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bstract

An original representative of the patented by author family of histamine-containing peptidomimeticsl-glutamyl-histamine (l-Glu-Hist)
as synthesized and characterized as a biologically active compound with a role of cytokine mimic leading to cellular responses o
pecificity. The study assesses the ability ofl-Glu-Hist to affect molecular modeling, modulate free radical activity and influence immun
ignaling. The energy-minimized 3D conformations ofl-Glu-Hist derived from its chemical structure resulted in stabilization for Fe2+ chelating
omplexes.l-Glu-Hist accelerated the decrease of ferrous iron in the ferrous sulfate solution in a concentration-dependent mode a
he ferroxidase-like activity at concentrations less than 3 mM in the phenanthroline assay, whereas in the concentration rang
-Glu-Hist restricted the availability of Fe2+ to phenanthroline due to binding of ferrous ions in chelating complexes.l-Glu-Hist showed
timulatory effect on phosphatidylcholine liposomal peroxidation (LPO) catalyzed by the superoxide anion radical (O2

•−)-generating syste
Fe2+ + ascorbate) at low (less or about 1 mM)l-Glu-Hist concentrations and both revealed the inhibitory effect on LPO in this system o
∼10 mM)l-Glu-Hist concentration. The stimulation of LPO byl-Glu-Hist was related to the ability of peptidomimetic in small (∼0.05 mM)
oncentrations to release O2

•− free radicals as determined by the superoxide dismutase-inhibitable cytochromec reduction assay. O2•− release
y l-Glu-Hist might result from its ferroxidase-like activity, while inhibition of LPO byl-Glu-Hist was caused by its chelating activity
e2+ ions, prevention of free radical generation and lipid hydroperoxide-degrading ability of 5–20 mMl-Glu-Hist.l-Glu-Hist released O2•−

n concentrations which stimulated [3H]-thymidine incorporation into DNA and proliferation of mouse spleen lymphocytes and monon
ells from human blood.l-Glu-Hist modulates the ability of oxygen free radicals to act as signaling agents at low concentrations, infl
ene expression. The structural peptide-like analogues ofl-Glu-Hist such asl-Glu-Trp, carcinine (�-alanylhistamine), but notl-Pro-Glu-Trp
ere active in stimulating thymidine incorporation and in inducing proliferation of mononuclear cells as compared to mitogen con
at doses 2.5–25.0�g/ml. Our data provide evidence thatl-Glu-Hist may act as a very fast, specific and sensitive trigger for lymph

roliferation and immunoregulation. The cited abilities and further obtained in vivo results make Immudilin® ((INCI: glutamylamidoethy
midazole, aqueous solution),l-Glu-Hist) a useful immunoregulatory agent.
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1. Introduction

Reactive species derived from oxygen and nitrogen serve
as intracellular messengers that drive signal transduction
[43,44]. Oxidation–reduction or redox-dependent reactions
have proven to be important in regulating numerous pro-
cesses that determine the physiological and pathophysiolog-
ical function of cells and tissues. For example, lymphocytes
and human fibroblasts constantly generate small amounts of
superoxide radical as growth regulators[44,37,38,14]. Super-
oxide release has been also reported from endothelial cells
[36] and smooth muscle cells[29] albeit at levels of one to
two orders of magnitude less than that encountered in the
case of stimulated macrophages or neutrophils. The engulfed
foreign particles in the plasma membrane vesicle are exposed
to a high flux of superoxide radicals in the phagocyte cyto-
plasm which form H2O2 via the dismutation reaction and
some of the activated oxygen species are also released extra-
cellularly. Once the phagocytic vacuole is formed, fusion with
other granules in the neutrophil cytoplasm releases myeloper-
oxidase which utilizes H2O2 as a co-substrate with chloride
producing the reactive oxidant hypochlorous acid.

Most of the proteins that play key roles in proliferative
signal transduction function in a membrane environment, or
in close association with membranes, and it is established that
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[2,27,34,26], we decided to examine the immune cells related
cytokine-like activity of the novel histamine-containing
peptidomimetic l-glutamyl-histamine (l-Glu-Hist) using
the proliferation test of lymphocytes in vitro. We present
evidence in this study thatl-Glu-Hist peptidomimetic com-
pound can both stimulate and inhibit the metal-dependent
generation of lipid-derived peroxide intermediates as well
as concomitantly release low concentrations of oxygen free
radicals and scavenge a number of free radicals such as su-
peroxide (O2

•−) free radicals. The limited release of oxygen
free radicals byl-Glu-Hist occurs in concentrations of this
peptidomimetic which stimulate proliferation of the cultured
immune cells indicating that this step can be a sensitive
trigger for immunomodulation and lymphocyte proliferation.

2. Materials and methods

2.1. Chemicals and biological reagents

All chemicals were of reagent grade.l-Carnosine
was obtained from Neosystems Laboratories (France),
carcinine·2HCl was provided by Exsymol SAM Laborato-
ries (Principaute de Monaco).l-Histidine and histamine were
obtained from Sigma Chemical Co. (St. Louis, MO, USA);
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he activity of integral membrane proteins are modulate
he lipids of the bilayer[31]. Thus, protein kinase C has a ve
pecific lipid requirement for its activity namely phosphat
erine[15]. In the presence of lipid hydroperoxides wit
ell membranes the perturbation of membrane organiz
ccurs due to their polarity. The plasma membrane-b
nzyme Na+/K+-ATPase important for cell viability can b

nactivated by radicals produced during lipid peroxida
LPO) [52]. However, at low ‘non-toxic’ concentrations
PO products some effects have been observed which
onsiderable relevance to cell proliferation. These includ
timulation of adenylate cyclase and phosholipase C ac
n cell membranes[19,42], an inhibition of ornithine deca
oxylase activity[11] and the expression of early grow
egulating genes[49,16]. Consistently, strategies to mod
ate intracellular redox status by antioxidants and other r
nhancing agents show remarkable therapeutic potenti

Recently the original family of histamine-containi
eptidomimetic compounds has been synthesized[9,10].

ts first-representative natural pseudodipeptide carc
�-alanylhistamine) has been described as universa
ioxidant in both lipid and aqueous domains with repai
ctivity to cell membrane damages physiologically lin

o l-carnosine (�-alanyl-l-histidine) in the carnosine
istidine-histamine metabolic pathway and endowed
igher resistance to enzymatic hydrolysis comparative
-carnosine. Because the receptor systems of histamin
hought to play a central role in growth, wound heal
arious types of shock[24,22,32,30], as well as havin
nfluences on mammalian cardiac, renal, pulmonary,
ric, neurological, ocular and immunological physiolo
OD was derived from Serva (Germany). Synthetic pep
-Glu-Trp andl-Pro-Glu-Trp were synthesized according
pecifications owned by Dr. Yu. A. Semiletov (Institute of
ology, AMS, Russian Federation). All peptides were puri
y preparative reverse phase HPLC with the demonst

evel of purity >98% for peptides.

.2. Analytical data forl-Glu-Hist

l-Glu-Hist was synthesized according to the specifica
wned by Exsymol SAM (Monaco, Principaute de Mona
9]. To ascertain the physicochemical characteristic
-Glu-Hist as a pure compound, NMR spectra were reco
n D2O on an impulsed Fourier transformed spectro
er (Bruker AC 200–200 MHz).13C NMR spectra wer
ecorded in D2O solution on a Bruker AC 200 spectrome
t 50 MHz. Mass spectra of the compound were obtaine
FINNIGAN INCOS-500 E mass spectrometer using

olid probe and electron impact at 70 eV, chemical ioniza
ith isobutane at recording temperature 200◦C. Analytical

.l.c. was performed on Silica Gel 60 F254 plates (Me
sing as solvent isopropyl alcohol/25% ammonia/H2O
l4:1:5) by volume. The plates were developed wit
olution containing 0.2% ninhydrin, 0.5% cadmium ace
nd 2% acetic acid in ethanol. IR spectra were monitore
Nicolet 5-PC spectrophotometer. Reverse phase ana
PLC was performed using a Philips PU 4811 chromato
hy system equipped with Waters 486 Tuneable Absorb
etector. Twenty microliters of a solution containing 1
f the sample dissolved in 20 ml of eluent was injected on
olumn (C18 Waters Symmetry® 4.6 mm× 250 mm) packe
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with 5�m silica beads). The column was eluted isocratically
at 25◦C with 0.1% aqueous solution of trifluoroacetic acid
(pH 2.5) over a period of 6 min at a flow rate of 1 ml/min.
Eluates were monitored for absorbance at 211 nm. The
melting point of the compound was determined on an
Electrothermal 9100 melting point apparatus. The product
was collected to give mp = 174–177◦C, t.1.c. Rf = 0. 5,
HPLC retention time = 3.5 min, calculated for C10H16N4O3
C, 50.0; H, 6.7; N, 23.3. Found C, 49.75; H, 6.89; N, 23.65.

2.3. Molecular modeling

Low-energy 3D conformations ofl-Glu-Hist were de-
rived using the PM3 method of the MOPAC 6.0 program
[50]. The precise energy minima conformations were de-
termined by semiempirical quantum mechanics. This tech-
nique is structuring a pool of energetically accessible shapes
especially suitable for dipeptides comparatively to big pro-
tein molecules. The program is supplemented with ZINDO/1
computer software for estimation of chelating properties of
the dipeptides and related compounds. The conformational
geometry optimization was carried out using the revised com-
puter program[51].

2.4. Fe2+ chelating and ferroxidase-like activity
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lated from the SOD-inhibitable cytochromec reduced using
�ε550 nm= 2.1× 104 M−l cm−1.

2.6. Peroxidation of liposomes

The techniques for phospholipid extraction, purification
and preparation of liposomes (reverse-phase evaporation
technique) have been described previously[4,6]. Peroxida-
tion of phosphatidylcholine (PC, derived from egg yolks) was
initiated by adding 2.5�M FeSO4 and 200�M ascorbic acid
to the suspension of liposomes (1 mg/ml) in 0.1 M Tris–HC1
buffer (pH 7.4). The incubations were performed at 37◦ C.
The ability ofl-Glu-Hist or related compounds (seeTable 2)
to affect LPO in liposomes was controlled. The concentra-
tion of LPO products in the oxidized lipid substrates was
measured by reaction with 0.125% (w/v) thiobarbituric acid
(TBA) (malonyl dialdehyde (MDA) products) and by accu-
mulation of net diene conjugates corresponding to the level
of lipid hydroperoxides[6]. An average MW of phospholipid
was assumed to be≈730 Da.

2.7. Cell studies

2.7.1. Preparation of mouse spleen lymphocyte
Ma1e intact BALb/c mice, approximately 5–6-weeks old,
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The ability of l-Glu-Hist to decrease the concentrat
f free ferrous ions in Tris–HC1 buffer (100 mM, pH 7
as monitored by the 1,10-o-phenanthroline chelating a
ay modified from Ref.[56]. The reaction was started by t
ddition of 12.5�M FeSO4 to the reaction mixture whic
ontained 3–20 mMl-Glu-Hist. Sixty minutes after incu
ation at 37◦C, the reactions were stopped by the addi
00�M 1,10-o-phenanthroline (Serva), and A515 was im-
ediately read. The ferroxidase activity was also discr
ated from the rate of ferrous iron oxidation in the prese
f 5 mM ascorbic acid using EDTA as a chelating stand
he concentration of (Fe2+–1,10-o-phenanthroline) chela

ng complex was determined using the molar extinctionε515
10 931 M−1 cm−1.

.5. Superoxide anion radical (O2•−) generation assay

O2
•− concentration was determined by the supero

ismutase (SOD) inhibitable cytochromec reduction assa
12]. Xanthine oxidase (grade I from buttermilk, Sigma, O
oreductase, EC 1.1.3.22) (0.02 U/ml) and xanthine–Na
0.025 mM) (Serva) were used to generate O2

•− in the ab-
ence of iron ions (+0.1 mM EDTA.) or in the presence of
ons (-EDTA). Reaction mixture (final volume 2.0 ml) co
ained 50�M cytochromec (Serva), 50 mM KH2PO4/KOH
uffer, pH 7.4± 0.1 mM EDTA, with or without 4.94 U/m
OD and added tested compound (l-Glu-Hist). The reac

ion rate of cytochromec reduction was monitored spe
rophotometrically using the optical density at 550 nm
t 25◦C. The concentration of O2•− radicals was calcu
oused in a room with controlled, illumination (LD 12:1
nd temperature (23± 2◦ C), were used as spleen dono
pleens were aseptically removed and transferred to Me
99 with penicillin (100 U/ml), streptomycin (100�g/ml)
nd gentamycin (50�g/ml). A suspension of the spleen ce
as obtained from the washed spleens introduced int
asks where the wedges of organs were slightly cut an
ontained cells were carefully squeezed out mechani
y the pair of curved ocular forceps from the fixated
raparated organ. Suspension of the spleen cells was
ltered via the sterilized cotton filter and the medium w
dded for centrifugation containing Medium 199 + 10% f
alf serum. The obtained cells were washed twice du
he centrifugation procedure at 1000 rpm (100–200×g)
or 10 min. This procedure yielded a population contain
ore than 90% of viable cells, as estimated by stai
ith a solution of 0.25% trypan blue. The cell suspen
as dissolved to the concentration 5× 106 cells/ml. The

solated cel1s were cultured in a 96-well containing p
t 37◦ C in a humidified atmosphere of air CO2 (95.5%) in

he growth culture medium RPMI-1640 (Sigma) with 2
etal calf serum, 0.2 Ml-glutamine, 10 mM Hepes buff
pH 7.35), 5.10−5 M 2-mercaptoethanol and gentamy
50�g/ml).

.7.2. Separation of mononuclear cells from human
lood

Peripheral venous blood was collected by venipunc
rom healthy blood donors and introduced into the tubes
eparin (10 U/ml). The freshly prepared blood was mixe
qual volumes with 0.9% NaCl. After incubation for 15 m
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at room temperature, 6–8 ml of the obtained mixture was
carefully layered onto the Ficoll–Paque (Pharmacia) 3.0 ml
solution with a density gradient of 1.077 g/ml. The mononu-
clear cel1s were collected at the interface after centrifugation
at 2000 rpm (380–400×g) for 30 min at room temperature.
The lymphocyte ring was transferred into the sterilized
tube and washed twice in PBS (without divalent cations,
Ca2+ and Mg2+) by the repeated centrifugation at 1000 rpm
(100–200×g) for 10 min. The viable cells were counted. The
cells were suspended in Medium 199. During all separation
of cells, the cell suspensions were kept in siliconized test
tubes.

2.7.3. Proliferation of lymphocytes in vitro
Concanavalin A (Con A) (Sigma, type III containing

15% protein) was used as the mitogen activator of T/B-
lymphocytes with preferential activation of T-lymphocytes.
The stimulation of cells was performed by the simultane-
ous addition of cell suspension (100�l) and 100�l Con A
solution to the well of the 96-well plate (5× 105 cells/well)
incubated at 37◦ C for 72 h in a humidified incubator contain-
ing 5% CO2. Optimal mitogenic concentrations of the control
or tested stimuli were determined as essential to cause max-
imum cell response at preserved cellular viability. The final
concentrations of Con A were 2.5, 5, 10 and 25�g/ml. Subop-
t
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3. Results

3.1. 3D chemical structuring ofl-Glu-Hist

Fig. 1shows the energy-minimized 3D conformations of
l-Glu-Hist derived from its chemical structure (Fig. 1a) us-
ing stick (Fig. 1b), ball-and-stick (Fig. 1c) and space fill-
ing (Fig. 1d) models. Due to energy differences determined
by molecular mechanics, PM3 semiempirical quantum me-
chanics among different peptidomimetic conformations, a
dynamic equilibrium of energetically permissible C- and N-
linked analogues of rotamers exists in an aqueous solution.
The resulting minimized structure provides that a common
characteristic for all the calculated conformations is that the
claw-like structure of compound results in a proper stabi-
lization for the metal chelating complexes such as when the
complex of iron:l-Glu-Hist is obtained (Fe2+ ion is tightly
enveloped into the intra-space ofl-Glu-Hist molecule) (see,
stick (Fig. 2a) and space filling (Fig. 2b) models of the fer-
rous ion chelating complex withl-Glu-Hist peptidomimetic).
The calculated lowest energy conformations for metal-bound
rotamers are present at neutral pH and result in any ap-
parent significant adverse steric interactions during changes
of pH, temperature or competition with high-affinity metal
chelator (such as EDTA). One (l-Glu) or both (l-Glu + Hist)
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imal stimuli of Con A for the cultured cells were 5–10�g/ml.
n the test of blank cell cultures Con A was substituted
est peptide or 0.9% NaCl, respectively. Sixteen hours
he end of cell incubation, 0.5�Ci of [3H]-thymidine (Amer-
ham Centre, UK) was added to the cell samples (10�1/well).
pon the termination of incubation with 1abel, the 96-w
late with cells was removed onto the ice and the pre

ation of radioactive cell-containing material was perform
nto the filters with the pore diameter of 0.45�m using the
utomatic cell-collecting equipment Titertek Cell Harves
low (UK). The filters were dried at 37◦ C for 40 min and

hen replaced into the quartz flasks containing the scint
ng liquid (5 ml) (4 g POPOP + 0.1 g PPO per l toluene).
adioactivity of incorporated [3H]-thymidine was detecte
sing�-spectrometer. Incorporation of [3H]-thymidine into

ymphocytes determined by this procedure was shown
orrelated with cell growth[33]. The index of cell stimulatio
SI) detectable as a stimulation of [3H]-thymidine incorpo
ation was determined by the ratio:

counts per minute in cultures with tested compound

(mitogen)/counts per minute in control cultures

(addition of 0.9% NaC1)

Student’st-test was used to determine the statistical
ificance. When comparing each dose of compound w
ontrol (the number of groups each time of comparison eq
wo), an ANOVA andt-test will give similar results with
2
crit = Fcrit andt2obs = Fobs
f the peptidomimetic components provide specificity
etal ion binding, quenching or release of a numbe

ree radicals, binding of hydroperoxide in an imidazo
eroxide adduct[46]. Its structure can be related to h

amine and bothl-Glu residues for a structure–activity e
loration. The structural coincidence ofl-Glu-Hist moiety
ith histamine may have effects on regulatory protein

he cell(s) and on DNA/genes involved in normal growth
etabolism.

.2. Effect ofl-Glu-Hist on the decrease of
errous iron

l-Glu-Hist accelerated the decrease of ferrous iron in
errous sulfate solution in a concentration-dependent m
f 3–20 mMl-Glu-Hist pronounced by the 10–60 min of
ubation (Fig. 3a). The kinetic curves presented inFig. 3a
emonstrate that there is a dose-dependent increase
ate of ferrous iron disappearance. A ferrous iron che
30�M EDTA showed a complete decrease of the ac
ible to 1,10-o-phenanthroline ferrous ions by the sec
inute after EDTA addition to the ferrous sulfate solu

Fig. 3, curve 8). The rates of decrease of ferrous iron
essible to 1,10-o-phenanthroline in the presence ofl-Glu-
ist are indicative on the interference of iron binding (p

errous iron chelating) properties at higher >5–20 mMl-
lu-Hist concentrations (Fig. 3a, curves 3–5) and the a

eleration of autooxidation of ferrous iron (ferroxidase-
ctivity) of l-Glu-Hist at lower less or equal to 3 mM co
entrations (Fig. 3a, curves 1 and 2).l-Glu-Hist chelating
ctivity appears weaker than that of EDTA but it is co
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Fig. 1. Structure ofl-glutamyl-histamine, shown as (a) chemical structure and energy-minimized 3D structure: (b) stick model; (c) ball-and-stick model; (d)
space filling model.

petitive with ferrous iron chelating activity shown by 1,10-
o-phenanthroline. Based on the high affinity properties of
1,10-o-phenanthroline to bind preferably ferrous but not Fe3+

ions, there is a potential preference for Fe2+ chelating by
l-Glu-Hist over Fe3+ that is important for the rationale of
later experiments. The reference curves (6, 7) in the pres-
ence of EDTA (3 and 33�M) and curve (1) of autooxida-
tion of ferrous iron are displayed onFig. 3a. The rate of
decrease of ferrous iron below the autooxidation curve indi-
cates thatl-Glu-Hist worked as a ferroxidase compound at
lower concentrations (<3 mM). Determinations in the pres-
ence of 1,10-o-phenanthroline/ascorbate (Fig. 3b) revealed
that at addition of 5 mM and especially, 3 mMl-Glu-Hist,
ferrous iron decreased significantly (P< 0.05) by the second
minute of the incubation below the autooxidation level of
ferrous iron that indicates on the ferroxidase-like activity
of low concentrations of peptidomimetic (curves 1–3). Af-
ter 10 min incubation with a reductant of Fe3+ ions ascorbate
(Fig. 3b) a corresponding retention of ferrous iron occurred

at the baseline level documenting that ascorbate abolished
the acceleration of autooxidation of ferrous iron byl-Glu-
Hist by 10 min of incubation. Higher concentrations ofl-
Glu-Hist 10 and 20 mM (Fig. 3b, curves 4 and 5) maintained
ferrous iron above the autooxidation curve by the second
minute. As compared to high relative affinity of phenanthro-
line for ferrous ion, this type of kinetics indicates on the
rising chelating ability of thel-Glu-Hist peptidomimetic to
Fe2+ in a dose-dependent order of peptidomimetic. When
control incubations of the ferrous sulfate solution were per-
formed with 330�M EDTA (pure chelator), it was found
that 1,10-o-phenanthroline-bound ferrous iron increased by
the second minute of incubation with ascorbate and further
recovered to 25% of the reached level after 10 min dur-
ing the reduction with ascorbate (Fig. 3b, curve 8). This
model system illustrates the competitive binding of ferrous
iron ions with the used chelator so removing them from
detector (1,10-o-phenanthroline) molecule prevented by
ascorbate.
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Fig. 2. Ferrous iron chelating structures ofl-glutamyl-histamine, shown as the 3D lowest energy conformation: (a) stick model; (b) space filling model.

3.3. Action ofl-Glu-Hist on superoxide anion radical
(O2

•−)

A mixture of xanthine and xanthine oxidase at pH 7.4
generates O2•−, which can be detected by its ability to
reduce ferricytochromec3+. Any added compound that is
itself able to react with O2•− should decrease the rate of
reduction of this substance. The tested compoundl-Glu-Hist
itself does not reduce cytochromec. Addition of the free
metal ions chelator 0.1 mM EDTA to incubation medium
containing reactive compounds significantly diminished the
rate of cytochromec reduction in xanthine–xanthine oxidase
system. l-Glu-Hist had appreciable both inhibitory and

stimulating effects on the rate of reduction of cytochrome
c by O2

•− (Table 1). It had essentially inhibitory effect at
high concentrations (10–20 mM) of peptidomimetic. The
effects ofl-Glu-Hist on reduction of cytochromecwere not
connected with inhibition of the xanthine oxidase enzyme
itself by l-Glu-Hist because the used concentrations do not
effect conversion of xanthine into hypoxanthine (as judged
by the decrease in xanthine), recorded as the change in
optical density at 250 nm. EDTA (0.1 mM) obviously does
not abolish the inhibitory action ofl-Glu-Hist but acts as
an inhibitor itself to the reduction of cytochromec in much
the same way asl-Glu-Hist because the reduction rate upon
addition of EDTA changes more (from 5.6 to 3.9) than

F etermin )
o e data p esentative
o ue for e ection
2 mM, re s
t d were
ig. 3. Effect ofl-glutamyl-histamine on the decrease of ferrous iron d
r in the presence of 12.5�M ferrous sulfate + 5 mMascorbic acid (b). Th
f three independent experiments. The standard error of the mean val
: (1) Fe2+, control incubation; (2–5) Fe2+ + l-Glu-Hist (3, 5, 10, and 20
aken at zero time and at the time intervals indicated in (a) and (b) an
ed by l,10-o-phenanthroline assay in the presence of 12.5�M ferrous sulfate (a
oints are the means of two independent determinations and are repr
ach point is≤3% of the mean value. Details of incubations are presented in S
spectively); (6–8) Fe2+ + EDTA (3, 33, and 330�M, respectively). Sample
used immediately for measurements.
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Fig. 4. Accumulation of lipid peroxidation products (TBARS), measured as MDA (a) and conjugated diene, (b) in liposomes (1) (l mg/ml) incubated alonefor
60 min and with the addition of the peroxidation-inducing system Fe2+ + ascorbate (2). Different concentrations ofl-Glu-Hist were added prior to the incubation
to the system containing the peroxidation inducers: (3) 210 nM; (4) 42�M; (5) 1.33 mM; (6) 10 mM. Samples were taken at zero time and at the indicated time
intervals (10, 20, 30, and 60 min) and were used immediately for measurement of TBARS (see Section2). A similar amount of sample was partitioned through
chloroform and used for detection of conjugated diene dissolved in 2–3 ml of methanol–heptane mixture (5:1, v/v). Data represent mean± S.D. (n= 3–5).

the largest effect seen withl-Glu-Hist (5.6–4.6). However,
0.05 mM l-Glu-Hist concentration showed effectiveness in
stimulation of O2

•− formation in the absence or presence of
EDTA (Table 1). Due to the ferroxidase-like activity of small
(0.05 mM) l-Glu-Hist concentrations this peptidomimetic
can facilitate superoxide free radical release affecting the
concentration of catalytically active ferrous ions in reaction:

Fe2+ + O2 → Fe3+ + O2
•−

The superoxide radicals generated in the xanthine oxi-
dase/xanthine system can stimulate the reduction back to the

Table 1
Reduction of cytochromec in xanthine–xanthine oxidase (X–XO) system in
the presence ofl-Glu-Hist

Conditions Velocity of reduction of
cytochromec (10−5 M−1 s−1)

X (0.025 mM) + XO (0.02 U/ml) + cytochromec (50�M),
pH 7.4
Control 5.6± 0.1
Addition of

l-Glu-Hist (0.05 mM) 6.3± 0.2*

l-Glu-Hist (10 mM) 5.1± 0.1**

l-Glu-Hist (20 mM) 4.6± 0.1***

X (0.025 mM) + XO (0.02 U/ml) + EDTA
(0.1 mM) + cytochromec (50�M), pH 7.4

R

∗

ferrous ions to be catalytic:

Fe3+ + O2
•− → Fe2+ + O2

3.4. Effects ofl-Glu-Hist on lipid peroxidation

l-Glu-Hist did not produce any significant effect on per-
oxidation of PC liposomes in the absence of Fe2+ ascorbate
catalytic oxidation system.Fig. 4a and b presents the kinetic
data of MDA and diene conjugates accumulation during
peroxidation of PC liposomes, catalyzed by the O2

•−-
dependent Fe2+–ascorbate oxidation system in the presence
and absence ofl-Glu-Hist. The results demonstrate thatl-
Glu-Hist both exhibited significant stimulatory peroxidative
effect for PC liposomes at 210 nM, 42�M (10�g/ml) and
1.33 mM concentrations of peptidomimetic and significantly
inhibited LPO at 10 mMl-Glu-Hist concentration in the
Fe2+–ascorbate-catalyzed reaction (Fig. 4). These results
together with above-mentioned data indicate thatl-Glu-Hist
has modest oxidizing activity at low concentrations (<1 mM),
and works as an antioxidant at high concentrations. The pro-
oxidant effect ofl-Glu-Hist impurities gives maximal excess
of 2.9 nmol MDA per mg of lipids accumulation over the
control incubation in the presence of Fe2+–ascorbate by the
interval of 20 min which takes place most likely due to the ex-
h like
a an
f ces
( s
d ion
o S
a of di-
e
a hich
m xide
Control 3.9± 0.1
Addition of

l-Glu-Hist (0.05 mM) 6.3± 0.2***

l-Glu-Hist (1mM) 3.9± 0.1
l-Glu-Hist (5 mM) 4.2± 0.2
l-Glu-Hist (10 mM) 3.0± 0.5
l-Glu-Hist (20 mM) 3.3± 0.3

esults are the mean± S.E.M. of three to five experiments.
∗ P< 0.05 (significant difference from control).

∗∗ P< 0.01 (significant difference from control).
∗∗ P< 0.001 (significant difference from control).
ibited during the first minutes of incubation ferroxidase-
ctivity of l-Glu-Hist more powerful as LPO promoter th

ree ferrous ions. The inhibition of TBA-reactive substan
TBARS) accumulation at higherl-Glu-Hist concentration i
ue to Fe2+ chelation by the peptidomimetic and prevent
f radical generation.Fig. 4 shows that maximum TBAR
nd lipid hydroperoxides assessed from the absorbance
ne conjugates reached in the presence of 10 mMl-Glu-Hist
t 20 min of incubation decreases at later time points w
ust be due to a loss of existing TBARS or hydropero
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Table 2
Effect of imidazole-containing compounds on the iron-ascorbate cata1yzed
lipid peroxidation

Testing compound (concentration) Percentage of control

None 100
Carcinine (10 mM) (�-alanylhistamine) 58

Histamine (10 mM) 163
Histamine (1�M) 145
l-Carnosine (10 mM) (�-alanyl-l-histidine) 47
Histidine (10 mM) 148
Histidine (10 mM) + EDTA (50�M) 51
l-Glu-Hist (1.33 mM) 119
l-Glu-Hist (10 mM) 76

Peroxidation was initiated by adding 2.5�M FeSO4 and 200�M ascorbate
in 0.1 M Tris/HC1 buffer, pH 7.4 to the reaction mixture. Lipid peroxidation
products were measured by reaction with TBA (see Section2). Data repre-
sent mean of three to five experiments. Oxidation substrate: PC liposomes
(1 mg/ml); catalyst Fe2+ + ascorbate; time of incubation at 37◦C 60 min.
Data represent mean (%) (n= 3–5).

precursors of MDA and not due to a decreased formation of
peroxide compounds. The reduction of lipid hydroperoxides
may result from the cleavage of a lipid hydroperoxide with a
transition metal complex and supplement with electrons for
the reductive reaction LOOH→ LOH. Different constituents
and imidazole-containing compounds were compared for
their ability to inhibit the iron–ascorbate-catalyzed LPO
(Table 2). The imidazole-containing compounds histamine
and histidine exposed peroxidative effects for PC lipo-
somes while carcinine (�-alanylhistamine) andl-carnosine
(�-alanyl-l-histidine) showed the ability to inhibit the
iron–ascorbate-dependent oxidation of PC liposomes.

Table 3
The effect ofl-Glutamyl-histamine, related peptidesl-Glu-Trp, Pro-Glu-Trp and en
lymphocytes in vitro

Compounds n c.p.m./5

Control (free of mitogen or testing compound) 7 79±
Concanavalin A (�g/ml)
2.5 5 6620±
5.0 5 26607±

10.0 4 49002±
25.0 5 5055±
l-Glu-Hist (�g/ml)
2.5 4 6222±
5.0 5 34042±

10.0 6 33589±
2 4528±
l

3184±
9634±

1 3636±
2 1000±
l

2070±
2318±

1 4935±
2 3741±
n rol. Res cate
a nd imp ling
a

The addition of 50�M EDTA significantly inhibited the
pro-oxidant activity of 10 mMl-histidine and histamine
(Table 2), indicating the role of free iron catalysts. The
other tested compounds, i.e. imidazole,�-alanine were
inactive to LPO (see Ref.[10]), suggesting that the redox
potential of the whole peptidomimetic molecule is essential
for exhibition of its pro- or anti-oxidant activities.

3.5. Stimulation of lymphocyte proliferation

The estimation of [3H]-thymidine incorporation into DNA
is used as a tool for the determination of the proliferation of
mouse spleen lymphocytes and immunoregulatory mononu-
clear cells from human blood in vitro. The pooled data
concerning the dose-related effect ofl-Glu-Hist and related
peptidesl-Glu-Trp andl-Pro-Glu-Trp on the incorporation
of [3H]-thymidine into DNA of mouse spleen lympho-
cytes are presented inTable 3. The reference compound
mitogen Con A produced significant stimulating effect on
[3H]-thymidine incorporation at doses of 2.5–25�g/ml with
maximum stimulating activity at 10�g/ml (stimulation index
61.6). As can be seen from the data (Table 3), l-Glu-Hist can
specifically regulate proliferation of mouse spleen lympho-
cytes within the doses range of 2.5–25�g/ml of l-Glu-Hist
peptidomimetic. Within tested low doses ofl-Glu-Hist, this
compound appeared necessary for cell viability as judged by
t
t obvi-
o
s

5.0 4
-Glu-Trp (�g/ml)
2.5 5
5.0 4 2
0.0 5 1
5.0 5
-Pro-Glu-Trp (�g/ml)
2.5 6
5.0 5
0.0 4
5.0 5

: number of determinations; n.s.: non significant difference with cont
ny specific effect ofl-Glu-Hist vs.l-Glu-Trp, but indicate on the input a
ctivity.

∗ Significant differences with control.
concanavalin A on [3H]-thymidine incorporation into DNA of mouse sple

× 105 cells± S.E.M. Stimulation index P

6276

720 8.3 <0.001*

6689 33.4 <0.01*

13003 61.6 <0.01*

1167 6.4 <0.01*

2608 7.8 <0.1
17765 42.8 <0.1
10336 42.2 <0.05*

3293 5.7 n.s.

346 4.0 <0.001*

8350 37.2 <0.01*

3501 17.1 <0.01*

225 1.3 n.s.

852 2.6 n.s.
1075 2.9 n.s.
3076 6.2 n.s.
2405 4.7 n.s.

ults are the mean± S.E.M. of three to five experiments. The data do not indi
ortant role ofl-Glu residue in the structure of peptidomimetic in the signa

rypan blue staining. Cell cultures exposed tol-Glu-Hist in
he indicated dose range revealed no cell damage or an
us 1oss of cellular density. The dose of 10�g/ml l-Glu-Hist
ignificantly stimulated the [3H]-thymidine incorporation



M.A. Babizhayev et al. / Peptides 26 (2005) 551–563 559

Table 4
The effect ofl-glutamyl-histamine, carcinine 2HCl (�-alanylhistamine) and concanavalin A on the proliferation of mononuclear cells (lymphocytes) obtained
from blood of the normal human donor, 48 years (in vitro studies)

Compounds n c.p.m./5× 105 cells± S.E.M. Stimulation index P

Control (addition of medium RPMI 1640) 6 1201± 120
Concanavalin A (�g/ml)

2.5 4 5785± 320 4.8 <0.001*

5.0 3 35544± 5400 29.6 <0.001*

10.0 4 25369± 2480 21.1 <0.001*

25.0 4 872± 120 0.7 n.s.
l-Glu-Hist (�g/ml)

2.5 4 9884± 986 8.2 <0.001*

5.0 4 47816± 1580 39.8 <0.001*

10.0 3 28329± 1520 23.5 <0.001*

25.0 5 3039± 1240 2.5 n.s.
Carcinine 2HCl·�-alanylhistamine (�g/ml)

2.5 4 5765± 1980 4.8 <0.1
5.0 5 18856± 6800 15.7 <0.05*

10.0 4 20297± 6820 16.9 <0.05*

25.0 4 22339± 4470 18.6 <0.001*

50.0 3 15372± 3888 12.8 0.1
100.0 4 1922± 420 1.6 n.s.
Carcinine 2HCl·�-alanylhistamine (10�g/ml) + concanavalin A (10�g/ml)

3 30145± 5500 25.1 <0.001*

n: number of determinations; n.s.: non significant difference with control. Results are the mean± S.E.M. of three to five experiments.
∗ Significant differences with control.

into DNA of mouse spleen lymphocytes (stimulation index
42.2). The relatedl-Glu-containing dipeptidel-Glu-Trp
showed significant stimulation of [3H]-thymidine incorpo-
ration into DNA of mouse spleen lymphocytes in vitro at
doses of 2.5–10.0�g/ml, whereasl-Pro-Glu-Trp tripeptide
exhibited no stimulatory activity on thymidine incorporation
into the mouse spleen lymphocytes in the range of doses
studied in the same test. Despite the fact that the structure
of l-Glu-Hist is related to histamine, it appears doubtful
that the stimulating effects on the proliferation of lympho-
cytes/monocytes observed withl-Glu-Hist are related with
pure histamine residue, but rather with introduction ofl-Glu
residue into the peptidomimetic molecule since the dipeptide
l-Glu-Trp has virtually the similar effect (stimulation
index 37.2) asl-Glu-Hist (stimulation index 42.8; standard
deviation: about 50% of the mean value). In the human blood
mononuclear cellsl-Glu-Hist and mitogen Con A applied at
the similar dose range did not negatively change cell viability
and showed significant stimulating activity on the prolif-
eration of lymphocytes in the range of 2.5–10�g/ml doses
with maximum of stimulating effect on the [3H]-thymidine
uptake at 5�g/ml (seeTable 4). A histamine derivative ofl-
Glu-Hist, carcinine, 2HCl·�-alanylhistamine showed similar
good biocompatibility and exposed induction of proliferation
of mononuclear cells at doses of 5.0–25.0�g/ml when it was
u
t
i in
o bout
4 at
t tivity
t ed

with release of low concentrations of oxygen free radicals
due to ferroxidase-like activity ofl-Glu-Hist. This finding
provides a possible mechanism by whichl-Glu-Hist can act
as a very fast specific and sensitive trigger for lymphocyte
proliferation and immunoregulation. A number of different
mechanisms may contribute to the mitogen-like activity
of the matched tested compounds: Con A,l-Glu-Trp,
l-Pro-Glu-Trp and carcinine (�-alanylhistamine).

4. Discussion

A histamine-containing peptidomimetic (l-Glu-Hist) was
synthesized and characterized in this study and its role to act
as immune cells cytokine mimetic leading to cellular lympho-
cytes proliferation responses was revealed. Thel-Glu-Hist
peptidomimetic showed the stabilization in the formation of
ferrous ions chelating complexes and accelerated the decrease
of ferrous iron ions concentration in the aqueous medium
demonstrating the ferroxidase like activity at lower less or
equal to 3 mM concentrations ofl-Glu-Hist peptidomimetic.
l-Glu-Hist demonstrated pure ferrous iron chelating proper-
ties at higher >5–20 mMl-Glu-Hist concentrations respon-
sible for its antioxidant activity in lipid membranes in this
concentrations range.l-Glu-Hist both exhibited a stimula-
t su-
p
( tic.

ra-
t lym-
p
c lat-
sed alone and in admixture with Con A (Table 4). In both
ypes of cells,l-Glu-Hist stimulated the [3H]-thymidine
ncorporation into DNA and lymphocyte proliferation
ur assay system at a low concentration (ranged a
2�M) of peptidomimetic coinciding with the range th

his compound also appears to have a pro-oxidant ac
o lipid membranes in the Fe2+–ascorbate system interlac
ory effect for PC liposomes peroxidation catalyzed by
eroxide anion radical generating system at 210 nM, 42�M
10�g/ml) and 1.33 mM concentrations of peptidomime

l-Glu-Hist stimulated DNA synthesis and the prolife
ion of mouse splenocytes and human peripheral blood
hocytes. Structural analogues ofl-Glu-Hist (l-Glu-Trp,
arcinine (�-alanyl-histamine)) were also active in stimu
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ing thymidine incorporation as compared to that mediated
by Con A. The provided data suggest thatl-Glu-Hist can
act rapidly as a specific trigger for lymphocyte proliferation
and immune regulation. The study analyzes the mechanisms
of biological activity ofl-Glu-Hist including its modulating
effects on free radical-induced oxidation and function of spe-
cific oxygen radicals and radical-derived species as well as its
role as a chemical “messenger” to lymphocyte reactivity and
spleen cells functions when added directly to the cell culture
medium.

We present an evidence thatl-Glu-Hist can both stimulate
and inhibit LPO induced with the aid of an O2

•−-generating
system Fe2+ + ascorbate[3]. In comparison with “free” fer-
rous ion, addition ofl-Glu-Hist at high concentrations re-
sults in (1) decreased peroxidation of lipids, (2) decreased
cytochromec reduction by superoxide anion radicals, (3) de-
creased lymphocyte proliferation. The magnitude of these
effects, however, is modest. These results are attributed to
antioxidant properties of the iron–Glu-Hist complex. On the
other hand, our major findings were that at low concentra-
tions addition ofl-Glu-Hist resulted in (1) modest increase
of LPO, (2) modest increase in the rate of cytochromec re-
duction and (3) striking significant increase of lymphocyte
proliferation. These results are attributed to ferroxidase-like
activity of the complex at low concentrations.

the
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addition of l-Glu-Hist could induce or inhibit free radical
release and LPO.

The modeling experiments illustrate the high Fe2+-ion
binding properties and possible ferroxidase-like activity of
l-Glu-Hist. It is not surprising that the metal will bind to
the two groups in the peptidomimetic molecule with good
ligand properties. The stoichiometry of ligand to metal may
change its structure and perhaps reactivity. The lowest energy
conformation of the ligand is probably not very important as
many other conformations are kinetically accessible for this
relatively flexible molecule. As a result, there is a possibility
that mononuclear versus binuclear complexes can explain the
concentration behavior of the experiments shown.

l-Glu-Hist has maximum of mitogenic activity on lym-
phocytes at about 10�g/ml (corresponds to about 40�M).
This level of l-Glu-Hist was shown to have modest oxi-
dizing activity and increase in mitogenic activity is higher
than expected from the modest oxidizing activity ofl-Glu-
Hist. The specificity of mitogenic activity ofl-Glu-Hist on
lymphocytes can also be related with thel-Glu and Hist
moieties of peptidomimetic. This effect can be not solely
related to the oxidative nature of the molecule. The struc-
tural derivatives ofl-Glu-Hist-like l-Glu-Trp and carcinine
(�-alanylhistamine), but notl-Pro-Glu-Trp were shown in
this study able to induce lymphocyte proliferation in a dose-
d
c tive
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Although a number of mechanisms may contribute to
nderlying processes that give rise to the observed re

ncluding release of cytokines by activated lymphocytes
able of stimulating several distinct processes, the expre
f immunomodulatory proteins and the synthesis and re
f hydrophilic glycosaminoglycans a direct effect of oxy

ree radicals released byl-Glu-Hist upon the lymphocyt
roliferation is one possible explanation. It is now clear
uperoxide and H2O2 can stimulate growth responses i
ariety of mammalian cell types when added exogenous
he culture medium. Besides hamster and mouse fibrob
hese include mouse epidermal cells[16], Balb/3T3 cells[49]
nd human primary fibroblasts[40]. Our results show that th
roliferative response tol-Glu-Hist occurs as to immune ce
ytokine in a dose-dependent manner (10–50�M) although
aximal stimulation of LPO in the O2•−-generating syste

Fe2+ + ascorbate) occurred at different (higher:∼1 mM) l-
lu-Hist concentrations studied. Free radical release ma
ur in these instances at a rate insufficient to damage cel
ufficient to stimulate their proliferation. In the presenc
he transitional metal iron, ascorbic acid induces LPO
he formation of reactive aldehydes and similarly with
ata this step may be necessary for the stimulation of c
en gene expression by ascorbic acid in cultured hum
roblasts[17]. Interestingly, tumor necrosis factor-� (TNF�),

L-1 and interleukin 1� (IL-1�), have each been shown to
uce the expression of MnSOD, an enzyme charged wit
isposal of superoxide radicals through dismutation[55,41].
ince the previous[40,17,47,48]and present experimen
sed fetal calf serum in the incubations, these cells w
ccumulate a sizeable amount of iron[45], which upon the
ependent manner similar tol-Glu-Hist peptidomimetic. A
ombination of carcinine and Con A did not exhibit addi
ffect. This experiment means that the immune cellular
aling does not necessarily indicate on combination of m
pecified cellular factors.

It is well known that Fe(II) autoxidizes in neutral aque
olutions and that it reduces O2 to O2

•−. It is further known
hat anything that ligates Fe(III) more strongly than Fe
ight favor that autooxidation. This applies to the p

idomimeticl-Glu-Hist used in this study. In the phenanth
ine assay the system is equalized and the relative affi
f phenanthroline and the peptidomimetic for ferrous ion
ompatible. Since phenanthroline is added in excess
e2+ a high binding constant in comparison withl-Glu-Hist
ould mask the true chelating ability of the peptidomime
nalysis of the binding kinetics in the presence of ascor
ould help distinguish between chelation and oxidatio
errous to ferric ion as the main factor of reduced availab
f free ferrous ion. The kinetic results give more sup

or the statement that reduced availability of ferrous io
ue to chelation at high concentrations ofl-Glu-Hist but to

erroxidase activity at low concentrations of peptidomime
Chemically the antioxidant activity ofl-Glu-Hist shown

t high concentrations of peptidomimetic is not solely
o the imidazole moieties of the molecule, since imida
tself’ did not show the antioxidant activity, and histam
xhibited a pro-oxidant action dependent on the conce
ion of catalytically active free iron ions (this study; R
10]). The antioxidant activity ofl-Glu-Hist may involve re
uction of oxidative potential or stabilization of the imidaz
adical, probably due to the peptide bond. The lack of
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boxyl group of histamine comparatively to histidine is essen-
tial for demonstration of more pro-oxidant than antioxidant
activity of the molecule. Sincel-Glu-Hist has been shown to
be effective chelating agent for ferrous ions, the ligand acts
as antioxidant at high concentrations, but at low concentra-
tions the peptidomimetic acts as a generator of the reactive
oxygen species that it presumably reduces at high concen-
trations. With regards to the possible ferroxidase activity, it
is well documented in the inorganic chemical literature that
iron chelates can modulate the redox behavior of reactive
iron species[10]. The current experiments on the action of
l-Glu-Hist on LPO show how such modulation would actu-
ally operate in this system. Similarly, the pro-oxidant effect
of histamine is most likely due to the formation of the chelate
Fe(II)–histamine, with redox activity more powerful as LPO
promoter than of free ferrous ions.

Reactive oxygen species include the superoxide molecule
(O2

•−), the hydroxyl radical (HO•), singlet oxygen (1O2),
and hydrogen peroxide (H2O2). The current results do not
distinguish whether the reactive oxygen species generated
are superoxide, hydrogen peroxide or hydroxyl radical. In
aqueous solution two molecules of superoxide can dispro-
portionate into O2 and hydrogen peroxide, which in turn
can generate hydroxyl radical by Fenton type chemistry
with ferrous ion. The exact mechanism and contribution of
O •− • m-
u in-
v e by
p rtant
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within cell membranes will perturb membrane organization
due to their polarity. However, recently it has been found that
LPO has a dual effect on lipid order[13]. A more ordered or
disordered state may result depending on the degree of oxida-
tion and the state of lipid order prior to oxidation. Although an
adequate explanation is not yet available for the endogenous
LPO encountered in cultured mammalian cells, it is nonethe-
less clear that the level can vary considerably. Lipid peroxides
can yield oxidative breakdown products such as the hydrox-
yalkenals through non-enzymic pathways. The aldehyde
products of LPO, in particular 4-hydroxynonenal (HNE),
can react with thiol and amino groups of proteins affecting
several cellular activities[20,18]. Such effects occur at HNE
(aldehyde) concentrations greater than 10�M. In concentra-
tions of less than 3 mMl-Glu-Hist showed lower “non-toxic”
stimulating activity for TBARS accumulation in the O2

•−-
generating system Fe2+ + ascorbate. It is hypothesized that
L-Glu-Hist may play a central role in the “down-regulation”
of cell proliferation via the production of LPO products at
a “steady-state” level which can be rapidly catabolized by
normal cells[21].

Two different observations are made in the experiments
with superoxide and liposomes depending on the concentra-
tion of the peptidomimetic. The results at high concentrations
(decreased cytochromec reduction, decreased liposome
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2 , H2O2, HO and LPO products to lymphocyte sti
lation and proliferation is undetermined. Preliminary
estigations suggest that stimulation of cyclo-oxygenas
eroxides in the prostaglandin cascade may be impo

35]. As an alternative, the signaling of proliferation
ponses in the immune cells involving released supe

de, or hydrogen peroxide, may be mediated through
xidative inactivation of serum protease inhibitors allow
erum proteases to remodel the cell surface, or glycoc
nd thereby facilitate, or modulate, the action ofl-Glu-Hist
nd thus retain the necessary all important growth speci

53]. O2
•− is being formed either spontaneously during n

al cellular respiration or produced in activated leukoc
neutrophils and macrophages) which are involved in
ell:cell interaction with the lymphocyte subpopulations
luded in immunomodulatory activity. Using the cytochro
reduction test, we have shown that superoxide rad

re at least abundant to stimulate lymphocyte prolifera
n vitro, being formed spontaneously due to ferroxida
ike activity of l-Glu-Hist applied at less or about 50�M
oncentration.

The majority of the effects of free radicals demonstra
y previous investigators have been toxic[25,7,1,39]and

t has been hypothesized that the toxicity arises from
roduction of reactive oxygen species at a rate excee

he protective capacity of the cellular detoxification syst
23,57,8,5]. Reactive oxygen species and LPO products
apable of oxidative damage to a number of important
ular components, including cell membranes through L
ellular proteins-resulting in loss of function or enzym
ctivity, and DNA[28]. The presence of lipid hydroperoxid
xidation) are qualitatively essentially the same as t
een when EDTA is added but quantitatively much
ronounced (Fig. 3, Table 1). It is proposed thatl-Glu-Hist
cts in the xanthine oxidase experiments as a one-ele
cceptor. However, the fact that EDTA also reduces the
f cytochromec reduction (and even to a larger extent) s
ests that perhaps the ligand properties of both compo
re responsible. Presumably ferrous ion is also prese

hese reactions judging from the obtained results. One o
echanisms by which antioxidants can protect their bio

al targets from oxidative stress is the chelation of trans
etals such as copper and iron thus preventing them
articipating with peroxides in the deleterious Fenton r

ion. At concentrations of 5–20 mMl-Glu-Hist was show
o be efficient ferrous iron chelating agent, which can pos
ow SOD-like activity in vitro. The complex of iron:l-Glu-
ist was sufficient in reducing the superoxide radicals,
hen EDTA was omitted in the incubation medium. The
helating complexes ofl-Glu-Hist may serve as scaveng
f the superoxide radicals rather than as catalysts. Anoth

ioxidant protection possessed byl-Glu-Hist is that at 10 mM
oncentration this compound removes lipid-derived
roperoxide intermediates typically catalysed by glutathi
equiring enzymes (Se-dependent GSH peroxidases
ertain Se-independent enzymes, such as GSH-S-trans
) [54]. The reduction of lipid peroxides byl-Glu-Hist at
igh concentrations was experimentally monitored by d
onjugates measuring test and tested by decrease of T
uring LPO. Recently, the reduction of phospholip
erived and fatty acid hydroperoxides to their alcoh
as demonstrated for the related compoundsl-carnosine
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(�-alanyl-l-histidine) and carcinine (�-alanylhistamine)
both in aqueous medium and in a phospholipid system[10].

The stimulating activity ofl-Glu-Hist at low concen-
trations is more interesting. Our study describes the most
promising results as the peptidomimetic is shown to have
very similar activity as concanavalin A. In the phenanthro-
line strong chelating assay, the excess in concentration of
12.5�M FeSO4 has been added to the reaction mixture and at
the concentrations of peptidomimetic that cell stimulation is
seen no information on binding and/or presumed ferroxidase
activity is presented (Fig. 3). However, the indicated effects
related with anti- or pro-oxidant properties ofl-Glu-Hist
are seen in the liposome peroxidation experiments (Fig. 4).
The discrepancies between≤1 and 10 mM concentrations
of l-Glu-Hist in their action to the iron-catalyzed LPO are
consistent with metabolic effects of this peptidomimetic on
the cellular activities and their roles in metabolism of lipid-
derived peroxide intermediates. Despite the possible role of
l-Glu-Hist in millimolar concentrations as an antioxidant
preventing cellular LPO, our experiments with lymphocyte
cells showed the metabolic actions of this compound on cel-
lular proliferation at quite modest range of concentrations
apparently related with little significant effect on stimula-
tion of oxygen free radicals release and endogenous levels
of LPO.
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ties of immunostimulation that combats immuno-deficiency
due to UV irradiation.

References

[1] Ager A, Gordon JL. Differential effects of hydrogen peroxide on
indices of endothelial cell function. J Exp Med 1984;159:592–
603.

[2] Altura BM, Halevy S. Beneficial and detrimental actions of his-
tamine H1- and H2-receptor antagonists in circulatory shock. Proc
Natl Acad Sci USA 1978;75(6):2941–4.

[3] Babizhayev MA. The biphasic effect of calcium on lipid peroxida-
tion. Arch Biochem Biophys 1988;266:446–51.

[4] Babizhayev MA. Antioxidant activity of l-carnosine, a natural
histidine-containing dipeptide in crystalline lens. Biochim Biophys
Acta 1989;1004:363–71.

[5] Babizhayev MA. Failure to withstand oxidative stress induced
by phospholipid hydroperoxides as a possible cause of the lens
opacities in systemic diseases and ageing. Biochim Biophys Acta
1996;1315:87–99.

[6] Babizhayev MA, Bozzo Costa E. Lipid peroxide and reactive oxygen
species generating systems of the crystalline lens. Biochim Biophys
Acta 1994;1225:326–37.

[7] Babizhayev MA, Deyev AI. Free radical oxidation of lipids and thiol
groups in the formation of a cataract. Biophysics 1986;31:119–25.

[8] Babizhayev MA, Deyev AI, Chernikov AV. Peroxide-metabolizing
systems of the crystalline lens. Biochim Biophys Acta 1992;1138:
11–9.

om
osited

[ yeva
i-
xyl-
994;

[ la E,
, on
dical

[ ssays
1;44:

[ dual
–5.

[ ies.

[
cell
idual

[ D,
ouse
81-

[ ion
man
64:

[ SK,
nal

l Vis

[ n-
uct
In summary, the obtained findings suggest a theoretic
nue through which oxidative damage, acting either dire
r as an end-product of cytokine release, may contribu

ymphocyte stimulation. Free radicals perform many c
al functions in our bodies in controlling the flow of blo
hrough our arteries, to fighting infection, to keeping
rains alert and in focus. Similar to antioxidants, some
adicals at low levels are signaling molecules, i.e. they ar
ponsible for turning on and off genes. The phenomena
ined in this paper introduce a novel synthetic peptidomim
-Glu-Hist as a potent immunotherapeutic signaling a
nd a tool with an oxygen radicals modulating activity
specific role of physiological agonist leading to vari

bove-discussed cellular responses, such as lymphocyt
iferation by modulating DNA synthesis.

cknowledgment

This work was supported by Innovative Vision Produ
nc. The biological applications ofl-glutamyl-histamine pep
idomimetic are protected with the worldwide patents ow
y Dr. Mark A. Babizhayev/Exsymol SAM and issued w

he PCT International publication numbers WO 95/12
pseudodipeptide product having an imidazole grouping
pplications) and WO 94/19325 (coupling product obta

rom histamine and an amino acid).l-Glutamyl-histamine
eptidomimetic product is marketed internationally by Ex
ol SAM for the cosmetic use and skin care under the t
ame of IMMUDILIN® (INCI: glutamylamidoethyl imida
ole, aqueous solution) with the in vivo demonstrated ac
-

[9] Babizhayev MA, Exsymol SAM coupling product obtained fr
histamine and an amino acid. Patent PCT/FR 94/00189, Dep
August 30, 1993, WO 94/19325.

10] Babizhayev MA, Seguin MC, Gueyne J, Evstigneeva RP, Age
EA, Zheltukhina GA.l-Carnosine (�-alanyl-l-histidine) and carc
nine (�-alanylhistamine) act as natural antioxidants with hydro
radical-scavenging and lipid-peroxidase activities. Biochem J 1
304:509–16.

11] Barrera G, Brossa O, Fazio VM, Farace MG, Paradisi L, Grave
et al. Effects of 4-hydroxynonenal, a product of lipid peroxidation
cell proliferation and ornithine decarboxylase activity. Free Ra
Res Commun 1991;14:81–9.

12] Beauchamp C, Fridovich I. Superoxide dismutase: improved a
and an assay applicable to acrylamide gels. Anal Biochem 197
276–87.

13] Borchman D, Lamba OP, Salmassi S, Lou M, Yappert MC. The
effect of oxidation on lipid bilayer structure. Lipids 1992;27:261

14] Burdon RH. Control of cell proliferation by reactive oxygen spec
Biochem Soc Trans 1996;24(4):1028–32.

15] Burns DJ, Bloomenthal J, Lee MH, Bell RM. Expression of the�,
� II, and � protein kinase C isozymes in the baculovirus-insect
expression system. Purification and characterization of the indiv
isoforms. J Biol Chem 1990;265(20):12044–51.

16] Cerutti P, Krupitza G, Larsson R, Muehlematter D, Crawford
Amstad P. Physiological and pathologic effects of oxidants in m
epidermal cells. Ann NY Acad Sci 1988;551:75–81 (discussion
2).

17] Chojkier M, Houglum K, Solis-Herruzo J, Brenner DA. Stimulat
of collagen gene expression by ascorbic acid in cultured hu
fibroblasts. A role for lipid peroxidation? J Biol Chem 1989;2
16957–62.

18] Choudhary S, Srivastava S, Xiao T, Andley UP, Srivastava
Ansari NH. Metabolism of lipid derived aldehyde, 4-hydroxynone
in human lens epithelial cells and rat lens. Invest Ophthalmo
Sci 2003;44(6):2675–82.

19] Curzio M, Esterbauer H, Di Mauro C, Cecchini G, Dia
zani MU. Chemotactic activity of the lipid peroxidation prod



M.A. Babizhayev et al. / Peptides 26 (2005) 551–563 563

4-hydroxynonenal and homologous hydroxyalkenals. Biol Chem
Hoppe-Seyler 1986;367:321–9.

[20] Esterbauer H, Schaur RJ, Zollner H. Chemistry and biochemistry of
4-hydroxynonenal, malonaldehyde and related aldehydes. Free Rad-
ical Biol Med 1991;11(1):81–128.

[21] Esterbauer H, Zollner H, Lang J. Metabolism of the lipid peroxida-
tion product 4-hydroxynonenal by isolated hepatocytes and by liver
cytosolic fractions. Biochem J 1985;228(2):363–73.

[22] Fitzpatrick DW, Fisher H. Histamine synthesis, imidazole dipeptides,
and wound healing. Surgery 1982;91:430–4.

[23] Freeman BA, Topolosky MK, Crapo JD. Hyperoxia increases oxygen
radical production in rat lung homogenates. Arch Biochem Biophys
1982;216:477–84.

[24] Greene SM, Margolis FL, Grillo M, Fisher H. Enhanced carno-
sine (�-alanyl-l-histidine) breakdown and histamine metabolism fol-
lowing treatment with compound 48/80. Eur J Pharmacol 1984;99:
79–84.

[25] Greenwald RA, Moy NW. Effect of oxygen-derived free radicals on
hyaluronic acid. Arthritis Rheum 1980;23:455–63.

[26] Gross SS, Levi R. Frontiers in histamine research. New York: Perg-
amon Press; 1985. p. 317–24.

[27] Halevy S, Altura BM. H1- and H2-histamine receptor antagonists
and protection against traumatic shock. Proc Soc Exp Biol Med
1977;154(3):453–6.

[28] Halliwell B, Gutteridge JM, Cross CE. Free radicals, antioxidants,
and human disease: where are we now? J Lab Clin Med 1992;119:
598–620.

[29] Heinecke JW, Rosen H, Suzuki LA, Chait A. The role of sulfur-
containing amino acids in superoxide production and modification
of low density lipoprotein by arterial smooth muscle cells. J Biol

[ oxin

[ ivity

[ ling

[ of
leen

[ LM,
e in

5–71.
[ ge-

–8.
[ elial

hore.

[ fica-
man

[ , et
ponse
:

[ A
iron.

[40] Murrell GA, Francis MJ, Bromley L. Modulation of fibroblast pro-
liferation by oxygen free radicals. Biochem J 1990;265:659–65.

[41] Pang XP, Ross NS, Park M, Juillard GJ, Stanley TM, Hershman JM.
Tumor necrosis factor-� activates nuclear factor� B and induces
manganous superoxide dismutase and phosphodiesterase mRNA in
human papillary thyroid carcinoma cells. J Biol Chem 1992;267:
12826–30.

[42] Paradisi L, Panagini C, Parola M, Barrera G, Dianzani MU. Effects
of 4-hydroxynonenal on adenylate cyclase and 5′-nucleotidase ac-
tivities in rat liver plasma membranes. Chem Biol Interact 1985;
53:209–17.

[43] Naor D, Mayts P, Feldmann M, Schlessinger J, editors. Receptor
activation by antigens, cytokines, hormones, and growth factors, vol.
766. New York, NY: The New York Academy of Sciences; 1995. p.
489.

[44] Rice-Evans C, Burdon R. Free radical–lipid interactions and their
pathological consequences. Prog Lipid Res 1993;32:71–110.

[45] Schraufstatter I, Hyslop PA, Jackson JH, Cochrane CG. Oxidant-
induced DNA damage of target cells. J Clin Invest 1988;82:1040–50.

[46] Schubert J, Watson JA, Baecker JM. Formation of a histidine-
peroxide adduct by H2O2 or ionizing radiation on histidine: chem-
ical and microbiological properties. Int J Radiat Biol 1969;14:577–
83.

[47] Schwarz RI, Bissell MJ. Dependence of the differentiated state on
the cellular environment: modulation of collagen synthesis in tendon
cells. Proc Natl Acad Sci USA 1977;74:4453–7.

[48] Schwarz RI, Farson DA, Soo WJ, Bissell MJ. Primary avian tendon
cells in culture. An improved system for understanding malignant
transformation. J Cell Biol 1978;79:672–9.

[49] Shibanuma M, Kuroki T, Nose K. Stimulation by hydrogen peroxide
spho-
ene

[ abo-

[ d as
X

[ Na+,
the

81:

[ ntly-
1;19:

[ ro-
Lipids

[ dis-
. Sci-

[ he
com-
s

[ liver
798:
Chem 1987;262(21):10098–103.
30] Hinshaw LB, Jordan MM, Vick JA. Histamine release and endot

shock in the primate. J Clin Invest 1961;40:1631–7.
31] Houslay MD. Regulation of adenylate cyclase (EC 4.6.I.I) act

by its lipid environment. Proc Nutr Soc 1985;44(2):157–65.
32] Kahlson G, Nilsson K, Rosengren E, Zederfeldt B. Wound hea

as on rate of histamine formation. Lancet 1960;2:230–4.
33] Kunert-Radek J, Stepien H, Lyson K, Pawlikowski M. Effects

calcium channel modulators on the proliferation of mouse sp
lymphocytes in vitro. Agents Actions 1990;29:254–8.

34] Levi R, Chenouda AA, Trzeciakowski JP, Guo ZG, Aaronson
Luskind RD, et al. Dysrhythmias caused by histamine releas
guinea pig and human hearts. Klin Wochenschr 1982;60(17):96

35] Manfield L, Jang D, Murrell GA. Nitric oxide enhances cyclooxy
nase activity in articular cartilage. Inflamm Res 1996;45(5):254

36] Matsubara T, Ziff M. Superoxide anion release by human endoth
cells: synergism between a phorbol ester and a calcium ionop
J Cell Physiol 1986;127:207–10.

37] Meier B, Cross AR, Hancock JT, Kaup FJ, Jones OT. Identi
tion of a superoxide-generating NADPH oxidase system in hu
fibroblasts. Biochem J 1991;275(Pt 1):241–5.

38] Meier B, Radeke HH, Selle S, Younes M, Sies H, Resch K
al. Human fibroblasts release reactive oxygen species in res
to interleukin-1 or tumour necrosis factor-�. Biochem J 1989;263
539–45.

39] Mello Filho AC, Hoffmann ME, Meneghini R. Cell killing and DN
damage by hydrogen peroxide are mediated by intracellular
Biochem J 1984;218:273–5.
of DNA synthesis, competence family gene expression and pho
rylation of a specific protein in quiescent Balb/3T3 cells. Oncog
1990;5:1025–32.

50] Stewart JJP. MOPAC. Boulder, CO: Frank J. Seiler Research L
ratory, Air Force Academy.

51] Stewart JJ. MOPAC Ver. 6 QCPE Bull. 1989. 9, 10. Revise
Ver. 6.01 by T. Hirano, University of Tokyo, for HITAC and UNI
machines (JCPE Newslett. 1989. 1, 10).

52] Thomas CE, Reed DJ. Radical-induced inactivation of kidney
K(+)-ATPase: sensitivity to membrane lipid peroxidation and
protective effect of Vitamin E. Arch Biochem Biophys 1990;2
96–105.

53] Tse CA, Scott GK. Growth-related proteinase activity in a rece
established human tumour cell culture. Biochem Soc Trans 199
285S–6S.

54] Ursini F, Bindoli A. The role of selenium peroxidases in the p
tection against oxidative damage of membranes. Chem Phys
1987;44:255–76.

55] Wong GHW, Goeddel DV. Induction of manganous superoxide
mutase by tumor necrosis factor: possible protective mechanism
ence 1988;242:941–4.

56] Yoshikawa T, Naito Y, Tanigawa T, Yoneta T, Kondo M. T
antioxidant properties of a novel zinc–carnosine chelate
pound, N-(3-aminopropionyl)-l-histidinato zinc. Biochim Biophy
Acta 1991;1115(1):15–22.

57] Yusa T, Crapo JD, Freeman BA. Hyperoxia enhances lung and
nuclear superoxide generation. Biochim Biophys Acta 1984;
167–74.


	3D molecular modeling, free radical modulating and immune cells signaling activities of the novel peptidomimetic l-glutamyl-histamine: possible immunostimulating role
	Introduction
	Materials and methods
	Chemicals and biological reagents
	Analytical data for l-Glu-Hist
	Molecular modeling
	Fe2+ chelating and ferroxidase-like activity
	Superoxide anion radical (O2-) generation assay
	Peroxidation of liposomes
	Cell studies
	Preparation of mouse spleen lymphocyte
	Separation of mononuclear cells from human blood
	Proliferation of lymphocytes in vitro


	Results
	3D chemical structuring of l-Glu-Hist
	Effect of l-Glu-Hist on the decrease of ferrous iron
	Action of l-Glu-Hist on superoxide anion radical (O2-)
	Effects of l-Glu-Hist on lipid peroxidation
	Stimulation of lymphocyte proliferation

	Discussion
	Acknowledgment
	References


