ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect M]

European Journal of Medicinal Chemistry 42 (2007) 910—920

EUROPEAN JOURNAL OF
NAL
Cli ' TRY

http://www.elsevier.com/locate/ejmech

Original article

Synthesis and antioxidant activity of new homocarnosine
B-cyclodextrin conjugates

Angela Maria Amorini *, Francesco Bellia ®, Valentina Di Pietro ® Bruno Giardina ®,
Diego La Mendola ¢, Giuseppe Lazzarino ®, Salvatore Sortino *, Barbara Tavazzi °,

Enrico Rizzarelli *, Graziella Vecchio *

* Dipartimento di Scienze Chimiche, Universita di Catania, V.le A. Doria 6, 95125 Catania, Italy
Y Istituto di Biochimica e Biochimica Clinica, Universita Cattolica *‘Sacro Cuore’’, Largo F. Vito 1, 00164 Roma, Italy
€ Istituto di Biostrutture e Bioimmagini, CNR, Catania, V.le A. Doria 6, 95125 Catania, Italy

Received 5 December 2006; accepted 29 December 2006
Available online 21 January 2007

Abstract

Several in vitro and in vivo studies have suggested that carnosine (B-alanil-L-histidine) and homocarnosine (B-aminobutyril-L-histidine) can
act as scavengers of reactive oxygen species. B-Cyclodextrin was functionalized with homocarnosine, obtaining the following new
bioconjugate isomers: 6°-[(4-{[(1S )-1-carboxy-2-( 1H—imidazol-4-yl)ethyl]amino}-4-0xobutyl)amino]-6A-deoxy-ﬁ-cyclodextrin and (225,3"R)-
3A-[(4-{[(1S )—1—carb0xy—2—(1H—imidazol—4—yl)ethyl]amino}—4—oxobuty1)amino]—3A—deoxy—B—cyclodextrin. Pulse radiolysis investigations show
that the B-cyclodextrin homocarnosine bioconjugates are scavengers of ‘OH radicals because of the formation of stable imidazole-centered radicals
and the scavenger ability of glucose molecules of the macrocycle. The ability of these new -cyclodextrin derivatives to inhibit the copper(I) driven
LDL oxidation was determined in comparison with that displayed by the analogous carnosine derivatives. Both the B-cyclodextrin carnosine isomers
show a higher protective effect than that of free dipeptide and homocarnosine derivatives, bringing into light the role of the B-CD cavity.

The ability of these new B-cyclodextrin derivatives to inhibit the copper(Il) driven LDL oxidation was determined in comparison with that
displayed by the analogous carnosine derivatives. Both the B-cyclodextrin carnosine isomers show a higher protective effect than that of free

dipeptide and homocarnosine derivatives, bringing into light the role of the B-CD cavity.

© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Cyclodextrins (CDs) are cyclic non-reducing, water soluble
oligosaccharides, which present a hydrophobic cavity with the
appropriate size to accommodate another molecule forming
inclusion compounds through host—guest interactions [1].
CDs derive their nomenclature from the number of glucose
residues in their structure, such that the glucose hexamer is
referred to as a-CD, the heptamer to B-CD and the octamer
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to y-CD. Molecular encapsulation of drugs into CDs has
been studied with the aim of improving characteristics of phar-
maceutical interest such as stability and bioavailability [2].
Chemically modified CDs generate more efficient systems to
delivery drugs by: (i) increasing oral bioavailability; (ii)
decreasing toxicity; and (iii) preventing an immune response
in mammals [3]. The covalent linkage of bioactive peptides
to cyclodextrins has recently been proposed as a means of
achieving good results in terms of solubility and reduced ca-
tabolism [4—11].

Homocarnosine (y-aminobutyrilhistidine, HC) is a good an-
tioxidant molecule as carnosine [12,13], and possesses similar
neuroprotective abilities as carnosine (AH) [14]. It acts as
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a GABA reservoir and may mediate the antiseizure effects of
GABAergic therapies [15,16]. Increasing concentration of the
histamine containing dipeptides in the body could be a promis-
ing strategy for the treatment of disorders which are related to
the oxidative stress process [17]. Specific dipeptidases can
modulate the concentration of these dipeptides [18]; these di-
peptidases are present in plasma, liver and kidneys and they
do not permit to accumulate exogenous homocarnosine and car-
nosine in tissues [19]. In order to overcome this limitation, con-
jugates of carnosine with cyclodextrins have been synthesized
[10,20] and their ability to scavenge “OH radicals has been de-
termined [21]. This capability is maintained in the cyclodextrin
conjugates and it is cooperative with the ability of cyclodextrin
to react with the "OH. In addition these functionalized com-
pounds are able to survive to carnosinase activity [22].

This paper reports the synthesis, the NMR characteri-
zation and the antioxidant ability of the new bioconjugates:
6A-[(4-{ [(1S)-1-carboxy-2-(1H-imidazol-4-yl)ethyl]Jamino }-4-
oxobutyl)amino]-6A-deoxy-[3-cyclodextrin (CDHC6) and (225,
3%R)-3*-[(4-{[(1S )-1-carboxy-2-(1 H-imidazol-4-yl)ethylJamino }-
4—oxobutyl)amino]—3A—deoxy—B—cyclodextn'n (CDHC3). In addi-
tion to the ability to act as "OH scavenger measured by means
of pulse radiolysis also the inhibitory effect on copper-induced
LDL oxidation has been determined. The antioxidant activity
towards LDL oxidation has been determined also for the

= N
CDAH6  R= [

CDNHAH6 R=

carnosine—cyclodextrin conjugates previously synthesized
[10,21]: CDAH6, CDAH3 and CDNHAHG6 (see Chart 1). It
has been also proved by means of pulse radiolysis technique
that these B-cyclodextrin carnosine bioconjugates are scaven-
gers of ‘OH radicals [21].

2. Experimental procedures
2.1. Chemicals

Purified human LDL were obtained from Sigma (St. Louis,
MO, USA). Tetrabutylammonium hydroxide, used as the ion-
pairing reagent for the HPLC detection of MDA, was obtained
as a 55% water solution from Nova Chimica (Cinisello Bal-
samo, Milan, Italy).

B-Cyclodextrin was purchased from Fluka; anhydrous N,
N-dimethylformamide was purchased from Aldrich. Thin layer
chromatography (TLC) was carried out on silica gel plates
(Merck 60-F254). CD derivatives were detected on TLC by
UV and by anisaldehyde test or by the Pauli test for the homo-
carnosine derivatives. Homocarnosine ethylester (HCEt) was
synthesized from homocarnosine (HC) (Sigma) with HCI in
EtOH at 0 °C, using acetylchloride as HCI source. All other
reagents were of the highest purity available from commercial
sources.

CDHC3

R = Homocarnosine

CDAH3 R = Carnosine
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"H NMR spectra were recorded at 25 °C in D,O with a Var-
ian Inova 500 instrument at 499.883 MHz. The 'H NMR spec-
tra were obtained by using standard pulse programs from
Varian library. In all cases the length of 90° pulse was c.a.
7 us. Two-dimensional experiments were acquired using 1K
data points, 256 increments and a relaxation delay of 1.2s.
T-ROESY spectra were obtained using a 300 ms spin-lock
time. DSS was used as external standard.

2.1.1. Synthesis of 6*-[(4-{[(1S )-1-carboxy-2-(1H-
imidazol-4-yl)ethyl]amino}-4-oxobutyl)amino]-
6A—dewcy—ﬁ—cyclodextrin (CDHC6)

Synthesis was carried out starting from the 6-deoxy-6-iodo-
B-cyclodextrin (CDI) [23]. HCEt (1 g) was added to a solution
of CDI (1 g) in anhydrous DMF (1 ml). The reaction was car-
ried out at 70 °C, under nitrogen and under stirring. After 12 h,
DMF was evaporated under vacuum at 40 °C. The crude
product was purified using a CM-Sephadex C-25 column
(20 x 600 mm, NH; form). Water and then a linear gradient
0—0.2 M of NH,HCOj5 solution (400 mL) were used as the el-
uent. The appropriate fractions containing the ethylester of
CDHC6 were combined. The product was hydrolyzed by treat-
ment with 1% NaOH in water/methanol (1:1) for 1 h. The sol-
vent was evaporated and the product was isolated by column
chromatography of CM-Sephadex C-25 (20 x 600 mm, NH;
form) using water as the eluent. Yield: 20%, Ry=0.32,
(PrOH/H,O/AcOEt/NH;  5:3:2:3). ESI-MS m/z 1358.2
(M +1). Elemental analysis for Cs,Hg4O37N,4-6H,0: caled
(%): C 42.98, H 5.83, N 3.86; found: C 42.7, H 5.7, N 3.7.

"H NMR (D0, 500 MHz) 6 (ppm) 7.69 (s, 1H, H-2 of Im),
6.85 (s, 1H, H-5 of Im), 5.0—4.96 (m, 7H, H-1 of CD), 4.33
(dd, 1H, CH of His, Jxg =4.58 Hz, Jxa =8.97 Hz), 3.97
(m, 1H, H-5A), 3.88—3.67 (m, 26H, H-3, -5, -6), 3.58—3.35
(m, 15H, H-2, -4, -6'A), 3.15 (dd, 1H, H-6A, Jga 5o = 8.97 Hz,
Jeasa=1391Hz), 3.04 (dd, 1H, H of CH, of His,
Jgx =4.49 Hz, Jog = 14.83 Hz), 2.85 (m, 3H, other H of
His, CH, in o to NH); 2.26 (m, 2H, CH, in a carbonyl group),
1.80 (m, 2H, CH, in  to NH).

13C NMR (D50, 125 MHz) 104.2 (C-1), 85.6 (C-4A), 83.7
(C-4), 75.8 (C-5), 74.6 (C-2), 74.2 (C-3), 70.2 (C-5A), 63.2
(C-6), 57.5 (CH of His), 51.5 (C-6A), 50.3 (CH, in a to
NH); 35.6 (CH, in o carbonyl group), 32.2 (CH, of His),
25.9 (CH; in B to NH).

2.1.2. Synthesis of (2*S,3*R)-3%-[(4-{[(1S )-1-carboxy-
2-(1H-imidazol-4-yl)ethyl]amino}-4-oxobutyl)amino]-
3*-deoxy-B-cyclodextrin CDHC3

The derivative was synthesized from the 2,3-mannoepoxide
of B-CD formed in situ from 2-deoxy-2-[(p-tosyl)oxy]-B-
cyclodextrin in aqueous solution of NaHCOj; (15 ml) [24].
HC (0.9 g) was added to the solution containing the mannoep-
oxide. The reaction was carried out at 60 °C, under nitrogen for
12 h. The solvent was evaporated and the solid was purified by
column chromatography using a column of Rp8 eluted with
water and then with a linear gradient water/MeOH (0 —
20%). The isolated product was further purified by a CM-Se-
phadex C-25 column using water as eluent. Yield: 41%,

R;=0.44 (PrOH/H,O/AcOEt/NH; 5:3:1:2). ESI-MS mi/z
1358.4 (M + 1). Elemental analysis for Cs5,Hg4O37N,4-8H,0:
caled (%): C41.60,H6.71, N 3.73; found: C41.2, H6.6, N 3.5.

"H NMR (D0, 500 MHz,) 6 (ppm) 7.61 (s, 1H, H-2 of Im),
6.83 (s, 1H, H-5 of Im), 5.05 (m, 2H, H-1), 4.96 (d, 2H, H-1);
493 (d, 1H, H-1, J;,=3.41Hz), 492 (d, 1H, H-IG,
Jic26=4.01 Hz); 4.80 (d, 1H, H-1A Jia24 =6.90), 4.36
(dd, 1H, CH of His, Jxg =4.62 Hz, Jxa =9.03 Hz), 4.21
(m, 1H, H-5A), 4.00 (m, 1H, H-4A), 3.95—3.72 (m, 27H, H-
3,-5,-6, H-2A), 3.76 (m, 1H, 6A), 3.68 (m, 1H, 6'A); 3.62-
3.44 (m, 12H, H-2, -4), 3.04 (dd, 1H, one proton of CH, of
His, Jgx =4.62 Hz, Jga = 15.00 Hz), 2.99 (dd, 1H, H-3A,
J3a24 =10.50, J35.44 =3.00), 2.85 (dd, 1H, proton of CH,
of His, Jax =9.13 Hz, Jog = 15.00 Hz); 2.72 (m, 1H, proton
of CH, in o to amino group); 2.54 (m, 1H, other of CH, in
o to amino group); 2.21 (m, 2H, CH, in a to carbonyl group);
1.67 (m, 2H, CH, in B to amino group).

13C NMR (D,0, 125 MHz) 106.5 (C-1A), 105.3, 104.7,
104.5 (C-1), 84.0—83.5 (C-4), 79.0 (C-5A), 78.60 (C-4A),
76.2 (C-5), 74.6 (C-2), 74.2 (C-3), 72.0 (C-2A), 63.8 (C-6),
61.4 (C-3A), 58.2 (CH of His), 49.19 (C-6A), 59.2 (CH, in
a to NH); 36.4 (CH, in a carbonyl group), 32.5 (CH, of
His), 27.5 (CH; in B to NH).

2.2. Pulse radiolysis

Pulse radiolysis was performed by using electron pulses
(=20 ns duration) of the 12 MeV electron linear accelerator
at the ISOF-CNR Institute in Bologna. The irradiations were
carried out at room temperature, 22 + 2 °C, on samples con-
tained in Spectrosil cells of 2 cm optical path length. Solutions
were protected from the analyzing light by means of a shutter
and appropriate cutoff filters. The monitoring light source was
a 450 W Xe arc lamp. The radiation dose per pulse was moni-
tored by means of a charge collector placed behind the irradia-
tion cell and calibrated with a N,O-saturated solution
containing 0.1 M HCO; and 0.5 mM methyl viologen (1,1’-
dimethyl-4,4'-bipyridinium dication; MV?*") using Ge=
9.66 x 10~* m?J~ " at 602 nm [25]. G(X) represents the number
of moles of species X formed or consumed per joule of energy
absorbed by the system.

2.3. Oxidation of human LDL

Lyophilized LDL were resuspended in water (2 mg protein/
ml) and extensively dialyzed against 20 mM CH3;COONH,
buffer, pH 7.4, to remove any phosphate and EDTA traces.
LDL suspension was used at a final concentration of 1 mg/ml.
The inhibitory effects on lipid peroxidation of AH, HC,
CDAH3, CDAH6, CDNHAHG6, CDHC3, CDHC6, were evalu-
ated by incubating 40 uM Cu”®"-challenged LDL suspensions
with increasing concentrations of each of the aforementioned
compounds (2, 5, 10, 20, 50, 100 and 200 uM) at 37 °C for
4h. In addition, experiments for evaluating the influence of
pH on the antioxidant efficacy of the various compounds of
interest, were also performed. For this purpose, LDL were sus-
pended in 20 mM CH3COONHy,, pH 5.0 and incubated at 37 °C
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for 4 h with increasing concentrations of the different com-
pounds (2, 5, 10, 20, 50, 100 and 200 uM). For any pH values,
LDL incubated in presence of buffer only were used as controls.

In all experiments, incubations were stopped by adding
a double volume of HPLC-grade acetonitrile and samples
were processed for the HPLC determination of MDA to eval-
uate the extent of LDL lipid peroxidation.

24. HPLC analysis of MDA

After acetonitrile addition, samples of LDL suspensions
were extracted twice with chloroform (2:1 v/v) and, after
each extraction, they were centrifuged at 20,190g for 5 min
at 4°C. The upper aqueous phase was collected, filtered
through a 0.45 um Millipore filter and then loaded (200 pl)
onto a C-18, 250 x 4.6 mm, 5 pm particle size column (Kro-
masil, Bohus, Sweden) for the HPLC detection of MDA. The
HPLC apparatus consisted of a Spectra System P2000 pump
(ThermoElectron, Rodano, Milan, Italy) connected to a highly
sensitive UV6000 LP diode array spectrophotometric detector
(ThermoElectron, Rodano, Milan, Italy), equipped with a 5 cm
light path flow cell and set up between 200 and 300 nm for data
acquisition. The direct MDA determination was carried out on
the organic solvent-extracted samples according to an ion-pair-
ing method described in detail elsewhere [26], which does not
require sample derivatization prior to HPLC analysis. MDA
quantification was performed at 267 nm wavelength (MDA
maximum of absorbance).

3. Results and discussion

The major objective of this research was to evaluate the an-
tioxidant activity of conjugates of cyclodextrin with biological
dipeptides histidine containing, carnosine and homocarnosine.

We synthesized two new conjugates of B-cyclodextrin with
homocarnosine (Chart 1) to better investigate the role of the
bioconjugation on the activity of the peptide, encouraged
from some results obtained in the case of carnosine conju-
gates. In addition to the data on the scavenger ability of the
homocarnosine conjugates against the ‘OH, we also investi-
gated the antioxidant activity of the carnosine and the homo-
carnosine conjugates in the copper(Il) dependent LDL
oxidation assay, where other free radical species are involved.

The bioconjugates of carnosine and homocarnosine were
investigated with the aim of stabilizing the biological peptides
towards the protease action, as reported for other bioconju-
gates with biologically active peptides [4—9,11,22].

3.1. Synthesis and NMR characterization

In these derivatives, the link involves the amino group of
HC which becomes a secondary amino group. The new com-
pounds were synthesized following the methods reported in
the literature [10,21]. The products were characterized by
NMR spectroscopy and ESI-MS.

The 1D spectra were assigned by COSY, TOCSY, HSQC,
T-ROESY. The notation system in which the glucose rings

are named A, B, C, D, E, F, and G rings counter clockwise
and viewed from the primary hydroxyl side is adopted.

3.1.1. NMR spectra of CDHC6

"H NMR (Fig. 1a) spectra confirm the identity of the prod-
uct. In addition to the signals due to the protons of CD moiety
in the 4.1—3.4 ppm region, the spectrum shows the signals of
the HC moiety. H-2 and H-5 protons of the imidazole are also
seen to resonate in the aromatic region at 7.69 ppm and
6.85 ppm. The protons of the ABX system of His resonate
at 4.33 ppm (X), at 3.04 ppm (B) and at 2.85 ppm (A), and
the propylenic chain protons at 2.86 ppm, at 2.26 ppm and at
1.80 ppm. The 6A protons resonate at 3.34 ppm and at around
3.15 ppm and are diastereotopic as typically observed for these
kinds of derivatives [23,27,28]. The substitution of the 6-OH
group with an amino group produces an upfield shift of the
6A proton signals [23,27—30]. The signal due to 5A is evident
at 3.97 ppm. The chemical shift values of 5A and 6A suggest
the zwitterionic form for this compound [20,23,29,30].
ROESY spectra suggest that the homocarnosine chain is not
included in the cavity, as in the case of the carnosine
6-derivative. The chain ethylenic or propylenic together with

(a)

)

T
ppm (t1) 7.0 6.0 5.0 4.0 3.0 2.0

(b)

|

75 70 65 60 55 50 45 40 35 30 25 20 15

Fig. 1. 'H NMR spectra (500 MHz, D,0) of HC derivatives: (a) CDHC6, (b)
CDHC3.
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the presence of the imidazole which is a small aromatic ring
does not determine the intra or the inter-molecular inclusion
in these kinds of systems.

3.1.2. NMR spectra of CDHC3

The 'H NMR spectrum (Fig. 1b) shows the signals due to
the functionalized A ring together with those for the CD pro-
tons at 4.0—3.4 ppm. The signals due to the 2A (6 = 3.66 ppm),
3A (6 =2.99 ppm) and 4A (6 = 4.00 ppm), and of the protons
of the CH, in vy (2.72 ppm and 2.54 ppm), B (1.67 ppm) and
o (2.21 ppm), are evident. The y-CH, protons are diastereo-
topic and show two different signals.

The chemical shift values of the 4A and 3A protons suggest
that CDHC3 is in zwitterionic form [20,31—35]. As a conse-
quence of the synthetic route followed to functionalize CDs
on the C-3, the configuration inversions of C-2 and C-3 occur
and an altrose unit replaces a glucose unit in the CD molecule
[36]. Thus the cavity became asymmetric and this is evident
especially in the H-1 region; other four groups of signals are
observed in addition to the H-1A signal.

The coupling constant values Jip 24 = 6.8 Hz, Jyp 34 = 10.5
and J3a 44 = 3.0 Hz indicate that 1A and 2A are both axial in
the altrose unit, this being in keeping with its predominately
1C4 conformation [37,38], as observed in other altrocyclodex-
trin derivatives [21,31—35].

The ROESY spectra do not show correlation peaks between
the imidazole protons and H-3, H-5, H-6 regions, suggesting
the disposition of the moiety outside the cavity. This behaviour
is different to that observed for the carnosine 3-derivative,
where the self-inclusion of the chain has been hypothesized
on the basis of NMR spectra [21]. We can assume that, in
the case of the analogous homocarnosine derivative, the pres-
ence of the propylenic chain disfavours the self-inclusion ren-
dering the moiety more flexible.

3.2. Pulse radiolysis

The pulse radiolysis technique is a direct method to gain in-
sight into the interaction of substances with the active radicals
produced since it allows in general measurement of both ki-
netic formation and decay as well as spectra of transient
intermediates.

The radiolysis of water predominantly produces the species
shown in Eq. (1) where the values in parentheses represent the
yields expressed in terms of G-values (umolJ 1 [39].

H,0 — e, (0.27), OH(0.28) and H'(0.062),
H,(0.047), H,0,(0.073), H* (0.27) (1)

3.2.1. Reaction of 'OH radicals with CDHC6 and CDHC3

In order to investigate the scavenging properties of the syn-
thesized compounds towards "OH radicals, samples containing
either CDHC6 or CDHC3 were irradiated after saturating the
aqueous solutions with N,O. Under these experimental condi-
tions the e,q are converted into ‘OH according to reaction (2)

and the yield of this species increases to ca. 0.55. Since the
dose used in our experiments was = 16 Gy, the concentration
of "OH generated is =107 M.

Fig. 2 shows the transient absorption spectrum recorded 6 s
after the pulse and obtained after the reaction of ‘OH radicals
with a 10~* M aqueous solution of CDHC6. The spectrum is
characterized by a relevant absorption below 280 nm and by
two better-defined bands around 300 and 350—450 nm, respec-
tively. The time profile of the formation of this transient (inset
Fig. 2) is described fairly well by a first order fit with a pseudo-
first order rate constant, kg, =8 X 10°s~!. A bimolecular
quenching constant k; =8 x 10° M~ ' s~ related to the reac-
tion of "OH with CDHC®6 is obtained by using Eq. (3).

ki = kaps/[1] 3)

Such a value did not change significantly with the concen-
tration of CDHC6, confirming that under these experimental
conditions "OH radicals react almost exclusively with the
quencher.

The band at 300 nm and the broad absorption in the 350—
450 nm region are very indicative for an active role of the
homocarnosine unit of CDHC6 as a scavenger of "OH radicals.
This is in very good agreement with the literature data show-
ing that these radicals readily react with carnosine [40] leading
to a transient spectrum quite similar to that reported in Fig. 2.
In particular, it has been demonstrated that the reaction is
consistent with an attack of the radical species at level of the
imidazole ring, preferentially at C(2) position, giving an
adduct (a resonance-stabilized radical) characterized by a well-
defined band at 310 nm and a weaker absorption in the region
380—400 nm [40,41]. The bimolecular rate constant related to
this process 1S kcarmosine =3 X 10°M~'s7! and it is only
slightly dependent on pH [41]. Such a value is smaller than
that obtained in our case (vide supra). This finding along
with the remarkable absorption extending below 280 nm, not

0.04
0.03 0.03
b
0.02
A =260 nm
0.01
< 0.02
< 0.00
0 2 4 6 8
Time / ps
0.01
0.00

T T T T T
250 300 350 400 450
Wavelength / nm
Fig. 2. Absorption spectrum obtained from the pulse radiolysis of N,O-satu-

rated 10~ M solution of CDHCG6, taken 6 ps after the pulse. The inset shows
the build-up monitored at 260 nm.



AM. Amorini et al. | European Journal of Medicinal Chemistry 42 (2007) 910—920 915

0.025
0.015
0.020 < 0.010
<
0.005
0.015
< 0.000{ i i
< 250 300 350
0.010 Wavelength / nm
0.005 -
0.000

T T T T T
250 300 350 400 450
Wavelength / nm

Fig. 3. Difference transient absorption spectrum between CDHC6 (see Fig. 2)
and B-CD (see inset). Inset: absorption spectrum obtained from the pulse radi-
olysis of N,O-saturated solution of 10~ M B-CD, taken 6 ps after the pulse.

present in the case of either homocarnosine, carnosine or im-
idazole alone [40,41], suggests that the imidazole ring of
CDHCS6 is not the unique scavenging site of the molecule.
In this regard, abstraction hydrogen process involving ‘OH
radical and glucose, the monomer species of cyclodextrin,
are reported [41] to take place efficiently with a rate constant
of 1.5x 10°M~"'s™". Thus, a direct participation of the cy-
clodextrin unit of CDHC6 in scavenging "OH radical can be
reasonably conceived. This proposal is in agreement with
our recent findings concerning carnosine derivatives of B-CD
[21]. Indeed, we demonstrated that the reaction between ‘OH
and B-CD itself produces a transient absorption in the region
240—360 nm, assigned to carbon-centered radicals generated
after hydrogen abstraction from the macrocycle (see inset of
Fig. 3 for sake of clarity). Despite the low extinction coeffi-
cient of the carbon-centered radicals, we could estimate
arate constant of kg.cp = 9 X 10° M~ ' s™! for the reaction be-
tween ‘OH and B-CD by the pseudo-first order kinetic forma-
tion monitored at 240 nm. Note that the estimated value is ca.
7-fold higher than that reported for glucose [40] in good agree-
ment with the fact that each molecule of B-CD contains seven
glucose units. Fig. 3 shows the difference spectrum between
CDHC6 and B-CD after reaction with ‘OH. It can be noticed
that the spectral features are virtually identical to those ex-
hibited by the ‘OH—imidazole adduct [40,41]. On the basis
of these results, we can safely propose that the transient ab-
sorption of CDHC6 (Fig. 2) reflects independent contributes
of the intermediates produced upon reaction of both the imid-
azole center and the B-CD unit of CDHC6 with "OH radicals.
Furthermore, by taking into account the AA value at 310 nm
and the extinction coefficient for the "OH—imidazole adduct
at this wavelength [40], we can estimate that the amount of
this species formed is =3 x 107° M. Given that the concen-
tration of the ‘OH radicals generated in our experiments is
=107°M (vide supra) the concentration of the carbon-
centered radicals formed after hydrogen abstraction from
B-CD would be =7 x 10" M. This picture rules out, of

0.03

0.02

AA

0.01 4

0.00 T T T T T
250 300 350 400 450

Wavelength / nm

Fig. 4. Absorption spectrum obtained from the pulse radiolysis of N,O-satu-
rated 10™* M solution of CDHC3, taken 6 ps after the pulse (O) and differ-
ence transient absorption spectrum between CDHC3 and B-CD (see inset

Fig. 3) (@).

course, any attack of the "OH radicals to the side chain of
the imidazole. According to literature data, such a process is
only a minor pathway [42].

The transient absorption spectrum obtained after the reac-
tion of "OH radicals with a 10~*M aqueous solution of
CDHCS3 is shown in Fig. 4 (circles). The shape of the transient
spectrum observed is very similar to that of compound
CDHC6 (see Fig. 2 for comparison). Thus, in light of the
above picture we can infer that also in this case the "'OH rad-
icals that react with both B-CD and imidazole ring. In partic-
ular, by the AA of the difference transient spectrum between
CDHC3 and B-CD alone related to the ‘OH—imidazole adduct
(diamonds in Fig. 4), it is possible to note that the amount of
this latter species formed is essentially the same as in the case
of compound CDHC6 (=3 x 10°° M). As far as the kinetic of
the reaction between ‘OH and CDHC3 is concerned, the bimo-
lecular rate constant obtained from the build-up monitored at
260 nm (data not shown), was k, =7 X 10°M~! s7! a value
very close to that observed for CDHC6.

The overall picture emerging from both spectroscopic and
kinetic behaviours suggests that, likewise to carnosine deriva-
tives of B-CD [21], the imidazole and B-CD sub-units of both
homocarnosine derivatives behave as competitive sites for the
scavenging of the "OH radicals. The former being a radical
trap leading to the formation of a resonance-stabilized radical
adduct, the latter providing a source of 14 hydrogen atoms
(Scheme 1a). However, in contrast to the analogous carnosine
derivatives of B-CD [21], in the present case the different
position of the imidazole sub-unit (upper or lower position
of the B-CD rim) does not affect significantly the relative
amounts of the "OH radicals reacting with the two active scav-
enging sites. This finding is strictly related to the structure of
CDHC6 and CDHC3. In fact, NMR analysis (vide supra)
pointed out that in both the homocarnosine derivatives the
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(a) ¢ \

Z=

Scheme 1. Pictorial view of the different products formed by reaction of "OH
radicals with the two sub-units of CDHC6 (a) and idealized structures of the
homocarnosine (top) and carnosine (bottom) derivatives of B-CD (b).

imidazole ring is located outside the B-CD cavity, probably
due to the presence of the additional methylene group, and
thus not hindered against the scavenging of the ‘OH radicals
(Scheme 1b).

Table 1

3.3. LDL oxidation

The effect of carnosine, homocarnosine and their cyclodex-
trin conjugates on copper-induced LDL oxidation has been
determined.

The oxidative modification of LDL is an important event in
the pathogenesis of atherosclerosis [43] and is evidenced by
alteration in the protein and lipid components of the particle.
Compared to pulse radiolysis process, LDL oxidation is fea-
tured by a radical reaction series that yields more than a free
radical (OH) [44]. Thus, all the tested compounds may per-
form their antioxidant activity through several ways, depend-
ing on the reaction that they inhibit.

Table 1 shows the data referring to the protective effects of
AH, HC, CD, as well as the equimolar combination of CD
with any of the considered dipeptides. The considered dipep-
tides, as well as CD, have only low protective effects towards
copper-induced human LDL oxidation. The highest efficacy
was observed for AH (22.5% inhibition of MDA production),
whereas HC and CD reached 17.6% and 10.7% of inhibition,
respectively, at the lowest metal-to-ligand ratio. The concom-
itant presence of equimolar amounts of CD and any of the his-
tidine-containing dipeptides produced antioxidant effects that
were merely the sum of the activities of the two considered
compounds.

Fig. 5 reports the dose—response effects of increasing con-
centrations of CDAH3, CDAH6, CDNHAHG6 towards human
LDL oxidation induced by 40 uM Cu”*". CDAH3 reduced the
control MDA amount by 3—98% when the ligand concentra-
tion ranged from 2 to 200 uM. In the same concentration range,
the inhibition activity of CDAHG6 ranged from 4% to 75%. The
antioxidant activity of CDNHAHS6 also increased as the metal-
to-ligand ratio decreased and reached 50% at highest ligand
concentration (200 uM). All the AH derivatives, therefore, in-
hibited the MDA production more than CD, AH and the equi-
molar combination of both. Moreover, the C-3 cyclodextrin
conjugate with AH gave a more effective antioxidant than the
corresponding C-6 derivative. This was particularly evident
for concentrations higher than 20 uM. The apparent ICs, of
CDAH3 was 23.4 uM and that of CDAH6 was 85.2 uM.

As shown in Fig. 6, the chemical modification of HC with
CD linked at 3 or at 6 position produced resulting compounds

Dose—response effect of histidine-containing dipeptides and B-cyclodextrin on lipid peroxidation induced in human LDL by 40 uM Cu?*, as evaluated by HPLC in

terms of MDA produced in the incubation medium

Concentration (uM) AH HC CD CD + AH CD + HC

2 0.28 (0.07) 0.31 (0.08) 0.11 (0.01) 0.41 (0.11) 0.54* (0.13)
5 0.93 (0.10) 1.02 (0.21) 0.38 (0.06) 1.42 (0.18) 1.59% (0.23)
10 1.38 (0.27) 1.86 (0.29) 0.65 (0.13) 2.27*(0.35) 2.55* (0.31)
20 2.72 (0.41) 2.50 (0.22) 1.26 (0.18) 431*" (0.46) 471%° (0.39)
50 9.13 (1.21) 8.28 (1.36) 3.87 (0.64) 14.66™° (1.94) 16.32° (2.03)
100 15.06 (2.63) 12.10 (1.19) 6.94 (0.83) 23.18"" (2.78) 28.09*" (3.14)
200 22.47 (2.05) 17.56 (2.12) 10.72 (1.55) 35.47*° (4.21) 38.12*° (2.97)

Values are the mean (s.d.) of four different experiments and are expressed as protection percentage (0% protection = control LDL incubated with buffer only).

# Significantly different from samples incubated with CD only.

® Significantly different from samples incubated with the corresponding dipeptide only.



AM. Amorini et al. | European Journal of Medicinal Chemistry 42 (2007) 910—920 917

120 1

100 - _ __*
*,——"—-_—-

80 - )

&%’ -=-" -7 T ;

% protection LDL oxidation

60 / . ‘l_ - i
’ - " —
- -—
40 - w g —_—
‘ . ° o— -
‘ ‘ L — —

20 A1 ’ - -

0 20 40 60 80 100 120 140 160 180 200

added antioxidant (uM)

Fig. 5. Dose—response protective effect of CDNHAH6 (@), CDAH3 () and
CDAHG6 ( A) on 40 uM copper-induced lipid peroxidation of human LDL.
Peroxidation was evaluated by the HPLC determination of MDA. Control
LDL were incubated in presence of 40 uM Cu* and buffer only, with no
added antioxidant (0% protection). Each point represents the mean of four dif-
ferent experiments. Standard deviations are represented by vertical bars.

with lower antioxidant potency than that of corresponding AH
derivatives. CDHC3 and CDHC6 inhibited the MDA produc-
tion at most of 39% and 27%, respectively. Thus, the antioxi-
dant activity towards the copper-induced LDL oxidation was
not higher than that due to the equimolar combination of
CD and HC.

The pH dependency of the capacity of the different cyclo-
dextrin derivatives to inhibit MDA formation was tested by
challenging human LDL with 40 uM Cu®" for 4 h at pH 5.0,
instead of pH 7.4. For the sake of simplicity, only results refer-
ring to the most effective cyclodextrin derivative (CDAH3) are
summarized in Table 2. The difference of MDA amount gen-
erated at the two tested pHs for any metal-to-ligand ratio was
not greater than 3%. It is therefore evident that the mild acid-
ification of the incubation medium had no significative effects
either on the extent of copper-induced LDL oxidation or on
the inhibitory capacity of the B-cyclodextrin conjugate.

100
c
.0
£ 80
T
X
o
1 60
[a]
-
s
L2 40 —_——-—i
g -
1] .. -9
o - & -----"""""
5 20 e--"""
X e- "
0 20 40 60 80 100 120 140 160 180 200

added substrate (uM)

Fig. 6. Dose—response protective effect of CDHC3 () and CDHC6 (@), on
40 uM copper-induced lipid peroxidation of human LDL. Peroxidation was
evaluated by the HPLC determination of MDA. Control LDL were incubated
in presence of 40 pM Cu®" and buffer only, with no added antioxidant (0%
protection). Each point represents the mean of four different experiments.
Standard deviations are represented by vertical bars.

Table 2
Dose—response effect of CDAH3 on lipid peroxidation induced in human LDL
by 40 uM Cu*" at pH 5.0 and 7.4

CDAH3 (uM) MDA (uM) pH 5.0 MDA (uM) pH 7.4
0 0.00 (0.31) 0.00 (0.20)
2 6.36 (0.61) 5.59 (0.55)
5 10.96 (0.96) 10.40 (0.98)
10 22.92° (1.90) 18.46" (1.51)
20 40.24° (3.55) 40.38° (3.42)
50 64.69* (5.27) 61.19" (5.02)
100 83.11% (7.01) 79.98° (6.61)
200 90.24% (7.94) 90.72" (7.46)

* Significantly different from respective 0 time (p < 0.05).

It is known that strong metal chelating molecules such as
EDTA are able to prevent the copper-catalyzed peroxidation
[45]. In order to compare the protective effect towards the
Cu”"-induced LDL oxidation with the chelating property of
free and CD-conjugated dipeptides, the amounts of free and
complex species of metal and some tested compounds were
calculated (Table 3). All these values, expressed as percent
of total copper concentration (40 uM), were obtained by using
the previous determined copper-binding constants [20]. As
shown in Table 3, the copper chelating effect of AH and their
derivatives increases with their concentration and the amount
of free copper ions come to zero when the ligand concentration
is higher than 50 uM. Moreover, AH, CDAH3 and CDAHG6
produce the same amount of free and complex species for
any metal-to-ligand ratio at pH 7.4, but their inhibition effi-
cacy towards MDA formation show a different pattern. On
the contrary, the percentage of MDA inhibition of CDAH3
at pH 5.0 and 7.4 are not significantly different, while the cop-
per-binding ability is distinctly pH-dependent. HC protects the
copper-mediated LDL oxidation as much as AH, but its ability
to chelate free copper ions is lower.

On the basis of these results, we could hypothesize which
are the molecular events that involve the inhibition of cop-
per-induced LDL oxidation from AH, HC and their cyclodex-
trin derivatives.

The copper complex species formed with the tested histi-
dine-containing dipeptides contribute to their antioxidant ac-
tivity by two distinct ways: by decreasing the amount of free
metal ions available for the oxidizing LDL induction [46]
and by acting as scavengers towards O5 radicals [47]. Be-
cause the superoxide ion is not the major radical species of
the copper dependent LDL oxidation [44], the SOD-like activ-
ity of the complexes should not significantly contribute to the
observed antioxidant effect. Moreover, as we observe in Table 3,
there is not a straightforward correlation between the LDL
protection and the concentration decrease of free copper ions,
caused by the different ligands. For example, the protection
percentages of AH and HC are not significantly different,
even if AH is a copper(I) ligand stronger than HC [20,48]. Re-
sults of the experiments carried out at pH 5.0 (see Table 2)
clearly confirm that, in the overall antioxidant mechanism of
the B-cyclodextrin derivatives, copper sequestration plays a
minor role, at least in the concentration ranges of both
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Table 3

Total free and complex species percentages of copper and ligand in comparison with the inhibition MDA formation of any tested compound

Ligand Cu”*:ligand molar ratio LDL protection® Total ligand® Free Cu®*® Free ligand® Complexed Cu**?
AH 20:1 0 5 95 0 5
8:1 1 13 87 0 13
4:1 1 25 75 0 25
2:1 3 50 50 0 50
1:1.25 9 125 0 25 100
1:2.5 15 250 0 150 100
1:5 22 500 0 400 100
HC 20:1 0 5 99 4 1
8:1 1 13 97 10 3
4:1 2 25 94 19 6
2:1 3 50 89 39 11
1:1.25 8 125 75 100 25
1:2.5 12 250 58 208 42
1:5 18 500 39 434 61
CDAH6 20:1 4 5 95 0 5
8:1 6 13 87 0 13
4:1 10 25 75 0 25
2:1 24 50 50 0 50
1:1.25 41 125 0 25 100
1:2.5 56 250 0 150 100
1:5 75 500 0 400 100
CDAH3 (pH 7.4) 20:1 13 5 95 0 5
8:1 26 13 87 0 13
4:1 48 25 75 0 25
2:1 58 50 50 0 50
1:1.25 71 125 0 25 100
1:2.5 82 250 0 150 100
1:5 97 500 0 400 100
CDAHS3 (pH 5.0) 20:1 15 5 97 2 3
8:1 28 13 93 5 7
4:1 45 25 86 11 14
2:1 60 50 74 24 26
1:1.25 75 125 48 73 52
1:2.5 83 250 28 178 72
1:5 91 500 14 414 86

? Values expressed as percentage of total copper concentration (40 uM).

oxidants and antioxidants tested and in the experimental
model of human LDL oxidation.

In the activity of CDAH3 and CDAHG6, previous observa-
tion from our laboratories indicated that the imidazole ring
and the B-cyclodextrin moiety serve as competitive scavenging
sites for hydroxyl radicals [21]. As reported in Table 3, the in-
hibition percentage increases as the copper-to-ligand ratio de-
creases. Thus, the scavenging activity of the tested compounds
should affect the protection of LDL oxidation more than their
copper-binding affinity.

Further molecular events that may play an important role in
preventing LDL oxidation could reasonably involve the inclu-
sion ability of the cyclodextrin cavity. The CD moiety could
reduce the LDL oxidation by inclusion of cholesterol interme-
diate oxidation products [49]. It is also known that the initia-
tion of Cu*"-mediated LDL oxidation involves tryptophan
radicals formed at Cu*" binding sites on apolipoprotein B-
100 [50]. Because cyclodextrins are able to interact with pro-
tein aromatic amino acids [51], it is likely that the inclusion
events involving cyclodextrin moieties and Cu®" accessible
tryptophan residues prevent the oxidation of such amino acids
and, then, the lipid peroxidation.

As illustrated in Figs. 5 and 6, all 3-derivatives had higher an-
tioxidant potency than that of the corresponding 6-conjugates.
According to the different structures of the two types of deriva-
tives, this result allows to hypothesize that CD-grafted dipep-
tides, where the antioxidant activity is most presumably
elicited, are somehow less available for the reaction with ROS
when the link with B-cyclodextrin is on the upper rim rather
than on the lower rim. We can speculate that this could be due
to the different size of the two rims of the B-cyclodextrin. It
has been reported that B-CD is able to include free [52] and pro-
tein-included aromatic amino acids [51,53]. Because the cyclo-
dextrin cavity includes the indole group of tryptophan from the
upper rim [52], the steric hindrance of 6-conjugated dipeptides
could likely reduce the inclusion complex formation and, then,
the inhibitory effect towards the LDL oxidation.

CDHC3 and CDHC6 showed an efficacy to inhibit MDA
formation lower than that of corresponding AH derivatives. It
remains unclear how an additional methylne group can change
significantly the inhibition activity. The unknowing of the cop-
per-binding constants of CDHC3 and CDHC®6 does not allow to
understand if the different inhibition of copper-induced LDL
oxidation could depend on the amount of free metal ions.
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However, it has been reported that the complex species of AH
and HC cyclodextrin derivatives have a different structure
[20,47]. At physiological pH, CDAH3 forms two fused six-
membered chelate rings instead more stable than two fused
seven- and six-membered rings of the Cu®>"—CDHC3 complex.
Thus, CDAH3 could be more effective of the corresponding
HC derivative for decreasing the oxidizing effects of free metal
ions.

Stability of copper complex species and inhibitory effects
towards the Cu®"-induced LDL oxidation seem also correlated
to all six-derivatives. At pH 7.4 the main species of copper(Il)—
CDAHG system is a dimeric complex, while CDHCG6 is not able
to form such stable species [20].

4. Conclusions

The syntheses of the new bioconjugates of B-CD with ho-
mocarnosine are reported together with an investigation of
their scavenger ability towards ‘OH radicals. Furthermore the
antioxidant activity of the new bioconjugates in comparison
with the carnosine—cyclodextrin derivatives was also investi-
gated in the LDL oxidation assay. The new compounds are ef-
fective "OH radical scavengers, as confirmed by the diffusion-
controlled value of the bimolecular quenching constant related
to the reaction with these radical species. The different func-
tionalization way does not appear to influence the spectro-
scopic and kinetic behaviours of the investigated compounds
which exhibit similar scavenging capability and quenching
mechanisms, in agreement with the disposition of the homo-
carnosine sub-unit outside the cavity. In particular, as already
reported in the case of carnosine derivatives [21], the imidaz-
ole and B-CD can be viewed as independent sub-units of the
same molecule, both playing an active role in the scavenging
of the "OH radicals.

In light of the relatively stable nature of the radical species
formed following the reaction of these compounds with ‘OH
radicals if compared with the "OH radicals themselves, a pro-
tective action of the synthesized compounds towards the harm-
ful effects of this species can be reasonably expected.

Results reported in the present study clearly demonstrate
that the homocarnosine and carnosine—cyclodextrin conju-
gates show also an antioxidant activity already in the micro-
molar range in the LDL assay. Particularly, CDAH3 has
a remarkable activity, as indicated by the values of the ICs,
(23.4 uM), i.e. it is effective at concentrations 10—20 times
lower than those reported for other synthetic derivatives previ-
ously tested [54].

This finding strongly indicates that these compounds are
good candidates to carry out further studies devoted to char-
acterize their pharmacological profiles in more complex cel-
lular and animal models. The final goal would be to
evaluate its activities in neurodegenerative disorders, such
as Alzheimer’s and Parkinson’s diseases. Studies in cell
and/or animal models to characterize the pharmacological
profile of the most effective AH derivatives here reported
are in progress.
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