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Natural peptides are central and crucial in many physiolog-
ical processes playing either direct or indirect roles. Peptides
are short linear chains of up to fifty amino acid residues,
stabilized or not by disulphide bonds. They occur naturally in
all living beings and exert highly specific biological activities,
whose specificity is mainly based on and dependent on their
primary sequence and, ultimately, to their conformational
structure. The primary function of most peptides is the cell
signalling role aiming to translate and deliver the biochemi-
cal “message” that triggers structural, molecular, cellular, and
eventually biological effects. Thus, peptides can play roles
as agonists, antagonists, modulators, mediators, hormones,
effectors, cofactors, activators, stimulators, and so on.

Also, many peptides can act directly as enzyme inhibitors
or as antimicrobial compounds with possible activity on bio-
logical membranes, although with no necessary membrane
lipid bilayer permeabilisation ability, acting by interfering
with metabolism and targeting cytoplasmic components.
They are also potentially antigenic compounds and several
other peptides are used as pathological biomarkers, since
they can be easily and specifically detected and quantified in
various biological fluids.

Based on the huge variety of mode of actions and physi-
ological/pathological roles played by the peptides, in general,
their structural and functional relationship has been widely
studied by scientific researchers. Their functional roles, their
reduced size, their low immunogenicity, their stability, in
addition to the recent development of powerful strategies

for chemical synthesis and/or recombinant expression, have
given to the peptides the status of the most promising
family of compounds with potential application for human
diagnosis and therapy. Furthermore, their scaffold can been
engineered to design compounds with modified biochem-
ical, functional, or biophysical properties, allowing their
labelling for in vivo imaging and vectorization applications,
or also to functionalize nanoparticles.

This special issue aims to gather a recent set of six original
articles that mainly further emphasizes the molecular diver-
sity and the variety of mode of action of natural peptides.

Thus, C. Kairane and colleagues, from Estonia (Faculty
of Medicine of University of Tartu), have examined the
influence of the replacement of y-Glu moiety to a-Glu in two
gluthatione- (GSH-) related tetrapeptides UPF1 (Tyr (Me)-
y-Glu-Cys-Gly) and UPF17 (Tyr (Me)-a-Glu-Cys-Gly) in
the antioxidative defense system in a human erythroleukemia
K562 cell line. By monitoring the effects in these K562
cells via measurements of the cytosolic superoxide dis-
mutase CuZnSOD activity and variations of intracellular
GSH levels, followed by addressing the question of the
stability of these two peptides against the action of the y-
glutamyltranspeptidase (GGT), allowed to the authors to
open promising perspectives for the usage of GSH analogues
as regulators of the oxidative status of cells. In fact, UPF1 was
shown to be resistant to the degradation by GGT. Nonethe-
less, attention was brought to the fact that UPF1/GSH and
UPF17/a-GSH have paradoxal effects, suggesting that the



effective antioxidative character of peptides is not depend
solely on the reactivity of the thiol group, but it might also
be dependent of other functional groups and on the spatial
structure of peptides.

The short communication by L. B. Bondarenko and V.
M. Kovalenko aimed at investigating the potential effect
of pyrazinamide on the type II collagen amino acid com-
position. Indeed, pyrazinamide is a drug classically used
for tuberculosis treatment, and the establishment of its
effect on a so important cell structural protein is clearly of
worth. A dose-dependent quantitative and qualitative effect
of pyrazinamide on the male rat extracellular matrix cartilage
type II collagen amino acid composition was demonstrated,
but additional studies are now necessary to precise and
complete this preliminary study.

D. J. Sanchez-Gonzalez and colleagues, from Mexico,
provided to the readers of this special issue a review article
on platelet-rich plasma peptides, revealing the central and
important roles of these nonnuclear cellular fragments
in mammals. Indeed, platelets are characterized by an
important role on proteins and peptides synthesis, whose
pattern and release in the plasma seems to be modulated in
response to different cellular activations. Numerous peptidic
growth factors present in the platelet-rich plasma are listed
and their activities are also described. Also, the content in
bioactive molecules, among which several peptides, present
in the alpha granules of platelets are described, and their
classification accordingly to their general known activity is
shown. Finally, the therapeutic potential of several plasma-
derived plasma peptides and their actual clinical status are
presented, shedding some light on their potential use in both
tissue repair and regenerative medicine.

The K. Wong group’s article, from United Kingdom,
consisted in a meta-analysis of the existing literature about
the therapeutic effects of glucagon-like peptide-1 (GLP-1)
agonist in the treatment of heart failure due to ischaemia.
The leading cause of systolic heart failure is myocardial
ischemia, resulting in the lack of chemical energy transfer
from the metabolism of carbon fuels to the contractile
work. Thus, metabolic modulators are able to improve the
cardiac energetics by altering the substrate from free fatty
acids to glucose. This shift results in an optimization of
the metabolic efficiency of the heart. The GLP-1 agonist
is among these metabolic modulator agents. This compre-
hensive review of medical literature (including information
on preclinical or clinical trials) gives an overall estimate of
the therapeutic effectiveness of using GLP-1 agonist in heart
failure.

And, in a different topic, the review article presented
by M. S. Akhtar and colleagues, from Pakistan, illustrates
the particular interest that represents antimicrobial peptides
as infection imaging agents. Indeed, differentiation between
infection and inflammation by nuclear techniques using
radiolabeled compounds is usually difficult. In this review,
the authors describe and discuss the merits and demerits
that can be attributed to specific radiotracers such as anti-
microbial peptides compared to radiolabeled antibiotics for
infection localization. Thus, antimicrobial peptides seems
to be more specific agents for localizing infections, as they
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bind specifically to bacterial cell membranes. In fact, gram
positive and negative bacteria, Candida albicans and also
Aspergillus fumigatus infections are detected by such tracers.
Furthermore, the use of these radiolabeled peptides for
monitoring the efficacy and duration of antibiotic treatments
is also proposed.

Venom fluids from venomous animals are complex mix-
tures of several hundreds of components, among which
including a number of peptides reticulated or not by disulfide
bridges, or sometimes posttranslationaly modified by for ins-
tance amidation or phosphorylation. Classically, they bind
with high affinity and specificity to different target proteins
such as enzymes, ion channels, and receptors. Consequently,
they constitute useful and powerful tools for physiologi-
cal, biochemical and pharmacological studies, supporting
further progress in the understanding of the sophisticated
relationships between the main biological molecular actors.
Interestingly, several of these natural peptides are either the
therapeutic molecules by themselves or they have inspired
the design of synthetic chemical small molecule drugs. Thus
the importance of performing an inventory of the existing
natural molecular biodiversity is unquestionable. Classically,
mass spectrometry analysis and/or precursors cloning fol-
lowed by sequencing are the most frequently employed
techniques. Also, several groups have successfully applied the
next generation sequencing (NGS) strategies, initially used
in genome elucidation, to perform exhaustive transcriptomic
studies. Actually, T. Kubo’s group, from Japan, described the
identification of a large variety of venom bioactive peptides
by sequencing of ¢cDNA library clones isolated from the
Chilean common tarantula Grammostola rosea venom gland.
The cDNA sequences analysis of about 1,500 clones out of
4,000 clones allowed the identification of 48 novel toxin-
like peptides (GTx1 to GTx7, and GTx-TCTP and GTx-
CRISP), and among them 24 toxins are ICK motif peptides,
11 peptides are MIT1-like peptides, and 7 are ESTX-like
peptides. Peptides similar to JZTX-64, aptotoxin, CRISP
or TCTP were also described. Moreover, GTx-CRISP is
the first CRISP-like protein identified from the arthropod
venom, demonstrating once more the power of applying
ESTs techniques to ¢cDNA library to the discovery of novel
peptide sequences with potential application in biomedicine.

Together, these articles composing this special issue
papers provide to the readers a new and recent set of infor-
mation on bioactive peptide studies, either in form of
original papers or as concise review articles. The common
motivation of these different publications is to illustrate
the high therapeutic or diagnostic potential associated to
the use of natural peptides, or to the design of new drugs
inspired in the natural biodiversity of sequences and their
wide biological roles.

Mirian A. F. Hayashi
Frédéric Ducancel
Katsuhiro Konno
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We conducted a meta-analysis of the existing literature of the therapeutic effects of using GLP-1 agonists to improve the metabolism
of the failing heart. Animal studies showed significant improvement in markers of cardiac function, such as left ventricular ejection
fraction (LVEF), with regular GLP-1 agonist infusions. In clinical trials, the potential effects of GLP-1 agonists in improving cardiac
function were modest: LVEF improved by 4.4% compared to placebo (95% C.I 1.36-7.44, P = 0.005). However, BNP levels were
not significantly altered by GLP-1 agonists in heart failure. In two trials, a modest increase in heart rate by up to 7 beats per minute
was noted, but meta-analysis demonstrated this was not significant statistically. The small number of studies plus variation in the
concentration and length of the regime between the trials would limit our conclusions, even though statistically, heterogeneity
chi-squared tests did not reveal any significant heterogeneity in the endpoints tested. Moreover, studies in non-diabetics with
heart failure yielded conflicting results. In conclusion, the use of GLP-1 agonists has at best a modest effect on ejection fraction

improvement in heart failure, but there was no significant improvement in BNP levels in the meta-analysis.

1. Introduction

Heart failure (HF) is defined as “a complex clinical syndrome
that can result from any structural or functional cardiac
disorder that impairs the ability of the ventricle to fill with
or eject blood” [1]. HF is a major public health issue,
with a prevalence of over 5.8 million in the USA, and
over 23 million (and rising) worldwide. The lifetime risk
of developing HF is one in five [2]. Despite advances in
treatment, the number of deaths from heart failure has
increased steadily and only one quarter to one-third of
people with heart failure survive 5 years after admission
[3]. The cause of heart failure has shifted in the last two
decades: in the late 1970s, rheumatic valvular disease was
the primary cause, nowadays the leading cause is ischemic
heart disease [4]. A deficit in the “pump” function as cause of
signs or symptoms attributed to HF, or systolic dysfunction,
is frequently well diagnosed due to widespread availability
of echocardiography but, an increased left ventricular (LV)

“stiffness,” or diastolic dysfunction, is often missed. To
further complicate matters, the two components—systolic
and diastolic dysfunction—often coexist. Some studies [5,
6] reported that isolated diastolic dysfunction could be
responsible for up to 50% of heart failure admissions (often
labelled as “heart failure with normal ejection fraction,”
HFnEF), with a major impact on patient outcome. Moreover,
in patients with impaired glucose tolerance, the extent of
diastolic dysfunction seems to be more severe [7] and HFnEF
seems to be more common in patients with a history of
hypertension and/or diabetes [8, 9].

The standard treatment of systolic heart failure is
currently angiotensin-converting enzyme (ACE) inhibitors,
angiotensin II receptor blockers (ARBs), beta blockers, and
aldosterone antagonists. These all improve prognosis of heart
failure. However, there is no specific treatment for HFnEF:
diuretics are often used for symptom control; digoxin is
particularly beneficial for ventricular rate control when atrial
fibrillation (AF) is the predominant rhythm.



In recent years, progress in basic research has led to the
identification of multiple new possible therapeutic targets
for the treatment of systolic heart failure, and many
promising drugs have subsequently been developed. These
include novel vasodilators, such as natriuretic peptides,
metabolic substrates, urocortins, guanylyl cyclase activators,
and adrenomedullin. They also include drugs such as direct
renin inhibitors, and aldosterone synthase inhibitors [10].
There have been numerous large randomised controlled
trials (RCT) of these new drugs. They have not yet been
licensed as results regarding the efficacy of these new drugs
have not been entirely positive. Further evidence is needed
as many of the positive results that have been observed in
preclinical studies and Phase II trials have not always been
confirmed in Phase III studies [10].

As mentioned above, the leading cause of systolic HF is
myocardial ischaemia, whereby the myocardium is oxygen
starved and thus has a decreased ability to generate ATP by
oxidative metabolism. As a result, it is unable to effectively
transfer the chemical energy from the metabolism of carbon
fuels to contractile work. This leads the myocardium to
utilise other compounds, such as free fatty acids (FFAs),
for energy production. However, if the heart uses FFAs as
a substrate for energy generation, there is much greater
oxygen consumption per unit ATP produced than there is
with glucose. This increased demand for oxygen can lead
to worsening heart failure. Thus, improvement of cardiac
energetics is an important therapeutic target in patients with
heart failure [10].

Metabolic modulators do exactly this by altering the
substrate that is oxidized by the myocardium to derive
energy. They shift this substrate from FFA to glucose and
thus optimize metabolic efficiency of the heart. These
compounds exert their effects through several mechanisms:
inhibiting carnitine O-palmitoyltransferase 1, long-chain
3-ketoacyl-CoA thiolase or malonyl-CoA decarboxylase,
reducing plasma levels of FFA and myocardial uptake of
FFA, and/or activating the 5'-AMP-activated protein kinase
(AMPK). Thus it follows that, using metabolic manipulating
agents to either promote glucose utilisation or reduce fatty
acid utilisation, will improve the metabolic efficiency of
the heart by decreasing oxygen demand and thus be used
therapeutically in heart failure. Amongst these metabolic
agents are glucagon like peptide-1 (GLP-1) agonists [10].

GLP-1 is an incretin that is released from intestinal L
cells in response to glucose ingestion and is known to be
a potent glucose-dependent insulinotropic hormone. It has
important actions on gastric motility, on the suppression
of plasma glucagon levels, and possibly on the promotion
of satiety and stimulation of glucose disposal in peripheral
tissues independent of the actions of insulin. It does this
by increasing insulin secretion from the pancreas and
myocardial glucose uptake via the translocation of glucose-
transporting vesicles (glucose transporter type 1 (GLUT1)
and GLUT4) to the sarcolemma. GLP-1 exerts its direct car-
dioprotective effects through the stimulation of G-protein-
coupled receptors (i.e., GLP1Rs) that are coupled to adenylyl
cyclase, and via its rapid metabolism to the GLP1 (9-36)
amide [11].
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Therefore, GLP-1 agonists can be used to bring about the
same effects. These agents have been investigated widely as
an adjunct to therapy in diabetes as they offer an obvious
alternative to insulin, but their metabolic effect could also be
extended to the heart as they can enable the heart to switch to
the more energy-efficient glucose-dependent pathway [10].
Moreover, there are GLP-1 specific receptors in cardiac
tissue so the potential for using these peptide agonists holds
promise for treating heart failure [12].

However, whilst GLP-1-related compounds have proven
efficacy in the treatment of hyperglycaemia associated with
type 2 diabetes [13, 14], little was known about the
effectiveness of GLP-1 agonist or other peptides substrates
in improving cardiac function in heart failure. Because the
half-life of GLP-1 in only a few minutes, several Phase III-
Phase IV trials are analysing the effects of its analogues, such
as exenatide, which are not degraded so quickly [15].

2. Aims and Objectives

We aimed to carry out a comprehensive review of medical
literature on the therapeutic advantage of using peptide
agonists to improve cardiac metabolism in heart failure. We
included all papers regardless of size, whether they were pre-
clinical or clinical trials, either randomized, blinded, or not.
The results of these papers have been combined to give an
overall estimate of the effectiveness of using GLP-1 agonists
in heart failure. Furthermore, we conducted a meta-analysis
of each primary outcome if contained in more than two
papers.

3. Methods

3.1. Search Strategy of the Meta-Analysis. Highly sensitive
search strategies were developed using appropriate subject
headings and text word terms. Full details of the search
strategies used are appended. The following electronic
databases were searched: the Cochrane Library (Issue 7,
2011); MEDLINE (via OVID, from 1948 to August week
1 2011); Pubmed (via NCBI); EMBASE (via OVID, from
1996 to week 30, 2011); BMJ’s Clinical Evidence; DARE
(Issue 7, 2011). British and American medical journals were
also hand-searched, such as The Lancet, NEJM, and BMJ.
In addition, conference proceedings and reference lists of
all included studies were scanned to identify additionally
potentially relevant studies. There were no start year or
language restrictions.

3.2. Data Extraction. One reviewer screened the titles (and
abstracts if available) of all reports identified by the search
strategy. Full copies of potentially relevant reports were
obtained, studied, and assessed for inclusion. Data was
discussed with the senior author, and disagreements were
resolved by consensus.

3.3. Selection Criteria. Papers that had details of trials con-
ducted of peptide agonists versus placebo or usual treatment
alone for heart failure were included. All papers, whether
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they included human or animal trials were included. For
humans, randomized controlled trials, regardless of whether
they were blinded, were included along with pilot and
observational studies.

3.4. Meta-Analysis Methodology

3.4.1. Data Synthesis. The eligible trials were entered into
RevMan 5 software package, and the statistical methods were
those programmed into RevMan 5.1 analysis software.

For continuous data, the mean difference and 95%
confidence intervals were calculated. Where applicable, for
dichotomous data, the relative risk and 95% confidence
intervals would be calculated. The results from the trials were
pooled using the fixed effects models. We tested for hetero-
geneity with the chi squared statistic, which was considered
to be significant at P < 0.10. If significant, a random effect
model would be used to allow generalisation of the results
and sources of heterogeneity would be investigated. Z tests
were used to test for the overall effect.

4. Results

A total of 16 papers were found in Medline and 32 in Embase.
Handsearching in Pubmed yielded a further 22 papers. There
were no Cochrane or DARE reviews of the use of GLP-1
agonist due to the scarcity of clinical trials on these agents
and there were no additional papers found in American
or British journals. The full references of the papers which
contained studies are listed below in the references section.

The general finding from Medline, Embase, and Pubmed
was that the papers that were found to mention GLP-1
agonists in HE, generally only detailed their pharmacology
and suggested their potential for therapeutic benefit with
very few containing any experimental evidence for the
application of these agents [10-23]. When these papers
containing studies were examined, they pertained to the
use of GLP-1 agonists in diabetics with HF due to their
insulinotropic effects instead of looking at their use as
metabolic substrates for the ischaemic heart as has been
suggested by some other papers. In the present paper, we only
focused on papers that had experimental evidence for the use
of GLP-1 agonists as therapeutic agents. These are discussed
below.

4.1. Preclinical Experiments. Work on rats [24, 25], rabbits
[26], mice [27], and dogs [28, 29] showed favourable
functional effects of GLP-1 in failing hearts with significant
improvements in LV systolic and diastolic function.

Nikolaidis et al. [28] found that short-term infusion
of recombinant GLP-1 over 48 hours increased myocardial
insulin sensitivity and glucose uptake in a canine model of
rapid pacing-induced dilated cardiomyopathy. Interestingly,
GLP-1 (9-36) was found to exert similar beneficial effects
to native GLP-1 in this model, supporting the growing
suggestion that the metabolically inactive form of GLP-1
[GLP-1 (9-36)] may play an active role in the cardiovascular
system.

Furthermore, spontaneously hypertensive heart-failure-
prone rats (characterized by obesity, insulin resistance,
hypertension, and dilated cardiomyopathy), treated chron-
ically with GLP-1 from 9 months of age (when they begin
to progress to advanced heart failure and death) exhibited
preserved cardiac contractile function, increased myocar-
dial glucose uptake, improved survival, and a significant
reduction in cardiac myocyte apoptosis [22]. Although
this study also reported GLP-1 to stimulate myocardial
glucose uptake in the failing myocardium, it was unclear
whether its beneficial effects on contractile function occurred
due to a direct cardiac action or was secondary to its
established insulinotropic effects. These promising findings
led the way for clinical trials and these are discussed
below.

4.2. Clinical Trials. The beneficial effects on contractile
function seen in animals treated with GLP-1 were supported
by preliminary clinical studies in humans, indicating that
GLP-1 may also improve LV contractile function in patients
with chronic heart failure.

Thrainsdottir et al. [30], in an early nonrandomised pilot
investigation conducted on 6 hospitalised type 2 diabetic
hospitalised with ischaemic but stable heart failure New York
Heart Association (NYHA) class II-III, with LVEF < 40%,
found that short-term GLP-1 infusion for 3 days tended to
improve both systolic and diastolic function, although these
changes did not reach statistical significance.

However, we also found another three-day study that was
conducted on 10 patients with acute myocardial infarction
(AMI) or left ventricular ejection fraction (LVEF) of <40%
compared with 11 controls [20]. Baseline demographics
and background therapy were similar, and both groups had
severe LV dysfunction at baseline (LVEF = 29 + 2%). The
study demonstrated that GLP-1 significantly improved LVEF
(from 29 = 2% to 39 = 2%, P < 0.01), global wall motion
score indexes (1.94 + 0.11 — 1.63 = 0.09, P < 0.01),
and regional wall motion score indexes (2.53 + 0.08 —
2.02 + 0.11, P < 0.01) compared with control subjects.
The benefits of GLP-1 were independent of AMI location or
history of diabetes. Moreover, GLP-1 was well tolerated, with
only transient gastrointestinal effects.

Moreover, longer-term treatment with GLP-1 has shown
positive results in both diabetics and nondiabetics. Sokos and
colleagues [31] compared a 5-week infusion of GLP-1 added
to standard therapy in 12 patients with NYHA class III/IV
heart failure and the results were compared with those of 9
patients with heart failure on standard therapy. They found
that patients treated with GLP-1 infusion had significantly
better LV systolic function (LVEF changed from 21 + 3% to
27 £ 3% P < 0.01), exercise tolerance (VO, max changed
from 10.8 + .9 mL/O,/min/kg to 13.9 + .6 mL/O,/min/kg;
P < 0.001, as well as the 6-minute walk distance, from
232 + 15m to 286 + 12m; P < 0.001), and quality of life
(Minnesota Living with Heart Failure quality of life score
(MNQOL) score: from 64 + 4 to 44 + 5; P < 0.01). However,
no significant changes in any of the parameters were
observed in the control group on standard therapy. GLP-1



was well tolerated with minimal episodes of hypoglycaemia
and gastrointestinal side effects. Like the aforementioned
study [20], this study suggests a role for GLP-1 agonists
beyond glycaemic control as significant improvements were
seen in both diabetic and nondiabetic patients.

However, we found no further evidence for the extension
of GLP-1 to nondiabetics. In a randomized, double-blind
crossover trial of 20 normoglycaemic patients without
diabetes and with HF with ischemic heart disease, severe left
ventricular impairment, NYHA II, and III, Halbirk et al. [32]
found that GLP-1 infusion over 48 h increased circulating
insulin levels and reduced plasma glucose concentration
but had no major cardiovascular effects in patients with
chronic heart failure when compared with a placebo. The
only significant cardiovascular impacts of the infusion were
increases in heart rate (67 = 2 beats/min versus 65 + 2
beats/min; P = 0.016) and diastolic blood pressure (71 +
2mmHg versus 68 = 2mmHg; P = 0.008). GLP-1 had
no effect on systolic blood pressure (113 = 5mmHg versus
113 + 4mmHg; P = 0.95) or on LVEF (GLP-1 treatment
from 28 + 2% to 30 + 2% versus placebo 30 = 2% to
30 + 2%; P = 0.93). Importantly, also, GLP-1 infusion did
not affect exercise capacity, VO, max, cardiac index, stroke
volume, and systemic vascular resistance during exercise.
Unlike other studies, hypoglycemia was frequent with eight
patients experiencing nine episodes of hypoglycaemia (capil-
lary glucose < 3.5 mmol/L) versus none with placebo. This
calls for caution in patients without diabetes but with HF
and also reiterates the need for further studies with regard to
the use of GLP-1 agonists in nondiabetics. Intriguingly, both
GLP-1 and placebo significantly dropped BNP, although the
effects of the two infusions did not differ (—112 + 54 pg/mL
versus —65 + 54 pg/mL, P = 0.17). Future trials looking at
changes in BNP in heart failure should bear in mind that
small changes need to be interpreted with caution, as it was
intriguing that placebo might have produced a significant
reduction in BNP. The authors of that paper attributed this
drop in natriuretic peptide to be due to patients’ reduced
exercise during their hospital stay, more than a direct effect
of the infusion. However, a recent study conducted in healthy
subjects found exenatide had significant haemodynamic
effects, including natriuretic properties [33].

4.3. Meta-Analysis. Individually, some of the studies that we
have discussed would suggest that GLP-1 agonist might be
potentially effective for heart failure. We performed a meta-
analysis on all the primary endpoints that were contained in
at least two papers. The results were summarised in Table 1,
and Figures 1, 2, and 3.

There was at best a modest improvement in ejection frac-
tion (4.4%; 95% CI 1.36-7.44%). There was no significant
change in BNP or heart rate in our meta-analysis. Thus,
although some of the preliminary clinical studies provided
some encouragement for the potential use of GLP-1 in the
treatment of heart failure, it is clear that significant further
research is required to confirm these initial observations,
investigate the underlying mechanisms, and explore possible
interactions with current heart failure therapies.
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TABLE 1: Summary of all trials studying GLP-1 effects in human
heart failure.

Study Endpoints

HR, BP (rest + exercise), rate pressure
Thrainsdottir et al., 2004  product, global systolic and diastolic
[30] function, LVEF, LV end-diastolic

diameter
Nikolaidis et al., 2004 [20] LVEEF, ED +ESV, SV, global WMSI
Sokos et al., 2006 [31] HR, BNP, LVEE, VO,, 6-min walk
BNP, BP, HR, SV, CI, LVEF, SVR, 6
min hall walk test

Halbirk et al., 2010 [32]

4.4. Limitations of Meta-Analysis. As with any meta-analysis,
the quality is dependent on the quality of the studies
and any limitations the included studies have. Firstly, the
most obvious limitation is the lack of a large number of
studies available to meta-analyse. Secondly, the total sample
size of patients in all four studies combined is small. A
further limitation in our meta-analysis is that all four
studies investigated different concentrations of GLP-1 ago-
nist infusion: 1.0 pmol/kg/min (Halbirk); 1.5 pmol/kg/min
(Nikolaidis); 2.5 pmol/kg/min (Sokos) and 4 pmol/kg/min
(Thrainsdottir). Moreover, the studies measured improve-
ments at different intervals of time, with Halbirk looking
at effects after 48 hours, Thrainsdottir and Nikkolaidis at
3 days and Sokos investigating a 5-week infusion. This
has definite implications for interpretation of the results.
Another limitation was that not all the studies included were
double blinded and randomised, for example, Thrainsdot-
tir was an open observation study, whereas Halbirk was
a double-blinded crossover placebo study. This leads to
methodological heterogeneity.

4.5. Clinical Implications and Future Research. The Carv-
edilol Hibernating Reversible Ischaemia Trial: Marker of
Success (CHRISTMAS trial) [34] found patients with more
hibernation/ischaemia had greater improvement in left ven-
tricular systolic function with beta-blocker treatment. Our
Academic Cardiology Department in Hull also conducted
the Heart Failure Revascularisation Trial which showed how
myocardial ischaemia and hibernation could not effectively
be resuscitated by revascularization in patients with chronic
HF [35]. Recently, the large STITCH trial [36] did not
demonstrate any survival benefit of coronary artery bypass
surgery in patients with heart failure with severe coronary
artery disease. Thus, to optimally treat ischaemic heart fail-
ure, we need to explore other avenues to improve myocardial
metabolism, to try and optimize cardiac function.

GLP-1 is an endogenous peptide which is released from
the gut following food intake. It is one of a number of factors
that can augment insulin release, so as expected, its role in
improving glycaemic control in diabetics is now fairly well
established.

Our meta-analysis of clinical trials involving patients
with heart failure demonstrated some promising evidence
to suggest possible beneficial effects of the GLP-1 peptide
agonist in improving cardiac function, in both diabetics and
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Experimental Control Mean difference Mean difference
Study or subgroup  Mean SD Total Mean SD Total Weight IV, fixed, 95 % Cl 1V, fixed, 95% Cl
Halbirk etal, 2010 2 49 15 0 6 15 602% 2[-1.92,5.92]
Nikolaidis etal, 2004 10 632 10 1 663 11 30.1% 9[3.46, 14.54] -
Sokos et al., 2006 6 1039 12 1 12 9 9.6% 548,148
Total (95% Cl) 37 35 100%  4.4[1.36,7.44]
Heterogeneity: y> =4.1,df =2 (P = 0.13);12 = 51% Too =50 0 =0 100

Test for overall effect: Z = 2.83 (P = 0.005)

Favours control Favors experimental

FIGURE 1: Forrest plot demonstrating GLP-1 improves ejection fraction.

Mean difference
1V, fixed, 95% Cl

Mean difference
1V, fixed, 95 % Cl

Experimental Control
Study or subgroup Mean SD Total Mean SD Total Weight
Halbirk et al., 2010 112 241 20 65 196 20 87.4%
Sokos et al., 2006 71 353 12 11 456 9 12.6%
Total (95%Cl) 32 29 100%

Heterogeneity: y>= 0, df
Test for overall effect: Z

1(P=095;12= 0%
0.75 (P = 0.45)

47[—89.14, 183.14]
60[—298.67,418.67]

48.64[—78.64,175.92] #

-500 -250 0 250 500
Favours control Favours experimental

FIGURE 2: Forrest plot demonstrating the negligible effect of GLP-1 on BNP levels.

Experimental Control
Study or subgroup Mean  SD Total Mean

SD Total Weight

Mean difference
1V, fixed, 95% Cl

Mean difference
1V, fixed, 95 % Cl

Halbirk et al., 2010 67 7.75 15 65 7.75 15 83.7% 2[-3.55,7.55]
Sokos et al., 2006 78 13.86 12 71 15 9 16.3% 7[-5.55,19.55]
Total (95%Cl) 27 24 100% 2.82[-2.26,7.89]

Heterogeneity: y>= 0.51, df = 1 (P = 0.48); 1> = 0%
Test for overall effect: Z = 1.09 (P = 0.28)

~100 -50 0 50 100
Favours control Favours experimental

FIGURE 3: Forrest plot demonstrating the effect of GLP-1 agonist on heart rate.
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l fa IS.U!M; Results Search Type Actions
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Enzymology, Metabolism, Physiology, Therapy] More >

2 exp Peptides, Cyclic/ or exp Peptides/ or exp Glucagon-Like 1925272 Advanced 4 Display
Peptides/ More >

3 |*Oxygen Compounds/ or *Oxygen/ or *Oxygen Consumption/ 76034 Advanced 47 Display
More »

4 |1and2and3 16 Advanced | . Display
More >

FiGure 4: Full Medline search with MeSH terms.

nondiabetics. This was seen with the statistically significant
increase in left ventricular ejection fraction, although the
absolute change was very modest (4.4%). An absence of
lowering effect on systolic blood pressure may be particularly
appealing to clinicians who find their patients with heart
failure often have relatively low blood pressure on a com-
bination of ACE-inhibitors, beta blockers, spironolactone or
eplerenone, and loop diuretics. It should be noted that the
drug might drop patients’ diastolic blood pressure.

Minor increase in heart rate may also turn out to be a
concern as recent evidence have confirmed the hypothesis
that patients with heart failure have better prognosis if their
heart rate is less than 70 beats per minute [37]. However,
whilst in the two individual trials (Halbirk and Sokos),
there was a modest increase in heart rate by up to 7 beats

per minute, our meta-analysis demonstrated this was not
significant statistically. In nondiabetics with heart failure,
caution must be exercised to ensure they do not develop
hypoglycaemia, which again is potentially hazardous.

Before the peptide agonist can be recommended for
routine clinical use, large multicentre, double-blinded ran-
domised controlled trials are needed, investigating the effects
of GLP-1 or its analogue in patients with acute or chronic HF
including hard endpoints, such as mortality, cardiovascular
death, or hospitalization for heart failure. Further, as sug-
gested previously, heart failure with normal ejection fraction
(HFnEF) is often difficult to treat specifically. Future trials
should study the effect of GLP-1 agonists in this challenging
group of patients. Recent work suggested that advanced
echocardiography techniques using speckle tracking to assess
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FiGuRre 5: Full Embase search with MeSH terms.

the so-called global longitudinal strain (GLS) might identify
patients with subtle systolic dysfunction [38] and might
even be better than ejection fraction at predicting poor

cardiovascular outcome in patients with chronic heart failure
[39].

5. Conclusions

This meta-analysis of the potential therapeutic benefits
of GLP-1 agonists in heart failure involved a thorough
literature search using Embase and Medline plus hand-search
strategies. The animal studies gave evidence in favour of
these peptide agonists. There were only a few small clinical
trials involving patients with heart failure. The use of GLP-
1 agonists has at best a modest effect on ejection fraction
improvement in patients with heart failure, but there was no
significant improvement in BNP levels in the meta-analysis.

Appendix

Medline Search Strategy. The search focused on heart failure,
mapped to subject headings, and included the follow-
ing MESH terms: chemistry, drug therapy, enzymology,
metabolism, physiology, and therapy.

The second search term was for peptide and this term
was again mapped to include medical subject headings. From
this the following mesh terms were exploded: Glucagon-like
peptides; peptides and peptides, cyclic.

The third search term was oxygen, including oxygen
compounds, oxygen, and oxygen consumption as these were
central to our review.

The fourth search item combined the above three and
produced 16 papers.

The full search is shown in Figure 4.

Embase Search Strategy. For Embase, again heart failure was
the first search term, including disease management, drug
therapy, prevention, and therapy.

The second search term was for peptide and all the sim-
ilar MeSH including “glucagon like peptides” were selected.
All these were exploded so similar terms could be included.

The third search combined the previous two searches
with “AND;” thus returning 32 results: see Figure 5.

Hand-Searching. Pubmed yielded a further 22 papers. Of
these, only three papers contained results of studies done on

humans. These, along with the papers found with Medline
and Embase, were cited fully in the references section. There
were no additional papers found in the medical journals that
were hand-searched (BM]J, Lancet, NEJM).
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Nuclear medicine imaging techniques offer whole body imaging for localization of number and site of infective foci inspite of
limitation of spatial resolution. The innate human immune system contains a large member of important elements including
antimicrobial peptides to combat any form of infection. However, development of antibiotics against bacteria progressed rapidly
and gained popularity over antimicrobial peptides but even powerful antimicrobials failed to reduce morbidity and mortality
due to emergence of mutant strains of bacteria resulting in antimicrobial resistance. Differentiation between infection and
inflammation using radiolabeled compounds with nuclear medicine techniques has always been a dilemma which is still to be
resolved. Starting from nonspecific tracers to specific radiolabeled tracers, the question is still unanswered. Specific radiolabeled
tracers included antibiotics and antimicrobial peptides which bind directly to the bacteria for efficient localization with advanced
nuclear medicine equipments. However, there are merits and demerits attributed to each. In the current paper, radiolabeled
antibiotics and radiolabeled peptides for infection localization have been discussed starting with the background of primitive
nonspecific tracers. Radiolabeled antimicrobial peptides have certain merits compared with labeled antibiotics which make them

superior agents for localization of infective focus.

1. General Introduction

Blood-derived antimicrobial proteins and peptides being
part of innate immunity target the microbial membranes
leading to growth arrest and, in some instants, neutralization
of proinflammatory surface components like lipopolysaccha-
rides. Different inflammatory response blood cells like neu-
trophils, eosinophils, macrophages, and platelets contain an-
timicrobial proteins and peptides which have affinity for sur-
face lipids of microbial as opposed to eukaryotic cells. Neu-
trophils contain primary and secondary granules in their cy-
toplasm which contain antimicrobial proteins and peptides.
Lactoferrin is localized in the secondary granules, which has
direct microbicidal effect, presumably via membrane disrup-
tion. Activated neutrophils release bactericidal/permeability
increasing protein (BPI) into inflammatory fluids where it is
potentially bactericidal. Serprocidins are proteases with cyto-
toxic activity localized in neutrophil primary granules.

Cathelicidins are also antimicrobial peptides within second-
ary granules of neutrophils. The defensins are a family of 4-
Kd peptides with broad cytotoxic activity against bacteria, fu-
ngi, parasites, viruses, and host cells. Humans express a-de-
fensins in neutrophils and f-defensins in intestinal Paneth
cell, as well as pulmonary and reproductive epithelia. The de-
fensins peptides, calprotectin protein, and ubiquicidin ca-
tionic peptides are found in macrophages [1]. Platelet a-
grounds contain certain cationic antimicrobial peptides hav-
ing broad spectrum antimicrobial activity [2]. Multiple pro-
teins and peptides have been radiolabelled by multiple inves-
tigators for specific localization of infection foci but each had
certain demerits. More attention diverted to development of
new antibiotics followed by radiolabeling but these face the
growing problem of microbial resistance.

Differentiation between infection and inflammation is
usually difficult. Clinicians use a variety of clues, for example,
clinical, laboratory, and radiological tests, to aid in diagnosis



and influence decision making. Commonly employed and
useful modalities for demonstration of any focal lesion in-
clude conventional radiological techniques such as X-ray, ul-
trasound, computerized tomography (CT), magnetic reso-
nance imaging (MRI), which demonstrate structural abnor-
malities which take some time to become visible, may not
always be present, and their resolution lag behind cure. In
addition they are neither inflammation nor infection speci-
fic. Nuclear medicine has enhanced infection imaging be-
cause it depends on the demonstration of pathophysiological
and pathological changes, which occur earlier in infection
process and also resolve quicker after cure of the infection
compared with gross changes in structure [3]. Scintigraphic
imaging of inflammation can be achieved in two ways. The
first is to utilize the locally enhanced vascular permeability by
injecting radiolabelled molecules that show increased extra-
vasation at the site of infection/inflammation. The alterna-
tive is to exploit the diapedesis and chemotaxis of leucocytes,
either by radiolabelling white blood cells of the patients
ex vivo or by directly targeting leukocyte antigens or receptors
in vivo via administration of radiolabelled antigranulocyte
monoclonal antibodies on receptor-binding ligands [4].
However, nuclear medicine utilizes radiation and must be
used as a diagnostic modality in cases where other noniso-
topic and noninvasive techniques fail to achieve the target.
Scintigraphy has the advantage of early elucidation of
pathophysiological changes in the infective process; however,
it is limited by poor resolution. Recent advances in nuclear
medicine technology resulted in commercially available
instrumentation such as single-photon emission computed
tomography (SPECT) and positron emission tomography
(PET) that have markedly improved anatomical details.
Autologous in vitro ' In-oxinate- or ™ Tc-HMPAO-labeled
leukocytes are still the gold standard for imaging infections
[5-7]. Planar images with gamma cameras are handicapped
with limited resolution that is not sufficient for assessing
the extent of disease. SPECT increases the sensitivity of the
nuclear medicine procedures [8, 9], but precise anatomical
localization of organs is still not possible. Hybrid SPECT/CT
improves the diagnostic accuracy when subjected to *™Tc-
HMPAO-labeled leukocytes in patients with suspected osteo-
myelitis [10]. Marked improvement in sensitivity and def-
inition of the extent of infection has been documented with
SPECT/CT using ®’Ga- and !'!In-labeled leukocytes [11].
PET/CT with '8F-FDG-labeled autologous leukocytes has
further improved the diagnosis and localization of infection
lesions [12]; however, the technique is time consuming, de-
mands a sterile environment, and carries the risk of transmis-
sion of blood-borne diseases. Antimicrobial compounds that
bind to the bacteria would be specific for infection loca-
lization if labeled with a suitable isotope because of their
selective adhesion to the causative agents [3]. An early anti-
biotic radiopharmaceutical was **™Tc-ciprofloxacin, which
is an analog of a broad-spectrum quinolone antibiotic having
the property of binding to DNA gyrase of bacteria and in-
hibiting DNA synthesis [13]. This **™Tc agent showed en-
couraging results in various infections [14-16]; however,
specificity was lower than expected, and its accumulation in
noninfectious/inflammatory sites has also been reported
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[17]. Due to nonspecific accumulation in inflammatory sites,
this agent has been proposed for identifying the presence and
distribution of inflammation within joints [18]. Bacterial
resistance to ciprofloxacin is another disadvantage, which re-
sults in false-negative results [19].

Antimicrobial peptides, produced by phagocytes, epithe-
lial cells, endothelial cells, and many other cell types, are an
important component of innate immunity against infection
by a variety of pathogens [20]. These peptides show anti-
bacterial, antiviral, and antifungal activities in vitro. Bacterial
infections with Staphylococcus aureus and Klebsiella pneumo-
niae have been visualized in mice by *™Tc-labeled human
neutrophil peptide-1 [21]. The basis of the antimicrobial
activity of these peptides is the interaction of the cation-
ic domains with the negatively charged surface of the micro-
organisms. The antimicrobial peptide ubiquicidin UBI (29—
41) (TGRAKRRMQYNRR; 1,693 Da) was originally isolated
from mouse macrophage cells. This peptide is identical or
highly homologous to S30, a protein that was purified from
the small ribosomal subunit fraction of rat liver and shown
to be present in various human and murine tissues [22]. La-
ter, an identical UBI was isolated from human airway epi-
thelial cells. This peptide was labeled with *™Tc, which
targeted bacterial cells but not sterile inflammatory processes
in experimental animals [23]. In later experiments, it also
showed accumulation with high accuracy in fungal infec-
tions. This tracer was also used for detection of Staphylo-
coccus aureus infections in mice and Klebsiella pneumoniae
in rabbits. As controls, inflammation was produced by lipo-
polysaccharides (LPSs) and heat-killed microorganisms [24].
Interactions of cationic peptides with bacterial envelopes in-
volve insertion of the peptide into microbial membranes [25]
and possibly a sequence-dependent interaction of the antimi-
crobial peptides with microorganisms [26]. Multiple animal
studies using *™Tc-labeled ubiquicidin (29-41) showed
encouraging results for differentiation between infection
and inflammation model. ™ Tc-UBI (29-41) scintigraphy
showed more accumulation of tracer in Staphylococcus-
aureus-induced infection compared with that of Escherichia
coli infection model. Optimum time for imaging was 60 min
after tracer injection [27]. In another study with this radio-
labelled peptide, it was concluded that its accumulation is
directly related to viable number of bacteria as tracer accu-
mulation in infective foci declined after administration of
ciprofloxacin which reduced the number of bacteria sensitive
to this antibiotic. However, serial imaging with *™Tc-UBI
can be utilized for monitoring efficacy and direction of an-
tibiotic treatment [28]. Use of radiolabeled antimicrobial pe-
ptides is only recommended in cases where physician or sur-
geon is in dilemma to differentiate infection from inflamma-
tion. This would avoid blind use of prophylactic antibiotics
or as broad spectrum coverage of infection, which results in
heavy expenditure and side effects of unnecessary medicines.

Phase-I clinical trial with this novel radiolabelled peptide
showed overall sensitivity, specificity, and accuracy of 100%,
80%, and 94.4%, respectively, in patients with soft tissue in-
fections and osteomyelitis. However, optimum time for
imaging was 30 min after intravenous administration of ra-
diotracer [29].
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2. Detection of Infection by
Nonspecific Tracers

2.1. Gallium-67-Citrate. The oldest radiopharmaceutical
proposed for imaging inflammation is Gallium-67 citrate
which has been used for infection and inflammation ever
since its discovery in 1971 [30]. ’Ga is a cyclotron-produced
radionuclide, with a half-life of 78 hours, emits a broad spec-
trum of gamma rays between 93 keV and 880 keV. The en-
ergy peaks that are most suitable for gamma camera imag-
ing are 93keV, 184keV, 296 keV, and 388keV [31]. After
intravenous injection, *’Ga binds to transferrin. This com-
plex extravasates at the site of inflammation due to the lo-
cally enhanced vascular permeability, and in the inflamma-
tory lesion it may transchelate to lactoferrin as present in
leukocytes. The B-lymphocytes have lactoferrin-binding sites
on their surface, which have high affinity for gallium. Ad-
ditionally, macrophages engulf protein iron complexes and
cellular debris, thereby accumulating gallium. Bacteria and
fungi contain siderophores which are released for the pur-
pose of scavenging iron and consequently bind gallium as a
gallium-siderophore complex [32]. The agent is excreted pa-
rtly via the kidneys (especially during the first 24 hours after
injection) and via the gastrointestinal tract; therefore colon is
the target organ. Oral laxatives to reduce bowel activity and
to reduce dose to large bowel are not required [33, 34]. Phy-
siological uptake of the radiolabel also occurs in liver, bone,
bone marrow, salivary glands, nasopharynx, and lacrimal
glands. For infection or inflammation, imaging can often be
accomplished at 48 hours, or even 24 hours, after injection.
Planar imaging is performed in the anterior and posterior
projection, to include the head, neck, chest, abdomen, pelvis,
and proximal extremities. SPECT imaging is performed at 72
hours, which improves the sensitivity and specificity. Most
patients exhibit bowel activity at this time; therefore planar
and SPECT imaging of abdomen can be performed at 5-
7 days after injection. Inspite of SPECT imaging, there are
low spatial resolution and the lack of anatomic landmarks of
scintigraphy [35].

Although ’Ga-citrate scintigraphy has high sensitivity
for both acute and chronic infection and noninfectious in-
flammation, there are several shortcomings that limit its clin-
ical application. The specificity of the technique is low, due
to physiological bowel excretion and accumulation in ma-
lignant tissues and areas of bone remodeling. In addition, the
radiopharmaceutical has unfavorable imaging characteristics
(long physical half-life and high energy gamma radiations),
causing high radiation-absorbed doses. Furthermore, opti-
mal imaging often requires delayed recordings up to 72
hours. These unfavorable characteristics, in combination
with the development of newer radiopharmaceuticals, have
narrowed the clinical indication for gallium scintigraphy to
certain conditions such as lung infections and chronic os-
teomyelitis. The sensitivity and specificity for chronic osteo-
myelitis are lower than for acute osteomyelitis [36, 37]. Use of
SPECT/CT with ¢’ Ga improves diagnostic efficiency as com-
pared with planar or SPECT scanning [11]. Gallium scan
is most often used in patients with fever of known
origin (FUO), suspected vertebral osteomyelitis, chronic

osteomyelitis, pulmonary/mediastinal infections, tuberculo-
sis, sarcoidosis, and retroperitoneal fibrosis. This agent is
also valuable for evaluation and followup of drug-induced
pulmonary toxic agents like bleomycin and amiodarone. Im-
munocompromised and neutropenic patients are also candi-
dates for evaluation with gallium scanning [38].

2.2. Nonspecific Immunoglobulins. Initially it was hypothe-
sized that human polyclonal immunoglobulin (HIG) was
retained in infectious foci owing to the interaction with Fc-Y
receptors as expressed on infiltrating leucocytes [39]. Later
studies showed that radiolabelled HIG accumulates in
infectious foci by nonspecific extravasation due the locally
enhanced vascular permeability [40]. For clinical use, HIG
has been labeled with !In-oxinate as well as with *™Tc.
Both agents have slow blood clearance and physiological up-
take in the liver, the spleen, and the kidneys. The ™ Tc-label-
ed preparation has the known ideal radiation characteristics,
while the !"'In-labeled preparation allows imaging at time
points beyond 24 hours after injection. !!'In-oxinate or
9mTc-labeled HIG has been extensively tested in a large
number of clinical studies. It has shown excellent perfor-
mance in the localization of musculoskeletal infection and
inflammation [41]. In addition, good results have been re-
ported in pulmonary infection particularly in immunocom-
promised patients [42] and abdominal inflammation. A ge-
neral limitation is the long time span between injection and
final diagnosis (24—48 hours) [43, 44].

2.3. Liposomes. Liposomes are spheres consisting of one or
more lipid bilayers surrounding an aqueous space. They were
proposed as vehicles to image infection some 20 years ago,
but the preparations used in those early years were cleared
from the circulation very rapidly by the mononuclear phago-
cyte system (MPS). However, if the surface of the liposomes
is coated with a hydrophilic polymer such as polyethylene
glycol (PEG), they circumvent recognition by the MPS,
leading to a prolonged residence time in the circulation
and enhanced uptake at pathological sites by extravasation
due to locally enhanced vascular permeability [45]. Such
stabilized PEG-liposomes can be labeled with ''!'In-oxinate
and with #™Tc, either using hexamethylpropylene amine
oxime (HMPAOQ) as an internal label or via HYNIC as an
external chelator. Labeling is easy and takes only minutes
[46]. The first clinical evaluation showed good imaging of
focal infection. In patients suspected of harboring infectious
or inflammatory disease, *™Tc-PEG-liposomes were directly
compared with "''In-IgG scintigraphy. ™ Tc-PEG-liposome
scintigraphy has shown high sensitivity (94%) and specificity
(89%) [47].

2.4. The Avidin-Biotin System. Avidins are a family of pro-
teins present in the eggs of amphibians, reptiles, and birds;
streptavidin is a member of the same family. Avidin and
streptavidin (mol. wt. 66,000 and 60,000, resp.) bind to bio-
tin with extremely high affinity. Biotin is a compound
of low molecular weight that can be radiolabelled. The
avidin-biotin approach is based on the fact that avidin (or
streptavidin) will nonspecifically localize at sites of infection



owing to increased vascular permeability. Avidin (or strep-
tavidin) is injected as a pretargeting agent, followed hours
later by a second injection with radiolabelled biotin. Good
diagnostic accuracy was demonstrated in studies of vascular
infection and chronic osteomyelitis [48—51].

3. Detection of Infection by Specific Tracers

3.1. Radiolabeled White Blood Cells. Ex vivo labeled autol-
ogous leucocytes were developed in the 1970s and 1980s
and their use is still considered the “gold standard” nuclear
medicine technique for infection and inflammation imaging
[5-7]. Although a variety of in vitro leukocyte-labeling tech-
niques have been used, the most commonly used procedure
makes use of the lipophilic compounds !''In-Oxyquinoline
and *™Tc-HMPAO. The radiolabeling procedure takes
about 2-3 hours. Because all the cellular components of the
blood can be labeled, it is necessary to separate the leukocytes
from the erythrocytes and platelets. After withdrawal, there-
fore, the syringe containing the blood is kept in the upright
position for about 1-2 hour to promote erythrocyte sedimen-
tation. After the erythrocytes have been separated, the leuko-
cytes must be separated from platelets. The leukocyte-rich
plasma is centrifuged, and the leukocyte pellet that forms
at the bottom of the tube is removed, incubated with the ra-
diolabel, washed, and reinjected into the patient. The us-
ual dose of "'!In-labeled leukocytes is 10-18.5 MBq (300
500 uCi); the usual dose of P™Tc-HMPAO-labeled leuko-
cytes is 185-370 MBq (5-10 mCi). Uptake of labeled leuko-
cytes is dependent on intact chemotoxis, the number and
types of cells labeled, and the cellular component of a par-
ticular inflammatory response. A total white cell count of at
least 2000/mm? is needed to obtain satisfactory images. Neu-
trophils can be radiolabeled and hence the procedure is most
useful for identifying neutrophil-mediated inflammatory
processes, such as bacterial infections. The procedure is less
useful for those illnesses in which the predominant cellular
response is other than neutrophilic, such as tuberculosis [52].

3.1.1. " [In-Oxine-Labeled Leukocytes. For over two decades,
n-oxine-labeled leukocytes have been used to image
infection and inflammation. The scintigraphic images reflect
the distribution of white blood cells in the body. Since an
abscess or other localized infection consists primarily of
leukocytes, the radiopharmaceutical localizes at the site of
infection [53—61]. After intravenous administration, there is
initial sequestration of the labeled leucocytes in the lungs,
with subsequent rapid clearance of the activity from the
lungs. The radiolabel rapidly clears from the blood and in
most cases there is high uptake in granulocytic infiltrates,
while a substantial portion of the leucocytes (presumably the
damaged cells) accumulate in the spleen. Thus, as a radio-
pharmaceutical, radiolabelled leucocytes are a specific indi-
cator for leukocytic infiltration, but not for infection [62, 63].
At 24 hour, after injection, the usual imaging time for !'!In-
labeled leukocytes, the normal distribution of activity is
limited to the liver, spleen, and bone marrow. Large field of
view gamma camera equipped with medium energy parallel
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TaBLE 1: Causes of false-negative and false-positive '''In leukocyte
studies.

False Negative
Encapsulated nonpyogenic abscess
Vertebral osteomyelitis
Chronic low-grade infection
Parasitic, mycobacterial or fungal infections
Intrahepatic, perihepatic, or splenic infection
Hyperglycemia
Steroids
False Positive

Gastrointestinal bleeding
Pseudoaneurysm

Healing fracture

Soft tissue tumor

Surgical wounds, stomas, or catheter sites
Tumors

Accessory spleens

hole collimator is used with 15% window centered on 174-
Kev photopeak and 20% window centered on the 247-Kev
photopeak. Advantages of the '''In label are a very stable
label and constant normal distribution of activity limited to
liver, spleen, and bone marrow. The 67-hour half-life of
isotope allows delayed imaging, which is particularly valuable
in musculoskeletal infection. Another advantage is conduc-
tion of bone or bone marrow scan immediately after com-
pletion of '"In-labeled study which is a limitation with
9mTc-labeled tracers [9]. Disadvantages of the !!'In label in-
clude a low photon flux, less than ideal photon energies, and
the fact that a 24-hour interval between injection and ima-
ging is generally required. Causes of false-negative and false-
positive '!In-leukocyte study are summarized in Table 1
[64]. Drawbacks of '''In-labeled white blood cells are labori-
ous and time-consuming preparation, requiring specialized
equipment and can be hazardous. Almost 3 hours are re-
quired for isolating and labeling a patient’s white blood cells
by a trained technician. In addition, the need to handle po-
tentially contaminated blood can lead to transmission of
blood-borne pathogens such as HIV and HBV. As anatomical
land marks are not properly outlined with scintigraphy, the
same is the limitation with '"'In-WBC planar images. How-
ever, SPECT/CT with "In-WBC scintigraphy markedly
improves accurate identification of infection sites [11].

3.1.2. PmTc-HMPAO-Labeled Leukocytes. The normal bio-
distribution of *™Tc-HMPAO-labeled leukocytes is more
variable. In addition to the reticuloendothelial system, ac-
tivity is also normally present in the genitourinary tract, large
bowel, blood pool, and occasionally the gall bladder [65].
The interval between injection and imaging varies with indi-
cation; in general, imaging is usually performed within a few
hours after injection. **™Tc-HMPAO has theoretical advan-
tages over 'In-labeled leukocytes. “™Tc, being generator
produced on site, could be immediately available for radi-
olabeling. The radiation dose to the patient would be
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significantly lower, permitting a higher administered activity.
The higher photon yield of ®™Tc would result in superior
image resolution and improved infection detectability and
accuracy.

HMPAO preferentially labels granulocytes, a potential
advantage for imaging acute purulent processes. Unlike
n-oxine-labeled leukocytes, ™ Tc-HMPAO-labeled leu-
kocytes are cleared by the hepatobiliary and renal systems
[65-70]. Disadvantages include genitourinary tract activity,
which appears shortly after injection and colonic activity
which appears 4 hours after injection. The instability of the
label and the short half-life of ™Tc are disadvantages when
24-hour imaging is needed. This occurs in those infections
that tend to be indolent and for which several hours may be
necessary for accumulation of a sufficient quantity of labeled
leukocytes to be successfully imaged. Bone or bone marrow
scan if indicated after " Tc-HMPAO-WBC scan has to be
delayed at least for 48 hours and preferably 72 hours. For bet-
ter anatomical localization of infection site, SPECT/CT with
99mTc-HMPAO-WBC scintigraphy is far better than pla-
nar/SPECT imaging with other infecting imaging agents
[10].

3.2. Antigranulocyte Antibodies and Antibody Fragment. Sev-
eral monoclonal antibodies reactive with antigens expressed
on granulocytes (NCA, CD15, CD66, and CD67) have
been developed. At least three antigranulocyte antibodies
have been tested for infection imaging: anti-NCA-95 IgG
(BW250/183) [71, 72], anti-NCA-90 Fab’ (Immu-MN3, Leu-
koScan: anti-CD66) [73], and anti-SSEA-1 IgM (LeuTech:
anti-CD15) [74-76]. Each of these antigranulocyte antibod-
ies labeled with ™Tc or %I allowed accurate delineation
of infection [59]. The antigranulocyte antibody-based radio-
pharmaceuticals visualized infectious foci in patients with
sensitivity between 80% and 90% [77].

The use of antibody fragments instead of the whole anti-
body seems to be more advantageous, since such fragments
appear to be less immunogenic. In addition, antibody frag-
ments show faster blood clearance and may thus provide ear-
lier diagnosis. *™Tc-labeled antigranulocyte Fab’ fragment
(LeukoScan) has been registered in Europe as an infection
imaging agent.

3.3. Chemotactic Peptides. A wide variety of peptides that
bind to receptors expressed on white blood cells have been
tested for the detection of infection. One of the first receptor
binding peptide tested for its ability to image infectious foci
was chemotactic peptide formyl-Met-Leu-Phe. This tripep-
tide, which is N-terminally formylated, is a chemotactic fac-
tor produced by bacteria which binds to receptors on gran-
ulocytes and monocytes with high affinity [78-80]. A draw-
back of using these biologically potent peptides is a transient
but severe reduction in peripheral leukocyte counts. Several
antagonists were developed to circumvent this undesirable
biological activity of the radiolabelled chemotactic peptide.
However, these antagonists had lower uptake in the infec-
tious focus, most likely owing to reduced affinity for the re-
ceptor [81].

3.4. Cytokines. The attraction of leukocytes to tissues is es-
sential for inflammation and host response to infection. The
process is controlled by chemokines, which are chemotactic
cytokines. Over 40 chemokines have been identified to date,
most of them in the past few years. Chemokines induce cell
migration and activation by binding to specific G-protein-
coupled cell surface receptors on target cells. Their receptors
are expressed on different types of leukocytes. Some are re-
stricted to certain cells, whereas others are more widely
expressed [82]. Labeled cytokines are an interesting class
of protein radiopharmaceuticals of low molecular weight
(<20,000).

3.5. Interleukin-1. Interleukin-1 (IL-1) binds receptors ex-
pressed mainly on granulocytes, monocytes, and lympho-
cytes, with high affinity. Studies in mice with focal Staphylo-
coccus aureus infections showed specific uptake of radioiodi-
nated IL-1 at the site of infection [83]. Fever, haemodynamic
and hematological side effects, occurring even at very low
concentrations, are the major drawbacks of the use of such
a biologically active protein [84].

3.6. Interleukin-2. The IL-2 is considered to bind specifically
to IL-2 receptors expressed on activated T lymphocytes. In a
study in an animal model of human autoimmune diabetes
mellitus, Hashimoto’s thyroiditis, Grave’s disease, Crohn’s
disease, Coeliac disease and other autoimmune diseases, de-
monstrated localization of '2’I or *™Tc-labeled IL-2 at the
site of lymphocytic infiltration [85, 86].

3.7. Interleukin-8. 1L-8 binds to receptors on neutrophils
with high affinity. In rabbits with focal Escherichia coli infec-
tion, accumulation of '*I-labeled IL-8 in the abscess was
rapid and high. The specific activity of this IL-8 prepara-
tion was relatively low, resulting in a transient reduction
in peripheral leukocyte counts to 45% after a dose of
25 ug/kg '2I-1L-8, followed by leukocytosis for several hours.
Recently, a #™Tc-labelled IL-8 preparation was developed
using HYNIC as a chelator. In rabbits with Escherichia coli
infection, high abscess uptake of **™Tc-HYNIC-IL-8 and
high abscess-to-background ratios were obtained compared
with those obtained using the radioiodinated preparation
[87-91].

3.8. Platelet Factor-4. Platelet factor 4 (PF-4), like IL-8, is a
member of the CXC chemokines. PF-4 binds the CXC type 11
(= IL-8 type B) receptors expressed on neutrophils and mo-
nocytes. In a rabbit model of infection, **™Tc-P483H clearly
delineated the infectious foci as early as 4 hours after in-
jection. No systemic side effects were observed. *™Tc-P483H
has been studied in patients to test its applicability as an
imaging agent for scintigraphic detection of infection and
inflammation, with fair results (82% sensitivity, 77% speci-
ficity) [92, 93].

3.9. Detection of Infection by ' F-Deoxyglucose (FDG). FDG
is transported into cells by glucose transporters and is phos-
phorylated by hexokinase enzyme to '3F-2-FDG-6 phosphate



but is not metabolized. The degree of cellular FDG uptake is
related to the cellular metabolic rate and the number of glu-
cose transporters [94-96]. Activated inflammatory cells also
demonstrate increased expression of glucose transporters. In
addition, in inflammatory conditions, the affinity of gluc-
ose transporters for deoxyglucose is apparently increased by
various cytokines and growth factors, a phenomenon that
has not been observed in tumors [97]. Although FDG up-
take can produce false-positive results in patients with known
or suspected malignancy, FDG represents another potentially
useful radiotracer in the setting of infection and inflamma-
tion. The areas of normal distribution of FDG include the
brain, myocardium, and genitourinary tract. Activity in the
bone marrow, stomach, and bowel is variable [98]. Thymic
uptake, especially in children, can also be observed [99].
Hepatic and splenic uptake are generally of low grade and
diffuse; however intense uptake in spleen may be visualized
in the setting of infection [100].

Positron emission tomography (PET) with '¥FDG is now
widely used. FDG is taken up by inflammatory cells with in-
creased metabolic requirements. In contrast to glucose, de-
oxyglucose cannot leave the cell once it is taken up, so it can
be used to image scintigraphically cells with high glucose up-
take such as tumor cells and inflammatory cells. FDG-PET
has been studied in a wide variety of infections, including
lesions of bacterial, tuberculous, fungal, soft tissue, and bone
infections [101, 102]. Sensitivity and specificity have gener-
ally exceeded 90%. This radiotracer has high positive pre-
dictive value to localize in infective sites of patients with
AIDS and fever of unknown origin (FUO). This technique
accurately helps identify sites of infective endocarditis and
is promising supplement to conventional echocardiography
[103]. FDG-PET has been especially successful in cases of
osteomyelitis [104-107]. For vertebral osteomyelitis, high
sensitivity, specificity, and accuracy comparable to those of
gallium imaging have been reported [108]. High spatial re-
solution and rapid accumulation in infectious foci are sig-
nificant advantages over conventional imaging techniques
such as the use of labeled leucocytes. However, the fact that
uptake occurs in any cell type with high glycolytic activity
is a serious limitation of the use of FDG-PET for infection
imaging, restricting its specificity [109]. PET is highly sen-
sitive but may be unable to define the anatomic location
of a focus of increased '8F-FDG accumulation. The hybrid
PET/CT technology improved diagnostic accuracy with
precise registration of metabolic and structural imaging data.
BBF-FDG PET/CT utilized for workup of osteomyelitis in
diabetic foot correctly identified 93% of all infected sites
[110]. However, ¥ F-FDG-WBC is a nonspecific tracer of in-
creased glucose metabolism and does not accumulate only
in sites of infection and inflammation but also shows false-
positive results in tumor and postoperative changes [111].
BE-FDG-labeled autologous leukocytes PET/CT for infec-
tion detection has demonstrated sensitivity, specificity, and
accuracy of 91%, 85%, and 90%, respectively. Negative
predictive value of 100% with this technique is a hallmark.
8F-FDG-WBC imaging is superior to '*F-FDG alone for in-
fection detection as well as for assessment of response of
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infection to antibiotic treatment; however limited availability
and cost are the limitations [12].

3.10. Detection of Infection by Radiolabeled Antibiotics

3.10.1. Ciprofloxacin. The first antibiotic developed as a ra-
diopharmaceutical was *™Tc-ciprofloxacin having many of
the properties of an ideal infection-specific agent [3]. Cipro-
floxacin is a broad spectrum quinolone which binds specif-
ically to bacterial DNA gyrase, inhibits DNA synthesis, and
has been proposed to distinguish infection from inflamma-
tion [112, 113]. It is retained at sites of infection and as-
sociates freely with metal ions, allowing it to be labeled with
technetium. Ciprofloxacin also binds to the equivalent mam-
malian enzyme, topoisomerase II, but with 100 to 1000 times
lesser affinity and the binding is readily reversible. Similarly,
it penetrates neutrophils, macrophages, and other cells and
tissues, but is not retained for prolonged periods. Thus after
the initial distribution phase, as the serum concentration
falls, the antibiotic readily leaches out of the cells and tissues
into tissue fluid and then the blood and excreted freely,
predominantly in the urine. However, it is retained at sites of
infection, giving high target to background ratio permitting
infection-specific imaging when sequential images are taken
at 1, 4 and if required 24 hours after injection [3].

In vitro, ciprofloxacin is taken up by a wide variety of
Gram-positive, Gram-negative, and anaerobic bacteria (in-
cluding ciprofloxacin-resistant bacteria as long as the resis-
tance is not mediated by cell membrane impermeability,
which prevents entry of the antibiotic into the bacterial cell)
but not by dead bacteria or white cells [114, 115]. Biodis-
tribution and dosimetry of ™ Tc-ciprofloxacin show rapid,
predominantly urinary excretion of the tracer, with low-to-
absent brain, lung, and bone marrow uptake and low liver
uptake and excretion. Highest radiation dose was received
by urinary bladder. Imaging conditions were excellent for
both thoracic and abdominal regions, even at early time (60
minutes) after injection [116]. In a comparative study in
51 patients, it demonstrated greater specificity (96%) for
imaging infection compared with white cell imaging (84%)
[113]. High specificity for bacterial infection was confirmed
in a subsequent study involving 90 patients [117]. It also
showed that some infections due to ciprofloxacin-resistant
bacteria could be imaged and that prior antibiotic treatment
did not significantly affect the imaging result. The sensitivity
and specificity of ciprofloxacin imaging have been validated
further in a large multicentre study involving 879 patients,
with a wide variety of infective and noninfective conditions
(including noninfective inflammatory disorders), in eight
countries, under the auspices of the International Atomic
Energy Agency (IAEA) [118]. No adverse reactions occurred
and antibiotic-resistant organisms did not emerge as a re-
sult of the administration of antibiotic into patients. This was
expected because only a tracer dose of ciprofloxacin is
present in the kit, 2 mg, which is 1/200th of a single thera-
peutic intravenous dose of ciprofloxacin (400 mg). Sensi-
tivity (85.4%) and specificity (81.7%) for imaging sites of
infection were good, but varied according to the type of
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infections imaged. The highest sensitivity (in excess of 90%)
was seen in osteomyelitis, septic arthritis, infection of ortho-
pedic prostheses (which is often difficult to diagnose by stan-
dard techniques and differentiate from aseptic loosening),
and culture-proven soft tissue and abdominal infections and
tuberculosis. Ciprofloxacin has several advantages over esta-
blished, for example, radiolabeled leucocytes, and other
methods for imaging infection, which include the following:
(1) specificity for infection, (2) lack of bone marrow uptake,
which is a significant advantage in imaging bone and joint
and orthopedic prostheses infections, (3) ease and cost of
preparation of the agent, (4) ex vivo labeling, which avoids
contact with blood and hence the risk of acquiring blood-
borne infections such as H1V and hepatitis B and C, (5) in-
dependence of the host inflammatory response and neu-
trophil count and hence it can be used to image infections in
immunocompromised patients, including those who are
neutropaenic, where culture is often negative and white cell
imaging unreliable, and (6) availability in a kit format with
long shelf-life, making it user friendly and more widely avail-
able [3]. Certain studies have revealed false positive uptake of
9mTc-ciprofloxacin in sterile inflammation questioning its
specificity [14-19].

3.10.2. ®™Tc Sparfloxacin. Sparfloxacin is fluoroquinolon,
antibiotic effective against a wide range of Gram-positive ba-
cteria. It was successfully labeled and evaluated in invitro ani-
mal model in which *™Tc-labeled antibiotic accumulated in
infective sites of live Staphylococcus aureus bacteria and re-
vealed no uptake in control models with heat-killed bacteria
[119].

3.10.3. ™ Tc-Enroflaxacin. This is also quinolone antibiotic
used mainly in veterinary practice. Labeled with *™Tc,
in vitro studies did not show encouraging results in differ-
entiating infection from inflammatory foci [120].

3.10.4. #°™Tc-Ceftizoxime. Ceftizoxime is a 3rd-generation
cephalosporin effective against a wide range of Gram-posi-
tive bacteria especially Staphylococcus aureus, Streptococci,
and Enterobacteriaceae. This drug is widely used at surgical
and medical floors as prophylactic and treatment antibiotic.
As per hypothesis, if such drugs are effectively labeled with
radiotracer without altering the efficacy and effective binding
with bacteria, localization of infective foci and monitoring
the efficacy and duration of antibiotic treatment would be
a big hallmark. This drug was effectively labeled with *™Tc
and used to localize bone infections as the penetration of this
antibiotic in bone is far better as compared with other an-
tibiotics [121].

3.10.5. ™ Tc-Ethambutol. Ethambutol is a narrow-spectrum
antibiotic, which is active against mycobacteria (inhibits cell
wall mycolic acid synthesis) and is used as a first-line drug
for the treatment of tuberculosis (TB). Hence radiolabeled
ethambutol is an attractive candidate for specifically imaging
mycobacterial infections, including early TB. Good results
were obtained in a thigh model of Mycobacterium tuberculosis

infection in mice and rabbits. *™Tc-ethambutol accumu-
lated at the site of infection as early as 2 hours after injection,
which increased at 4 hours and persisted till 24 hours. Fur-
ther studies with this agent are eagerly awaited [122].

3.10.6. ™ Tc-INH. Isoniazid (INH) is a specific antituber-
culous drug showing selective uptake in live mycobacteria
based on its specific interaction with mycolic acid which is an
important constituent of bacterial cell wall. This drug was
successfully labeled with *™Tc followed by studies on mice
and rabbits for labeling efficiency, in vitro and in vivo
stability, blood kinetics, and organ distribution. Thigh model
of localized tubercular lesion was prepared in rabbits after
injecting 500 uL of 3 x 10® cells/mL of Mycobacterium tuber-
culosis live bacteria in growing phase (clinical human isolate).
The localization of radiolabeled complex was studied with
70-75MBq of ?*™Tc-INH intravenously with successful
imaging at 2, 4, and 24 hours after tracer injection with
increase in target to nontarget (T/NT) ratio gradually up to
24 hours. Labeling efficiency of the kit was >95% and only 2—
3.5% of tracer leaked out from the complex or 24 hours when
incubated in serum as 37°C, confirming its stability. Organ
distribution studies showed renal source of excretion with
no gastric or thyroid uptake suggesting good in vitro labeling
efficiency and stability. As controls, infection was induced in
rabbits with live Staphylococcus aureus after injection of 107
live bacteria followed by injection of same dose of ™ Tc-
INH and imaging under same parameters. Tracer accumu-
lation was visualized in the infective foci from 2 hours
after injection; however, delayed imaging revealed gradual
clearance at 4 and 24 hours, which was in contradiction to
findings with tuberculous lesions. Overall more than 95%
sensitivity and high specificity were observed in the animal
study. Therefore it was concluded that this radiolabeled agent
can be used for detection and followup of tuberculous lesions
in patients especially to determine the treatment endpoint
of antituberculous drugs [123]. Similar labeling of INH with
9mTc and study in humans was tried in our set up but we
were unable to localize lesions of tuberculous lymphadenitis
in humans with this radiotracer.

3.10.7. ®™Tc-Fluconazole. Anticancer therapy, transplanta-
tion and AIDS give rise to infections with fungi such as Can-
dida albicans and Aspergillus Fumigatus. Fluconazole is anti-
fungal drug which was successfully labeled with *™Tc.
This labeled compound successfully detected infections with
Candida albicans but not bacterial infections or sterile in-
flammatory sites in animals. There was good correlation be-
tween *™Tc-Fluconazole accumulation and the number of
viable Candida albicans which could be used as parameter for
monitoring antifungal therapy. This agent is mainly excreted
via the kidneys with little accumulation in the liver. However,
it is not suited to detect Aspergillus fumigatus infections.
However, this radiotracer is able to distinguish between Can-
dida albicans infections from bacterial infections and sterile
inflammations [124].



3.11. Detection of Infection by Antimicrobial Peptides. Pep-
tides are composed of relatively small components, the ami-
no acids. A difference between peptides and proteins is their
size. Peptides are compounds with up to about 50 amino
acids and a molecular mass below about 10,000 Dalton. In
contrast, they generally do not possess a well-defined three-
dimensional (tertiary) structure. Because of the lack of
tertiary structure, small peptides are less susceptible to a
loss of integrity through labeling conditions and are less im-
munogenic than proteins [125, 126]. Antimicrobial peptides,
produced by phagocytes, epithelial cells, endothelial cells,
and many other cell types, are an important component of
innate immunity against infection by a variety of pathogens.
They can be expressed constitutively or induced during in-
flammation or microbial challenge. These peptides, which
now number more than 100, with proven microbicidal ac-
tivity against a variety of microorganisms, share certain pro-
perties such as their small size and cationic charge. The
later allows them to bind preferentially to a broad spectrum
of microorganisms. Interestingly, the antibacterial effect of
antimicrobial peptides in experimentally infected animals
might also be attributed to synergistic effects with endoge-
nous antimicrobial peptides and proteins such as lysozyme
and secretary leukoprotease inhibitor (SLPI), reactive oxygen
intermediates, or other local factors (such as pH, Ca™ and
Zn*? concentrations) or to interactions with host cells, lead-
ing to enhanced antibacterial activities of the cells [127-129].

4. Key Features of Antimicrobial Peptides

(i) Antimicrobial peptides usually contain <50 amino
acids with a net positive charge created by an excess of
basic residues, such as lysine and arginine, and ~50%
hydrophobic amino acids.

(ii) Antimicrobial peptides are essential components of
the innate host defense because of their ability to kill
a wide range of pathogens.

(iii) They have a wide distribution throughout the animal
and plant kingdoms.

(iv) They are effectors of local and systemic immune re-
sponses. The latter is essentially found in insects.

(v) Although they share basic features such as small size,
hydrophobicity, and cationic character, antimicrobial
peptides have a great structural diversity.

(vi) The majority of antimicrobial peptides are derived
from larger precursors that harbor a signal sequence,
whereas other peptides are generated by proteolysis
from larger proteins (such as lactoferrin).

(vii) In addition, some antimicrobial peptides such as
mammalian defensins have other activities contrib-
uting to host defenses by mediating an acute inflam-
matory reaction and linking the innate with the ac-
quired immune response [130].

4.1. Preparation of Radiolabeled Peptides. Difficulties arising
in purifying natural antimicrobial peptides from various
sources have prompted the recombinant production of
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TaBLE 2: Natural and synthetic human antimicrobial peptides.

Amino

Peptide acids Amino acid sequence Code
1-59 [20] UBI 1-59
1-18 KVHGSLARAGKVRGQTPK  UBI 1-18
29-41 TGRAKRRMQYNRR UBI 29-41
Ubiquicidin jg_»q KVAKQEKKKKKT UBI 1829
18-35 KVAKQEKKKKKTGRAKRR UBI 18-35
31-38 RAKRRMQY UBI 31-38
22-35 QEKKKKKTGRAKRR UBI 22-35
1-692 (27] hLF
1-11 GRRRRSVQWCA hLF 1-11
2-11 RRRRSVQWCA hLF 2-11
Lactoferrin 3-11 RRRSVQWCA hLF 3-11
4-11 RRSVQWCA hLF 4-11
5-11 RSVQWCA hLF 5-11
6-11 SVQWCA hLF 6-11
21-31 FQWQRNMRKVR hLF 21-30
Defensin 1-3 1-30 (28] —

antimicrobial peptides by genetically engineered bacteria
or by peptide synthesis. Such methods result in sufficient
amounts of antimicrobial peptides produced under good
laboratory practice conditions, which is essential for use in
animal and human studies. Synthetic peptides are usually
small, rapidly removed from the circulation and other body
compartments, and flexible, because they do not hold a pa-
rticular structure in a hydrophilic environment, and display
a favorable adverse effect profile.

4.2. Radiolabeling of Peptides. The aim of radiolabeling tech-
niques is to firmly attach or incorporate the radionuclide into
the peptide without altering its biological functions, thus
allowing a reliable evaluation of its pharmacokinetics after
intravenous administration. The various methods of labeling
peptides with #™Tc including indirect labeling using the
preformed chelate approach or bifunctional chelating agents
and the direct labeling method have been discussed exten-
sively [131]. The direct labeling method is a simple proce-
dure in which the peptide is labeled in absence of an exo-
genous chelator. The labeling of antimicrobial peptides is ra-
pid (within 10 min), effective (impurities, 5% of the total
radioactivity), stable (minimal release of radioactivity from
the **™Tc-peptide in diluted human serum), and safe (no
adverse effects in mice and rabbits). Unfortunately, the re-
action mechanism underlying this ™ Tc-labeling of peptides
has not been elucidated. It may, however, involve the reduc-
tion of ®™Tc, the production of a ™ Tc¢ intermediate, and
the substitution reaction transferring the reduced *™Tc
from this intermediate to the peptide [132].

4.3. Selection of *™Tc-Labeled Antimicrobial Peptides for
Scintigraphic Studies. In vitro binding studies were used to
select peptides displaying a preferential binding to microor-
ganisms over human cells from a range of **™Tc-labeled
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F1Gure 1: The membrane target of antimicrobial peptides and the basis of their specific binding.

human antimicrobial peptides/proteins and synthetic pep-
tides derived from these natural peptides/proteins (Table 2).
Thereafter, a peritoneal infection model was used to assess
the in vivo binding of *™Tc-peptides to bacteria and host
cells. Next, radiolabeled peptides that had been selected by
this assay were injected into animals to find out whether they
can be used to discriminate infections from sterile inflamma-
tory lesions using scintigraphic techniques. Peptides were
also selected on the basis of favorable pharmacokinetics. Aft-
er these phases of selection, a-defensins and several peptides
derived from ubiquicidin were seen to be the most likely
candidates for infection detection [133].

4.4. Mechanism of Labeled Peptides for Infection Detection.
Although antimicrobial peptides have different chemical
structures, the basis of their antimicrobial activities is the in-
teraction of the cationic (positively charged) domains of the
peptides with the (negatively charged) surface of microor-
ganisms (Figure 1). Given that microbial membranes expose
negatively charged phospholipids, such as LPS or teichoic
acids, on their surface, whereas mammalian cells segregate
lipids with negatively charged head groups into the inner
leaflet, it is conceivable that antimicrobial peptides bind pre-
ferentially to pathogens over mammalian cells [130].

4.5. Antimicrobial Peptides in Experimental Use. One of the
best-studied antimicrobial peptides is human neutrophil pe-
ptide-1 (HNP-1), which is a member of the family defen-
sins. Initially, the potential use of HNP-1 for antibacterial
therapy of experimental infections in mice was studied. The

antibacterial effect was found to be associated with an in-
creased influx of neutrophils into the infected area [134]. Use
of this agent in experimental thigh muscle infection in mice
allowed rapid visualization of bacterial infections, but abscess
to background ratios were low and decreased with time
[135, 136].

4.6. Imaging of Infections in Immunocompromised Mice. Im-
munocompromised mice produced by an injection of cy-
clophosphamide were utilized for detection of infection site
induced by microorganisms which confirmed that accumu-
lation of tracer was due to microorganisms, not due to in-
flammatory cells [24]. In immunocompromised animals the
accumulation of the peptide at the infection site was similar
to that in immunocompetent rabbits, thus confirming in-
significant contribution of the labeling with activated leuko-
cytes and other inflammatory cells [27, 28].

4.7. Discrimination between Infection and Inflammation. An-
timicrobial peptides labeled with *™Tc selectively localized
the infection sites of bacteria and fungi through binding with
their cell membranes and revealed minimum or no uptake in
inflammatory model induced by LPS or heat-killed micro-
organisms [24]. Similarly, no binding of labeled *™Tc-an-
timicrobial peptide UBI (29—41) was appreciated in inflam-
matory models in rabbits induced with formalin-killed Sta-
phylococcus aureus bacteria or turpentine oil [27].

4.8. Ubiquicidin (UBI 29-41): New Antimicrobial Peptide.
UBI (29-41) (TGRAKRRMQYNRR, 1,693 Da) was originally



10

o o o
H H H
H,N N, N. N.
N N N
H H
0 0
OH 0
HN

)\ NH,
HN
HN' NH, )\

NH,

oo}

International Journal of Peptides

HNﬁ/
OH

NH;

- NH
s
0 0 [¢)
H H H
N N N
N.
N H OH
o 0 0
[
NH,
o OH )\1\
HN NH,

FiGURE 2: Structure of UBI 29-41.

isolated from the cytosolic fraction of IFN-y-activated cells
of mouse macrophage cell line RAW264.7 (Figure 2). Later,
an identical UBI was isolated from human H292 airway
epithelial cells. Ubiquicidin is identical or highly homolo-
gous to S30, a protein that was purified from the small ribo-
somal subunit fraction of rat liver and shown to be present
in various human and murine tissues. The homology of
the precursor element of this protein to ubiquitin and the
fact that it is probably widely expressed named this protein
ubiquicidin (Latin “ubique,” everywhere) [137].

4.8.1. Radiochemical Analysis. HPLC chromatograms for
UBI peptides indicated that the preparations were more
than 95% pure. ITLC analysis of the preparation containing
radiolabeled peptide showed peptide-labeling yield of 98%
after 10 minutes of incubation and these values remained
unchanged up to 24 hours [20].

4.8.2. Stability of ®™Tc-Labeled UBI in Human Serum. Sta-
bility of the ®™Tc-labeled UBI peptides was assessed by in-
cubating one volume of the labeling solution with one vol-
ume of 20% (v/v) human serum in saline for 1 and 24
hours at 37°C. Next, the amounts of free pertechnetate and
9mTc-peptide in the samples were determined by ITLC
using methyl ethyl ketone as eluent. Results showed minimal
release of radioactivity from the ®™Tc-UBI peptides. ITLC
analysis of the samples after 1 and 24 hours of incubation in
human serum revealed small amounts of released/free #™Tc
(<3% of the total activity at both intervals) [138].

4.8.3. Binding of UBI to Bacteria and Murine Blood Cells.
Analysis of murine blood revealed that only a small propor-
tion of the intravenously injected **™TC-UBI is associated
with blood cells. Moreover, injection of excess unlabeled
UBI 29-41 into Staphylococcus-aureus-infected mice prior
to injection of ®™Tc UBI 29-41 significantly (P < 0.05)
reduced the accumulation of this radiopharmaceutical at the
site of infection. In addition, significantly (P < 0.01) higher
amounts of *MTc-UBI 29-41 accumulated at the site of
infection in mice using a carrier-free radiolabeled UBI 29-41
as compared with unpurified preparation containing radio-
labeled UBI 2941 [20].

4.8.4. In Vitro Binding of UBI and Two Other Cationic Peptides
to Bacteria and Tumor Cell Lines. A comparative study of the
in vitro binding of *™Tc-UBI and two different *™Tc-label-
ed cationic peptides (**™Tc-Tat-1-Scr and **™Tc-Tat-2-Scr)
to bacteria and to two tumor cell lines (LS174T and ACHN)
was performed. The binding of ™ Tc-UBI, *™Tc-Tat-1-Scr,
and #™Tc-Tat-2-Scr to Staphylococcus aureus was 35%, 78%,
and 87%, respectively. While the binding of *™Tc-Tat-1-Scr
and %™Tc-Tat-2-Scr was 37% and 33% to colon tumor cells
(LS174T) and 39% and 41% to renal tumor cells (ACHN),
respectively. Binding of ™Tc-UBI to both cell types was
much lower (<4%) [138].

4.8.5. In Vivo Binding Studies. Experimental peritoneal in-
fection in mice showed highest binding of **™Tc-labeled UBI
peptides to bacteria. The mean ratio between binding of UBI
peptides to bacteria and that to leukocytes, determined at 2
and 24 hours, amounted to 73-220 [20]. The in vivo speci-
ficity of *MTc-UBI for infection in mice was also evaluated
using dual labels in the same animal and comparing the
target/nontarget ratio for © Ga-citrate and *™Tc-UBI at sites
of induced infection and sterile inflammation. This study
revealed that there is a significant difference (P < 0.05) in the
radioactive accumulation of *™Tc-UBI between the sites of
infection and inflammation compared to ¢’ Ga-citrate. Thus,
99mTc-UBI showed an average infection/inflammation ratio
of 2.08 + 0.49 compared to 1.14 + 0.45 for ¢’ Ga-citrate. In
conclusion, the in vitro and in vivo results provide evidence
that a specific mechanism is responsible for the *™Tc-UBI
bacterial intracellular accumulation [138].

4.8.6. Infection Imaging in Animal Models. In experimental
animals, various *™Tc-labeled UBI peptides visualized the
bacterial or fungal infected tissues within 30 minutes after
injection. A good correlation between the accumulations of
9mTc-labeled UBI peptides in Staphylococcus-aureus-infec-
ted thigh muscles in mice and the number of viable bac-
teria present at the site of infection was recorded. In immu-
nocompromised animals the accumulation of the peptide at
the site of infection seemed to be similar to that in immuno-
competent mice, confirming the insignificant contribution
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FIGURE 3: Biodistribution of *™T¢ UBI 29-41 in a normal rabbit at 30 minutes after injection.

FIGURE 4: ™ Tc-UBI (29-41) scintigram of rabbit with Staphylococ-
cus aureus thigh muscle infection (arrow). Maximum tracer uptake
visualized at 60 minutes after tracer injection.

of the direct binding of the tracer to infiltrating leucocytes
[133].

4.8.7. Discrimination between Bacterial Infection and Sterile
Inflammation. Various experimental thigh muscle infections
in mice and rabbits with both Gram-positive and Gram-neg-
ative bacteria revealed accumulation of ®™Tc-labeled UBI at

the site of infection within 15-30 minutes after injection. No
significant accumulation of labeled peptide was observed in
thighs of rabbits and mice previously injected with LPS or
heat-killed bacteria (i.e., sterile inflammation) [133]. Only
one animal model study provided results against its binding
to bacteria and concluded its affinity for *H-deoxyglucose
and macrophage accumulation at the site of infection [139].

4.8.8. Biodistribution of UBI in Mice and Rabbits. After in-
jection, **™Tc-labeled UBI peptides are rapidly removed
from the circulation via the kidneys. Scintigraphic analysis
revealed that, within the first hour after injection of tracer,
major part of activity was found in kidneys and urinary
bladder with little accumulation in liver, lungs, and spleen
(Figure 3) [20, 27, 133].

4.8.9. Infection Detection with *°™Tc UBI 29-41 in Animal
Model. *™Tc UBI was evaluated as bacterial infection seek-
ing agent in Staphylococcus aureus and Escherichia coli infec-
tions in rabbit model. It was concluded that the agent can
detect both bacterial infections from sterile inflammatory
sites and showed more tracer accumulation in Staphylococcus
aureus infections compared with Escherichia coli infections.
Optimum time for imaging was 60 minutes after tracer in-
jection (Figure 4) [20]. This peptide also permitted early
specific detection of experimental Staphylococcus aureus pro-
sthetic joint infections in animal model and resulted in early
detection of acute prosthetic joint infection and differenti-
ated well from chronic sterile prosthetic joint inflammation
[140]. Endocarditis is another difficult diagnostic question
from cardiologist. In an animal study radiolabeled UBI
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FIGURE 5: Anterior whole body image at 30 minutes after ™ Tc-UBI
29—41 injection in normal human subject showing kidneys (dotted
arrows), liver (solid arrows), and urinary bladder (ball arrow).

29-41 scintigraphy revealed early and specific detection
of multidrug-resistant Staphylococcus-aureus-induced endo-
carditis. Furthermore it was concluded that accumulation
of tracer depends on the number of viable bacteria in the
vegetation and declared it as dedicated noninvasive imaging
tool for early detection of infective endocarditis [141].

4.8.10. ®™Tc¢ UBI Scan for Detection of Fungal Infections in
Animals. ®™Tc UBI imaging was also studied in animal
models for localization of infection induced with Candida
albicans. It was observed that this antimicrobial peptide
showed significant accumulation at the site of infection com-
pared with sterile inflammation [142]. This peptide showed
binding with Candida albicans and Aspergillus fumigatus in
addition to viable bacteria. Therefore this agent is useful
for detection of fungal infections; however differentiation
would be difficult from bacterial infections. However ™ Tc-
fluconazole can be used later on, which binds only with Ca-
ndida albicans, shows no binding to bacteria and no accumu-
lation at site of sterile inflammation [143].

4.8.11. *™Tc UBI for Monitoring Efficacy of Antibacterial
Agents. *™Tc-UBI when injected into Staphylococcus-au-
reus-infected mice after treatment with various doses of
cloxacillin and erythromycin showed inverse correlation
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between accumulation of the peptide at the site of infection
and the dose of antibacterial agents. Good correlation was
observed between the accumulation of ®™Tc-UBI and the
number of viable bacteria. These results indicated the poten-
tial of the peptide for evaluating the efficacy of antibiotic
therapy. However, minimum number of bacteria that can be
detected was 10°~10%, which is the limitation for monitoring
the effects of the antibacterial agents [144]. Same conclusion
was drawn in another study in which commonly used broad-
spectrum antibiotic ciprofloxacin was used in a rabbit mod-
el. It also revealed that the radiotracer can be used for moni-
toring efficacy and duration of antibiotic treatment [28].

4.8.12. Biodistribution in Humans. **™Tc-UBI was investiga-
ted in a biokinetic model to evaluate its feasibility as an
infection imaging agent in humans. Whole body images from
6 children with suspected bone infection were acquired at 1,
30, 120, 240 minutes and 24 hours after tracer administra-
tion. Regions of interest (ROIs) were drawn around source
organs (heart, liver, kidneys, and bladder) on each time
frame. The same set of ROIs was used for all 6 scans and the
counts per minutes (cpm) of each ROI were converted to
activity using the conjugate view counting method. Counts
were corrected by physical decay and by the background cor-
rection factor derived from preclinical phantom studies. The
image sequence was used to extrapolate ™ Tc-UBI time-ac-
tivity curves in each organ and calculate the cumulated
activity. Urine samples were used to obtain the cumulative
percent of injected activity versus time renal elimination. The
absorbed dose in organs was evaluated according to the gen-
eral equation described in the MIRD formula. In addition,
7Ga-citrate images were obtained from all the patients and
used as a control. Biokinetic data showed a fast blood clear-
ance with a mean residence time of 0.52 hour. Approximately
85% of the injected activity was eliminated by renal clearance
24 hours after *™Tc-UBI administration. Images showed
minimal accumulation in nontarget tissues with an average
target/nontarget ratio of 2.18 + 0.74 in positive lesions at 2
hours. All infection positive images were in agreement with
those obtained with ®’Ga-citrate. The mean radiation-ab-
sorbed dose calculated was 0.13 mGy/MBq for kidneys and
the effective dose was 4.34 x 107> mSv/MBq [145]. Biodis-
tribution of the peptide was also studied in 3 normal subjects
in another study by taking anterior and posterior whole body
images and using geometric mean method. It was observed
that the tracer mainly excreted through the kidneys into urin-
ary bladder followed by liver with no other site of accumula-
tion in the body (Figure 5) [27].

4.8.13. Bacterial Infection Detection in Humans with %™ Tc
UBI 29-41. **™Tc UBI 29-41 showed good correlation for
infection detection in humans when compared with ¢’Ga
imaging of the same subjects [145]. In another study the
agent was tested in patients suffering from bone, soft tis-
sue, or prosthesis infections and encouraging results were ob-
served with overall sensitivity, specificity, and accuracy of
100%, 80%, and 94.4%, respectively. Maximum tracer
accumulation was noted at 30 minutes after tracer injection
(Figure 6) [29].
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FIGURE 6: Positive ®™Tc-UBI 29-41 scan in a patient with infection in medial aspect of right hand (arrow). Maximum focal increased tracer

uptake was seen at 30 minutes after tracer injection.

This peptide yielded fast and promising results in pa-
tients with suspected mediastinitis after cardiac surgery.
Qualitative analysis correctly identified infection in 5/6 pa-
tients with proven mediastinitis on bacterial culture [146].
Fever of unknown origin (FUO) is also a diagnostic dilemma
for physicians and surgeons. Antibiotics are blindly used
without localizing the infective focus. This antimicrobial pe-
ptide revealed specificity of 95.35% for localizing infection
and discarding sterile inflammation. Sensitivity was 97.52%
with high accuracy [147]. Vertebral osteomyelitis is difficult
to diagnose by noninvasive diagnostic modalities including
CT, MR, radionuclide bone scan, and X-Ray. Even ¢’ Ga scan
is nonspecific test which is considered better than other diag-
nostic techniques. As UBI 29-41 has special affinity for bind-
ing to viable bacteria, this has been used for confirmation of
vertebral infection which showed 100% sensitivity and 88%
specificity [148]. Noninvasive diagnostic techniques includ-
ing three-phase bone scan, MRI, and *™Tc-UBI 2941 scan
for detection of osteomyelitis were compared. Antimicrobial
peptide showed 100% accuracy with maximum mean target
to nontarget ratio at 15 minutes after tracer injection, while
three-phase bone scan and MRI revealed 90% and 75% accu-
racy, respectively. This study revealed superiority of antimi-
crobial peptide imaging over bone scan and MRI [149].

4.8.14. 9™ Tc-UBI Scan for Monitoring Efficacy of Antibiotic
Treatment in Human Infections. As mentioned in animal
studies, binding of ®™Tc UBI 29-41 to viable bacteria is pro-
portional to their number in the infective focus. Intensity of
tracer uptake decreased when number of viable bacteria was
reduced. Therefore it was concluded that this tracer can be
used for monitoring efficacy and duration of treatment

(28, 144]. Similar study for monitoring antibiotic therapy
in patients with orthopaedic infections showed better results
on quantitative analysis of scan at 30, 60, and 120 minutes
after tracer injection after 10—14, day interval with antibiotic
treatment when compared with erythrocyte sedimentation
rate, C-reactive protein, and radioisotope bone scan [150].

5. Limitations of Antimicrobial Peptides

5.1. Lack of Discrimination between Different Infectious
Agents. #™Tc-labeled antimicrobial peptides bind to fungi
in addition to bacterial cell membranes; however, infection
either from bacteria or fungi can be differentiated from ster-
ile inflammatory sites [24]. Similarly, there is nonuniform
accumulation of radiolabeled peptides in different types of
bacteria. Staphylococcus aureus showed more uptake than
Escherichia coli which may be due to different mode of toxi-
city [27].

5.2. Lack of Detection of Intracellular Pathogens. Radiolabeled
peptides bind to the cell membranes of the bacteria. How-
ever, if the bacteria are engulfed by the anti-inflammatory
cells or become intracellular after invasion of the host im-
mune cells, their detection would become difficult with scin-
tigraphy [123].

5.3. Resistance against Antimicrobial Peptides. Major concern
with use of the labeled antibiotics as specific infection locali-
zation tracers is the development of resistance. Similar
situation may also be encountered with antimicrobial pep-
tides. Some Gram-negative bacteria can modify the lipid-A
moiety of the endotoxin [151]. Similarly Gram-positive
bacteria can reduce negative charge of the bacterial surface
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by esterification of phospholipids of Staphylococcus aureus
[152]. Inactivation of antimicrobial peptides by bacterial
serine proteases can prevent intracellular accumulation of
the peptides [153]. However, in multiple studies conducted
with different radiolabeled antimicrobial peptides including
UBI (29-41) have not revealed such evidence up till now.

6. Conclusion

The medical community often faces the dilemma of discrim-
ination between infection and inflammation on medical as
well as on surgical floors. Nonspecific radiotracers for loca-
lization of infection/inflammation do not solve the problem.
Among the specific radiotracers for localization of infection,
antibiotics gained more popularity due to easy availability,
labeling, low cost, and high sensitivity. Among the labeled
antibiotics ciprofloxacin was the most successful specific ba-
cterial localization agent which showed sensitivity of 85.4%
and specificity of 81.7% [117]. However, emerging antibi-
otic resistance against antibiotics is also associated with
ciprofloxacin [154]. False uptake of *™Tc-ciprofloxacin in
sterile inflammation is also a big disadvantage [14]. Due to
nonspecific accumulation in inflammatory sites, this agent
has been proposed for identifying the presence and distribu-
tion of inflammation in joints [18].

On the other hand, antimicrobial peptides labeled with
isotopes are better specific infection localizing agents as they
bind specifically to bacterial cell membranes. These tracers
detect Gram-positive, Gram-negative bacteria, Candida albi-
cans and Aspergillus Fumigatus infections. The amount of
radiolabeled peptides at the site of infection depends on the
number of viable organisms present at the focus. Recently
investigated antimicrobial peptide, ubiquicidin UBI (29-41)
has shown encouraging results in human clinical trials. This
peptide can also be used for monitoring efficacy and dura-
tion of antibiotic treatment in patients which is very im-
portant issue from prophylactic, therapeutic, and socioeco-
nomic point of view. No doubt, there are limitations at-
tributed to synthesis/isolation of such peptides, labeling with
isotopes, minimum detection limit of 10° Colony-Forming
Unit (CFU) of bacteria, and inability to distinguish between
bacterial and fungal infections. In addition, different bac-
terial types reveal different tracer accumulation (Staphylo-
coccus aureus versus Escherichia coli). Currently no evidence
regarding resistance against antimicrobial peptides has been
reported. Considering the merits and demerits of radiola-
beled peptides and radiolabeled antibiotics, it can currently
be concluded that radiolabeled peptides are better specific
infection localizing agents.
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Introduction. Current therapeutic regimens with first-line antitubercular agents are associated to a high rate of adverse effects
which could cause pronounced changes in collagen’s contents and structure. Investigation of these changes is very important for
optimization of antitubercular therapy and minimization of treatment-caused harm. The aim of present paper was to investigate
potential effect of pyrazinamide on male rats” cartilage type II collagen amino acid composition. Materials and Methods. Wistar
albino male rats (160-200 g b.w.) were divided into three groups: I—received pyrazinamide per os at a dose of 1000 mg/kg b.w./day;
II—at a dose of 2000 mg/kgb.w./day, in both groups it was given for 60 days; III—control. After 60 days of the experiment, rats
of the experimental (groups I and II) and control groups were sacrificed and the amino acids contents of male rat cartilage type
II collagens were determined using amino acid analyzer. Results and Discussion. The study of pyrazinamide effects (administered
in different doses) on rat cartilage type II collagen amino acid contents demonstrated presence of dose-dependent pyrazinamide-
mediated quantitative and qualitative changes in these rat extracellular matrix proteins in comparison with control.

1. Introduction

There has been resurgence in tuberculosis worldwide. Ap-
proximately 2 billion people have latent infection, 8 million
would develop active tuberculosis annually, and 2-3 mil-
lion would die due to tuberculosis. With this resurgence,
cases with extrapulmonary tuberculosis have also shown an
increase. Approximately 10-11% of extrapulmonary tuber-
culosis involves joints and bones, which is approximately 1—
3% of all tuberculosis cases. The global prevalence of latent
joint and bone tuberculosis is approximately 19-38 million
cases [1].

Collagens are major structural proteins of the extracel-
lular matrix, joints, and bones and their correct structure is
crucial for the proper functioning of locomotor apparatus.
Both tuberculosis per se and its chemotherapy with antitu-
bercular drugs could cause pronounced changes in collagen’s
contents and structure [1, 2]. Investigation of these changes
is very important for improving first-line antitubercular
therapy and minimization of its adverse effects.

Previously we have demonstrated putative changes in rat
bone and skin type I collagens amino acid contents with
using different doses of pyrazinamide [2, 3]. Type II collagen
has been classically recognized as the major collagenous
component of cartilage.

The aim of present study was to investigate potential
effect of pyrazinamide on male rats cartilage type II collagen
amino acid composition.

2. Materials and Methods

Cartilage type II collagens were extracted and purified
according to Trelstad et al. [4]. All procedures were carried
out at 4°C. Cartilages (20g) were grinded. Extraction of
proteoglycans was carried out by 100 mL 2 M MgCl,, 0.05 M
Tris (pH 7.6) during 3 days. Extract was decanted. Cartilages
were washed by distilled water (3 times). Collagen was
extracted by 100 mL 0.1 M acetic acid (pH 2.5) with pepsin.
Pepsin (20 mg/g of tissue) was added into this solution
and mixtures were left for 3 days in refrigerator at 4°C.
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TABLE 1: Male rats cartilage type II collagen amino acid contents in control and with pyrazinamide administration at doses 1000 mg/kg and

2000 mg/kg of body weight (M + m, n = 5, residues/1000 residues).

Amino acid Control (norm) Pyrazinamide 1000 mg/kg Pyrazinamide 2000 mg/kg
Hydroxylysine 5.60 = 1.20 420 +0.80 3.50 + 0.40
Lysine 29.9 = 1.80 31.80 = 2.70 33.30 = 2.50
Histidine 8.30 £ 1.20 7.10 £ 1.30 5.60 = 0.30
Arginine 53.83 £3.35 53.00 = 5.80 39.90 + 3.00**
Hydroxyproline 95.80 + 2.70 91.70 + 4.70 85.90 + 2.90
Aspartic acid 53.50 £5.10 62.30 = 6.40 72.10 = 10.60
Threonine 29.80 + 6.60 29.20 = 1.30 33.70 £ 2.10
Serine 34.00 = 1.98 49.80 + 1.60* 56.30 = 2.30**
Glutamic acid 88.10 + 3.47 115.40 + 6.30* 110.80 + 12.20*
Proline 91.70 + 1.60 91.20 + 4.10 86.10 = 3.70
Glycine 310.20 = 7.70 282.10 =9.90 294.00 = 6.40
Alanine 105.62 = 2.78 92.60 + 1.80* 72.10 + 5.50**
Valine 24.80 = 1.89 16.70 = 3.60* 32.90 = 1.57*
Methionine 7.60 = 1.50 3.80 = 1.00 2.70 £ 0.70
Isoleucine 13.35+0.79 8.30 = 0.80* 10.60 = 1.80
Leucine 23.43 +£1.85 34.30 + 2.00* 32.90 + 1.00*
Tyrosine 7.30 = 0.80 6.80 + 0.30 7.50 = 0.50
Phenylalanine 18.80 = 0.80 20.80 + 2.30 20.60 = 2.10

M + m: mean * mean standard error.
*P < 0.05 statistically significant in comparison with control.

#P < 0.05 statistically significant pyrazinamide, 1000 mg/kg group versus pyrazinamide, 2000 mg/kg group.

After that for pepsin inactivation pH in each mixture
was neutralized by addition of powdered crystalline Tris
(to pH 7.6). Solutions were centrifuged: 35000g, 40 min,
4°C. Pellets were discarded and supernatants were used for
further collagen types fractionation. Fractionation of pure
type II collagens was carried out by growing concentrations
of NaCl according to method [4]. Protein fraction from
pellet which was formed at 44M NaCl concentration
contained type II collagen. Fractions were separated by
centrifugation (65000g, 60 min, at 4°C). Obtained pellets
were recrystallized (3 times) by dialysis (against 15% KCl in
0.02 M NaHPO, at 4°C) and centrifugation (65000 g, 60 min,
at 4°C) [5]. Collagen preparations purity was controlled
electrophoretically [6].

Collagen fractions were hydrolyzed: 24 h, 6 N HCI, 105°C
[7]. Their amino acid compositions were analyzed by ion
exchange chromatography on the amino acid analyzer AAA-
881 (Czech Republic).

In statistical processing of experimental data mean of
corresponding parameter (for each animal) was used as
independent variable. The obtained data were calculated by
one-way analysis of variance (ANOVA). Data were compared
using Tukey test. Differences were considered to be statisti-
cally significant at P < 0.05.

3. Results and Discussion

Changes in male rat cartilage type II collagen amino acid
contents induced by pyrazinamide were profound as com-
pared to control (Table 1). Statistically significant changes
were registered in cartilage collagen with pyrazinamide

administration at dose 1000 mg/kg for 6 amino acids and at
dose 2000 mg/kg for 6 amino acids.

Cartilage type II collagen of male rats with pyrazinamide
at dose 1000 mg/kg contains lower contents of alanine
(—12.3%) and isoleucine (—37.8%) simultaneously with
higher contents of serine (+46.5%), glutamic acid (+31.0%),
and leucine (4+46.6%). Collagen of rats with pyrazinamide
at dose 2000 mg/kg contains lower contents of arginine
(—25.9%) and alanine (—31.7%) simultaneously with higher
contents of serine (+65.6%), valine (+32.7%), and leucine
(+40.6%). For the majority of amino acids pyrazinamide
effects were dose dependent.

Our experiments demonstrated presence of qualitative
changes in male rats’ cartilage type II collagens with
pyrazinamide (in comparison with norm) (Table 1). With
pyrazinamide administration possibly could be formed car-
tilage type II collagen molecules with changed surface charge
(changes in number of arginine, serine, and glutamic acid
residues), rigidity (changes in quantity of alanine, valine,
isoleucine residues), number of specific loci responsible for
cell adhesion, interaction with chaperons, and procollagen
processing to collagen (changes in arginine residues) [8—
14]. Such collagen molecules changes could hence affect the
properties of connective tissues, mineralisation processes,
and calcium metabolism.

Comparative analysis of present results with our previous
data on skin and bone type I collagens demonstrated
analogous character of changes in regard to contents of
serine, glutamic acid, alanine, valine, and leucine residues
[2, 3]. This could be the evidence of existence some general
mechanisms of pyrazinamide effects on collagen’s contents
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and structure. Moreover, having compared these data with
our previous experiments, we found out analogous character
of these changes in regard to changes of free serine, glutamic
acid, alanine, valine, and leucine contents in liver, kidney,
lung and spleen pools with different doses of pyrazinamide
[8]. Thus adverse effects of pyrazinamide (this widely
used antitubercular drug) are much more serious and
more profound than it was considered earlier. Among this
pyrazinamide treatment could cause qualitative changes in
nucleic acid molecules, change their length, and structure
[9].

We can suppose that such changes could be caused
by pyrazinamide via its influence on nucleic acids (coding
information for this proteins synthesis) as it was mentioned
previously [2, 9, 10]. In our previous experiments we
demonstrated epigenetic changes induced by pyrazinamide
treatment, pyrazinamide-mediated alterations in male rats
DNA fragmentation processes, bone type I collagen amino
acid composition, spermatogenesis indices, reproductive
capability, and posterity antenatal and postnatal develop-
ment. Besides these, on changes in collagen metabolism
and structure pathologic changes in amino acid metabolism
could also be affected [8]. And at last, due to collagen
genes polymorphism [11-14], collagen structures contain
in norm 4 different a-chains of the same type in different
concentrations. Pathology [14] changed concentrations in
which these 4 different a-chains of the same type of
collagen are present in connective tissue structures. Possibly
pyrazinamide-caused disturbances in amino acid composi-
tions in our experiments could be a result of such changes in
transcription rates of genes coding different a-chains from
the same type collagen superfamily as it was previously
demonstrated for other pathology [14].
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Tarantula venom glands produce a large variety of bioactive peptides. Here we present the identification of venom components
obtained by sequencing clones isolated from a cDNA library prepared from the venom glands of the Chilean common tarantula,
Grammostola rosea. The cDNA sequences of about 1500 clones out of 4000 clones were analyzed after selection using several
criteria. Forty-eight novel toxin-like peptides (GTx1 to GTx7, and GTx-TCTP and GTx-CRISP) were predicted from the nucleotide
sequences. Among these peptides, twenty-four toxins are ICK motif peptides, eleven peptides are MIT1-like peptides, and seven
are ESTX-like peptides. Peptides similar to JZTX-64, aptotoxin, CRISP, or TCTP are also obtained. GTx3 series possess a cysteine
framework that is conserved among vertebrate MIT1, Bv8, prokineticins, and invertebrate astakines. GTx-CRISP is the first CRISP-
like protein identified from the arthropod venom. Real-time PCR revealed that the transcripts for TCTP-like peptide are expressed
in both the pereopodal muscle and the venom gland. Furthermore, a unique peptide GTx7-1, whose signal and prepro sequences
are essentially identical to those of HaTx1, was obtained.

1. Introduction spiders are predators that feed on a variety of vertebrate
and invertebrate prey [6]. Tarantulas do not use webs for
capture but are well-equipped predators, possessing a variety
of venoms that target receptors in the nervous system,
probably with adaptation to a certain type of prey [7, 8].
Tarantula venom has been suggested to contain 1000 or
more peptide toxins [8]. Despite their diverse activities, these
toxins display only a few widely conserved structural motifs
that share remarkable similarities in their primary sequences
and tertiary structures [9-11]. In a similar fashion to the
evolution of snake toxins, several molecular scaffolds have
been used during the evolution of toxin “cocktails” in spider
venoms. The selected genes are duplicated several times, and,
while the core of each protein scaffold is conserved, the loops

Venoms are complex mixtures of many different components
proven to be useful tools for biochemical, physiological, and
pharmacological studies of ion channels and receptors. Tox-
ins that recognize ion channel subgroups are versatile tools
for channel studies and thus contribute to drug discovery [1,
2]. For example, a 25-amino-acid peptide isolated from the
marine fish-hunting cone snail Conus magus, w-conotoxin-
MVIIA, blocks N-type voltage-dependent calcium channels.
In 2004, ziconotide, the synthetic version of w-conotoxin-
MVIIA, was approved in the United States for the treatment
of chronic severe pain refractory to other current pain
medications.

About 40000 different kinds of spiders are known at
present. Spider venoms contain peptide neurotoxins and are
expected to be a rich source of ion channel blockers [3-5].
Tarantulas, comprising more than 860 species, like all other

and surfaces are altered through mutations [12]. We recently
found T-type voltage-dependent calcium channel blocker
from venom of Chilean common tarantula, Grammostola
rosea [13].



Expressed sequence tags (ESTs) are short single-pass
sequence reads generated from either 5" or 3’ end of cDNAs.
They provide a quick and inexpensive route for discovering
new genes and obtaining data on gene expression. The ESTs
approach has been used in several reports, because it is
a rapid and reliable method for gene discovery in gene-
ral, mainly in this case, related to secretory glands from ven-
omous animals [14-16].

In this paper, we focused on the tarantula toxins, and
by applying improved molecular biological techniques, we
revealed novel peptide sequences after ESTs techniques
applied to a cDNA library prepared from the Chilean com-
mon tarantula Grammostola rosea venom glands.

2. Materials and Methods

2.1. Animals and Venom Glands. Grammostola rosea taran-
tulas were obtained from a local pet supplier. The venom
glands were dissected from the chelicera and the pereopodal
muscles were from the prosoma using sharp forceps, frozen
immediately with liquid nitrogen, and then stored at —80°C
until use.

2.2. ¢DNA Library Construction. Preparation of the venom
gland cDNA library was reported previously [13]. Briefly, the
venom glands were dissected from 30 spiders, and total RNA
was extracted using TRIZOL reagent (Invitrogen, Carlsbad,
CA). Poly(A)* RNA was prepared using Oligotex-dT30
Super (Takara Bio, Otsu, Japan). The first-strand cDNAs
were synthesized from 2.5ug of poly(A)" RNA using the
primer, VNXho(dT)so, which installs oligo dT and Xhol
sequences, by ReverTra Ace (Toyobo, Osaka, Japan) and
Superscript II (Invitrogen). The second strands were synthe-
sized with DNA polymerase I (Takara Bio), RNase H (Takara
Bio), and Escherichia coli DNA ligase (Takara Bio). Eco RI
adaptors (Clontech, Palo Alto, CA) were ligated to the cDNAs
after both ends of the double-stranded cDNAs were filled
in with a DNA blunting kit (Takara Bio). The cDNAs were
then digested with Xhol and fractionated by 1.2% agarose
gel electrophoresis. DNA fragments with lengths of 0.8—
2.0kbp were eluted from dissected gel. The resulting DNA
fragments were ligated into EcoRI and Xhol restriction sites
of pSD64TRgr [17]. E. coli XL1-Blue MRA (Agilent Tech-
nologies, Santa Clara, CA) was transformed with the plas-
mid. An aliquot of the cDNA library in E. coli was spread
onto LB agar plates containing 50 yg/mL ampicillin, and the
plasmid DNA was prepared for the PCR template.

2.3. Fingerprinting of Clones. An aliquot of cDNA library was
spread onto LB agar plates with ampicillin (50 4 g/mL) and
incubated at 37°C overnight. Formed colonies were picked
up by automated colony picker (Microtec Nichion, Japan)
and inoculated intol mL of 2 X LB medium supplemented
with ampicillin (50 yg/mL) in 96 deep-well plates and
incubated at 37°C overnight with vigorous shaking. Plasmids
were purified with an automated machine, BIOMEK2000,
(Beckman Coulter, USA) using MultiScreen-FB and -NA
(Millipore, USA) and eluted by 50uL TE solution, then
stored —20°C until use. PCR was performed with an SP6
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primer and a pSD64-specific reverse primer, SDA (5'-
TTATGTAGCTTAGAGACT-3"), to amplify the inserts of
the cDNA library. Each PCR reaction mixture consists of
10 pmol of the forward and reverse primers, 0.25 U EX
Taq polymerase (Takara Bio), 200 mM each of dATP, dCTP,
dGTP and dTTP, 2mM MgCl, PCR buffer, and 1 yL DNA
template. The reaction was performed in a thermal cycler
PTC-200 (M] research, USA) for 30 cycles, each consisting
of denaturation at 94°C for 30, annealing at 42°C for 455,
and polymerization at 72°C for 1 min, after the initial cycle
of 94°C for 5min. At the end of all the cycles, samples were
maintained at 72°C for 9 min and then kept at 4°C.

PCR reaction products were digested by Ddel restriction
enzyme at 37°C and analyzed by electrophoresis in 3%
agarose/TBE gel, then visualized with ethidium bromide,
and digitized using gel documentation system, Gel Doc 1000
(Bio-Rad, USA). The band patterns of the digested PCR
products were clustered by the similarity using Molecular
Analyst Fingerprinting plus software (Bio-Rad).

2.4. Sequencing and Data Analysis. We manually selected
clones to be sequenced based on the fingerprinting catego-
rization described previously. Single run DNA sequencings
were performed using an SP6 primer by a sequencer Model
ABI Prism 377 (Applied Biosystems, CA, USA) or performed
by Shimadzu. The obtained DNA sequences were translated
into amino acid sequences with all three frames using the
Vector NTI program (Invitrogen, USA). After translation
into three amino acid sequences, both protein and cDNA
sequences were stored into in-house database software,
KIROKU (World Fusion, Tokyo, Japan). Homology search
of translated protein sequences was performed at in-house
sequence database using the BLAST program. The pre-
diction of signal sequence was performed by SignalP 3.0 pro-
gram (http://www.cbs.dtu.dk/services/SignalP/). Amino acid
alignment and phylogenetic tree construction were perform-
ed using the MegAlign program by Clustal W and neighbor-
joining method (DNASTAR, Madison, USA).

2.5. PCR Cloning Based on the Signal Sequence of Toxins. We
synthesized oligonucleotide primers based on the conserved
initiation codon (ATG) and its juxtaposed sequences includ-
ing 5'-noncoding region and the signal sequences of the
GTxs (Table 1). Using these primers and an SDA primer, PCR
amplifications were carried out with the venom glands cDNA
library as a template. The reaction conditions were essentially
the same as described in Section 2.3. Amplified fragments
were cloned into pCR 2.1-TOPO (Invitrogen). The full-
length nucleotide sequences of the clones were determined
by Hitachi Soft Co Ltd.

2.6. Quantification of Tissue Expression of
GTx-TCTP and GTx-CRISP ¢cDNAs

2.6.1. Cloning and Sequence Analysis of GTx-TCTP and
GTx-CRISP cDNAs. Single run sequencings of the venom
gland cDNA library revealed the first half of GTx-TCTP
and GTx-CRISP cDNA including 5'-UTR region with start
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TaBLE 1: Primers for PCR cloning.

Primers Nucleotide sequence Referred sequences
PC1 5'-TAARCGACAATGAAGAC-3" GTxl-11, 12, 14, 15, 16
PC2 5 -TTCGATAACATGAAGAC-3" GTxl1-1, 2; GTx7-1
PC3 5" -AAAGCATGAAAACCTC-3"  GTx1-3

PC4 5 -ACTCTAAAAATGAAGGC-3" GTx1-4,5,7,8,9
PC5 5'-TCAGCAGAAATGAAGGC-3" GTx2-2,3

PCo 5'-TCCATCATGAAGITNGC-3" GTx3-4,5,6,7,8
PC7 5" -ATAACGATGAAGITINT-3"  GTx5-1

PC8 5'-GCAGCCATGAAAICINT-3"  GTx6-1

PC9 5 -GTTAAGATGAAITWYNC-3" GTx3-1,2,3

PC10 5 -GCAACGATGAGRTCINT-3" GTx4-1,2

PC11 5-GGAAACATGAGRAAINC-3" GTxl1-13

Oligonucleotide primers are synthesized based on the conserved signal
sequences and the sequcences of 5-9 nucleotides upstream of initiation
codon of the GTxs indicated in the right column. Underline indicates
initiation codon, ATG. R: A/G; W: T/A; Y: T/C; N: A/T/C/G; I: inosine.

codon. To obtain the latter halves of GTx-TCTP and GTx-
CRISP ¢DNA including 3’-UTR region with the stop codon
from the cDNA library, PCRs were performed using the
gene-specific primers, 5 -TCAAGGATATGATTACTGGT-3’
for GTx-TCTP and 5-AGGTGGGCTGAATCCTGT-3" for
GTx-CRISP, and an SDA primers (see Section 2.3) as forward
and reverse primers, respectively. The PCR was carried out
in a PTC-200 DNA thermal cycler (M] Research, South San
Francisco, CA) using 30 cycles as follows: denaturation at
94°C for 30s, annealing at 54°C for 30s, and extension at
72°C for 1 min using LA Taq polymerase (Takara Bio). The
amplified fragments were gel purified using QIAquick Gel
Extraction Kit (QIAGEN, Valencia, CA), subcloned into pCR
2.1-TOPO vector (Invitrogen), and sequenced using BigDye
Terminator Cycle Sequencing Ready Reaction Kit (version
3.1) and an ABI PRIZM 310 DNA sequencer (Applied
Biosystems, Foster City, CA).

2.6.2. Real Time PCR. The gene expressions of GTx-TCTP
and GTx-CRISP in the venom gland and pereopodal muscle
were quantified by real-time PCR. Tarantula G3PDH (GTx-
G3PDH) ¢DNA was cloned and used as an expression
control. Primers for the real-time PCR were designed using
Roche ProbeFinder version 2.45 (http://qpcr.probefinder
.com/roche3.html). Primers for GTx-G3PDH were 5 -CAT-
GCTTGGCTAAGGGAGTAA-3" and 5'-TGTATTTGACAT-
CAATAAATGGATCA-3’; primers for GTx-TCTP, 5'-CTC-
GGAGAATGGGAGACATT-3" and 5'-CATCTGCCTCCT-
CCTGAGAC-3'; and primers for GTx-CRISP, 5'-GCACAA-
TTTCTTCAGGTCACG-3" and 5'-CAGCTCATTGCCAGC-
ATATC-3'". The venom glands and the pereopodal muscles
were stored at —80°C and thawed in TRIZOL reagent (In-
vitrogen), homogenized, and directly subjected to total RNA
extraction according to manufacturer’s instructions. Total
RNA was reverse transcribed with PrimeScript RT reagent
Kit (Takara Bio). Real-time PCR mixtures were prepared
with SYBR Premix Ex Taq II (Takara Bio) according to manu-
facturer’s instructions. The reaction and monitoring were

performed with Thermal Cycler Dice Real-Time System,
PT800 (Takara Bio) for 40 cycles of 2 step shuttle PCR (95°C
for 5, 60°C for 30s).

3. Results and Discussion

We constructed a tarantula venom gland ¢cDNA library from
2.5ug of poly (A)* RNA. The independency of the library
is about 4.4 x 10°. We chose about 1500 clones out of 4000
clones based on the restriction-enzyme digestion patterns
determined by fingerprinting software and sequenced by
single run sequencing from the upstream region of the
protein-coding sequence. After eliminating vector and low-
quality sequences, 869 high-quality ESTs were obtained. We
found that 284 clones (=32.7%) encode toxin-like sequences
among them. This ratio is comparable to the results from the
EST analysis of the venom glands of Theraphosidae family
tarantulas Chilobrachys jingzhao and Citharischius crawshayi,
in which 30.6% and 32.5% of analyzed clones encode
toxin-like sequences, respectively [16, 18, 19]. In the present
study, eight types of toxin-like scaffold were found mainly
based on a cysteine framework. It is noteworthy that 15
and 5 peptide scaffolds were reported from the EST studies
of the tarantulas Chilobrachys jingzhao and Citharischius
crawshayi, respectively, [16, 18, 19]. Thirty-four cDNAs
were additionally revealed by PCR cloning using primers
designed from the conserved initiation codon (ATG) and
its juxtaposed sequences including 5 -noncoding region and
the signal sequences.

We focused on unique 48 peptides belonging to eight
types of toxin-like scaffold. The resulted sequence analysis
and the database search are described here in after.

3.1. GTx1 Family, Long Loop ICK Motif Toxins; and GTx2
Family, Short Loop ICK Motif Toxins. Twenty long loop ICK
motif toxins and four short loop ICK motif toxins were
obtained (Figure 1(a)). In the mature sequences, the N-
terminal and the C-terminal sequence stretches separated
by cysteine residues are termed “loops” and numbered 1-6
from N- to C-terminus. The toxins with more than 6 amino
acids and the toxins with only three amino acids in the
loop 5 are designated as “long-loop” and “short-loop” ICK
toxins group, respectively. Among these toxins, we previously
showed that GTx1-15 preferentially block the currents of
the T-type voltage-dependent calcium channel Ca,3.1 [13].
Among the GTx1 and GTx2 families, we identified additional
peptide cDNAs; those translated sequences are the same
as the previously reported ones, HaTxl and 2, VSTxI
and 2, GsMTx4, GsAFI and II, GrTxl, and w-GrTx SIA.
HaTx1l and 2 are well-known toxins that inhibit K,2.1
and K,4.2 voltage-gated potassium channels [20]. VSTxI1
is a voltage sensor toxin from the spider Grammostola
rosea that inhibits K,AP, an archeabacterial voltage-activated
potassium channel whose X-ray structure has been reported
[21]. GsMTx4 is known as a toxin for stretch-activated
mechanosensitive channels [22]. GsAFI and II have been first
reported to be an analgesic and an antiarrhythmic peptides
from the venom of spider Grammostola rosea, respectively
[23, 24]. GsAFI, GsAFII, and GrTx1 have been shown to have
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Figure 1: Homology analysis of ICK motif toxins. (a) Homology alignment of ICKs. The putative signal sequences deduced by SignalP 3.0
server (http://www.cbs.dtu.dk/services/SignalP/) are indicated by dotted box. Signal sequences and prepro-sequences of GTx1-6, GTx1-24,
GTx2-4, GTx2-5, HnTx-1V, PaurTx3, TLTx1, CcoTx2, and VSTx1, 2, 3 are not determined. Mature toxin regions are indicated by closed box.
Conserved cysteine residues are indicated by closed boxes filled with gray color. (b) Phylogenetic tree of ICK toxins. Amino acid alignment
and phylogenetic tree construction were performed using the MegAlign program by Clustal W and neighbor-joining method (DNASTAR,
Madison, USA) based on the alignment (a) of mature peptides. A scale below the tree indicates the number of amino acid substitutions
per 100 residues for protein sequences. Known molecular targets are indicated following to the peptide names. Accession numbers: GTx1
and GTx2 families, AB200996-AB201024 and AB671302-AB671308; HaTx1, AB200991; HaTx2, AB200992; VSTx1, AB200994; GsAFI,
AB200995; GsAFII, AB612242; GrTx1, AB671300 and AB671301; w-GrTx SIA, AB612243; GsMTx4, AB201020; PaurTx3, P84510; CcoTx2,

P84508; TLTx1, P83745; VSTx2, POC2P4; VSTx3, POC2P5.

similar blockade spectra against ion channels such as Na, 1.1,
Na,1.2, Na,1.3, Na, 1.4, Na, 1.6, Na,1.7, and K, 11.1 [25, 26].
w-GrTx SIA is reported to inhibit Ca,2.1 and Ca,2.2 voltage-
dependent calcium channels by modifying their voltage-
dependent gating [27, 28].

As mentioned previously, HaTx1 is known as a potassium
channel gating modifier but can inhibit sodium channels
at concentrations similar to those that modify the gat-
ing of potassium channels [29]. Recently, similar target
promiscuity and heterogeneous effects of tarantula venom
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Ag astakine PODKQYQNSY--GETKQATSVYRNI|C GLE] HKITQLTPISTIACVQETPSSAAPAL 127 De astakine2
Pl astakine2a SQDMTLNYPN--DLQIKIEDGYLGMCHCRAGLV LPTRNTPEDNTLGIIH 122
Ra astakine2 PENRSLWY PHNGGVLQONRDTY TLLCHCRGGLH( PATLGDHVGNDLAGVYDEYQ 127 — ACTX-Hv17
Is astakine2 " (CEcipAGMT) 0PT--KDDFGNALD--Y0Q s Ra astakine2
Av astakine2 I sG LYY IOPATLGDHVGNDLADAYQDDQ 127 _'__S" astakine2
Pl astakinel ICHCRAGL V] LPS----QDNTLDSYY 104 Is astakine2
Ag astakinel ICIHCIL DG LM I 89 Prokineticinl
GTx-4 PPNRENEYST- -—G---- IClHCREGL ] AR 86 ,_‘_:vu'rl
GTx3-5 PPNRENEYST- (CIFICREGL ] oTA 86 Prokineticin:
GTx3-6 PPNRFNEYST- ICHCREGE I AR 86 L s
GTxs7 PPNRFNEYST— —CHcREGF 1 AR 36 Ag astakine2
GTx3-8 PPNRFNEYST- ICEICREGLT] AR 86 —|_—Agastakinel
GTx3-9 PPNRENEYST- HCREGE ] 0AA 86
HWTX-XIVal PRNKYEVYST- (CIFICPENL 1] SA 84 GTx3-10
PRIx16C0 KPNDYNEYKE- ClHCKEGL IS KK o
ACTX-Hvfl7 ASKATKNSGN- FEHCIHCIDEGMY] KRT. 6
GTx32 PNQNK-TYEK- IS G TGGDGTATETPVESST 109
GTx31 PNENR-TYVK- ICIFIClA S GLESEKPEGN SNNN -~ K LRI GGDGTATETPVESST 07 1594
G110 PNONK-TYEK- ICIHCE SGFKOREK PKGNSNNN - -K LWl GGDGTATEPPVES ST 109 T T T T T T T 1
GTxs3 PNQNE-TYEK- IClEIClE S GFKTEKPE KFKLRC[TRGDGTATETPVESST 11 140 120 100 80 60 40 20 0
GTx3-10 PNQNE-TYEK----=-======== [CPICE.S GFMRTEK PEGNSNNNKFKLRTRGDGTATETPVESST m Amino acid substitution per 100 residues

(a)

(b)

FiGure 2: Homology analysis of GTx3 series toxins. (a) Sequence alignment of GTx3 series and their related peptides. The putative signal
sequence deduced by SignalP 3.0 server (http://www.cbs.dtu.dk/services/SignalP/) is indicated by dotted box. Signal sequence of MIT1
is not determined. Conserved cysteine residues are indicated by closed boxes filled with gray color. AVIT N-terminals of Prokineticinl,
Prokineticin2, MIT1, and Bv8 are indicated closed boxes. (b) Phylogenetic tree of GTx3 series and related peptides. Amino acid alignment
and phylogenetic tree construction were performed using the MegAlign program by Clustal W and neighbor-joining method (DNASTAR)
based on the alignment (a) of mature peptides. A scale below the tree indicates the number of amino acid substitutions per 100 residues
for protein sequences. Accession numbers: GTx3 series, AB201025-AB201034 and AB671309-AB671311; Bv8, AF168790; Prokineticin
1, AF333024; Prokineticin 2, AAH96695; MIT1, P25687; HWTX-XIVal, ABY77690; ACTX-Hvf17, P81803; Pacifastacus leniusculus (P1)
astakinel, AY787656; Pl astakine2a, EF568370; Acanthoscurria gomesiana (Ag) astakinel, DR447331; Ag astakine2, DR445103; Rhipicephalus
appendiculatus (Ra) astakine2, CD794853; Ixodes scapularis (Is) astakine2, EW845057; Amblyomma variegatum (Av) astakine2, BM292046;

Dysdera erythrina (De) astakine2, CV178181.

voltage-sensor toxins are discussed including GsAFI and
II, GrTx1 described previously [25, 30]. We also suggest
similar target promiscuity; that is, a toxin family including
GsAFII, GsMTx2, PaTx2, and ProTx-II could affect several
types of ion channels such as stretch-activated channels
and the voltage-dependent sodium, potassium, and calcium
channels [13]. Figure 1(b) shows phylogenetic tree of GTxl1,
GTx2, and several ICK toxins. The correlations between
the peptide groups and their target molecules are not clear.
Vega discussed the pharmacological diversification of ICK
motif toxin by phylogenetic analysis of 171 homologous
ICK toxins using Bayesian inference [31]. Although the
relationship between clusters is not satisfactorily solved, sev-
eral trustable monophyletic groups appear from the analy-
sis. The main conclusion from the tree is a plausible lin-
age-specific process of paralogous diversification from
several independent recruiting events. Further investigation

is needed to elucidate the relationships between evolutional
processes and the pharmacological diversification and target
promiscuity of ICK toxins.

3.2. GTx3 Series: Similar to Mamba Intestinal Toxin 1 (MIT1),
Bv8/Prokineticins, and Invertebrate Astakines. Eleven tox-
ins similar to MIT1, Bv8/prokineticins, and invertebrate
astakines were identified (Figure 2). Bv8, prokineticins, and
MIT1 consist in a group known as AVIT family due to their
N-terminal residues A-V-I-T [32]. MIT1 shows contractile
effects on longitudinal ileal muscle and distal colon [33]. The
solution structure of MIT1 was determined at a resolution
of 0.5A and revealed a new type of folding for venom tox-
ins similar to that of colipase, a protein involved in fatty
acid digestion [34]. Bv8 is bioactive peptide found from
frog skin to induce hyperalgesic effects [35] and belongs
to a family of secretory proteins (Bv8-prokineticin family)
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GTx4-1 IMRSLTLAAILACSLLLVFHT-AKEKLEAQEDHLMIPSDTDSALETLDDER[FEQ] DIEKDPD-VYEGKPCKPKKNKECKGGWROKFKMAVKVNY| 95

GTx4-2 MRSLTLAATLACSLLLVFHT-AAEELEAQEGHLMIPGDTDSALETLDDER[LFEQ DTEKDGEYVNNNKPCK PKKEKKIOT GGWROK FNF(ALKV 94

GTx4-3 IMRSLTLAAILACSLLLVFHT-AAEELEAQEDHLMIPSDTDSALETLDDERI FEQ DIEKDGEYVNNNKPCK PKKEEKCT GGWRCOK LRLALKV 94

GTx4-4 {MRSLTLAAILACSLLLVFHT-AMEELEAQEGHLMIPGDTDSALETLDDER[LFEQ DIEKDGEYVNNNKPCK PKKEKKCT GGWROK LRLIQLKV 94

GTx4-5 IMRSLTLAVILACSLLLVFHT-AAEELEAQEDHLMIPSDTDSTLETLDDER[IFEQ DTEKDGEYVNNNKPCK PKKEQKICT GGWROK LK LIQLKV 94

GTx4-6 IMRSLTLAATLAFSLLLVFHT-AAEELEAQEDHLMIPSDTDSALETLDDER[IFEQ DTEKDGEYVNNDKPCK PKKEQKICT GGWROK LKLIALKYV 94

GTx4-7 - EELEAQENHLMIPSDTDSALETLDDER| FEC] DTEKDGE YVNNNKPCK PKKEEK(CT GGWROK LRSIALKV 72

BsTX = j-——mm oo LFEC DIEKEG-—--—- KP(OKPKGEKKC|SGGWKCK IKLIOLK I 39

ESTX e [ FEC DIEKEG-—---- KPOKPKGEKK(TGGWKOK IKLIOLK T 39

Bal e [[LEC DIKKEG------ KPOKPKGEKKOTGGWROK IKLALK I 39

JZTX-48 MRTFTLIATLTCAVLVIFHVSAAEELEAQD--VIQPEDIFTGVATLEEDR[IFEQ DTKKNG-—--—~ KPJTGAGEKKS GGWRCKMNFCVKF 87

(a)

GTx5-1 MKLIFGIIAVCLVIAAVALPSRNLRG-DFDPT---EK-—----— KEAETARTIOTRO T GON{TDNADCCGSAV I[He Y T TVGSNTEY LAMNK T SNNWFLNQVG Y VWNAMKNAASMAVNK | 106
GTx5-2 MKLIFGITAVCLVIAAVALPSRNLRG-YFDPT-—~EK-—---—~ KEAETARTCT'RO I GONIONDN[DCCGSAVVICGY T SVGSK I ENLOMNKTSNNWLLNQVGY VWNAMKNAASMOFRK | 106
JZTX-64 MKLCVIIIASLMV-ASVSIGRLRKIKGTELDKKMLLEKLGHGMDIRFEETPRACISKKAGEKKSNEDCCGY STLCGY I TEGKEVKYOOMSKTSNNK I LNTVGLGVNATENMLSFOFR | 115
HWTX-XVIIIc] MKLGIIIIATSLVIAVVAFPSKDSKATENDKT-~-~EQRMEIVVQ---ETARACSKQIGDROKSNODCCGTTVICET I Y VGGKEVNQOMDKS SDNAVLNG I GKGHNEVKNGESE 109
HNTX-XVIII-7 MKLSIIIIATSLVIAVVAFPSKDSKATENDKT---EQRMEIVVQ---ETARACSKQIGDKOKRNOECCGKTVVICGT Y VGGKEVNQOMDKTSDNAT LNGLGKGMNEMENTFSE 109
LSTX-R1 MKLSLITIATSLVIAVVAFPSKDSAATDFDKTESLENVEERVETALDERPRACSKNPGESUTNNCECCGATVVICRS VY VAGVEKKSJKSKTS DNGFLN T I GQAANAVONAAS L 115

(b)

GTx6-1 MKSILLIGILSALTVSICGVSQNYGN-VRYNYTELPNGEY(CY IPRRRCVTEQQCCKPYDTVNYFA KAWPEDKKRKVNK(Y IONNELTVICTR 93
HWTX-XVa2 {MKAILLLAIFSVLTVAICGVSQNYGN-VRYNYTELPNGEY[JY IPRR TTEQCCKPYDTVNNFA. MAWPEDKKRKVNK(JY IICDNELTLOTR 93
JZTX-72 MKTVLHIAIFSAVVVAICGVRONYGN-VRYNYTELPNGEY(CY IPRRRCDTTEQCCKPYDTINNE. KAWPEDKKRKVNK(Y I[ODNELTLCTR 93
Aptotoxinl 777777777777777777 EIAQNLGSGIPHIRTKLPNGQWCKTPGDLSSRSECCKAEDSVTYSSGCISROWSGQOGTFINQCRTICNVESS 74

(c)

FIGURE 3: Sequence alignments of GTx4 (a), GTx5 (b), and GTx6 (c) series. The putative signal sequence deduced by SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP/) is indicated by dotted box. Signal sequences of GTx4-7 and signal sequences and prepro-sequences
of BsTx, ESTX, and Bal are not determined. Mature toxin regions are indicated by closed box in (a) and (b). Conserved cysteine residues
are indicated by closed boxes filled with gray color. Accession numbers: GTx4 series, AB201035-AB201036 and AB671312-AB671317; BsTx,
P49265; ESTX, P61509; Bal, P85497; JZTX-48, EU233840; GTx5-1 and GTx5-2, AB201037 and AB683255; JZTX-64, EU233914; HWTX-
XVIIIcl, EU195231; HNTX-XVIII-7, GU293118; LSTX-R1, EU926143; GTx6-1, AB201038; HWTX-XVa2, EU195236; JZTX-72, EU233926;

Aptotoxin I, P49267.

whose orthologues have been conserved throughout evo-
lution from invertebrates to human. The prokineticins (PK1
and PK2, also known as endocrine gland vascular endo-
thelial growth factor (EG-VEGF) and Bv8, resp.) are involved
in signaling through two highly homologous G-protein-
coupled receptors, PKR1 and PKR2 [36]. Bv8/PK2 is upregu-
lated in inflammatory granulocytes and modulates inflam-
matory pain [37]. Blockade of PKRs might represent a
therapeutic strategy in acute and inflammatory pains [38].
Vertebrate PKs are released from damaged tissues and act
as regulators of inflammatory responses, including recruit-
ment of new blood cells [39]. Invertebrate astakine, a homo-
logue to vertebrate PKs, was first identified in Pacifastacus
leniusculus and was found to be necessary for new hemocyte
synthesis and release [40]. Although astakines lack the N-
terminal AVIT motif, they are designated as prokineticin
domain-containing proteins based on their hematopoietic
function. No astakine or prokineticin homologue is present
in the genome of Drosophila or other dipterans, so far.
Figure 2(a) shows that the cysteine frameworks of GTx3
series peptides, vertebrate PKs, invertebrate astakines, and
several peptide toxins are well conserved. ACTX-Hvf17 from
Australian funnel-web spiders lacks the N-terminal AVIT
motif and did not affect smooth muscle contractility or
block PKI-induced contractions in guinea pig ileum [5].
PRTx16C0 from Brazilian Amazonian armed spider (acces-
sion no. P83893) is nontoxic to mice and insects. The effect
of HWTX-XIVal from Chinese bird spider is unknown [41].
Phyogenetic tree shows that GTx3-4 to GTx3-9, invertebrate

astakines, vertebrate prokineticin-related proteins, and spi-
der toxins form large family, while GTx3-1 to GTx3-3, GTx3-
10 and GTx3-11 form a distantly related group (Figure 2(b)).
For the spider proteins containing prokineticin domain
(ACTX-Hvf17, PRTx16C0, HWTX-XIVal, and GTx3 series),
further investigation is needed to reveal their biological func-
tions, especially their effects on the hematopoietic system.

3.3. GTx4, 5, 6 Series: Similar to Other Toxins. GTx4 series are
similar to ESTX [42], BsTx [43], JZTX-47, 48 [16], and Bal,
2 [44] (Figure 3(a)). They are characterized as conserved six
cysteine residues. A clear difference between the sequences
of GTx4 series and that of the reported ones is the length of
the loop 3. ESTX is purified from tarantula Eurypelma cali-
fornicum venom and BsTx is from Mexican red nee tarantula
Brachypelma smithii venom. The effects of ESTX and BsTx
are not clear. Bal and Ba2 are insecticidal peptides purified
from theraphosid spider Brachypelma albiceps venom and an
NMR-based 3D model of Ba2 is proposed [44].

GTx5-1 and GTx5-2 are similar to JZTX-64 from
Chilobrachys jingzhao [16], HWTX-XVIIIc1 from Ornithoc-
tonus huwena [41], HNTX-XVIII-7 from Ornithoctonus
hainana [45], and LSTX-R1 from Lycosa singoriensis [46]
(Figure 3(b)). These toxins are identified by large-scale
venomic strategy and the target molecules are unknown.

GTx6-1 is very similar to HWTX-XVa2 from Haplopelma
schmidti [41] and JZTX-72 from Chilobrachys guangxiensis
[16], and similar to aptotoxin I [47], as well (Figure 3(c)).

As mentioned previously, insecticidal effects were
reported for Bal, Ba2, and aptotoxin; however, target
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GTx-TCTP MIIFKDMITGDEMFTDSSKY-KVVDDCILEVECRHVTRRMGDIQ--LEGANPSQEEAD-EGTDEVTESGLDLVLNQRLVE 76
HumanTCTP MIIYRDLISHDEMFSDIYKIREIADGLCLEVEGKMVSRTEGNIDDSLIGGNASAEGPEGEGTESTVITGVDIVMNHHLQE 80
BmTCTP MKIYKDIITGDEMFSDTYKM-KLVDEVIYEVTGRLVTRAQGDIQ--IEGFNPSAEEAD-EGTDSAVESGVDIVLNHRLVE 76
DaHRF MLIFKDKISGDEMFTDSSKY-KLVDDCIFEIECHHVTRKQGEIQ--LDGANPSAEEVD-EGTDENVESGLDLVLNMRLTE 76
GTx-TCTP1 T-GFS-KSDYKNYLKTYTKALQDKWKEVGMSDSQMAEAKTKFTEAVKKVLPKVGDLQFFMGESSNPDGLVALLEYRENSD 154
HumanTCTP T-SFT-KEAYKKYIKDYMKSIKGKLEE--QRPERVKPFMTGAAEQIKHILANFKNYQFFIGENMNPDGMVALLDYREDG- 155
BmTCTP TYAFGDKKSYTLYLKDYMKKLVAKLEE--KAPDQVEVFKTNMNKVMKDILGRFKELQFFTGESMDCDGMVAMMEYRDFD- 153
DaHRF T-CFT-KADYKNYLKTYTKALQEKWKEEGKSPEEIEDAKSKLTTAVKKVLPKLDDYQFFIGESCNAEGIVGLLEYREQDG 154
GTx-TCTP GTETPVMMFFKHGLEEEKV 173
HumanTCTP --VTPYMIFFKDGLEMEKC 172
BmTCTP GTQIPIMMFFKHGLEEEKF 172
DaHRF GGEKAVMMFFKHGLDEEKM 173

(a)
GTx-CRISP MNHIVLLALLAATACYAVPR-LSR----PRIYGNAIPYRDLDTSNEATQKKIVLMHNFFRSRVQPPASDMLAMSWHEGAA 75
Pseudecin MKWLWIIVLIAVALPAAVPBRKIHRSKPTPRLYGDRVPIRLIRTSSSKVRQKIVETHNYFRTQVKPTAANMLVMKWHPGLA 80
Human-CRISP1 MEIKHLLFLVAAACLLPM ARDQFNKLVTDLPNVQEEIVNIHNALRRRVVPPASNMLKMSWSEEAA 72
Helothermine —  i----- MILLSLYLCLAAMLHQSEG ASPKLPGLMTSNPDQQTEITDKHNNLRRIVEPTASNMLKMTWSNKIA 67
Ablomin - ---- MIVFIVLPILAAVLQQSSG---------- NVDFDSESPRKPEIQNEIVDLHNSLRRSVNPTASNMLKMEWYPEAA 65
GTx-CRISP EDAQRWAES|C/QLLLHDNTTGRWTQDFGT[JGQNIFVANVQVPWFFAAKVWFLEKDNFTYG-KN-VNNPDVVGHYTQMVWYS 153
Pseudecin KAAQRWADR|C[LGLVHDNATGLYLDGFGQOSGONIFISTGRTLWNFPIRMWYMEYKDFKYG-ANTTNDVLEVGHYTQVVWAT 159
Human-CRISP1 ONARIFSKY[CDMTESNPLERRLPN--TE[C/GENMHMTSYPVSWSSVIGVWYSESTSFKHGEWTTTDDDITTDHYTQIVWAT 150
Helothermine ONAQRSANQCTLEHTSKEERTIDG--VE|C/GENLFFSSAPYTWSYATQNWFDERKYFRFN-YGPTAQNVMIGHYTQVVWYR 144
Ablomin ANAERWAYRICJIEDHSSPDSRVLEG--IKC[GENIYMSPIPMKWTDIIHIWHDEYKNFKYG-IGADPPNAVSGHFTQIVWYK 142
GTx-CRISP THRVG[C|GFHY[C|--GPDVAKVPYYSYV[CNY[CJPIGNHPERFDRPYTKGKP[C|sA[C|PG o[k FKKL[C|TNT[C]PHADTWIN[CRELNE 231
Pseudecin THLVG|C|GVSHIC[TGGKGPLGKDFYMYV|C[NYAPSGNYRGRLGLPYVAGKP|C[SE|C/KDH|C|[VQEQL|C|TNA|C][YYTDLWSN|C]AELVR 239
Human-CRISP1 SYLIG|CATAS|CR----QQGSPRYLYV|CHY[C/HEGNDPETKNEPYKTGVP|CEA|C/PSN|CEDK-L|C[TNP|C|TYYDEYFD|CDIQVH 225
Helothermine SYELG|CATAY|C|P----DQPTYKYYQV|CQY|C[PGGNTRSRKYTPYSIGPP|C/GD|C/PDA|C/DNG-L|C[TNP|CJKOQNDVYNN|C|PDLKK 219
blomin SYRAG|CJAAAY|C|P----S-SEYSYFYV|CQY|C]PAGNMRGKTATPYTSGPP|C/GD|C|PSA|CDNG-L|C|TNP|CTQEDVETN|NSLVQ 216
GTx-CRISP1 TWHDWL|C|GNEQNEG---HQA[CKAT|Cl[t CEGAIR 260
Pseudecin TFDSWV|CETNTKEGRERRKF|C|GAT|CINCKDKIYYHYG 275
Human-CRISP1 YLG--—-|C[NHSTTIL----- FIC[KAT|C|LCDTEIK 249
Helothermine QVG---|C/GHPIMK~-~-~~-~ DICMAT|CKCLTEIK 242
blomin OSN---|CJOHNYIKT--~~-~ N|C|PAS|CIFCHNEIK 240

14 -
> 0.1 4
=
s
35
Sy
£
=
3}
~ 0.01
T T T T T T
PM VG PM VG PM VG
G3PDH GTx-CRISP GTx-TCTP

(c)

FIGURE 4: Sequence alignment of GTx-TCTP (a) and GTx-CRISP (b) families. The putative signal sequence deduced by SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP/) is indicated by dotted box. Conserved cysteine residues are indicated by closed boxes filled with
gray color. (c) The results of real-time PCR. G3PDH is equally expressed in the pereopodal muscle (PM) and the venom gland (VG). GTx-
CRISP transcript is predominantly expressed in the venom gland. The GTx-CRISP transcript in the PM is one-400th of that in the VG.
GTx-TCTP transcript is expressed in both the pereopodal muscle and the venom gland. The GTx-TCTP transcript in the PM is one-13th
of that in the VG. Results were confirmed in triplicate experiments. Accession numbers: GTx-TCTP, AB201040; HumanTCTP, NM_003295;
Bombyx mori (Bm) TCTP, NM_001044107; Dermacentor andersoni (Da) HRF, DQ009480; GTx-CRISP, AB201041; Pseudecin (Harpegnathos
saltator), EFN80524; Human-CRISP1, NM_001205220; Helothermine, U13619; Ablomin, AF384218.

molecules of GTx4, 5, 6, and their homologues are not yet tide (Figure 4(a)) and one cysteine-rich secretory protein-
known. (CRISP-) like peptide (Figure 4(b)).

TCTP was first identified as a growth-related tumor
3.4. GTx-TCTP and GTx-CRISP. We also obtained one  protein whose synthesis is controlled mainly at the transla-
translationally controlled tumor protein- (TCTP-) like pep-  tional level [48]. This protein has been recognized as a cell
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gMKT SVFAAILGLALFAVLCSGgSELQEKDLKETLLSAIMETALEAQPEERK——— ILEKC---GISAEYLSCIGLISTH 71
gMKT SVFAAILGLALFAVLCSGSELQEKDLKETLLSAIMETALEAQPEERECRYLFGGCKTTSDCCKHLVCKFRDKYCAWDETFESK 85
EMKTSVFAAILGLALFAVLCSGESELQEKDLKETLLSAIMETALEAQPEE IECRYLFGGCKTTSDCCKHLGCKFRDKYCAWDEFTESK 85

FIGURE 5: Sequence alignment of GTx7-1. The putative signal sequence deduced by SignalP 3.0 server (http://www.cbs.dtu.dk/services/
SignalP/) is indicated by dotted box. Mature toxin regions are indicated by closed box. Note that the signal sequences and prepro-sequences
are almost same but mature GTx7-1 differs from GTx1-1 and HaTx1. Accession number: GTx7-1, AB201039.

cycle-dependent, tubulin-binding protein having calcium-
binding sites [49]. In addition to this growth-related function
as a cytosolic protein, TCTP is now known to act as a
secretory protein. TCTP has been uniquely characterized as
an IgE-dependent histamine-releasing factor [50].

CRISPs are found in a variety of organisms, such as mam-
mals, reptiles, amphibians, and secernentea. The first discov-
ered CRISP (acidic epididymis glycoprotein, also known as
protein D/E or CRISP-1) was isolated from mammalian epi-
didymis [51-53]. Two other mammalian CRISPs have been
isolated and characterized: CRISP-2 (testis-specific protein
1) [54] and CRISP-3 (specific granule protein of 28 kDa)
[55]. Venomic CRISPs were identified mainly from lizard and
snake, so far. Helothermine, a CRISP family toxin, is discov-
ered from the lizard of the Central America [56] and
blocks voltage-gated calcium and potassium channels and
ryanodine receptors [57]. Ablomin is a 25-kDa protein
isolated from the venom of the Japanese Mamushi snake
(Agkistrodon blomhoffi) [58]. Ablomin blocks contraction
of rat tail arterial smooth muscle elicited by high K*-in-
duced depolarization. In insects, it is revealed that an ant
(Harpegnathos saltator) genome contains a CRISP family
protein, Pseudecin [59]. GTx-CRISP is the first CRISP
protein identified from the arthropod venom.

To compare the expression levels of the transcripts for
GTx-CRISP and GTx-TCTP between the venom gland and
the pereopodal muscle, we conducted real-time PCR. The
results indicate that transcript of GTx-TCTP was expressed
in both the tissues, while that of GTx-CRISP was predom-
inantly expressed in the venom gland (Figure 4(c)). It is
tempting to assume that GTx-TCTP acts as both growth-
related cytosolic protein and secretory proteins, an IgE-de-
pendent histamine-releasing factor. Further investigation is
needed to elucidate the bifunctional feature of GTx-TCTP.

3.5. Other Toxins. The predicted mature portion of the
peptide GTx7-1, 21 amino acid residues with two cysteine
residues, has a unique sequence (Figure 5). It has no amino
acid sequence homology with any other peptide registered
in the public database up to now. On the other hand, the
preprotoxin sequence of GTx7-1 is very similar to GTx1
family. GTx7-1 slightly and transiently inhibited the con-
traction of guinea pig right atrial preparation at high con-
centration (13.2uM) (Japan patent publication number:
2008-271800).

3.6. Biochemical and Biomedical Applications of Peptide Tox-
ins. Natural peptide toxins contribute to biochemical, phy-
siological, and pharmacological studies especially on cel-
lular/neuronal signal transduction. Furthermore, some of
the peptides and its derivatives have been developed as

potential therapeutic agents. Their utility is based on an un-
precedented selectivity in targeting specific molecular forms,
such as subgroups of ion channels and subtypes of receptors,
and even specific substates of channel functions.

There are principally two approaches to access to the
peptide with some aimed function/property. One is to
screen such a peptide from the venom/secreta or tissue
extracts, and the other is to screen from cDNA libraries
followed by expression and functional assays. Recently, we
have developed a new approach by utilizing natural toxin
scaffold combined with in vitro selection technology. We first
constructed a random peptide library based on a three-finger
(3F) neurotoxin scaffold. From the 3F peptide library, in
vitro selections targeting to interleukin-6 receptor were per-
formed, and finally peptide ligands with the antagonist-like
and the agonist-like property were generated [60]. Variety of
toxin scaffolds are available up to now, and still unknown
scaffolds might be revealed by genomic approach for the
venom/secretion glands. The new in vitro evolution approach
will be further applied to different toxin scaffolds including
ICK motifs and also will be directed to different targets, such
as biomarkers for diagnosis or drug development, or target
cells for imaging and drug delivery, and so forth.

4. Conclusions

We have challenged to reveal a peptide repertoire contained
in the venom gland of tarantula Grammostola rosea. In the
previous report, we identified several novel peptides from the
spider venom by both proteomic and genomic approaches
and reported their modulation activities toward calcium
channels [13]. Here in this study, we further presented 48
novel peptides grouped as GTx1 to GTx7, and TCTP- and
CRISP-like peptides, and compared the sequences with the
homologues. GTx1 and 2 series are mostly homologous to
ion channel blockers. GTx3 series are related to the peptides
that modulate cell growth and/or cell signaling via GPCRs
such as vertebrate prokineticins and invertebrate astakines.
GTx-CRISP is the first identified arthropod venom CRISP.
GTx-TCTP is expressed in both the venom gland and the
pereopodal muscle and assumed to act as both TCTP and
HRE. Biochemical and physiological characterizations of
these peptides are under investigation. Furthermore, we are
now applying the next generation sequencing to totally reveal
the transcripts of the tarantula venom gland.
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Platelet-derived Growth Factors (GFs) are biologically active peptides that enhance tissue repair mechanisms such as angiogenesis,
extracellular matrix remodeling, and cellular effects as stem cells recruitment, chemotaxis, cell proliferation, and differentiation.
Platelet-rich plasma (PRP) is used in a variety of clinical applications, based on the premise that higher GF content should promote
better healing. Platelet derivatives represent a promising therapeutic modality, offering opportunities for treatment of wounds,
ulcers, soft-tissue injuries, and various other applications in cell therapy. PRP can be combined with cell-based therapies such as
adipose-derived stem cells, regenerative cell therapy, and transfer factors therapy. This paper describes the biological background
of the platelet-derived substances and their potential use in regenerative medicine.

1. Introduction

Platelets are nonnuclear cellular fragments derived from
megakaryocytes in the bone marrow; they are specialized
secretory elements that release the contents of their intracel-
lular granules in response to activation. They were discovered
by Bizzozero in the 19th century [1] and after Wright ob-
served that megakaryocytes are platelet precursors [2]. Actu-
ally we know that platelets synthesize proteins and that pat-
tern of peptides synthesis changes in response to cellular
activation [3].

Platelets contain a great variety of proteins molecules,
among which are the high presence of signaling, membrane
proteins, protein processing, cytoskeleton regulatory pro-
teins, cytokines, and other bioactive peptides that initiate
and regulate basic aspects of wound healing [3]. It is known,
through efforts such as the platelet proteome project, that
more than 300 proteins are released by human platelets
in response to thrombin activation [4]. Proteome platelet
includes 190 membrane-associated and 262 phosphorylated

proteins, which were identified via independent proteomic
and phospho proteomic profiling [5].

When platelets fall precipitously below critical levels
(usually under 10,000 to 20,000 per cubic millimeter), mo-
lecular disassembly opens the zippers formed by adjacent
intercellular endothelial junctions, causing extravasation
of erythrocytes into the surrounding tissues. In addition
to their well-known function in hemostasis, platelets also
release substances that promote tissue repair, angiogene-
sis, and inflammation [6]. Furthermore, they induce the
migration and adherence of bone-marrow-derived cells to
sites of angiogenesis; platelets also induce differentiation of
endothelial-cell progenitors into mature endothelial cells [7].

At the site of the injury, platelets release an arsenal
of potent regenerative and mitogenic substances that are
involved in all aspects of the wound-healing process includ-
ing a potential point-of-care biologic treatment following
myocardial injury [8]. Based on this, platelet called Platelet-
rich Plasma (PRP) has been extensively used for orthopaedic
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TABLE 1: Peptidic growth factors present in platelet-rich plasma (PRP).
Name Cytogenetic location Biologic activities

Controls proliferation, differentiation, and other

Transforming growth factor, beta-I; TGFB1 19q13.2 LE
functions in many cell types
. S Potent mitogen for connective tissue cells and exerts
ng'ZIFe;—derlved growth factor, alpha polypeptide; 7p22.3 its function by interacting with related receptor
tyrosine kinases
Platelet-derived growth factor, beta polypeptide; Promotes cellular proliferation and inhibits
22q13.1 ;
PDGEFB apoptosis
Increases motility in mesenchymal cells, fibroblasts,
Platelet-derived growth factor C; PDGFC 4q32.1 smooth muscle cells, capillary endothelial cells, and
neurons
Involved in developmental and physiologic
Platelet-derived growth factor D; PDGFD 11q22.3 processes, as well as in cancer, fibrotic diseases, and
arteriosclerosis
Insulin-like growth factor I; IGF1 12232 Mediates many of the growth-promoting effects of
growth hormone
Fibroblast growth factor I; FGF1 54313 Induces liver gene expression, angiogenesis and
fibroblast proliferation
Induces differentiation of specific cells, is a potent
Epidermal growth factor; EGF 4q25 mitogenic factor for a variety of cultured cells of
both ectodermal and mesodermal origin
Vascular endothelial growth factor A; VEGFA 6p21.1 ?s a mitogen p Hmaltlly for vascular endothelial cells,
induces angiogenesis
Vascular endothelial growth factor B; VEGFB 11ql13.1 FS 2 regulatqr of bloqd vesse.I Physmlogy, with a.role
in endothelial targeting of lipids to peripheral tissues
Vascular endothelial growth factor C; VEGFC 4q34.3 Angiogenesis and endothelial cell growth, and can

also affect the permeability of blood vessels

Includes, name, cytogenetic location, and biologic activities of platelet growth factors. Furthermore, PRP content other proteins like interleukin-8, macrophage

inflammatory protein-1 alpha, and platelet factor-4.

applications; for topical therapy of various clinical condi-
tions, including wounds and soft tissue injuries; and suitable
alternative to fetal calf serum for the expansion of mesenchy-
mal stem cells from adipose tissue (see Table 1) [9-12].

In this paper we are going to talk about the platelets,
platelet-derived particles, and their biological effects in re-
generative medicine.

2. Platelets

Platelets are the first element to arrive at the site of tissue
injury and are particularly active in the early inflammatory
phases of the healing process [6]. They play a role in aggre-
gation, clot formation, homeostasis through cell membrane
adherence, and release of substances that promote tissue
repair and that influence the reactivity of blood vessels
and blood cell types involved in angiogenesis, regeneration,
and inflammation [13]. Platelet secretory granules contain
growth factors (GFs), signaling molecules, cytokines, inte-
grins, coagulation proteins, adhesion molecules, and some
other molecules, which are synthesized in megakaryocytes
and packaged into the granules through vesicle traffick-
ing processes [14]. Three major storage compartments in
platelets are alpha granules, dense granules, and lysosomes
[14].

Platelets mediate these effects through degranulation, in
which platelet-derived GF (PDGF), insulin-like GF (IGF1),

transforming GF-beta 1 (TGF-f1), vascular endothelial GF
(VEGF), basic fibroblastic GF (bFGF), and epidermal GF
(EGF) are released from alpha granules [15]. In fact, the
majority of the platelet substances are contained in alpha
granules (see Table 2) [15]. When platelets are activated, they
exocytose the granules; this process is mediated by molecular
mechanisms homologous to other secretory cells, uniquely
coupled to cell activation by intracellular signaling events
[16].

Among bioactive molecules stored and released from
platelets dense granules are catecholamines, histamine, sero-
tonin, ADP, ATP, calcium ions, and dopamine, which are
active in vasoconstriction, increased capillary permeability,
attract and activate macrophages, tissue modulation and
regeneration. These non-GF molecules have fundamental
effects on the biologic aspects of wound healing [5].

For their numerous functions, platelets have developed
a set of platelet receptors that are the contact between
platelets and their surroundings; they determine the reac-
tivity of platelets with a wide range of agonists and adhe-
sive proteins. Some of these receptors are expressed only
on activated platelets [6]. Certain biological mechanisms
present in the platelets are shared with other cells, and
therefore they contain some common cytoplasmic enzymes,
signal transduction molecules, and cytoskeletal components
[14].
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TABLE 2: Some bioactive peptides present in the alpha granules of platelets.

General activity categories Specific molecules Cytogep etie Biologic activities
location
Tissue factor pathway 2a32.1 Regulates the tissue factor-(TF-) dependent
inhibitor; TFPI e pathway of blood coagulation
Kininogen; KNG 3q27.3 Plays an important role in assembly of the
plasma kallikrein
Growth arrest-specific 6 13g34  Stimulates cell proliferation
GAS6
Multimerin; MMRN 4q22 Carrier protein for platelet factor V
Clotting factors and related proteins Antithrombin; AT 1925.1  Is the most important inhibitor of thrombin
Protein S; PROS1 3ql1l.1  Inhibits blood clotting
. . Acts as a cofactor for the conversion of pro-
Coagulation factor V; F5 1q24.2 thrombin to thrombin by factor Xa
It participates in blood coagulation as a cat-
Coagulation factor XI; F11 4q35.2  alyst in the conversion of factor IX to factor
IXa in the presence of calcium ions
Plasminogen; PLG 626 Indl.lces plasmin production (leads to fibrin-
olysis)
Plasminogen activator . . .
inhibitor 1; PAIL 7q22.1  Regulation of plasmin production
Alpha-2-plasmin inhibitor 17p13.3  Inactivation of plasmin
o . . . Inhibits cell-cycle progression and influences
Fibrinolytic factors and related proteins Osteonectin; ON 5q33.1 the synthesis of extracellular matrix (ECM)
Hlsndme_rIIfI};{gGIYCOPrOtem; 3q27.3  Interacts with heparin and thrombospondin
Thrombin-activatable . .
fibrinolysis inhibitor; TAFI 13q14.13  Attenuates fibrinolysis
Alpha-2-Macroglobulin; A2M  12p13.31 Carrier gf sp?aﬁc growth factors and indu-
ces cell signaling
T inhbioror b s elproiae )
metalloproteinase 4; TIMP4 P>  group of pep . &
tion of the extracellular matrix
Inhibits serine proteinases including plas-
Complement component 1 . N .
. 11q12.1  min, kallikrein, and coagulation factors XIa
inhibitor; CINH
and XIla
Proteases and antiproteases Alpha—l—.antltr.ypﬁlr} (serpin 14q32.13 Acute phase protein, inhibits a wide variety
peptidase inhibitor) of proteases and enzymes
Nexin 2; SNX2 5q23.2 Modulates }ntracellular trafficking of pro-
teins to various organelles
Platelet factor 4; PF4 4q13.3  Inhibition of angiogenesis
B-thromboglobulin
Basic proteins (Pro-platelet basic protein; 4q13.3  Platelet activation, inhibition of angiogenesis
PPBP)
Endostatin (Collagen, type 21q22.3 Inhibitors of endothelial cell migration and
XVIII, Alpha-1; COL18A1) aes angiogenesis
Fibrinogen; FG 4313 Blood clotting cascade (fibrin clot forma-
tion)
Binds to cell-surface integrins, affecting cell
Fibronectin; FN 2935 adhesion, cell growth, migration, and differ-
entiation
Adbhesive proteins Vitronectin; VIN 17q11.2  Induces cell adhesion, chemotaxis
Thrombospondin I; THBS1 15q14  Inhibition of angiogenesis
Laminin-8 11%111'2331 " Modulates cell contact interactions

It is described general activity categories, specific molecules, cytogenetic location and biologic activities. Furthermore, alpha granules include growth factors
of Table 1, membrane glycoproteins, and others proteins like albumin and immunoglobulins.



The platelet lifespan is approximately 7 to 9 days, which
they spend circulating in the blood in their resting form.
When adhered to exposed endothelium or activated by
agonists, they change their shape and secrete the contents
of the granules (including ADP, fibrinogen, and serotonin),
which is followed by platelet aggregation [7]. Initiation of the
signaling event within the platelet leads to the reorganization
of the platelet cytoskeleton, which is visible as an extremely
rapid shape change [17].

3. Platelet-Rich Plasma (PRP)

Platelets are activated either by adhesion to the molecules
that are exposed on an injured endothelium, such as von
Willebrand Factor (vWEF), collagen, fibronectin, and laminin,
or by physiologic agonists such as thrombin, ADP, collagen,
thromboxane A2, epinephrine, and platelet-activating fac-
tors [18].

PRP has been used clinically in humans since the 1970s
for its healing properties attributed of autologous GF and
secretory proteins that may enhance the healing process on
a cellular level [19]. Furthermore, PRP enhances the recruit-
ment, proliferation, and differentiation of cells involved in
tissue regeneration [20]. PRP-related products, also known
as platelet-rich concentrate, platelet gel, preparation rich in
growth factors (PRGF), and platelet releasate, have been
studied with in vitro and in vivo experiments in the fields
of surgical sciences mainly [21].

Depending on the device and technique used, PRP can
contain variable amounts of plasma, erythrocytes, white
blood cells, and platelets. The platelet concentration should
be increased above baseline or whole blood concentration. It
is generally agreed upon that PRP should have a minimum of
5 times the number of platelets compared to baseline values
for whole blood to be considered “platelet rich” [22].

This conclusion is supported by in vitro work showing a
positive dose-response relationship between platelet concen-
tration and proliferation of human mesenchymal stem cells,
proliferation of fibroblasts, and production of type I collagen
[23]. This suggests that the application of autologous PRP
can enhance wound healing, as has been demonstrated in
controlled animal studies for both soft and hard tissues
(24, 25].

Autologous PRP represents an efficacious treatment for
its use in wound healing like chronic diabetic foot ulceration
due to multiple growth factors, is safe for its autologous
nature, and is produced as needed from patient blood. Like
we said, key for self-regeneration [26].

Upon activation, platelets release their granular contents
into the surrounding environment. The platelet alpha gran-
ules are abundant and contain many of the GFs responsible
for the initiation and maintenance of the healing response
[14]. These GFs have been shown to play an important role in
all phases of healing. The active secretion of these proteins by
platelets begins within 10 minutes after clotting, with more
than 95% of the presynthesized GFs secreted within 1 hour.
After this initial burst, the platelets synthesize and secrete
additional proteins for the balance of their life (5-10 days)
[10].
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The fibrin matrix formed following platelet activation
also has a stimulatory effect on wound healing. The fibrin
matrix forms by polymerization of plasma fibrinogen follow-
ing either external activation with calcium or thrombin or
internal activation with endogenous tissue thromboplastin
[23]. This matrix traps platelets allowing a slow release of
a natural combination of GF while providing a provisional
matrix that provides a physical framework for wound stem
cells and fibroblast migration and presentation of other
biological mediators such as adhesive glycoproteins [27, 28].

PRP with a platelet concentration of at least
1000 000 platelets/uL in 5 mL of plasma is associated with the
enhancement of healing [29]. PRP can potentially enhance
healing by the delivery of various GF and cytokines from
the alpha granules contained in platelets and has an 8-fold
increase in GF concentrations compared with that of whole
blood [30].

The use of PRP to enhance bone regeneration and soft
tissue maturation has increased dramatically in the fields
of orthopedics, periodontics, maxillofacial surgery, urology,
and plastic surgery over the last years. However, controversies
exist in the literature regarding the added benefit of this
procedure. While some authors have reported significant
increases in bone formation and maturation rates [21],
others did not observe any improvement [31].

The wound-healing process is a complex mechanism
characterized by four distinct, but overlapping, phases: he-
mostasis, inflammation, proliferation, and remodeling [8].
The proliferative phase includes blood vessel formation by
endothelial cells and bone synthesis by osteoblasts. All these
events are coordinated by cell-cell interactions and by soluble
GF released by various cell types. Recent reviews have em-
phasized the need for additional research aiming to charac-
terize PRP in terms of GF content and their physiological
roles in wound healing [32-34].

Thrombin represents a strong inducer of platelet activa-
tion leading to GF release [35]. It is also known that par-
ticulate grafts, when combined with calcium and thrombin
treated PRP, possess better handling characteristics and
higher GF content [31]. Typically, thrombin concentrations
used in clinical applications vary between 100 and 200 units
per mL [21], while platelet aggregation is maximum in the
range of 0.5 to 4 units per mL [36].

The basic cytokines identified in platelets play important
roles in cell proliferation, chemotaxis, cell differentiation,
regeneration, and angiogenesis [28]. A particular value of
PRP is that these native cytokines are all present in “normal”
biologic ratios. The platelets in PRP are delivered in a clot,
which contains several cell adhesion molecules including
fibronectin, fibrin, and vitronectin. These cell adhesion
molecules play a role in cell migration and thus also add
to the potential biologic activity of PRP. The clot itself can
also play a role in wound healing by acting as conductive
matrix or “scaffold” upon which cells can adhere and begin
the wound-healing process [28].

PRP can only be made from anticoagulated blood. Prepa-
ration of PRP begins by addition of citrate to whole blood
to bind the ionized calcium and inhibit the clotting cascade
[15]. This is followed by one or two centrifugation steps. The
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first centrifugation step separates the red and white blood
cells from plasma and platelets. The second centrifugation
step further concentrates the platelets, producing the PRP
separate from platelet-poor plasma [19].

An important point is that clotting leads to platelet acti-
vation, resulting in release of the GF from the alpha granules,
otherwise known as degranulation. Approximately 70% of
the stored GFs are released within 10 minutes, and nearly
100% of the GFs are released within 1 hour. Small amounts
of GF may continue to be produced by the platelet during the
rest of its lifespan (1 week) [21].

A method to delay the release of GF is possible by addi-
tion of calcium chloride (CaCl,) to initiate the formation
of autogenous thrombin from prothrombin. The CaCl, is
added during the second centrifugation step and results
in formation of a dense fibrin matrix. Intact platelets are
subsequently trapped in the fibrin matrix and release GF
slowly over a 7-day period. The fibrin matrix itself may also
contribute to healing by providing a conductive scaffold for
cell migration and new matrix formation [27].

4. Growth Factors (GFs)

Platelets are known to contain high concentrations of differ-
ent GF and are extremely important in regenerative process;
activation of the platelet by endothelial injury initiates the
wound-healing process [30]. When platelets are activated,
their alpha granules are released, resulting in an increased
concentration of GF in the wound milieu [14].

There is increasing evidence that the platelet cell mem-
branes themselves also play a crucial role in wound healing
through their GF receptor sites [28]. GFs are found in a wide
array of cells and in platelet alpha granules [37]. Table 1 gives
an overview of some of the more extensively studied GFs
and their involvement in wound healing. There are many
more, both discovered and undiscovered, GFs. The platelet
is an extremely important cell in wound healing because it
initiates and plays a major role in the wound regenerative
process [38].

The first discovered GF was EGF in 1962 by Cohen
[39]. It was not until 1989 before clinical trials with EGF
were attempted to demonstrate enhanced wound healing.
Studies did demonstrate that EGF can accelerate epidermal
regeneration and enhance healing of chronic wounds [40].

PDGF was discovered in 1974 and is ubiquitous in the
body. It is known to be released by platelet alpha granules
during wound healing and stimulate the proliferation of
many cells, including connective tissue cells. In fact, thus far,
high-affinity cell-surface receptors specific for PDGF have
only been demonstrated on connective tissue cells. When
released, PDGF is chemotactic for monocytes, neutrophils,
and fibroblasts. These cells release their own PDGE, thus
creating a positive autocrine feedback loop [41]. Other
functions of PDGF include effects on cell growth, cellular
migration, metabolic effects, and modulation of cell mem-
brane receptors [42].

PDGFs were first identified as products of platelets which
stimulated the proliferation in vitro of connective tissue cell
types such as fibroblasts [43].

The PDGF system, comprising four isoforms (PDGEF-
A, -B, -C, and -D) and two receptor chains (PDGFR-alpha
and -beta), plays important roles in wound healing, ath-
erosclerosis, fibrosis, and malignancy. Components of the
system are expressed constitutively or inducibly in most renal
cells [42]. They regulate a multitude of pathophysiologic
events, ranging from cell proliferation and migration to
extracellular matrix accumulation, production of pro- and
anti-inflammatory mediators, tissue permeability, and regu-
lation of hemodynamics [43].

Inactivation of PDGEF-B and PDGF beta receptor
(PDGFRD) genes by homologous recombination in embry-
onic stem cells shows cardiovascular, hematological, and re-
nal defects. The latter is particularly interesting since it con-
sists of a specific cellular defect: the complete loss of kidney
glomerular mesangial cells and the absence of urine collec-
tion in the urinary bladder [43].

PDGF-C and PDGFR-alpha contribute to the formation
of the renal cortical interstitium. Almost all experimental and
human renal diseases are characterized by altered expression
of components of the PDGF system. Infusion or systemic
overexpression of PDGF-B or -D induces prominent mesan-
gioproliferative changes and renal fibrosis. Intervention stud-
ies identified PDGF-C as a mediator of renal interstitial fibro-
sis and PDGF-B and -D as key factors involved in mesangio-
proliferative disease and renal interstitial fibrosis [43—45].

Fréchette et al., demonstrated that the release of PDGF-
B, TGF-betal, bFGF, and VEGF is significantly regulated by
the amount of calcium and thrombin added to the PRP and
that PRP supernatants are more mitogenic for endothelial
cells than whole-blood supernatants [11]. Other GFs such as
epidermal growth factor (EGF), transforming growth factor-
alpha (TGF-alpha), insulin-like growth factor-1 (IGF-1),
angiopoietin-2 (Ang-2), and interleukin-1beta (IL-1beta) are
also known to play important roles in the wound-healing
process [28].

In 2008, Wahlstrom et al., demonstrated that growth
factors released from platelets had potent effects on fracture
and wound healing. The acidic tide of wound healing, that is,
the pH within wounds and fractures, changes from acidic pH
to neutral and alkaline pH as the healing process progresses
[44]. They investigated the influence of pH on lysed platelet
concentrates regarding the release of growth factors. The
platelet concentrates free of leukocyte components were lysed
and incubated in buffers with pH between 4.3 and 8.6. Bone
morphogenetic protein-2 (BMP-2), platelet-derived growth
factor (PDGF), transforming growth factor-beta (TGF-beta),
and vascular endothelial growth factor (VEGF) were mea-
sured by quantitative enzyme-linked immunosorbent assays.
BMP-2 was only detected in the most acidic preparation (pH
4.3), which is interesting since BMP-2 has been reported
to be an endogenous mediator of fracture repair and to
be responsible for the initiation of fracture healing. These
findings indicate that platelets release substantial amounts
of BMP-2 only under conditions of low pH, the milieu
associated with the critical initial stage of fracture healing
[44].



Recently, Bir et al., demonstrated stromal cell-derived
factor 1-a (SDF-1a) PRP from diabetic mice. The con-
centration (pg/mL) of different growth factors was signif-
icantly higher in the PRP group than in the platelet-poor
plasma (PPP) group. The concentrations (pg/mL) of SDE-1«
(10,790 = 196 versus 810 = 39), PDGF-BB (45,352 + 2,698
versus 958 + 251), VEGF (53 + 6 versus 30 + 2), bFGF (29 =
5 versus 9 + 5), and IGF-1 (20,628 + 1,180 versus 1,214 =+
36) were significantly higher in the PRP group than in the
PPP group, respectively [46].

5. Platelet GF as Treatment

5.1. In Vitro Studies. Knowledge of GF and their function
is far from complete. Many of the known functions were
learned through in vitro study. Although many GFs are asso-
ciated with wound healing, PDGF and TGF-f1 appear to be
two of the more integral modulators [46]. PDGF has activity
in early wound healing (during the acid tide). In vitro studies
have shown that at lower pH (5.0), platelet concentrate lysate
has increased concentrations of PDGE with an increased
capacity to stimulate fibroblast proliferation [23]. TGE-f
increases the production of collagen from fibroblasts [47]. Its
release in vitro is enhanced by neutral or alkaline pH, which
correspond to the later phases of healing [10]. Through
modulation of interleukin-1 production by macrophages,
PRP may inhibit excessive early inflammation that could
lead to dense scar tissue formation [48]. Insulin-like GF-I
(IGF-1) has also been extensively studied for its ability to
induce proliferation, differentiation, and hypertrophy of
multiple cell lines. Separate analyses of GF in PRP have
shown significant increases in PDGF, VEGE, TGF-f1, and
EGF, compared with their concentrations in whole blood
[15, 49].

IGF-1 has two important functions: chemotaxis for
vascular endothelial cells into the wound which results in
angiogenesis and promoting differentiation of several cell
lines including chondroblasts, myoblasts, osteoblasts, and
hematopoietic cells [50].

TGEF-f is a member of the newest family of proteins
discovered. Two major sources of this protein are the platelet
and macrophage. TGF-f3 causes chemotactic attraction and
activation of monocytes, macrophages, and fibroblasts. The
activated fibroblasts enhance the formation of extracellular
matrix and collagen and also stimulate the cells ability to con-
tract the provisional wound matrix [51]. Macrophages infil-
tration promotes TGF-f that induces extracellular matrix
such as collagen and fibronectin; however alpha-mangostin
prevents the increase in this molecule in rats with Cisplatin-
induced nephrotoxicity [52].

5.2. In Vivo Studies. In vivo study is much more complex
due to the inability to control the environment. A further
complexing matter is the fact that the same GF, depending on
the presence or absence of other peptides, may display either
stimulatory or inhibitory activity within the same cell. Also,
a particular GF can alter the binding affinity of another GF
receptor [53].
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Release of PDGF can have a chemotactic effect on mono-
cytes, neutrophils, fibroblasts, stem cells, and osteoblasts.
This peptide is a potent mitogen for mesenchymal cells in-
cluding fibroblasts, smooth muscle cells and glial cells [54]
and is involved in all three phases of wound healing, includ-
ing angiogenesis, formation of fibrous tissue, and reepithe-
lialization [41].

TGF beta released from platelet alpha granules is a mito-
gen for fibroblasts, smooth muscle cells, and osteoblasts. In
addition, it promotes angiogenesis and extracellular matrix
production [41]. VEGF promotes angiogenesis and can
promote healing of chronic wounds and aid in endochondral
ossification. EGF, another platelet-contained GF, is a mitogen
for fibroblasts, endothelial cells, and keratinocytes and also is
useful in healing chronic wounds [55].

IGE, another platelet-contained GF regulates bone main-
tenance and is also an important modulator of cell apoptosis,
and, in combination with PDGF, can promote bone regener-
ation [56].

However, there are conflicting results with regard to IGF-
1, where the majority of studies reported no increase in
IGF-1 in PRP, compared with whole blood. There are also
conflicting results regarding the correlation between the GF
content and platelet counts in PRP [57]. The basis of these
contradictions is not fully understood and may be related
to variability in patient age, health status, or platelet count.
Alternatively, differences in GF content and platelet count
may be due to the various methods of processing, handling,
and storing of samples, in addition to the type of assay
performed. The diversity of PRP products should be taken
into account when interpreting and comparing results and
methods for generating PRP [10].

VEGE, discovered 25 years ago, was initially referred to
as vascular permeability factor [58]. In mammals, there are
at least four members of the VEGF family: VEGF-A, VEGF-
B, and the VEGF-C/VEGEF-D pair, which has a common
receptor, VEGF receptor 3 (VEGF-R3) [59]. VEGF-A is
a proangiogenic cytokine during embryogenesis and con-
tributes to vascular integrity: selective knockout of VEGF-A
in endothelial cells increases apoptosis, which compromises
the integrity of the junctions between endothelial cells [60,
61]. VEGF-B, which can form heterodimers with VEGF-
A, occurs predominantly in brown fat, myocardium, and
skeletal muscle [62]. VEGF-C and VEGEF-D seem to regulate
lymphangiogenesis. The expression of VEGF-R3 in adults
is restricted to the lymphatics and fenestrated endothe-
lium [63]. Neuropilin 1 and neuropilin 2 are receptors
that bind specific VEGF family members and are impor-
tant in neuronal development and embryonic vasculogenesis
[64].

Megakaryocytes and platelets contain the three major
isoforms of VEGF-A; after exposure to thrombin in vitro,
they release VEGF-A [65-67]. VEGF-A alters the endothelial-
cell phenotype by markedly increasing vascular permeability,
upregulating expression of urokinase, tissue plasminogen
activator, connexin, osteopontin, and the vascular-cell adhe-
sion molecule [68].



International Journal of Peptides

TaBLE 3: Platelet-plasma-derived peptides are current in clinical use and clinical trials.

Year Researchers ~ Health problems  Clinical protocols Level of evidence Results
. Level 4, case control
. Retrospective cohort study to
Bone healing in L group of 76 randomly . .
. evaluate rates of nonunionin . Nonunion rate in platelet
instrumented . . selected patients who were .
2005 Carreon et al. patients (n = 76) with . gel group was 25%; 17% in
posterolateral - matched and grafted with
. . autologous iliac bone graft s control group (P = .18)
spinal fusions . autogenous iliac bone
augmented with platelet gel .
graft with no platelet gel
Mishraand  Chronic elbow Cohort, 15 patients injected Level 2. 5 controls ?rrelzzeg?lsricll%all\]/izflilfr?;lso
2006 Pavelko tendinitis with PRP ’ . Y 8
pain score)
No functional or clinical
. Bone healingin ~ Randomized case control, 5 difference; histology shows
Savarino et . . . Level 4, 5 controls bone .
al varus HTOs for ~ patients with bone grafted with grafted without PRP increased amounts of
) genu varus bone chips and PRP osteoid and osteoblasts in
PRP group
, Achilles tear Case control, 6 repairs with Level 3, 6 matched Improved ROM ant.i carly
Sénchez et al. . . return to activity with PRP
healing PRP retrospective controls
by + 4-7 weeks
Biopsies at 6 weeks after
Prospective randomized surgery showed increase.d
Bone healingin  control: group A, bone chips Level 1, 10 controls O:;?lgznaigsgouam m
2007 Dallarietal.  varus HTOs for  with platelet gel (n=11); group treated with bone chips rga diop raphic di)fferences
genu varus B, bone chips, BMC, and only srap L.
latelet gel (1 = 12) decreased with time; no
b clinical difference at 1 year
among groups
Bgne he.ahng in  Retrospective, comparison case Level 3, 6Q bones in Average healing in BMC +
distraction control; at 3 weeks, patients retrospective control PRP was 34 + 4 d/cm:
Kitoh et al. osteogenesis for  injected with expanded BMC group (high % of control rou_ avera é was
limb lengthening  with or without PRP (n = 32 congenital etiologies 734+ 2g7 d /cIr)n (P % 003)
and short stature ~ bones) versus PRP group) T T
Retrospective, case series; 16
nonhypertrophic nonunions o .
. Bone healingin  treated with either surgery and 84% healed after st{rglcal
2009 Sanchez et al. Level 4, no control group  treatment; unclear if PRGF

nonunions

PRGF or percutaneous

injections of PRGF to stimulate

(n = 3) without surgery

made a difference

Some published human clinical orthopaedic PRP studies. PRP: platelet-rich plasma; ROM: range of motion; HTO: high tibial osteotomy; BMC: bone marrow

cells; PRGF: preparation rich in growth factors [27]. Taken from Foster et al. [27].

6. PRP in Cell Therapy and
Regenerative Medicine

PRP can be combined with cell-based therapies such as
adipose-derived stem cells, regenerative cell therapy, and
transfer factors therapy [69]. While this is a relatively new
concept, the strategy is appealing as the regenerative matrix
graft delivers a potent trilogy of regenerative cells, fibrin
matrix, and GF [15]. The applications are similar to those
for PRP alone with the added benefit of regenerative cell
enrichment.

Verrier et al., demonstrated that cultures of human mes-
enchymal stem cell (MSC) supplemented with platelet-
released supernatant (PRS) had differentiation towards an
osteoblastic phenotype in vitro possibly mediated by bone
morphogenetic protein-2 (BMP-2). PRS showed an osteoin-
ductive effect on MSC, as shown by an increased expression
of typical osteoblastic marker genes such as collagen I, bone

sialoprotein II, BMP-2, and matrix metalloproteinase-13
(MMP-13), as well as by increased Ca** incorporation [70].

Furthermore, the role of platelets in hemostasis may
be influenced by alteration of the platelet redox state, the
presence of endogenous or exogenous antioxidants, and the
formation of reactive oxygen and nitrogen species [71]. As
discussed by Sobotkova et al., [71], trolox and resveratrol
inhibit aggregation of washed platelets and PRP activated
by ADP, collagen, and thrombin receptor-activating peptide.
Antioxidants, apart from nonspecific redox or radical-
quenching mechanisms, inhibit platelet activation also by
specific interaction with target proteins. In this context,
powerful natural antioxidants, like nordihydroguaiaretic
acid (NDGA) extracted from Larrea tridentata [72], S-
allylcysteine (SAC), the most abundant organosulfur com-
pound in aged garlic extract (AG) [73], sulforaphane (SFN),
an isothiocyanate produced by the enzymatic action of
myrosinase on glucoraphanin, a glucosinolate contained in



cruciferous vegetables [74], and acetonic and methanolic
extracts of Heterotheca inuloides, can be administered with
ample safety margin in patients treated with PRP [75].

7. Advantages, Limitations, and Precautions

PRP as autologous procedure eliminates secondary effects
and unnecessary risks for chemically processed strange
molecules, is a natural reserver of various growth factors that
can be collected autologously, and is costeffective [76-81]
(see Table 3). Thus for clinical use, no special considera-
tions concerning antibody formation and infection risk are
needed. The key of our health and our own regeneration
resides in our own body. Nevertheless this treatment is not
the panacea, it is only the beginning in this new age of the
regenerative medicine. Some clinical devices to automatically
prepare PRPs are available at present. PRP are consistently
being used clinically in the department of orthopedics and
plastic surgery (oral, maxillary facial) for a long time. On the
basis of research evidence, some publications have reported
positive results in either bone or soft tissue healing. It
is recommended to avoid the abuse and use generalized
of this procedure before any disease. Until now, their
clinical applications still are limited. However, some research
concludes that there is no or little benefit from PRP. This
is likely due to faster degradation of growth factors in PRP
since some authors suggest using sustained release form of
PRP to deliver optimal effect of PRP. Gelatin hydrogel is also
being used clinically as a slow, sustained release of carrier for
growth factors in our center recently [47].

8. Conclusions

PRP as therapeutic option is a powerful tool nowadays for the
localized delivery of great variety of biologically active GF to
the site of injury and is supported by its simplicity, potential
cost effectiveness, safety, and permanent availability [11].

Platelet concentrates are potentially useful in wound-
healing applications because they function as both a tissue
sealant and a drug delivery system that contains a host of
powerful mitogenic and chemotactic GFs. However, the
method of PRP preparation has a potentially significant
impact on the different levels of platelet recovery and acti-
vation [10]. Platelet activation during preparation of the
platelet concentrate can result in early alpha granule release
and loss of the GF during the collection process. It is there-
fore critical to recognize that each PRP preparation method
may differ in regard to platelet number, platelet activation
rates, and GF profiles [15].

In this regard, therefore, it is critical to define the extent
of platelet activation that occurs during graft preparation.
If platelets become activated and release the contents of the
alpha granules during the centrifugation process, the GF will
be diluted and lost into the plasma. To ensure that platelets
are intact until the PRP fraction has been collected, platelet
surface marker for platelet activation P selectin can be mea-
sured [30]. However, in all methods, the application of PRP
is really providing a sufficient dose of these useful bioactive
peptides for wound healing and regenerative process [82].
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The main goal of the present paper was to examine the influence of the replacement of y-Glu moiety to a-Glu in glutathione and
in its antioxidative tetrapeptidic analogue UPF1 (Tyr(Me)-y-Glu-Cys-Gly), resulting in a-GSH and UPF17 (Tyr(Me)-Glu-Cys-
Gly), on the antioxidative defense system in K562 cells. UPF1 and GSH increased while UPF17 and a-GSH decreased the activity
of CuZnSOD in K562 cells, at peptide concentration of 10 uM by 42% and 38% or 35% and 24%, respectively. After three-hour
incubation, UPF1 increased and UPF17 decreased the intracellular level of total GSH. Additionally, it was shown that UPF1 is not
degraded by y-glutamyltranspeptidase, which performs glutathione breakdown. These results indicate that effective antioxidative
character of peptides does not depend only on the reactivity of the thiol group, but also of the other functional groups, and on the

spatial structure of peptides.

1. Introduction

Glutathione (GSH) system is an attractive target for drug
discovery because of its importance and versatility [1]. GSH
(y-L-Glu-L-Cys-Gly) is a prevalent low molecular weight
thiol in eukaryotic cells and has antioxidative, detoxificative,
and regulatory roles [2, 3]. Decrease of GSH level and shifted
GSH redox status are related to several pathological states,
including neurodegenerative, cardiovascular, pulmonary,
and immune system diseases [4]. Exogenous administration
of GSH to compensate the decrease of GSH levels is not
reasonable because of its degradation in the plasma and
poor cellular uptake [5-7]. GSH and its oxidized disulfide
form (GSSG) are degraded by y-glutamyltranspeptidase
(GGT) via cleavage of the amino acid y-glutamate from
the N-terminal end of the peptide. GGT is located in the
outer side of the cell membrane, and one of its functions,
in cooperation with dipeptidases, is to provide cells with
precursor amino acids needed for GSH de novo synthesis.
To overcome the problems with GSH administration, several
GSH analogues have been created to increase the GSH

level and support the functionality of the GSH system [8].
We have previously designed and synthesized a library of
peptidic GSH analogues [9]. For this study, two of them,
UPF1 (Tyr(Me)-y-Glu-Cys-Gly) and UPF17 (Tyr(Me)-Glu-
Cys-Gly), were selected. Both molecules have an O-methyl-
L-tyrosine residue added to the N-terminus of GSH-like
Glu-Cys-Gly sequence to increase the antioxidativity and
hydrophobicity. Previously, different groups have shown
that various low molecular weight antioxidants, including
melatonin, carvedilol, and its metabolite SB 211475, carry
a methoxy moiety in their aromatic structures [10, 11].
The only structural difference between the peptides used
is that UPF17 contains a-glutamyl moiety while UPF1 has
y-glutamyl moiety similarly to GSH. This switch from y-
to a-glutamyl moiety improved hydroxyl radical scavenging
ability of UPF17 by approximately 500-fold compared to
UPF1 whereas UPF1 itself is about 60-fold better hydroxyl
radical scavenger than GSH [9]. In addition to being an
excellent in vitro free radical scavenger, UPF1 has shown pro-
tective properties against oxidative damage in a global brain
ischemia/reperfusion model and in an ischemia/reperfusion



model on an isolated heart of Wistar rats [12, 13]. UPF1 and
UPF17 have been shown to be nontoxic for K562 cells up to
concentration of 200 uM and UPF1 has no toxic effect on the
primary culture of cerebellar granule cells at concentrations
up to 100 uM [9, 13].

Superoxide dismutases (SOD, EC 1.15.1.1.) are metal-
loproteins and the primary enzymes that keep cellular free
radical production under control [14]. Cytosolic CuZnSOD
is a homodimer (151 amino acids) with a molecular weight
of 32500 Da and contains two cysteines (Cys57, Cys148)
bound into an intramolecular disulfide bond and two free
cysteines (Cys6, Cys111) [15, 16]. SOD catalyses the dismu-
tation of superoxide into oxygen and hydrogen peroxide.
Hydrogen peroxide as a diffusible cell damaging agent is fur-
ther eliminated by glutathione peroxidase or catalase. One of
the essential requirements for the biological activity of the
glutathione peroxidase is glutathione as a cosubstrate. Con-
sequently, SOD works synergistically with the glutathione
against free radical damage.

This study examined the influence of UPF1 and UPF17
on CuZnSOD activity and intracellular GSH level in K562
cells. The aim of studying these tetrapeptides was to get infor-
mation about whether and how the replacement of y-pep-
tide bond with a-peptide bond in the structure affects the
bioactivities of the peptides. Additionally, we measured the
stability of the peptides towards GGT to clarify their status in
biologicalsystems and the pK, values for thiol group disso-
ciation.

2. Materials and Methods

2.1. Peptide Synthesis. UPF peptides were synthesized man-
ually by solid phase peptide synthesis using Fmoc-chemistry
and by machine using tert-Boc-chemistry as described pre-
viously [9, 17]. The purity of the peptides was >99% as dem-
onstrated by HPLC on an analytical Nucleosil 120-3 C18 re-
versed-phase column (0.4 cm X 10 cm) and the peptides were
identified by MALDI-TOF (matrix-assisted laser desorption
ionization time-of-flight) mass-spectrometry (Voyager DE
Pro, Applied Biosystems).

2.2. CuZnSOD Activity in K562 Cells. The K562 cells (human
erythroleukemia cells, obtained from DSMZ, Germany) were
grown in T75 cell culture flasks in RPMI 1640 supplemented
with 2 mM glutamine (PAA, Austria), 7.5% fetal calf serum,
streptomycin (100 yg/mL), and penicillin (100 U/mL) (all
from Invitrogen, USA) at 37°C in a humidified 5% carbon
dioxide atmosphere. Cells were seeded at concentration of
1.0 X 10° per mL. Experiments were conducted 24 h after
passage. Peptides (GSH, a-GSH, UPF1 and UPF17) diluted
in DPBS (PAA, Austria) were added to the flasks containing
the K562 cells. The cells were incubated with DPBS as
control (Co) or with the peptide solution in a concentra-
tion range from 0.5 to 10 uM for 24 h at 37°C. The peptide
concentrations were chosen based on the GSH concen-
tration in the blood plasma. After treatment, the cells were
washed twice with DPBS and then lysed in water by keep-
ing on ice for 20 min. Samples were centrifuged (12000 g)
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for 10min and supernatants were transferred for experi-
ments. The protein concentrations in the supernatants were
determined by Lowry’s method [18]. CuZnSOD activity
was measured with the commercially available kit (Randox
Laboratories Ltd, UK). This method employs xanthine and
xanthine oxidase to generate superoxide radicals, which react
with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phe nyltetrazol-
ium chloride to form a red formazan dye. The superoxide
dismutase activity is then measured by the degree of
inhibition of this reaction. One unit of SOD inhibited 50%
of the rate of reaction.

2.3. Measurement of Total Glutathione. Concentrations of to-
tal glutathione (tGSH) were assessed by an enzymatic meth-
od of Tietze [19]. The homogenate was deproteinated by
10% solution of metaphosphoric acid (Sigma-Aldrich, Ger-
many) in water and centrifuged at 12000 g for 10 min. The
enzymatic reaction was initiated by the addition of NADPH,
glutathione reductase, and 5,5 -dithio-bis-2-nitrobenzoic
acid in buffer containing EDTA (Sigma-Aldrich, Germany).
The change in optical density was measured after 15 min at
412 nm spectrophotometrically (Sunrise Tecan). Glutathione
content was calculated on the basis of a standard curve.

2.4. Stability towards y-Glutamyltranspeptidase. 1 mM UPF1
was incubated with 0.3 mg/mL equine kidney y-glutamyl-
transpeptidase in 0.1 M Tris-HCI buffer pH 7.4, supple-
mented with 0.1% EDTA (Sigma-Aldrich, Germany) at 37°C
for 1h. 6 mM Gly-Gly was added as an acceptor for y-Glu
moiety [20]. GSH was incubated with GGT under the same
conditions as the control. The samples were heat-inactivat-
ed, centrifuged at 10000 g and +4°C for 5 min, and kept on
ice until analyzed. Supernatants were analyzed on a Promi-
nence HPLC (Shimadzu, Japan) and Q-Trap 3200 (Applied
Biosystems, USA) mass spectrometry tandem. Luna C18 100
X 2mm, 3 ym column from Phenomenex was used for sam-
ple separation. Solvent A was a mixture of 99.9% water
and 0.1% HCOOH, and solvent B was a mixture of 99.9%
acetonitrile and 0.1% HCOOH (mass spectrometry grade,
Riedel-de Haén, Germany). Samples were eluated at a flow
rate of 0.1 mL/min, gradient started with 5min at isocratic
flow of solvent A, concentration of solvent B increased up
to 30% in 25 min, followed by wash with 100% solvent B
in 20 min. Enhanced MS scans were performed in negative
mode with rate 1000 amu/s between mass range 50—1700 Da.
Ionspray voltage was set to —4500V, declustering potential to
—30V and entrance potential to —10 V.

2.5. pK, of Thiol Groups. The ratio of thiol and thiolate
concentrations were measured spectrophotometrically at
240 nm on a PerkinElmer Lambda 25 spectrometer similarly
as previously for GSH and a-GSH [21]. 1mL of 50 uM
peptide solution in phosphate buffered saline (Calbiochem,
USA) was titrated with 5uL volumes of 1M NaOH and
pH and absorbance changes were determined after each ad-
dition. The results were corrected to consider the dilution of
the assay mixture during titration.
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FIGURE 2: Modulation of CuZnSOD activity by GSH and a-GSH
(10 uM) in K562 cells. The CuZnSOD activity of Co is 100%. *P <
0.05; **P < 0.01, 10 uM GSH or a-GSH versus Co; n = 4-8.

2.6. Statistical Analysis. Data were analyzed using GraphPad
Prism version 4.00 for Windows (GraphPad Software, San
Diego, CA, USA). The results on the graphs are presented
as the mean + standard error of the mean (SEM).

3. Results

3.1. CuZnSOD Activity. K562 cells were incubated with
investigated peptides (GSH, a-GSH, UPF1, and UPF17) for
24 h at four different concentrations: 0.5, 1.0, 5.0, and 10 uM.
GSH showed a concentration-dependent activating effect
on CuZnSOD activity, whereas 10 uM GSH increased the
enzyme activity by 38% (Figure 1). a-GSH had an inhibiting
effect (24%) on the enzyme activity but only at the highest
concentration used (10 uM) (Figure 2). UPFI increased the
activity of CuZnSOD at concentrations of 1.0, 5.0, and
10 uM, but at concentration of 0.5 uM showed an inhibition
of the enzyme activity (Figure 1). The activation rate was
concentration dependent. Contrary to UPF1, UPF17 showed
an inhibitory effect and the inhibition was not concentration
dependent. UPF1 increased and UPF17 decreased the activity
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FiGure 3: Modulation of CuZnSOD activity by UPF1 and UPF17
(10 uM) in K562 cells. The CuZnSOD activity of Co is 100%. *P <
0.05; **P < 0.01, 10 uM UPF1 or UPF17 versus Co; n = 4-8.
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FIGURE 4: Alteration of tGSH concentration by UPF1 and UPF17
in K562 cells. The tGSH concentration of Co is 100%. *P < 0.05,
*** P < 0.005, UPF1 or UPF17 versus Co; n = 6-8.

of CuZnSOD at peptide concentration of 10 uM by 42% and
35%, respectively (Figure 3). As the peptide concentration of
10 uM was the most effective, it selected for the comparison.

3.2. Intracellular GSH Level. K562 cells were incubated with
UPF1 and UPF17 peptides for 3h at concentrations of
0.05, 0.10, and 0.5 mM. Previous experiments have shown
that at these concentrations UPF peptides are effective free
radical scavengers and are biologically active. In addition, the
0.5 mM concentration was chosen to match with millimolar
GSH concentration in number of cells. UPF1 increased and
UPF17 decreased GSH concentration at concentrations of
0.05 and 0.1 mM by 29% and 26% or 26% and 28%, respec-
tively (Figure 4). No statistical difference in tGSH concen-
tration compared to control after incubation with 0.5 mM
peptides, the highest concentration used, was detected.

3.3. Degradation by GGT. After incubating GSH with GGT,
GSH was degraded and y-Glu moiety was transferred to an
acceptor Gly-Gly dipeptide, resulting in a new compound in



mass spectra with MW 261.2 Da [y-Glu-Gly-Gly]. The ques-
tion arose: can the bond between y-glutamate and cysteine be
degraded by GGT in UPF1, where the access to the bond is
obstructed by an additional amino acid methylated tyrosine?
Results obtained from the mass spectrometry measurements
demonstrated that UPF1 is not degraded by GGT as the
expected peaks with or without acceptor dipeptide MW
438.4 Da [Tyr(Me)-y-Glu-Gly-Gly] or 324.3 Da [Tyr(Me)-y-
Glu], respectively, did not appear. During the incubation,
UPF1 was dimerised over disulphide bridge. GGT is also
able to breakdown dimeric form of GSH, but degradation of
dimerised UPF1 was not detected.

3.4. pK,. The pK, values of thiol groups of the peptides were
measured. For GSH and a-GSH, the values were 9.0 +0.3 and
9.1 £ 0.1, respectively, whereas pK, values for UPF peptides
were slightly higher: 9.3 + 0.1 for UPF1 and 9.4 + 0.2 for
UPF17.

4. Discussion

The present study focused on the effects of UPF1 and UPF17
on CuZnSOD activity and intracellular GSH level in K562
cells. For the first time we described and compared counter-
point biological activities of structural antioxidative peptide
analogs differing from each other by spacial arrangement
of Glu residue (y-peptide bond in UPF1 changed to the a-
peptide bond in UPF17). Previously we have shown that
UPF1 and UPF17 have a tendency for MnSOD activation.
However, the y-glutamyl moiety containing UPF1 needed
more time for MnSOD activation compared to UPF17,
which had the effect already after 5min incubation. UPF1
and UPF17 have also different influence on glutathione
peroxidase activity (GPx): at higher concentrations than used
in in vivo experiments, both UPF1 and UPF17 inhibited
activity concentration dependently whereas the a-peptide
bond containing UPF17 had stronger inhibitory effect [22].
In the present work we investigated how the replacement
of y-peptide bond with a-peptide bond on GSH and its
analogue UPF1 affects CuZnSOD activity and level of GSH in
K562 cells. The results showed that y-Glu moiety containing
GSH and UPF1 stimulated CuZnSOD activity and increased
intracellular tGSH level, whereas a-GSH and UPF17, which
have a-Glu moiety in the structure, inhibited enzymatic
activity and decreased GSH level. The stability of UPF1
towards GGT activity indicated that UPF1 affects GSH level
and CuZnSOD activity as intact molecule instead of being
a GSH precursor. Previously, it has been shown that GSH
and UPF1 are able to act as signaling molecules through G-
protein activation in frontocortical membrane preparations
[23]. It has been reported that plasma membranes have
specific binding sites of GSH which have an interaction
with the glutamate binding sites [24]. By this way GSH and
UPF peptides may affect the metabolism of cells as signal
molecules. The effects on the level of GSH and CuZnSOD
activity may be different depending on the replacement of y-
peptide bond with a-peptide bond. GSH has been shown to
bind to ionotropic glutamate receptors via gamma-glutamyl
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residue in the nervous tissue [25]. Additionally, glutamate
receptors have been found also in the plasma membrane of
megakaryocytes and rat erythrocytes [26, 27]. By interacting
with the latter receptors, GSH and UPF peptides may affect
the metabolism of cells as signal molecules through the PKC
pathway and affect CuZnSOD activity. The various effects of
the studied molecules may be caused by structural differences
between the GSH and UPF peptides (replacement of y-
peptide bond with a-peptide bond).

UPF1 and UPF17 have also shown different effects
in free radical scavenging experiments. According to the
classification of kinetic behavior by Sdnches-Moreno et al.,
UPF17 is classified as fast and UPF1 as intermediate DPPH
radical scavenger [9, 28]. In silica modeling of noncovalent
complex formation by docking calculations revealed a more
affine complex between DPPH radical and a-GSH compared
to the complex with GSH [21]. This raised a question about
pK, values for the thiol groups of UPF peptides. Previously,
the change of y-peptide bond to a-peptide bond has also
been investigated for GSH and its a-analogue: pK, of thiol
groups were similar for GSH and «-GSH (9.0 + 0.1 and
9.1 +0.1) [21]. The comparison of these results with current
measurements for UPF1 and UPF17 demonstrated that pK,
value is rather influenced by the addition of a methylated
tyrosine moiety to the GSH backbone than by the change
of the peptide bond type. Smaller pK, values for GSH
and its a-analogue showed that these molecules donate the
sulthydryl proton more easily than UPF peptides; however,
UPF peptides are better radical scavengers. This indicates
that reactive species elimination does not depend only of the
reactivity of the thiol group.

The results of the current paper show that y-peptide
bond and a-peptide bond containing UPF peptides may
influence enzyme activities in different direction, which
offers a wider perspective for the usage of glutathione ana-
logues as protective diverse regulators of the oxidative state.
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