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Abstract: Wen Luo Yin (WLY), a well-known traditional Chinese medicine formulation, has been
used as a complementary therapy for the treatment of rheumatoid arthritis in clinical settings.
However, the chemical constituents of WLY remain unclear. In this study, a high-performance
liquid chromatography coupled with tandem mass spectrometry method was established to separate
and comprehensively identify the chemical constituents of WLY. The analytes were eluted with
a mobile phase of acetonitrile and 0.1% aqueous acetic acid. Mass detection was performed
in both positive and negative ion mode. The MS/MS fragmentation pathways were proposed
for the identification of the components. A total of 42 compounds including sesquiterpenes,
alkaloids, biflavonoids, polyacetylenes, phenylpropanoids and acetylenic phenols were identified
unambiguously or tentatively according to their retention times and mass behavior with those of
authentic standards or literature data. The identification and structural elucidation of chemical
constituents may provide important information for quality control and pharmacological research
of WLY.
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1. Introduction

Rheumatoid arthritis (RA), a chronic inflammatory disease, is characterized by joint swelling, joint
tenderness and destruction of synovial joints, resulting in severe disability and premature mortality [1].
Most of the symptoms of RA are distinguished as cold or hot according to the diagnostic guidelines of
traditional Chinese medicine (TCM) [2]. Disease-modifying anti-rheumatic drugs (DMARDs) are the
most commonly used treatments of RA [3]. However, because of the adverse effects and potential risks
associated with DMARDs [4,5], the search for new anti-rheumatic drugs with high efficacy and low
toxicity has attracted substantial attention. TCMs as complementary therapies have been demonstrated
to be effective in the treatment of RA [6] and they are widely used in the modern clinic practice.

Wen Luo Yin (WLY) originally comes from the formulae of Guizhi Fuzi Tang, Zhu Fu Tang and
Gancao Fuzi Tang as chronicled in “Jin Kui Yao Lve” written by Zhang Zhongjing (150–219 A.D.) [7].
WLY is given orally to patients as complementary therapy to treat RA in clinical settings. WLY is
prepared using four herbs according to cold-hot theory of TCM, that is, processed Radix Aconiti
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Lateralis Preparata (“Fuzi” in Chinese, the lateral roots of Aconitum Carmichaeli Debx.), Atractylodes
macrocephala koidz (“Baizhu” in Chinese, the rhizome of A. macrocephala), Selaginella tamariscina (Beauv)
Spring (“Juanbai” in Chinese, the whole plant of S. tamariscina) and Cinnamomi ramulus (“Guizhi” in
Chinese, the dried twig of Cinnamomum cassia Presl) in the ratio of 10:15:9:12 on a dry weight basis [8].
The ethanol extract of WLY, which acts on the cold symptoms of RA [9], has been reported to alleviate
ankle pain and swelling and decrease the arthritis index of collagen-induced arthritis (CIA) in rats [10].
Moreover, the mechanism of the anti-arthritic action of WLY has been associated with reducing the
expression of angiogenic activators [8]. Although the anti-arthritic activity of WLY is notable, only 7 of
its chemical constituents—namely, 3 phenylpropanoids, 3 alkaloids and one biflavonoid—have been
identified by comparing their retention times with those of reference standards using LC coupled with
a photodiode array detector (DAD) [8]. The other chemical components of WLY are still unknown.
The various constituents in WLY those are key to its efficacy still need to be explored by advanced
analytical techniques. The main constituents of the four individual herbs used to prepare WLY
have been reported to include alkaloids [11], flavonoids [12,13], sesquiterpenes [14,15], volatile oils
and organic acids [16]. In our previous study, biflavonoids from S. tamariscina were characterized
and identified by LC-DAD-ESI-MS [17]. However, an integrated investigation of the profile all the
components of WLY has not been reported.

Therefore, the present study aimed to develop an HPLC-MS/MS method to comprehensively
identify the chemical constituents in WLY. A total of 42 compounds including sesquiterpenes, alkaloids,
biflavonoids, polyacetylenes, phenylpropanoids and acetylenic phenols were unambiguously
identified or tentatively characterized.

2. Results and Discussion

2.1. Optimized Analytical Conditions

To improve resolution, decrease the run time and increase sensitivity, methanol, acetonitrile,
ammonium acetate, formic acid and acetic acid were tested as potential mobile phases. Acetonitrile
and 0.1% aqueous acetic acid were found to be the optimal mobile phase as they gave the best
separation of the major constituents in WLY. Moreover, acetic acid improved the peak shapes and
intensities for these components.

To obtain abundant mass information and high responses for most compounds in WLY,
both positive and negative ion modes were employed to gain corresponding signals for
structural characterization.

2.2. HPLC-MS/MS Analysis of the WLY Extract

The mass spectra of the reference standards were analyzed to characterize the typical constituents
of WLY. The proposed fragmentation patterns of these reference standards were helpful for identifying
constituents of WLY with similar fragmentation patterns. Although positive and negative ion modes
were employed, higher sensitivities and clearer mass spectra were observed in the positive ion mode.
The total ion current (TIC) chromatograms corresponding to positive and negative signals of WLY
are shown in Figure 1. To avoid repetition, only the fragment ions in the positive mode are listed
in Supplementary Table S1. A total of 48 peaks were detected by HPLC-MS/MS, 42 of which were
identified. Compared to the compounds identified in the literature [8], 36 constituents are being
reported in WLY by LC-MS/MS analysis for the first time. Selaginellin was tentatively characterized
by MS/MS data for the first time.

Thirteen peaks in the HPLC-MS/MS chromatograms were unambiguously identified by
comparison of their retention times and MS data with those of authentic standards. The other
29 peaks were tentatively characterized by comparing their molecular weight and mass fragmentation
pattern in their MS/MS spectra with published literature data. These identified constituents included
sesquiterpenes, alkaloids, flavonoids, polyacetylenes, phenylpropanoids and acetylenic phenol
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compounds (Figure 2). The fragmentation pathways of the identified constituents are proposed
in the Supplementary Figure S1.

Molecules 2019, 24, x FOR PEER REVIEW 3 of 12 

 

compounds (Figure 2). The fragmentation pathways of the identified constituents are proposed in 
the Supplementary Figure S1. 

 
Figure 1. The TICs of WLY by LC-MS in the positive (A) and negative (B) modes. Figure 1. The TICs of WLY by LC-MS in the positive (A) and negative (B) modes.



Molecules 2019, 24, 233 4 of 12
Molecules 2019, 24, x FOR PEER REVIEW 4 of 12 

 

 
Figure 2. The chemical structures of compounds identified in WLY. Figure 2. The chemical structures of compounds identified in WLY.



Molecules 2019, 24, 233 5 of 12

2.2.1. Identification of the Sesquiterpenes in WLY

The MS/MS data of the 3 sesquiterpenes (Figure 3) were acquired using a high-resolution linear
ion trap Orbitrap mass spectrometer (Thermo Fisher, Waltham, MA, USA). In the positive MSn

spectra, atractylenolides I, II and III displayed [M + H]+ ions at m/z 233.1540, 231.1382 and 249.1482,
respectively. The fragment ions of the corresponding sesquiterpenes were [M + H − H2O]+ and
[M + H − H2O − CO]+, which are characteristic of sesquiterpenes containing γ-lactone moieties.
Notably, the loss of a C2H4 fragment (28.0313 Da) was due to the characteristic fragmentation pathway
of these sesquiterpenes involving the rearrangement of the twelve-membered-ring, which could be
distinguished from the loss of a CO fragment (27.9949 Da). The fragment ions at m/z 177.0911 of
atractylenolide I, 175.1118 of atractylenolide II and 175.0752 of atractylenolide III were attributed to
[M + H − C4H8]+, [M + H – CO − C2H4]+ and [M + H − H2O − C4H8]+, respectively. Moreover, a
McLafferty rearrangement resulted in the loss of a C3H6 fragment after cleavage of the A-ring through
a four-membered-ring rearrangement.
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Figure 3. MSn spectra of atractylenolide I (A); atractylenolide II (B) and atractylenolide III (C).

Based on the fragmentation patterns, the chemical structures of compounds corresponding to
peaks 29, 34, 35, 43, 44 and 48 in the complex mixtures were identified or tentatively characterized.
Peaks 29, 35 and 44 were attributed to atractylenolide III, I and II, respectively, by comparing their
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retention times (tR) and MSn spectra with those of the reference standards. Peak 34 (tR = 105.5 min) at
m/z 233 showed the same fragments as those of atractylenolide I and was identified as its geometric
isomer, isoatractylenolide I [18]. Peak 43 exhibited an [M + H]+ ion at m/z 263, which was 14 Da more
massive than that of atractylenolide III. The product ions of peak 43 at m/z 231 ([M + H − CH3OH]+),
213 ([M + H − CH3OH − H2O]+), 203 ([M + H − CH3OH − CO]+), 185 ([M + H − CH3OH − CO −
H2O]+) and 163 ([M + H − CH3OH − C5H8]+) were same as those of atractylenolide III. Therefore,
peak 43 was attributed to 8-methoxyatractylenolide I [19]. Peak 48 eluted at 132.8 min and displayed
an [M + H]+ ion at m/z 203. The fragment ion of peak 48 at m/z 161 was formed by the loss of C3H6

from the precursor ion via a McLafferty rearrangement. The fragment ion at m/z 161 then lost a C2H4

fragment to produce an ion at m/z 133. By comparing these data with the literature data [15], peak 48
was attributed to atractylenolide VI.

2.2.2. Identification of the Alkaloids in WLY

A total of 15 aconitum alkaloids were unambiguously or tentatively identified and were classified
into diester diterpenoid aconitines (DDAs), monoester diterpenoid aconitines (MDAs) and non-ester
alkaloids (NEAs). For the DDAs, aconitine and hypaconitine standards were used to characterize the
fragments pathways in the MSn spectra of aconitum alkaloids. In the positive mode, the molecular ions
produced the characteristic ions via the successive or simultaneous loss of the one or more CH3OH (32
Da), CH3COOH (60 Da), CO (28 Da) or C6H5COOH (122 Da) fragments. For example, the product
ion of hypaconitine at m/z 556 was generated from the molecular ion at m/z 616 by the loss of a
CH3COOH fragment, which subsequently lost a CH3OH group to form the product ion at m/z 524.
The product ion at m/z 496 was formed by the loss of a CO fragment from the product ion at m/z
524. The product ion at m/z 338 was attributed to [M + H − CH3COOH − 3CH3OH − C6H5COOH]+.
Peaks 14 (tR = 34.5 min) and 15 (tR = 35.3 min) were unambiguously attributed to hypaconitine
and aconitine by comparison of their experimental data to those of the reference standards. Similar
fragmentation pathways were observed in the spectra of peaks 9, 11, 12, 16 and 18. Peak 11 displayed
a molecular ion at m/z 632, which was 16 Da more massive than that of hypaconitine. The product
ions at m/z 572 ([M + H − CH3COOH]+), 540 ([M + H − CH3COOH − CH3OH]+) and 354 [M + H −
CH3COOH − 3CH3OH − BzOH]+ were also 16 Da higher than the corresponding fragment ions of
hypaconitine, indicating that a hydroxyl group was present in the compound corresponding to peak
11. By comparison with the reported data [20], peak 11 (tR = 30.6 min) was tentatively attributed to
mesaconitine. The molecular ions and characteristic product ions of peaks 16 (tR = 35.4 min) and 18
(tR = 40.1 min) were 16 Da lower than the corresponding ions of hypaconitine and aconitine. Based on
previously reported data, peaks 16 and 18 were tentatively attributed to 13-deoxyhypaconitine [21]
and deoxyaconitine [20], respectively. Peaks 9 (tR = 25.2 min) and 12 (tR = 31.1 min) were tentatively
attributed to 10-OH-mesaconitine [11,20] and 10-OH-aconitine [20] by comparing their MSn spectra
with those of peak 11 and aconitine, respectively.

Structurally, MDAs are diterpenoid alkaloids with a hydroxyl group at the C-8 position. Compared
with the fragmentations of DDAs, the losses of a H2O unit and one or more CH3OH fragments
are commonly observed in the fragmentation patterns of MDAs. In the positive mode, peaks
4 (tR = 8.8 min), 5 (tR = 16.2 min), 6 (tR = 18.7 min), 7 (tR = 21.4 min) and 10 (tR = 25.2 min)
showed protonated molecular ions at m/z 606, 590, 604, 574 and 588, respectively. The protonated
molecular ion of peak 4 gave four fragment ions at m/z 588, 574, 556 and 524, which were assigned
as [M + H − H2O]+, [M + H − CH3OH]+, [M + H − H2O − CH3OH]+ and [M + H − H2O −
2CH3OH]+, respectively. Based on comparisons to the available data [22], peak 4 was tentatively
characterized as 14-benzoxyl-10-OH-mesaconine. Similar fragmentation patterns were observed for
peaks 5, 6, 7 and 10. Based on the data reported in the literatures [21–25], peaks 5, 6, 7 and 10
were tentatively identified as 14-benzoylmesaconine, 14-benzoylaconine, 14-benzoylhypaconine and
14-benzoyldeoxyaconine, respectively.
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The NEAs possessed molecular weights less than 500 Da and eluted within the first 5 min. Peaks 1
(tR = 2.4 min) and 2 (tR = 3.6 min) showed protonated molecular ions at m/z 438 and 454. The most
prominent fragment ions at m/z 420 of peak 1 and m/z 436 of peak 2 as the diagnostic ions [25] were
produced through dehydration of the protonated molecular ions at C-1, implying that peaks 1 and 2
were C-1-hydroxyl-substituted NEAs. By comparing the protonated molecular ions and fragments
ions with those reported in the literature [26], peaks 1 and 2 were tentatively identified as neoline
and fuziline. Peak 3 eluted at 4.6 min and exhibited a protonated molecular ion at m/z 422. The base
fragment ion of peak 3 at m/z 390 was assigned as [M + H − CH3OH]+. Other fragment ions of peak 3
at m/z 372 ([M + H − CH3OH − H2O]+) and 358 ([M + H − 2CH3OH]+) were observed. Based on a
comparison to the literature data [24], peak 3 was tentatively attributed to talatizamine.

2.2.3. Identification of the Biflavonoids in WLY

Biflavonoids are a class of compounds consisting two flavonoid moieties connected via a C–O–C
or a C–C bond. The biflavonoids of WLY eluted at approximately 70–129 min and exhibited protonated
molecular ions from 500–600 Da. The fragment pathways of biflavonoids were characterized in
our previous study [17] and the characteristic fragment ions were generated by losses of H2O, CO,
CO2, C2H2O and C3O2 fragments. Retro-Diels-Alder (RDA) reactions were also observed in the
fragmentation pathways of biflavonoids.

The characteristic fragmentation pathway of amentoflavone-type biflavonoids, including the
cleavage of the C-ring from the second flavone moiety at the 0/4 position, was observed in peaks
24, 25, 28 and 30. Peaks 24 (tR = 70.1 min) and 30 (tR = 88.0 min) were unambiguously identified as
amentoflavone and 7-O-methylamentoflavone by comparing their experimental data with those of
reference standards. Peak 25 eluted at 70.8 min and possessed a protonated molecular ion at m/z 541
([M + H]+), which was 2 Da more massive than that of amentoflavone, implying that two additional
hydrogen atoms were present. The series of prominent fragment ions of peak 25 at m/z 421 (1,3IIA+),
403 (1,3IIA+ − H2O), 337 (1,3IIA+ − 2C2H2O), 311 (1,3IIA+ − C2H2O − C3O2) and 283 (1,3IIA+ −
C2H2O − C3O2 − CO) indicated the instability of the C-ring at the 1/3 position of the second flavone
moiety in the mass experiment as a result of the reduction of the double bond [27]. The two additional
hydrogen atoms were deduced to be located at C-2” and C-3”. Peak 25 was tentatively attributed to
2”,3”-dihydroamentoflavone. Peak 28 (tR = 82.9 min) showed a protonated molecular ion at m/z 553,
which is the same mass as that of 7-O-methylamentoflavone. The observed fragment ion of peak 28
at m/z 153 (1,3IA+) was 14 Da lower than that of the corresponding ion of 7-O-methylamentoflavone,
implying a methoxy group was located on the A-ring of the second flavonoid moiety. Peak 28 was
tentatively identified as 7”-O-methylamentoflavone.

Compared to the fragmentation pathways of amentoflavone-type biflavonoids, RDA
fragmentation of the first flavone moiety of robustaflavone-type biflavonoids were more common.
Peak 27 (tR = 74.2 min), possessing a protonated molecular ion at m/z 539, was unambiguously
identified as robustaflavone by comparing its experimental data with those of the reference standard.
Peak 26 eluted at 73.6 min and exhibited a protonated molecular ion at m/z 541, which was 2 Da
more massive than that of robustaflavone. Moreover, the fragment ions at m/z 415 (1,4IB+) and 389
(1,3IB+) were 2 Da more massive than the corresponding ions of robustaflavone. The data implied that
additional hydrogen atoms are located in the C-ring of the first flavone moiety. Peak 26 was tentatively
attributed to 2,3-dihydrorobustaflavone.

Hinokiflavone-type biflavonoids comprise two flavonoid moieties connected by a C–O–C bond.
The characteristic odd-electron fragment ions of hinokiflavone-type biflavonoids were produced by the
cleavage of the bridging C–O bond. For example, peak 31 eluted at 89.0 min and exhibited a protonated
molecular ion at m/z 539. A series of odd-electron fragment ions at 286 ([Flavone II + OH]+•), 270
([Flavone II]+• or [Flavone I]+•) and 254 ([Flavone I − O]+•) were observed in the MSn spectrum of
peak 31. Peak 31 was unambiguously identified as hinokiflavone by comparison of its experimental
data with those of the reference standard. Similarly, a series of odd-electron fragment ions at m/z 284
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([Flavone II]+•) and 254 ([Flavone I − O]+•) of peak 33 (tR = 103.5 min); 286 ([Flavone II + OH]+•), 270
([Flavone II]+•) and 268 ([Flavone I − O]+•) of peak 37 (tR = 111.4 min); and 284 ([Flavone II]+• or
[Flavone I]+•), 268 ([Flavone I − O]+•) and 256 ([Flavone II or I − CO]+•) of peak 46 (tR = 128.1 min) were
also observed. Based on comparisons with the reported data [17], peaks 33, 37 and 46 were tentatively
attributed to isocryptomerin, neocryptomerin and 7,7”-di-O-methylhinokiflavone, respectively.

2.2.4. Identification of the Polyacetylenes in WLY

A total of 4 polyacetylenes were tentatively identified from WLY. In the MSn spectra, the product
ions were commonly generated by the loss of the acyl side chains at C-12. The [M + Na]+ ion of
peak 36, which eluted at 107.8 min, was found at m/z 379. The fragment ions at m/z 279 and
257 were formed by loss of a senecioic acid unit (SenOH, 100 Da) and a SenONa unit (122 Da),
respectively. The product ion at m/z 257 further lost a unit of acetic acid to generate the ion at
m/z 197. Peak 38 eluted at 112.2 min and afforded the same [M + Na]+ ion and fragment ions as
those of peak 36. Peaks 36 and 38 were tentatively attributed to a pair of the geometric isomers
of 14-acetoxy-12-senecioyloxytetradeca-2E,8EZ,10E-trien-4,6-diyn-1-ol [14]. The MSn data of the
above compound are shown in Figure 4. A similar fragmentation pathway was observed for peaks
39 (tR = 113.0 min) and 41 (tR = 115.6 min). Peaks 39 and 41 showed the same [M + Na]+ ion
at m/z 381 and the same product ions. By comparisons with the MS data of peaks 36 and 38
and literature data, peaks 39 and 41 were tentatively attributed to a pair of geometric isomers of
14-acetoxy-12-methylbutyryl-tetradeca-2E,8EZ,10E-trien-4,6-diyn-1-ol [28].
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2.2.5. Identification of the Phenylpropanoids in WLY

The phenylpropanoids in WLY eluted between 33.0 and 64.2 min and exhibited protonated
molecular ions less than 200 Da. Peaks 13, 19, 20 and 21 eluted at 33.2, 43.5, 49.3 and 53.8 min were
unambiguously identified as coumarin, cinnamic alcohol, cinnamic acid and cinnamic aldehyde,
respectively, by comparison of their experimental data with those of reference standards. Based on
their similar fragmentation patterns and the reported data [29,30], the compounds corresponding to
peaks 17 (tR = 36.7 min) and 23 (tR = 64.2 min) were tentatively identified as 2-hydroxycinnamaldehyde
and 2-methoxycinnamaldehyde. Specifically, the characteristic fragment ions were formed by losses
of H2O (18 Da) and CO (28 Da). A series of fragment ions at m/z 91 ([C7H7]+), 77 ([C6H5]+) and 65
([C5H5]+) were observed. For example, peak 17 exhibited an [M + H]+ ion at m/z 149. The fragment
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ions at m/z 131, 121, 103, 93, 91 and 77 were assigned to [M + H − H2O]+, [M + H − CO]+, [M + H −
CO − H2O]+, [M + H − CO − C2H4]+, [C7H7]+ and [C6H5]+, respectively.

2.2.6. Identification of the Acetylenic Phenol Compound in WLY

Selaginellins, characteristic compounds of the genus Selaginella, consist of five six-membered
unsaturated rings and an acetylenic bridge. Peak 22 (tR = 62.6 min) exhibited an [M + H]+ ion at m/z
513, which yielded fragments ions at m/z 419 and 495 by the losses of a C6H5OH fragment (94 Da) and
H2O (18 Da), respectively. The fragment ion at m/z 419 went on to lose a C6H5OH fragment and H2O
to generate the ions at m/z 325 and 401, respectively. Moreover, the ion at m/z 297 and the odd-electron
fragment ions at m/z 378 were formed by losses of C13H10O2 (198 Da) and C8H5O·(117 Da) fragments
from the ion at m/z 495. Based on a comparison to the literature data [31], peak 22 was tentatively
attributed to selaginellin. The MS/MS fragmentation data (Figure 5) and pathway of selaginellin was
proposed for the first time.
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3. Material and Methods

3.1. Chemicals and Reagents

Processed Radix Aconiti Lateralis Preparata (lot number 080306), A. macrocephala (lot number
090326), S. tamariscina (lot number 60300511) and C. Ramulus (lot number 090328) were purchased
from Beijing Tongren Tang Pharmaceutical Co. Ltd. (Beijing, China). These samples were identified by
Prof. Sisong Yi as the lateral roots of Aconitum Carmichaeli Debx., the rhizome of A. macrocephala, the
whole plant of S. tamariscina and the twig of Cinnamomum cassia Presl. The reference standards
of aconitine and hypaconitine were purchased from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). Cinnamic aldehyde, cinnamic acid, cinnamic
alcohol, coumarin and atractylenolides I, II and III were purchased from Sichuan Weikeqi Biological
Technology Co. Ltd. (Chengdu, Sichuan, China). Amentoflavone was purchased from Sichuan Xiya
Chemical Co., Ltd. (Chengdu, Sichuan, China). Robustaflavone was supplied by Prof. Keli Chen from
Hubei University of Chinese Medicine. Hinokiflavone was provided by Prof. Weisheng Feng from
Henan University of Chinese Medicine. 7-O-methylamentoflavone was provided by Prof. Lijuan Chen
from Sichuan University. The purities of the reference standards were determined to be no less than
98% by HPLC-DAD.
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HPLC-grade acetonitrile were purchased from Honeywell Burdick & Jackson Company
(Morristown, NJ, USA). Acetic acid (HPLC-grade) was obtained from TEDIA Company Inc. (Fairfield,
OH, USA). Deionized water for HPLC analysis was prepared using a Milli-Q water purification system
(Milford, MA, USA). All other reagents were of analytical grade.

3.2. Sample Preparation

The medicinal herbs, processed Radix Aconiti Lateralis Preparata, A. macrocephala, S. tamariscina and
C. Ramulus, were mixed according to the previously described formula and pulverized into a powder.
The obtained powder was dispersed in a volume of 75% ethanol ten times greater than the weight
of powder for 30 min and then the mixture was refluxed twice for 1 h each time. After filtration, the
filtrates were combined and concentrated to afford the extract. A sample of the WLY extract (10 mg)
was dissolved in 1 mL of 60% methanol. After centrifugation at 10,033× g for 10 min, a 20 µL aliquot
of the solution was injected into the HPLC-MS/MS system. Three individual samples were analyzed
using the proposed LC-MS/MS conditions.

3.3. Analytical Method

An Agilent 1100 HPLC system (Agilent, MA, USA) consisting of a vacuum degasser, a
quaternary pump and an auto-sampler coupled to an API 3200 QTRAP mass spectrometer (Applied
Biosystems/MDS SCIEX, Concord, ON, Canada) was used for qualitative analysis. Chromatographic
separation was achieved on a Waters C18 analytical column (4.6 mm × 250 mm, 5 µm, Waters, Milford,
MA, USA) using a gradient elution system with a mobile phase of acetonitrile (A) and 0.1% aqueous
acetic acid (B) at a flow rate of 1 mL/min. The gradient elution program was as follows: 10–30% A
from 0–55 min, 30–40% A from 55–75 min, 40–50% A from 75–105 min, 50–60% A from 105–130 min,
60–90% A from 130–140 min, 90% A from 140–150 min. The column temperature was 30 ◦C and the
injection volume was 20 µL.

The MS conditions were as follows: data were collected in the positive and negative ion modes
from m/z 100 to 1000 amu; curtain gas (CUR): 15.0 psi; collision gas (CAD): medium; ion spray
voltage (IS): −4500 V (in negative ionization mode) and 4500 V (in positive ionization mode); source
temperature: 450 ◦C; nebulizer gas (GS1): 70 psi; auxiliary gas (GS2): 60 psi; declustering potential
(DP): 55 V; collision energy (CE): 32 eV; entrance potential (EP): 10 V; and collision cell exit potential
(CXP): 3 V.

3.4. Data Analysis

Data analysis for the identification of constituents was performed using the AB SCIEX Analyst
1.5 Software (AB SCIEX, Redwood City, CA, USA).

4. Conclusions

Because of their low concentrations and similar structures, the identification of the major
constituents of WLY formulae by traditional phytochemical and analytical methods is challenging.
In this study, a sensitive and accurate HPLC-MS/MS method was established to comprehensively
and systematically identify the chemical constituents of WLY. A total of 42 compounds, namely,
6 sesquiterpenes, 15 alkaloids, 10 biflavonoids, 4 polyacetylenes, 6 phenylpropanoids and 1 acetylenic
phenol, were identified by comparing their retention times and mass data with those of reference
standards and literature data. The fragmentation patterns of the 42 identified constituents of WLY were
proposed. The MS/MS data of selaginellin and the fragmentation pathways of polyacetylenes and
selaginellin are reported for the first time. Moreover, detailed analyses of the fragmentation pathways
of atractylenolides I, II and III were carried out. These qualitative results provide essential data for
the quality control and the metabolites identification of WLY. These results will also be useful for the
analysis of formulae analogous to WLY.
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article. Figure S1: The proposed fragmentation pathways of the identified compounds from WLY. Table S1:
Characterization of the constituents of WLY by LC-MS/MS.

Author Contributions: Y.S. and H.G. conceived and designed the research. H.G., X.L., X.C., M.S., Z.L. and P.L.
participated in the experiment operation. Y.S., H.G. and X.W. analyzed the data. Y.S. and H.G. wrote and edited
the manuscript.

Funding: This work was financially supported by the Science and Technology Major Programmer for Major Drug
Discovery (grant no. 2012ZX09301002-001-028) and the CAMS Innovation Fund for Medical Sciences (CIFMS)
(grant no. 2016-I2M-1-012).

Conflicts of Interest: There are no conflicts of interest to declare.

References

1. Aletaha, D.; Neogi, T.; Silman, A.J.; Funovits, J.; Felson, D.T.; Bingham, C.O., III; Birnbaum, N.S.;
Burmester, G.R.; Bykerk, V.P.; Cohen, M.D.; et al. 2010 Rheumatoid Arthritis Classification Criteria:
An American College of Rheumatology/European League Against Rheumatism Collaborative Initiative.
Arthritis Rheum. 2010, 62, 2569–2581. [CrossRef] [PubMed]

2. Ma, T.; Tan, C.; Zhang, H.; Wang, M.; Ding, W.; Li, S. Bridging the gap between traditional Chinese medicine
and systems biology: The connection of Cold Syndrome and NEI network. Mol. Biosyst. 2010, 6, 613–619.
[CrossRef]

3. Zhang, P.; Li, J.; Han, Y.; Yu, X.W.; Qin, L. Traditional Chinese medicine in the treatment of rheumatoid
arthritis: A general review. Rheumatol. Int. 2010, 30, 713–718. [CrossRef] [PubMed]

4. Gagné, D.J.; Papasavas, P.K.; Dovec, E.A.; Urbandt, J.E.; Caushaj, P.F. Effect of immunosuppression on
patients undergoing bariatric surgery. Surg. Obes. Relat. Dis. 2009, 5, 339–345. [CrossRef] [PubMed]

5. Wijnands, M.J.H.; Van Riel, P.L.C.M. Management of adverse effects of disease-modifying antirheumatic
drugs. Drug Saf. 1995, 13, 219–227. [CrossRef] [PubMed]

6. Lu, C.; Xiao, C.; Chen, G.; Jiang, M.; Zha, Q.; Yan, X.; Kong, W.; Lu, A. Cold and heat pattern of rheumatoid
arthritis in traditional Chinese medicine: Distinct molecular signatures indentified by microarray expression
profiles in CD4-positive T cell. Rheumatol. Int. 2012, 32, 61–68. [CrossRef]

7. Liu, J.; Wang, L.N.; Tian, J.Z. Recognition of dementia in ancient China. Neurobiol. Aging 2012, 33,
2948.e11–2948.e13. [CrossRef]

8. Liu, C.; Kong, X.; Li, X.; Guo, W.; Zhang, C.; Sun, Y.; Su, X.; Liu, X.; Lu, A.; Lin, N. Wen Luo Yin inhibits
angiogenesis in collagen-induced arthritis rat model and in vitro. J. Ethnopharmacol. 2013, 149, 478–489.
[CrossRef]

9. Li, S.; Zhang, B. Traditional Chinese medicine network pharmacology: Theory, methodology and application.
Chin. J. Nat. Med. 2013, 11, 110–120. [CrossRef]

10. Li, S.; Lu, A.; Jia, H. The curative effects of cold and heat Chinese herbal formula on the physical sign and
synoviocytes of collagen induced arthritis rats. Chin. J. Inf. Tradit. Chin. Med. 2002, 9, 25–28.

11. Liu, W.; Pi, Z.; Wang, X.; Song, F.; Liu, S. HPLC/ESI-MSn and ESI-MS studies on the Aconitum alkaloids in
three Chinese medicinal herbs. J. Sep. Sci. 2010, 33, 2898–2906. [CrossRef] [PubMed]

12. Xu, K.P.; Zou, H.; Li, F.S.; Xiang, H.L.; Zou, Z.X.; Long, H.P.; Li, J.; Luo, Y.J.; Li, Y.J.; Tan, G.S. Two new
selaginellin derivatives from Selaginella tamariscina (Beauv.) Spring. J. Asian Nat. Prod. Res. 2011, 13, 356–360.
[CrossRef]

13. Lee, C.W.; Choi, H.J.; Kim, H.S.; Kim, D.H.; Chang, I.S.; Moon, H.T.; Lee, S.Y.; Oh, W.K.; Woo, E.R.
Biflavonoids isolated from Selaginella tamariscina regulate the expression of matrix metalloproteinase in
human skin fibroblasts. Bioorg. Med. Chem. 2008, 16, 732–738. [CrossRef] [PubMed]

14. Dong, H.; He, L.; Huang, M.; Dong, Y. Anti-inflammatory components isolated from Atractylodes macrocephala
Koidz. Nat. Prod. Res. 2008, 22, 1418–1427. [CrossRef] [PubMed]

15. Shan, G.S.; Zhang, L.X.; Zhao, Q.M.; Xiao, H.B.; Zhuo, R.J.; Xu, G.; Jiang, H.; You, X.M.; Jia, T.Z. Metabolomic
study of raw and processed Atractylodes macrocephala Koidz by LC-MS. J. Pharm. Biomed. Anal. 2014, 98,
74–84. [CrossRef] [PubMed]

16. Xu, Y.; Su, S.L.; Wang, T.J.; Duan, A.J.; Wang, Z.Z. Chemical constituents and pharmacological activities of
Cinnamomum cassia. J. Chin. Med. Mater. 2013, 36, 674–678.

http://dx.doi.org/10.1002/art.27584
http://www.ncbi.nlm.nih.gov/pubmed/20872595
http://dx.doi.org/10.1039/b914024g
http://dx.doi.org/10.1007/s00296-010-1370-0
http://www.ncbi.nlm.nih.gov/pubmed/20204371
http://dx.doi.org/10.1016/j.soard.2008.07.014
http://www.ncbi.nlm.nih.gov/pubmed/18951067
http://dx.doi.org/10.2165/00002018-199513040-00002
http://www.ncbi.nlm.nih.gov/pubmed/8573295
http://dx.doi.org/10.1007/s00296-010-1546-7
http://dx.doi.org/10.1016/j.neurobiolaging.2012.06.019
http://dx.doi.org/10.1016/j.jep.2013.07.002
http://dx.doi.org/10.3724/SP.J.1009.2013.00110
http://dx.doi.org/10.1002/jssc.201000285
http://www.ncbi.nlm.nih.gov/pubmed/20730833
http://dx.doi.org/10.1080/10286020.2011.558840
http://dx.doi.org/10.1016/j.bmc.2007.10.036
http://www.ncbi.nlm.nih.gov/pubmed/18029185
http://dx.doi.org/10.1080/14786410801931629
http://www.ncbi.nlm.nih.gov/pubmed/19023804
http://dx.doi.org/10.1016/j.jpba.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24893211


Molecules 2019, 24, 233 12 of 12

17. Zhang, Y.X.; Li, Q.Y.; Yan, L.L.; Shi, Y. Structural characterization and identification of biflavones in
Selaginella tamariscina by liquid chromatography-diode-array detection/electrospray ionization tandem
mass spectrometry. Rapid Commun. Mass Spectrom. 2011, 25, 2173–2186. [CrossRef]

18. Zhang, N.; Liu, C.; Sun, T.M.; Ran, X.K.; Kang, T.G.; Dou, D.Q. Two new compounds from Atractylodes
macrocephala with neuroprotective activity. J. Asian Nat. Prod. Res. 2017, 19, 35–41. [CrossRef]

19. Sun, X.; Cui, X.; Wen, H.; Shan, C.; Wang, X.; Kang, A.; Chai, C.; Li, W. Influence of sulfur fumigation on
the chemical profiles of Atractylodes macrocephala Koidz. evaluated by UFLC–QTOF–MS combined with
multivariate statistical analysis. J. Pharm. Biomed. Anal. 2017, 141, 19–31. [CrossRef]

20. Wang, Y.; Song, F.; Xu, Q.; Liu, Z.; Liu, S. Characterization of aconitine-type alkaloids in the flowers of
Aconitum kusnezoffii by electrospray ionization tandem mass spectrometry. J. Mass Spectrom. 2003, 38, 962–970.
[CrossRef]

21. Zhang, N.; Song, Y.; Song, Q.; Shi, S.; Zhang, Q.; Zhao, Y.; Li, J.; Tu, P. Qualitative and quantitative assessments
of Aconiti Lateralis Radix Praeparata using high-performance liquid chromatography coupled with diode
array detection and hybrid ion trap-time-of-flight mass spectrometry. J. Chromatogr. Sci. 2016, 54, 888–901.
[CrossRef] [PubMed]

22. Yang, Y.; Yin, X.; Guo, H.; Wang, R.; Song, R.; Tian, Y.; Zhang, Z. Identification and comparative analysis
of the major chemical constituents in the extracts of single Fuzi herb and Fuzi-Gancao herb-pair by
UFLC-IT-TOF/MS. Chin. J. Nat. Med. 2014, 12, 542–553. [CrossRef]

23. Yue, H.; Pi, Z.; Song, F.; Liu, Z.; Cai, Z.; Liu, S. Studies on the aconitine-type alkaloids in the roots of Aconitum
Carmichaeli Debx. by HPLC/ESIMS/MSn. Talanta 2009, 77, 1800–1807. [CrossRef] [PubMed]

24. Tan, G.; Lou, Z.; Jing, J.; Li, W.; Zhu, Z.; Zhao, L.; Zhang, G.; Chai, Y. Screening and analysis of
aconitum alkaloids and their metabolites in rat urine after oral administration of aconite roots extract
using LC-TOFMS-based metabolomics. Biomed. Chromatogr. 2011, 25, 1343–1351. [CrossRef] [PubMed]

25. Xu, W.; Zhang, J.; Zhu, D.; Huang, J.; Huang, Z.; Bai, J.; Qiu, X. Rapid separation and characterization
of diterpenoid alkaloids in processed roots of Aconitum carmichaeli using ultra high performance liquid
chromatography coupled with hybrid linear ion trap-Orbitrap tandem mass spectrometry. J. Sep. Sci. 2014,
37, 2864–2873. [CrossRef]

26. Yang, H.; Liu, L.; Gao, W.; Liu, K.; Qi, L.W.; Li, P. Direct and comprehensive analysis of ginsenosides
and diterpene alkaloids in Shenfu injection by combinatory liquid chromatography-mass spectrometric
techniques. J. Pharm. Biomed. Anal. 2014, 92, 13–21. [CrossRef] [PubMed]

27. Wang, Y.P.; Xue, X.Y.; Zhang, X.L.; Jin, Y.; Zhang, F.F.; Liang, X.M. Identification of flavonoid aglycones in
ethyl acetate multi-components of Scutellaria barbata D. Don by HPLC/ESI-MS. J. Chin. Mass Spectrom. Soc.
2009, 30, 129–138.

28. Yao, C.M.; Yang, X.W. Bioactivity-guided isolation of polyacetylenes with inhibitory activity against
NO production in LPS-activated RAW264.7 macrophages from the rhizomes of Atractylodes macrocephala.
J. Ethnopharmacol. 2014, 151, 791–799. [CrossRef]

29. Chen, P.Y.; Yu, J.W.; Lu, F.L.; Lin, M.C.; Cheng, H.F. Differentiating parts of Cinnamomum cassia using
LC-qTOF-MS in conjunction with principal component analysis. Biomed. Chromatogr. 2016, 30, 1449–1457.
[CrossRef]

30. Wang, P.; Wang, B.; Xu, J.; Sun, J.; Yan, Q.; Ji, B.; Zhao, Y.; Yu, Z. Detection and chemical profiling of
Ling-Gui-Zhu-Gan decoction by ultra performance liquid chromatography-hybrid linear ion trap-Orbitrap
mass spectrometry. J. Chromatogr. Sci. 2015, 53, 263–273. [CrossRef]

31. Zhang, L.P.; Liang, Y.M.; Wei, X.C.; Cheng, D.L. A new unusual natural pigment from Selaginella sinensis and
its noticeable physicochemical properties. J. Org. Chem. 2007, 72, 3921–3924. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/rcm.5090
http://dx.doi.org/10.1080/10286020.2016.1247351
http://dx.doi.org/10.1016/j.jpba.2017.03.003
http://dx.doi.org/10.1002/jms.510
http://dx.doi.org/10.1093/chromsci/bmv245
http://www.ncbi.nlm.nih.gov/pubmed/27048641
http://dx.doi.org/10.1016/S1875-5364(14)60084-4
http://dx.doi.org/10.1016/j.talanta.2008.10.022
http://www.ncbi.nlm.nih.gov/pubmed/19159802
http://dx.doi.org/10.1002/bmc.1607
http://www.ncbi.nlm.nih.gov/pubmed/21413046
http://dx.doi.org/10.1002/jssc.201400365
http://dx.doi.org/10.1016/j.jpba.2013.12.041
http://www.ncbi.nlm.nih.gov/pubmed/24469096
http://dx.doi.org/10.1016/j.jep.2013.10.005
http://dx.doi.org/10.1002/bmc.3703
http://dx.doi.org/10.1093/chromsci/bmu051
http://dx.doi.org/10.1021/jo0701177
http://www.ncbi.nlm.nih.gov/pubmed/17439180
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Optimized Analytical Conditions 
	HPLC-MS/MS Analysis of the WLY Extract 
	Identification of the Sesquiterpenes in WLY 
	Identification of the Alkaloids in WLY 
	Identification of the Biflavonoids in WLY 
	Identification of the Polyacetylenes in WLY 
	Identification of the Phenylpropanoids in WLY 
	Identification of the Acetylenic Phenol Compound in WLY 


	Material and Methods 
	Chemicals and Reagents 
	Sample Preparation 
	Analytical Method 
	Data Analysis 

	Conclusions 
	References

