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Methylglyoxal (MGO), the reactive dicarbonyl intermediate generated during the nonenzymatic

glycation between reducing sugars and amino groups of proteins, lipids, and DNA, is the precursor

of advanced glycation end products (AGEs). Many studies have shown that AGEs play a major

pathogenic role in diabetes and its complications. This study found that 2,3,5,40-tetrahydroxystilbene
2-O-β-D-glucoside (THSG), the major bioactive compound from Polygonum multiflorum Thunb., can

efficiently inhibit the formation of AGEs in a dose-dependent manner by trapping reactive MGO

under physiological conditions (pH 7.4, 37 �C). More than 60% MGO was trapped by THSG within

24 h, which was much more effective than resveratrol and its methylated derivative, pterostilbene,

the two major bioactive dietary stilbenes. The major mono- and di-MGO adducts of THSG were

successfully purified and found to be mixtures of tautomers. LC-MS and NMR data showed that

positions 4 and 6 of the A ring were the major active sites for trapping MGO. It was also found that

THSG could significantly inhibit the formation of AGEs in the human serum albumin (HSA)-MGO

assay and both mono- and di-MGO adducts of THSG were detected in this assay using LC-MS. The

results suggest that the ability of THSG to trap reactive dicarbonyl species makes it a potential

natural inhibitor of AGEs.
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INTRODUCTION

Diabetes is the fifth most deadly disease in the United States.
Most diabetes patients die from diabetic complications, such as
renal failure, heart attack, or stroke. However, diabetic complica-
tions are still neither preventable nor curable. New agents that
can prevent, treat, and cure diabetic complications are needed.
Increasing evidence has identified the formation of advanced
glycation end products (AGEs) as a major pathogenic link
between hyperglycemia and diabetes-related complications (1).
R-Oxoaldehydes such as methylglyoxal (MGO), the reactive
dicarbonyl intermediate generated during the nonenzy-
matic glycation between reducing sugars and amino groups of
proteins, lipids, and DNA, are precursors of AGEs and exert
direct toxicity to cells and tissues (2-4). Trapping of reactive
dicarbonyl compounds by several pharmaceutical agents, such as

aminoguanidine, metformin, and pyridoxamine, has been shown
to be a useful strategy for inhibiting the formation of AGEs and,
thus, inhibiting or delaying diabetic complications (5-10).

In our studies to find nontoxic trapping agents for reactive
dicarbonyl species from dietary sources, we found that flavo-
noids, such as (-)-epigallocatechin 3-gallate (EGCG) from tea,
and phloretin and phloridzin from apple, can efficiently trap
reactive dicarbonyl compounds (MGO or GO) to form mono-
and di-MGO orGO adducts (11,12). To investigate whether this
finding applies to other types of compounds and to gain more
understanding of the structure-activity relationship, we further
studied the trapping efficacy of dietary stilbene using 2,3,5,40-
tetrahydroxystilbene 2-O-β-D-glucoside (THSG) (Figure 1) as the
representative compound.

THSG (Figure 1) is the major bioactive component from
Polygonum multiflorum Thunb., which is also known as He-
Shou-Wu in China and Fo-ti in North America. P. multiflorum
has been used in China and Japan as a tonic and antiaging agent
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since ancient times (13). It is a close relative of Polygonum
cuspidatum, from which resveratrol was originally purified (14).
Similar to resveratrol, THSG has been reported as a strong
natural antioxidative and anti-inflammatory agent (15-18). In
this study, we investigated whether THSG could inhibit the
formation of AGEs by trapping reactive dicarbonyl compounds,
such as MGO, under physiological conditions.

MATERIALS AND METHODS

Materials. THSG was purified from P. multiflorum Thunb in our
laboratory. Pterostilbene was provided by Sarbinsa Corp. (Piscataway,
NJ). Resveratrol, methylglyoxal (MGO, 40% in water), 1,2-diaminoben-
zene (DB), CD3OD, Sephadex LH-20 gel, and analytical (250 μm thick-
ness, 2-25 μm particle size) and preparative TLC plates (2000 μm
thickness, 2-25 μm particle size) were purchased from Sigma (St. Louis,
MO). HPLC-grade solvents and other reagents were obtained fromVWR
Scientific (South Plainfield, NJ). HPLC-grade water was prepared using a
Millipore Milli-Q purification system (Bedford, MA).

Kinetic Study of the Trapping of MGO by THSG, Pterostilbene,

and Resveratrol under Physiological Conditions. MGO (0.33 mM)
with 1 mMTHSG, pterostilbene, and resveratrol, respectively, in a pH 7.4
phosphate buffer solution (100 mM) was shaken at 40 rpm and incubated
at 37 �C for 0, 10, 30, 60, 120, 240, 420, or 1440 min. Then, to each
triplicated vial at each time point was added 1 μL of acetic acid to stop the
reaction, and 100 mM DB was added next to derivatize the remaining
MGO using our previous method (12).

UPLC Analysis. The level of methylquinoxaline was analyzed by a
Waters Acquity UPLC system coupled with a PDA detector (Waters,
Milford,MA).We used a 50mm� 2.1mm inner diameter, 1.7 μm,Waters
BEHRP-C18 column. For binary gradient elution,mobile phases A (90%
water, 10%methanol, and 0.2% acetic acid) and B (100%methanol with
0.2% acetic acid) were used. The flow rate was maintained at 0.5 mL/min,
and the mobile phase began with 100%A. It was followed by progressive
linear increases in B to 20% at 1.5 min, to 35% at 2.5 min, and to 100% at
4.5 min. Then, the mobile phase was maintained at 100% B until 5.5 min
and re-equilibrated to 100% A from 5.6 to 7.0 min. The injection volume
was 5μL for each sample. The level ofmethylquinoxalinewas quantified at
313 nm.

LC-MS Analysis. A Thermo LC/ESI-MS system equipped with a
Surveyor MS pump, a Surveyor refrigerated autosampler, and an LCQ
linear ion trapmass detector (Thermo Finnigan, San Jose, CA) incorporated

with an electrospray ionization (ESI) interface was used. A Gemini C18
column (50 mm � 2.0 mm i.d., 3 μm, Phenomenex) was used for the
analysis of the reaction products with a flow rate of 0.2 mL/min. The
binary mobile phase system consisted of 10% aqueous methanol with
0.2%acetic acid as A and 90%aqueousmethanol with 0.2% acetic acid as
B. The column was eluted with isocratic phase A for 5 min followed by a
gradient progress (from 100 to 90%A from 5 to 10min; from 90 to 60%A
from 10 to 36min; from 60 to 0%A from 36 to 40 min, then 100%A from
41 to 51 min). The injection volume was 10 μL for each sample. The
column temperature was maintained at 20 �C. The negative ion polarity
mode was set for the ESI ion source with the voltage on the ESI interface
maintained at approximately 5 kV. Nitrogen gas was used as both the
sheath gas at a flow rate of 30 arb units and the auxiliary gas at 5 arb units.
The structural information of THSG and the major MGO adducts was
obtained by tandem mass spectrometry (MS/MS) through collision-
induced dissociation (CID) with a relative collision energy setting of 35%.

Determining the Formation of MGO Adducts of THSG Using

LC-MS. THSG (1.0 mM) was incubated with different concentrations of
MGO (0.33, 1.0, and 3.0 mM) in a pH 7.4 phosphate buffer solution at
37 �C for 8 h. Then, 10 μL samples were taken and transferred to vials
containing 190 μL of a solution consisting of 0.2% acetic acid to stabilize
THSG and relatedMGO adducts. These samples were either immediately
analyzed by LC-MS or stored at -80 �C.

NMR Analysis.
1H (700 MHz), 13C (175 MHz), and all 2D NMR

spectra were acquired on a Bruker 700 MHz instrument. All compounds
were analyzed in CD3OD, with TMS as the internal standard. 1H-13C
HMQC (heteronuclear multiple quantum correlation) and HMBC
(heteronuclear multiple bond correlation) experiments were performed
as described previously (19).

Purification of the Major MGO Adducts of THSG. THSG
(0.102 g, 50 mM) and MGO (0.135 g, 150 mM) were dissolved in 5 mL
of phosphate buffer (100mM, pH7.4) and then kept at 37 �C for 24 h. The
reaction mixture was loaded onto a Sephadex LH-20 column eluted with
ethanol to obtainmono-MGOconjugatedTHSG(73mg) and amixture of
THSGandmono- and di-MGOconjugated THSG. Thismixturewas then
applied to preparative TLC plates and developed with ethyl acetate/
methanol/water (20:2:1, v/v) to obtain 13mg di-MGO conjugated THSG.

Figure 1. Chemical structures of 2,3,5,40-tetrahydroxystilbene 2-O-β-D-
glucoside (THSG), resveratrol, pterostilbene, and the mono-MGO con-
jugated THSG adducts THSGMGO-A and THSGMGO-B and significant
HMBC (HfC) correlations of THSGMGO-A and THSGMGO-B.

Table 1. δH (700MHz) andδC (175MHz)NMRSpectral Data of THSGMGO-
A and THSGMGO-B (CD3OD) (δ in Parts per Million and J in Hertz)

THSGMGO

THSG δH δC

δH δC A (or B) B (or A) A (or B) B (or A)

1 129.96 s 131.11 s 131.17 s

2 137.81 s 139.11 s 138.70 s

3 152.06 s 153.26 s 153.19 s

4 5.93 br s 102.42 d 6.02 s 5.95 s 98.37 d 98.46 d

5 155.90 s 158.51 s 158.51 s

6 6.31 br s 108.20 d 116.81 s 116.81 s

7 7.42 d, J 16.4 121.42 d 7.52 d, J 16.0 7.48 d, J 16.0 116.61 d 116.61 d

8 6.6 d, J 16.4 133.51 d 7.20 d, J 16.0 7.18 d, J 16.0 134.72 d 134.31 d

10 130.69 s 132.22 s 132.25 s

20 7.14 d, J 7.8 129.23 d 7.25 d, J 7.7 7.25 d, J 7.7 129.37 d 129.41 d

30 6.45d, J 7.4 116.34 d 6.51 d, J 7.9 6.51 d, J 7.9 116.33 d 116.34 d

40 158.29 s 158.39 s 158.34 t

50 6.45 d, J 7.4 116.34 d 6.51 d, J 7.9 6.51 d, J 7.9 116.33 d 116.34 d

60 7.14 d, J 7.8 129.23 d 7.25 d, J 7.7 7.25 d, J 7.7 129.37 d 129.41 d

10 0 4.19 d, J 7.8 103.42 d 4.32 d, J 7.4 4.25 d, J 7.5 107.88 d 108.29 d

20 0 3.49 m 75.36 d 3.34m 3.34m 75.30 d 75.30 d

30 0 3.25 m 78.07 d 3.18m 3.18m 78.42 d 78.40 d

40 0 3.26 m 70.38 d 3.29m 3.29 m 70.43 d 70.43 d

50 0 2.95 m 77.77 d 2.95m 2.95m 77.79 d 77.72 d

60 0 3.48 m 61.78 t 3.46m 3.46 m 61.74 t 61.77 t

3.49 m 3.53m 3.53m

9 4.58m 78.16 d nda

10 3.68m nd 64.73 d

11 1.40 s 0.90 d 3.4 21.71 q 25.23 q

a nd, not detected.
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1H and 13C NMR data of THSG and mono-MGO conjugated THSG are
listed in Table 1.

Effect of THSG on the Formation of AGEs in the HSA-MGO

Assay.HSA (1.4 mg/mL) was incubated with methylglyoxal (500 μM) in
the presence (0.25, 0.5, 1.0, 2.0 mM) or absence of THSG in phos-
phate buffer (pH 7.4) at 37 �C. A mixed streptomycin (0.5 mg)/penicillin
(500 units) solution was added into the reaction solutions to prevent

bacterial growth. Then, 500 μL of sample was collected at different time
points (0, 1, 2, 4, 7, and 30 days) and stored at -80 �C. A multimode
microplate reader (BioTek,Winooski, VT) was used for the quantification
of AGEs. The fluorescence of samples was measured at an excitation/
emission wavelength of 370/440 nm. Percent inhibition of formation of
AGEs by each sample was calculated using the following equation:
% inhibition = [1 - (fluorescence of the solution with inhibitors/
fluorescence of the solution without inhibitors)] � 100%.

Determining the Formation of MGO Adducts of THSG in the

HSA-MGO System Using LC-MS. Samples collected at day 4 from
the THSG (250 μM, 500 μM, 1.0 mM, and 2.0 mM) treated HSA-MGO
system, and the purified mono- and di-MGO conjugated THSG were
analyzed using the LC-MS method described above.

RESULTS AND DISCUSSION

Trapping of MGO by THSG, Pterostilbene, and Resveratrol

under Physiological Conditions.Our results indicated that THSG,
pterostilbene, and resveratrol can effectively trap MGO under
physiological conditions (Figure 2). Among them, THSGwas the
most effective trapping agent. More than 60% of MGO was
trapped within 24 h by THSG, and<40% ofMGOwas trapped
by resveratrol and pterostilbene (Figure 2). In addition, we found
that none of the three compounds could trap MGO under acidic
conditions (pH 4).

Studying the Formation of MGO Adducts of THSG by LC-MS.

The reaction mixtures of THSGwithMGO under three different
ratios (3:1, 1:1, and 1:3) were analyzed by LC-MS. After 8 h of

Figure 2. Trapping ofMGOby THSG, resveratrol (Res), and pterostilbene
(Pt) under physiological conditions (pH 7.4, 37 �C).

Figure 3. LC chromatogram of THSG after incubation with MGO (3:1) for 8 h. The chromatograms of THSG and mono- and di-MGO adducts of THSG were
obtained using the selective ion monitoring mode.
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Figure 4. Tandem MS/MS spectral of mono-MGO adducts of THSG and THSG standard.

Figure 5. Tandem MS/MS spectral of di-MGO adducts of THSG.
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incubation of THSG with MGO (3:1 ratio), one broad peak
appeared in the LC chromatogram (RT 11.31 min), which was a
mixture ofmono- and di-MGOadducts of THSG (Figure 3). This
broad peak had the molecular ions m/z 477 ([M - H]-; mono-
MGO adducts) and m/z 549 ([M - H]-; di-MGO adducts).
Under selective ion monitoring (SIM) mode for m/z 477
([M - H]-; mono-MGO adducts), two broad peaks appeared
in the LC chromatogram (Figure 3). Both peaks had the same
molecular ion (m/z 477 [M - H]-) and MS/MS fragments, but
different retention times. Both peaks had the fragment ion
m/z 405 ([M - 72 - H]-), showing that they all lost one MGO
(m/z 72)molecule (Figure 4), thus indicating that theyweremono-
MGO adducts of THSG. In addition, the MS/MS spectrum of
this daughter ion (MS3 405/477) was identical to the MS/MS
spectrumof the standardTHSG(MS2 405) (Figure 4). All of these
features indicated that both peaks were the mono-MGO conju-
gated THSG.

Under SIM mode for m/z 549 ([M - H]-; di-MGO adducts),
two broad peaks appeared in the LC chromatogram, which had
retention times very similar to those for the mono-MGO adducts
(Figure 3).We tried several different reverse phaseHPLCcolumns,
but failed to separatemono- and di-MGO conjugated THSG. The
two peaks had the same molecular ion (m/z 549 [M - H]-) and

MS/MS fragments. Both of them had the fragment ion m/z
477 ([M - 72 - H]-) (Figure 5). The MS/MS spectrum of this
daughter ion (MS3 477/459) was similar to the MS/MS spectrum
of themono-MGOconjugatedTHSG(MS2477) (Figures 4 and 5).
It had the fragment ion m/z 405 ([M - 72- 72- H]-). TheMS/
MS spectrumof this daughter ion (MS4 405/477/459) was identical
to the MS/MS spectrum of the THSG standard (MS2 405)
(Figures 4 and 5). This indicates that both peaks were di-MGO
conjugated THSG.

Using THSG and MGO at a 1:1 ratio or 1:3 ratio, we found
that the amounts of di-MGO adducts formed were higher than
those from the reaction at a 3:1 ratio and the amount of THSG
significantly decreased (data not shown).

Purification and Structure Elucidation of the Major MGO

Adducts of THSG. To further confirm the structures of the major
MGOadducts of THSG,we purified themajor products from the
reaction between THSGandMGO in 1:3 ratios using a Sephadex
LH-20 column eluted with ethanol in combination with prepara-
tive normal phase silica gel TLC plates. Although the RP-C18
column could not separate mono-MGO and di-MGO adducts of
THSG,we found that normal phase silica gel could separate them
very well. Two major products were purified. Further LC-MS
analysis of those two products indicated that one was the mixture

Figure 6. Dose-dependent inhibitory effect of the formation of AGEs by THSG: (A) formation of AGEs; (B) percent inhibition of the formation of AGEs.
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of the mono-MGO adducts and the other one was the mixture of
the di-MGO adducts.

The mono-MGO adducts (THSGMGO) had the molecular
formula C23H26O11 based on negative-ion ESI-MS (at m/z
477) and 13C data. The molecular weight of THSGMGO was
72 (MW of MGO, 72) mass units higher than that of THSG.
The 1H and 13C NMR spectra of THSGMGO showed two sets
of mono-MGO conjugated THSG, which was consistent with
the observation of two peaks in the LC chromatogram. All of
these features indicate that this compound is a mixture of two
tautomers (Figure 1). Both the 1H and 13C NMR spectra of
THSGMGO had patterns very similar to those in the spectra
of THSG (Table 1). The 1H NMR spectrum of THSGMGO
showed two distinct sets of aromatic ring proton signals: an
AA0BB0 system with four protons, two at δ 6.51 and two at δ
7.25, indicating a para-substituted benzene ring, which was
similar to those of THSG; and one singlet signal for one
proton (δ 6.02 or 5.95 s), instead of the two broad singlets (2H)
at δ 5.93 and δ 6.31 in the 1H NMR spectrum of THSG,
suggesting MGO conjugated with THSG at position 4 or 6 of
the A ring. In comparison with the 13C spectrum of THSG,
THSGMGO had a quaternary carbon at δC 116.81 in its 13C
spectrum in lieu of an unsubstituted aromatic carbon from the
A ring of THSG. All of these spectral features supported the
presence of anMGO group in THSGMGO at either the C-4 or

C-6 position of the A ring. The HMBC spectrum showed a
correlation between δC 139.11 (or 138.70) andH-10 0 (δH 4.32 d,
J = 7.4 Hz or 4.25 d, J = 7.4 Hz) of the glucose group,
indicating δC 139.11 (or 138.70) was C-2 of the A ring. In
addition, the only proton on the A ring (δH 6.02 or 5.95 s)
showed a correlation to δC 139.11 (or 138.70), suggesting that
this proton was H-4 and the MGO group was located at the
C-6 position of the A ring. Thus, the structure of THSGMGO
was identified as shown in Figure 1.

Even though we observed only one band for the second
product that we purified using preparative normal phase silica
gel TLC plates, its 1HNMRand 13CNMR spectra indicated that
it was amixture of several compounds. LC-MS analysis indicated
that it was the mixture of di-MGO conjugated THSG.

Effect of THSG on the Formation of AGEs. Our results
indicated that THSG could inhibit the formation of AGEs in a
dose-dependent manner (Figure 6). At a 2 mM concentration, it
could inhibit the formation of AGEs by >90% after 4 days of
incubation, and >60% inhibition was observed after 30 days of
incubation at 0.25 mM concentration (Figure 6).

Determining the Formation of MGO Adducts of THSG in the

HSA-MGO System Using LC-MS. To further understand
whether the inhibition of the formation of AGEs was due to
the trapping of MGO by THSG, we determined the existence of
the mono- and di-MGO conjugated THSG in the samples

Figure 7. LC chromatogram of themixture of THSG andmono- and di-MGOadducts of THSG. The chromatograms ofmono- (A) and di-MGO (B) adducts of
THSG were obtained using the selective ion monitoring (SIM)mode after incubation with THSG (250 μM, 500 μM, 1.0 mM, and 2.0 mM) in the HSA-MGO
assay for 4 days.
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collected after incubation of THSG with HSA and MGO using
LC-MS. We found that both mono- and di-MGO conjugated
THSG could be detected, and they had retention times and
MS/MS spectra identical with those of the mono- and di-MGO
adducts that we purified from the reaction between THSG and
MGO (data not shown). In addition, their levels increased as the
concentrations of THSG increased (Figure 7).

Our previous results indicated that both flavanol- and chal-
cone-type compounds could rapidly trap MGO under physio-
logical conditions (11, 12). In this study, we found that stilbene
type compounds could also trap MGO under neutral or alkaline
conditions. THSG, the major bioactive stilbene glucoside from
a traditional Chinese herbal tea, P. multiflorum Thunb., had
much stronger trapping effects than resveratrol and its methyl-
ated derivative, pterostilbene. The additional hydroxyl group in
THSG could be the major factor that enhanced the trapping
efficacy of THSG. We also found that THSG could inhibit the
formation of AGEs in a dose-dependent manner.

To understand the mechanism by which THSG could trap
reactive dicarbonyl species, we further studied the formation of
MGO adducts of THSGusing LC-MS andNMR. Therefore, our
results clearly indicated that the two unsubstituted carbons at
positions 4 and 6 on the A-ring were the major active sites for
stilbene-type compounds to trap reactive dicarbonyl species. This
was consistent with our previous finding that the two unsubsti-
tuted carbons at the A ring of EGCG (positions 6 and 8 for
flavanol-type compounds) and phloretin (positions 3 and 5 for
chalcone-type compounds) were the major active sites to trap
reactive dicarbonyl species and formmono- anddi-MGOadducts.

The formation ofMGO adducts of THSG in the HSA-MGO
system was determined by LC-MS analysis using the adducts
purified from the reaction between THSGandMGO.Our results
demonstrate for the first time that THSG could inhibit the
formation of AGEs by trapping reactive dicarbonyl species. It
is worthwhile to further study whether THSG can decrease the
levels of reactive dicarbonyl compounds, such as MGO, and
therefore inhibit the formation of AGEs and delay the develop-
ment of diabetic complications under in vivo conditions.
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