximum diameter. The intraobserver variability for the 
repeated measurements of resting arterial diameter was 
0.021±0.005%. When this study was performed on 2 
separate days on 16 subjects, the within-subject difference 
for the measurement of the percent increase in the arterial 
diameter during reactive hyperemia was 1.3±0.5%.

Echocardiographic study
Each subject underwent transthoracic two-dimensional 

(2D) guided M-mode echocardiogram performed with 
an Esaote MyLab TM Gold Cardiovascular instrument 
(Esaote, Genova, Italy) by standard techniques 
with subjects in the left lateral decubitus position. 
Echocardiograms were recorded on videotape. The 
echocardiographic study required the recording of 10 or 
more cycles of 2D parasternal long- and short-axis views 
and 10 or more cycles of M-mode with optimal cursor 
beam orientation in each view. Echocardiograms were 
performed by the same expert sonographer who was 
blinded to the subjects’ clinical data and anthropometric 
features. The ultrasonographic evaluations were carried out 
on enrollment. When the measurements were performed 
on 2 separate days on 10 subjects, the within-subject 
difference for the measurement of the EF was 1.4±0.7%, 
indicating good reproducibility of the echocardiographic 
measurements. We measured epicardial fat thickness on 
the free wall of right ventricle from both parasternal long- 
and short-axis views. We used imaging constraints to make 
sure that the epicardial fat thickness was not measured 
obliquely. Measurements on M-mode strips obtained from 
both 2D views with longitudinal cursor beam orientation 
in each view were also performed. The maximum values 
at any site were measured, and the average value was 
considered. 

Statistical analysis
Subjects’ baseline characteristics were reported as 

mean ± standard deviation (SD) or frequencies and 

after precipitation of the other lipoprotein fractions by 
dextran sulfate. A total cholesterol level > 200mg/dl, a 
low-density lipoprotein (LDL) cholesterol level > 100mg/
dl, a high-density lipoprotein (HDL) cholesterol level < 
40mg/dl for male subjects or < 50mg/dl for female subjects 
and a triglyceride level ≥ 150mg/dl were considered for 
definition of dyslipidemia.

No statistically significant difference was found 
between the groups for plasma glucose, total, LDL and 
HDL cholesterol, triglycerides and ESR. 

Echo-Doppler study
The presence of DVT was established by using CUS 

of  lower limb veins, that combines real-time imaging of 
the deep veins with venous compression. Lower extremity 
venous imaging was performed with the subject supine 
and the head elevated (10-20 degrees), the leg positioned 
with the knee slightly elevated and the hips slightly rotated 
externally. DVT was classified as definite  or absent. 
Definite DVT was defined by a positive duplex ultrasound 
finding. A clinical diagnosis in the absence of objective 
tests was not considered to be a DVT. 

The ultrasonographic evaluations of the endothelial 
function and the flow-mediated endothelial dependent 
vasodilatation was effectuated by Flow-Mediated 
Dilatation (FMD) measurement in the brachial artery of 
the non-dominant arm. The validity of the method has been 
confirmed in previous studies (16, 17). The diameter of the 
brachial artery was measured by an expert sonographer on 
ultrasound images obtained in B-mode with a high resolution 
5–10MHz multi-frequency linear probe connected to an 
ESAOTE Technos-MPX (Esaote, Genova, Italy). All the 
subjects had refrained from smoking, drinking alcohol 
or coffee or taking anti-oxidative agents for at least 12 
hours. Subjects were examined in the morning (between 
9 and 11 a.m.) and after 10 min of rest in a supine position 
in a quiet, temperature controlled room (21°C to 23°C) 
the brachial artery was explored at the antecubital fossa 
level on a longitudinal plane, optimizing the depth and 
the acoustic window pre-sets and keeping them in the 
same position during the study, by using a mechanical 
probe-holder arm. After the basal measurement of the 
diameter and of the speed of the brachial artery flow, a 
sphygmomanometer cuff was inflated around the forearm 
at a pressure of 50 mmHg higher than the basal systolic 
pressure and deflated after five minutes. The measurement 
of the vessel diameter and the speed of the flow were 
taken before and after the deflation every 30 seconds for 
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percentages for continuous and categorical variables, 
respectively (Table I). Normal distribution of continuous 
variables was verified using Shapiro-Wilk normality test. 
Comparisons of  baseline characteristics between subjects 
with DVT and subjects without DVT were made using the 
Chi-square test for categorical variables and the Student’s 
two-sample t-test for continuous variables. The linear 
correlation between two variables was assessed by Pearson 
correlation coefficient. Adjusted comparisons between EF 
and FMD in subjects with DVT and subjects without DVT 
were assessed by a multivariate logistic regression model. 
A parsimonious set of variables, other than EF and FMD, 
were chosen to assess the multivariate logistic regression 
model, with the use of stepwise selection (retention 
threshold p<0.10). 

P-values <0.05 were considered for statistical 
significance. All analyses were performed using SAS 
Release 9.1 (SAS Institute, Cary, NC, USA). 

RESULTS

The final study population included 77 subjects, 
38 without idiopathic DVT (mean age 65.95±16.29 
years) and 39 with idiopathic DVT (mean age 
65.49±17.22 years). The main anthropometric and 
baseline clinical characteristics of the subjects studied 
are reported in Table I. Group sample sizes of 38 
and 39 achieved 94% power to detect a large Cohen 
effect size of 0.8 with a significance level (alpha) of 
0.05, using a two-sided two-sample t-test. Subjects 
without DVT showed significantly lower values of 
EF thickness (9.07±1.89 mm vs 12.32±1.73 mm, 
p<0.001) and non-significant greater values of FMD 
(9.01±2.77% vs 7.47±5.37%, p= 0.129) than those 
with DVT.  Furthermore, the number of smokers 
were significatively greater in patients without DVT 
than those with DVT (37.8% vs 12.8%, p=0.012). 
Comparison between FMD and DVT (and between 
EF and DVT) was further adjusted by: age, sex, 
smoking and the presence of obesity. Therefore, the 
adjusted association between the EF and the presence 
of DVT still remained statistically significant 
(p=0.005) whereas the adjusted association between 
the FMD and the presence of DVT became more 
pronounced, although not statistically significant 
(p=0.058). Box plots of FMD and EF in subjects 
with and without DVT are shown in Fig. 2 along 
with adjusted p-values derived from multivariate 

logistic regression model.
No significant correlation was found between 

continuous EF and FMD in the whole sample 
(r=-0.07, p=0.564), in patients without DVT (r=-

Fig. 1. Box plots of flow mediated vasodilation (FMD) and 
epicardial fat thickness (EF) in subjects with and without 
idiopathic deep venous thrombosis (DVT). Adjusted 
p-values from multivariate logistic regression model were 
reported.
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molecules, procoagulant activities and mitogenic 
factors, leading to the development of thrombosis, 
smooth muscle cell migration/proliferation and 
atherosclerosis (23-25). FMD measurement in the 
brachial artery is a reliable method to evaluate 
endothelial function and its impairment is related  to 
coronary sclerosis and is considered predictive of 
cardiovascular events (26-29).

Another marker of cardiovascular and metabolic 
risk is represented by EF thickness. Epicardial 
adipose tissue may act as a local energy supply 
for the myocardium or buffer against toxic levels 
of free fatty acids and is a very active endocrine 
organ, expressing various inflammatory factors 
and hormones, such as IL-1β, IL-6, monocyte 
chemotactic protein-1 (MCP-1), TNF-alpha, 
visfatin, leptin. EF may have an effect on local 
coronary artery health secreting adiponectin, a serum 

0.15, p=0.420) and in patients with DVT (r=0.109, 
p=0.509).

DISCUSSION

A high proportion of subjects with venous 
thrombosis demonstrate preclinical atherosclerotic 
changes and higher risk of subsequent development of 
atherosclerotic disease (18-22). An early alteration in 
the course of arteriosclerotic disease is represented by 
endothelial dysfunction. Endothelium maintains blood 
fluidity through its ability to express anticoagulant 
and vasodilatory molecules in health conditions. 
Inflammation, infection and trauma alter the 
endothelial function and transform the endothelium 
into a prothrombotic and proinflammatory surface, 
favouring platelet and leukocyte deposition, followed 
by blood clotting activation, expression of adhesive 
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FIGURE LEGEND  

Fig. 1. Box plots of flow mediated vasodilation (FMD) and epicardial fat thickness (EF) in subjects 
with and without idiopathic deep venous thrombosis (DVT). Adjusted p-values from multivariate 
logistic regression model were reported. 
 

 

 

 

Table I. Subjects' baseline characteristics reported as mean ± standard deviation (SD).

Variable Without DVT With DVT p-value

Number of subjects nr(%) 38 39 -
Age (years) 65.95±16.29 65.49±17.22 0.905 
Male gender nr(%) 23 (62.16) 21 (53.85) 0.463 
Obesity nr(%) 9 (23.68) 14 (35.90) 0.242 
Smoke nr(%) 14 (37.84) 5 (12.82) 0.012 
Dyslipidemia nr(%) 10 (27.03) 13 (33.33) 0.550 
Diabetes mellitus nr(%) 4 (10.81) 6 (15.38) 0.555 
Arterial hypertension nr(%) 16 (43.24) 19 (48.72) 0.632 
Cardiovascular events nr (%) 4 (10.81) 1 (2.56) 0.147 
Statins nr(%) 10 (27.03) 8 (20.51) 0.504 
Anti-platelet drugs nr(%) 14 (37.84) 12 (30.77) 0.516 
Flow mediated dilation (%) 9.01±2.77 7.47±5.37 0.129 
Epicardial fat thickness (mm) 9.07±1.89     12.32±1.73 <0.001 

DVT: Deep Venous Thrombosis 

Table I. Subjects’ baseline characteristics reported as mean ± standard deviation (SD)
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protein with anti-inflammatory and anti-atherogenic 
properties, but its secretion is markedly decreased in 
subjects with coronary artery disease. (30). The aim 
of this study is to investigate whether two markers of 
cardiovascular risk (i.e. the endothelium dependent 
vasodilatation and the epicardial adipose tissue), 
are associated by idiopathic deep vein thrombosis. 
Endothelial dysfunction and epicardial adipose 
tissue contribute to risk assessment, but maybe with 
different specificities, reflecting respectively the risk 
associated to peripheral vascular disease, coronary 
artery disease and metabolic derangement (38-40). 
The data obtained show that subjects with DVT have 
a statistically significant decrease of FMD, indicating 
a severe impairment of endothelium dependent 
vasodilation and consequently a severe endothelial 
dysfunction. On the other hand, our subjects with 
DVT have a statistically significant increase of 
epicardial adipose tissue thickness, a recognized 
marker of cardiometabolic risk. Previous scientific 
papers reported that FMD decreases in subjects with 
deep vein thrombosis (31). Our data confirm this 
evidence, and in addition suggest that transthoracic 
echocardiographic assessment of the epicardial 
adipose mass, reflecting intra-abdominal visceral fat, 
may serve as a valuable marker of visceral adiposity 
and consequently of cardiometabolic risk,  probably 
more reliable than anthropometric techniques 
requiring measurement of the waist (e.g., waist-
circumference, waist-to-hip ratio) or weight and 
height, especially in the presence of idiopathic deep 
vein trombosis and with advancing age (32-37).

Our study presents some limitations, as we 
enrolled subjects meeting stringent criteria of 
inclusion. This allowed us to compare well-matched 
groups, but the results obtained may not apply to 
a more general population of subjects and further 
studies are needed to evaluate the utility of FMD and 
EF measurement for cardiovascular risk assessment 
in subjects affected by idiopathic DVT.

In conclusion, atherothrombosis and deep vein 
thrombosis are considered different disease entities, 
but epidemiological data suggest the possibility of 
an association, and endothelial dysfunction may 
represent a shared alteration. Increased epicardial 
fat thickness and altered endothelium-dependent 
vasodilation are markers of increased cardiovascular 
risk The data obtained in our study show that subjects 

with idiopathic DVT have impairment of FMD and 
increase of EF thickness and these alteration might 
predict increased risk of cardiovascular events. The 
possible interactions between cardiovascular disease 
and unprovoked deep vein thrombosis may have 
important consequences for the prognosis of the 
subjects and for the choice of therapeutic strategies. 
Visceral, and in particular epicardial, adipose tissue 
is related to metabolic syndrome and cardiovascular 
risk and endothelial dysfunction has been shown 
to predict cardiovascular events. The evaluation of 
endothelial function and epicardial adipose tissue 
amount might represent valuable, affordable and 
reliable tools to refine clinical risk stratification, to 
plan risk profile modification and to evaluate the 
effectiveness of pharmacotherapy and the results of 
medical treatment in subjects with idiopathic deep 
vein thrombosis.
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The attainment of implant stability at the time 
of emplacement is an essential factor in the clinical 
outcome of osseointegration (1). Implant stability 
can be seen as a combination of mechanical stability, 
which is the result of compressed bone holding the 
implant tightly in place, and biological stability, 
which is the result of new bone cells at the site of the 
implant, and the consequent osseointegration. Dental 
implant geometry, bone quality, and surgical protocol 
are the main elements that influence the primary 
stability of an implant, with particular negative 
emphasis on poor bone quality (2-5). Unfortunately, 
the long-term success for implant therapy becomes 
less certain when fixtures are placed into bone of 
poor quality and limited quantity. Various shapes 
of dental implants are available and usually provide 
good primary stability in cases of favorable bone 
density. Indeed, manufacturers now produce dental 

implants that they guarantee to provide good primary 
stability even with poor bone quality. 

The original endosseous implants were 
cylindrical in design, but this is not suitable for all 
applications. A conical shape was thus developed, 
especially for immediate implant placement after 
tooth extraction, with their use then extended to 
provide a degree of compression of the cortical bone 
in poor bone implant sites. Indeed, tapered implants 
provide tighter contacts between the implant and the 
tissue than cylindrical implants, due to the different 
diameters between the upper and lower sections of 
the implants (6, 7).

A number of devices and techniques have been 
developed to assess primary implant stability, 
including radiographic investigations, resonance 
frequency analysis, insertion torque, removal torque, 
and the Periotest® (8). However, one major problem 
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in measuring implant stability is the lack of a gold 
standard technique (9). 

It has been suggested that measurement of the 
insertion torque that is required to properly seat an 
implant in its bone bed also represents a measure of 
the stability of an implant. High peak insertion torque 
has been considered advantageous towards improved 
primary stability (2, 3, 10, 11). Indeed, clinical 
studies have demonstrated a close relationship 
between initial stabilization and the success of an 
osseointegrated implant (12). 

The removal torque test is a method based on the 
unscrewing of the implant from the bone, and this 
has been used extensively to quantify the torsional 
strength of bone–implant contact in experimental 
animal studies (13). 

To study the primary stability of dental implants 
with different shapes, synthetic bone test specimens 
are often used in favor of cadaver samples, because 
of their low variance in material properties and their 
improved availability. Cadaver samples show high 
variability due to the mechanical properties of the 
substrate, which depend on the site selected, and the 
donor sex, age and metabolic condition (14). Solid 
rigid polyurethane foams are widely used as standard 
test materials for simulating human cancellous bone 
(2, 6, 15-17). These polyurethane foams are available 
in blocks, and they have been used to investigate the 
fixing of bone screws.

The aim of this study is to compare different 
shapes of dental implants, as conical and cylindrical, 
in respect to their initial stability as in-vitro implants 
in solid rigid polyurethane foam blocks, with the 
insertion and removal torques used to asses the 
primary implant stability. 

MATERIALS AND METHODS

Synthetic bone specimens
Polyurethane foam cylinders (diameter, 25 mm; 

height, 40 mm; Sawbones, Pacific Research Laboratories, 
Washington, DC, USA) were used as the in-vitro bone 
substitute (Fig. 1). This material has been tested successfully 
with other types of implants, and has been validated by the 
American Society for Testing Materials (ASTM) as having 
mechanical properties that are similar to those of human 
cancellous bone (2, 3, 6, 17-20). To simulate the bone 
classification from dense cortical to fine trabecular bone, 

homogeneous blocks with densities of 0.64, 0.48, 0.32, 
0.16 g/cm3 were used (D1 to D4, respectively).

Implant installation
The conical dental implants were WAY® Venezia 

implants (GEASS S.r.l., Pozzuolo del Friuli, Udine, 
Italy), with a minimum diameter of 2.54 mm, a maximum 
diameter of 4.10 mm, and a length of 15 mm. The 
cylindrical dental implants were HEXA® implants 
(GEASS S.r.l., Pozzuolo del Friuli, Udine, Italy), with a 
minimum diameter of 2.77 mm, a cylinder diameter of 
3.00 mm, a maximum diameter of 4.10 mm, and a length 
of 15 mm (Fig. 2). For the present study, a unique surface 
finishing was used (sandblasting). The threads of these 
two implant groups had the same pitch and height.

Ten dental implants were tested with each polyurethane 
foam ‘bone’ density. The procedure for the placements 
of the conical implants was initiated according to the 
manufacturer’s instructions; 2.1 mm and 2.5 mm diameter 
twist drills were used first, which were then followed 
by the final drilling at 3.8 mm diameter, to the 15 mm 
length. For the undersized D4 bone preparation, the final 
placement length used was 9 mm. For the oversized D1 
bone preparation, the final drill length used was 15 mm or 
9 mm. The procedure for the placements for the cylindrical 
implants started with the 2 mm twist drill, followed by the 
pilot drill, the 3 mm twist drill, and finally the countersink. 
For the higher density polyurethane foam, the tapper was 
also used. 

Insertion torque test 
The implants were placed perpendicular to the 

synthetic bone sample, and were inserted by rotating the 
chuck rotational axis clockwise with a uniform speed of 
10 revolutions per minute. During the installation, the 
insertion torques were measured for all of the implants 
every 0.2 s, using a digital torque gauge (Imada, HTG2 
series, Northbrook, IL), until the peak torque was reached. 
A dial indicator depth gauge that was sensitive to 0.01 mm 
was used to accurately measure the insertion depth of the 
implants (Mitutoyo, Kawasaki, Kanagawa, Japan).

The relationship between the insertion torques and the 
lengths of the implants in the placements was determined 
according to the conical and cylindrical implant 
geometries. 

Removal torque test 
The removal torques were also measured every 0.2 s, 
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Measurement of the removal torque
The removal torques were measured for the 

conical and the cylindrical implant and placement 
systems for the D1, D2, D3 and D4 foam ‘bone’ 
blocks, each according to the implant length (Fig. 4). 
Note that for the D1 and D4 synthetic bone types 
the conical implants were tested for oversized and 
undersized preparations, respectively.

Measurement of the maximum removal torque
The removal torque is the torque that was needed 

to unscrew the dental implant from the placement. 
The maximum removal torques of these implants 
from the placements in the different bone density 
classes are given in Table I. For the D1 and D4 
‘bone’ blocks, the maximum removal torques for 
the conical implants were significantly greater than 
those of the cylindrical implants (p <0.01; Table I).

DISCUSSION

The aim of the present study is to investigate the 
effects of conical and cylindrical implant designs 
on the initial stability of implants positioned in 
polyurethane foam ‘bone’ blocks. 

To eliminate the effects of the potential 
variability of the bone parameters on the primary 
stability of the implants, these were inserted into 
a homogeneous material. Indeed, an in-vivo bone 
model would increase the heterogeneity across 
the samples, as bone can present different density, 
hardness and mechanical properties even in the same 
segment, which will affect the primary stability of 
an implant. The ASTM has validated polyurethane 
blocks as having mechanical properties that simulate 
human cancellous bone (15). Polyurethane has been 

by counter-clockwise rotation of the chuck rotational axis, 
until the implants were removed. The relationship between 
the removal torques and the lengths of the implants in the 
placements was determined according to the conical and 
cylindrical implant geometries. 

Statistical analysis
The mean insertion and removal torques (±standard 

deviations) were calculated. All of the measurements 
were evaluated statistically using an independent t-test, to 
determine whether there were any significant differences 
across the maximum insertion torques and the maximum 
removal torques. A p <0.01 was considered significant. 

RESULTS

Measurement of the insertion torque
The insertion torques were measured for the 

conical and the cylindrical implant and placement 
systems for the D1, D2, D3 and D4 foam ‘bone’ 
blocks, each according to the implant length, and 
hence implant diameter, in the placement (Fig. 3). 
Note that for the D1 and D4 synthetic bone types 
the conical implants were tested for oversized and 
undersized preparations, respectively.

Measurement of the maximum insertion torque
The maximum insertion torque is the torque 

that was measured at the end of the dental implant 
insertion into the placement. The maximum insertion 
torques of these implants into the placements in the 
different bone density classes are given in Table I. For 
the D1 and D4 ‘bone’ blocks, the maximum insertion 
torques for the conical implants were significantly 
greater than those of the cylindrical implants (p 
<0.01; Table I).

Fig. 1. The synthetic bone blocks of four different densities, as the D1 D2, D3 and D4 bone classes (left to right).



92 E. ALEO ET AL.

used as a standard material for mechanical tests 
for implantable devices in the oral and orthopedic 
implant fields. In the present study, polyurethane 
foam cylinders of different densities were used to 
resemble the human bone classes, according to the 
Misch classification of D1, D2, D3 and D4 bone (21).

In the past, a wide range of methods have been 
developed to test the stability of implants. Of 
these methods, which have included radiographic 
investigations, resonance frequency analysis, 
insertion torque, removal torque, and the Periotest® 
(8), measurement of insertion torque is widespread 
and it appears to be a more accurate method for 
estimating primary stability (2, 3, 10-12). In the 
present study, both the insertion torque and removal 
torque data were collected. 

For the insertion torque, this was seen to increase 
with increasing screw length for both the conical 
and the cylindrical implants. The trends in the data 
show linear progression for the cylindrical implants, 
according to the diameter of the implant, which 
is fixed from 3 mm to 13 mm of the total implant 
length. In contrast, the conical implants show a more 
curvilinear shape to the insertion torque curves, 

which can be explained by the gradual increase in 
the outer implant diameter. 

The removal torques showed trends in the data that 
are in agreement with the progression of the insertion 
torque curves, with a clear peak for the conical 
implants and a decreased peak for the cylindrical 
implants. Of note, the removal torque curves of the 
cylindrical implants show a pronounced cyclicity 
for all of the bone classes, which is probably due 
to eccentric rotation of the system. This was not as 
visible for the conical implants. At the same time, 
the order of magnitude of this cyclic behavior is not 
significant in terms of the removal torque measures 
in the present study. 

Considering the maximum insertion torques, no 
differences in initial stabilities were seen between 
the conical and cylindrical dental implants for the 
D2 and D3 synthetic bone blocks; however, they 
do show significant differences for the D1 and D4 
synthetic bone. Therefore, these findings indicate that 
conical implants have higher primary stability than 
cylindrical implants when the surgical conditions are 
complicated and clinically disadvantageous, as seen 
for these in-vitro D1 and D4 bone classes. 

These data are essentially in agreement with 
histomorphometric results obtained by Trisi and 
Rao (22). These authors demonstrated that the large 
distribution of the histomorphometric data in each of 
these bone classes resulted in overlapping data for 
the adjacent classes, so that their statistical tests did 
not show significant differences between the adjacent 
D2 and D3 classes. Of note, the densities of actual 
bone cannot be separated clearly into four different 
types, as in vivo there is a continuous gradient of 
bone density, with all of the intermediate values 
seen. Thus, the surgeon can also have difficulty in 
distinguishing between these neighboring categories, 
although this is less of a problem between the D1 
and D4 bone classes.  

From the results of animal study there were no 
significant differences in the success rate and  the  
histomorphometric analysis between the cylindrical 
and conical implants (23). 

The continuous increase in the insertion torques 
for the conical implants was probably caused by 
the tighter contact with the surrounding synthetic 
bone than seen for the cylindrical implants, due to 
the different implant diameters from the lower to 

Fig. 2. Conical (left) and cylindrical (right) implant 
designs used in this study.
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Other studies have indicated that even if the insertion 
process is completed when the rotational force and 
torque are at their highest, the interfacial strain 
decreases when the screw is in equilibrium, because 
of the changes in the surrounding bone when the 
rotational force is removed (20).

While such studies using insertion torque and 
synthetic bone provide a good method to study these 
mechanical relationships, it should be noted that the 
torque-in and torque-out values are different from 
those that would be measured in vivo. This arises 
because these in-vitro synthetic bone blocks do 
not have the same dampening effects as the in-vivo 
maxilla and mandible bone. Thus, in these studies, 
the data cannot be considered as absolute values, but 
need to be considered as comparisons between these 
two dental implant systems.

In conclusion, this study demonstrates that design 

the upper parts of the conical implants. These data 
also confirm previous studies for endosseous dental 
implant and orthodontic miniscrews, which have 
indicated that conical implants have higher primary 
stability than cylindrical implants (10, 19). These 
data thus further support the use of a conical shape 
of the implant for poor bone quality, to decrease 
emplacement failure. They are in agreement with 
the concept that the tapered shape of these conical 
implants increases the primary stability by providing 
pressure on the cortical bone of regions of poor bone 
quality (6, 7).

Although the conical implants also show higher 
removal torques than the cylindrical implants, both 
types of implant show lower maximum removal 
torques than maximum insertion torques. These 
findings are in agreement with recently published 
data using the same standardized bone system (5). 

Fig. 3. Insertion torques for the conical and cylindrical implants in the D1, D2, D3 and D4 synthetic bone blocks (as 
indicated). 
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Fig. 4. Removal torques for the conical  and cylindrical implants in the D1, D2, D3 and D4 synthetic bone blocks (as 
indicated). 

 

15 
 

Table I. Maximum insertion and removal torques for the conical and cylindrical 
implants in the placements of the D1, D2, D3 and D4 synthetic bone types. 

Implant

system
Maximum torque (N.cm) 

D1
(0.64 g/cm3)

D2
(0.48 g/cm3)

D3
(0.32 g/cm3)

D4
(0.16 g/cm3)

Insertion

Conical 77.52±3.64* 65.86±4.03 22.73±2.61 4.29±0.35* 

Cylindrical 52.06±6.84* 62.79±9.13 21.90±3.96 2.43±0.88* 

Removal

Conical 63.13±1.44* 54.06±1.91 16.66±2.05 4.69±0.27* 

Cylindrical 28.00±5.86* 49.13±6.49 16.80±3.39 3.79±0.68* 

Data are means ±SD. 
*Conical versus cylindrical, p <0.01. 

Table I. Maximum insertion and removal torques for the conical and cylindrical implants in the placements of the D1, 
D2, D3 and D4 synthetic bone types.

Data are means ±SD.
*Conical versus cylindrical, p <0.01.
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Implants Res 2004; 15:474-80. 
8.	 Atsumi M, Park SH, Wang HL. Methods used to 

assess implant stability: current status. Int J Oral 
Maxillofac Implants 2007; 22:743-54.

9.	 Ceherli MC, Karasoy D, Akca K, Eckert SE. Meta-
analysis of methods used to assess implant stability. 
Int J Oral Maxillofac Implants 2009; 24:1015-32.

10.	 Sakoh J, Wahlmann U, Stender E, Nat R, Al-Nawas 
B, Wagner W. Primary stability of a conical implant 
and a hybrid, cylindric screw-type implant in vitro. 
Int J Oral Maxillofac Implants 2006; 21:560-6.

11.	 Trisi P, Perfetti G, Baldoni E, Berardi D, Colagiovanni 
M, Scogna G. Implant micromotion is related to peak 
insertion torque and bone density. Clin Oral Implants 
Res 2009; 20:467-71.

12.	 Akça K, Chang TL, Tekdemir I, Fanuscu MI. 
Biomechanical aspects of initial intraosseous 
stability and implant design: a quantitative micro-
morphometric analysis. Clin Oral Implants Res 
2006; 17:465-72.

13.	 Johansson C, Albrektsson T. Integration of screw 
implants in the rabbit: a 1-year follow-up of removal 
torque of titanium implants. Int J Oral Maxillofac 
Implants 1987; 2:69-75.

14.	 Szivek JA, Thompson JD, Benjamin JB. 
Characterization of three formulations of a synthetic 
foam as models for a range of human cancellous 
bone types. J Appl Biomater 1995; 6:125-8.

15.	 ASTM F1839-08. Standard specification for rigid 
polyurethane foam for use as a standard material 
for testing orthopedic devices and instruments. 
American Society for Testing and Materials.

16.	 Patel PS, Shepherd DE, Hukins DW. Compressive 
properties of commercially available polyurethane 
foams as mechanical models for osteoporotic human 
cancellous bone. BMC Musculoskelet Disord 2008; 
9:137.

17.	 Kim JW, Baek SH, Kim TW, Chang YI. Comparison 
of stability between cylindrical and conical type mini-
implants. Mechanical and histological properties. 
Angle Orthod 2008; 78:692-8.

18.	 Bardyn T, Gédet P, Hallermann W, Büchler P. 
Quantifying the influence of bone density and 
thickness on resonance frequency analysis: an in-
vitro study of biomechanical test materials. Int J Oral 
Maxillofac Implants 2009; 24:1006-14. 

of the dental implant is important for initial implant 
stability, with the demonstration that a conical shape 
of the implant can show greater insertion and removal 
torques compared with a cylindrical design. This will 
be particularly evident when the surgical conditions 
are complicated and clinically disadvantageous, 
which thus ensures greater primary stability for the 
use of conical implants in such cases.
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Saporin-S6 is a single-chain ribosome-inactivating protein (RIP) that has low toxicity in cells and 
animals. When the protein is bound to a carrier that facilitates cellular uptake, the protein becomes 
highly and selectively toxic to the cellular target of the carrier. Thus, saporin-S6 is one of the most 
widely used RIPs in the preparation of immunoconjugates for anti-cancer therapy. The endocytosis of 
saporin-S6 by the neoplastic HeLa cells and the subsequent intracellular trafficking were investigated 
by confocal microscopy that utilises indirect immunofluorescence analysis and transmission electron 
microscopy that utilises a direct assay with gold-conjugated saporin-S6 and an indirect immunoelectron 
microscopy assay. Our results indicate that saporin-S6 was taken up by cells mainly through receptor-
independent endocytosis. Confocal microscopy analysis showed around 30% co-localisation of saporin-S6 
with the endosomal compartment and less than 10% co-localisation with the Golgi apparatus. The 
pathway identified by the immunofluorescence assay and transmission electron microscopy displayed 
a progressive accumulation of saporin-S6 in perinuclear vesicular structures. The main findings of 
this work are the following: i) the nuclear localisation of saporin-S6 and ii) the presence of DNA gaps 
resulting from abasic sites in HeLa nuclei after intoxication with saporin-S6. 
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Ribosome-inactivating proteins (RIPs) (1) are 
depurinating enzymes that are expressed in a large 
number of plants. These proteins have N-glycosidase 
activity that removes a specific adenine residue 
(A4324 in rat liver rRNA) from rRNA and irreversibly 
damages ribosomes and causes the inhibition of 
protein synthesis. RIPs also depurinate DNA; 

thus, the denomination of polynucleotide adenine 
glycosylase (PNAG) was proposed. These proteins 
are divided into type 1 and type 2 RIPs depending 
on the type of polypeptide chains that constitute 
the structure. The majority of known RIPs are 
single-chain proteins (type 1 RIPs). Other RIPs are 
galactoside-specific lectins consisting of A chain(s) 
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cases, the carrier largely mediates the binding and 
endocytosis of the conjugates that are responsible 
for selective cytotoxicity. Thus, the study of the 
intracellular localisation of saporin is essential for 
investigating a possible anti-cancer utilisation of 
saporin-containing immunotoxins (12). 

Of note, saporin and other type 1 RIPs were 
shown to induce apoptotic cell death alone or as a 
toxic component of immunotoxins (13). Moreover, 
ricin and saporin were cytotoxic through more than 
one cell death mechanism (14). Recently, it has been 
shown that a saporin mutant that is unable to inhibit 
protein synthesis can induce apoptosis of intoxicated 
cells (15). Thus, RNA damage is not required to 
trigger apoptosis.

In previous studies, the mechanism of endocytosis 
and the intracellular fate of type 1 RIPs, gelonin (16-
18), saporin (19-22), and trichosanthin (23, 24) were 
investigated. Although in some cell types a receptor-
mediated endocytosis by the LDL receptor family 
was suggested, the interaction of type 1 RIPs with 
cells needs to be clarified. 

In this study, we examined the endocytosis 
of saporin and the intracellular routing and 
subcellular localisation in HeLa cells by indirect 
immunofluorescence using a confocal microscope 
and direct and indirect gold staining using an electron 
microscope. In particular, we tried to establish 
whether saporin is able to enter the cell nucleus and 
induce DNA depurination.

MATERIALS AND METHODS

Saporin
Saporin was isolated as previously described (25) 

from the seeds of Saponaria officinalis kindly supplied by 
the Azienda Regionale delle Foreste della Regione Emilia 
Romagna, Casola Valsenio, RA, Italy. Protein purity was 
analysed by reverse-phase HPLC on a Vydac C4 column 
(Hesperia, CA, USA) as described previously (26) and 
was close to 99% of the total protein.

Antibodies
Rabbit anti-saporin polyclonal antibodies were 

prepared as previously described (27). The anti-GM130 
monoclonal antibody was from BD Transduction 
Laboratories, Heidelberg, Germany. The anti-BiP/GRP78 
monoclonal antibody was from Stressgen Biotechnology, 
San Diego, CA, USA. Fluorescein isothiocyanate (FITC)-

with the same enzymatic activity as type 1 RIPs 
and are linked to cell binding B chain(s) with lectin 
properties (type 2 RIPs). Certain type 2 RIPs are 
potent toxins, the most well-known being ricin and 
abrin. Other type 2 RIPs have a similar structure and 
enzymatic properties but are less toxic (2-4).

The mechanism of the entry and intracellular 
routing of type 2 RIPs has been extensively studied, 
particularly the mechanism of ricin. Ricin, through 
the lectin chain, binds the terminal galactose or 
N-acetylgalactosamine residues of glycoproteins 
and glycolipids on the cell surface. After the 
endocytosis of ricin by clathrin-dependent and 
independent mechanisms, ricin is routed through 
the endosomal compartment to the multi-vesicular 
body and about 5% of the protein is sorted in 
the trans-Golgi network (TGN). Several lines of 
evidence indicate that this small amount of ricin 
is responsible for ricin targeting to the ribosome 
and cytotoxicity. Ricin reaches the endoplasmic 
reticulum (ER) through the retrograde transport 
system that mediates the routing of misfolded 
proteins from the TGN to the ER compartment (5). 
The translocation of type 2 RIPs from the ER to the 
cytosol has been proposed to occur in two steps: 
the reduction of the disulphide bridge between the 
A and B chains; and the cytosolic entry of the A 
chain using the quality control pathway that leads 
to ER-associated protein degradation (6, 7). The 
localisation of a recombinant ricin A chain fused 
to EGFP (enhanced green fluorescent protein) in 
the ER was shown by confocal microscopy and 
immunogold labelling electron microscopy (8).

The B chain facilitates the endocytosis of type 2 
RIPs that justifies, at least in part, the higher toxicity 
of certain type 2 RIPs to cells and animals compared 
to type 1 RIPs. The toxicity of type 2 RIPs to the 
mouse is highly variable with a lethal dose at 50% 
(LD50) ranging from 1µg/kg to 40µg/kg body wt, 
whereas the LD50 of type 1 RIPs ranges between 
1 and 44 mg/kg (2). In particular, the type 1 RIP 
saporin-S6 (from Saponaria officinalis), hereinafter 
referred to as saporin, kills mice with a LD50 at 6 
days of 4µg/kg body wt (9).

Saporin and other type 1 RIPs have been 
extensively used in generating immunotoxins (10, 
11) to target the specific epitopes expressed on the 
surface of tumour or other unwanted cells. In these 
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BiP monoclonal antibody (1:100). The detection of 
primary antibodies was performed with FITC-conjugated 
anti-rabbit and CyTM5-conjugated anti-mouse antibodies 
(1:20). Finally, cover slips were mounted on glass slides 
using a Mowiol 4-88 (Sigma-Aldrich) solution (10% w/v) 
containing the anti-fade 1,4-diazobicyclo-[2.2.2]-octane 
(2.5% w/v, DABCO, Sigma-Aldrich) in 1x10-1 M Tris-
HCl buffer, pH 8.5, and glycerol (20% v/v).

Fluorescence microscopy was performed with a 
Leitz Orthoplan microscope equipped with a 100 W 
epi-illumination and 40x and 100x objectives. Colour 
photomicrographs were obtained using a Kodak MDS 
120 digital camera. The double immunofluorescence 
experiments were analysed by a Radiance 2000 confocal 
microscope, and the co-localisation was evaluated by 
using the LaserPix software (both from BioRad, Hercules, 
CA, USA) as already detailed (29).

Transmission electron microscopy
For electron microscopy experiments, 2x105 cells 

were seeded in 6-well microtitre plates in 1 ml of complete 
medium. After 18 h, cells were treated with saporin at 
37°C for the indicated time.

a)	Morphological alteration of saporin-treated HeLa 
cells - To ascertain cell modifications induced by the RIP, 
HeLa cells were incubated with 1x10-6 M saporin for 20 h, 
washed three times with PBS, harvested with a cell scraper 
and centrifuged at 300xg for 5 min. Pelleted cells were 
washed twice with PBS, fixed with 4% p-formaldehyde in 
1x10-1 M sodium phosphate buffer, pH 7.5, for 24 h at 4°C. 
The pellets were washed with 1.5x10-1 M sodium phosphate 
buffer, pH 7.5, postfixed in 1% buffered osmium tetroxide, 
dehydrated through a graded ethanol series (70-100%) 
and embedded in epoxy resin. Ultrathin sections were 
counterstained with uranyl acetate and lead citrate and 
observed on a transmission electron microscope (Philips 
400T, Eindhoven, Netherland).

b)	Saporin conjugation with colloidal gold - 
Saporin was conjugated to 5 nm colloidal gold particles 
(Nanoprobes) following the manufacturer’s instructions. 
Briefly, 3x10-6 M saporin in 1x10-1 M carbonate/
bicarbonate buffer, pH 10, was added at 1/10 v/v to 
colloidal gold that was previously adjusted to pH 10 
with the same buffer. The mixture was gently stirred 
for 5 min at room temperature and after saturation with 
polyethylenglycol (PEG) 8000 (final concentration 1%) 
was ultracentrifuged at 49000xg for 2 h at 4°C. The loose 
pellet containing the conjugate was resuspended in 2x10-2 
M Tris-HCl buffer, pH 7.5, containing 1% PEG 8000 and 
centrifuged as described above. The conjugate was stored 
at 4°C.

c)	Pre-embedding experiments - HeLa cells were 
treated with 1x10-5 M saporin containing 1/10 of the 5 

conjugated goat anti-rabbit IgG polyclonal antibodies 
were from Calbiochem, Darmstadt, Germany. CyTM5-
conjugated donkey anti-mouse IgG polyclonal F(ab’)2 
antibodies were from Jackson ImmunoResearch Lab. Inc., 
West Grove, PA, USA. Five nanometres gold-conjugated 
goat anti-rabbit IgG were from Nanoprobes, Yaphank, NY, 
USA. Gold-labelled goat anti-rabbit IgG 10 nm was from 
GE Healthcare, Buckinghamshire, UK.

Cells
HeLa cells were maintained in RPMI 1640 medium 

(Sigma-Aldrich, St. Louis, MO, USA) and supplemented 
with 10% heat-inactivated foetal bovine serum (FBS, 
Sigma-Aldrich), 2x10-3 M L-glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin (Sigma-Aldrich) (hereinafter 
referred to as the complete medium) in humidified air with 
5% CO2 at 37°C. Cell viability was analysed before each 
experiment by Trypan blue dye exclusion.

Cell protein synthesis
The concentration of saporin inhibiting protein 

synthesis by 50% (IC50) was assessed 24 h after seeding 
HeLa cells on 24-well plates (30,000 cells/well), as 
previously described (28) with minor modifications. 

In the short-term experiments, the cultures were 
incubated in the absence or presence of 10-5 M saporin 
for 90 min at 37°C in complete medium and were pulsed 
for 30 min with 2 µCi/ml L-[4,5-3H]leucine (85 Ci/mmol, 
GE Healthcare) in leucine- and serum-free RPMI 1640 
containing the same saporin concentration. Cells were 
washed with 5x10-3 M sodium phosphate buffer, pH 7.5, 
containing 1.4x10-1 M NaCl (PBS) before the radiolabeled 
leucine incorporation was determined.

Immunofluorescence assay
HeLa cells were seeded on cover slips in 24-well 

plates (30,000 cells/well) in complete medium. After 24 
h, cells were treated with saporin as detailed in the legend 
to Fig. 1.

At the end of each treatment, cells were washed three 
times with serum-free medium at 0°C and fixed with 1% 
p-formaldehyde in 1x10-1 M sodium phosphate buffer, 
pH 7.5, for 30 min at 30°C, washed twice with PBS and 
permeabilised with 1% saponin for 45 min at 30°C. After 
saturation with 1% bovine serum albumin (BSA, Sigma-
Aldrich) in PBS (PBS/BSA) for 1 h at 30°C, cells were 
incubated with rabbit anti-saporin antibodies 1:8000 in 
PBS/BSA for 60 min at 30°C and washed and the FITC-
conjugated anti-rabbit antibodies that were diluted 1:100 
in PBS/BSA for 60 min at 30°C were added. Double-
staining experiments were performed by incubating 
saporin-treated cells with rabbit anti-saporin antibodies 
and anti-GM130 monoclonal antibody (1:1000) or anti-
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1x10-1 M Tris-HCl buffer, pH 8.5, containing glycerol 
(20% v/v) and DAPI (2.5% w/v).

RESULTS

Effect of saporin on protein synthesis by HeLa cells
Saporin cytotoxicity was verified by protein 

synthesis determination. Protein synthesis by HeLa 
cells was 83.8±9.2% after incubation with 1x10-5 M 
saporin for 120 min. The IC50 after 24 h incubation 
was 6.14x10-7 M.

Intracellular localisation of saporin by 
immunofluorescence analysis

The pulse-chase exposure of HeLa cells to 
saporin for different times at 37°C showed that the 
RIP was already intracellularly localised after 20 
min (Fig. 1A). The FITC-conjugated anti-saporin 
antibody was in endocytic vesicles distributed in 
the cytosol. The fluorescence pattern reached and 
accumulated in a perinuclear vesicular structure. 
The small amount of staining visible in the nuclear 
spot could not confirm nor exclude the presence of 
saporin inside the nucleus.

The double immunofluorescence analysis 
performed by confocal microscopy showed an 
approximate 30% co-localisation of saporin with 
the endoplasmic reticulum (ER) marker BiP as 
demonstrated by the co-localisation binary map (Fig. 
1B). After 20, 40 and 60 min of exposure to saporin, 
there was not a significant difference in the amount 
of protein that localised in the ER. A similar pattern 
was observed with the co-localisation analysis of 
saporin and the Golgi marker GM130 that showed 
around 7% (Fig. 1C) of the saporin localised in the 
Golgi apparatus. After 60 min of total incubation 
time, 4% of the endocytosed saporin was present in 
the nucleus (Fig. 1D). 

Effect of saporin exposure to HeLa ultrastructure
HeLa cells exposed to 1x10-6 M saporin for 20 h 

were similar to untreated cells (Fig. 2A) and only a 
few apoptotic cells were found. However, in the vast 
majority of treated cells minimal organelle injury 
was seen; mitochondria had dilated cristae and a 
contracted appearance (Fig. 2B); autophagocytic 
vacuoles, often involving degenerated mitochondria, 
were a common finding as well as focal dilatation of 
rough ER cisternae (Fig. 2C). The Golgi apparatus 

nm gold-saporin conjugate. After 20, 40, 60 and 120 min 
at 37°C, cells were harvested, fixed and processed for 
electron microscopy as described above.

d)	Post-embedding experiments - An immunoelectron 
microscopy assay was performed on HeLa cells exposed 
to non-conjugated 1x10-5 M saporin in a continuous 
manner as described above. After fixing overnight with 
4% p-formaldehyde and washing with 1.5x10-1 M sodium 
phosphate buffer, pH 7.5, the cells were dehydrated 
through a graded ethanol series (70-100%) and embedded 
in acrylic resin (Unicryl, BBInternational, England). 
Polymerisation was achieved by UV light at 4°C. Ultrathin 
sections were collected on gold grids, blocked in PBS/
BSA for 15 min and incubated overnight at 4°C with a 
rabbit anti-saporin polyclonal antibody diluted 1:8000 in 
PBS/BSA. Grids were subsequently washed with PBS 
and incubated for 30 min at room temperature with 5 
nm gold-conjugated anti-rabbit IgG diluted 1:10 in PBS/
BSA. After washing with PBS and distilled water, grids 
were counterstained with uranyl acetate (3% in water) 
and lead citrate and observed in a transmission electron 
microscope. In a parallel experiment, rabbit anti-saporin 
polyclonal antibody was diluted 1:4000 in PBS/BSA 
followed by incubation with 10 nm gold-labelled anti-
rabbit IgG diluted 1:5 in PBS/BSA.

Comet assay
HeLa cells were seeded in 6-well plates (100,000 

cells/well) in complete medium 18 h before treatment 
with saporin 10-5 M for 2 h and incubated overnight at 
37°C in the absence of RIP. The following day, cells 
were washed twice in PBS, harvested with a scraper, 
counted and resuspended in PBS at a concentration of 
105 cells/ml. The cell suspension of 10 μl was quickly 
mixed with 100 μl of 1% LM agarose (Trevigen 
Gaithersburg, MD, USA) at 37°C, and 40 μl of this 
mixture was dropped onto a glass slide. Dried samples 
were lysed at 4°C for 2 h in the dark with a solution 
containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-
base, 1% sodium lauryl sarcosine and 1% Triton X-100. 
Afterwards, the samples were equilibrated for 30 min in 
freshly prepared FLARETM buffer (Trevigen) containing 
0.01 M HEPES-KOH, 0.1 M KCl and 0.01 M EDTA. 
Half of the samples were incubated for 1 h at 37°C with 
40 μl E. coli endonuclease IV (Trevigen) that was diluted 
1:75 with FLARETM buffer containing BSA supplied by 
Trevigen. Subsequently, the slides were incubated for 
30 min in the buffer containing 0.5 M EDTA and 0.2 
M NaOH, pH 13, and subjected to electrophoresis (24 
V, 300 mA) for 40 min at 4°C in the same buffer. The 
samples were washed twice with distilled water and 
fixed in 70% ethanol for 5 min. The slides were mounted 
as above using a Mowiol 4-88 solution (10% w/v) in 
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electron microscopy using pre-embedding and post-
embedding procedures.

a)	 Experiments with gold-saporin conjugates - 
Time-lapse analysis of 5 nm gold-saporin complexes 
showed that, after 20 min of incubation, gold particles 
were mainly located on the plasma membrane and 

appeared to be well preserved.  

Analysis of saporin internalisation pathway by 
transmission electron microscopy

The saporin internalisation pathway in the 
cytosolic compartment was assessed by transmission 

Fig. 1. Detection of saporin by indirect immunofluorescence. HeLa cells were incubated with 10-5 M saporin for 20 
min at 37°C, washed and incubated at 37°C up to the indicated time. Fluorescence microscopy (A): After fixation and 
permeabilisation, cells were treated with the anti-saporin polyclonal antibody and stained with the FITC-conjugated anti-
rabbit antibody. Confocal microscopy and co-localisation (B-D): After fixation and permeabilisation, cells were treated 
with the anti-saporin polyclonal antibody and the anti-BiP (B) or anti-GM130 (C) antibodies. The secondary antibodies 
gave a green signal for saporin and a red signal for the ER (B) or Golgi apparatus (C). The percentage of co-localisation 
is reported together with the co-localisation binary map. D) The amount of saporin inside the nucleus was calculated as 
nuclear/cytoplasmic ratio (N/C) of grey levels and expressed as percentage. Scale bar, 10 µm.
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in clear vesicles and vacuoles (Fig. 3A); only in a 
few instances were the particles found within coated 
vesicles (Fig. 3B). After 40 min, gold particles 
were clustered in late endosomes and lysosomes in 
proximity to the nuclear area. Lack of gold particles 
in lipofuscin (Lp) suggests that gold-labelled 
saporin is not destined towards terminal autophagic 
compartment (Fig. 3C). Occasionally, clusters of gold 
particles were seen close to rER cisternae (Fig. 3D). 
The localisation of gold particles in the nuclear zone 
was particularly evident after 60 min (Fig. 3E) and 
120 min (Fig. 3F). Interestingly, the Golgi complexes 
were well preserved. In control experiments, the 
gold-saporin complexes internalisation was inhibited 
by cold temperature (i.e., 4°C). Moreover, HeLa cell 
incubation with unconjugated-gold particles showed 
gold particles exclusively in the sub-plasmalemmal 
cytoplasmic compartment (data not shown).

b)	 Experiments with immunogold labelling 
- Comparative post-embedding analysis using a 
rabbit anti-saporin polyclonal antibody followed by 
incubation with 10 nm gold-labelled anti-rabbit IgG 
confirmed results from the pre-embedding procedure 
described above. However, after 20 min, single 
gold particles were observed in sub-plasmalemmal 

clear vacuoles and free in the cytoplasm (Fig. 4). 
Occasionally, after 60 min, gold particles were seen in 
hybrid structures formed by fusion of clear vacuoles 
with rER cisternae (Fig. 4E). Starting from 40 min 
of incubation, gold particles were seen in proximity 
to the nuclear envelope and within the nucleus of 
individual cells (Fig. 5). Nuclear localisation of 
saporin was present in approximately 10% of the 
cells; however, the gold labelling intensity varied 
greatly ranging from moderate (8% of HeLa cells 
containing less than 10 gold particles/individual 
nuclear area) to intense (2% of HeLa cells showing 
more than 10 gold particles/individual nuclear area). 

Identification of DNA damage by endonuclease IV 
comet assay

This method relies on E. coli endonuclease IV 
that is able to detect and repair DNA gaps resulting 
from the recognition of abasic sites.

The chromatin of control cells was intact, which 
is a sign that the experimental procedure did not alter 
the nuclei (Fig. 6A). In more than 90% of the cases, 
the electrophoresis of nuclei from cells treated with 
saporin revealed the formation of tails, an index of 
DNA fragmentation (Fig. 6B). These damages are 
repaired in most cells by endonuclease IV, which 

Fig. 2. Effects of saporin on the ultrastructure of HeLa cells. Untreated HeLa cells showing normal ultrastructure (A). 
Following 20 h exposure to 10-6 M saporin HeLa cells show contracted mitochondria with dilated cristae (arrowheads) 
(B), numerous autophagocytic vacuoles (large arrows), often involving degenerated mitochondria, and focal dilatation of 
rER cisternae (small arrows) (C); the Golgi apparatus (G) is unaffected. Magnification: A: x9200; B: x8000; C: x11000.
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Fig. 3. Ultrastructural analysis of saporin internalisation pathway by gold-labelled saporin. A) After 20 min of incubation 
with 10-5 M saporin, 5 nm gold particles are located in large invaginations of the plasma membrane; (B) collections of 
gold particles within a large pinocytotic vacuole; the arrow indicates a single gold particle in a coated vesicle; (C) after 
40 min, clusters of gold particles (indicated by the arrows) are found in late endosomes in the Golgi zone close to the 
nuclear area; lipofuscin (Lp) do not contain gold particles; (D) occasionally clusters of gold particles are seen in close 
association with rER cisternae. Large collections of colloidal particles (arrows) are seen adjacent to the nuclear area 
after 60 (E) and 120 (F) min of incubation with 5 nm gold-saporin conjugate. The Golgi apparatus is normal-looking. 
Pre-embedding; 5 nm gold-saporin complexes. Magnification: x21500 (A); x36000 (B); x21500 (C); x27000 (D); x16500 
(E); x13200 (F).
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is able to reassemble chromatin in nuclei. Less than 
8% of the nuclei from saporin-treated cells appeared 
tailed after endonuclease IV treatment.

DISCUSSION

The present paper shows the endocytosis of 

saporin in HeLa cells and subsequent intracellular 
trafficking of saporin. This study gives detailed 
data for the first time regarding the full sequence of 
uptake and intracellular fate of type 1 RIPs. HeLa 
cell morphology was investigated by transmission 
electron microscopy. Reversible cell damage 
involving mitochondria, rough ER cisternae, and 

Fig. 4. Ultrastructural analysis of saporin internalisation pathway by immunogold labelling. A) After 20 min of incubation 
with 10-5 M saporin, 10 nm gold particles were seen in sub-plasmalemmal clear vacuoles; (B) single gold particles were 
also observed free in the cytoplasm; (C) and (D) after 40 min, vacuoles containing gold particles were located in close 
proximity to the nuclear envelope; (E) gold particles in hybrid structures formed by fusion of clear vacuoles with rER 
cisternae (60 min of incubation). Post-embedding; anti-saporin polyclonal antibody followed by incubation with a 10 nm 
gold-labelled secondary antibody. Magnification: x46000 (A); x36000 (B, C, D); x46000 (E).
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confocal microscopy analysis confirmed the 
suggested intracellular routing of saporin and 
evaluated the co-localisation of saporin within the 
ER, Golgi apparatus and nucleus. However, the 
results of confocal microscopy did not allow us to 
draw a definitive intracellular pathway for saporin. 
For this reason, a transmission electron microscopic 
study was performed. To overcome any doubt about 
a different localisation of free and gold-conjugated 
saporin, direct and indirect methods were used. In 
the direct method, saporin was conjugated with 
very small gold particles (5 nm) to increase the test 
definition. The indirect immunoelectron microscopy 
assay was set up to obtain a good preservation of 

formation of vacuoles was observed after 20 h 
exposure to 10-6 M saporin. To study the cellular 
interactions of saporin and follow the progressive 
intracellular localisation, we used experimental 
conditions (10-5 M saporin up to 2 h) that did not 
result in strong inhibition of protein synthesis and 
visible cell alterations.

Both direct and indirect methods were utilised. 
Using an indirect immunofluorescence assay, the 
presence of saporin inside the cell was detected 
in the vesicular structure after only 20 min of cell 
exposure to the RIP. Moreover, the pulse-chase 
method allowed us to see saporin in vesicles 
that were progressively close to the nucleus. The 

Fig. 5. Nuclear localisation of saporin by immunogold labelling. After 40 min of saporin (10-5 M) treatment, individual 
HeLa cells showed: (A) isolated gold particles in a vacuole in proximity with the nucleus containing itself a single gold 
particle; (B) a few gold particles in the nucleolar zone; (C) some gold particles in a nucleus. In A-C the arrows indicate 
intranuclear gold particles. After 60 min of incubation, the number of gold particles seen in the nucleus of individual cells 
increased (D-F). Post-embedding; anti-saporin polyclonal antibody followed by incubation with a 10 nm gold labelled 
secondary antibody. Magnification: x16500 (A-C), x57000 (D); x38000 (E); x120000 (F).
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endonuclease IV/comet assay the presence of DNA 
damage in intoxicated cells, possibly related to 
saporin depurinating activity.

Previous studies that analysed the cellular 
interactions of type 1 RIPs examined a single step 
of the sequence of events leading to cell death and 
could not reach conclusive indications. The first 
aspect examined by this study was the mechanism 
of saporin endocytosis. The type 1 RIP gelonin was 
reported to be internalised by a non-specific fluid 
phase pinocytosis (17, 18). Consistently, saporin 
uptake by HeLa cells was not due to specific binding 
sites (30). However, receptor-mediated endocytosis 
through the LDL-receptor family was concluded as 
a mechanism for saporin (19, 21) and another type 
1 RIP, trichosanthin (23). The very low binding 
capacity and entry into the cell exhibited by saporin 
as compared to type 2 RIPs suggests a low number 
of receptors on the cell surface or a low binding 
affinity. These data confirm that this step is the 
foremost cause of low cytotoxicity. A discrepancy 
was reported between the level of α2-macroglobulin 
receptor, an LDL receptor-related protein, and saporin 
cytotoxicity, i.e. receptor positive and negative cell 
lines have similar sensitivities towards saporin 
toxicity (31), suggesting a receptor-independent 
endocytosis of the RIP. The present results clearly 
indicate that saporin endocytosis is performed by 
HeLa cells mainly through non-coated vesicles. 

The identification of the pathway that followed 
saporin entry into the endosomal compartment 
also needed to be clarified. Ammonium chloride, 
chloroquine and monensin have been utilised to 
study the intracellular routing of gelonin in HeLa 
cells (16) and saporin in haematological blasts (20). 
These substances had no effect on the inhibition 
of cell protein synthesis induced by type 1 RIPs, 
suggesting a lack of involvement of lysosomes and 
Golgi cisternae in the intracellular transport of these 
proteins to the cytosol. Consistent with these data, 
the confocal microscopy analysis showed around 
30% co-localisation of saporin with the endosomal 
compartment and less than 10% with the Golgi 
apparatus. An immunofluorescence assay showed a 
progressive accumulation of saporin in a perinuclear 
vesicular structure. The pathway marked out by 
pre-embedding and post-embedding experiments 
confirmed the progression of saporin through an 

cell morphology and ensure antibody recognition 
of saporin, i.e., the immunolabelling localisation. 
Finally, the evidence of a sporadic nuclear 
localisation of saporin prompted us to ascertain by 

Fig. 6. Detection of saporin enzymatic activity on cellular 
DNA by comet assay. HeLa cells were incubated in the 
absence (control cells or ctrl) or presence of saporin 
10-5 M for 2 h and in medium without RIP overnight at 
37°C (sap). Cells were prepared for the Comet assay as 
described in Materials and Methods. Half of the samples 
were incubated with endonuclease IV (ctrl+ endo IV, sap 
+ endo IV). The slides were observed on an Eclypse E600 
fluorescence microscope with a 100x immersion objective 
using a filter specific for DAPI (358 nm excitation λ, 461 
nm emission λ). A) Morphology of representative nuclei. 
B) Percentage of tailed nuclei with respect to the total. 
Results are the means of three independent experiments 
with more than 100 cells counted for each slide. Standard 
deviations did not exceed 10%.
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injury could be one of the mechanisms used by RIP 
to trigger cell death, e.g., activating DNA-dependent 
apoptosis (14). In this case, the action of saporin 
can be compared to ricin, which induced damage 
to nuclear DNA preceding apoptosis of endothelial 
cells (32).

In conclusion, our results, by showing the 
localisation of saporin within the ER, Golgi apparatus 
and nucleus, indicate that saporin reaches different 
subcellular compartments of HeLa cells by more than 
one pathway, in agreement with previous reports (20, 
22). Moreover, the DNA damage apparently related 
to saporin depurinating activity could be one of the 
mechanisms of cell killing by saporin, in addition 
to the well-known ribosomal injury. According to 
previous reports (14, 15), our results suggest that 
saporin, and possibly other RIPs, utilises more than 
one mechanism to trigger cell death.
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Circadian and seasonal rhythms in daylight affect many physiological processes. In the eye, energy 
of intense visible light not only initiates a well-studied neural reaction in the retina that modulates the 
secretory function of the hypothalamus and pineal gland, but also activates the heme oxygenase (HO) 
to produce carbon monoxide (CO). This study was designed to determine whether the concentration of 
carbon monoxide (CO) in the ophthalmic venous blood changes depending on the phase of the day and 
differing extremely light intensity seasons: summer and winter. The concentration of CO in the venous 
blood flowing out from the nasal cavity, where heme oxygenase (HO) is expressed, but no photoreceptors, 
was used as a control. Sixteen mature males of a wild boar and pig crossbreed were used for this study. 
Samples of ophthalmic and nasal venous blood and systemic arterial and venous blood were collected 
repeatedly for two consecutive days during the longest days of the summer and the shortest days of the 
winter. The concentrations of CO in blood samples was measured using a standard addition method. 
During the longest days of the summer the concentration of CO in ophthalmic venous blood averaged 
3.32±0.71 and 3.43±0.8 nmol/ml in the morning and afternoon, respectively, and was significantly higher 
than in the night averaging 0.89±0.12 nmol/ml (p<0.001). During the shortest day of the winter CO 
concentration in ophthalmic venous blood was 1.11±0.10 and 1.13±0.14 nmol/ml during the light and 
nocturnal phase, respectively, and did not differ between phases, but was lower than in the light phase 
of the summer (p<0.01). The CO concentration in the control nasal venous blood did not differ between 
seasons and day phases and was lower than in ophthalmic venous blood during the summer (p<0.01) and 
winter (p<0.05). The results indicate that the gaseous messenger carbon monoxide is released from the 
eye into the ophthalmic venous blood depending on the intensity of sunlight. 
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The role of gaseous messengers, such as nitric 
oxide (NO) carbon monoxide (CO) and hydrogen 
sulfide (H2S), in the physiological regulations was 

recently the subject of numerous studies, but their 
functions were still not fully explained. There is much 
evidence demonstrating that they do not participate 
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solely in the local regulations (1-3). In 1996, Dan 
A. Oren published an inspirational hypothesis on 
humoral phototransduction that assumed that the 
information of light intensity might be transmitted 
from the retina to the brain not only by a neural 
pathway as generally accepted but also by CO and 
NO using a humoral pathway (1). 

Circadian and seasonal rhythms in the daylight 
affect many physiological processes. In the eye, 
energy of intense visible light not only initiates 
a well-studied neural reaction in the retina that 
modulates the secretory function of the hypothalamus 
and pineal gland (4), but also activates the heme 
oxygenase (HO) to produce CO (5). In the tissue 
of both human and other animals, there are two 
isoforms of HO: inducible (HO-1), and constitutive 
(HO-2) which act to break the rings of the heme to 
produce CO, ferrous iron and biliverdin/bilirubin (6-
8). The vascularisation of the retina, the biconcave 
shape of red blood cells and the approximately one 
billion heme rings per erythrocyte create a special 
environment for the absorbtion of photons of light 
energy; the photons activate HO to break heme rings 
resulting in the production of CO (1, 5). Therefore, 
the question arises whether the CO is produced in 
structures of the eye exclusively for local use, or 
whether it is released into the venous blood flowing 
out from the eye from which it could reach the 
venous ophthalmic sinus and venous cavernous 
sinus to take part in the systemic regulation by the 
humoral pathway. 

The local role of CO in the eye physiology is not 
well established. However, it has been demonstrated 
that CO generated in the retina can be locally 
involved in dark adaptation and light sensitivity (9). 
Induction of HO-1 in the retina by intense visible light 
was demonstrated earlier (5). High levels of HO-1 
mRNA and HO-2 protein inducting syntheses of CO 
and modulating soluble guanylate cyclase to cGMP 
were found in all photoreceptors in turtle amacrine 
cells and bipolar and ganglion cells of the inner 
retina in rats (10). Incubation of the turtle retina with 
CO stimulated cGMP production (11). Treatment of 
the retina in combination with CO and nitric oxide 
(NO) dramatically increased cGMP synthesis in the 
retina compared to NO or CO treatment alone (10, 
11). Moreover, HO-1 appears to be involved in the 
regulation of intraocular pressure via CO production 

(12). HO-1 was also upregulated in central retinal 
artery occlusion (13). CO has been found to be a very 
important vasodilator (14-16). When endogenous or 
exogenous CO diffuses into the vascular smooth 
muscle cells, it elicits vasodilatation by increasing 
cGMP production, and consequently it hyperpolarizes 
the muscle cells by opening potassium channels and 
modulate intracellular cGMP concentration (17-20). 
Direct modulation of large-conductance calcium-
activated potassium (BKCa) channels in vascular 
smooth muscle cells by CO was also shown (21). 
It has been demonstrated that inhalation of CO for 
60 min increases significantly the diameter of the 
human retinal arteries and veins, as measured by 
retinal vessel analyzer and enhanced retinal blood 
flow by 12% (22). 

The present study was designed to determine 
whether the concentration of CO in the ophthalmic 
venous blood changed depending on the phase of 
day and differing extremely light intensity seasons: 
summer and winter. As a control, the concentration 
of CO in the venous blood flowing out from the 
nasal cavity, where HO is expressed (23, 24) but 
photoreceptors are not present, was also determined.

To study the neuro-hormonal response to the 
intensity of sunlight a good animal model was 
needed. We decided to use a crossbreed resulting 
from the mating of domestic swine and a wild boar 
(maintained behavioural reactions and seasonal 
reproduction). The size of their blood vessels allows 
for the implantation of the polyethylene catheter into 
the angularis oculi vein (25). This catheter allows 
for repeated collection of ophthalmic venous blood 
from the ophthalmic sinus of conscious animals 
while maintaining a normal physiological condition 
over two consecutive days.

MATERIALS AND METHODS

Basic statements
All the procedures were carried out in compliance 

with Polish legal regulations (Act of January 21, 2005), 
which determine the terms and conditions for performing 
experiments on animals, and were in accordance with 
the protocol of the Local Ethics Commission for Animal 
Experiments in Lublin No. 8/2007. Mature males of a wild 
boar and pig crossbreed (12 months of age, body mass 
~100-120 kg, n=16) were used for the study. The animals 
were housed in an experimental farm in Kolbuszowa 
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thiopental sodium (Thiopental, Sandoz GmbH, Austria). 
Two silastic catheters (o.d., 2.4 mm; i.d., 1.8 mm) were 
inserted into the dorsal nasal vein. The first catheter was 
directed into the proximal part of the nasal vein to collect 
nasal venous blood. The second catheter was inserted 
in the opposite direction such that it passed through 
the angularis oculi vein and ended near the venous 
ophthalmic sinus. This catheter placement allowed for the 
collection of venous blood flowing out of the eye (Fig. 1). 
Two additional catheters (o.d., 2.4 mm; i.d., 1.8 mm) were 
inserted into the carotid artery and jugular vein to collect 
systemic arterial and venous blood. For two consecutive 
days, blood samples (10 ml) were collected from the 
nasal vein and the venous ophthalmic sinus every four 
hours during the day (4:00, 8:00 and 12:00 a.m. and 
4:00, 8:00 and 10:00 p.m.) and every two hours during 
the night (12:00 p.m., 2:00 a.m.). Systemic arterial blood 
samples were simultaneously collected every eight hours 
during the day, and systemic venous blood samples were 
collected every eight hours during the day and night from 
each animal. 

The analysis of trace levels of CO in blood samples 
The determination of CO concentrations in blood 

samples was performed at the Chemical Faculty, Gdansk 
University of Technology, using a standard addition 

(50oN) near Rzeszów (Physiology and Reproduction of 
Animals Department, Rzeszów University). They were 
kept under natural illumination and had ad libitum access 
to water and food.

The experiments were performed during two seasons: 
during the days with the longest periods of light in the 
summer (second half of June) and during the days 
with the shortest periods of light in the winter (second 
half of December). During the summer, the animals 
were maintained in an open-sided shed and exposed to 
approximately 30,000 lx of natural illumination during the 
day. The mean ambient temperature was 24oC during the 
light phase and 12oC during the nocturnal phase. During 
the winter, the animals were housed in a room with 
windows and were exposed to between 40 and 50 lx of 
natural illumination at the eye level of the animals during 
the day. The mean temperature during the day and night 
was 12oC. A dim, red spotlight was used to assist in the 
collection of blood samples during the nocturnal phase.

Surgical procedures and blood sample collection
Five hours before the collection of blood samples, 

the animals were premedicated with atropine (0.05 mg/
kg I.M.; Biowet, Gorzów Wielkopolski, Poland) and 
azaperone (Stresnil 2 mg/kg I.M.; Janssen Pharmaceutica, 
Beerse, Belgium). General anesthesia was induced with 

Fig. 1. A simplified scheme of the experiment with ophthalmic and nasal venous blood collection points and the depiction 
of the arterial blood supply of the eye and the effluent venous blood. 1, maxillary artery; 2-3, branches of the epidural 
rete mirabile; 4, external ophthalmic artery; 5, epidural rete mirabile in the cavernous sinus; 6, intercavernous sinus; 7, 
internal carotid artery; 8, anastomotic branch with epidural rete mirabile; 9, emissary vein of the foramen orbitorotundum; 
10, ophthalmic venous sinus and the rete mirabile of the external ophthalmic artery; 11, ophthalmic vein; 12, ophthalmic 
external artery; 13, ciliary vein; 14, circle of Willis; 15, to jugular vein. 
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determining the total area under the respective curves, and 
these data were also compared by nonparametric Mann-
Whitney t-test. All analyses were performed with the use 
of Prism GraphPad Software (San Diego, CA).

RESULTS

During summer days, when animals were exposed 
to approximately 30,000 lx of natural illumination, 
the concentration of CO in ophthalmic venous 
blood flowing out from the eye and collected from 
ophthalmic sinus was the highest in the morning 
(P<0.001) and the afternoon (p<0.05) compared 
to samples collected in parallel from control nasal 
venous blood (Fig. 2A). CO concentration in 
ophthalmic venous blood did not differ between 
samples that were collected in the morning and 
afternoon of summer days (Fig. 2 A, B). During the 
nocturnal phase, CO concentration in ophthalmic 
venous blood was approximately three times lower 
(P<0.001) than during the light phase of the day (Fig. 
2 A, B) and did not differ from the CO concentrations 
in systemic arterial or venous blood or from nasal 
venous blood. The average concentration of CO 
was 1.30±0.4 nm/ml in the systemic arterial blood 
supplying the eye and 1.24±0.7 nm/ml in systemic 
venous blood. The CO concentration in the nasal 
venous blood was low (Fig. 2 A, B) and did not 
differ from that in the systemic venous blood. The 
mean areas under the curve for CO concentrations 
measured over the entire light phase (Fig. 3) for 
ophthalmic venous blood flowing out from the 
eye and for nasal venous blood were significantly 
different (p<0.01).

In the winter, when animals were maintained in 
rooms where the sunlight intensity during the day 
was between 40 and 50 lx, the CO concentrations of 
ophthalmic venous blood collected during the light 
and nocturnal phases were both higher than in nasal 
venous blood (p<0.05), but they were almost three 
times lower (p<0.01) than the CO concentration of 
ophthalmic venous blood collected during the light 
phase of the summer (Fig. 2 A, B and Fig. 4A, B). 
The CO concentration in ophthalmic venous blood 
did not differ between the samples collected during 
the light and nocturnal phases in the winter season 
(Fig. 4 A, B). In addition, the concentration of CO 
in the control nasal venous blood did not change 

method. The analytical procedure is based on combining 
the Headspace (HS) analytical technique (extraction of 
CO from the blood sample via its gaseous phase) with 
the column gas chromatography technique, which uses a 
packed column for the separation of the gaseous sample 
components (molecular sieve 5A, 80-100 mesh, activated 
at 350oC). Trace concentrations of CO were determined as 
concentrations of methane (CH4) using a flame ionization 
detector (FID) after stoichiometric catalytic conversion 
of CO to CH4 in a Raney nickel-packed microreactor that 
was located between the outlet of the column and the inlet 
of the FID detector (Col-/5A/-GC-/CO-CH4/-FID). The 
application of the 5A molecular sieve column ensured the 
separation of CO and oxygen (O2) and thus, eliminated 
the possible influence of O2 on the determination of trace 
amounts of CO. 

Chromatographic conditions used for the 
determination of trace amounts of CO in blood samples:  
Gas chromatograph - Agilent 6890; Column: 2 m x 2.1 
mm i. d. -  GC column packed with molecular sieve 
5A (80-100  mesh); Detector:  FID (280oC) with Raney 
Ni – methanizer; Carrier: helium; 10 cm3 min-1; Oven 
temperature: 130oC; Injection port: splitless; 100oC – 
injection using gas-tight syringe; sample volume: 0.5 cm3; 
limit of detection (LOD): 0.5 ppm (v/v) CO.

The concentration of CO (nmol/ml) in the blood 
samples was calculated using the formula:

      
where Cx is the concentration of CO in the blood 

sample, Cw is the concentration of CO in the standard 
mixture added to the HS vial containing the sample, VL 
is the volume of the liquid sample (blood) put into the 
HS vial, Vw is the volume of the standard gas mixture 
introduced into the HS vial, A1 is the CO peak area for the 
blood sample, A2 is the CO peak area for the blood sample 
with the standard addition and Aw is the CO peak area for 
the standard mixture.

A more detailed description of the procedure for CO/
CO2/CH4/O2 separation, as well as the determination of 
trace amounts of CO in gas samples, was previously 
described (26). 

Statistical  analysis
All data are presented as the mean ± SEM. The 

concentrations of CO in venous blood flowing out from 
the eye and from the nasal area obtained during the 
morning, afternoon and night (Fig. 2 and Fig. 4) were 
compared between the vessels and between experimental 
periods using a nonparametric Mann-Whitney t-test. The 
venous outflows of CO from the eye and nasal area during 
the light phase of the summer (Fig. 3) were analyzed by 
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nm/ml.
DISCUSSION

The ability of tissues in many organs, including 
the eye, to produce CO has been demonstrated 
by immunohistochemical localization of HO-1 
and HO-2 (5-8, 10, 27). In the present study daily 
measurement of CO concentration in the venous 

between the day and night (Fig. 4 A, B), and it did 
not differ from that in the systemic venous blood. 
A significant difference was not found between the 
CO concentrations of control nasal venous blood 
collected in the winter versus the summer. During 
the winter, the average CO concentration in systemic 
venous blood was 0.78±0.1 nm/ml and was of similar 
concentration to that of the night, which was 0.83±0.1 

Fig. 2. Concentration of CO (mean ± SEM) in the venous blood outflow from the eye and nasal areas during the summer. 
A) Light phase of the long days. B) Nocturnal phase of the long days. *P<0.05; ***P<0.001; (a/b) P<0.001.

Fig. 3. CO concentrations in the venous outflow from the eye and nasal areas over the entire collection period during the 
light phase of the summer presented as the area under the curve (AUC, mean ± SEM) **P<0.01.
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blood flowing out from the eye (and from the nose 
as the control organ) under physiological condition 
was performed for the first time to our knowledge. 
Our results show that CO is not only produced in 
the eye, but it is also released into the venous blood 
flowing out from the eye. Furthermore, the amount 
of CO released from the eye changes during the day 
and night. The catheters that were inserted into the 
dorsal nasal vein and into the angularis oculi vein 
enabled us to repeatedly collect blood samples from 
the ophthalmic sinus (venous outflow from the eye) 
and from the nasal vein (venous outflow from nasal 
area) during the light and nocturnal phases of two 
consecutive days. It should be emphasized that blood 
samples were collected in physiological conditions 
without perturbing the animal. The concentration of 
CO in venous nasal blood, which was similar to that 
in systemic venous and arterial blood, was accepted 
as a control. The localisation of both HO isoforms in 
the olfactory organ (23, 28) suggested that CO may 
be produced in this area. Our study demonstrated 
constant concentration of CO in venous nasal blood 
during the day and night in both the summer and 
winter, which potentially resulted from a lack of 
sensitivity to light in the nasal mucosa.

The results of the present study indicate that 
during light phase of a summer day with strong 
illumination reaching the retina (in average of 30 000 
lx) the secretion of CO into ophthalmic venous blood 
was threefold higher comparing to nocturnal phase, 
during which the CO concentration in ophthalmic 
venous blood dropped significantly (Fig. 2). In the 
winter, when the animals were exposed to between 
40 and 50 lx during the photophase there was no 
difference between CO concentration in ophthalmic 
venous blood during the day and the night. It has 
been previously demonstrated that light intensity 
greater than 113 lx during photophase was required 
for the presentation of melatonin rhythmicity in 
the pig (29). Moreover, it was postulated that pigs 
could not differentiate between day and night when 
the photophase light intensity was 50 lx and the 
scotophase light intensity 8 lx (30). Thus, it has been 
hypothesized that pigs may need relatively high 
photophase light intensity to differentiate between 
day and night (30). These result could explain why 
we observed little effect of the light phase on CO 
release into the ophthalmic venous blood in the 
winter.

When any result from two seasons are compared 

Fig. 4. The concentration of CO (mean ± SEM) in the venous blood outflow from the eye and nasal areas during the 
winter. A) The light phase of the short days. B) The nocturnal phase of the short days. *P<0.05.
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The genetic factors involved in the regulation of physical activity are not well understood. The 
dopamine system has been implicated in the control of voluntary locomotion and wheel running (WR) 
in mice and is thus a likely candidate as a genetic/biological system important to the regulation of 
physical activity. This study evaluated the effects of four different dopaminergic acting drugs on WR 
in differentially active inbred strains of mice. High active C57L/J (n=7, 3 controls, 4 experimental) and 
low active C3H/HeJ (n=8, 3 controls, 5 experimental) were analyzed for baseline wheel-running indices 
of distance (km/day), duration (mins/day), and speed (m/min) for 21 days.  Experimental mice received 
increasing doses over four days of each of the following drugs:  SKF 81297 (D1 agonist), SCH 23390 
(D1 antagonist), GBR 12783 (DAT inhibitor), and AMPT (tyrosine hydroxylase inhibitor).  Each drug 
dose response treatment was separated by three days of recovery (no drug injections). WR indices were 
monitored during drug treatments and during drug wash-out phases.  SKF 81297 significantly reduced 
(p=0.0004) WR in the C57L/J mice, but did not affect WR in the C3H/HeJ mice. GBR 12783 significantly 
increased (p=0.0005) WR in C3H/HeJ mice, but did not affect WR in C57L/J mice. Only duration (not 
overall WR) was significantly reduced in C57L/J mice in response to SCH 23390 (p=0.003) and AMPT 
(p=0.043). SCH 23390 (p=0.44) and AMPT (p=0.98) did not significantly affect WR in C3H/HeJ mice. 
These results suggest that genetic differences in dopamine signaling may play a role in the WR response 
to dopaminergic-acting drugs in inbred strains of mice. The high activity in the C57L/J strain appears 
most responsive to D1-like receptor acting drugs, while in the C3H/HeJ strain, dopamine re-uptake 
appears to have an influence on activity level.
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It is well known that physical activity improves 
human health by decreasing the risk of obesity, 
cardiovascular diseases, Type II Diabetes, depression, 
certain types of cancer, and overall mortality (1). 
Although the physiology of exercise has been well 

studied over the past 40 years, the genetic and 
biological regulating factors of physical activity have 
yet to be fully investigated and understood.  It has 
been estimated that physical inactivity is a leading 
cause of mortality, and contributes to increasingly 
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higher health care costs in developed countries (2). 
Therefore, in order to prevent disease and improve 
human health it is vital to understand the regulating 
factors of physical activity.

It has been shown that physical activity patterns 
are at least moderately inherited and thus partially 
regulated by genetic factors (3-7). At least two 
studies have identified both single-gene and epistatic 
quantitative trait loci (QTL) involved in the regulation 
of physical activity in mice; in particular, significant 
single-gene QTL have been found on chromosomes 
9 and 13 (8, 9).  However, the exact genes involved 
in regulation of physical activity are yet to be fully 
elucidated. A different model from inbred mice, 
selective breeding studies conducted by Garland 
and colleagues also illustrate a significant genetic 
component involved in the regulation of physical 
activity. After 35 generations of selective breeding 
for running wheel activity, selected animals ran 
over 170% farther than control mice (10). Selection 
acting on genetic variation in the original outbred 
population of mice highlights a definite genetic 
component to the regulation of voluntary physical 
activity in mice.

The central nervous system may play a key role in 
the genetic/biological regulation of physical activity 
in rodents (11-14). The dopamine system, part of 
the central nervous system, located in the mid-
brain, has two main tracks. The nigrostriatal track 
mediates locomotion (15) while the mesolimbic 
track is involved with emotion and motivation (16). 
For example, it is known that depletion of dopamine 
neurons in the mid-brain are a major cause of the 
motor deficits seen in Parkinson’s disease (17). 
Also, the hyperactive phenotype common in 
Attention Deficit Hyperactivity Disorder (ADHD) 
is also mediated through dysfunctions in dopamine 
signaling in the brain (18). Pharmacological studies 
in rodents confirm dopaminergic involvement in 
locomotor behavioral responses to stimuli such as 
psychostimulant drugs (19, 20); however, compelling 
evidence from wheel running studies in mice also 
implicates the dopamine system in mediating general 
voluntary physical activity levels. Specifically, 
Rhodes and Garland (2003) investigated the effects 
of Ritalin (a DAT inhibitor), apomorphine (a non-
selective dopamine agonist), SCH 23390 (a selective 
D1-like antagonist), and raclopride (a selective D2-

like antagonist) on wheel running in both selected and 
control animals (12). At high doses of apomorphine, 
and all doses of raclopride, both control and selected 
animals markedly decreased their wheel running by 
the same proportion. However, in response to SCH 
23390 control line mice decrease wheel running 
more than selected animals. A differential response 
to Ritalin was seen where the selected animals 
decreased wheel running in response to Ritalin, 
while the control animals increased wheel running. 
A differential response to Ritalin, a drug that acts by 
increasing circulating dopamine (by inhibiting the 
re-uptake via DAT), indicates genetic differences 
in dopamine signaling between the selectively bred 
animals and the controls.   Additionally, recent results 
from our lab exhibiting an independent relationship 
of dopamine D1 receptors and tyrosine hydroxylase 
genes with differentially active inbred mice in the 
nucleus accumbens and striatum area of the brain 
(21) indicate that D1-like receptors as well as the 
amount of dopamine present in the mid-brain may 
influence wheel running in mice.

Wheel running in animals has been suggested as 
a good model for daily physical activity in humans 
(22, 23). Thus, studying wheel running responses to 
dopaminergic drugs may prove useful in elucidating 
the proposed independent mechanism by which 
the dopamine system mediates physical activity 
behavior. Therefore, the purpose of this study 
was to investigate the wheel running responses to 
several dopaminergic acting drugs in differentially 
active inbred mice. This study is another step in the 
understanding of the central genetic and biological 
regulation of physical activity, and will be important 
for future studies investigating the mechanisms of 
this regulation and importance to human health and 
performance.

MATERIALS AND METHODS

Animals
Differentially active strains of inbred mice were used 

in this study: C3H/HeJ mice (n=8 males) previously 
identified as low active (30), and C57L/J mice (n=6 
females, n=1 male) previously identified as high active 
(30). The use of primarily female C57L/J mice, while not 
optimal, was unavoidable due to the extremely limited 
supply of these highly active mice (see below).  However, 
whereas comparisons are made primarily within mouse 
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designed 5 different treatments: SKF 81297 (D1-like 
agonist; Tocris Bioscience, Ellisville, MO), SCH 23390 
(D1-like antagonist; Tocris Bioscience, Ellisville, MO), 
GBR 12783 (DAT inhibitor; Tocris Bioscience, Ellisville, 
MO), and DL-2-Methyl-3-(4-hydroxyphenyl) alanine 
(AMPT) (Tyrosine Hydroxylase inhibitor; Sigma Aldrich, 
St. Louis, MO), and placebo (saline injections only). 
All drugs have been shown to be centrally active after 
intraperitoneal (IP) injection and were administered IP 
in a volume of 0.3 mL per mouse.  Dose responses were 
investigated using the following consecutive drug doses 
(mg/kg):  SKF 81297 (0.5, 0.75, 1.0, 1.25), SCH 23390 
(0.5, 0.75, 1.0, 1.25), GBR 12783 (15, 20, 25, 30), and 
AMPT (85, 90, 95, 100). All doses were based on previous 
literature investigating locomotion responses in mice to 
these particular drugs.

Treatment procedures: At nine weeks of age, mice 
were housed with a wheel, and baseline activity pattern 
was assessed for 21 consecutive days in all mice. Five 
mice from the C3H/HeJ strain and 4 mice (3 females, and 
1 male) from the C57L/J strain were randomly chosen for 
the experimental drug treatment group, leaving three mice 
in each strain serving as controls. Control mice received 
saline injections only. The experimental animals received 
one injection (according to the dose schedule described 
above) at 6pm, at increasing doses for 4 consecutive days, 
followed by three full days of drug wash-out (i.e. no 
injections).  Wheel running was monitored at 12am and 
6am during drug treatment, and every 24 hours during 
drug wash-out.  This pattern was repeated for all four 
drugs in succession.  

Injection methods:  Each drug injection solution was 
made fresh each day immediately prior to injections and 
all drugs were dissolved in 0.9% sterile saline. Once the 
appropriate dose was dissolved, the solution was placed 
in a sterile syringe and filtered through a 0.2 micron filter 
during injection. Because drugs were made fresh daily and 
were kept in sterile conditions, the C57L/J mice received 
the drugs in the following order: SKF 81297 (83-87 days 
old), SCH 23390 (90-94 days old), GBR 12783 (97-101 
days old), and finally AMPT (103-106 days old). Due to 
age differences upon arrival and the need to keep drug 
injections sterile the C3H/HeJ mice received the drug 
treatments in the following order:  GBR 12783 (83-87 
days old), AMPT (90-94 days old), SKF 81297 (97-101 
days old), and SCH 23390 (103-106 days old).  

Statistics
Given the differential drug injections at differing ages, 

(e.g. the C57L/J mice received SKF 81297 at 83-87 days 
old, but the C3H/HeJ mice received this drug at 97-101 
days old), each strain was analyzed in a separate ANOVA 
for the effects of the four drugs on wheel running indices. 

and versus control mice of the same sex, appropriate 
conclusions can be drawn from the use of both male 
and female mice in this study. The C3H/HeJ mice were 
purchased from Jackson Laboratories; however, given 
that C57L/J mice are no longer available from Jackson 
Laboratories (nor from other suppliers), the C57L/J mice 
used in this study were taken from a small breeding colony 
our lab maintains. These mice were the first generation 
inbred offspring from C57L/J breeder pairs purchased 
from Jackson Laboratories in Spring 2008.  

Running wheel data were collected from the mice 
beginning at 63 days (9 weeks) of age which corresponds 
to the most active period in the lifespan for mice (24). 
All mice were housed in the University Vivarium with 
12-hour light/dark cycles (light 6am-6pm, dark 6pm-
6am) and were provided with food (Harlan Teklad 8604 
Rodent Diet, Madison, WI) and water ad libitum.  All 
procedures were approved by the University of North 
Carolina Institutional Animal Care and Use Committee. 
Additionally, all animals were weighed twice weekly.

Measurement of voluntary activity (wheel running)
Daily wheel running was measured using methods 

described previously (6, 8). Briefly, mice were housed 
individually in standard rat sized cages, each equipped with 
a solid surface running wheel (450 mm circumference; 
Ware Manufacturing, Phoenix, AZ, USA) mounted on the 
cage top. A magnet was mounted on the outside surface 
of each wheel and the cage top was equipped with a 
magnetic sensor (BC500; Sigma Sport, Olney, IL, USA). 
Each computer was calibrated with wheel dimensions to 
allow for accurate measurement of distance (km/day) and 
time (duration-mins/day) each mouse ran on the wheel. 
Speed of running (m/min) was then calculated from the 
distance and duration data. Mice were monitored and 
data was collected every 24 hours at approximately 9am 
during baseline and drug wash-out phases of the protocol. 
During drug treatments, data was collected immediately 
before drug treatment at 6pm (the beginning of the dark/
active phase for mice), at 12am (6 h post-drug treatment), 
and again at 6am (12 h post drug treatment). Negligible 
running was recorded during the light cycle (6am-6pm) so 
all data reported is 24 hour data.

Drug treatment
Evidence from our lab (21) and others (12, 14) suggest 

physical activity in the form of wheel running in mice 
is at least partially regulated by the D1-like receptors, 
the dopamine transporter (DAT), as well as possibly the 
expression and/or function of the tyrosine hydroxylase 
enzyme.  Tyrosine hydroxylase is the enzyme that 
converts L-dopa into dopamine and thus plays a role 
in dopamine production. Therefore, in this study, we 
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The alpha value was set a priori at 0.05. Within a strain, 
each drug was analyzed separately with a two-way ANOVA 
with group (control vs. experimental) and dose (repeated 
measure) as main effects.  Three dependent variables 
were analyzed including distance (km/day), duration 
(mins/day), and speed (m/min). Tukey’s HSD post-hoc 
tests were used to evaluate main effects and group by 
dose interactions within the ANOVA model. There were 
no statistical differences between wheel running indices 
taken at 6 hours post-injection or 12 hours post-injection 
(data not shown) and thus, only wheel-running data from 
12 hour post-injection will be presented. Differences in 
weight at baseline measurements between strains, as well 
as differences in weights between group within strains, 
were analyzed using independent t-tests, and correlation 
analysis was used to investigate relationships between 
weight and distance run. Although wheel running in mice 
has been shown to be highly repeatable (25), whole model 
post hoc power analysis revealed a value of .74.  

RESULTS

Weights
Mice were weighed twice weekly during this 

study to encompass one weight measurement 
during each drug treatment, as well as one weight 
measurement during drug wash-out. C3H/HeJ (n=8 
males) mice as a whole group were significantly 
heavier than C57L/J (n=6 females, n=1 male) 
mice at baseline, and at all time points throughout 
the study (p<0.001). Weight of the control versus 
the experimental animals did not differ across the 
treatments (C3H/HeJ, p=0.20; C57L/J, p=0.66). As 
has been shown in previous studies (6, 8) during 
baseline activity measurements, weight was not 
correlated with distance run in either strain (C3H/
HeJ: p=0.11, r2=0.43; C57L/J: p=0.12, r2=0.36). 
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Fig. 1. Baseline values of distance, duration, and speed in control and experimental mice. A)
Running wheel data at baseline for C57L/J mice (n=7) is shown.  No differences in distance (km) 
(p=0.52), duration (mins) (p=0.52), or speed (m/min) (p=0.74) were found between control and 
experimental groups; however, C57L/J mice ran significantly farther, longer, and faster than 
C3H/HeJ mice at baseline (p<0.0001).  B) Running wheel data at baseline for C3H/HeJ mice 
(n=8). No differences in distance (p=0.22), duration (p=0.23), or speed (p=0.44) were found 
between control and experimental groups. 

Fig. 1. Baseline values of distance, duration, and speed in control and experimental mice. A)  Running wheel data 
at baseline for C57L/J mice (n=7) is shown.  No differences in distance (km) (p=0.52), duration (mins) (p=0.52), or 
speed (m/min) (p=0.74) were found between control and experimental groups; however, C57L/J mice ran significantly 
farther, longer, and faster than C3H/HeJ mice at baseline (p<0.0001).  B) Running wheel data at baseline for C3H/HeJ 
mice (n=8). No differences in distance (p=0.22), duration (p=0.23), or speed (p=0.44) were found between control and 
experimental groups.
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HeJ mice (p<0.0001). There was no difference 
between control and experimental mice at baseline 
in distance (p=0.52), duration (p=0.52), or speed 
(p=0.74) in the C57L/J mice.  Likewise, there was 
no difference between groups of C3H/HeJ mice at 
baseline in distance (p=0.22), duration (p=0.33), or 
speed (p=0.16).

Drug effects on WR in C57L/J mice
Wheel-running distance, the product of duration 

of activity and speed of activity, responses in 
C57L/J mice to all four drugs are shown in Fig. 2. 
No significant dose response was seen in distance 
run after treatment with the D1 agonist SKF 81297 
(p=0.72); however, SKF 81297 significantly reduced 
wheel running distance regardless of dose (Fig. 2; 

Speed was also not correlated with weight in either 
strain (C3H/HeJ: p=0.66, r2=0.03; C57L/J: p=0.93, 
r2=0.002). Duration was significantly correlated 
with weight in both strains (C3H/HeJ: p=0.04, 
r2=0.54; C57L/J: p=0.02, r2=0.69). Weight did not 
significantly increase over the course of the study in 
C3H/HeJ mice (p=0.69; beginning: 28.0±1.6g; end: 
29.9±2.2g), while weight did significantly increase 
in C57L/J mice over the course of the study (p=0.02; 
beginning: 23.6±1.1; end: 25.1±1.0).  

Baseline physical activity results
Baseline wheel running indices for both strains 

of mice are illustrated in Fig. 1. As was expected 
from previous literature, the C57L/J mice ran 191% 
farther, 177% longer, and 84% faster than C3H/
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Fig. 2. Distance responses to all four dopaminergic drugs in C57L/J mice. Distance responses to 
all four drugs in the C57L/J mice. A) Dose response after administration of SKF 81297 is 
shown. No significant dose response was seen; however, all four doses significantly reduced 
wheel running distance in experimental mice compared to controls (p=0.0004). B) Dose 
response to SCH 23390 is shown. No significant changes in distance run between groups were 
seen for any dose (p=0.12). C) Dose response to GBR 12783 is shown. No significant differences 
in distance run were seen between groups for any dose (p=0.89).  D) Dose response to AMPT is 
shown. No significant differences in distance run between grousp were seen for any of the doses 
(p=0.37). 

Fig. 2. Distance responses to all four dopaminergic drugs in C57L/J mice. Distance responses to all four drugs in 
the C57L/J mice. A) Dose response after administration of SKF 81297 is shown. No significant dose response was 
seen; however, all four doses significantly reduced wheel running distance in experimental mice compared to controls 
(p=0.0004). B) Dose response to SCH 23390 is shown. No significant changes in distance run between groups were seen 
for any dose (p=0.12). C) Dose response to GBR 12783 is shown. No significant differences in distance run were seen 
between groups for any dose (p=0.89).  D) Dose response to AMPT is shown. No significant differences in distance run 
between grousp were seen for any of the doses (p=0.37).
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p=0.0004). No significant differences in distance 
were observed between group or by dose for the D1-
antagonist SCH 23390 (p=0.12), the DAT inhibitor 
GBR 12783 (p=0.89), or the TH inhibitor AMPT 
(p=0.37). Similar responses for duration and speed 
for all four drugs were observed and are reported in 
Table I.  

Drug effects on WR in C3H/HeJ mice
Wheel-running distance responses in C3H/HeJ 

mice (low active) to all four drugs are shown in Fig. 
3.  No significant dose response was seen in distance 
run after treatment with the DAT inhibitor GBR 
12783 (p=0.73); however, injection of GBR 12783 
did significantly increase wheel running independent 

of dose (Fig. 3; p=0.0005). No other drugs used in 
this study significantly affected wheel running the 
C3H/HeJ mice: the D1-agonist SKF 81297 (p=0.91), 
the D1-antagonist SCH 23390 (p=0.44), and the TH-
inhibitor AMPT (p=0.98).  Data for duration and 
speed for all four drugs for C3H/HeJ mice showed 
similar responses as distance and are reported in 
Table II.

DISCUSSION

This study investigated four different 
dopaminergic acting drugs on a high active strain of 
mice and a low active strain of mice to determine 
the role of D1-like receptors, DAT, and tyrosine 
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Fig. 3. Distance responses to all four dopaminergic drugs in C3H/HeJ mice. Distance responses 
to all four drugs in the C3H/HeJ mice.  A)  Dose response after administration of SKF 81297 is 
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significant dose response was observed, however, distance was significantly increased in the 
experimental group compared to control following treatment with all four doses (p=0.0005). D)
Dose response to AMPT is shown. No significant differences in distance run between group were 
seen for any of the doses (p=0.98). 

Fig. 3. Distance responses to all four dopaminergic drugs in C3H/HeJ mice. Distance responses to all four drugs in the 
C3H/HeJ mice.  A)  Dose response after administration of SKF 81297 is shown. No significant differences in distance 
between groups were seen for any dose (p=0.91).  B) Dose response to SCH 23390 is shown. No significant changes in 
distance run between groups were seen for any dose (p=0.44). C) Dose response to GBR 12783 is shown. No significant 
dose response was observed, however, distance was significantly increased in the experimental group compared to control 
following treatment with all four doses (p=0.0005). D) Dose response to AMPT is shown. No significant differences in 
distance run between group were seen for any of the doses (p=0.98).
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that regulate physical activity behavior are still 
unclear. Interestingly, haplotype analysis conducted 
in the study by Lightfoot and colleagues identified 
a suggestive QTL on chromosome 13 that contains 
the Drd1 gene which codes for the D1 receptor (8), 
and research conducted in our lab (21) indicate 
C57L/J inbred mice (high active) have significantly 
lower expression of Drd1 mRNA compared to low 
active C3H/HeJ inbred mice. The current study was 
designed to investigate several aspects of dopamine 
signaling in relation to physical activity in mice.

Wheel running in response to DAT and tyrosine 
hydroxylase inhibitors

GBR 12783 and AMPT were used in this study 
to investigate wheel running responses to drugs 

hydroxylase in regulating physical activity level.  
We observed strain dependent effects of the D1-like 
receptor agonist (SKF 81297) and the DAT inhibitor 
(GBR 12783) (Figs. 1 and 2).  The D1-like agonist 
significantly reduced overall distance, duration, and 
speed in C57L/J mice (high active), while the DAT 
inhibitor significantly increased overall distance, 
duration, and speed in the C3H/HeJ (low active) 
mice.   

It is becoming well accepted that a significant 
genetic component exists in the regulation of physical 
activity in both rodents (3-7, 26-28) and humans (29, 
30). Using wheel-running as a model of physical 
activity in mice, both single-gene and epistatic QTL 
associated with physical activity have been found 
(8, 9). However, the genes and gene interactions 

Table I. Duration and speed responses to dopaminergic drugs in C57L/J mice.

Drug Dose (mg/Kg) Duration (mins/12hrs) Speed (m/min) 
    Control Experimental Control Experimental 

SKF 81297 0.5 425±13 358±82 33.3±4.4 29.1±5.7 
 0.75 416±17 327±65 32.5±4.5 25.3±4.6 
 1 389±50 346±69 33.3±7.7 25.7±5.8 
 1.25 401±13 294±45 31.4±5.4 28.3±3.6 
  p=0.002* p=0.015* 
      

SCH 23390 0.5 396±63 312±47 28.5±4.1 28.2±5.4 
 0.75 389±45 324±42 28.7±3.7 30.0±5.7 
 1 395±29 364±15 29.0±2.8 31.1±5.3 
 1.25 402±41 371±24 29.7±3.0 30.7±3.1 
  p=0.003* p=0.54 
      

GBR 12783 15 392±12 382±35 28.4±4.0 33.1±3.5 
 20 375±27 339±39 28.4±4.5 31.9±4.2 
 25 431±24 369±70 29.3±2.4 28.4±1.3 
 30 378±10 373±60 28.5±3.4 28.5±2.0 
  p=0.091 p=0.18 
      

AMPT 85 341±28 343±36 28.6±4.6 30.9±4.0 
 90 362±27 320±82 29.6±3.4 30.7±2.8 
 95 396±25 323±67 31.0±2.4 32.0±3.1 
 100 392±37 342±40 30.6±2.5 32.2±4.2 
  p=0.043* p=0.29 
      

Duration and speed data for C57L/J mice.  p values reported indicate significant differences 
between groups within strain.   

Table I. Duration and speed responses to dop

Duration and speed data for C57L/J mice.  p values reported indicate significant differences between groups within 
strain.  



126 A.M. KNAB ET AL.

affecting either dopamine re-uptake or dopamine 
production, respectively. Treatment of low active 
C3H/HeJ mice with the DAT inhibitor (dopamine 
re-uptake inhibitor) significantly increased wheel 
running distance, duration, and speed independent 
of dose compared to control mice (Fig. 3, Table II). 
The DAT inhibitor did not affect wheel running in 
the C57L/J strain.    This finding corresponds to 
previous research with animal models of ADHD and 
treatment with Ritalin [also a dopamine re-uptake 
inhibitor] (14). Responses to Ritalin in humans can 
vary depending on the status of the neurotransmitter 
systems (31-33). Specifically, it has been proposed 
that the response to drugs such as Ritalin depends 

largely on baseline values of the response in question 
(33).  

The only effect of the TH inhibitor was a slight, 
but significant decrease in duration in the high active 
C57L/J mice (Table I). We observed no significant 
group by dose interactions for this drug in C57L/J 
mice, with no difference reflected in distance or speed 
(Fig. 2, Table I). In our previous study, we observed 
decreased expression of tyrosine hydroxylase mRNA 
in the mid-brain of C57L/J mice compared to C3H/
HeJ mice (21). If decreased expression of tyrosine 
hydroxylase, and subsequent decreased dopamine 
production and downstream dopamine signaling 
mediate the high active phenotype, inhibiting this 

Table II. Duration and speed responses to dopaminergic drugs in C3H/HeJ mice.   

Drug Dose (mg/Kg) Duration (mins/12hrs) Speed (m/min) 
    Control Experimental Control Experimental 

SKF 81297 0.5 97±106 73±33 15.2±4.8 17.2±2.6 
 0.75 83±111 75±56 14.4±3.6 16.4±2.6 
 1 101±145 103±56 14.5±4.2 16.5±2.8 
 1.25 104±150 124±99 15.0±4.4 17.1±2.9 
  p=0.95 p=0.11 
      

SCH 23390 0.5 95±133 74±79 15.7±5.0 16.0±2.8 
 0.75 110±141 84±78 15.3±5.5 16.3±2.5 
 1 111±142 91±80 15.6±4.6 16.3±2.9 
 1.25 110±147 89±80 15.5±5.6 16.1±2.6 
  p=0.56 p=0.63 
      

GBR 12783 15 20±16 66±41 12.5±1.4 16.3±1.7 
 20 21±14 53±36 12.5±1.0 15.4±2.0 
 25 19±12 69±25 12.1±1.2 16.4±1.8 
 30 23±19 53±15 13.1±1.0 15.7±1.1 
  p=0.0005* p<0.0001* 
      

AMPT 85 39±43 35±12 14.3±3.4 15.3±1.6 
 90 34±32 36±6 14.1±2.9 15.0±1.3 
 95 33±30 35±10 14.2±2.7 15.3±1.4 
 100 29±26 37±15 15.3±3.0 15.5±1.6 
  p=0.82 p=0.31 
      

Duration and speed data for C3H/HeJ mice.  p values reported indicate significant differences 
between groups within strain. 

Table II. Duration and speed responses to dopaminergic drugs in C3H/HeJ mice.  

Duration and speed data for C3H/HeJ mice.  p values reported indicate significant differences between groups within 
strain.
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phenotype than high activity and regulated by 
slightly different pathways (JT Lightfoot, personal 
correspondence). Further investigations should use 
strains of mice that fall in the middle of the spectrum 
of voluntary physical activity.
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Despite the effect corticosteroids exert on blood clotting and the irrefutable impact of intracranial 
pressure decreasing shortly after lumbar puncture, a certain number of intracranial thromboses remain 
unexplained. Corticosteroids are useful in reducing the severity and duration of relapses of multiple sclerosis 
(MS). Several questions emerge concerning the reasons behind thrombosis occurring so sporadically, not 
pertaining to any rule, the most important of which regard the location and timing.  We developed this 
hypothesis as an obverse to chronic endothelial injury theory which, only partially explains atherosclerosis 
development. We followed Virchow’s classical triad of conditions which are believed to be connected to the 
development of thrombosis. Although corticosteroids affect more than vessel wall injury, component of 
Virchow’s triad that has been our narrowest interest is exactly vessel wall injury.
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LETTER TO THE EDITOR

Multiple sclerosis (MS) is an inflammatory 
disease of the central nervous system. Even if the 
etiological agent is unknown, it is presumed that 
the inflammatory reaction is directed against, or is 
mediated by, this elusive agent. Some pathogens 
by their nature tend to directly provoke chronic 
(1) rather than acute inflammation (2). MS usually 
appears in adults in their thirties but it can also 
appear in children. The primary progressive 
subtype is more common in people in their fifties. 
The disease is more common in women, and the 
trend may be increasing. In children, the sex ratio 

difference is higher, while in people over fifty, MS 
affects males and females almost equally (3). Thus, 
MS is a disease of young adults, with long-term 
implications for both their personal and professional 
lives. The economic impact of the condition is 
particularly significant as the majority of patients 
are of working age, with hardly negligible expenses 
for society. By retrospective analysis, in 240 MS 
relapses, only one case of deep vein thrombosis 
was documented following lumbar puncture and/or 
high-dose parenteral corticosteroid treatment (4). 
Commonly, thrombosis in unusual sites refers to all 
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venous thromboses in sites other than the veins of the 
limbs. Such are thrombosis of the cerebral sinuses; 
portal system; renal veins; suprahepatic veins 
and venae cavae (5, 6). Prevalence of MS ranges 
between 2 and 150 per 100,000 depending on the 
country or specific population (7). There is a north-
to-south gradient in the northern hemisphere and a 
south-to-north gradient in the southern hemisphere, 
with MS being much less common in people living 
near the equator (3). However, there are important 
exceptions to the north–south pattern and changes 
in prevalence rates over time; in general, this trend 
might be disappearing (8). MS is also more common 
in regions with northern Europe populations. But 
even in regions where MS is common, some ethnic 
groups are at low risk of developing the disease.  
Environmental factors during childhood may play an 
important role in the development of MS later in life.

Nature of multiple sclerosis 
As discussed earlier, MS is said to be an 

inflammatory disease where immune cell invasion 
leads to focal as well as axonal damage. Traditionally, 
any active and chronic active MS lesion throughout 
the course of MS is featured by axonal damage. 
These mechanisms  involve immune attack directed 
at axonal components causing secondary axonal 
degeneration. Progression of these lesions is the 
major cause for irreversible damage in the central 
nervous system (9). 

Primarily, the activation of T cells occurs in 
the peripheral lymphoid compartment. Previously 
activated immune cells require re-stimulation 
(10). Re-stimulation takes place in perivascular 
compartment (PC) by antigen-presenting cells. PCs 
surrounding small blood vessels as they penetrate 
the brain parenchyma are not a unique feature of 
MS (11). Perivascular spaces in normal brain are 
anatomical routes for the bulk flow drainage of fluid 
from the gray matter to the subarachnoid space. 
Perivascular cuffing and PC enlargements have 
been observed in MS. The question remains whether 
the MS patients have more numerous and/or larger 
perivascular compartments than healthy controls? 
Prominent perivenular spaces as a sign of perivascular 
inflammation are seen as a result of autoimmune 
processes and are a critical event in the pathogenesis 

and evolution of MS lesions. Additionally, their 

unavoidable role in leukocyte trafficking was not 
appreciated until very recently. To date, relation 
of MS lesions to venules and small veins has been 
confirmed only by post-mortem studies of central 
nervous system tissue. MS lesions have a perivenous 
location and their form is determined by location and 
orientation of veins. Initial inflammatory process of 
MS starts around small veins (12). Therefore, the 
mere presence of (small) veins in MS lesions may 
not be more than a coincidence.

Action of corticosteroids
During a MS relapse, patients are prescribed 

corticosteroids to reduce its severity and duration. 
Methylprednisolone is a corticosteroid drug typically 
used for its anti-inflammatory effects. In MS this is 
employed to reduce the inflammation in the central 
nervous system (13). On the whole, high-dosage 
methylprednisolone treatment can be considered as 
safe. The main effect of methylprednisolone consists 
of reducing the severity and shortening the length 
of attacks, as well as a slight lessening in spasticity 
(14). Methylprednisolone is an excellent treatment for 
attacks, but not for continuous therapy. In repeated 
studies, a therapeutic effect of a longer-lasting, lower 
oral dosage of steroids could not be confirmed (15). 
Methylpre- dnisolone’s anti-inflammatory effect is 
five times greater than that of natural cortisone and 
persists at least twice as long (16). In 1980, a study was 
carried out on the effect of administering intravenous 
high-dose methylprednisolone, which demonstrated a 
powerful anti-exacerbative effect (13). 

Evidence of the efficacy of high-dose 
corticosteroids in conditions such as acute spinal 
cord injury, traumatic optic neuropathy, or relapsing 
phase of MS supports its application. On the other 
hand, there are studies according to which no 
benefit of high-dose corticosteroid treatment in 
acute traumatic optic neuropathy, or acute spinal 
cord injury has been achieved.  Recent experimental 
studies decline basis for treating and suggest the  
harmfulness of the treatment if corticosteroids are 
administered more than eight hours following spinal 
cord injury (17).

To date, only intravenous administration of 
methylprednisolone has been confirmed as effective 
in controlled studies. In order to prevent another 
rapid flare-up of inflammatory activity during 
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molecules, activation of cytotoxic T cells and/or 
auto antibodies directed against endothelial cell 
membranes. Considering the role of the endothelium 
in the initiation and propagation of the vascular wall 
injury, the role of acute endothelial injury should be 
articulated as a hypothesis and confirmed in praxis. 

Atherosclerosis is but a lipid deposition within 
the artery wall. A complex theory in which the 
presence of a dysfunctional endothelium plays 
a pivotal role has been implied.  Unlike the 
hypotheses on chronic endothelial injury in which 
an etiology of atherosclerosis is imprinted, we offer 
a new, interesting and reasonable explanation of 
development of thrombosis in patients treated with 
high doses of corticosteroids.

Nevertheless, whether particular sections of the 
endothelium will emerge as a novel risk factor of 
venous thrombosis is still an open question as there 
are some limitations to the study. 
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an attack, after the intravenous administration 
of methylprednisolone nowadays prednisone is 
administered in tablet form in decreasing dosages for 
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Adverse reactions from high dosages of 
intravenously administered methylprednisolone 
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Idiopathic membranous glomerulonephritis (IMN) 
is the most common cause of nephrotic syndrome 
in adults and it is characterized histologically by 
uniform thickening of the glomerular capillary due 
to the presence of subepithelial immune deposits or 
the subsequent changes of the glomerular basement 
membrane (1). Recently, Beck et al. found in most 
of patients affected by IMN, autoantibodies against 
M-type phospholipase A2 receptor, normally 
expressed on podocytes (2). 

IMN exists in idiopathic or secondary forms and 
some studies have demonstrated that many patients 
have a spontaneous recovery while others show 
persistent proteinuria or progressive end-stage renal 
disease (3).

Treatment is still controversial and proteinuria is 

the important determining factor for renal outcome 
(4). We report the case of a woman with IMN treated 
with adrenocorticotropic hormone (ACTH) plus 
azathioprine (AZA), achieving good outcome in 
terms of proteinuria reduction and lipid-lowering 
profile.

Case report
A 69-year-old Caucasian woman was admitted 

to the Department of Clinical Medicine, Sapienza, 
University of Rome, Italy, with generalized 
edema. Her medical history included diagnosis 
of hypertension in treatment with amlodipine 10 
mg daily and ramipril 5 mg daily. Laboratory 
studies showed: creatinine 0.8mg/dL (MDRD-
4 formula creatinine clearance 71mL/min), urea 
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Idiopathic membranous glomerulonephritis is a frequent cause of nephrotic syndrome and may have 
a variable course, from spontaneous remission to progression on renal failure. The therapy is based 
on alternating steroids and chlorambucil or cyclophosphamide (Ponticelli protocol) for six months. In 
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antibodies, extractable nuclear antigens antibodies, 
anti-dsDNA antibodies were absent. Serology for 
hepatitis B and C antigens was negative. Urinalysis 
revealed microscopic hematuria and proteinuria was 
5.6g/24h. 

These findings were compatible with nephrotic 

38mg/dL, uric acid 7.7mg/dL, total proteins 4.3g/
dL, albumin 1.8g/dL, total cholesterol 275mg/dL, 
triglycerides 202mg/dL, LDL cholesterol 151mg/
dL, HDL cholesterol 74mg/dL, ESR was 35mm/h, 
haemoglobin 14.2g/dL. Serum complement C3-C4 
and immunoglobulin levels were normal, antinuclear 

Fig. 1. Proteinuria  after ACTH-AZA treatment and during follow-up.

Fig. 2. Serum cholesterol and triglycerides after ACTH-AZA treatment and during follow-up.

A. GIGANTE ET AL.
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syndrome and percutaneous renal biopsy was 
performed. Possible secondary causes of nephrotic 
syndrome were ruled out and tumoral markers were 
negative.

Renal tissue was processed and 47 glomeruli 
were found, two of which showed global sclerosis, 
whereas all the others did not show proliferative 
features and there was no evidence of crescents, 
fibrinoid necrosis or endocapillary proliferation. 
Moderate subepithelial deposits were present on the 
basement membrane. Infiltration of inflammatory 
cells and fibrosis were visible in the tubule and 
interstitium. Arteries were unremarkable, while 
arterioles showed mild hyaline deposition. Along 
capillary walls, immunofluorescence microscopy 
showed granular staining for IgG 3+, C3 2+, 
κ light chains 3+ and λ light chains 3+. Thus, 
IMN with mild arteriolosclerosis was diagnosed. 
Therefore a treatment (Ponticelli protocol) based 
on 3 intravenous pulses of methylprednisolone 
at months 1, 3, 5 followed by oral prednisone 
0.5mg/Kg per day in a single morning dose for 27 
days was started; then steroids were stopped and 
chlorambucil 0.2mg/Kg per day at months 2, 4, 6 was 
administrated. Symptomatic therapy with dietary salt 
restriction, irbesartan 300 mg daily and ezetimibe/
simvastatin 10/40mg daily was also started. After 
six months of treatment, remission was not obtained 
and laboratory tests showed: creatinine 1mg/ dL 
(MDRD-4 formula creatinine clearance 55 ml/min), 
urea 42mg/dl, cholesterol 281mg/ dL, triglycerides 
242mg/ dL, LDL total cholesterol 190mg/ dL, HDL 
cholesterol 43mg/dL and proteinuria 4.3g/24h. 
Because of hypertension, cyclosporine treatment 
was not recommended and we decided to treat IMN 
with synthetic ACTH 1 mg administered by two 
intramuscular injection per week for 5 weeks, in 
gradually reduced doses (1 injection per week for 3 
weeks, then 1 injection every two weeks for a total 
treatment period of six months) in association with 
AZA 2mg/Kg daily for a period of three months, then 
a decreased dose at 1 mg/kg daily in the following 
months, for a total treatment period of six months. 
After six months of the new treatment, we noticed 
a dramatic decrease of proteinuria (0.4g/24h), total 
cholesterol (186mg/dL), LDL cholesterol (81mg/
dL), triglycerides (113mg/dL) with an increase of 
HDL cholesterol (64mg/dL); renal function was in 

normal range (creatinine 0.8mg/dL, urea 38mg/dL, 
MDRD-4 formula creatinine clearance 71mL/min). 
During 36 months of follow-up, carried out every 3 
months, laboratory tests showed: creatinine 0.8mg/
dL, urea 29mg/dL, total cholesterol 179mg/dL, 
triglycerides 110mg/dL, LDL cholesterol 73mg/dL, 
HDL cholesterol 72 mg/dL, and proteinuria value 
was stable on 0.14g/24h (Figs. 1 and 2).

DISCUSSION

IMN treatment remains controversial and it is well 
known that corticosteroids alone are not efficient, 
while Ponticelli protocol, alternating steroids and 
chlorambucil (0.2mg/kg/die) or cyclophosphamide 
(2-2.5mg/kg/die) for six months is recommended 
with good results. In absence of complete or partial 
remission after Ponticelli protocol, cyclosporine, 
ACTH, mycophenolate mofetil, rituximab can be 
used as second-line therapy (5). 

Prolonged use of these agents may cause 
dangerous adverse effects and cyclosporine was 
not recommended for hypertension and mild renal 
arteriosclerosis found in biopsy. Thus, we decide to 
treat the unresponsive nephrotic syndrome of our 
patient with ACTH in association with AZA for six 
months. Synthetic ACTH is tetracosactide acetate 
synthetic peptide containing the first 24 amino acids 
of ACTH. 

After administration of 0.25 mg of synthetic 
ACTH in patients with normal adrenocortical 
function, the peak plasma concentration of cortisol 
is achieved within 1 h and begins to decrease after 
2-4 h. Then, ACTH is rapidly removed from the 
plasma by many tissues resulting in short action 
duration (6). The mechanism responsible for the 
beneficial effect of ACTH is unknown. It is unlikely 
that it may depend on the enhanced secretion of 
endogenous glucocorticoids. A possible speculation 
is that by modifying apolipoprotein metabolism, 
ACTH might restore podocyte expression of 
apolipoprotein J, which competes with terminal 
components of complement, C5b-C9, for the same 
receptor in podocytes. Thus, ACTH therapy may be 
functionally equivalent to in situ down-modulation 
of complement-mediated podocyte injury (6). Some 
studies have demonstrated that short-term treatment 
with ACTH has beneficial effects on the serum 
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lipoprotein profile (inducing an increase of  serum 
HDL level and a reduction of serum lipoprotein 
concentration), the reduction of proteinuria and the 
improvement of glomerular function in the course of 
IMN.

In fact, ACTH is able to modify the metabolism 
of apoliprotein B containing lipoproteins, whereas 
the influence on HDL and lipoprotein metabolism 
may be mediated by steroids (7). Regarding clinical 
use of ACTH monotherapy in glomerulonephritis, 
further studies are needed to confirm the preliminary 
data based on a small number of patients with short-
term follow-up (6). Although there is no consensus 
regarding treatment in the course of IMN, especially 
for unresponsive patients to Ponticelli protocol, 
several studies have been carried out to find other 
therapeutic options. Regarding AZA therapy, Ahuia 
et al., in a clinical study, reported no significant 
beneficial effects on the progression of IMN in 
patients treated with prednisone 1mg/kg/die and 
AZA 2mg/Kg/die (8). Naumovic et al. reported a 
prospective study on IMN patients who did not react 
to Ponticelli protocol. This treatment with small 
doses of prednisone and cyclosporine at 3 mg/Kg/die 
or AZA at 1.5 to 2mg/Kg/die for six months showed 
no beneficial long-term effects regarding renal 
function preservation in patients treated with AZA 
(9). However, no cases have been reported regarding 
simultaneous treatment of ACTH and AZA.

In our case, because the patient did not react to 
classic treatment with cytotoxic drugs (Ponticelli 
protocol), we used ACTH to reduce proteinuria 
and lipid profile which acted in a short period of 
time, in combination with the immunosuppressive 
drug (AZA) to alleviate the pathogenesis of 
glomerulonephritis and delay the progress of 
sclerosis.

Therefore, randomized clinical trials with a large 
cohort of patients are needed to evaluate the long-
time effect of AZA-ACTH association.

A. GIGANTE ET AL.
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LETTER TO THE EDITOR

The mucopolysaccharidoses (MPS) are a group 
of diseases characterized by deficiencies in different 
enzymes required for degradation of complex 
carbohydrates. The enzymatic deficiencies result in 
the lysosomal accumulation of dermatan sulphate 
(DS), heparan sulphate (HS), and keratan sulphate 
(KS) in different tissue resulting in multi-system 
complications (1). All MPS types are very rare 
heritable disorders with prevalence data varying 
considerably between regions. They have a chronic 
and progressive course, with a wide spectrum 
of progression rate and clinical manifestations, 
according to different mutations, also in the same 
enzyme (3). In medical literature six different 
principal types of MPS are described, MPS I, II, III, 
IV, VI, VII, IX, differentiated by the qualitative and 
quantitative enzyme deficiency, the type of affected 

GAG and the presence of  mental retardation, and 
the different skeletal abnormality (2) (Table I). 
Typical features of MPS are short stature, secondary 
to a combination of structural, metabolic and 
endocrine abnormalities (3), coarse facial features, 
loss of hearing, organomegaly, secondary to GAG 
accumulation and organ dysfunction, respiratory 
and cardiovascular complications. An exception 
is represented by MPS type III in which patients 
usually do not show severe somatic manifestations 
but a profound mental retardation (2). A mental 
retardation is present also in MPS VII and in severe 
forms of MPS I and MPS II. Most MPS types, with 
the exception of MPS III, are also associated with 
widespread  skeletal abnormalities and joint disease. 
The presence of these signs and symptoms occurring 
in concert can usually suggest the diagnosis of MPS. 
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Severe cases are generally recognised early in life, 
but in presence of more attenuated phenotypes, it 
can take many years before identifying a metabolic 
origin of the symptoms (2). A first diagnosis of MPS 
can be obtained with an analysis of urinary GAG, but 
this technique cannot discriminate between different 
MPS subtypes and may fall in the normal range 
for the mild and non-progressive forms. A definite 
diagnosis can only be made  by measuring enzyme 
activity; a very reduced or absent enzyme activity 
together with clinical signs of the disease establishes 
the presence of the pathology (4). The diagnosis can 

be supported by mutational analysis of the affected 
gene, which could be useful in the beginning of a 
genetic counselling of the patients and their families 
(Table II). In MPS II, which is an X-linked disease, 
it is the only way to identify female carriers with 
certainty (5). The introduction of new, specific 
therapies for several MPS types has increased the 
need for early diagnosis.

Radiologic findings in mucopolysaccharidoses 
Radiologic findings generally play an important 

role in diagnosing MPS. Radiologic imaging does not 

Table I. Table showing the classification of different types of mucopolysaccaridosis. 
 
Type Enzyme deficiency GAG affected Mental status Skeletal 

manifestations 
MPS I (mild and 
severe) 

α –L Idurosinase Dermatan and 
heparan sulfate 

From normal 
intelligence to 
mental 
retardation 

Short stature, 
dysostosis 
multiplex 

MPS II (mild 
and severe) 

Iduronate sulfatase Dermatan and 
heparan sulfate 

From normal 
intelligence to 
mental 
retardation 

Short stature, 
dysostosis 
multiplex 

MPS III A Heparan – N -
sulfatase 

Heparan sulfate Profound mental 
retardation 

Mild somatic 
manifestations 

MPS III B α-N-
acetilglucosaminidase 

Heparan sulfate Profound mental 
retardation 

Mild somatic 
manifestations 

MPS III C Acetyl-CoA- α- 
glucosaminide 
acetyltransferase 

Heparan sulfate Profound mental 
retardation 

Mild somatic 
manifestations 

MPS III D N- acetylglucosamine 
6 sulfatase 

Heparan sulfate Profound mental 
retardation 

Mild somatic 
manifestations 

MPS IV A Galactose -6- 
sulfatase 

Keratan 
sulphate, 
chondroitin 6- 
sulfatase 

Normal 
intelligence 

Short-trunk 
dwarfism 

MPS IV B β -galactosidase Keratan sulfate Normal 
intelligence 

Short-trunk 
dwarfism 

MPS VI Arylsulfatase B Dermatan sulfate Normal 
intelligence 

Short stature, 
dysostosis 
multiplex 

MPS VI β -glucurunidase Dermatan sulfate  
heparan sufate 
chondroidin 4-6-
sulfates  

Mental 
retardation 

Short stature, 
dysostosis 
multiplex 

MPS IX Hyaluronidase  Hyaluronan  Normal 
intelligence 

Short stature 

 

 

 

 

 

 

 

 

 

Table I. Table showing the classification of different types of mucopolysaccaridosis.
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hydrocephalus. These evaluations should be initiated 
at diagnosis for baseline assessment and then only 
repeated every one to three years according to clinical 
severity 6). When mental artefacts preclude high 
quality MRI, then CT may be the preferred imaging 
technique. MPS patients are in fact the most difficult 
patients for performing advanced imaging studies for 
different reasons: many patients present an important 
mental retardation and are not very cooperative; 
airway problems, very common in these patients, 
make performing general anaesthesia difficult. 
CT and MRI imaging of the thoracic spine is also 
complicated by both cardiac and respiratory motion. 
A regular and systematic evaluation of MPS patients 
using a radiologic reproducible scoring system could 
be very useful for evaluating and monitoring these 
patients for surgical treatment, and for measuring 
the impact of treatment. A scoring system could also 
be useful in evaluating the dysostosis multiplex, the 
typical skeletal alterations of MPS, characterized by 
a great variety in bone shapes among individuals, 
including even interfamilial variability. 

Bone quality
A typical characteristic of patients affected by 

MPS, though there is a paucity of research focused 
on this, is a defect in bone mineralization. Generally 

permit to accurately differentiate between MPS types 
based on specific skeletal X-ray or neuroimaging 
characteristics (6). A genetic skeletal survey generally 
includes skull, antero-posterior (AP) and lateral view, 
chest AP view, spine AP and lateral view, pelvis AP 
view, long bones AP view and hands and feet views, 
in order to individuate characteristic dysostosis 
multiplex. Another characteristic radiological sign 
to evaluate soon after MPS diagnosis is cervical 
spine instability, in which case lateral cervical spine 
X-ray with flexion and extension views could be 
useful, especially after enzyme replacement therapy 
or hematopoietic cell transplantation, which may 
increase joint or ligament flexibility (6). Further 
skeletal X-ray follow-up examinations may be 
required to evaluate specific clinical problems such 
as hip pain, scoliosis/kyphosis or genu valgum. 
Skeletal X-rays are generally sufficient to make MPS 
diagnosis, but in the more severe forms in which a 
mental component is present also more sophisticated 
radiologic exams are very important. More subtle 
osseous anomalies can be identified using CT, 
which give also a 3-dimensional view of the skeletal 
part being examined and permits a more complete 
surgical planning when necessary.  MRI of the brain 
and spinal cord is essential in order to evaluate MPS 
complications such as cervical spine compression or 

Table II. Table showing the main diagnostic exam in mucoplysaccaridosis. 

 

Exam type Result Differential diagnosis between 
subtypes 

Analysis of urinary GAG High urinary GAG levels No  
Analysis of enzyme activity Reduced or absent enzyme 

activity 
Yes 

Mutational analysis of the 
affected gene  

Identification of the mutation 
type 

Yes  

Analysis of serum levels of 
heparin cofactor- II- thrombin  

Increased levels No 

Quantitative measurement  
(height and head 
circumference) 

Decreased height, increased 
head circumference  

Partially  

Radiological exam  Dysostosis, hip dysplasia, claw 
hands, scoliosis and kyphosis 
etc. 

Partially 
 

Functional tests Evaluation of body and mental 
function 

Partially  

 

 

 

 

 

 

 

 

 

 

Table II. Table showing the main diagnostic exam in mucoplysaccaridosis.
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60-80% of the variability in peak bone mass depends 
on heritable factors (7). Many modifiable factors can 
contribute to the development of peak bone mass, 
such as weight bearing, physical activity, calcium, 
vitamin D intake (8). Several factors negatively 
influence bone mineralization in MPS: small frame, 
abnormal gait or limited mobility and decreased 
physical activity or post-surgical non-weight bearing. 
Additionally, the presence of nutritional deficiencies, 
particularly of vitamins, may also negatively affect 
bone accumulation. An accurate interpretation of the 
data regarding bone mineral density of these patients 
is also very difficult. These data are important, 
especially in order to monitor patients on enzyme 
replacement therapy (ERT). Patients with MPS have 
considerable height deficits, often accompanied by 
large heads and dense skulls, therefore for these 
patients an MOC DXA excluding head in respect 
to total body is generally recommended. Size 
considerations are very important when interpreting 
aBMD measurements (9). The relationship between 
the change in aBMD and growth should be closely 
monitored and considered in the interpretation of 
DXA scan especially in patients on ERT, where the 
induced growth brings a decrease in bone mineral 
density Z-score (10). A similar pattern is reported in 
healthy children during the adolescent growth spurt 
when bone growth precedes mineralization and bone 
density decrease. Adolescence is in fact the second 
peak in fracture incidence, which is more common 
in males than females, with the peak of age around 
14 years for males and around 12 years for females, 
similar to the age of peak high velocity. Fracture 
incidence is elevated during this period of rapid growth 
due to the lack of mineralization of bone following 
skeletal growth (11). The same process takes place 
in MPS patients on ERT in which skeletal growth is 
present but not consequent bone mineralization, so 
these patients become at elevated risk of pathologic 
fractures (12). ERT therapy is generally a long-term 
treatment administered indifferently in childhood 
or in adult age, but its clinical impact is greatest in 
patients aged under 16 years.  The poor mineralization 
becomes an adjunctive risk factor in these patients as 
well as abnormal length and diameter of long bones, 
especially femoral neck and hip dysplasia. This 
increased risk however does not affect the outcome 
of these patients after surgical treatment.  

Skeletal manifestations
Three mechanisms probably affect skeletal 

development in mucopolysaccharidoses, with 
a systemic disturbance of bone modelling, the 
presence of focal failures of ossification and with the 
development of an avascular disorder of the femoral 
head (13). The disturbance of bone modelling is 
seen in both primary ossification and modelling 
of the skeleton, resulting in very short stature and 
poor diaphyseal modelling. The focal failure is 
seen especially in the anterosuperior quarters of 
the lowest thoracic and in the upper two lumbar 
vertebral bodies, in the roof of the acetabulum and 
the lateral margin of the proximal tibial metaphysic. 
In all these sites it is possible to identify the cartilage 
elements, but the ossification is lacking (13). Failure 
of ossification in the thoraco-lumbar junction is 
present in all types of mucopalysaccharidoses, and 
is probably responsible for the kyphosis deformity 
seen in these diseases. The process results in anterior 
wedging, retrolisthesis of the apex vertebrae and 
anterior herniation of the intervertebral discs at the 
thoracolumbar junction, causing the development 
of severe scoliosis and kyphosis in which surgical 
fusion is required (14).  The criteria for fusion 
follow the traditional indications for intervention 
in complex deformity, including the need for a 
combined anterior and posterior fusion in severe 
deformity and in less mature children in order to 
prevent crankshaft phenomenon (15).  

Hip problems are present in all MPS and can 
be divided in two major categories: hip dysplasia 
due to ossification failure and osteonecrosis-like 
epiphyseal dysplasia (15). The disorder of the 
acetabulum is similar to that in the vertebral bodies 
and the developmental failure of the lateral part of 
the acetabulum precludes the ossification of this 
tissue, and in the lateral margin of the acetabulum 
it is possible to see a significant cartilaginous anlage 
in the MRI or arthrogram. This defect results in hip 
instability and late dislocations. Another important 
cause of hip dysplasia is an epiphyseal dysplasia, 
assimilable to the osteonecrosis or to the Perthes 
disease. In MPS patients, this disease could be the 
final result of an inflammatory apoptosis (16), and 
is characterized by partial fragmentation of the 
medial epiphysis, followed by remodelling and 
thinning of the affected segment (13).  In these 
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primary neuropathy or secondary neuropathy due 
to GAG accumulation in the synovial tissue, known 
as “trigger digits”. These neuropathies interest the 
median nerve at the level of the carpal tunnel, and are 
generally unrecognized in such patients, resulting in 
loss of function. For both conditions in MPS a fast 
surgical release is recommended, that may be carried 
out also in the same surgical procedure. A delayed 
treatment of trigger digits may result in fixed flexion 
contractures.

Another typical site of accumulation of GAG 
is represented in MPS by the retro-odontoid space, 
resulting in progressive stenosis and compression of 
the spinal cord at the occipito-cervical junction (19). 
At this site a delayed ossification is also recognized 
of the odontoid process, with the persistence of a 
cartilagineous anlage, prone to repetitive trauma, and 
consequent fracture. These repetitive traumas cause 
two major problems - an atlanto-axial instability, due 
to dens fracture associated to ligamentous instability, 
commonly visible in flexion-extension radiographs, 
and a cartilage/fibrocartilage reactive hypertrophy 
around the odontoid process, with a thickening of the 
dura and ligamentum flavum hypertrophy, resulting 
in a complex cervical stenosis (19). This combination 
of pathological factors may also be seen at subaxial 
cervical level resulting in a severe myelopathy. 
These complicaton can only be treated by surgery.  
A cervical decompression could be performed 
with fusion of the atlo-axial joint, or in absence of 
an evident instability only a wide decompression. 
Indications for surgery to be considered are: a cord 
space < 14 mm, also in asymptomatic patients; a 
cervical instability of >8 mm, with an instability from 
5 to 8 mm; the presence of a spinal cord impingement 
or deteriorating neurological conditions (20).

CONCLUSIONS

MPS presents a significant muscoloskeletal 
involvement which involves several areas such 
as spine, hip, knee, and hands, resulting in severe 
disabilities. The skeletal pathologic conditions, 
except for cervical spine, are rarely life threatening 
but generally limit a child’s functioning, activity and 
normal life therefore they have to be treated at the 
beginning of their manifestations in order to avoid 
major complications and improve quality of life.

patients two local abnormalities may contribute to 
the development of this pathological situation: the 
failure of the lateral portion of the acetabular roof, 
which causes an increase of load on the medial part 
of the femoral head, and also the valgus angulation 
of the femoral neck, which compromises the medial 
ascending retinacular vessels (13). Hip dysplasia 
in MPS patients generally requires a surgical 
treatment which, for these patients, is a combination 
of osteotomies in order to reposition the bone and 
optimize hip mechanics. Generally two osteotomies 
are performed: a pelvic osteotomy to reduce the 
global acetabular deficiency, and a proximal femoral 
osteotomy to reduce the valgus deformity of the neck 
(17). When the hip is dislocated a capsulorrhaphy is 
also necessary. In most severe and advanced cases 
also a prosthetic replacement could be required. This 
solution has to be carefully evaluated, taking into 
account the general complications of these patients. 
Another side of incomplete ossification in MPS 
patients is the lateral margin of the proximal tibial 
metaphysis. At this site, generally, a valgus deformity 
may be seen, due to an altered transmission of load. 
The greater part of the load is normally transmitted 
through the medial side of the knee, so structural 
failure is delayed until the end of the first decade 
of life (13). Some patients may also show typical 
knock-knees that often require surgery. Indication 
for surgery is a tibial-femoral angle greater than 15° 
(15). Surgical treatment is represented by femoral or 
tibial  osteotomies near the knee. In these patients 
osteotomies are generally invasive and painful, but 
often necessitate obtaining and maintaining a good 
result that staple or tension band plate could not be 
able to achieve in such small patients, who do not 
have enough growth remaining to modulate. At the 
level of the knee, patients generally present also a 
typical stiffness, which prevents full straightening 
and results in a crouched gait. Medical and genetical 
therapy could generally improve this condition (17). 
A typical stiffness may be also recognized in the 
upper extremities, especially in shoulder and elbow. 
Also this stiffness showed a good responsivity to ERT 
therapy, also when it was evident after several years.
(17) Forearm pronation and supination may also be 
limited in Madelung’s deformity, especially in MPS 
type II (18). Other typical manifestation of MPS in 
the upper extremities are periferical neuropathy; 
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Povidone-iodine is most commonly used worldwide because of its germicidal activity, relatively low 
irritancy or toxicity and low cost. Frequently, povidone-iodine is used as a topical antiseptic for treating 
and preventing wound infection. In rare cases skin irritation or iododerma-like eruption could represent 
possible adverse effects due to the oxidative effects of iodine and allergic hypersensitivity reaction. In this 
report we describe a case of a massive adverse reaction to the irrigation of surgical wound dehiscence 
with 10% povidone-iodine solution after deep-impacted, lower third molar extraction. This reaction 
was related to a central neurotrophic reflex involving three trigeminal branches and probably due to 
a peripheral chemical insult of mandible nerve. This adverse reaction determined a severe edema and 
diffuse skin lesions, involving the whole left side of the face mimicking an iododerma-like eruption. 
These violent symptoms were solved after 60 days. Furthermore, we report a small permanent skin scar 
in the zygomatic area and transient alterations of facial sensitivity on the affected side which completely 
disappeared in 6 months.
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LETTER TO THE EDITOR

allergic hypersensitivity reaction (4, 5). Sometimes 
10% povidone iodine solution can cause primary 
irritant dermatitis and allergic contact dermatitis (6-
8). In literature the local irrigation before the tooth 
extractions by means of 10% PI solution of the 
gingival sulcus was described which is considered 
an important source of bacteremia following 
dental procedures (9, 10). The iodine compound 
is considered most effective in prevention of post-
treatment bacteremia compared to chlorexidine or 
hydrogen peroxide. PI is also topically used during 
subgingival instrumentation in order to improve 
the outcome of non-surgical periodontal therapy 
(11). PVP-iodine has been used in a mouthwash to 
inhibit the development of gingivitis, for subgingival 

Iodine compounds have been widely used as 
antiseptics and disinfectants for the skin before 
surgical procedures. Povidone iodine (PI) is a 
water-soluble combination of molecular iodine 
and the solubilizing agent polyvinyl-pyrrolidone 
(PVP-iodine). PVP-iodine is most commonly 
used worldwide because of its germicidal activity, 
relatively low irritancy or toxicity and low cost. 
Frequently, povidone-iodine is used as a topical 
antiseptic for treating and preventing wound infection 
(1). The iodine compounds are available in aqueous 
solution, tincture, aerosol, ointment or foam (2, 3). In 
rare cases skin irritation or iododerma-like eruption 
could represent possible adverse effects, even if less 
frequent, due to the oxidative effects of iodine and 
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irrigation in periodontal maintenance and in patients 
with recurrent periodontitis (12-14). In this report 
we describe a case of a massive adverse reaction to 
the irrigation of the dry alveolar socket with 10% 
povidone-iodine solution after impacted, lower third 
molar extraction.

Case report
At the Oral Surgery Division of the University 

of Naples “Federico II” we admitted a 31-year-
old man without a past medical history of allergic 
events or other pathologies in order to perform an 
intervention for orthognatic surgery to correct a 
second skeletal class. Before the major surgery we 
planned the extraction of both lower third molars 
in deep impaction (Fig. 1). Following the lower, 
deep-impacted third molar extraction on the left 
side the patient had a surgical wound dehiscence 

(Fig. 2). After suture removal, irrigation with 10% 
povidone-iodine (PI) solution was used in order to 
clean and disinfect the post-extractive site and was 
repeated every week. After 2 weeks, during the 
irrigation with PI, unexpected and diffuse edema 
developed on the left side of the face involving the 
zygomatic, temporal, parietal and frontal area. The 
chin area was also involved in the edema. Severe 
alterations of neurological sensitivity on the affected 
facial side were immediately noted, related to the 
massive edema involving the facial nerve, associated 
to the transient damage on the lower and upper 
alveolar nerves with consequent hypoesthesia in the 
correspondent areas. The patient was admitted to 
hospital in order to begin a clinical follow-up and 
adequate medical therapy. A therapy with cortisone, 
antibiotics, enzymatic anti-inflammatories and B1, 
B6, B12 vitamins (Betametasone 4mg i.v./once in a 
day; Ceftriaxone 1g i.v./twice in a day; Escine 5mg 
i.v./twice in a day) was prescribed under gastric 
protection (Zantac i.v 50mg/day). Laboratory data 
showed elevated CK (1807 U/l) and AMS (1196 U/l) 
values, IgE value was modified (183 KU/l); the white 
blood cell count was within the normal limits. The 
ecography and CT images showed normal conditions 
of parotid gland and other facial structures; only a 
massive mandible lymphoadenopathy was noted. 
After 4 days the partial resolution of the edema 
began but multiple bullous lesions evolving in 
erosions and ulcerations were noted on the left side 
facial skin: these symptoms were compatible with 
an iododerma-like eruption. After 5 days, according 
to the consulting dermatologist, we prescribed the 
substitution of parenteral cortisone therapy with oral 
cortisone therapy (prednisone 25 mg, twice in a day) 
and the application of fucsid acid gel on the skin 
lesions (twice a day for 15 days). Work-up included 
lesion bacterial culture, which revealed normal skin 
flora, a Gram stain that showed no organisms and 
blood cultures that were negative. After consulting 
the neurologist we related this abnormal reaction 
to a central neurotrophic reflex of the trigeminal 
branches caused by a peripheral irritation of exposed 
mandibular nerve after the lower third molar 
extraction. After 15 days we also noted herpes-like 
lesions involving the hard and soft palate area. The 
ophthalmologic control pointed out left conjunctive 
hyperaemia, resolved after local therapy with nebicin 
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Fig. 1. a,b) Orthopantomograpy and CT images for the correct evaluation before 
deep-impacted lower third molar extractions.

 

 

Fig. 1. a,b) Orthopantomograpy and CT images for the 
correct evaluation before deep-impacted lower third 
molar extractions. 
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DISCUSSION

The unexpected, unusual and massive reaction to 
the irrigation with 10% PI solution after the lower 
third molar extraction described in this report could 
be justified by the direct contact of the chemical 
agent with the exposed alveolar nerve after the deep-
impacted lower third molar avulsion. We related this 
abnormal reaction to a central neurotrophic reflex 
of three trigeminal branches caused by an iodine 
peripheral irritation of exposed mandibular nerve 

for 2 weeks. After 30 days the altered laboratory data 
(CK, AMS and IgE) returned within normal limits. 
After 60 days the edema and skin lesions were 
completely resolved, only a small scar remained in 
the zygomatic area; while the alterations of facial 
sensitivity and the neurological damage to the lower 
and upper alveolar nerves completely disappeared 
after 6 months. After 1 year the same patient was 
submitted to the previously planned orthognatic 
surgery with excellent clinical and esthetic outcomes 
(Fig. 3).

   

Fig. 2. Radiographic control 20 days after the lower third molar extractions. On the 
left side we reported a dry alveolar pot-extractive socket. 
 

  

 

 

                              

 

 

 

 

 

 

                    

 

 

 

 

 

 

 

 

 

Fig. 3. Radiographic image after the orthognatic surgery for a second skeletal class. 

 

Fig. 2. Radiographic control 20 days after the lower third molar extractions. On the left side we reported a dry alveolar 
pot-extractive socket.

Fig. 3. Radiographic image after the orthognatic surgery for a second skeletal class.
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of our patient allowed to resolve the case without 
relevant consequences; in fact, the small permanent 
skin scar in the patient’s zygomatic area is not 
serious, considering the violent and massive adverse 
reaction to the topical use of 10% PI solution. 

Our case report shows a rare massive adverse 
reaction to the topical irrigation of surgical wound 
dehiscence after rinsing with 10% povidone-
iodine solution after a left, deep-impacted, lower 
third molar extraction. This reaction was related 
to a central neurotrophic response involving three 
trigeminal branches and probably due to a peripheral 
chemical insult of exposed mandible nerve after 
the surgical dehiscence. This adverse reaction 
induced a severe edema and diffuse skin lesions, 
involving the whole left side of face, mimicking an 
iododerma-like eruption. These violent symptoms 
were resolved after 60 days. Furthermore, we report 
the small permanent skin scar in the zygomatic 
area, and transient alterations of facial sensitivity 
on the affected side which completely disappeared 
in 6 months. This report showed an unusual but 
aggressive complication which can occur when a 
chemical agent such as the 10% povidone-iodine 
solution comes into contact with the exposed 
mandible nerve after recent surgery. In this case the 
oral surgeon must avoid the use of this chemical 
agent in the oral cavity.
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LETTER TO THE EDITOR

Bisphosphonate drugs are synthetic analogs of 
inorganic pyrophosphate developed more than 30 
years ago. They are used to treat various metabolic 
and malignant bone diseases (1-17). In the past 
10 years bisphosphonate use has been associated 
with increased risk of ONJ (5). Marx et al. (2) and 
Ruggiero et al. (3) were the first to report ONJ 
episodes after tooth extractions, traumatic dental 
procedures and other oral injuries. They concluded 
that the aforementioned events can represent 
important risk factors for the development of ONJ. 
The majority of patients affected by ONJ had had 
history of malignancies and the only factor in common 
was the long-term intravenous administration of 
bisphosphonates, primarily zoledronate and/or 
pamidronate (4-7). Although the etiopathogenesis is 

unclear, a decreased osseous blood supply together 
with a hypercoagulable state and subsequent 
infection may be key factors in the progression of 
ONJ. Bone disease affects approximately 70% of 
MM patients and is associated with pain and/or 
pathologic fractures. Bone destruction could occur 
as a result of an osteoclast/osteoblast imbalance so 
that the increased osteoclast activity would favor 
osseous resorption (8). Treatment of avascular ONJ 
involves a variety of extensive therapies that remain 
controversial and challenging. The use of growth 
factors has been proposed to favor osseous wound 
healing in ONJ subjects treated with conventional 
surgical protocols (9, 15, 17, 18). PRP enhances the 
production of high platelet concentrations and it can 
therefore promote wound healing (9, 17-19). The 
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aim of the present study is to evaluate PRP healing 
benefits for the treatment of ONJ occurring after 
surgical tooth extractions in MM patients taking 
zoledronate and/or pamidronate.

MATERIALS AND METHODS

From March 2008 to April 2009, seven patients were 
diagnosed with ONJ after tooth extractions. All individuals 
had MM and were in therapy with zoledronate (Zometa®) 
or pamidronate (Aredia®) followed by zoledronate for 
an average of 5 years. All subjects presented clinically 
with localized osteolytic bone lesions confirmed by 
panoramic radiographs and computed tomography (CT) 
scan evaluation. None of the patients had previously 
received radiation therapy to the head and neck region or 
chemotherapy (Table I). 

Subjects were divided into two groups, A and B, 

according to the surgical treatment protocol. Group A 
patients (n=4) received only standard surgical therapy 
of debridement and sequestrectomy. Group B patients 
(n=3) received additional autologous PRP as proposed 
by Marx’s et al. (19). Both treatment protocols followed 
included cessation of bisphosphonate therapy from 14 
to 21 days before surgical therapy and administration 
of amoxicillin/clavulanic acid 1g (Augmentin®) twice 
daily for 14 days, itroconazolo 100 mg (Sporanox®) once 
daily 14 days, prednisone 5 mg (Deltacortene®) once 
daily for 10 days and Naproxene sodico 550 mg (Synflex 
Forte550®) twice daily as needed for pain. Tissue healing 
was further evaluated by measuring in millimeters (mm) 
the size of the lesion before and after surgical therapy and 
during the 3-month follow-up. Measurements were made 
with a Williams color-coded probe by the same calibrated 
examiner. Clinical examination was undertaken to detect 
exposed necrotic bone, edema, suppuration and signs of 
infection. Follow-up examinations were performed at 15, 

Table I. ONJ MM patients' characteristics. 
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Table I. ONJ MM patients‘ characteristics.
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Clinical examination revealed signs of infection, 
necrotic bone exposure and edema at the ONJ area 
before surgical therapy, in all seven patients (t0). 
Patient 1A had an additional abscess formation that 
developed into a trans-cutaneous fistula.

Post-surgical follow-up observations at 15, 30, 60 
and 90 days, in group A subjects, revealed necrotic 
bone exposure and edema surrounding the treated 
area. 

Group A patients showed clear signs of incomplete 
osseous healing with bone exposure > 1-2 mm. 
Patient 3A had also spontaneous necrotic lesions 
at the right hemi-mandible. Patient 2A presented a 

30, 60 and 90 days thereafter (Table II).

RESULTS

Five patients presented mandibular bone 
exposure. Patients 2 and 5 of group A and B, 
respectively, presented radiographic osteolytic bone 
lesions both in the maxilla and mandible. In all cases, 
panoramic and CT scan evaluations revealed regions 
of osteolysis at the tooth extraction sites except for 
patient 3A who presented additional spontaneous 
mandibular ONJ on the buccal and crestal aspects of 
36-37 areas.

Table II. Therapy and results. 
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I: Infection; N.B.: Necrotic Bone; E: Edema: F: Fistula; R: Recurrence; S.B.N.: Stabilized Bone 
Necrosis; P.H.: Partial Healing; S.H.: Satisfactory 

Table II. Therapy and results.

I: Infection; N.B.: Necrotic Bone; E: Edema: F: Fistula; R: Recurrence; S.B.N.: Stabilized Bone Necrosis; P.H.: Partial 
Healing; S.H.: Satisfactory Healing
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stable in size necrotic bone exposure. Patient 1A had 
clinical worsening and the recurrent osseous lesion 
required a left hemi-mandibulectomy procedure. 
The 15 day follow-up in group B patients revealed 
significantly smaller exposed areas of bone and less 
edema. At 30, 60 and 90 days of follow-up, osseous 
lesions had progressively resolved displaying 
satisfactory healing and less than 1-2 mm of exposed 
bone (Table II).

DISCUSSION

ONJ is a rising dilemma in MM patients who 
have received long-term intravenous bisphosphonate 
therapy and dental surgery (5-8,11-12). Hoff et al. 
reported a 2.4% incidence of ONJ in MM patients 
(10). The management of MM patients with 
bisphosphonate-associated osteonecrosis of the jaw 
is challenging and can take long healing times (13-
14). 

     Current therapy protocols entail bisphosphonate 
use discontinuity, surgical site debridement to 
obtain fresh wound bleeding margins and long-
term antibiotic therapy (14-15). It is still unclear 
whether or not there is any benefit from interrupting 
bisphosphonate therapy (9). The clinical decision 
of interrupting bisphosphonate use, in the present 
study, was at the discretion of the treating physicians, 
surgeon and oncologist, and was based on the patients’ 
symptoms and severity of the osseous lesions.

A variety of different treatment modalities has 
been proposed to enhance bone wound healing 
using growth and differentiation factors in ONJ 
surgical patients taking long-term intravenous 
bisphosphonates. Experimental and clinical 
studies have shown the effectiveness of various 
cellular mediators (bone morphogenetic proteins, 
interleukins, angiogenic growth factors) in bone 
wound healing (9, 16-19). 

PRP is an autologous concentration of human 
platelets that provide a source of growth factors 
obtained by gradient density centrifugation. It may 
improve wound healing and bone regeneration (9, 
16-18). PRP is a platelet concentrate that contains 
at least 1.000.000/mL in a 5-mL volume of plasma 
and contains 4 to 6 times the normal level of growth 
factors compared with peripheral platelet counts (17, 
19).

The findings of the present study are not 

conclusive. However, the positive clinical outcomes 
after PRP use seem promising in the treatment of MM 
bisphosphonate-associated ONJ patients. Cetiner 
et al. (7) and Curi et al. (9) treated refractory cases 
of ONJ combining surgical necrotic bone resection 
and growth factors. They applied PRP topically 
onto the affected exposed bone achieving excellent 
osseous and mucosa healing in 6-8 months. Lee et 
al. (17) described the effects of PRP application plus 
hyperbaric oxygen (HBO) in 2 patients who were 
taking oral bisphosphonates to treat osteoporosis and 
who showed complete ONJ remission in 6-9 months.

The present study confirms the enhanced healing 
effects of PRP use in ONJ patients. Within the 
limitations of the present study, the use of PRP in 
ONJ MM patients seems to be a good treatment 
alternative to foster osteogenesis and accelerate 
wound healing.

ONJ is a rising dilemma in MM patients and 
appears to be a time-dependent process. Long-term 
intravenous bisphosphonate use can pose a serious 
of developing ONJ in MM patients after oral surgical 
procedures. The use of growth factors has been 
proposed to favor osseous wound healing in ONJ 
subjects treated with conventional surgical protocols. 
The mechanism of PRP for enhancing wound 
healing is not fully understood. High concentrations 
of specific growth factors may be responsible for 
the beneficial effects in soft and hard tissue wound 
healing. PRP may enhance the production of high 
platelet concentrations therefore promoting wound 
healing.

The present case series shows the potential 
beneficial effects of PRP on wound healing in MM 
ONJ-associated subjects and could be an integral 
part of future standard surgical protocols. 
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modified (2). 
Several blood and urinary molecules have been 

proposed and introduced in diagnostics as markers of 
bone metabolic activity for evaluating the biological 
activities governing bone turnover, although they are 
characterized by high biological variability. Despite 
of the discrepant results reported by different studies, 
short exercise could not be able to modify serum 
concentrations of these markers. After prolonged 
training and competition, bone formation markers 
were changed in athletes as well as in sedentary 
trained subjects, whereas bone resorption markers 
were not modified. Moreover, the characteristics of 
exercise (i.e., weight-bearing, impact) are crucial 

Bone mass can be considered as the product of 
two counteracting metabolic processes, formation 
and resorption, which are closely regulated by the 
relative equilibrium between endogenous (i.e., 
hormones, growth factors and cytokines) and 
exogenous (mechanical loading) factors (1). The 
importance of mechanical stress in maintaining the 
balance between bone formation and resorption 
becomes evident during weightlessness and 
prolonged bed rest, when rapid bone loss occurs. 
Road cycling has also a similar effect because of 
the type of forces exerted on the skeleton: bone 
resorption is  reportedly increased in cyclists, 
at least transiently, while bone formation is not 

Bone mass is the net product of formation and resorption, which are closely regulated by the 
equilibrium between endogenous/exogenous factors. Sclerostin inhibits the Wnt canonical signaling and 
is considered an anti-anabolic factor. We compared sclerostin serum concentrations between genders 
in athletes belonging to different sport disciplines, characterized by a different weight-bearing, and in 
their sedentary counterparts in order to study the possible link between bone metabolism in athletes 
and its peripheral concentration. We also compared sclerostin levels with bone alkaline phosphatase 
activity, a marker of bone formation. Sixty-one elite athletes, belonging to weight-bearing (15 male 
rugby players, 11 male enduro racers, 8 female basketball players), high-impact (6 male tennis players, 
8 female ice skaters), non weight-bearing sports (13 male cyclists) and 16 sedentary controls were 
enrolled. Higher levels of sclerostin were found in females. Sclerostin was higher in weight-bearing than 
in non-weight-bearing disciplines in males. Significant inverse age-related correlation was found. Higher 
bone alkaline phosphatase activity was observed in females. The young adult elite athlete represents 
a peculiar physiologic model for studying sclerostin behavior: the applied load increased the marker 
concentrations, testifying a high bone turnover rate; however, a gender effect is evident.

Key words: sclerostin, bone alkaline phosphatase, workload, sedentary, gender, young adults
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in long term training for bone turnover (1). Thus, 
different levels of weight-bearing activities imply 
different levels of anabolic effects on skeletal tissue 
and alterations in bone turnover markers are useful 
for evaluating the impact of physical exercise on 
bone metabolism. 

Formation markers are products of active 
osteoblasts released during different phases of 
development and measured in terms of concentration 
or enzymatic activity in serum. We have already 
demonstrated (3) that in a group of top-level female 
skiers, serum levels of formation markers, as bone-
specific alkaline phosphatase (bone ALP) and 
osteocalcin (OC), and the resorption marker tartrate-
resistant acid phosphatase (TRAP5b) activity, moved 
across the training year with a net significant increase 
during the more physically stressful competitive 
period (3).

Among these bone markers, sclerostin (SOST) 
has not yet been evaluated in athletes, nor has its 
physiology been deeply elucidated: a few papers 
have reported its concentration in pathologies (4-6). 
Only one paper concerning SOST physiology reports 
concentrations in children: higher levels in males 
are reported during puberty, whilst concentrations 
decreased in both sexes after puberty (7).  

Sclerostin is a protein involved in the regulation 
of Wnt signaling, primarily expressed in bone 
tissue, predominantly by osteocytes and premature 
osteoclasts (8). This molecule potently inhibits 
the Wnt canonical signaling by binding the low-
density lipoprotein receptor-related protein 5 
(LRP5) receptor (9, 10) and it is believed to act 
through the thick network of osteocyte canaliculi 
to reach the surface of bone, where the target 
cells, the osteoblasts, are resident (11). The 
localization of osteocytes can affect the production 
of sclerostin: osteocytes closer to the surface, 
that probably undergo a more intense mechanical 
stimulation, are more often sclerostin-negative 
than the deeper osteocytes (11). In order to study 
the physiology of this molecule, we compared the 
serum concentrations of sclerostin and bone ALP 
in female and male athletes practicing different 
sport disciplines, characterized by different levels 
of load, and in sedentary controls. Furthermore, we 
compared sclerostin levels and bone ALP activity, 
in order to verify a correlation.

MATERIALS AND METHODS

Study population
A total number of 77 subjects were recruited for this 

study. An informed consent was obtained from each 
subject according to international standards and following 
the ethical standards reported in the paper of Harriss and 
Atkinson (12). The study was approved by the local Ethics 
Committee.

All subjects were submitted to venous blood sampling 
and physician examination to evaluate healthy status. 
Either endocrine or metabolic disorders and recent bone 
fractures (not less than 1 year) were the exclusion criteria. 
Noteworthy, all athletes were tested at the end of the 
relative rest period, before the starting of the training and 
competitive season.

The recruited professional athletes (mean age: 
27.2±6.8 years) were: 15 males from the Italian national 
rugby team (29.1±1.7 years), 13 males from a professional 
cycling team (31.1±2.7 years), 6 professional male tennis 
players (23.2±6.2), 11 males from a professional enduro 
motorcycling team (29.1±11.8 years), 8 professional 
female basketball players belonging to a first Italian 
league division team (27.0±3.0 years) and 8 female figure 
ice skaters from the Italian national team (19.5±4.9 years). 
Different sports were classified into three categories based 
on the exerted work-load, as already defined (1): weight-
bearing (WB: basket, enduro and rugby), non-weight-
bearing (NWB: cycling) and high impact sports (HI: ice 
skating, owing to jumps, and tennis, owing to the high 
impact with the ground).

A cohort of 16 non-athletic age-matched control 
subjects (8 males and 8 females, mean age 26.6±4.21 
years) were also recruited, none of whom practiced 
physical activity for more than 3 hours per week.

Blood sampling
Blood samples were taken by standard antecubital 

venipuncture after overnight fasting from subjects in 
sitting position, after 10 minutes resting, in plain tubes 
(SST™ II Advance, BD Vacutainer, Becton Dickinson, 
Franklin Lakes, NJ, USA). Blood samples were kept at 
rest for 30 minutes, allowing them to clot, centrifuged at 
1200 g for 10 minutes at 4°C, aliquoted and immediately 
stored at -80°C until assayed. 

Biochemical assays
Serum SOST levels were assayed through an 

ELISA test (TECO® Sclerostin, TECOmedical Group, 
Sissach, Switzerland), according to the manufacturer’s 
specifications. Absorbance reading was performed at l= 
450nm, while reference reading was set at l= 620nm. 
Each sample was evaluated in duplicate. The detection 
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limit of the test was < 0.13 ng/mL. Maximum intra- and 
inter-assay CVs were 6.0 and 7.0%, respectively. 

Serum activity of bone ALP were measured with a 
Metra® BAP EIA Kit (Quidel Corporation, San Diego, 
CA, USA), according to the manufacturer’s specifications. 
Absorbance reading was performed at l= 405nm. Each 
sample was evaluated in duplicate. Intra- and inter-assay 
CVs were 3.9 and 7.6%, respectively, and the detection 
limit of the test was < 0.7 U/L. Absorbance readings were 
performed with Victor X3 (PerkinElmer Inc., Waltham, 
MA, USA).

Statistical analysis
All values were expressed as mean ± SD: paired 

comparisons males/females and athletes/sedentaries were 
performed by Mann-Whitney test. Comparisons between 
different sports or classes of sports were performed 
by Kruskal-Wallis test. Correlations were assayed by 
Spearman’s coefficient of rank correlation. Parametric 
or non-parametric test were used on the basis of normal 
or non-normal distribution within the different cohorts. 
Statistical analyses were performed with GraphPad Prism 

v5.00 program (GraphPad software, USA).

RESULTS

Mean sclerostin serum levels were the same 
for the whole population, athletes and sedentaries 
(0.42±0.09 ng/mL). No significant differences 
were found comparing these groups. Significant 
inverse age-related correlation (p=0.0037; r=-
0.34) was found between age and sclerostin levels. 
Concentrations of sclerostin were significantly 
different within the whole cohort of males and 
females (0.40±0.09ng/mL and 0.45±0.07ng/mL, 
respectively) (p=0139) and sedentaries (males: 
0.36±0.05ng/mL; females: 0.46±0.09ng/mL) 
(p=0.0378). However, no differences were found 
among genders in athletes (males: 0.41±0.09ng/mL, 
females: 0.45±0.07ng/mL). 

No differences were found within the female 
cohort by comparing athletes’ values of different 

Fig. 1. Differences in serum sclerostin concentrations (a) and bone ALP activity (b) within the male cohort. Data are 
reported as mean ± SD. Bars bearing different symbols in apex are significantly diffe
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sports and by comparing athletes’ values with 
those of the sedentary group. On the contrary, 
differences were observed analyzing the male 
cohort: sclerostin concentrations of enduro athletes 
(0.42±0.04ng/mL) and rugby players (0.44±0.11ng/
mL) were significantly higher than those of cyclists 
(0.34±0.08ng/mL) (Fig. 1a; p=0.0057).

Furthermore, we did not observe a correlation 
between serum sclerostin concentrations and sport 
category in female athletes while, in males, sclerostin 
concentrations in WB sports were significantly higher 
(0.43±0.0 ng/mL) than in NWB sport (0.34 ± 0.08ng/
mL) (Fig. 2a; p=0.0024). No significant differences 
were observed among these two categories and HI 
sports or non-athletes.

Mean serum bone ALP activity was: 22.8±7.8U/L 
in the whole population, 22.4±7.6U/L in athletes 
and 24.3±8.5U/L in sedentaries. No significant 
differences were found comparing these groups, nor 
was significant correlation found between age and 
bone ALP activities.

Bone ALP activity was significantly different 
within the whole cohort of males and females 
(21.3±6.8U/L and 26.1±8.8U/L, respectively) 
(p=0.0030) and athletes (males: 20.4±5.5U/L; 
females: 28.4±9.8U/L) (p=0.0005). However, no 
differences were found between sedentary males 
(27.7±11.6U/L) and females (21.7±4.6U/L). No 
differences were found comparing different groups 
of the female cohort, nor comparing male bone 

Fig. 2. Differences in serum sclerostin concentrations (a) and bone ALP activity (b) within the male sport categories.  
Data are reported as mean ± SD.  Bars bearing different symbols in apex are significantly different (p<0.005).  S: 
sedentaries; WB: weight-bearing sports; HI: high impact sports; NWB: non-weight-bearing sports rent (p<0.05).
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motorcycle, possibly affecting the bone metabolism 
homeostasis.

Significant correlation was found in our population 
between age and sclerostin concentrations; besides, 
there were evident differences between genders: 
serum sclerostin significantly differed between 
the whole cohort of males and females, as well as 
between sedentary males and females. Even among 
male and female athletes a trend in sclerostin levels 
was found, but in this case it was not significant. 

All the athletes were tested at the end of the 
specific relative rest period, before the starting 
of training and competitive season because, as 
previously reported (3), bone marker concentrations 
are affected by the timing of sampling during the 
sport season. Thus, we recruited athletes during the 
resting period, when only the consolidated bony 
effects of the past training and competition period 
were stabilized, allowing the comparison with non-
athletes.

Despite the lack of differences within the 
different categories of female athletes and between 
these athletes and their sedentary counterparts, we 
observed significant differences within the male 
cohort. When compared with cyclists, higher values 
of sclerostin in enduro racers and rugby players were 
found, while there were no differences in comparison 
with tennis players and sedentaries. Moreover, the 
sport disciplines characterized by WB sports were 
linked to significantly higher levels of sclerostin 
compared to NWB sports.

As previously reported, exercise influences 
bone turnover (3). Therefore, we evaluated bone 
ALP levels in all the subjects who were submitted 
to the sclerostin measurement. Although significant 
correlation between age and bone ALP was not 
found, there were differences between genders: bone 
ALP significantly differed between the whole cohort 
of males and females, as well as between male and 
female athletes.

However, no differences were found in any other 
comparison. Finally, we correlated sclerostin and 
bone ALP levels: a significant inverse correlation 
was found only in the sedentary females; current 
researches are investigating this finding.

The main remark of this study resides in the 
report of results very different from those already 
published (4-6), where higher levels of sclerostin 

ALP values of different sports (Fig. 1b) or between 
sport category in male athletes (Fig. 2b). Significant 
inverse correlation (p=0.0458; r=-0.7) was found 
between sclerostin and bone ALP activity, but only 
in sedentary females.

DISCUSSION

Literature lacks studies on the in vivo behavior of 
sclerostin, particularly regarding its concentrations 
in different sport disciplines or physical activities 
that can be assumed as different prototypes of 
physiological workload (1). Indeed, we did not find 
any report on sclerostin concentrations in athletes: the 
physiology of this protein is not well known, despite 
some reviews concerning this protein; moreover, few 
studies concerning its behaviour in pathologies have 
been published (4-6). In vitro studies demonstrated 
that sclerostin is a potent Wnt antagonist and, thus, 
it is a mediator of the bone formation cascade (9, 
10). In this study, we compared Sclerostin serum 
concentrations between genders in different sport 
disciplines, using as study models cohorts of young 
(mean age: 27.2±6.83 years) and healthy subjects 
of both genders. Moreover, we measured bone ALP 
activity in the same subjects to discover whether they 
correlate with those of sclerostin.

A major distinction between sports disciplines 
could be based on load or impact. Actually, cycling 
is commonly considered a non-weight-bearing 
discipline: thus, cyclists have a lower bone mineral 
density (BMD) than runners (2). Male athletes 
engaged in rugby, soccer and martial arts have 
higher BMD than other practicing non-weight-
bearing disciplines (13). Differences between sport 
disciplines also depend on impacts and jumps: female 
athletes practicing impact sports (i.e., volleyball) 
have higher BMD and osteocalcin concentration than 
swimmers (14). An increased BMD in comparison to 
controls has been described also in ice skaters (15), 
as well as in tennis players (16).

No data exist on enduro motorcyclists. 
Noteworthy, these athletes are typically submitted 
for lengthy times, i.e., 10-12 hours per day, during 
competitions, and 2-3 hours per day during training, 
to strong mechanical stress and vibrations, due to 
the continuous impacts with the rambling ground, 
transmitted to legs and back throughout the 
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were found in females and in conditions of 
bone stasis. However, we studied a completely 
different physiological model: young athletes and 
sedentaries instead of postmenopausal women and/
or immobilized subjects. The increased sclerostin 
levels in females could be correlated with the 
estrogen concentrations. Possibly, the slight 
sclerostin increase in basal values reported in 
women is related to age, while we recruited females 
younger than those previously studied. Moreover, 
we outline that in properly-trained athletes the 
applied load increased the marker concentrations, 
probably induced by a higher bone turnover (3). 
In athletes, a confounding effect may derive from 
the type of sport (i.e., high impact) performed by 
females. It could be suggested that the combination 
of young age and high impact exercise in women 
enhances sclerostin release.

We can finally speculate that a kind of feedback 
regulation exists, although the serum concentrations 
of sclerostin should not completely represent its 
local concentration and activity in bone. When the 
loading stimulus exceeds the threshold, the anabolic 
response in the bone is slowed down throughout 
the increase of anti-anabolic factors, i.e., sclerostin. 
To better clarify the physiology of this marker, 
our studies are currently proceeding to define the 
molecular mechanisms regulating this putative 
feedback pathway.
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