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ABSTRACT: Pyridoxamine (PM) is a promising drug candidate for treatment of diabetic nephropathy. The
therapeutic effect of PM has been demonstrated in multiple animal models of diabetes and in phase Il
clinical trials. However, the mechanism of PM therapeutic action is poorly understood. One potential
mechanism is scavenging of pathogenic reactive carbonyl species (RCS) found to be elevated in diabetes.
We have suggested previously that the pathogenicity of RCS methylglyoxal (MGO) may be due to
modification of critical arginine residues in matrix proteins and interference with renatroalrix
interactions. We have also shown that this MGO effect can be inhibited by PM (Pedabiealk2005)
Diabetes 542952-2960). These findings raised the questions of whether the effect is specific to MGO,
whether other structurally different physiological RCS can act via the same mechanism, and whether
their action is amenable to PM protection. In the present study, we have shown that the important
physiological RCS 3-deoxyglucosone (3-DG) can damage protein functionality, including the ability of
collagen 1V to interact with glomerular mesangial cells. We have also demonstrated that PM can protect
against 3-DG-induced protein damage via a novel mechanism that includes transient adduction of 3-DG
by PM followed by irreversible PM-mediated oxidative cleavage of 3-DG. Our results suggest that, in
diabetic nephropathy, the therapeutic effect of PM is achieved, in part, via protection of rernal cell
matrix interactions from damage by a variety of RCS. Our data emphasize the potential importance of the
contribution by 3-DG, along with other more reactive RCS, to this pathogenic mechanism.

Pyridoxamine (PM)is a promising drug candidate for indicating that the carbonyl trapping mechanism is operative
treatment of diabetic nephropathy and is currently on the in vivo (10).

FDA “fast track” for phase 11 clinical trialsf(). In pl’eclinical The mechanisms of Carbony' scavenging by PM appear
studies, it has been shown to ameliorate nephropathy anco depend on the nature of the carbonyl species. In the case
retinopathy in several animal models of diabet2sg). In of the two-carbon species, GO and glycolaldehyde (GLA),

these studies, the therapeutic effects of PM have beenpwm formed five-ring adduct structures), while a different
attributed, in part, to its scavenging of different reactive jmjdazolium adduct was formed in the reaction between PM
carbonyl compounds, thus ameliorating diabetic “carbonyl and the three-carbon species MGE PM trapping of longer
stress” 6). In the rat models of diabetes, PM treatment had carbonyl products derived from the oxidation of linoleic and
a significant renoprotective effect,(8), accompanied by a  arachidonic acids occurred via the formation of a transient
substantial decrease in plasma levels of the reactive Carbonygeven_membered ring followed by a ring_opening rearrange-
compounds glyoxal (GO) and methylglyoxal (MGO), and ment (L0). However, PM did not scavenge the carbonyl
in MGO lysine dimer, a specific MGO-derived protein cross- product of lipid peroxidation, 4-hydroxy-2-nonenal (HNE),

link (7—9). PM adducts and carbonyl products of fatty acid and did not inhibit HNE-induced cytotoxic effecta J.
degradation were detected in the urine of PM-treated animalS,D_ West and P. A. Voziyan, unpub"shed data)_

3-Deoxyglucosone (3-DG) is a physiologically important
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was removed with a rotary evaporator. Acetonitrile (40 mL)
and hexane (40 mL) were added to the residue, and the two-
phase solution was stirred vigorously for 15 min. The lower
acetonitrile layer was then separated, and the hexane phase
was washed with acetonitrile (15 mL). Extraction of the
combined acetonitrile solutions was repeated twice. The
combined acetonitrile phase was concentrated to give product
4 (2.05 g, 84%).

3-Deoxyp-ribo-hexose (3-Deoxp-glucose) 5). Com-
pound4 (2.0 g, 8.2 mmol) was dissolved in 0.1% (v/v)

) _ o _ ) aqueous K5O, (120 mL), and the reaction mixture was
protein lysine and arginine residuea3(-25). However, it refluxed fa 1 h in an oilbath. After cooling, the solution
sufficient to affect protein functionality. As a nucleophile, tq adjust the pH to~7, the resin was removed by filtration,
PM can potentially scavenge 3-DG and inhibit protein and the solution was concentrated at’80in vacuo to give
modification, but these potential reactions between PM and g (1.14 g, 85%).

3-DG have not been investigated. _ 3-Deoxyp-erythro-hexos-2-ulose (3-Deoxyglucosone)

In the present ;tudy, we set out to establish whether 3-DG (1). Bioconversion of5 with pyranose 2-oxidase (glucose
can cause functional protein damage and whether PM cany_gxidase, PROD, EC 1.1.3.10: Sigmay) was performed
protect proteins from this damage by 3-DG. Since the mode jn 3 1000 mL three-neck flask with gentle stirring and with
of PM scavenging depends on the nature of carbonyl speciesgeration €20 mL/min) through a porous sintered glass tube
it was also important to determine the specific mechanism 4t o5°¢ 5 (500 mg, 3.05 mmol) was dissolved in deionized
of PM protection against 3-DG-induced damage if observed. \yater (400 mL), and PROD (250 IU) and catalase (10 000
model protein, RNase A, and modifies collagen IV, dimin- 4t 7.0 with periodic additions of 0.01 N NaOH. The pH
ishing adhesion of renal mesangial cells to this major stopped dropping and the reaction was complete affeh.
component of the extracellular matrix. Disruption of renal The suspension and the soluble catalase were removed by
cell—matrix interactions suggests a pathogenic pathway by memprane filtration (0.2«m filter), and the filtrate was
nephropathy. We have shown that PM ameliorated 3-DG- 5 ¢olumn (2.5x 100 cm) containing Dowex 58 8 (200-
induced protein damage via a mechanism that includes4qq mesh) ion-exchange resin in the?Céorm (30). The
transient reversible adduction of 3-DG by PM followed by  cojumn was eluted with distilled, decarbonated water b6
irreversib_le PM-mediated oxidative cleavage of 3-DG to give m|/min, and fractions (12 mL) were collected and assayed
nonreactive products. by TLC (silica gel, spots detected by charring after spraying
with 1% (w/v) CeSQ—2.5% (w/v) (NH;)sM07024—10%
aqueous kLSO, reagent) 81). Fractions 2429, which
contained osoné&, were pooled and concentrated at D
in vacua The product (489 mg, 3.0 mmol, 98%) was stored

reflux

reflux

HO HO
0 PROD 0,
HO' OH catalase HO
OH

3-deoxy-D-erythro-hexos-2-ulose (1) 5

lm% H,S0,

MATERIALS AND METHODS

Materials. Pyridoxamine dihydrochloride, lanthanum ni-
trate hexahydrate\*-acetyl+-lysine, N*-acetyli-arginine,

yeast RNA, and mouse type IV collagen isolated from EHS
tumor were purchased from Sigma-Aldrich. Bovine pancre-
atic RNase A was obtained from Worthington Biochemical
(Freehold, NJ).

Synthesis of 3-Deoxy-erythro-hexos-2-ulosd) (Scheme
1). 1,2;5,6-Di-O-isopropylidene-3-O-(methylthio)thiocarbo-
nyl-o-p-glucofuranoseg) (26). 1,2;5,6-DiO-isopropylidene-
o-D-glucofuranosed; 5.20 g, 20.0 mmol)Z7) was dissolved
in THF (100 mL), imidazole (30 mg) was added, and then

as an aqueous solutior-$0 mL) at 4°C.

13C-Labeled 3-Deoxy-glucosone). 3-Deoxyn-[1-13C]-
glucosone and 3-deoxy{2-**C]glucosone were prepared as
described for the unlabeled compound but substituting
1,2;5,6-diO-isopropylidenes-p-[1-°C]glucofuranose and
1,2;5,6-diO-isopropylidenes-b-[2-13C]glucofuranose, re-
spectively, in the syntheses. THE-labeled isopropylidene
derivatives were prepared from[1-'3C]glucose ana-[2-
Clglucose obtained from Omicron Biochemicals, Inc.

NaH (1.0 g, 40 mmol) was added batchwise. The reaction (South Bend, IN).

mixture was stirred fol h atroom temperature under a
nitrogen atmosphere. Carbon disulfide (6.0 mL, 100 mmol)

Cell Culture.Conditionally immortalized mouse mesangial
cells were kindly provided by Dr. Ambra Pozzi, Vanderbilt

was added, and the mixture was stirred for 2 h. Methyl iodide University Medical Center, Nashville, TNBR). The mesan-
(3.0 mL, 48 mmol) was then added, and the mixture was gial cells were propagated in DMEM medium supplemented
stirred for an additional 1 h. The organic layer was washed with 10% FBS, 100 U/mL penicillin, 10@kg/mL strepto-

with 1 M HCI, saturated NaHCgand brine and dried over
anhydrous Nz50O,. After evaporation of the solvent, the
residue was crystallized (EtOH#8) to afford the xanthate
3 (5.59 g, 80%).
1,2;5,6-Di-O-isopropylidene-3-deoxyb-glucofuranose4)
(28). Compound3 (3.5 g, 10 mmol) in toluene (60 mL) was
added by a dropping funnel (1 drop every 2 s) tothutyltin
hydride (TBTH; 4.0 g) in toluene (50 mL) under,ldnd at
reflux. Refluxing was continued overnight, and the solvent

mycin, and 100 U/mL interferop-at 33°C. For differentia-
tion, the cells were cultured in the above medium without
interferony at 37°C. Low passages<(15) of the immortal-
ized cells were used to ensure the preservation of the specific
properties characteristic of the differentiated st&8).(

Cell Adhesion AssayCell adhesion was quantified using
crystal violet staining as previously describeB)

Modification of Collagen IVCollagen IV was immobilized
on 96-well plates (Nunc, Rochester, NY) in TBS buffer at
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4 °C overnight as described earlie34). The plates were ionization source outfitted with a 10@L i.d. deactivated
washed twice with 200 mM sodium phosphate buffer, pH fused silica capillary. Nitrogen gas was used for the sheath
7.5, and incubated in the same buffer with or without gas at a pressure of 65 psi. The spectrometer was operated
additives in the wet chamber to prevent changes in the samplen the positive ion mode, and the electrospray needle was
volume due to evaporation; 0.02% sodium azide was addedmaintained at 4.5 kV. The heated capillary was operated at
to suppress bacterial growth. Incubation buffers were re- 20 V and 200°C, and the tube lens voltage was set at 79.5
placed daily with the corresponding fresh buffer solutions V. The samples were introduced using a Harvard Apparatus

to maintain steady-state concentrations of additives. All model 22 syringe pump operating at a flow rate of/10

incubations were carried out in the dark at°87 There was

min. Prior to injection, the samples were diluted 100-fold

no detectable collagen IV desorption in any of the treatments with acetonitrile. Full-scan spectra were acquired inrtitie
over the course of the experiment as measured by the alkalinerlange of 156-750 at a rate of 1 scan/s.

phosphatase (AP) competition ass8%)((data not shown).

NMR SpectroscopNMR spectra of 3-DGE PM reaction

The AP competition assay was validated by measuring mixtures (90:10 HO/D,O) were obtained at 30C on a

desorption of the recombinant3NC1 domain of collagen
IV. The protein was modified with 1 mM MGO as previously
described34). Along with the use of AP competition assay,

Varian UnityPlus FT-NMR spectrometer operating at 599.887

MHz for *H and 150.854 MHz fofC. The samples were
analyzed in 3 mm NMR tubes using a dd&C/*H micro-

protein desorption was also determined by measuring boundprobe (Nalorac), and the chemical shifts were referenced

protein by ELISA using either specific Goodpasture antibod-

ies 36) or anti-FLAG antibody (Sigma-Aldrich), and by

measuring unbound protein in the incubation buffer using

LC—MS as described earlieB4). No desorption of either

externally to sodium 4,4-dimethyl-4-silapentane-1-sulfonate
(DSS).
IH NMR spectra were collected with an 8000 Hz spectral

window and a~2.1 s recycle time. FIDs were zero-filled to

modified or unmodified protein was detected by any of the give final digital resolutions 0f<0.05 Hz/point.13C{‘H}

methods (data not shown).
Measurements of RNase Adty. RNase activity was

NMR spectra were collected with-36 000 Hz spectral

windows and~5.8 s recycle timesH-decoupledC NMR

determined by measuring the formation of acid-soluble spectra without NOE were obtained with36 000 Hz

oligonucleotide 87), with some modifications as previously
described 11). For the assay, 100L of 3 ug/mL RNase in
100 mM sodium acetate, pH 5.0, was mixed with 100of

spectral windows and-18 s recycle times. To suppress
heteronucleat®C—!H NOE, H decoupling was applied only
during data acquisition (gated decoupling). &L FIDs were

1% yeast RNA in the same buffer. After the incuba_ti_on al processed to optimize spectral S/N (B1) and to yield
37°C for 5 min, the reaction was stopped by the addition of gigjtal resolutions of~0.14 Hz/point23C signal assignments
100uL of an ice-cold solution of 0.8% lanthanum nitrate in - \yere made via 2D HMQC spectréd—H and 3C—1H J

18% perChloriC acid. The incubation tubes were kept onice Coup"ngs are reported in hertz and are accurateQd. Hz
for 5 min to ensure complete precipitation of undigested ynless otherwise indicated.

RNA and then centrifuged at 120€r 10 min. An aliquot
of the supernatant (24L) was diluted to 1 mL with distilled

Statistical AnalysisData were expressed as the mean
SD, and statistical analysis was performed using Studént’s

water, and the amount of digested (solubilized) RNA was et pifferences were considered statistically significant if
determined by measuring the absorbance at 260 nm. Thep values were<0.05.

activity of RNase incubated either alone or with PM at

37 °C was monitored separately and used as the referenC(RESULTS

for each incubation time. This reference activity did not
change significantly over the course of incubation.
Determination of Free Amino Group¥hese determina-

Inhibition of RNase Actity by 3-DG and Protection by
PM. RNase is one of the classical model proteins used in

tions were performed according to the TNBSA assay protocol Studies of protein glycation. RNase activity can be inhibited

(Pierce). The reaction mixture was diluted (1:100, v/v) with
0.1 M sodium bicarbonate buffer, pH 8.5. An aliquot (0.25
mL) of 0.01% (w/v) TNBSA was added to 0.5 mL of sample.
After the incubation at 37C for 2 h, 0.25 mL of 10% SDS
and 0.125 mL 61 N HCI were added to each sample, and
the absorbance was recorded at 335 nm.

HPLC AnalysisHPLC analyses were performed using a

by glucose and by the reactive carbonyl species GO and GLA
(11, 38), most likely due to modification of Lysand Lys?!

in the substrate binding site of the enzyn®8)( 3-DG
significantly inhibited RNase activity in a time- and con-
centration-dependent manner (Figure 1), and PM protected
the enzyme from inhibition by 3-DG (Figure 1). At equimolar
concentrations, PM was more effective at protecting RNase

Waters HPLC system equipped with a Shimadzu RF-551 activity compared to Racetyli-lysine or N-acetyli-

spectrofluorimetric detector and Supelcosil LC318 (4.6
250 mm, 5um) HPLC column (Supelco, PA). Solvent A

arginine (Figure 1B).
Inhibition of Cel-Matrix Interactions by 3-DG and

was 0.1% heptafluorobutyric acid in water, and solvent B Protection by PM Previous studies have found elevated

was 75% acetonitrile in water; the flow rate was 1 mL/min.
The following gradient program was used:=9 min, 5%
B; 5—25 min, linear gradient to 100% B; 250 min, 100%
B; 30—31 min, linear gradient to 5% B. Under these
conditions PM eluted at 15.5 min.

Mass Spectrometr§S analyses were performed using a

levels of 3-DG in diabetic plasma and detected 3-DG-derived
protein modifications in renal tissues of diabetic patieh8; (
14, 17). We hypothesized that modifications of long-lived
renal matrix proteins by 3-DG contribute to perturbation of
cell-matrix interactions in diabetes.

Purified collagen IV, a major component of glomerular

Finnigan TSQ-7000 (San Jose, CA) triple-quadrupole massmesangial matrix, was modified with 3-DG for-360 days.
spectrometer equipped with a standard API-1 electrosprayThe microplate well coverage was97%, and no protein



1000 Biochemistry, Vol. 47, No. 3, 2008 Chetyrkin et al.

2z F
S 1.0 <
-t
o c
S ] =}
Py 0.8 g
S <
Z 0.6 - ©
5 E
° 04 - :
2 o
L od
S 0.2 §
i s
0.0 L . . ] , 0 1 10 100 1000
0 50 100 150 200 Concentration of 3-DG ( uUM)
Concentration of 3-DG (mM) '% 1.0 B
<
0.8 1
z B 5
> 1.0 t.: 2
s < 0.6 1
© ®
Q 08 h -
§ 9 04
0.6 - ]
12 £
‘s = 0.2 4
c 0.4 1 n
o) (V]
2 = 00"
S 0.2 buffer 10mM  1mM 1mM3-DG
T PM 3-DG  +10 mMPM
0.0 & . . . , . . i . FiGure 2: Inhibition of mesangial cell adhesion to 3-DG-modified
0 2 4 6 8 10 12 14 16 collagen IV and protective effect of PM. Plates (96-well) were
coated with EHS collagen IV (2@g/mL) and incubated in 200
Time (d) mM sodium phosphate buffer (20@L) containing 0.02%

L . sodium azide, pH 7.5, at 3T. For the treatment, the buffer was
FiGure 1: Inactivation of RNase by 3-DG and protection by PM.  sypplemented with the indicated concentrations of either 3-DG or
(A) Effect of 3-DG concentration on RNase activity after 16 days pw alone or with 3-DG and PM as described in the Materials and
of incubation without PM (circles) and with 15 mM PM (triangles).  pMethods. After extensive washing, the adhesion of mesangial cells
(B) Time course of RNase activity. RNase was incubated alone g collagen IV was measured as described in the Materials and
(squares), with 25 mM 3-DG (circles), or with 3-DG and the Methods. Incubations were carried out for either 30 (A) or 60 (B)
following additives (15 mM): PM (triangles)N-acetyllysine days. Key: *, differences vs unmodified protein are significamt (
(inverted triangles), oN-acetylarginine (tilted squares). The incuba- <905 n = 4); **, difference vs 3-DG-modified protein is
tions were carried out at 3T in 200 mM sodium phosphate buffer significant @ < 0.05,n = 4).
with 0.02% sodium azide, pH 7.5. The RNase concentration was 1

mg/mL. The RNase activity was determined as described in the .
Materials and Methods. Each symbol represents the rie&D and reaction product(s) of PM and 3-DG were detected by

(n = 3). PM, N-acetyllysine, oN-acetylarginine did not affect the ~ reversed-phase HPLC (Figure 3B). ESI-MS analysis of the
RNase activity after 16 days of incubation (data not shown). reaction mixture detected new products with molecular

masses corresponding to 3-BE8M adducts as shown in

desorption was detected after different treatments as deterfigure 4.
mined by alkaline phosphatase competition as8ay (data Reaction of Unlabeled 3-DG with PM\queous solutions
not shown). These incubation times are relatively short of 3-DG contain multiple forms in equilibrium4Q, 41),
compared to the collagen IV physiological half-life o2 giving rise to complexXH (600 MHz) and'3C (150 MHz)
years 89). Nevertheless, modification of collagen IV with  NMR spectra. UnexpectedlyH and *3C NMR spectra of
3-DG caused significant inhibition of mesangial cell adhesion solutions resulting from the reaction of 3-DG with PM at
to this protein (Figure 2A). Importantly, the effect was 37 °C, each at 10 mM, for 30 days were relatively simple
significant at 1uM 3-DG (Figure 2A), a concentration (Figures 5 and 6) and indicated the formation of one major
comparable to reported 3-DG plasma levels-@.5 M in product. Analysis of théH NMR spectrum showed that the
diabetes 13). PM ameliorated 3-DG-induced inhibition of C3—C6 fragment of 3-DG remained intact in the product
mesangial cell adhesion (Figure 2B). A 10-fold molar excess (Figure 5B), on the basis of the internally consistéhi,
of PM over 3-DG in this experiment reflected the fact that and3Jyy values measured from the spectrum (Table 1). The
in vivo the therapeutic PM concentration is significantly 2D **C—'H HMQC spectrum (Figure S1, Supporting Infor-
higher than the concentration of 3-D@, (L3). mation) showed that the majéH signals correlated with
Mechanism of 3-DG Detoxification by PMVe hypoth- the major signals observed in tH€{H} spectrum (Figure
esized that PM protection from 3-DG-induced protein 6A). Using these data, several potential reaction products
damage is caused by direct scavenging of 3-DG by PM. were eliminated from consideration, including a family of
Reactive PM amino groups were lost in the presence of structures §—11) generated via direct adduct formation
3-DG, consistent with possible adduct formation (Figure 3A), between 3-DG and PM (Scheme S1, Supporting Informa-
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~ 120 194.8 Hz (data not shown}H and **C NMR spectra of
2 A authentic sodium formate gave an identical carbon chemical
@ 100 PM shift andJcy = 194.7 Hz.'H and'3C NMR spectra of the
3 unlabeled 3-DG+ PM reaction mixture (Figures 5 and 6)
5 807 contained signals consistent with the presence of formate
o} (signal “a” in Figure 5A, signal “b” in Figure 6A). It is
E 60 1 noteworthy that the signal at 173.66 ppm in Figure 6B is a
« PM +3-DG doublet with the saméJcy observed for authentic sodium
% 40 1 formate. Detection of'fC]formate in [12°C]-3-DG + PM
s reaction mixtures suggests €C2 bond cleavage in 3-DG,
4 20 1 3.0G with C1 appearing as the formate carbon. This cleavage
g 0 o ° reaction appears less favored in solutions of¥1}-3-DG
— ¢ — r r r alone, as indicated by the presence of a relatively weak
0 5 10 15 20 25 formate signal and the presence of two major products with
Time (d) 13C labeling at carboxylate (CQOH) carbons (Figure 7B).
The latter products result from direct structural rearrangement
80.00 of the [143C]-3-DG carbon skeleton (see below).
B The above interpretation of the [#€]-3-DG + PM NMR
70.00 4 data was tested by studying the reaction witij2}-3-DG.
60.00 1 The 3C{H} NMR spectrum of a solution of [23C]-3-DG
’ — PM after 30 days contained two pair€€-labeled signals
50.00 at 73.36 and 71.95 ppm and a we&k-labeled signal at
182.90 ppm (Figure 8B). The same signals were observed
> 40.00] in the [243C]-3-DG + PM reaction mixture, but that at
E 182.90 ppm was considerably more intense than those at
30.00 73.36 and 71.95 ppm (Figure 8A). THé-coupled*C NMR
20.00 1 spectrum of the same reaction mixture showed the 71.95 ppm
signal split into a doubletJcy = ~145.9 Hz), indicative of
10.00 7 W a secondary alcoholic carbon, whereas the signal at 182.90
PM+3.DG .~ ppm, indicative of a COOH carbon, appeared as eight lines
0.00 3 - ' (ddd) containing three long-rangédcy values (absolute

values): 3.0, 5.8, and 6.5 Hz. This multiplicity suggested
that the labeled COOH carbon is two and three bonds
removed from a CkHgroup and a CH group, respectively;

FiGURE 3: Reaction between 3-DG and PM. Pyridoxamine and that is, the coupling data are consistent with3@OOH—
3-DG (10 mM each) were incubated at 3C in the dark in 200 CH,—CHOH-— fragment.

mM sodium phosphate buffer with 0.02% sodium azide, pH 7.5. - h .

(A) The loss of reactive PM amino groups was measured using ntegration of signals in th&C NMR spectra of [1¥C]-

the TNBSA method as described in the Materials and Methods. and [24%C]-3-DG reaction mixtures indicates that, in the
Each symbol represents the mearSD, n = 3. (B) After 14 days ~ absence of PM, 3-DG spontaneously converts primarily to
of incubation, the reaction mixtures were analyzed using ion pair the two C2-epimeric 3-deoxyhexonic acids (metasaccharinic
RP-HPLC as described in the Materials and Methods. acids) 3-deoxys-ribo-hexonic acid {3) and 3-deoxye-

arabino-hexonic acid {4) via the addition of water. One

5.00 10.00 15.00 20.00 25.00
Elution time (min)

tion). Likewise, one of the transamination producis;(
Scheme S2, Supporting Information) was inconsistent with COOH COOH
the NMR results. The structure of the major reaction product

> - , , HCOH  HOCH COOH
was determined through selectiti-labeling studies. | I
) _ ) CH, CH, CH,
Reaction of’3C-Labeled 3-DG with PMNMR studies o oH o
were conducted with 3-DG labeled witfC at either C1 or o o o
C2, since data obtained from reactions involving unlabeled oH oH oH
3-DG indicated that the C3C6 fragment of 3-DG remained 1 1 5

intact, implying that structural changes occurred at C1 and

C2. Reaction mixt_ures containifgC-labeled 3-DQ with (3- epimer is highly favored, and preparation of autheritic
DG + PM) and without (3-DG- PM) PM were incubated  (see the Supporting Information) showed thais the more
for 30 _days, and samples were withdrawn periodically for zpundant product. In the presence of PM, however, 3-DG
analysis by*C NMR. follows a C1-C2 oxidative cleavage pathway, generating
The *3C{*H} NMR spectrum of the [£3C]-3-DG + PM HCOOH from C1 and a COOH functional group at C2. Since
reaction mixture contained four labeled signals at 184.36, analysis of théH NMR spectrum of unlabeled 3-D& PM
183.71, 173.66, and 147.01 ppm (Figure 7A). In thé¥a} reactions showed the €6 fragment of 3-DG remains
3-DG — PM reaction mixture, the signals at 184.36 and intact during the reaction, the primary €C2 cleavage
183.71 ppm were dominant (Figure 7B). The signal at 173.66 product was postulated to be 2-demagrythropentonic acid
ppm appeared as a doublet in thd-coupled*C NMR (2-deoxyp-ribonic acid) (L5). This prediction was confirmed
spectrum, indicating a monoprotonated carbon \aghy = by preparing authentic sodium 2-deomyribonate by bro-
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at@Tor 14 days. The reaction mixture was analyzed using direct
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M _ u\«L FIGURE 6: (A) 13C{*H} NMR spectrum (150 MHz) of a 3-DG-
T e 4 a4 32 a0 o8 o6 o4 29 PPM PM reaction mixture after 30 days at 3C. Signals a and-¢f are

Ficure 5: (A) 'H NMR spectrum (600 MHz) of a 3-DG- PM
reaction mixture after 30 days at 3Z. Signal c arises from residual
solvent HOD. Signals-gj are attributed to the major product. Signal
b may be due to pyridoxal hydrate. (B) Expansion of the major
product signals €j shown in (A), showing signal multiplicities
from which 23y and3Jyy values were measured (Table 1).

mine oxidation of 2-deoxy-ribose (see the Supporting
Information). Signals in itdH and**C NMR spectra matched
the predominant signals shown in Figures 5 and 6.

attributed to the major reaction product. Chemical shifts are given
in Table 1. The signal at~102 ppm may be due to pyridoxal
hydrate. (B)*H-coupled!3C NMR spectrum of the same 3-D&

PM reaction mixture analyzed in (A). Multiplicities of the major
signals are given in Table 1.

13C NMR spectra shown in Figures 6A, 7A, and 8 were
obtained on labeled 3-DG reaction mixtures inid-
decoupledt NOE mode £3C{*H}). Since the relaxation and
heteronuclear NOE properties of protonated (e.g., CH) and
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Table 1: Interpretation of the MajéH and*3C NMR Signals A @ e
Observed in Unlabeled 3-D&M Reaction Mixtures
1H signaf N 1H signal carbon signal
(ppm) (Hz) assignmeiit  correlation&e (ppm)
3.85 3.8,5.6,9.4 H4 72.33 (d)
3.57 3.2,-11.6 H6 65.05 (t)
3.49 3.2,56,7.2 H5 77.01 (d) d
3.42 7.2-11.6 H6 65.05 (t) —c
2.34 3.8-15.1 H3 43.08 (1) b
2.14 9.4-15.1 H3 43.08 (1)
a PredominantH signals observed in unlabeled 3-B&M reaction 180 170 160 150 140 130 120 110 100 90 80 70 PPM
mixtures, pH 7.5, 37C, relative to the peak for external DSSly e
values extracted from the corresponditig signal multiplets® As- B

signments based on the €C6 carbons of 3-DG (the C3C6 fragment
remains intact in the major producf)Correlations observed in the 2D
13C—1H HMQC spectrum® H-coupled!*C data gave doublets (d) or
triplets (t) for the indicated signals, indicating CH and Ldtoups,
respectively.

A c

—& " 180 170 160 150 140 130 120 110 100 90 80 70PPM
d Ficure 8: (A) 2C{'H} NMR spectrum of a [23C]-3-DG + PM
reaction mixture after 30 days at 3C. Signals ae arise from
L J ‘ labeled species. Signals ¢ are primarily from unreacte®(2-3-
L I DG. (B) 13C{*H) NMR spectrum of [213C]-3-DG after 30 days at
37 °C. Signals a and-ee match the corresponding signals in (A).

spectra indicated the possible presence of aminofructose at
] very low levels.

B a 13C NMR spectra of the [23C]-3-DG + PM and [23%C]-

3-DG + PM reaction mixtures contained minor labeled

signals at 147.01 and 154.80 ppm, respectively (Figures 7

and 8). While the structures responsible for these signals were

not identified, potential candidates include those produced
b ¢ from a reaction of two PM and two 3-DG molecules

analogous to that reported for methylglyoxal (Scheme S2)

BT SRT SRR AR SRR SRR AR AL SARIA SR AR AR A (9). A byproduct of th.IS reaction is 2-dep>w+|bonate15,

FIGURE 7: (A) 2*C{*H} NMR spectrum of a [1¥C]-3-DG + PM and thus15observed in 3-DGH PM reaction mixtures may

reaction mixture after 30 days at 3C. Signals ae arise from  derive from this secondary pathway in addition to the primary

labeled species, and the weaker signals from 40 to 80 ppm aredirect degradation ot via oxidative cleavage.

natural abundance signals from PM and 3-DG. Signals e are

primarily from unreacted [£3C]-3-DG. (B) 13C{1H} NMR spec- DISCUSSION

trum of [1-13C]-3-DG after 30 days at 37C (no PM). Signals ac ) ] ) )
and e match the corresponding signals in (A). Diabetes is characterized by the elevated levels of reactive

carbonyl compounds, a phenomenon known as “carbonyl

unprotonated (e.g., COOH) carbons differ, the relative stress” #2). Chemical modification of tissue proteins by
intensities of labeled signals in these spectra give erroneoughese compounds has been documented in both diabetic
relative concentrations. Re-examination of théy2}-3-DG patients and animal models of diabetes, including modifica-
+ PM (30 days) reaction mixture b{¥C NMR with *H tion of arginine residues by MGO and 3-DG5 17, 43,
decoupling — NOE showed the signal at 182.90 ppm 44). These arginine modifications may affect protein function
significantly more intense than those at 71.95 and 73.36 ppmas has been shown for MGO-modified mitochondrial proteins
(Figure S2, Supporting Information), consistent wiiibeing in diabetic rats 45).
the major reaction product as indicated from NMR studies  More recently, a potential pathogenic mechanism involving
of unlabeled 3-DG reaction mixtures (Figures 5 and 6).  disruption of integrin-mediated cefimatrix interactions by

A second possible transamination product, 1-amino-1- MGO via modification of specific arginine residues in long-
deoxy-3-deoxyp-fructose (6) (Scheme S1), was eliminated lived proteins of the extracellular matrix has been demon-
as the major product through synthesis of a structural strated using several different cell types in cultusd, @6,
analogue, 3-deoxp-fructoseH and'3C spectra of the latter ~ 47). It has been demonstrated that dicarbonyl compounds
did not match those obtained on unlabeled 3-BGPM form adducts with arginine residues within specific integrin
reaction mixtures, although weak signals in the lattér binding sites 84, 46, 47) and affect integrin binding34),
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while modification of lysine residues is not mechanistically Scheme 2
important 34, 47). These findings provided a potential OOH ?OOH
mechanistic connection between “carbonyl stress” and

. . . . . HCOH HOCH
diabetic lesions such as mesangial expansion and podocyte ? ?
detachment. We demonstrate here that a structurally different CH +  CH,
reactive carbonyl compound, 3-DG, also perturbs —<¢ell / H OH
matrix interactions at physiologically relevant concentrations HO PM OH OH
and within a relatively short time. Thus, 3-DG, along with ?=0 OH OH
MGO, may contribute to pathogenesis of diabetic nephropa- CH, 13 14
thy via perturbation of renal celimatrix interactions. Since
PM scavenges both MGO) and 3-DG (this paper), we g: +PM
propose that the therapeutic effect of PM in diabetic o N {ooH
nephropathy is achieved, in part, via protection of long-lived 1 CHz
matrix proteins from modification by reactive carbonyl p  HCOOH
compounds, thus preserving critical eefhatrix interactions OH
in the kidney. OH

In PM therapy in vivo, the reaction of toxic carbonyl 15

compounds with PM would be favored because of the py PM in reactions of 3-DG with proteins may involve two
significant molar excess of PM (up to 1aM (2)) over free  steps, namely, transient adduct formation which presumably
reactive carbonyl species (6-2 uM (13)). Thus, the plasma  scavenges 3-DG from solution in a rapid and reversible
concentration of PM is sufficient for scavenging the major fashion (Figures 3 and 4 and Scheme S1), followed by a
reactive carbonyl species, including 3-DG. Clearly, the second slower irreversible oxidative step to give the nonre-
efficacy of PM in vivo will be influenced by factors such as  active aldonate (Figures® and Scheme 2). Our observation
the nature of carbonyl species, local tissue concentrationsthat PM provides significant protection of RNase activity
of reactive carbonyls and PM, and the concentration of even at a high 3-DG-to-PM molar ratio (Figure 1B) is
endogenous carbonyl scavengers. However, even very smaltonsistent with this mechanism. Although PM can participate
amounts of reactive carbonyls that exceed the capacity ofin nonenzymatic transamination reactiod®)( our results
endogenous carbonyl scavenger systems may lead, over @o not support the presence of an alternative nonenzymatic
long time, to an increase in the modification of critical transamination mechanism for the scavenging reaction
arginine residues in long-lived matrix proteins. By trapping bpetween PM and 3-DG.
the excess reactive carbonyls, PM may provide a significant  PM has demonstrated therapeutic effects in clinical trials
protective effect. Our data suggest that PM can effectively for diabetic nephropathyl}. However, the mechanism(s) of
compete for 3-DG with protein lysine and arginine side PM action is poorly understood. PM can potentially protect
chains (Figure 1B) and, thus, protect these protein residuesproteins from diabetes-induced chemical modification via
from modification. Moreover, since the hydroimidazolone several mechanisms, including sequestration of redox-active
adducts between arginine residues and reactive carbonyimetal ions, scavenging of hydroxyl radical, and scavenging
species are metastabldg], the depletion of excess free of reactive carbonyl species (reviewed in &f PM may
reactive carbonyls may lead to gradual depletion of arginine also act as a precursor of pyridoxatfhosphate (PLP), an
adducts in ECM proteins and improvement of eetiatrix active form of vitamin B. It has been shown that pyridoxine,
interactions. a major physiological precursor of PLP, can rapidly normal-

Mechanistic studies b¥C NMR using'*C-labeled 3-DG  ize endothelial dysfunction in children with type | diabetes
have shown that 3-DG degrades in agueous solution either(50). The mechanism of this effect is unknown and may
via skeletal rearrangement or via backbone oxidative cleav-include vitamin B action as a coenzyme as well as protection
age pathways and that the latter pathway is favored in the of protein amino groups at potential glycation sites by PLP
presence of PM. Studies of selectivefiC-labeled 3-DG  (51). PLP also inhibited peritoneal damage induced by
demonstrate that two C2-epimerig @etasaccharinic acids  glucose-based dialysate in rats; carbonyl scavenging by PLP
are produced from 3-DG spontaneously in the absence ofwas suggested as a possible mechan& However, this
PM after 30 days, with an unequal distribution of both mechanism is unlikely because PLP lacks a nucleophilic
epimers (Scheme 2). When PM is present, however, the sameyroup.
skeletal rearrangement occurs, but a competing oxidative In this paper, we propose a novel mechanism of PM
cleavage pathway becomes highly favored. In the presenceprotection against 3-DG toxicity involving transient adduc-
of PM, oxidative cleavage of the GIC2 bond of 3-DG is  tion of 3-DG by PM followed by irreversible oxidative
favored, yielding formate anion (from C1) and 2-deaxy-  cleavage of 3-DG. This detoxification mechanism along with
ribonate (Scheme 2). The precise chemical mechanismsother carbonyl trapping mechanisms may contribute to the
responsible for this cleavage reaction are unclear. It is known therapeutic effect of PM in diabetic nephropathy. In
possible that either formaldehyde and/or 2-deoxybose particular, this therapeutic effect may derive from PM
are intermediates and that metal ions, present endogenouslyrotection of extracellular matrix proteins and preservation
in the phosphate buffer, are required for the oxidation. of critical renal cel-matrix interactions.

The present results suggest a potential role for PM in
promoting C+C2 bond oxidative cleavage, possibly by ACKNOWLEDGMENT
complexing 3-DG to give transient adducts having structures  We thank Dr. Ambra Pozzi for a generous gift of mouse
similar to those shown in Scheme S1. The protection afforded glomerular mesangial cells.
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Figures and schemes showing the reaction mechanism 17
between PM and 3-DG. This material is available free of
charge via the Internet at http://pubs.acs.org.
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