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Abstract

2', 3, 5'-tri-O-acetyl-Ng-(3-hydroxyphenyl) adenosine (also known as WS070117) is a new
adenosine analog that displays anti-hyperlipidemic activity both in vitro and in vivo experi-
ments as shown in many preliminary studies. Due to its new structure, little is known about
the metabolism of WS070117. Hence, the in vivo metabolites of WS070117 in rat urine
following oral administration were investigated. Identification of the metabolites was con-
ducted using the combination of high-performance liquid chromatography (HPLC) coupled
with diode array detector (DAD), ion trap electrospray ionization-mass spectrometry (ESI-
MS), and off-line microprobe nuclear magnetic resonance (NMR) measurements. Seven
metabolites were obtained as pure compounds at the sub-milligram to milligram levels. Re-
sults of structure elucidation unambiguously revealed that the phase | metabolite, Ng-(3-
hydroxyphenyl) adenosine (M8), was a hydrolysate of WS070117 by hydrolysis on the
three ester groups. Ne-(3-hydr-oxyphenyl) adenine (M7), also one of the phase | metabo-
lites, was the derivative of M8 by the loss of ribofuranose. In addition to two phase | metabo-
lites, there were five phase Il metabolites of WS070117 found in rat urine. 8-hydroxy-Ne-(3-
hydroxy-phenyl) adenosine (M6) was the product of M7 by hydrolysis at position 8. The
other four were elucidated to be Ng-(3-O-B-D-glucuronyphenyl) adenine (M2), Ng-hydroxy-
Ne-(3-O-sulfophenyl) adenine (M3), Ng-(3-O-8-D-glucuronyphenyl) adenosine (M4), and
Ne-(3-O- sulfophenyl) adenosine (M5). Phase Il metabolic pathways were proven to consist
of hydroxylation, glucuronidation and sulfation. This study provides new and valuable infor-
mation on the metabolism of WS070117, and also demonstrates the HPLC/MS/off-line mi-
croprobe NMR approach as a robust means for rapid identification of metabolites.
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Introduction

Hyperlipidemia is defined as the presence of abnormally elevated levels of lipids and/or lipo-
proteins in the plasma, including total cholesterol (TC), triglyceride (TG), low-density lipopro-
tein Cholesterol (LDL-C) [1]. It is a prevalent disease and a major symptom of the metabolic
syndrome resulting from a variety of genetic and environmental factors. This disease increases
morbidity and mortality when combined with other prevalent diseases such as diabetes melli-
tus, hypertension, and cardiovascular diseases, which is estimated to be about 20 million
globally in 2015 [2]. Therefore, increasing anti-hyperlipidaemia agents are utilized for the pre-
vention and treatment of hyperlipidaemia. However, most of them possess considerable

side effects.

WS070117 [2', 3', 5'-tri-O-acetyl-Ng-(3-hydroxyphenyl) adenosine] is a lipid regulator with
a new structure discovered by investigators in our institute. Because of its high efficacy and low
toxicity, WS070117 is being developed as an anti- hyperlipidaemia agent. WS070117 was
shown to improve lipid metabolism disorder and fatty liver in high-fat-diet (HFD) fed Syrian
golden hamsters by activating AMP-activated protein kinase (AMPK), an important cellular
energy sensor [3,4]. In our current study, we found that WS070117 significantly reduced ath-
erosclerotic plaque formation in apoE”" mice through promoting high-density lipoprotein
(HDL) cholesterol efflux capacity [5]. The possible underlying mechanism was the inhibition
of ATP-binding cassette transporter A1 (ABCAL1) protein degradation via suppressing calpain
activity by WS070117. Our previous studies have demonstrated WS070117 as a promising
drug candidate for the treatment of hyperlipidemia and atherosclerosis. A new substance pat-
ent has been filed for the chemical entity of WS070117 and its application in the treatment of
hyperlipidaemia [6]. Due to its new structure, the systematic metabolic behaviors of WS070117
in vivo remain unclear, and whether the WS070117 itself or its metabolites play the lipid lowing
role needs to be further investigated. Therefore, characterization of the in vivo metabolic path-
ways of WS070117 is especially important.

Quadrupole time-of-flight mass spectrometry (Q/TOF-MS) significantly con- tributes to
the characterization of drug metabolites by providing accurate mass of ions and revealing valu-
able structural information through the MS? spectra. It is reliable and facilitates the structural
determination [7-9]. Meanwhile, the data analysis software Metabolynx can automatically gen-
erate lists of expected and unexpected metabolites by comparing the post-acquisition data of
the analytes with those of the control [10]. Despite recent advancement of various analytical
tools, the metabolite elucidation of compounds undergoing multiple and unpredictable metab-
olism in the biological matrix continues to present a challenge [11].

Nuclear magnetic resonance (NMR) spectroscopy has been proved to be an app- ropriate
analytical method for structure determination of organic compounds, incl- uding stereo chemi-
cal information [12,13]. It has played a central role in the understanding of metabolic processes
of drugs for more than 30 years [14-16]. Nevertheless, a key disadvantage of NMR technique
lies in the fact that it is relatively insensitive, has a lower detection range of 1-5 uM, and re-
quires a relatively large sample size (~500 pl). The two main approaches to increase the sensi-
tivity of NMR include the use of higher field magnets and the development of more sensitive
NMR probes. The ultra-high field magnet technology has finally broken the 1 GHz barrier
[17], and cryogenically cooled probes have increased the sensitivity by three to four folds [18].
The combination of these two techniques has advanced the art of NMR to the point where mi-
crogram quantities can be sufficient for structure elucidations. Although LC-DAD-MS-SPE/
cryoNMR hyphenation has been proven to be a valuable tool to isolate and analyze small quan-
tities of metabolites directly from biological fluids [19-21], the ultra-high field magnet and hy-
phenation are expensive and uncommon. In addition, the complexity to install cryogenically
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cooled probes often can limit the versatility of the NMR platform. An alternative approach is
to use small value NMR probes or micro-coil technology to increase sensitivity [18,22]. The
conventional NMR sampling mode still consists of a cylindrical glass tube of 5-mm outer diam-
eter and 20-cm length with a solution volume of 500-600 pL, whereas for small value NMR
probes, the sample volumes are down to the microliter range. Micro-NMR probes of 1.7 mm to
Imm have also been developed by Bruker with sample volumes being 50 to 2.5 pL [23-25]. It
has been shown that the mass sensitivity (sensitivity of the probe to receive signals from a de-
fined number of nuclei) of the 10 pL micro-coil probe is approximately ten times greater than a
conventional NMR probe [26]. Micro-coil or microbore NMR probes have been used for more
than 15 years [27], and substantial improvements in their design, heteronuclear capabilities,
availability, and sensitivity now allow the analysis of nanomoles of materials (as low as 5 nL in
volumes) [27]. Using a single glass capillary tube for each individual sample is an alternative to
the flow injection method in several areas of analytical NMR, such as the structural characteri-
zation of mass- and volume-limited samples, the coupling of microbore HPLC to NMR, and
applications where very high sample throughput (HT NMR) is essential but only a limited
sample volume is available. Meanwhile, the use of micro-probe provides a more convenient
way to measure and quantify biological samples with a very small volume/weight/cell count, in-
cluding new trace natural products from plants [27,28].

In the present study, 7 metabolites of WS070117 were observed in rat urine from the HPLC
trace. There were peaks not only for 1D 'H, COSY, HSQC, and HMBC, but also for >C, deter-
mined from DEPT NMR spectra using a Bruker 1.7 PA TXImicroprobe (active volume 30 uL).
Unambiguous identification of the metabolites was completed using on-line HPLC-DAD, MS
and off-line NMR. In addition, the principal metabolic pathways of WS070117 in rats were
proposed for the first time for the understanding of in vivo metabolic process of WS070117.

Materials and Methods

Ethics Statement

All of the protocols using in this study were approved by The Animal Care & Welfare Commit-
tee Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Med-
ical College (License Number: 00000079). The care of laboratory animal and the animal
experimental operations were performed in accordance with Beijing Administration Rule of
Laboratory Animal. We confirm this study is approved by The Animal Care & Welfare Com-
mittee Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union
Medical College (License Number: 00000079).

Chemicals and reagents

WS070117 was provided by Prof. Wu Song from Institute of Materia Medica, Chinese Acade-
my of Medical Sciences & Peking Union Medical College, with purity of 99.4% as assessed by
HPLC. Methanol was obtained from Merck (Darmstadt, Germany). Pure water was prepared
using a Milli-Q water purification system (Millipore Corporation, Billerica, MA, USA). The
sample was prepared by dissolving WS070117 powder (5 g) in aqueous 0.5% carboxymethyl
cellulose sodium (50 ml), and stirring to disperse uniformly. The sample was stored at 4°C for
less than 3 days.

Animal dosing and sample collection

Ten male Sprague-Dawley rats (weighing about 200 g each) were obtained from Vital River
Laboratory Animal Technology Co. Ltd., Beijing, China (License Number: SCXK Beijing
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2012-0001). All protocols complied with the National Institutes of Health regulations for the
care and use of animals in research. Throughout the acclimatization and study periods, all ani-
mals had access to corresponding food and water ad libitum and were maintained ona 12 h
light/dark cycle (21+2°C with a relative humidity of 45£10%). Rats were acclimatized for 7
days in cages prior to model construction. Animals were then randomly allocated into two
groups, control (n = 2) and administrated (n = 8). The dosing volume was determined by the
weight of animals and was about 2 ml per animal. Animals in the administrated group were
treated with WS070117 once daily by oral gavage for 1 week, while the rats in the control group
were administrated with 0.5% carboxymethyl cellulose sodium. Urine samples were collected
in ice-cold tubes for 24 h after the last dosing, and then all rats were sacrificed by cervical dislo-
cation. Pooled urine of control and administrated group was respectively centrifuged at 12000
rpm for 10 min, and the supernatants were then collected. Urine samples were freeze-dried
and stored at -80°C for further analysis.

HPLC analysis of urine metabolites

Chromatography was performed on a Prominence LC-20A chromatography system (Shi-
madzu) consisting of two LC-20AD and one LC-20AB pump modules, a CBM-20A control
unit, a SPD-M20A DAD, a SIL-20AC Auto sampler and a FRC-10A fraction collector. Com-
pared with the conventional ultraviolet detector (UVD), DAD can provide ultraviolet spectra
and chromatographic spectra at the same time by full wavelength scanning. Hence DAD has
multiple significant advantages in separating complex biological samples, including distin-
guishing chromatographic peaks, identifying the purity of chromatographic peaks, selecting
the best wavelength for examining and editing the wavelength program for mixture analysis
[29,30]. In the present study, we utilized DAD to select the best wavelength of WS070117 at
299 nm. The dried urine powders were dissolved in methanol by a dilution factor of 10. Separa-
tions were performed on a RP C;g column (4.6x250 mm, 5 um, Shimadzu). The flow rate was
Iml/min. The mobile phase gradient program (methanol/water) was 1:99 (t = 0 min), 1:99
(t=10 min), 10:90 (t = 25 min), 60:40 (t = 55 min), 100:0 (t = 60 min), 100:0 (t = 65 min), 1:99
(t =66 min) and 1:99 (t = 71 min) for WS070117. It was 1:99 (t = 0 min), 1:99 (t = 10 min),
10:90 (t = 25 min), 60:40 (t = 55 min), 1:99 (t = 55.5 min), and 1:99 (t = 61 min) for the metabo-
lites of WS070117. The injection volume was 20 pL. Metabolite constituents were fractionated
on the same HPLC system for NMR measurement. A number of separations were conducted,
and the constituents were enriched in fraction collectors, then dried by nitrogen. These samples
were stored at -20°C prior to NMR analysis.

MS analysis of urine metabolites

All compounds were obtained by preparative HPLC method and diluted to about 0.1 ng/pL in
methanol. The HRESI-MS spectra were acquired using an AccuTOF CS mass spectrometer
(JMS-T100CS, JEOL, Tokyo, Japan). The needle voltage was set at 2000 V; the orifice 1 voltage
was set at 60 V; the orifice 2 voltage was 20 V; and the flow rate and temperature of spray gas
were 2.5 L/min and 250°C, respectively. The MS/MS experiments were carried out on a
QTRAP 5500 mass spectrometer (AB Sciex, Foster City, USA). The mass spectrometer was
equipped with an electrospray ionization source in positive ion mode with temperature main-
tained at 450°C. Other parameters were set as follows: curtain gas (CUR) 20; ion spray (IS)
voltage 4500; nebulizer gas 1 (GS1) 50; nebulizer gas 2 (GS2) 40; decluster potential (DP) 40;
entrance potential (EP) 10. The collision energy (CE) was 25, 25, 25, 32, 32, 42, 42 and 25 for
WS070117, M2, M3, M4, M5, M6, M7 and M8, respectively.
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NMR analysis of urine metabolites

Al NMR experiments were recorded at 25°C on a Bruker AVANCE-III 500 NMR spectrome-
ter ("H, 500.06 MHz; °C, 125.75 MHz) equipped with 1.7 PA TXImicroprobe. Standard pulse
sequences from Topspin 3.0 software package (Bruker BioSpin) were used. Sample was dis-
solved in DMSO-d¢ and centrifuged at 3000 g for 5 min at 298 K, and 60 pl sample was then
transferred into a 1.7-mm NMR tube. Chemical shifts were given on the scale and referenced
to the residual solvent peak of DMSO-dg at 2.49 and 39.5 ppm for proton and carbon, respec-
tively. Coupling constants (J) were given in hertz. The pulse conditions were as follows: For the
'"H NMR spectra: spectrometer frequency (SF) 500.063 MHz, acquisition time (AQ) 3.172 s, re-
laxation delay (RD) 1.000 s, pulse 90° spectral width (SW) 10330.578 Hz, FT size 64 K data.
For the '>C NMR spectra: SF 125.753 MHz, AQ 1.101 s, RD 1.000 s, pulse 56° SW 29761.904
Hz, FT size 32 K data. For the HSQC spectra: AQ 0.1321 s, RD 1.000 s, SW 4504.504 Hz ('H)
and 25149.912 Hz (**C). A sinebell function was applied to the F2 dimension before zero filled
to 2 K points, and a sinebell function was applied to the F1 dimension and zero filled to 2 K
points before Fourier transformation. A one-bond coupling constant of 145.0 Hz and a long-
range coupling constant of 8.0 Hz were used to set delays in the pulse sequence. For the HMBC
spectra: AQ 0.5284 s, RD 0.779 s, SW 5000.000 Hz (*H) and 30181.266 Hz (**C). A one-bond
coupling constant of 145.0 Hz and a long-range coupling constant of 8.0 Hz were used to set
delays in the pulse sequence. A sinebell weighting was applied to both 'H and *C dimensions
and zero filled to 4 and 1 K points. For the COSY spectra: AQ 0.2642 s, RD 0.889 s, SW
4347.826 Hz. A sinbell weighting was applied to each dimension and zero filled to 2 K points.

Results and Discussion

A gradient-based reversed-phase HPLC procedure was developed for the analysis of urine sam-
ples from rats orally receiving 1g/kg of WS010117, enabling the observation of 8 well-resolved
peaks at 299 nm of UV (DAD) detector. The administrated group has 7 peaks more than the
control (Fig 1). The separated components M2-M8 shared a similar type of UV spectrum to
WS070117 with one maximal absorption band recorded at about 299 nm (Fig 2), suggesting
the existence of adenine. The UV spectrum of M1 was very different from that of WS070117
and represented a very complex mixture, which was demonstrated by 1D 'H NMR spectrum.
HRESI-MS and ESI-MS? were performed in the positive ion ESI mode on all metabolites. The
former afforded their accurate masses and molecular formulas, while the latter provided the
fragmentation patterns and the corresponding masses of fragment ions (Table 1). For qualita-
tive NMR measurement, metabolites M2-M8 were isolated and enriched at sub-milligram to
milligram levels. Unambiguous structure identifications were based on in-depth 1D and 2D
NMR analysis for selected peaks. All the carbons of M4, M5, M6 and M8 were assigned accord-
ing to their 1D 13C NMR and DEPT spectra (Table 2), and the 13C NMR data of M2, M3, and
M7 were provided by their heteronuclear correlations spectra (HSQC and HMBC).

"H NMR and ESI-MS? spectral characteristics of WS070117

WS070117 is a derivative of adenosine prepared through structure modification, with three hy-
droxyls at C-2', 3', and 5' on adenosine acetylized, and 6-NH, on adenosine substituted by
3-hydroxyphenyl. The ESI-MS of WS070117 afforded an [M+H]" ion at m/z 486, and the mo-
lecular formula for WS070117 was C,,H,3N50g (S1 File). Fragmentation of this precursor ion
yielded the fragment ions at both m/z 259 and 228. The 'H NMR spectrum of WS070117 (Fig
3: WS070117) was identical to the above structural features with the adenosine moiety being
identified by the signals at § 9.83 (1H, s, 6-NH), 8.52 (1H, s, 8-H), 8.42 (s, 1H, 2-H), 6.27 (d,
J=5.2Hz, 1H, 1'-H), 6.06 (dd, J = 5.6, 5.2 Hz, 1H, 2'-H), 5.65 (dd, ] = 5.6, 3.2 Hz, 1H, 3'-H),
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Fig 1. HPLC chromatogram of WS010117 metabolites in urine of control (A) and administrated (B) rats at 299 nm. Peak 1: 3.60 min (M1); 2: 14.15min
(M2); 3: 21.58 min (M3); 4: 23.25 min (M4); 5: 29.48 min (M5); 6: 47.68 min (M6); 7: 48.73 min (M7); 8: 49.44 min (M8).

doi:10.1371/journal.pone.0127583.g001

443 (dd, J=11.7,3.7 Hz, 1H, 5'-Ha), 4.39 (m, 1H, 4'-H) and 4.25 (dd, /= 11.7, 5.3 Hz, 1H, 5'-
HD), consistent with the literature values [31]. The three acetyl groups and 3-hydroxyphenyl
were demonstrated at 8 2.12 (s, 3H, 3'-OCOCH3;), 2.04 (s, 3H, 2'-OCOCH3), 2.01 (s, 3H, 5'-
OCOCHS,), 7.49 (dd, J = 2.3, 2.3 Hz, 1H, 2"-H), 7.31 (dd, J = 8.1, 2.3 Hz, 1H, 4"-H), 7.08 (dd,
J=8.1,8.1 Hz, 1H, 5"-H), 6.46 (dd, J = 8.1, 2.3 Hz, 1H, 6"-H) and 9.33 (1H, s, 3'-OH). The °>C
and DEPT NMR and HSQC spectra (Table 2, Fig 4: WS070117, S1 File) also exactly displayed
characteristic carbons of three acetyls, one ribofuranosyl, one adenine, and one 3-hydroxyphe-
nyl. Complete assignments of the 'H and '*C NMR data were made by in-depth analysis of the
HMBC spectrum (S1 File), which showed the following long range "H-">C correlative informa-
tion H-2' to 2'-carbonyl; H-3' to 3'-carbonyl; H-5' to 5'-carbonyl; H-8 to C-4, 5, and 1'; H-2 to
C-4 and 6; and NH-6 to C-6,1",2", and 6".

Structural determination of M8, M4, and M5

HRMS of M8 (Table 1) afforded a pseudomolecular ion peak at m/z 360.1306 [M+H]", sug-
gesting a molecular formula of C;¢H;,N50s. A comparison of the °C NMR, DEPT, and
HSQC spectra (Table 2, Fig 4: M8, WS070117, S1 and S8 Files) of M8 to those of WS070117 re-
vealed carbons in M8 due to the presence of one ribofuranosyl, one adenine, and one 3-hydro-
xyphenyl. '"H NMR spectrum further indicated that M8 closely resembled WS070117. The
main difference between M8 and WS070117 was that M8 lacked the signals from three acetyl
groups of WS070117 but displayed the deacetylization shift of H-2' (-1.42), H-3' (-1.47), and
H-5'(-0.63) in the "H NMR spectrum and of C-2' (-1.72), C-3' (-0.65), and C-5' (-1.08) in the
'C NMR spectrum, respectively. Furthermore, ESI-MS showed the pseudomolecular ion peak
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Fig 2. UV spectra of (a) WS070117; (b) M2; (c) M3; (d) M4; (e) M5; (f) M6; (g) M7; and (h) M8.
doi:10.1371/journal.pone.0127583.9002

at m/z 360 [M+H]" (Table 1), which was 126 amu less than that of WS070117, again indicating
the loss of three acetyl groups in M8. Complete assignments of "H and '*C NMR signals of M8
were performed by detailed 1D and 2D NMR experiments (mainly HMBC experiments, see S8
File). Therefore, M8 was determined as N¢-(3-hydroxylaniline) adenosine.

HRMS of M4 gave a pseudomolecular ion peak at m/z 536.1625 [M+H]", not only indicat-
ing that the molecular formula of M4 was C»,H,5N50 3, but also showing that M4 was 176
amu higher than that of M8 (Table 1: M4, M8). The ESI-MS” of the pseudomolecular ion peak

Table 1. The retention time, predicted elemental compositions, observed mass and calculated mass, characteristic fragment ions, and description
of metabolites of WS070117 in rat urine.

Metabolites Retention Elemental Measured Calculated Error Error Fragment Metabolite description
time (min) compositions mass [M+H]* mass [M+H]* (mmu) (ppm) ions
(m/z) (m/z)
M2 14.15 C17H17N507 404.12172 404.12062 1.10 2.72 228 Gilucuronidation
M3 21.58 C11HIN505S 324.04148 324.04026 1.22 3.75 278, 244, Sulfonation
233, 189
M4 23.25 C22H25N5011 536.16300 536.16288 0.12 0.22 404, 360, Glucuronidation
281, 228, 147
M5 29.48 C16H17N508S 440.08961 440.08761 2.00 4.58 360, 308, 228  Sulfonation
M6 47.68 C11H9N502 244.08192 244.08345 -1.53 -6.25 227,135,109 Hydroxylmetabolite of M7
M7 48.73 C11H9N50 228.08764 228.08853 -0.89 -3.92 135, 109 Losing
ribofuranosemetabolite of
M8
M8 49.44 C16H17N505 360.13059 360.13079 -0.21 -0.57 228, 163 Hydroxylmetabolite of

doi:10.1371/journal.pone.0127583.1001

WS070117
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Table 2. Structure assignments of WS070117 and its metabolites with 'H, 13C and HMBC NMR data from off-line measurements.

metabolite

2', 3!, 5'-tri-O-acetyl-Ne-
(3-hydroxylaniline)
adenosine

Ne-(3-8-D-glucuroniyl-
laniline) purin

Ng-hydroxy-Ng-(3- Sulfo-
lailine) purin

Ne-(3-8-D-glucuronide)
adenosine

Ne-(phenol-3-Sulfo-
lailine) adenosine

Peak®
WS070117

M2

M3

M4

M5

"H NMR date® (5, ppm; J, Hz)®

59.83 (s, 1H, 6-NH), 9.33 (s, 1H,
3-OH), 8.52 (s, 1H, 8-H), 8.42 (s,
1H, 2-H), 7.49 (dd, J = 2.3, 2.3 Hz,
1H, 2"-H), 7.31 (dd, J = 8.1, 2.3
Hz, 1H, 4"-H), 7.08 (dd, J = 8.1,
8.1 Hz, 1H, 5"-H), 6.46 (dd,
J=8.1,2.3 Hz, 1H, 6"-H), 6.27 (d,
J =5.2Hz, 1H, 1'-H), 6.06 (dd,
J=5.6,5.2Hz, 1H, 2"-H), 5.65
(dd, J = 5.6, 3.2 Hz, 1H, 3-H),
4.43 (dd, J = 11.7, 3.7 Hz, 1H, 5-
Ha), 4.39 (m, 1H, 4'-H), 4.25 (dd,
J=11.7,5.3 Hz, 1H, 5'-Hb), 2.12
(s, 3H, 3-CH3), 2.04 (s, 3H, 2-
CHB3), 2.01 (s, 3H, 5'-CH3).

58.33 (s, 1H, 2-H), 8.16 (s, 1H,
8-H), 7.64 (dd, J = 2.3, 2.3 Hz, 1H,
2"-H), 7.54 (dd, J = 8.2, 2.3 Hz,
1H, 4"-H), 7.21 (dd, J = 8.2, 8.2
Hz, 1H, 5"-H), 6.71 (dd, J = 8.2,
2.3 Hz, 1H, 6"-H), 4.82 (d, J=7.5
Hz, 1H, B-glu-H), 3.57 (m, 1H, 4"-
H), 3.44 (m, 1H, 5"-H), 3.285 (m,
1H, 3"-H), 3.23 (m, 1H, 2"-H)

5 8.87 (s, 6-NH or 3"-OH), 8.17 (s,
1H, 2-H), 7.61 (dd, J = 8.2, 2.3 Hz,
1H, 6"-H), 7.49 (dd, J = 2.3, 2.2
Hz, 1H, 2"-H), 7.18 (dd, J = 8.2,
8.2 Hz, 1H, 5"-H), 6.77 (dd,
J=82,22Hz, 1H, 4"-H).

59.90 (s, 6-NH), 8.52 (s, 1H, 8-H),
8.41 (s, 1H, 2-H), 7.75 (dd,
J=2.3,2.3Hz, 1H, 2"-H), 7.58
(dd, J = 8.2, 2.3 Hz, 1H, 6"-H),
7.21 (dd, J = 8.2, 8.2 Hz, 1H, 5"-
H), 6.76 (dd, J = 8.2 2.3 Hz, 1H,
4"-H), 5.98 (d, J = 5.9 Hz, 1H, 1"
H), 4.83 (d, J = 7.3 Hz, 1H, B-glu-
H), 4.62 (dd, J = 5.9, 5.5 Hz, 1H,
2"-H), 417 (dd, J = 5.5, 4.1 Hz,
1H, 3-H), 3.97 (m, 1H, 4'-H), 3.69
(brd, J = 12.4 Hz, 1H, 5'-Ha), 3.57
(brd, J = 12.4 Hz, 1H, 5'-H), 3.42
(m, 1H, 5"-H), 3.26 (m, 1H, 3"-H),
3.23 (m, 1H, 2"-H), 3.18 (m, 1H,
4"-H).

5 9.91 (s, 6-NH), 8.52 (s, 1H, 8-H),
8.40 (s, 1H, 2-H), 7.74 (dd,
J=23,2.3Hz, 1H, 2"-H), 7.63
(dd, J = 8.4, 2.3 Hz, 1H, 6"-H),
7.20 (dd, J = 8.5, 8.5 Hz, 1H,5"-
H), 6.97 (dd, J = 8.5, 2.3 Hz, 1H,
4"-H), 5.95 (d, J = 5.9 Hz, 1H, 1"
H), 4.69 (dd, J = 5.9, 5.4 Hz, 1H,
2"-H), 4.17 (dd, J = 5.4, 3.6 Hz,
1H, 3-H), 3.97 (m, 1H, 4'-H), 3.67
(brd, J = 11.9 Hz, 1H, 5'Ha), 3.57
(brd, J = 11.9 Hz, 1H, 5-Hb).

13C NMR date® (5, ppm)

5170.01 (5'-C = 0), 169.43 (3-

C =0), 169.27 (2-C = O), 157.36
(3'-C), 152.28 (2-C), 152.21 (6-C),
149.12 (4-C), 140.86 (8-C), 140.38
(1"-C), 128.94 (5"-C), 120.27 (5-C),
111.87 (6"-C), 110.03 (4"-C),
108.11 (2'-C), 85.75 (1'-C), 79.43
(4-C), 71.99 (2'-C), 70.00 (3-C),
62.74 (5-C), 20.46 (5'0-CH3),
20.35 (3'0-CH3), 20.19 (2'0-CH3).

5 172.78 (8"-C = 0), 5157.98 (3'-
C), 150.12 (2-C), 143.50 (8-C),
152.86 (4-C), 151.39 (6-C), 141.35
(1"-C), 129.46 (5"-C), 113.90 (4"-C),
108. 68 (6'-C), 118.23 (5-C), 109.78
(2"-C), 100.23 (1"-C), 75.86 (3"-C),
74.33 (4"-C), 65.31 (5"-C), 73.37
@"-c).8

5 153.76 (3"-C), 154.43 (2-C),
150.20 (8-C), 149.09 (4-C), 142.48
(6-C), 141.35 (1"-C), 128.95 (5"-C),
114.36 (4"-C), 114.05 (6"-C),
111.38 (2"-C), 106.26 (5-C).°

5172.95 (6"-C = 0), 158.05 (3"-C),
152.47 (2,6-C), 149.61 (4-C),
141.21 (8-C), 140.76 (1"-C), 129.73
(5"-C), 120.68 (5-C), 114.61 (6"-C),
111.08 (4"-C), 109.28 (2"-C),
100.69 (B-glu-C), 88.42 (1'-C),
86.28 (4'-C), 76.89 (3"-H), 74.68
(5"-H), 74.11 (2'-C), 73.44 (2"-H),
72.41 (6"-H), 70.95 (3-C), 61.96
(5-C).

5 153.62 (3'-C), 152.34 (6-C),
152.25 (2-C), 149.51 (4-C), 140.98
(8-C), 140.15 (1"-C), 128.75 (5"-C),
120.54 (5-C), 116.25 (6"-C), 115.59
(4"-C), 113.78 (2"-C), 88.20 (1'-C),
86.10 (4'-C), 73.90 (2-C), 70.78 (3"
C), 61.79 (5-C).

HMBC 'H to '3c°®

(2,4), (2,6), (8,4), (8,5), (8,1, (1'2),
(1.4), (1,8), 2.1, (2'4), (22"
C=0),(3,1),(35), (33-C=0),
(4.3), (4'3), (5,3),(5'4), (55
C=0), (2,17, (23", (2"4"),
(26"), (4".2), (43", (4"6")
(5',1"), (5"2"), (53"), (5'4")
(56", (6',1"), (6"2"), (6"4")
(6",5"), (6-NH,1"), (6-NH,5),
(6-NH.6), (6-NH,2"), (6-NH.6"),
(3-OH,1), (3-OH,2"), (3-OH,3")
(3-0H,4"), (2-CO-CH3, 2-CO), (3-
CO-GH3,3-CO), (5-CO-CH3,5-
CO).

(2.4). (26), (84), (85), (21",
(23), (24", (2'6), (4".2")
(4,3), (46", (5",1"), (5".3")
(5",6"), (6",2"), (6",4"), (B-glu-H,3").

(84), (8.9), (8,1), 211", (2'.3"),
(2" 4, (26), (4'2"), (4",3"),
(46, (5.1"), (52", (5.3,
(5'4), (56), (6"1'), (6".2"),
(6",4").

2,4), (2,5), (2,6), (8,4), (8,5), (1',2),
1.4), (1.8), (2',1"), (24, (3',1,),
3.4), (3,5), (4,1, (4.2, (43),
450, (53).(5.4), (217, (23,
2II 4II) (2"’6”), (4II‘2II)’ (4II,3II)‘
276", (51, (53", (5" 4.
576", (61", (6"2"), (6" 4% (B-
glu-H,3"), (6-NH,5), (6-NH.6),
(6-NH,2"), (6-NH,6").

(
(
(
(
(
(
(

(2.4), (26), (84), 6.5, B1), (1'2),
(114, (1'8), @1), 2'4), (3.1,),
(3.5), (4.3), (4,3), (5'3),(5'4),
(213", (@21, (@"3"), (4"6")
(5',1), (5,3, (5"4), (5"6")
(6",1"), (6",2"), (6",4"), (6-NH,5),
(6-NH.,6), (6-NH,2"), (6-NH,6").

(Continued)
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Table 2. (Continued)

metabolite Peak®

Ng-hydroxy-Neg- M6
(8-hydroxylaniline) purin

Ne-(3-hydroxylaniline) M7
purin

Ne-(3-hydroxylaniline) M8
adenosine

"H NMR date® (5, ppm; J, Hz)®

5 9.00 (s, 6-NH or 3"-OH), 8.13 (s,
1H, 2-H), 7.34 (dd, J = 2.0, 2.2 Hz,

1H, 2"-H), 7.11 (dd, J = 8.0, 2.2
Hz, 1H, 6"-H), 7.05 (dd, J = 8.0,
8.0 Hz, 1H, 5"-H), 6.39 (dd,

J =8.0,2.2 Hz 1H, 4"-H).

5 9.44 (s, 6-NH or 3"-OH), 8.29 (s,

1H, 2-H), 8.10 (s, 1H, 8-H), 7.57
(dd, J=2.2,2.2 Hz, 1H, 2"-H),
7.30 (dd, J = 8.1 2.2 Hz, 1H, 6"-
H), 7.05 (dd, J = 8.1, 8.1 Hz, 1H,
5"-H), 6.38 (dd, J = 8.1, 2.2 Hz,
1H, 4"-H).

0 9.81 (s, 6-NH or 3'-OH), 8.53 (s,
1H, 8-H), 8.40 (s, 1H, 2-H), 7.51
(dd, J=2.2, 2.2 Hz, 1H, 2"-H),
7.31 (dd, J = 8.1, 2.2 Hz, 1H, 4"-
H), 7.09 (dd, J = 8.1, 8.1 Hz, 1H,
5"-H), 6.46 (dd, J =8.1,2.2 Hz
1H, 6"-H), 5.95 (d, J = 6.1 Hz, 1H,
1'-H), 4.64 (dd, J = 6.1, 5.5 Hz,
1H, 2'-H), 4.18 (dd, J = 5.5, 3.3
Hz, 1H, 3'-H), 3.99 (m, 1H, 4'-H),
3.70 (dd, J = 12.1, 3.7 Hz, 1H, 5'-
Ha), 3.58 (dd, J = 12.1, 3.8 Hz,
1H, 5'-Hb).

@ Retention times with method used for HPLC-PDA analysis.
214 (500 MHz), '3C (125 MHz) and HMBC NMR spectral data measured in DMSO-ds.
“Multiplicity of signals: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad. Coupling constants (apparent splittings) reported as numerical values in hertz.
9 Obtained from HSQC and HMBC spectra.

doi:10.1371/journal.pone.0127583.t002

13C NMR date® (5, ppm)

5 157.66 (3'-C), 154.43(2-C),
149.54 (8-C), 149.25 (4-C), 142.60
(6-C), 141.35 (1"-C), 129.29 (5"-C),
110.12 (6"-C), 108.97 (4"-C),
107.29 (5-C), 106.31 (2"-C).

5 157.38 (3"-C), 154.94 (4-C),
150.59 (6-C), 150.12 (2-C), 143.50
(8-C), 141.35 (1"-C), 128.98 (5"-C),
118.97 (5-C), 110.81 (6"-C), 108.86
(4"-C), 106.75 (2"-C).4

5157.55 (3"-C), 152.26 (6-C),
152.00 (2-C), 149.33 (4-C), 140.73
(8-C), 140.59 (1"-C), 129.10 (5"-C),
120.45 (5-C), 111.84 6 ("-C), 110.10
(4"-C), 108.14 (2"-C), 87.96 (1'-C),
85.96 (4'-C), 73.71 (2-C), 70.65 (3-
C), 61.66 (5-C).

HMBC 'H to '3c°®

(8:4). (85), (8.1), (2',1"), (2'.3"),
(24", (2',6), (4",2), (4",3"),
(@6, (5",1), (5".2), (5".3),
(5",4"), (5",6"), (6",2"), (6",4").

(2,4), (2,6), (8:4), (8,5), (8,6), (2",1"),
(23", (24", (2".6"), (4" 2",
(4 '3 ) (4 6 ) (5II‘1II), (5||’3||)’
(5" 4", (5".6". (6"2"). (6" 4").

» (8,9), (8,1), (1,2),
), (2,4, (3,1,),
(4 ') (5,3).(5'4),

» (26",
- (6%,1Y),
» (6%,6"),
, (6",5").

gave a fragment ion peak at m/z 360, confirming the above result. A comparison of the 'H and
'>C NMR spectra of M4 to those of M8 revealed their close resemblance (Fig 3: M4, M8 and
Fig 4: M4, M8). The main difference between M4 and M8 was the appearance of a glucuronyl
group in M4, with its signals being observed at 8 4.83 (d, /= 7.2 Hz, 1H, 1"-H), 3.42 (m, 1H,
5"-H), 3.26 (m, 1H, 3""-H), 3.23 (m, 1H, 2""-H) and 3.18 (m, 1H, 4"-H) in the '"H NMR spec-
trum; and at § 100.69 (1"'-C), 76.89 (3"-C), 74.68 (5""-C), 73.44 (2""-C) and 72.41 (4"-C) in the
>C NMR spectrum, respectively. The coupling constant of the anomeric proton was in the
range of 7-8 Hz which allowed its -configurationto be assigned [32]. The glucuronyl group
was confirmed by extensive explorations on the 1D and 2D NMR experiments. The "H-'H

COSY experiment established the spin system from 1"-H to 5"-H in glucuronyl group, and the
HMBC experiment (54 File) showed the long range 'H-">C correlations from H-8 to C-4, 5
and 1'; H-2 to C-4 and 6; NH-6 to C-6, 1", 2" and 6". The long range "H-'>C correlation in
HMBC from H-1" to C-3" strongly indicated that the linkage of glucuronyl group and aniline
between C-3" and C-1" was through ether bond. Thus M4 was determined as Ng-(3-O--D-
glucuronyphenyl) adenosine.
As determined by HRMS at m/z 440.0896, the molecular formula for M5 was C;sH;1,N504S
(Table 1: M5). ESI-MS? of the pseudomolecular ion peak at m/z 440 [M+H]" yielded the char-

acteristic ion peaks at m/z 360 [M+H-HSO;]" and 308 [M+H-ribofuranose-3-OH]*

. A com-

parison of the 'H and '>C NMR spectra of M5 to those of M8 (Table 2, Fig 3: M5, M8 and Fig
4: M5, M8) revealed their close resemblance. The main difference was the downfield chemical
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Fig 3. The stack of "H NMR spectra of WS010117 and its seven metabolites (in DMSO-dg).
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shift from signals of the 3-substituted phenyl moiety, with the "H NMR resonances at § 7.74
(dd,J=2.3,2.3 Hz, 1H, 2"-H), 7.63 (dd, ] = 8.4, 2.3 Hz, 1H, 6"-H), 7.20 (dd, ] = 8.5, 8.5 Hz, 1H,
5"-H), and 6.97 (dd, J = 8.5, 2.3 Hz, 1H, 4"-H); and the '>*C NMR signals appearing at § 153.62
(3"-C), 140.15 (1"-C), 128.75 (5"-C), 116.25 (6"-C), 115.59 (4"-C), and 113.78 (2"-C), respec-
tively. Based on the aforementioned molecular formula for M5 and the absence of 3"-OH signal
in the "H NMR spectrum, a hydrogensulfated 3-hydroxylphenyl moiety was unambiguously
established. Thus M5 was identified as Ng-(3-O-sulfophenyl) adenosine.

Structural determination of M7 and M2

HRMS of M7 gave a pseudomolecular ion peak at m/z 228.0885 [M+H]", which was 132 amu
less than that of M8 (Table 1: M7, M8), indicating a molecular formula of C;;HoNsO as well as
the loss of ribofuranosyl group from M8. A detailed comparison between M7 and M8 indicated
that M7 showed the almost consistent 'H and >C NMR spectroscopic data with those of the
Ng-(3-hydroxyphenyl) adeninemoiety of M8, but the signals of ribofuranose in M8 were
completely disappeared in M7 (Table 2, Fig 3: M7, M8 and Fig 4: M8, S7 File). In addition, the
C NMR spectrum showed the deglycosidation shifts of C-4 (+5.61) and C-8 (+2.75), indicat-
ing that the ribofuranosyl group at N-9 of M8 was substituted by hydrogen atom. Thus, M7
was elucidated to be Ng-(3-hydroxylphenyl) adenine.

HRMS of M2 gave a pseudomolecular ion peak at m/z 404.1217 [M+H]", which was 132
amuless than that of M4 (Table 1: M2, M4), indicating a molecular formula of C,,H;,Ns0; as
well as the loss of ribofuranose from M4. A detailed comparison between M2 and M4 (Table 2,
Fig 3: M2, M4 and Fig 4: M4, S2 File) showed that M2 exhibited the consistent 'H and *C
NMR spectroscopic data with those of the Ng-(3-O-f-D-glucuronyphenyl) adenine moiety of
M4, but the signals of ribofuranose in M4 were completely disappeared in M2. In addition, the
13C NMR spectrum showed the deglycosidation shifts of C-4 (+3.25) and C-8 (+2.29), indicat-
ing that the ribofuranosyl group at N-9 of M4 was substituted by hydrogen atom. Thus, M2
was identified to be Ng-(3-O-f-D-glucuronyphenyl) adenine.

Structural determination of M6 and M3

HRMS of M6 gave a pseudomolecular ion peak at m/z 244.0819 [M+H]", indicating a molecu-
lar formula of C;;HgN5sO,, which contained one more oxygen atom than M7 (Table 1: M6,
M?7). The "H NMR spectrum of M6 (Table 2, Fig 3: M6) revealed four aromatic signals from
3-hydroxylaniline moiety at  7.34 (dd, ] = 2.0, 2.2 Hz, 1H, 2"-H), 7.11 (dd, ] = 8.0, 2.2 Hz, 1H,
6"-H), 7.05 (dd, J = 8.0, 8.0 Hz, 1H, 5"-H) and 6.39 (dd, ] = 8.0, 2.2 Hz, 1H, 4"-H) and one ade-
nine proton at § 8.13 (s, 1H, 2-H), very similar to that of M7 (Table 2, Fig 3: M7) except for the
loss of one signal from the adenine moiety. In addition, the '>’C NMR spectrum of M6 was very
similar to that of M7 (Table 2, Fig 4: M6, S7 File), and their main difference was the downfield
chemical shifting of +2.77 in M6 for the carbon signal at § 149.54 (8-C) compared with its
counterpart from adenine moiety of M7. Combined with the molecular formula of M6, a hy-
droxyl group was determined to be linked to 8-C. This result was confirmed by the long range
"H-13C correlations from 8.13 (s, 1H, 2-H) to & 149.25 (4-C) and 142.60 (6-C) in the HMBC
spectrum (Table 2 and S6 File), and the absent of the H-8 signal in the 'H NMR spectrum.
Thus, M6 was established as 8-hydroxy-Ng-(3-hydroxyphenyl) adenosine.

M3 had a molecular formula of C;;HgN5OsS by its HRMS at m/z 324.0415. ESI-MS? of the
pseudomolecular ion peak at m/z 324 [M+H]" yielded the characteristic ion peak at m/z 244
[M+H-HSO;]* (Table 1: M3). The ?C NMR data of M3 were provided by their heteronuclear
correlations spectra (Fig 5). A comparison of the 'H and '>C NMR data of M3 to those of M6
(Table 2, Fig 3: M3, M6 and Fig 4: M6, S3 File) revealed their close resemblance. The main
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doi:10.1371/journal.pone.0127583.9005
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difference was the downfield chemical shifting from the 3-substituted aniline moiety, with the
esterification shifts in the "H NMR spectrum of H-2" (+0.15) and H-4" (+0.38) being observed.
Correspondingly, in the 13C NMR spectrum, the esterification shifts of C-2" (+5.07), C-3"
(-3.90), and C-4" (+5.39) were also obtained. Based on the above molecular formula of M3 and
the absence of 3"-OH signal in the "H NMR spectrum, a hydrogensul fated 3-hydroxylaniline
moiety was unambiguously established. Thus M3 was identified as Ng-hydroxy-Ns-(3-O-
sulfophenyl) adenine.
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Fig 6. Structures of WS070117 metabolites in rat urine and the proposed metabolic pathways.

doi:10.1371/journal.pone.0127583.g006
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Conclusion

In this paper, we have separated seven major metabolites of WS070117 from rat urine and elu-
cidated their structures by mass spectrum and NMR spectroscopy. The metabolic pathways
were also proposed as depicted in Fig 6. These results are important for understanding the me-
tabolism of WS070117 in rats, and may provide information for further investigation of the
metabolism and excretion of WS070117 in human. In our study, microliter probe played an ex-
tremely important and irreplaceable role. The high-resolution 1.7-mm microliter probe with z-
gradient allows the measurement of 1D 'H, ">’C NMR and 2D inverse heteronuclear NMR with
nanomoles (corresponding to micrograms) of compounds. This method offers significant ad-
vantages for the structure elucidation of volume-limited samples, the oft-line coupling of
HPLC and microprobe NMR, and applications when HT NMR is essential and only limited
sample volumes are available. From a more general perspective, this study demonstrates the
potential of HPLC/MS/oft-line micro-NMR as a robust and effective tool for a rapid chemical
characterization of metabolites.

Supporting Information

S1 File. The MS and NMR spectra of WS010117.
(PDF)

S2 File. The NMR spectra of M2.
(PDF)

S3 File. The NMR spectra of M3.
(PDF)

$4 File. The NMR spectra of M4.
(PDF)

S5 File. The NMR spectra of M5.
(PDF)

S6 File. The NMR spectra of M6.
(PDF)

S7 File. The NMR spectra of M7.
(PDF)

S8 File. The NMR spectra of M8.
(PDF)

Acknowledgments

The authors gratefully acknowledge the assistance provided by Mr. Tianle Lin, Mr. Bin Hu and
Mrs. Juan Lu of Bruker Corporation in Beijing.

Author Contributions

Conceived and designed the experiments: YW. Performed the experiments: ZM WG M]J. Ana-
lyzed the data: WG M] ZM PZ. Contributed reagents/materials/analysis tools: KQ XL. Wrote
the paper: WG MJ YW HQ HZ.

PLOS ONE | DOI:10.1371/journal.pone.0127583 June 1,2015 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127583.s008

@’PLOS ‘ ONE

Structure Elucidation of Metabolites by Coupling Technique

References

1.

10.

1.

12

13.

14.

15.

16.
17.

18.

19.

20.

Simons LA. Additive effect of plant sterol-ester margarine and cerivastatin in lowering low-density lipo-
protein cholesterol in primary hypercholesterolemia. Am J Cardiol. 2002; 90(7): 737-740. PMID:
12356387

Bahmani M, Mirhoseini M, Shirzad H, Sedighi M, Shahinfard N, Rafieian-Kopaei M, et al. A review on
promising natural agents effective on hyperlipidemia. J Evid Based Complementary Altern Med. 2015
Jan 28. pii: 2156587214568457.

Lian ZQ, Li Y, Gao J, Qu K, Wu S, Zhu HB, et al. A novel AMPK activator, WS070117, improves lipid
metabolism discords in hamsters and HepG2 cells. Lipids Health Dis. 2011; 10: 67. doi: 10.1186/1476-
511X-10-67 PMID: 21529359

Guo P, Lian ZQ, Sheng LH, Wu CM, Guo YS, Zhu HB, et al. The adenosine derivative 2’,3',5'-tri-O-ace-
tyl-N6-(3-hydroxylaniline) adenosine activates AMPK and regulates lipid metabolism in vitro and in
vivo. Life Sci. 2012; 90(1-2): 1-7.

Huang LZ, Fan BY, Ma A, Shaul PW, Zhu HB. Inhibition of ATP-Binding Cassette Transporter A1 Pro-
tein Degradation Promotes HDL Cholesterol Efflux Capacity and Reverse Cholesterol Transport and
Reduces Atherosclerosis in Mice. J Lipid Res. 2015 Mar 11. pii: jlr.M054742.

Liu 'Y, He JM, Abliz Z, Zhu HB. In vitro stability and metabolism of O2', O3/, OS'-tri-acetyI-Ne-(S-hydroxy-
laniline) adenosine in rat, dog and human plasma: Chemical hydrolysis and role of plasma esterases.
Xenobiotica. 2011; 41(7): 549-560. doi: 10.3109/00498254.2011.573016 PMID: 21486191

Gao D, Wei H, Guo GS, Lin JM. Microfluidic cell culture and metabolism detection with electrospray ion-
ization quadrupole time-of-flight mass spectrometer. Anal Chem. 2010; 82(13): 5679-5685. doi: 10.
1021/ac101370p PMID: 20540506

Liu CW, Lu YY, Yang ZZ, Xing YY, Xi T. Rapid screening and characterization of metabolites from a
marine-derived actinomycete by high-performance liquid chromatography coupled with electrospray
ionization quadrupole time-of-flight mass spectrometry. Rapid Commun Mass Spectrom. 2010; 24(23):
3413-3418. doi: 10.1002/rcm.4744 PMID: 21072796

Yang J, Qian DW, Jiang S, Er-xin S, Guo JM, Duan JA. Identification of rutin deglycosylated metabo-
lites produced by human intestinal bacteria using UPLC-Q-TOF/MS. J Chromatogr B Analyt Technol
Biomed Life Sci. 2012; 898: 95—100. doi: 10.1016/j.jchromb.2012.04.024 PMID: 22583754

Zhang W, Jiang S, Qian DW, Shang E, Duan J. Determination of Metabolism of Neohesperidin by
Human Intestinal Bacteria by UPLC-Q-TOF/MS. Chromatographia. 2014; 77(5-6): 439—445. PMID:
25477555

Wang YX, Hao HP, Wang GJ, Tu PF, Cui N, Liu YT, et al. An approach to identifying sequen-tial metab-
olites of a typical phenylethanoid glycoside, echinacoside, based on liquid chromatography-ion trap-
time of flight mass spectrometry analysis. Talanta. 2009; 80(2): 572-580. doi: 10.1016/j.talanta.2009.
07.027 PMID: 19836522

Pham LH, Vater J, Rotard W, Mlgge C. Identification of secondary metabolites from Streptomyces vio-
laceoruber TU22 by means of on-flow LC-NMR and LC-DAD-MS. Magn Reson Chem. 2005; 43(9):
710-723. PMID: 16049955

Novak P, Cindri¢ M, Tepes P, Dragojevi¢ S, llijas M, Mihaljevi¢ K. Identification of impurities in acarbose
by using an integrated liquid chromatography-nuclear magnetic resonance and liquid chromatography-
mass spectrometry approach. J Sep Sci. 2005; 28(13): 1442—1447. PMID: 16158985

Wilson DM, Burlingame AL. Deuterium and carbon-13 tracer studies of ethanol metabolism in the rat by
2H, "H-decoupled "*C nuclear magnetic resonance. J Biochem Biophys Res Commun. 1974; 56(3):
828-835.

Nicholson JK, Lindon JC, Holmes E. ‘Metabonomics’: understanding the metabolic responses of living
systems to pathophysiological stimuli via multivariate statistical analysis of biological NMR spectro-
scopic data. Xenobiotica. 1999; 29(11): 1181-1189. PMID: 10598751

Reo NV. NMR-based metabolomics. Drug Chem Toxicol. 2002; 25(4): 375-382. PMID: 12378948

Bhattacharya A. Chemistry: Breaking the billion-hertz barrier. Nature. 2010; 463(7281): 605—606. doi:
10.1038/463605a PMID: 20130626

Logan TM, Murali N, Wang GS, Jolivet C. Application of a high-resolution superconducting NMR probe
in natural product structure determination. Magn Reson Chem. 1999; 37(10): 762—765.

Schmidt B, Jaroszewski JW, Bro R, Witt M, Staerk D. Combining PARAFAC analysis of HPLC-PDA
profiles and structural characterization using HPLC-PDA-SPE-NMR-MS experiments: commercial
preparations of St. John’s Wort. Anal Chem. 2008; 80(6): 1978-1987. doi: 10.1021/ac702064p PMID:
18260653

Godejohanna M, Bersetb JD, Muff D. Non-targeted analysis of waste water treatment plant effluents by
high performance liquid chromatography-time slice-solid phase extraction-nuclear magnetic

PLOS ONE | DOI:10.1371/journal.pone.0127583 June 1,2015 15/16


http://www.ncbi.nlm.nih.gov/pubmed/12356387
http://dx.doi.org/10.1186/1476-511X-10-67
http://dx.doi.org/10.1186/1476-511X-10-67
http://www.ncbi.nlm.nih.gov/pubmed/21529359
http://dx.doi.org/10.3109/00498254.2011.573016
http://www.ncbi.nlm.nih.gov/pubmed/21486191
http://dx.doi.org/10.1021/ac101370p
http://dx.doi.org/10.1021/ac101370p
http://www.ncbi.nlm.nih.gov/pubmed/20540506
http://dx.doi.org/10.1002/rcm.4744
http://www.ncbi.nlm.nih.gov/pubmed/21072796
http://dx.doi.org/10.1016/j.jchromb.2012.04.024
http://www.ncbi.nlm.nih.gov/pubmed/22583754
http://www.ncbi.nlm.nih.gov/pubmed/25477555
http://dx.doi.org/10.1016/j.talanta.2009.07.027
http://dx.doi.org/10.1016/j.talanta.2009.07.027
http://www.ncbi.nlm.nih.gov/pubmed/19836522
http://www.ncbi.nlm.nih.gov/pubmed/16049955
http://www.ncbi.nlm.nih.gov/pubmed/16158985
http://www.ncbi.nlm.nih.gov/pubmed/10598751
http://www.ncbi.nlm.nih.gov/pubmed/12378948
http://dx.doi.org/10.1038/463605a
http://www.ncbi.nlm.nih.gov/pubmed/20130626
http://dx.doi.org/10.1021/ac702064p
http://www.ncbi.nlm.nih.gov/pubmed/18260653

@’PLOS ‘ ONE

Structure Elucidation of Metabolites by Coupling Technique

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

resonance/time-of-flight-mass spectrometry. J Chromatogr A. 2011; 1218(51): 9202—9209. doi: 10.
1016/j.chroma.2011.10.051 PMID: 22098937

Sturm S, Seger C. Liquid chromatography-nuclear magnetic resonance coupling as alternative to liquid
chromatography-mass spectrometry hyphenations: Curious option or powerful and complementary
routine tool?. J Chromatogr A. 2012; 1259: 50-61. doi: 10.1016/j.chroma.2012.05.032 PMID:
22658656

Schroeder FC, Gronquist M. Extending the scope of NMR spectroscopy with microcoil probes. Angew
Chem Int Ed Engl. 2006; 45(43): 7122—7131. PMID: 16991159

Schlotterbeck G, Ross A, Hochstrasser R, Senn H, Marek D, Schett O, et al. High-Resolution Capillary
Tube NMR. A Miniaturized 5-iL High-Sensitivity TXI Probe for Mass-Limited Samples, Off-Line LC
NMR, and HT NMR. Anal Chem. 2002; 74(17): 4464—4471. PMID: 12236357

Griffin JL, Nicholls AW, Keun HC, Mortishire-Smith RJ, Nicholsona JK, Kuehnc T. Metabolic profiling of
rodent biological fluids via "H NMR spectroscopy using a 1 mm microlitre probe. Analyst. 2002; 127(5):
582-584. PMID: 12081031

Serkova NJ, Freund AS, Brown JL, Kominsky DJ. Use of the 1-mm micro-probe for metabolic analysis
on small volume biological samples. J Cell Mol Med. 2009; 13(8B): 1933-1941. doi: 10.1111/j.1582-
4934.2008.00464.x PMID: 19267884

Olson DL, Norcross JA, O’Neil-Johnson M, Detlefsen DJ, Wilson AG, Peck TL, et al. Microflow NMR:
concepts and capabilities. Anal Chem. 2004; 76(10): 2966—2974. PMID: 15144211

Grimes JH, O’'Conne TM. The application of micro-coil NMR probe technology to metabolomics of urine
and serum. J Biomol NMR. 2011; 49(3—4): 297-305. doi: 10.1007/s10858-011-9494-4 PMID:
21373839

Schitz C, Quitschau M, Hamburger M, Potterat O. Profiling of isoflavonoids in Iris germanica rhizome
extracts by microprobe NMR and HPLC-PDA-MS analysis. Fitoterapia. 2011; 82(7): 1021-1026. doi:
10.1016/j.fitote.2011.06.005 PMID: 21708227

Owino E, Clark BJ, Fell A. Diode array detection and simultaneous quantitation of the coeluting ateno-
lol-related synthetic route impurities, PPA-diol. J Chromatogr Sci. 1991; 29(10): 450-456. PMID:
1808216

Gagliardi L, Amato A, Basili A, Cavazzutti G, Tonelli D. Determination of sun-screen agents in cosmetic
products by reversed-phase high-performance liquid chromatography. J Chromatogr. 1987; 408: 409—
415. PMID: 3429539

Ciuffreda P, Casati S, Manzocchi A. Complete 'H and '3C NMR spectral assignment of a- and b-adeno-
sine, 2’-deoxyadenosine and their acetate derivatives. Magn Reson Chem. 2007; 45(9): 781-784.
PMID: 17640032

Agrawal PK. NMR spectroscopy in the structural elucidation of oligosaccharides and glycosides. Phyto-
chemistry. 1992; 31(10): 3307-3330. PMID: 1368855

PLOS ONE | DOI:10.1371/journal.pone.0127583 June 1,2015 16/16


http://dx.doi.org/10.1016/j.chroma.2011.10.051
http://dx.doi.org/10.1016/j.chroma.2011.10.051
http://www.ncbi.nlm.nih.gov/pubmed/22098937
http://dx.doi.org/10.1016/j.chroma.2012.05.032
http://www.ncbi.nlm.nih.gov/pubmed/22658656
http://www.ncbi.nlm.nih.gov/pubmed/16991159
http://www.ncbi.nlm.nih.gov/pubmed/12236357
http://www.ncbi.nlm.nih.gov/pubmed/12081031
http://dx.doi.org/10.1111/j.1582-4934.2008.00464.x
http://dx.doi.org/10.1111/j.1582-4934.2008.00464.x
http://www.ncbi.nlm.nih.gov/pubmed/19267884
http://www.ncbi.nlm.nih.gov/pubmed/15144211
http://dx.doi.org/10.1007/s10858-011-9494-4
http://www.ncbi.nlm.nih.gov/pubmed/21373839
http://dx.doi.org/10.1016/j.fitote.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21708227
http://www.ncbi.nlm.nih.gov/pubmed/1808216
http://www.ncbi.nlm.nih.gov/pubmed/3429539
http://www.ncbi.nlm.nih.gov/pubmed/17640032
http://www.ncbi.nlm.nih.gov/pubmed/1368855

