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ABSTRACT: Curcumin, the most active compound of curcuminoids, has been shown to inhibit formation of advanced
glycation end products (AGEs) in streptozotocin-induced diabetic rats. However, little is known on whether curcumin may trap
methylglyoxal (MGO), a major reactive dicarbonyl compound, to inhibit AGE formation. We found that one molecule of
curcumin effectively trapped one molecule of MGO at a 1:3 ratio at 24 h of incubation under physiological conditions (pH 7.4,
37 °C). Curcumin decreased N°-(carboxymethyl)lysine (CML) expression in human umbilical vein endothelial cells. We further
used two curcumin analogues, dimethoxycurcumin (DIMC) and ferulic acid, to investigate the possible MGO-trapping
mechanism of curcumin. Results reveal that DIMC, but not ferulic acid, exhibited MGO-trapping capacity, indicating curcumin
traps MGO at the electron-dense carbon atom (C10) between the two keto carbon groups. Thus, curcumin may prevent MGO-

induced endothelial dysfunction by directly trapping MGO.
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B INTRODUCTION

Epidemiological studies have indicated that hyperglycemia is
the most important factor in diabetic complications, especially
in type 2 diabetes mellitus." Hyperglycemia-induced formation
of advanced glycation end products (AGEs) is considered the
main cause of diabetes-related complications, includin
retinopathy, nephropathy, neuropathy, and atherosclerosis.
AGE:s are formed through the nonenzymatic glycation reaction,
also called the Maillard reaction, in which the free amino group
of the protein is irreversibly modified by the carbonyl group of
the reducing sugars,” followed by an Amadori rearrangement to
form the stable Amadori product. * In addition, the autoxidation
of glucose and lipid peroxidation are also important sources of
reactive dicarbonyl species (RCOS),® which are the pivotal
intermediates in the formation of AGEs in vivo.”

A major RCOS in the human body is methylglyoxal (MGO),
a precursor of AGEs. Plasma levels of MGO are elevated in
diabetes, dialysis, and chronic kidney disease of patients. For
example, the concentration of MGO in plasma of diabetic
patients is 2.2—3.8 uM, whereas the concentration of MGO in
healthy volunteers is 0.4—1.0 uM.* MGO can be produced by
glycolysis,” the sorbitol pathway,” lipid peroxidation,' catabo-
lism of threonine,"* and metabolism of ketone bodies.'* Free
MGO can react irreversibly with lysine and arginine residues of
protein to form fluorescent and cross—linking AGEs, such as 1,3-
di-N¢-lysino-4-methylimidazolium,"> and nonfluorescent/non-
cross- hnkmg AGEs, 1nclud1ng N?-(carboxymethyl)lysine
(CML)" and argpyrimidine.'® Several dietary flavonoids have
been shown to inhibit AGE formation though blocking the
carbonyl or dicarbonyl groups and thus may prevent diabetes
and its complications.

The principal curcuminoid of the popular Indian spice
turmeric, such as curcumin, demethoxycurcumin, and bisde-
methoxycurcumin, are rich in the root of the Curcuma longa, a
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member of the ginger family (Zingiberaceae).16 Among these
curcuminoids, curcumin has been shown to have many
biological functlons, such as antioxidant,"” anti- 1nﬂammatory,

and anticancer'” activities and to act as a potent1a1 agent against
various chronic diseases such as diabetes.”® Importantly,
curcumin has been shown to inhibit protein glycation in
erythrocytes and the formation of AGE as well as cross-linking
of collagen in diabetic animals.>' However, little is known on
whether inhibition of AGE formation by curcumin is
attributable to its MGO-trapping capacity. In the present
study, we investigated the trapping capacity of curcumin using
HPLC and determined the formation of curcumin—MGO
adducts using HPLC/ESI-MS—MS under physiological con-
ditions (pH 7.4, 37 °C). We further employed two curcumin
analogues, dimethoxycurcumin (DIMC) and ferulic acid, to
investigate the possible mechanism of MGO-trapping by
curcumin using HPLC/MS—MS. In addition, we used human
umbilical vein endothelial cells (HUVECs) as the cell model to
determine the effects of curcumin on MGO-trapping capacity.

B MATERIALS AND METHODS

Materials. Curcumin (with a purity of >98%, as claimed by the
suppler and determined in our laboratory using HPLC) was purchased
from the Tianjin Zhongxin Pharmaceutical Research and Design
Center (China). MGO (1.45 mM), 2-methylquinoxaline (2-MQ), 5-
methylquinoxaline (5-MQ), 1,2-diaminobenzene (DB), and ferulic
acid were purchased from Sigma (St. Louis, MO). HPLC-grade acetic
acid and acentonitrile were purchased from Panreac (Barcelona,
Spain) and Li Chrosolv (Whitehouse Station, NJ). DIMC and ferulic
acid (with a purity of >98%, as claimed by the suppler) was obtained
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from Laila Impex (Vijayawada, India). CML antibody was purchased
from Biodesign International (Saco, ME).

Cell Cultures and Cell Proliferation. HUVECs were obtained
from the Food Industry Research and Development Institute (FIRDI;
Taiwan) and cultured in M199 medium (Invitrogen) containing 20%
(v/v) fetal bovine serum (FBS), 1.5 g/L NaHCO;, 2 mM L-glutamine,
30 pg/mL (—)-epigallocatechin-3-gallate (ECGS), penicillin (100 kU/
L), and streptomycin (100 kU/L) in a humidified incubator under 5%
CO, and 95% air at 37 °C. The cell proliferation was measured using
the 3-(4,5-dimethylthiazol-2-zl)-2,5-diphenyltetrazolium bromide
assay, as described previously.”

Determination of the MGO-Trapping Capacity of Curcumin
and Curcumin Analogues by HPLC. The chemical structures of
curcumin, DIMC, and ferulic acid are shown in Figure 1. A mixture of
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Figure 1. Structures of curcumin, DIMC, and ferulic acid.

MGO (1.45 mM) with curcumin (0.48 mM, 0.73 mM, 1.45 mM),
DIMC (0.48 mM), or ferulic acid (0.48 mM) in phosphate buffer
solution (pH 7.4) at 37 °C was shaken at 40 rpm for 0—72 h. Because
MGO coeluted with the mobile phase, this carbonyl was allowed to
react with DB (30 mM) for 1 h to form stable 2-MQ _for reliable
quantification.”® The amount of 2-MQ_derived from residual MGO
and DB was monitored using HPLC with S-MQ_as the internal
standard. The percentage of MGO reduction was calculated using the
equation: reduction (%) = [(amount of MGO in control — amount of
MGO in test compound)/amount of MGO in control] X 100.>* The
level of MQ_was analyzed using HPLC associated with a Hitachi L-
7100 chromatography pump and a diode array detector (Hitachi,
Japan). A reversed-phase column Phenomenex Luna C18 column (4.6
mm id. X 250 mm, S um particle size) was used. HPLC was
performed under binary gradient elution, which contained mobile
phases A (distilled water containing 0.2% acetic acid) and B (100%
acetonitrile). All solvents were filtered through a 0.2 um Nylaflo
membrane filter. The flow rate was maintained at 1 mL/min. A linear
gradient elution was carried out with 8—95% mobile phase B for 9 min
and then with 95% mobile phase B for 1 min. The injection volume
was 20 puL for each sample solution, and the wavelength of the UV
detector was set at 313 nm for MQ. A linear equation, y = 0.075x +
0.0051, was obtained using MGO as the standard.

Formation of MGO Adducts of Curcumin Using HPLC/MS—
MS Analysis. A mixture of curcumin (0.48 mM) with MGO (1.45
mM) in phosphate buffer solution (pH 7.4) was shaken at 40 rpm for
24 h at 37 °C, followed by immediate analysis using HPLC/ESI-MS—
MS. The HPLC/electrospray ionization (ESI) mass spectrometric
analysis of curcumin and its related degraded compounds was
performed as described previously***® with minor modification. In
brief, curcumin—MGO adducts was conducted on a Phenomenex
Luna C18 column (2.00 mm id. X 150 mm, 3.0 gm particle size)
using an HPLC system that consisted of a Finnigan Surveyor module
separation system and a photodiode-array (PDA) detector (Thermo
Electron Co., Waltham, MA). The elution solvent system was
performed by gradient elution using two solvents: solvent A (water
containing 0.1% formic acid) and solvent B (acetonitrile containing

8191

0.1% formic acid). The flow rate during the elution process was 0.2
mL/min. A linear gradient elution was carried out with 30—95% B for
30 min and then with 95% B isocratic elution for S min. The
absorption spectra of eluted compounds were scanned within 190—
600 nm using the in-line PDA detector monitored at 230, 280, and 425
nm, respectively. The compounds having been eluted and separated
were further identified with a Finnigan LCQ Advantage MAX ion trap
mass spectrometer. The system was operated in ESI with a negative
ionization mode. The typical operating parameters were as follows:
spray needle voltage, 3.5 kV; capillary voltage, —16 V; tube lens offset,
—55 V; ion transfer capillary temperature, 320 °C; nitrogen sheath gas,
45 (arbitrary units); auxiliary gas, S (arbitrary units). Mass spectra
were acquired in the m/z range of 150—600, with five microscans and
a maximum ion injection time of 200 ms. A sample volume of 20 yL
was directly injected into the column using a Rheodyne (model 77251)
injection valve. In addition, the ESI-MS—MS conditions were as
follows: helium was used as the damping and collision gas, and the
collision energy was 35 V.

Determination of Intracellular MGO Levels. Intracellular MGO
levels were analyzed using HPLC, as described previously.”” In brief,
the cells were washed twice and scraped into phosphate-buffered saline
(PBS). After sonication, the homogenate was used for MGO level
analysis and protein determination. MGO was derivatized with DB to
form 2-MQ, for which the homogenate was incubated in the dark with
perchloric acid (0.45 N final concentration) and DB (10 mM final
concentration) for 24 h at room temperature. The levels of 2-MQ and
the internal standard (5-MQ) were measured by an HPLC system, as
described above. The intracellular MGO concentrations were
calculated by a standard curve of MGO (0—10 uM). Values of the
limit of detection (LOD = 0.22 #M) and limit of quantification (LOQ
= 0.73 uM) were obtained on the basis of the equations LOD = 3.35/S
and LOQ = 3.3(LOD), where § is the standard deviation of the
intercept and S is the slope from the linear equation of the standard
curve: y = 0.075x + 0.0051 (R* = 0.9999). Intracellular MGO levels
were expressed as nanomoles of MGO per milligram of protein. The
protein levels were determined by Coomassie blue (Bradford,
Richmond, CA).

Determination of the Protein Levels of CML in HUVECs
Using Western blotting. Protein expression of CML was measured
by Western blotting. In cell culture experiments, the medium was
removed and cells were rinsed with PBS twice. After the addition of
0.5 mL of cold radioimmunoprecipitation assay (RIPA) buffer and
protease inhibitors, cells were scraped and mildly votexed at 0 °C for
20 min, and the cell lysates were then subjected to centrifugation
(10000g for 30 min at 4 °C). An amount of protein (50 pg) from the
supernatant was resolved on sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) and transferred onto a poly-
(vinylidene fluoride) (PVDF) membrane. After blocking with Tris-
buffered saline (TBS) (20 mmol/L Tris—HCl, 150 mmol/L NaCl, pH
7.4) containing 5% nonfat milk, the membrane was incubated with
monoclonal antibody against human CML, followed by incubation
with horseradish peroxidase-conjugated antigoat immunoglobulin G
(IgG), and then visualized using an ECL chemiluminescent detection
kit (Amersham, Sweden). The relative density of the immunoreactive
bands was quantified by densitometry (Gel Pro Analyzer TM, version
3.0, Media Cybernetics, Rockville, MD).

Statistical Analysis. All experiments were repeated at least three
times. Values are expressed as means + SD and analyzed using one-
way analysis of variance (ANOVA) followed by a least significant
difference (LSD) test for comparisons of group means. All statistical
analyses were performed using SPSS for Windows, version 10 (SPSS,
Inc.); a P value of <0.0S is considered statistically significant.

B RESULTS AND DISCUSSION

MGO-Trapping Capacity of Curcumin. Recently, some
trapping agents of reactive dicarbonyl species from dietary
sources, such as tea polyphenol EGCG,” apple polyphenols
phloretin and phloridzin,®® cinnamon proanthocyanidins,*
phlorotanninsfrom brown algae (Fucus vesiculosus),*® and
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Figure 2. MGO-trapping capacity of curcumin under physiological
conditions (pH 7.4, 37 °C). Curcumin (1.45 mM) was incubated with
MGO (1.45 mM) for up to 72 h (A). Effect of curcumin at different
ratios of curcumin to MGO (1:1, 1:2, and 1:3) on MGO-trapping
capacity (B). Curcumin (0.48, 0.73, and 1.45 mM) was incubated with
MGO (1.45 mM) for 1—24 h. Values are means + SD, n = 3; means
without a common letter differ, P < 0.0S.

Table 1. Retention Time and UV—Vis and Mass Spectral
Characteristics for Curcumin and the Related Degradation

Compounds®
(=)-BSL  (=)-ESL
2 UV A MSs? MS? m/z
peak  compound (min) (nm) MW* m/z (rel intens)
1 curcumin— 1142 425,275, 440 439 421 (100),
MGO 236 271 (57)
2 unknown 1765 455,170, 550 549 491 (100),
246 sh, 327 (53),
299 369 (38)
3 curcumin 2005 429,266, 368 367 217 (100),
237 175 (48)

“After incubation of curcumin (0.48 mM) with MGO (1.45 mM) in
phosphate buffer solution (pH 7.4) at 37 °C for 24 h, the samples
were immediately analyzed using HPLC/ESI-MS—MS. bty = retention
time. “MW = molecular weight. YESI-MS = electrospray ionization
mass spectrometry.

stilbene glucoside from Polygonum multiflorum Thunb.,>' have
been shown to possess MGO-trapping capacity. In this study,
we found that curcumin significantly and time-dependently
trapped MGO under physiological conditions for up to 24 h
(51% reduction, P < 0.05), and the effect remained unchanged
for up to 72 h of incubation (Figure 2A). We then determined
how many molecules of MGO could be trapped by one
molecule of curcumin by using different ratios of curcumin to
MGO (1:1, 1:2, 1:3). The results reveal that one molecule of
curcumin trapped approximately one molecule of MGO at 1:2
and 1:3 ratios at 24 h of incubation (Figure 2B).
Curcumin—MGO Adduct Formation. We further identi-
fied the curcumin—MGO adducts using HPLC/ESI-MS—MS
after incubation of curcumin with MGO at a 1:3 ratio for 24 h.
As shown in Figure 3A, three major peaks were observed, with
retention times of 11.42, 17.65, and 20.05 min. Data suggest
that peak 3 is curcumin, as evidenced by the same retention
time of pure curcumin (Figure 3B) and the molecular ion m/z
367 ([M — H]™) (Table 1). In addition, the MS—MS spectrum
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Figure 3. HPLC/UV chromatogram of the product of curcumin incubated with MGO at a 1:3 ratio for 24 h (A) and pure curcumin (B). The

curcumin-related compounds correspond to peaks 1-3.
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Figure 7. (A) Intracellular MGO in HUVECs incubated with MGO
(30 uM) at 37 °C for 0—S5 days. (B) Level of intracellular MGO in
HUVECs pretreated with curcumin (0.25—2.5 uM) for 24 h followed
by incubation with MGO (30 #M) for 3 days. Values are means + SD,
n = 3; means without a common letter differ significantly, P < 0.0S.

of the molecular ion m/z 367 of curcumin was m/z 217 and
175, which are consistent with those of a previous study.*®
These results suggest that curcumin may lose a neutral moiety
to generate the fragment ion m/z 217 ([M — 150 — H]™) via a
P-hydrogen shift to the double bond of one of the diketones of
deprotonated curcumin.>* Curcumin may also generate the
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Figure 8. Effect of MGO (30 uM) on the protein level of CML in
HUVECs during incubation for S days (A). Effect of curcumin
pretreatment (24 h) followed by incubation with MGO (30 uM) for 4
days on the protein level of CML in HUVECs (B). Values are means
+ SD, n = 3; means without a common letter differ significantly, P <
0.0S.

fragment ion m/z 175 ([M — 192 — H]") by ring-closure
reaction from deprotonated curcumin.*®

Several lines of evidence support that peak 1 is a curcumin-
like compound. First, the molecular ion of peak 1 is m/z 439
(IM — H]™), which may lose one molecule of H,O to generate
the fragment ion m/z 421 ([M — 18 — H] ") and subsequently
lose a neutral moiety to form fragment ion m/z 271 ([M — 18
— 150 — H]") (Table 1), suggesting that peak 1 undergoes the
same degradation as does curcumin. Second, the UV maximal
absorbances for peak 1 were 429, 275, and 236 nm, which are
similar to those of curcumin (Table 1). Moreover, the
molecular weight of peak 1 was 440, which equals the
molecular weight of MGO (72) plus that of curcumin (368)
(Table 1). Thus, it is reasonable to speculate that peak 1 is a
curcumin—MGO adduct. However, peak 2 is unlikely to be di-
MGO or tri-MGO adducts of curcumin because the molecular
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ion of peak 2 is m/z 549 ([M — H]™), which should lose a
weight of 180 to generate the fragment ion m/z 369 ([M — 180
— HJ]7) (Table 1). In addition, the molecular weight of di-
MGO (72 X 2 = 144) or tri-MGO (72 X 3 = 216) is different
from 180. Further study is needed to identify peak 2, an
unknown compound.

Curcumin Traps MGO by Its Diketone Group, but Not
by Its Phenol Groups. We then used two curcumin
analogues, DIMC and ferulic acid, to determine whether the
MGO-trapping site of curcumin is its diketone group or phenol
groups. The structure of DIMC contains two methoxy groups,
rather than one methoxy group, and one hydroxyl group in
each of the two benzene moieties in curcumin (Figure 1). The
structure of ferulic acid, a half-structure of curcumin, has a
carboxylic group rather than ketone group (Figure 1). By
reacting 0.48 mM DIMC or 0.48 mM ferulic acid with 1.45 mM
MGO (i.e., a 1:3 ratio) at 37 °C for 24 h, we found that DIMC
reduced the level of MGO by 31% (Figure 4A), which is
equivalent to one DIMC molecule trapping one MGO
molecule (ie, (145 mM MGO X 31%)/0.48 mM DIMC)
(Figure 4B). Notably, the reduced MGO level and the MGO-
trapping ratio of DIMC are equivalent to those of curcumin
(Figure 4). In contrast, ferulic acid did not trap MGO (~0.7%)
even though there is a hydroxyl group (C3) in its benzene
moiety, which could render C4 a high electron density carbon
under alkaline conditions. Previous reports have revealed that
EGCG has two hydroxyl groups (CS and C7) with meta
substitution on the A ring and two unsubstituted carbons (C6
and C8), which can react with MGO owing to the high electron
density upon dissociation of a hydrogen atom from two
hydroxyl groups under alkaline conditions.>*® Unlike EGCG,
ferulic acid has only one hydroxyl group in the benzene moiety,
but the electron density of the C4 carbon of ferulic acid may
not be strong enough to trap MGO. Thus, the phenol structure
of curcumin, like that of ferulic acid, fails to trap MGO at the
unsubstituted carbons (C4) of the benzene rings.

Another functional group of curcumin is the p-diketone
group. The two hydrogen atoms on the carbon (C10) between
the two keto carbons are quite acidic and can be converted
completely to enolate anions under alkaline conditions.*®
Moreover, the negative charge on the oxygen atom is shared by
the carbon atoms between the two pf-diketones through
resonance, making this carbon atom (C10) a nucleophile. In
addition, the pK, of hydrogen (~9) on the carbon between the
two keto carbons is lower than that (~10) of the hydroxyl
group of phenol;*® therefore, this carbon between the f-
diketone is more prone to losing a H" ion. On the basis of these
observations and the evidence from the literature, we
reasonably speculate that the nucleophilicity of the carbon
atom (C10) between the two keto carbons facilitates the
addition of MGO at this position (Figure S) to form a mono-
MGO adduct of curcumin by the reaction of curcumin with
MGO at a 1:3 ratio.

Curcumin Decreases Intracellular MGO Levels in
HUVECs Incubated with MGO. Curcumin at low concen-
trations (0—2.5 #M) did not affect cell proliferation at 12 and
24 h of incubation (Figure 6). In contrast, curcumin at higher
concentrations (5—20 pM) significantly inhibited cell pro-
liferation; for instance, curcumin at 20 uM inhibited
proliferation by 55% (P = 0.001) and 57% (P = 0.001) at 12
and 24 h of incubation, respectively. Therefore, we chose a
preincubation time of 24 h and 0.25—2.5 #M curcumin for the
following studies. Since curcumin traps MGO under physio-
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logical conditions, we further determined the effects of
curcumin on the MGO-trapping capacity in HUVECs. We
found that incubation of HUVECs with exogenously added
MGO (30 uM) for up to S days significantly increased
intracellular MGO levels and that this effect was the strongest
on the third day of incubation (by 3-fold, P < 0.05), after which
the effect weakened slightly at 4—S days of incubation (Figure
7A). In addition, pretreatment of HUVECs with curcumin
(0.25—2.5 uM) for 24 h significantly reduced the levels of
intracellular MGO induced by exogenous MGO on the third
day of incubation (Figure 7B).

Elevated levels of MGO cause carbonyl stress and irreversibly
modify lysine and arginine residues of protein to form AGEs in
vivo.** It has been shown that MGO-derivatized CML is the
most abundant AGE in proteins.>> We found that exogenous
MGO (30 uM) significantly increased protein expression of
CML in HUVECs during S days of incubation and that the
effect was the strongest on the fourth and fifth days of
incubation (by 2.1- and 2.3-fold, respectively, P < 0.05) (Figure
8A). Pretreatment of HUVECs with curcumin (0.25—2.5 uM)
for 24 h ameliorated the exogenous MGO-induced CML
formation in a concentration-dependent manner on the fourth
day of incubation (Figure 8B). Thus, curcumin not only
effectively trapped MGO in a cell-free system but also
decreased the exogenous MGO-induced levels of intracellular
MGO and protein expression of CML in HUVECs, indicating
that curcumin can inhibit the formation of AGEs through its
MGO-trapping capacity.

In conclusion, we have shown that curcumin is an efficient
MGO-trapping agent in the cell-free system as well as in
HUVECs, leading to decreased CML expression. In addition,
we demonstrate that the major active site of curcumin is at the
carbon atom (C10) between the two keto carbons, which can
trap one molecule of MGO to form a curcumin—MGO adduct.
These results support the notion that AGE inhibitors from
natural foodstuffs may be potential therapeutic agents for
delaying and preventing diabetic complication.
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