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Nitric oxide (NO) is critical for the normal physiological regulation of the nervous system and other tissues.
L-Arginine, but notD-arginine, is the natural substrate for nitric oxide synthase (NOS), for it is enzymatically
converted to NO andL-citrulline. However, recent evidence suggests thatD-arginine can also produce NO
and NO-derivatives via a different pathway. The aim of the present paper was to raise NO levels in the cells
by increasing the cell permeation of its precursors. To this aim, two galactosyl prodrugs,L-arginine-D-
galactos-6′-yl ester (L-ArgGal) andD-arginine-D-galactos-6′-yl ester (D-ArgGal) were synthesized. Remarkably,
using the HPLC-ESI/MS technique, we found thatL-ArgGal andD-ArgGal prodrugs both increased the
concentration levels ofL- andD-arginine and their derivatives in pituitary GH3 cells. Furthermore, we found
thatD-ArgGal (1) penetrated cell membranes more rapidly than its precursorD-arginine, (2) released arginine
more slowly and in greater amounts thanL-ArgGal, and (3) produced much higher levels of DAF-2 monitored
NO and nitrite than didL-ArgGal under the same experimental conditions. In conclusion, these results indicate
that an increase in the cell permeation ofL- and D-arginine byL-ArgGal andD-ArgGal can lead to an
increase in NO levels.

Introduction

In the early 1990s, when scientists discovered that nitric oxide
(NO) was implicated in several physiological and pathophysi-
ological functions,1 it was generally accepted thatL-arginine,
but notD-arginine, was the natural substrate for NOS, a theory
based on the fact that this amino acid enzymatically converts
to NO andL-citrulline.2 However, after these pivotal assump-
tions, further studies suggested thatD-arginine could also bring
about an increase in the production of NO and its derivatives.3,4

Indeed, thisD-amino acid (1) reduces angiotensin II-induced
increase of systolic blood pressure,5 (2) protects cells against
radical-induced myocardial injury by exerting a superoxide anion
(O2

•) scavenging activity,6 (3) exerts an antiapoptotic action,7

and (4) displays central stimulant properties.8

Several theories have been provided to explain whyD-arginine
is able to increase the production of NO and its derivatives.
First, thisD-amino acid, as well asL-arginine, can generate NO
nonenzymatically thanks to the reaction occurring between
hydrogen peroxide, present in the extracellular and intracellular
environment, and the guanidine group ofD-arginine.4 Second,
D-arginine, likeL-arginine, might protect NO from O2•-induced
inactivation by exerting a scavenging action on O2

•, thus
increasing the levels of the gaseous mediator.9 Third, it is
possible that thisD-amino acid, which is present in plants and
various classes of marine and terrestrial organisms, for example,
in the nervous tissue of crustaceans,10 may be converted to the
respectiveL-isomer by aD-amino acid racemase,11 as it already
occurs forD-serine.12,13

There is evidence, however, that although L mojety is the
prevailing stereoisoform of arginine,D-arginine, despite having

a lower affinity compared to theL-isoform, is equally able to
cross the plasma membrane by using the amino acid transporter
systems denoted as b0,+, B0,+, and Y+L.14,15 In light of these
biochemical and pharmacological properties, the aim of our
study was (1) to design a synthetic strategy that would facilitate
the penetration ofD-arginine andL-arginine across the cell
membrane and (2) to provide these two basic amino acids with
a carrier group that once penetrated the plasma membrane could
be enzymatically cleaved by releasing the functional active
molecule, thus leading to an increase in NO production.

To this aim, by conjugatingD-arginine andL-arginine to
galactose, we obtained two galactosyl prodrugs:L-arginine-D-
galactos-6′-yl ester (L-ArgGal) andD-arginine-D-galactos-6′-yl
ester (D-ArgGal). Indeed, by virtue of the glucose carrier
(GLUTs),16,17 these prodrugs were able to cross the cell
membrane more efficiently. These galactosyl prodrugs yield the
best results probably because of their high affinity for GLUT1
transporter18,19and because of their capability of being cleaved
by esterases.20,21

To assess the validity of this pharmacological approach, we
used the HPLC-ESI/MS technique to measure the content of
arginine and arginine-galactosyl derivatives in GH3 cells upon
extracellular incubation withD-arginine,L-arginine,L-ArgGal,
and D-ArgGal; then, we assayed NO-forming properties of
D-arginine,L-arginine,L-ArgGal, andD-ArgGal in pituitary GH3

and bovine aortic endothelial cells.

Results
General Procedure for the Synthesis ofL-ArgGal and

D-ArgGal. Esterification of the two enantiomeric forms of Boc-
Ng-(2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)-argi-
nine (Boc-L-Arg(Pbf)-OH and Boc-D-Arg(Pbf)-OH) with 1,2,3,4-
di-O-isopropylidene-D-R-galactopyranose (DIPG) in the presence
of 1,1′-carbonyldiimidazole (CDI), dissolved in dry dichlo-
romethane/N,N-dimethylformamide (CH2Cl2/DMF, 20 mL, 7:3),
yielded 61.8% of1a and 56.6% of2a (Scheme 1). Protecting
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groups (Boc, Pbf, and ketals) were completely removed with
trifluoroacetic acid (TFA), dissolved in dry dichlorometane, so
as to obtain 98% ofL-arginine-D-galactos-6′-yl ester1 and 99%
of D-arginine-D-galactos-6′-yl ester2 (Figure 1).

HPLC-ESI/MS Analyses of L-ArgGal and D-ArgGal.
HPLC-ESI/MS analyses ofL-arginine,D-arginine,L-ArgGal,
D-ArgGal, and L-arginine ethoxilate, used as the internal
standard, are shown in Figure 2, whereas the chromatographic
conditions are described in the Experimental Section. A better
interpretation of the TIC (total ion current) chromatogram results
was achieved when the reconstructed ion chromatograms were
developed for the threem/z values of interest (m/z 175
protonated molecular ion [M+H]+ for arginine, m/z 203
protonated molecular ion [M+H]+ for arginine ethoxide, and
m/z 337 protonated molecular ion [M+H]+ for arginine
galactose) (Figure 2a and 2b).

Stability Test of L-ArgGal and D-ArgGal. Figure 3 shows
the calibration curves of bothL-arginine andD-arginine, as well
as the stability curves of bothL-ArgGal andD-ArgGal. Under
dark conditions and at room temperature,L-ArgGal, dissolved
in PBS buffer solution at pH 7.4, appeared stable for 7 h but
decreased from 1µM to 0.8µM thereafter (Figure 3a). By con-
trast, under the same experimental conditions, and for the same
amount of time,D-ArgGal appeared to be less stable thanL-
ArgGal, decreasing from 1µM to 0.68µM thereafter (Figure 3b).

Detection of Intracellular Drug Concentrations for L-
Arginine, D-Arginine, L-ArgGal, and D-ArgGal and Quantifi-

cation of Arginine Released fromL-ArgGal and D-ArgGal
in Homogenates from Pituitary GH3 Cells. When GH3 cells
were incubated for 30 min with increasing concentrations of
L-arginine,L-ArgGal,D-arginine, andD-ArgGal solutions (3 mM,
10 mM, and 30 mM), different levels of cell permeation were
yielded (Figure 4a). In particular, within the same range of con-
centrations,L-ArgGal andD-ArgGal crossed the plasma mem-
brane more easily than the two free amino acids. In addition, they
crossed the plasma membrane in a dose-dependent way. Indeed,
evidence that the increased amount of arginine released from
L-ArgGal andD-ArgGal was concentration-dependent is that its
progressive increase was closely associated with the increase
in the concentration levels (3, 10, and 30 mM) of the two pro-
drugs (Figure 4b). In addition,L-ArgGal andD-ArgGal remained
stable in the cells, since the concentrations of the two prodrugs
were higher than the ones released by arginine (Figure 4a and
4b). Figure 5a shows the time-course (from 15 to 240 min) of
the two prodrugs and their respective free amino acids.D-Argin-
ine,L-arginine, andD-ArgGal penetrated GH3 cells in a time-de-
pendent way, whereasL-ArgGal reached an intracellular peak
value 15 min after it was added to the incubation medium. Inter-
estingly,L- andD-arginine entry into the cells did require at least
30 min (Figure 5a). In addition,D-ArgGal was able to releaseD-
arginine in a time-dependent way and in a larger amount than did
L-ArgGal under the same experimental conditions (Figure 5b).

DAF-2 Monitored NO and Nitrite Production after L-
Arginine, D-Arginine, L-ArgGal, and D-ArgGal Incubation
in Pituitary GH 3 Cells.WhenL-arginine,L-ArgGal,D-arginine,
andD-ArgGal were incubated for 30 min together with pituitary
GH3 cells, a dose-dependent increase in intracellular DAF-2 moni-
tored NO and nitrite levels in the extracellular medium was de-
tected (Figure 6a and 6b). However, after 30 min of incubation,
D-arginine produced a greater increase in both DAF-2 monitored
NO and nitrite levels, as compared with theL-enantiomer.
Furthermore,L-arginine andD-arginine increased DAF-2 moni-
tored NO and nitrite levels depending on the incubation period
(Figure 7a and 7b). By contrast,L-ArgGal displayed the maximal
production of both DAF-2 monitored NO and nitrites already

Scheme 1a

Figure 1. Representation ofL-ArgGal (1) andD-ArgGal (2) chemical
structures.
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at 30 min. No further increases in NO were detected thereafter.
Intriguingly, D-ArgGal significantly delayed the increase in
DAF-2 monitored NO and nitrite production, as compared with
all the other experimental groups (Figure 7b). Accordingly, the
area under the curve (AUC), obtained by plotting nitrite values
with the periods of incubation, was (in nmol/mL*min) as
follows: 480( 24,2 for L-arginine, 378( 6.5 for L-ArgGal,
851 ( 36,1 for D-arginine, and 1338( 18 for D-ArgGal.

DAF-2 Monitored NO Production after the Incubation
of L-Arginine, D-Arginine, L-ArgGal, and D-ArgGal in Bovine
Aortic Endothelial (BAEC) Cells. As already demonstrated

for GH3 cells, when L-arginine, L-ArgGal, D-arginine, and
D-ArgGal were incubated at 10 mM for 30 min, a massive
increase in intracellular DAF-2 monitored NO levels in BAEC
cells was detected (Figure 8). Consistently, in these cells,D-Arg-
Gal elicited the greatest NO production, as compared with
L-arginine,L-ArgGal, andD-arginine (Figure 8).

Discussion

The results of the present paper provide substantial support
to our hypothesis that galactosyl prodrugs can increase cell
permeation thanks to their high affinity for GLUT1, the major

Figure 2. HPLC-ESI/MS analysis ofL-arginine,L-ArgGal, D-arginine,D-ArgGal, and internal standards. Panel A shows representative traces of
HPLC-ESI/MS analysis ofL-arginine,L-ArgGal, and internal standard: 2Aa, total ion current chromatogram; 2Ab, reconstructed ion chromatogram
of L-arginine; 2Ac, reconstructed ion chromatogram ofL-ArgGal; 2Ad, reconstructed ion chromatogram of internal standard. Panel B depicts
representative traces of HPLC-ESI/MS analysis ofD-arginine,D-ArgGal, and internal standard: 2Ba, total ion current chromatogram; 2Bb, reconstructed
ion chromatogram ofD-arginine; 2Bc, reconstructed ion chromatogram ofD-ArgGal; 2Bd, reconstructed ion chromatogram of internal standard.
The chromatographic conditions for HPLC-ESI/MS analysis is described in the Experimental Section.
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isoform of the exose transporter expressed in mammalians,
especially in the blood-brain barrier (BBB).22 In particular, the
present paper demonstrates thatD-ArgGal (1) penetrates cell
membranes more rapidly than its precursorD-arginine, (2)
releases greater quantities of arginine thanL-ArgGal, and (3)
produces much higher levels of both DAF-2 monitored NO and
nitrite than doesL-ArgGal under the same experimental condi-
tions.

In particular, the two prodrugs displayed different pharma-
cological properties. In fact,D-ArgGal showed a slower kinetic
of cell membrane penetration compared with that ofL-ArgGal.
This property can be attributed to the different affinity of the
two prodrugs for the exose transporter, a characteristic possibly
linked to their different spatial conformation. Another difference
between the two prodrugs is the reduced stability of theD-Arg-
Gal compared with that ofL-Arg-Gal. The lower stability of
D-ArgGal produces a time-dependent increase in the NO levels,
thus providing a useful property for a prodrug approach.

As regards the experimental techniques, two innovative
aspects should be underscored: the synthesis ofL-arginine-D-
galactos-6′-yl ester andD-arginine-D-galactos-6′-yl ester and the
use of mass spectrometry for the quantification of amino acids
in cell homogenates.

Indeed, to determine the amount ofL-arginine andD-arginine
and their derivatives in GH3 cells, after their transport across
the cellular membrane, mass spectrometry detection was used.
One of the critical factors concerning the chromatographic
separation of amino acids is that their low molecular weight
and ionic nature do not yield good separation results with the
reverse-phase liquid chromatography (RP-HPLC). Accordingly,

recent works entailing the elution of amino acids have adopted
ion-exchange23,24 or ion-pair chromatography.25-27

Specifically, to separate proteins and peptides, perfluorinated
carboxylic acids with longern-alkyl chains have already been
employed as an alternative to trifluoroacetic acid (TFA).
Recently, these perflurinated surfactants were proposed by
Petritis et al. for the analysis of nonderivative polar amino
acids.28 The advantage resulted in a reasonable retention time
of most polar amino acids, including arginine, in RP-HPLC.

Pentadecafluorooctanoic acid (PDFOA) gave the best results
with this amino acid. The method developed for arginine,
containing the internal standard arginine ethoxilate, was also
used for galactosilated arginine. Notably, when it was applied
to an HPLC-ESI/MS system (high-performance liquid chroma-
tography- electrospray-mass spectrometry), it yielded good
results in terms of sensitivity, selectivity, and reproducibility.29

In conclusion, the present study clearly shows that once
galactosyl prodrugs penetrate the cell membrane they are
enzymatically cleaved by releasing the functional active mol-
ecule, thus leading to an increase in NO production. More
important, this paper shows thatD-ArgGal can penetrate the
cell membranes of GH3 cells more rapidly than its precursor
D-arginine and can increase NO levels more slowly than
L-ArgGal.

Furthermore, our findings suggest that arginine supplementa-
tion through D-ArgGal might be a novel strategy for the
enhancement of NO availability in cells and, therefore, might
constitute a pharmacological model for those neuropathological
conditions in which a higher and prolonged level of the gaseous
mediator could have beneficial therapeutic effects.

Figure 3. Representation ofL-arginine andD-arginine calibration plots andL-arginine galactose andD-arginine galactose stability curves. Panel A
shows a representativeL-arginine calibration plot (left) and a representativeL-arginine-galactose stability curve studied at different times (0-7 h)
(right). Panel B shows a representativeD-arginine calibration plot (left) and a representativeD-arginine-galactose stability curve studied at different
times (0-7 h) (right). The experimental conditions used to perform these curves is described in the Experimental Section.

Galactosyl DeriVatiVes ofL-Arginine andD-Arginine Journal of Medicinal Chemistry, 2006, Vol. 49, No. 164829



Experimental Section

Drugs and Chemicals.L-Arginine,D-arginine, sodium phosphate
monobasic, sodium phosphate dibasic, paraformaldheyde, and
sodium chloride were obtained from Sigma Chemical Co. (Sigma
Italia, Milano, Italy). L-Arginine ethoxilate, used as the internal
standard, was purchased from Chem Progress (Sesto Ulteriano, MI,
Italia). Set-Pack C-18 cartridges were obtained by Waters Corpora-
tion (Milford, MA). DAF-2DA was obtained from Calbiochem (La
Jolla, CA). L-arginine andD-arginine were dissolved in normal
Krebs solution (10 mM), and stock solutions were kept at-20 °C.
Appropriate dilutions were prepared daily.

Boc-L-Arg(Pbf)-OH and Boc-D-Arg(Pbf)-OH were obtained from
Advanced Biotech Italia Srl (Seveso, MI, Italy). HPLC grade
acetonitrile was obtained by J. T. Baker (Baker Mallinckrodt,
Phillipsburg, NJ). HPLC grade water (18 mΩ) was prepared using
a Millipore Milli-Q purification system (Millipore Corp., Bedford,
MA).

Chemistry. The course of reactions and purity of products were
controlled by TLC (silica gel 60F254s; Merck), and spots were
detected by UV radiation and exposition to a ninidrine ethanolic
solution. Flash chromatography was performed on Merck silica gel
(0.040-0.063 mm). Melting points (mp) were determined with a
Kofler hot stage microscope and were uncorrected. Elemental
analyses, indicated by the symbols of the elements, were performed
on a Perkin-Elmer model 240 elemental analyzer and were within
(0.4% of theoretical values. Proton and carbon-13 nuclear magnetic
resonance (NMR) spectra were recorded on a Buker AMX-500
spectrometer equipped with a Bruker X-32 computer. Chemical shift
values are reported inδ units (ppm) relative to TMS, used as the
internal standard.

Diacetone 6′-O-[Boc-Ng-(2,2,4,6,7-Pentamethyldihydroben-
zofuran-5-sulfonyl)-L-arginine]-R,â-D-galactopyranoside (1a).
First, 1:1′-carbonyldiimidazole (185 mg; 1.14 mmol) was added
to a stirred solution of Boc-L-Arg(Pbf)-OH (400 mg; 0.76 mmol)
that was dissolved in dry CH2Cl2-DMF (20 mL, 7:3). Then, after

12 h, 1,2,3,4-di-O-isopropylidene-R-D-galactopyranose (198 mg;
0.76 mmol), dissolved in dry CH2Cl2 (10 mL), was added dropwise
to this mixture for more than 30 min and was stirred continuously
for 24 h. Evaporation of the solvent gave a residue which was taken
up in ethyl acetate and washed with water. The organic layer was
dried on Na2SO4, which was filtered and then evaporated in a
vacuum. The obtained residue, which underwent flash chromatog-
raphy by elution with CHCl3, yielded the title compound as a white
solid (360 mg; 61.8%); mp: 290-291 °C. 1H NMR (CDCl3): δ
1.28, 1.30 (2s, 6H, 2′′-CH3); 1.34, 1.35, 1.40, 1.41 (4s, 12H, ketals);
1.53 (s, 9H, Boc); 1.70 (m, 2H, 4-H); 1.81 (m, 2H, 3-H); 2.06 (s,
3H, 6′′-CH3); 2.50 (s, 3H, 7′′-CH3); 2.54 (s, 3H, 4′′-CH3); 2.91 (s,
2H, 3′′-H); 3.20 (m, 2H, 5-H); 4.00 (m, 1H, 4′-H); 4.18 (m, 2H,
5′-H); 4.21 (m, 1H, 6′-H); 4.30 (m, 1H, 2-H); 4.42 (m, 1H, 2′-H);
4.60 (m, 1H, 3′-H); 5.50 (m, 1H, 1′-H). 13C NMR (CDCl3): δ 13.5
(2CH3-2′′); 18 and 20 (4CH3-ketals); 25 (CH3-6′′); 25.4 (CH3-7′′);
25.5 (CH3-4′′); 26.6 (C-4); 28.9 (3CH3-Boc); 29.2 (C-3); 33.9 (C-
3′′); 41.5 (C-5); 44 (C-2); 65 (C-6′); 66.7 (C-4′); 71 (C-5′); 71.5
(C-2′); 72 (C-3′); 81 (C-Boc); 86.5 (C-2′′); 97 (C-1′); 109 and 111-
(C-ketals); 117.4 (C-7′′); 125 (C-3′′a); 132.8 (C-4′′); 133.4 (C-6′′);
138.9 (C-5′′); 156 (C-7′′a); 159.1 (C-6); 170 (CO-Boc); 172.5 (CO).
Anal. (C36H56N4O12S) C, H, N, S.

Diacetone 6′-O-[Boc-Ng-(2,2,4,6,7-Pentamethyldihydroben-
zofuran-5-sulfonyl)-D-arginine]-R,â-D-galactopyranoside (2a).
The ester2a (330 mg; 56.6%), prepared as a white solid, was
obtained from Boc-D-Arg(Pbf)-OH (400 mg; 0.76 mmol) and
1,2,3,4-di-O-isopropylidene-R-D-galactopyranose (198 mg; 0.76
mmol) in the presence of 1:1′-carbonyldiimidazole (185 mg; 1.14
mmol), following the same procedure used for making compound

Figure 4. Detection of intracellular drug concentrations after incubation
with L-arginine,L-ArgGal, D-arginine, andD-ArgGal in pituitary GH3

cells. The bar graph depicts the amount of drugs measured in cell
homogenates after 30 min incubation withL-arginine, L-ArgGal,
D-arginine, andD-ArgGal at 3, 10, and 30 mM. Samples were analyzed
in triplicate in at least three different experimental sessions. The results
were reported as mmol/µg of total proteins. *p < 0.05 versus 3 mM
and 10 mM respective group values; **p < 0.05 versus 3 mM and 10
mM of L-Arg and D-Arg group values; ***p < 0.05 versus 10 mM
and 30 mML-Arg andD-Arg group values.

Figure 5. Detection of intracellular drug concentrations after the
incubation with L-arginine, L-ArgGal, D-arginine, andD-ArgGal in
pituitary GH3 cells. The bar graph shows the quantification of drug
amount measured in GH3 cell homogenates after 15, 30, 120, and 240
min incubation withL-arginine,L-ArgGal, D-arginine, andD-ArgGal
at 10 mM. The chromatographic conditions for this analysis are
described in the Experimental Section. Each experimental group was
studied in at least three different experimental sessions. Panel A: *p
< 0.05 versus 30 and 120 min respective groups; **p < 0.05 versus
30 and 120 min ofL-Arg andD-Arg treatments; ***p < 0.05 versus
120 and 240 min ofL-Arg, L-ArgGal, andD-Arg treatments; **** p <
0.05 versus 15, 30, and 120 min groups ofD-ArgGal. Panel B:* p <
0.05 versus 15, 30, and 120 min respective groups; **p < 0.05 versus
15, 30, and 120 min ofL-ArgGal treatments; ***p < 0.05 versus 240
min of L-ArgGal treatment.
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1a; mp: 290-291 °C. 1H NMR (CDCl3): δ 1.28, 1.30 (2s, 6H,
2′′-CH3); 1.34, 1.35, 1.40, 1.41 (4s, 12H, ketals); 1.53 (s, 9H, Boc);
1.70 (m, 2H, 4-H); 1.81 (m, 2H, 3-H); 2.06 (s, 3H, 6′′-CH3); 2.50
(s, 3H, 7′′-CH3); 2.54 (s, 3H, 4′′-CH3); 2.91 (s, 2H, 3′′-H); 3.20
(m, 2H, 5-H); 4.00 (m, 1H, 4′-H); 4.18 (m, 2H, 5′-H); 4.21 (m,
1H, 6′-H); 4.30 (m, 1H, 2-H); 4.42 (m, 1H, 2′-H); 4.60 (m, 1H,
3′-H); 5.50 (m, 1H, 1′-H). 13C NMR (CDCl3): δ 13.5 (2CH3-2′′);
18 and 20 (4CH3-ketals); 25 (CH3-6′′); 25.4 (CH3-7′′); 25.5 (CH3-
4′′); 26.6 (C-4); 28.9 (3CH3-Boc); 29.2 (C-3); 33.9 (C-3′′); 41.5
(C-5); 44 (C-2); 65 (C-6′); 66.7 (C-4′); 71 (C-5′); 71.5 (C-2′); 72
(C-3′); 81 (C-Boc); 86.5 (C-2′′); 97 (C-1′); 109 and 111(C-ketals);
117.4 (C-7′′); 125 (C-3′′a); 132.8 (C-4′′); 133.4 (C-6′′); 138.9 (C-
5′′); 156 (C-7′′a); 159.1 (C-6); 170 (CO-Boc); 172.5 (CO). Anal.
(C36H56N4O12S) C, H, N, S.

L-Arginine-D-galactos-6′-yl Ester (1). A solution consisting of
1a (360 mg; 0.47 mmol) and trifluoroacetic acid (2 mL) was
continuously stirred in dry CH2Cl2 (5 mL) for 36 h at room
temperature. Evaporation of the solvent, which produced a residue
purified by precipitations with diethyl ether, gave the title compound
1 (156 mg; 98%); mp: 302-303 °C. 1H NMR (D2O): δ 1.55 (m,
2H, 4-H); 1.84 (m, 2H, 3-H); 3.10 (m, 2H, 5-H); 3.65 (m, 1H,
4′-H); 3.80 (m, 1H, 5′-H); 4.05 (m, 2H, 6′-H); 4.20 (m, 1H, 2′-H);

4.30 (m, 1H, 2-H); 4.40 (m, 1H, 3′-H); 5.09 (m, 1H, 1′-H). 13C
NMR (D2O): δ 25.2 (C-4); 28.8 (C-3); 41.7 (C-5); 55.6 (C-2);

Figure 6. Dose-dependence of DAF-2 monitored NO and nitrite
production after the incubation withL-arginine,L-ArgGal, D-arginine,
andD-ArgGal in pituitary GH3 cells. Panel A: The bar graph depicts
DAF-2 monitored NO production measured as fluorescence intensity
in GH3 cells after 30 min incubation withL-arginine, L-ArgGal,
D-arginine, andD-ArgGal at the concentration of 3, 10, and 30 mM.
Each bar represents the mean( S.E. of three values obtained in three
different experimental sections. All data are reported as % of control
fluorescence *p < 0.05 versus 3 mM and 10 mM respective groups;
** p < 0.05 versus 3 mM and 10 mM values ofL-Arg group; *** p <
0.05 versus 10 mM and 30 mM values ofL-Arg and L-ArgGal
treatments. Panel B: The bar graph depicts the quantification of nitrite
production obtained from GH3 cells after 30 min incubation with the
L-arginine,L-ArgGal, D-arginine, andD-ArgGal at the concentration
of 3, 10, and 30 mM. Nitrite production was measured in the incubation
medium by Griess reaction, as reported in the Experimental Section.
Each bar represents the mean( SE of six values obtained in three
different experimental sections: *p < 0.05 versus 3 mM and 10 mM
respective groups; **p < 0.05 versus 3 mM and 10 mM values of
L-Arg group; *** p < 0.05 versus 10 mM and 30 mM values ofL-Arg
andL-Arg-Gal treatments.

Figure 7. Time-course of DAF-2 monitored NO and nitrite production
after incubation withL-arginine,L-ArgGal, D-arginine, andD-ArgGal
in pituitary GH3 cells. Panel A: The bar graph depicts DAF-2 monitored
NO production measured as fluorescence intensity in GH3 cells after
30, 120, and 240 min incubation withL-arginine,L-ArgGal,D-arginine,
andD-ArgGal at 10 mM. Each bar represents the mean( S.E. of three
values obtained in three different experimental sections. All data are
reported as % of control fluorescence. *p < 0.05 versus 30 min and
120 min of respective groups; **p < 0.05 versus 30 and 120 min
groups ofL-Arg treatments andp < 0.05 versus 30 min ofD-Arg
treatment; *** p < 0.05 versus 30, 120, and 240 min ofL-Arg
treatments andp < 0.05 versus 30 and 120 min ofD-Arg treatments;
**** p < 0.05 versus 30, 120, and 240 min ofL-Arg, D-Arg, and
L-ArgGal treatments. Panel B: The bar graph shows the quantification
of the nitrite production obtained from GH3 cells after 30, 120, and
240 min incubation withL-arginine,L-ArgGal,D-arginine, andD-ArgGal
at 10 mM. Each bar represents the mean( S.E. of six values obtained
in three different experimental sections: *p < 0.05 versus 30 min
and 120 min of respective groups; **p < 0.05 versus 30 and 120 min
groups ofL-Arg treatments andp < 0.05 versus 30 min ofD-Arg
treatment; *** p < 0.05 versus 30, 120, and 240 min ofL-Arg, D-Arg,
andL-ArgGal treatments.

Figure 8. DAF-monitored NO levels after the incubation with
L-arginine,L-ArgGal, D-arginine, andD-ArgGal in BAEC cells. The
bar graph shows DAF-2 monitored NO production measured as
fluorescence intensity in BAEC after 30 min of incubation with
L-arginine,L-ArgGal, D-arginine, andD-ArgGal at 10 mM. Each bar
represents the mean( S.E. of three values obtained in three different
experimental sections. All data are reported as % of control fluores-
cence. *p < 0.05 versusL-arginine; ** p < 0.05 versus all treatments.
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65.5 (C-6′); 68 (C-4′); 70 (C-5′); 73.1 (C-2′); 74.9 (C-3′); 94 and
99 (C-1′); 157 (C-6); 170 (CO). Anal. (C12H24N4O7) C, H, N.

D-Arginine-D-galactos-6′-yl Ester (2). A solution consisting of
2a (330 mg; 0.43 mmol) and trifluoroacetic acid (2 mL) was
continuously stirred in dry CH2Cl2 (5 mL) for 36 h at room
temperature. Evaporation of the solvent, which produced a residue
purified by precipitations with diethyl ether, gave the title compound
2 (144 mg; 99%); mp: 302-303 °C. 1H NMR (D2O): δ 1.55 (m,
2H, 4-H); 1.84 (m, 2H, 3-H); 3.10 (m, 2H, 5-H); 3.65 (m, 1H,
4′-H); 3.80 (m, 1H, 5′-H); 4.05 (m, 2H, 6′-H); 4.20 (m, 1H, 2′-H);
4.30 (m, 1H, 2-H); 4.40 (m, 1H, 3′-H); 5.09 (m, 1H, 1′-H). 13C
NMR (D2O): δ 25.2 (C-4); 28.8 (C-3); 41.7 (C-5); 55.6 (C-2);
65.5 (C-6′); 68 (C-4′); 70 (C-5′); 73.1 (C-2′); 74.9 (C-3′); 94 and
99 (C-1′); 157 (C-6); 170 (CO). Anal. (C12H24N4O7) C, H, N.

HPLC-ESI/MS. ESI/MS was done by using a Finnigan LCQ
Deca ion trap instrument (Thermo Finnigan, San Jose´, CA) equipped
with Xcalibur software. To obtain solutions of 1 ng/mL, samples
(isolated compounds) were dissolved in methanol and were infused
in the ESI source with a syringe pump; the flow rate was 5µL/
min. To study MS parameters, ESI-MS measurements were
performed.

After sample preparation, the samples were analyzed by “on-
line” LC/ESI/MS using the same instrument described for the ESI/
MS, which is equipped with a Spectra System HPLC (Thermo
Finnigan, San Jose´, CA). To tune the parameters of the source and
analyzer, spectroscopic conditions were optimized for standard
L-arginine by ESI-MS analyses.

Separations were done on a 125× 4 mm (internal diameter of
particles 5µm) (Agilent, Technologies, HP Strasse 8, Waldrom,
Germany) column. All the experiments occurred at room temper-
ature at the low rate of 1 mL min-1. For gradient elution, solvent
A consisted of 0.1 mM PDFOA (pentadecafluorooctanoic acid),
which was diluted in water, whereas solvent B consisted of
acetonitrile. Elution started with 10% of solvent B and remained
isocratic for 8 min; then, it increased to 20% in 7 min and to 40%
in the subsequent 10 min; it passed to 50% in 15 min. During the
following 10 min, the last part of the linear gradient ranged from
50% to 60%.

For HPLC/MS analyses, a 50µL min-1 portion of the column
eluate was directly injected into the electrospray ion source. Then,
the MS spectra were taken and elaborated using the software
provided by the manufacturer.

Injections were done with a Termoquest Spectra-System AS3000
autosampler fitted with a 20-µL loop.

Stability Test. For the calibration curve ofL-arginine and
D-arginine, standard compounds were dissolved in water to obtain
four concentration levels for each standard: 0.5, 1, 5, and 7.5µM.
L-Arginine ethoxilate was added to each solution to obtain the final
solution (1µM) of the internal standard (I.S.).

The standard curve forL-arginine standard was prepared at
concentration levels ranging from 0.5 to 7.5µM. These concentra-
tions consisted of four different concentration levels; for each level,
triplicate injections were performed. To generate standard curves,
the peak area ratios between the area ofL-arginine standard or
D-arginine standard at each concentration and the area ofL-arginine
ethoxylate, the internal standard, were calculated and plotted against
the corresponding concentrations with weighed linear regression.

To obtain the final concentration of 1µM, three samples of
L-Arg-Gal andD-Arg-Gal were dissolved in PBS (phosphate buffer
saline) solution (20 mM) at pH 7.4 and were stored at room
temperature in the dark for 7 h. One milliliter of solution was taken
at the beginning of the analysis and after each hour. Then, to obtain
the final concentrations of Arg-Gal (1 mM) and Arg-Oet (1 mM),
the solutions were transferred into an autosampler vial containing
1 nmol of dried internal standard. After agitation on vortex, the
samples were directly analyzed with HPLC-ESI-MS. Quantitative
data resulted from the external and internal standard. The calibration
graphs (r2 ) 0.997 andr2 ) 0.995) were obtained (1) by plotting
the area ratio between the external and internal standard versus the
known concentration of each compound and (2) by constructing

the regression line with the minimum quadrates method. These
graphs were linear within the ranging values of 0.5-7.5 µM.

Cell Culture. GH3 cells were obtained from Flow Laboratories
(Irvine, Scotland) and were grown on plastic dishes containing F10
medium (Gibco, Life Technology) supplemented with 10% FBS,
15% HS (Gibco, Life Technology), 100 I.U. of penicillin/mL, and
100 µg of streptomycin/mL (SIGMA, St. Louis, MO). They were
cultured in a humidified 5% CO2 atmosphere; the culture medium
was changed once every 2 days.

Bovine aortic endothelial cells (BAEC) were grown in DMEM
supplemented with 10% FBS (Gibco, Life Technology), 100 IU of
penicillin/mL, and 100µg of streptomycin/mL (SIGMA, St. Louis,
MO).

Cell Treatments, Nitrite Assay, and Permeability Test Sample
Preparation. To study the effects ofL-arginine, L-ArgGal, D-
arginine, andD-ArgGal (3-30 mM), cells were incubated with the
aforementioned treatments in the normal Krebs solution (5.5 mM
KCl, 160 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM
glucose, and 10 mM Hepes-NaOH, pH 7.4) in a humidified 5%
CO2 atmosphere at 37°C. For control experiments, cells were
incubated only in normal Krebs solution. Nitrite accumulation was
measured in the culture medium by Griess reaction.30 The area under
the curves (AUC), which indicates the time-course of the experi-
ments, was calculated using the trapezoidal rule. For the perme-
ability tests, after drug treatments, cells (4-6 millions) were first
washed twice with PBS; then, they were lysed and collected by
scraping. Samples were cleared by centrifugation at 15 000 rpm
for 20 min at 4°C, and the supernatants were used for the tests.
Protein concentration was determined using the Bradford method.31

Nitric Oxide Detection with DAF-2 Assay.After the incubation
with the aforementioned drugs in normal Krebs solution (5.5 mM
KCl, 160 mM NaCl, 1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM
glucose, and 10 mM Hepes-NaOH, pH 7.4), cells were loaded with
10 µM 4,5-diaminofluorescein-2-diacetate (DAF-2DA) in a humidi-
fied 5% CO2 atmosphere at 37°C for 30 min. For control
experiments, cells were incubated only in normal Krebs solution.
Subsequently, fluorescent cells were fixed with 4% (w/v) paraform-
aldheyde in PBS for 5 min at room temperature. This procedure
permits a subsequent densytometric analysis with the fluorescence
microscope Nikon Eclipse E400 (Nikon, Torrance, CA) set at an
excitation/emission wavelength of 495/515 nm. Fluorescent images
are then stored and analyzed with Pro-Plus software (Media
Cybernetics, Silver Springs, MD). The data are reported as
percentage of the fluorescence for the control group.

Detection of Intracellular Drug Concentrations after Drug
Incubation. Standard solutions of l-ArgGal (3, 10, and 30 mM)
and L-arginine (3, 10, and 30 mM) were prepared and diluted at
1:100 with water:acetonitrile 1:1. Then, an internal standard was
added to obtain 1µM final concentration.

Standard solutions ofD-ArgGal (3, 10, and 30 mM) and
D-arginine (3, 10, and 30 mM) were prepared and diluted at 1:100
with water:acetonitrile 1:1. Then, the internal standard was added
to these solutions to obtain 1µM final concentration. The ratio
between the arginine, or arginine-galactose, area and the arginine
ethoxilate area was obtained as follows: for the former area, a
reconstructed ion chromatogram was developed for ion detection
atm/z175 and atm/z337, respectively, whereas, for the latter area,
the reconstructed ion chromatogram was developed for ion detection
at m/z 203. This value was considered as 100% of arginine or
arginine-galactose. All ion detections corresponded to [M+H]+.

For each sample subsequently analyzed, the ratios between the
area of the peak of the compound in the specific reconstructed ion
chromatogram and the area of the peak of the internal standard in
the specific reconstructed ion chromatogram were measured and
divided by the values obtained for the standard, so as to obtain a
permeation percentage. The percentage of arginine release was
calculated in the same way by referring to the values of arginine
standard solution.

To separate drugs from protein residues and to release the drug
from the noncovalent bond to the proteins, homogenate samples
of GH3 cells were purified with a SPE C-18 Sep-Pack cartridge. A
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preliminary test was done with a cartridge conditioned first with
methanol and then with water. To recover the fractions of 1 mL of
eluate, the drug solution (10µM) and the internal standard (1µM)
were deposed and eluted with water-acetonitrile 1:1. More than
98% of the drug, concentrated in the initial five fractions, was
recovered. The presence of the internal standard was used to correct
errors during the recovery.

Each homogenate sample, deriving fromL-arginine,L-ArgGal,
D-arginine, andD-ArgGal permeability tests, produced three frac-
tions of 100µL. These fractions, together with 10µL of 1 mM of
internal standard solution, were deposited on a cartridge. To obtain
a 1:100 dilution, 5 mL of recovered fractions was first dried and
reconstructed to 100µL with water:acetonitrile 1:1 and then was
diluted with water:acetonitrile 1:1. The samples, prepared by
dissolving L-arginine or d-arginine and the internal standard to
obtain a 100% standard solution for arginine, were treated with
the same preparatory steps of the sample. Samples, prepared by
dissolving arginine-galactose and the internal standard to obtain a
100% standard solution for the drugs, were treated with the same
sample preparatory steps of the sample.

These last solutions were transferred into autosampler vials for
quantitative analyses.

Statistical Analysis of the Data.The statistical analysis of all
data was performed using ANOVA followed by Newman-Keuls
test. The threshold for statistically significant differences was set
at p < 0.05.
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