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ABSTRACT: 5,7,3′,4′-Tetramethoxyflavone (TMF), one of the major polymethoxyflavones (PMFs) isolated from Kaempferia
parviflor, has been reported possessing various bioactivities, including antifungal, antimalarial, antimycobacterial, and anti-
inflammatory activities. Although several studies on the TMF have been reported, the information about the metabolism of TMF
and the structures of TMF metabolites is still not yet clear. In this study, an isotope-labeling method was developed for the
identification of TMF metabolites. Three isotope-labeled TMFs (5,7,3′,4′-tetramethoxy[3′-D3]flavone, 5,7,3′,4′-tetramethoxy[4′-
D3]flavone, and 5,7,3′,4′-tetramethoxy[5,4′-D6]flavone) were synthesized and administered to rats. The urine samples were
collected, and the main metabolites were monitored by ultrahigh-performance liquid chromatography−electrospray ionization−
mass spectrometry. Five TMF metabolites were unambiguously identified as 3′-hydroxy-5,7,4′-trimethoxyflavone, 7-hydroxy-
5,3′,4′-trimethoxyflavone sulfate, 7-hydroxy-5,3′,4′-trimethoxyflavone, 4′-hydroxy-5,7,3′-trimethoxyflavone, and 5-hydroxy-
7,3′,4′-trimethoxyflavone.
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■ INTRODUCTION

5,7,3′,4′-Tetramethoxyflavone (TMF) is one of the major
polymethoxyflavones (PMFs) identified inMurraya paniculata,1

Piper porphyrophyllum,2 and Kaempferia parviflora.3 These
plants have been widely used for the treatment of various
illnesses, such as dysentery, gout, digestive disorders, gastric
ulcer,3,4 and allergy.5 Besides, they are also reported possessing
several bioactivities, including antimicrobial, anti-inflamma-
tory,6 anticholinesterase,7 and anti-allergic activity.8 Recently,
many studies indicated that, among many compounds
identified, TMF might be one of the main phytochemicals
responsible for the bioactivities of these plants.7,9−11

PMFs are widely distributed in citrus plant. Demethylation is
one of the major metabolic pathways of PMFs in animals,12−14

in that the major metabolites of PMFs are hydroxylated PMFs.
PMF metabolites have recently drawn much attention from
researchers because some of them are with different or more
potent bioactivities.15−18 As a result, the identification of PMF
metabolites is crucial to have a deeper understanding of
biological activities of PMFs. Thus far, the metabolite
identification relies mainly on high-performance liquid
chromatography−mass spectrometry (HPLC−MS) and nuclear
magnetic resonance (NMR). However, the identification of
PMF metabolites faces a major obstacle; several metabolites are
positional isomers with the same molecular weight, which are
unable to be distinguished by HPLC−MS. It was also reported
that some of these isomers are unable to be separated by the
reverse-phase HPLC system,19 which makes this task more
difficult. Because only a very limited quantity of metabolites is

available from animal urine or plasma, it will take a long time to
collect enough metabolites for NMR analysis.
To the best of our knowledge, there is no report on in vivo

metabolism of TMF. In this study, we report an isotope-
labeling method for the identification of TMF metabolites.
5,7,3′,4′-Tetramethoxy[3′-D3]flavone, 5,7,3′,4′-tetramethoxy-
[4′-D3]flavone, and 5,7,3′,4′-tetramethoxy[5,4′-D6]flavone
were synthesized and administered to rats. The main
metabolites in urine were monitored and identified by
ultrahigh-performance liquid chromatography−electrospray
ionization−mass spectrometry (UPLC−ESI−MS).

■ MATERIALS AND METHODS
NMR Instrument. NMR spectra were obtained with a Bruker

AVIII 500 MHz FT-NMR (Bruker, Rheinstetten, Germany) in CDCl3
with tetramethylsilane as an internal standard.

Gas Chromatography−Mass Spectrometry (GC−MS). GC−
MS spectra were obtained with an Agilent (Agilent Technologies,
Wilmington, DE) 5973 mass spectrometer coupled to a 6890 gas
chromatograph. A fused silica capillary column (SPB-5, 30 m × 0.25
mm inner diameter × 0.25 μm film thickness, Supelco, Bellefonte, PA)
was employed. The injector temperature was 275 °C. The GC oven
temperature was programmed as follows: 50 °C for 5 min, increased to
240 °C at a rate of 10 °C/min, and held at this final temperature for 5
min. The ion source temperature was 230 °C, and the analyzer
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temperature was 150 °C. Mass spectra were obtained by electron
impact (EI) at 70 eV.
UPLC−ESI−MS. A Waters Acquity UPLC was connected to a triple

quadrupole mass spectrometer (Waters, Manchester, U.K.) equipped
with an ESI source. The chromatographic separation was carried out
using an Acquity BEH C18 column (Waters, MA), 1.7 μm, 2.1 × 50
mm, operated at 40 °C with a flow rate of 0.3 mL/min. The mobile
phase consisted of methanol and water with 5 mM ammonium acetate.
The elution program was 10% methanol for 0 min, raised to 100%
methanol for 5−8 min, and reduced to 10% methanol for 9−13 min.
The sample injection volume was 5 μL. The ESI was performed in
positive ionization mode with parameters as follows: source temper-
ature, 80 °C; capillary voltage, 3.2 kV; cone voltage, 30 V; desolvation
gas, 700 L/h; and desolvation temperature, 350 °C.
Chemicals and Reagents. 3-Hydroxy-4-methoxybenzaldehyde,

3,5-dimethoxyphenol, boron trifluoride diethyl etherate, iodine,
iodomethane-d3, and vanillin were purchased from Sigma-Aldrich
(St. Louis, MO). Acetic acid, acetone, dimethyl sulfoxide, and
methanol were purchased from Tedia (Fairfield, OH). Anhydrous
magnesium sulfate, potassium carbonate, and sodium hydroxide were
purchased from Showa (Tokyo, Japan). All solvents and chemicals
were used without further purification, unless otherwise stated.
Syntheses of Deuterium-Labeled TMFs. Deuterium-labeled

TMFs were synthesized from their corresponding chalcones. It started
with the preparation of 3,4-dimethoxy[3-D3]benzaldehyde and 3,4-
dimethoxy[4-D3]benzaldehyde (IIa and IIb), prepared by reacting 3-
hydroxy-4-methoxybenzaldehyde (Ia) and 4-hydroxy-3-methoxyben-
zaldehyde (Ib) with iodomethane-d3 in acetone20 (Scheme 1). The

mixture was stirred at room temperature for overnight, and then
solvent was removed on a rotary evaporator. Water (30 mL) was
added and extracted with CH2Cl2 (3 × 30 mL). The organic layers
were combined, washed with brine, dried over anhydrous MgSO4, and
evaporated on a rotary evaporator to give IIa and IIb as off-white solids.

GC−MS spectra of both IIa and IIb showed a M+ peak at m/z 169
(100%).

1-(2-Hydroxy-4,6-dimethoxyphenyl)ethanone (IV) was prepared by
heating 3,5-dimethoxyphenol (III, 10.0 g, 65 mmol) with boron
trifluoride diethyl etherate (25.5 g, 180 mmol) and acetic acid (50 mL)
at 85 °C for 3 h. The crude product was purified by column
chromatography (silica gel, 1:6 ethyl acetate/hexanes) to give 7.4 g of
off-white solids. GC−MS spectrum of compound IV showed a M+

peak at m/z 196 (100%).
Chalcones were prepared by aldol condensation of 1-(2-hydroxy-

4,6-dimethoxyphenyl)ethanone (IV) with the corresponding benzal-
dehydes (IIa or IIb). 1-(2-Hydroxy-4,6-dimethoxyphenyl)ethanone
(IV, 2.1 g, 10 mmol) and 3,4-dimethoxy[D3]benzaldehyde (IIa or IIb,
2.0 g, 12 mmol) were dissolved in 40 mL of methanol. Sodium
hydroxide (2.0 g, 50 mol) was added and stirred overnight. HCl (3 N)
was then added until the solution was acidic. The yellow precipitate
was filtered, washed with distilled water, and recrystallized from
ethanol to give 2.6−2.8 g of chalcone (Va or Vb) as yellow crystals.

Yielded chalcone (Va or Vb) was then refluxed with 0.05 equiv of I2
in dimethylsulfoxide (DMSO) for 30 min21 (Scheme 2). After the
mixture was cooled, it was poured into ice water saturated with
Na2S2O3 and extracted with ethyl acetate. The organic layers were
combined, washed with brine, and dried over anhydrous MgSO4. After
evaporation of the solvent, the product was filtered through a plug of
silica gel washed with ethyl acetate/hexanes (1:3, v/v). The solvent
was removed on a rotary evaporator, and the crude product was
crystallized from a mixture of ethyl acetate/hexanes (2:1, v/v) to give
1.2−1.4 g of 5,7,3′,4′-tetramethoxy[D3]flavones (VIa or VIb) as off-
white solids. Structures were confirmed by 1H NMR. VIa: δ = 3.89
(3H, s, OCH3), 3.92 (3H, s, OCH3), 3.94 (3H, s, OCH3), 6.34 (1H, d,
J = 2.3 Hz, H-6), 6.53 (1H, d, J = 2.3 Hz, H-8), 6.57 (1H, s, H-3), 6.92
(1H, d, J = 8.5 Hz, H-5′), 7.28 (1H, d, J = 2.1 Hz, H-2′), and 7.47
(1H, dd, J = 2.1 and 8.5 Hz, H-6′). VIb: δ = 3.89 (3H, s, OCH3), 3.92
(3H, s, OCH3), 3.93 (3H, s, OCH3), 6.34 (1H, d, J = 2.3 Hz, H-6),
6.52 (1H, d, J = 2.3 Hz, H-8), 6.57 (1H, s, H-3), 6.92 (1H, d, J = 8.5
Hz, H-5′), 7.28 (1H, d, J = 2.1 Hz, H-2′), and 7.47 (1H, dd, J = 2.1
and 8.5 Hz, H-6′).

5,7,3′,4′-Tetramethoxy[5,4′-D6]flavones (VIc) was synthesized via
the methylation of 5-hydroxy-7,3′,4′-trimethoxy[4′-D3]flavone (VII),
which was generated by selected demethylation of 5,7,3′,4′-
tetramethoxy[4′-D3]flavones (VIb),

22 with iodomethane-d3 in acetone
(Scheme 3). Structures were confirmed by 1H NMR. VII: δ = 3.88
(3H, s, OCH3), 3.98 (3H, s, OCH3), 6.35 (1H, d, J = 2.2 Hz, H-6),
6.48 (1H, d, J = 2.2 Hz, H-8), 6.57 (1H, s, H-3), 6.96 (1H, d, J = 8.4
Hz, H-5′), 7.32 (1H, d, J = 2.0 Hz, H-2′), 7.50 (1H, dd, J = 2.0 and 8.4
Hz, H-6′), and 12.78 (1H, s, 5-OH). VIc: δ = 3.89 (3H, s, OCH3),

Scheme 1. 3,4-Dimethyl[3-D3]benzaldehyde (IIa) and 3,4-
Dimethyl[4-D3]benzaldehyde (IIb) Syntheses

Scheme 2. 5,7,3′,4′-Tetramethoxy[3′-D3]flavone (VIa) and 5,7,3′,4′-Tetramethoxy[4′-D3]flavone (VIb) Syntheses
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3.94 (3H, s, OCH3), 6.34 (1H, d, J = 2.3 Hz, H-6), 6.53 (1H, d, J = 2.3
Hz, H-8), 6.57 (1H, s, H-3), 6.92 (1H, d, J = 8.5 Hz, H-5′), 7.29 (1H,
d, J = 2.1 Hz, H-2′), and 7.47 (1H, dd, J = 2.1 and 8.5 Hz, H-6′).
Animals. Six 8-week-old male Sprague−Dawley rats weighing

about 250−280 g were purchased from BioLASCO Co. (Taipei,
Taiwan), housed in a temperature-controlled room at 24 ± 2 °C with

a 12 h light−dark cycle and given ad libitum access to food and water.

The rats were randomly grouped into three groups with two rats in

each group and fasting for 16 h before tube-feeding with 50 mg of

TMF/kg of body weight (bw) dissolved in saline solution. Animals in

each group were administrated with one of three isotope-labeled

Scheme 3. 5,7,3′,4′-Tetramethoxy[5,4′-D6]flavone (VIc) Synthesis

Figure 1. UPLC−MS analysis of the urine of rats administered 5,7,3′,4′-tetramethoxy[3′-D3]flavone: (A) ion chromatogram of m/z 329, (B) ion
chromatogram of m/z 332, and (C) ion chromatogram of m/z 346.

Figure 2. UPLC−MS analysis of the urine of rats administered 5,7,3′,4′-tetramethoxy[4′-D3]flavone: (A) ion chromatogram of m/z 329, (B) ion
chromatogram of m/z 332, and (C) ion chromatogram of m/z 346.
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TMFs (VIa, VIb, and VIc) individually. Urine from each rat was
collected in an 8 h period.
TMF Metabolite Isolation. The collected urine samples were

freeze-dried and then dissolved in 5 mL of distilled water followed by
ethyl acetate extraction (10 mL). The organic layer was transferred
and centrifuged for approximately 10 min at 3000 rpm. The
supernatant was dried under nitrogen stream at 40 °C and
reconstituted with 200 μL of reconstitution solvent (MeOH/water =
7:3).

■ RESULTS

The isolated metabolites from the urine of rats administered
5,7,3′,4′-tetramethoxy[3′-D3]flavone (VIa) were analyzed by
UPLC−ESI−MS. Figure 1 shows the m/z 329, 332, and 346
ion chromatograms extracted from the total ion chromatogram.
5,7,3′,4′-Tetramethoxy[3′-D3]flavone (VIa) exhibited a proto-
nated molecule [M + H]+ at m/z 346. Five major metabolites,
named M-1, M-2, M-3, M-4, and M-5, were detected.
Metabolite M-1 with a retention time of 4.96 min exhibited a

protonated molecule [M + H]+ at m/z 329. The mass
difference between m/z 346 and 329 is 17, resulting from the
demethylation of VIa at the B-ring 3′ position having a
deuterated methoxy group, and thus, M-1 was identified as 3′-
hydroxy-5,7,4′-trimethoxyflavone. Metabolite M-2 with a
retention time of 4.16 min exhibited a protonated molecule
[M + H]+ at m/z 412 and a neutral loss of 80 atomic mass units
(amu), which suggested a loss of sulfate from a monohydroxy-
trimethoxyflavone-sulfated metabolite. The position of the
hydroxyl substituent could be at any but B-ring 3′ position.
Metabolites M-3, M-4, and M-5 with retention times of 4.68,
4.96, and 5.62 min, respectively, all exhibited protonated
molecules [M + H]+ at m/z 332. The mass difference between
m/z 346 and 332 is 14, which represented monohydroxy-
trimethoxyflavone structures with a deuterated methoxy group
at the 3′ position retained.
The urine of rats administered 5,7,3′,4′-tetramethoxy[4′-

D3]flavone (VIb) were also collected and analyzed by HPLC−

Figure 3. UPLC−MS analysis of the urine of rats administered 5,7,3′,4′-tetramethoxy[5,4′-D6]flavone: (A) ion chromatogram of m/z 332, (B) ion
chromatogram of m/z 335, and (C) ion chromatogram of m/z 349.

Figure 4. TMF metabolites identified in rat urine.
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ESI−MS (Figure 2). 5,7,3′,4′-Tetramethoxy[4′-D3]flavone
(VIb) also exhibited a [M + H]+ at m/z 346. Metabolite M-
4, coeluted with metabolite M-1, exhibited a protonated
molecule [M + H]+ at m/z 329. The mass difference between
m/z 346 and 332 is 17, resulting from the demethylation of VIb
at the B-ring 4′ position having a deuterated methoxy group,
and thus, M-4 was identified as 4′-hydroxy-5,7,3′-trimethoxy-
flavone.
To precisely locate the position of hydroxyl substituents on

metabolite M-3 and M-5, the rats were administered with
5,7,3′,4′-tetramethoxy[5,4′-D6]flavone (VIc) and then the urine
was collected and analyzed in the same manner (Figure 3).
5,7,3′,4′-Tetramethoxy[5,4′-D6]flavone (VIc) exhibited a pro-
tonated molecule [M + H]+ at m/z 349, and metabolite M-5
exhibited a protonated molecule [M + H]+ at m/z 332. The
mass difference between m/z 349 and 335 is 17, which was
generated by demethylation of VIc at the A-ring 5 position or
B-ring 4′ position, both having a deuterated methoxy group.
The metabolite with demethylation at the B-ring 4′ position
had been identified as M-4; therefore, M-5 was identified as 5-
hydroxy-7,3′,4′-trimethoxyflavone.
In the same manner, metabolite M-3, exhibiting a protonated

molecule [M + H]+ at m/z 335, was identified as 7-hydroxy-
5,3′,4′-trimethoxyflavone. The mass difference between VIc and
M-3 is 14, resulting from the demethylation of VIc at either the
A-ring 7 position or B-ring 3′ position. The metabolite with
demethylation at the B-ring 3′ position had been identified as
M-1; therefore, M-3 was identified as 7-hydroxy-5,3′,4′-
trimethoxyflavone (Figure 4).
Metabolite M-2 exhibited a protonated molecule [M + H]+

at m/z 415 and a neutral loss of 80 amu; it suggested that the
aglycone was either 7-hydroxy-5,3′,4′-trimethoxyflavone or 3′-
hydroxy-5,7,4′-trimethoxyflavone. As mentioned, when admin-
istered with 5,7,3′,4′-tetramethoxy[3′-D3]flavone (VIa), M-2
exhibited a protonated molecule [M + H]+ at m/z 412 and a
neutral loss of 80 amu, in that the position of the hydroxyl
substituent could be anywhere but the B-ring 3′ position. As a
result, M-2 was identified as 7-hydroxy-5,3′,4′-trimethoxyfla-
vone sulfate (Table 1).

■ DISCUSSION

Demethylation is the major phase I metabolic pathway of TMF,
and therefore, the major metabolites generated were mono-
hydroxy-trimethoxyflavones. Because all of these monohydroxy-
trimethoxyflavones are positional isomers with the same

molecular weights, it would be a very arduous task to identify
these metabolites by liquid chromatography−mass spectrome-
try (LC−MS) without confirmation with synthetic standards.
Our investigation revealed that some of these metabolites might
not be separated by a reverse-phase liquid chromatography
system, the most widely used separation system for metabolite
identification. It makes the metabolite identification by other
spectroscopic instruments, such as Fourier transform infrared
(FTIR) spectroscopy or NMR, more difficult; not even
confirmation with synthetic standards is able to identify all
PMF metabolites. The isotope-labeling method that we
developed is proven to be a very accurate and effective method
for the PMF metabolite identification; it is able to
unambiguously identify all metabolites by most LC−MS
systems without confirmation with synthetic standards. We
strongly believe that the reinvestigation of metabolism of other
PMFs, such as tangeretin and nobiletin, is necessary.
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