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chromatography coupled with
quadrupole time-of-flight mass

further chemical and biological evaluation of BHT, but also provided a comprehensive
analytical strategy for chemical characterization of secondary metabolites and carbohy-

spectrometry drates in traditional Chinese medicine formulas.
Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
N effects in vivo by synergy with co-occurring secondary me-
1. Introduction

Bai-Hu-Tang (BHT, also known as white tiger decoction), orig-
inally documented in Treatise on Exogenous Febrile Diseases
(Shang-Han-Lun, a renowned medicinal classic at the Eastern
Han Dynasty), is a classic traditional Chinese medicine (TCM)
formula used for clearing heat and promoting body fluid [1].
The potential of BHT for treating septicemia and hyperglyce-
mia is also demonstrated by pharmacological experiments
[2,3]. BHT is composed of one mineral drug, i.e., Gypsum
Fibrosum (GF, Shigao), and three herbal drugs including Ane-
marrhenae Rhizoma (AR, Zhimu), Glycyrrhizae Radix et Rhi-
zoma Praeparata cum Melle (GR, Zhigancao), and nonglutinous
rice (NR, Jingmi) [1]. Bioactive ingredients of the four drugs
have been individually explored. Specifically, GF is constitu-
ently explicit with no less than 95% hydrated calcium sulfate
(CaS04-2H,0) [4]; secondary metabolites, mainly involving
saponins (steroidal and triterpene) and flavonoids (xanthones,
flavanonols, and chalcones), are believed to be largely
responsible for pharmacological effects of AR [5] and GR [6];
NR mainly contains multiple primary metabolites (e.g., car-
bohydrates, amino acids, and vitamins) and microelements,
of which polysaccharides, especially amylose and amylo-
pectin, were much abundant occupying up to around 80% [7].
Nevertheless, the constituents of BHT still remain qualita-
tively and quantitatively unknown, especially those contrib-
uted by the three herbal drugs due to their complex chemical
compositions. Whether and how the bioactive chemicals in
the individual drugs occur in BHT are crucial to both control
the quality and ascertain the effective substances of BHT, and
therefore deserve further investigation.

Secondary metabolites and carbohydrates are commonly
deemed as the two major kinds of ingredients in most TCMs,
in particular herbal TCMs [8,9]. However, nowadays chemical
characterization of TCMs extensively focuses on secondary
metabolites since they have been understood adequately [10],
just as in the cases of AR and GR. By contrast, carbohydrates
(polymeric and monomeric carbohydrates) are largely over-
looked due to scientifically restricted definition. However, the
situation is becoming increasingly debatable given the
recently revealed chemical and bioactive roles of TCM carbo-
hydrates. To be specific, first, natural carbohydrates are
abundant in many TCMs and are easily extracted as the taken
chemicals since TCMs are usually prepared by water extrac-
tion [11]. Second, accumulated in vivo and in vitro studies have
demonstrated that TCM carbohydrates have various phar-
macological actions—anticancer [12], immune regulation
[13,14], hyperglycemic [15], and prebiotic-like effects [16], to
name but a few. In addition to their direct bioactivity, we
recently verified that carbohydrates could also exert indirect

tabolites in herbal medicines [17]. Therefore, carbohydrates
should be taken into account for overall chemical character-
ization of TCMs as well as TCM formulas.

Thus, we seek to further explore chemical compositions of
BHT in this study by characterizing both carbohydrates and
secondary metabolites. First, BHT was accordingly prepared.
Then, an ultra-performance liquid chromatography coupled
with quadrupole time-of-flight mass spectrometry (UPLC-
QTOF-MS/MS) method was developed for qualitative and
quantitative characterization of the secondary metabolites in
BHT, for the latter of which the extracting ion mode of QTOF-
MS was adopted. Meanwhile, carbohydrates in BHT, including
polysaccharides, oligosaccharides, and monosaccharides,
were also qualitatively and quantitatively determined by
sample pretreatment and then sugar composition analysis
using ultra-performance liquid chromatography coupled with
photodiode array detector (UPLC-PDA).

2. Methods
2.1. Reagents, chemicals, and materials

Acetonitrile [high-performance liquid chromatography (HPLC)
and MS grade], ammonium acetate (HPLC grade), ethanol
(absolute), and formic acid (MS grade) were purchased from
Merck (Darmstadt, Germany). Trifluoroacetic acid used for
acid hydrolysis of polymeric carbohydrates was from Riedel-
de Haén (Honeywell, Seelze, Germany). For monosaccharide
derivatization, 3-methyl-1-phenyl-5-pyrazolone (PMP) was
bought from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure
water was produced by a Milli-Q water purification system
(Merck Millipore, Milford, MA, USA).

Reference substances including neomangiferin, iso-
mangiferin, mangiferin, isoliquiritin, liquiritin, neoliquiritin,
liquiritin apioside, timosaponin BII, glycyrrhizic acid, and
timosaponin AlIl (Figure 1) were supplied from Chengdu Pufei
De Biotech Co. Ltd (Szechwan, China). The purity of these
reference standards was determined to be higher than 95% by
HPLC—MS analysis (the same analytical condition as described
in Section 2.3). Sugar reference substances, namely, D-
mannose (Man), L-rhamnose monohydrate (Rha), D-glucur-
onic acid (GlcA), D-galacturonic acid monohydrate (GalA), D-
glucose (Glc), D-galactose (Gal), L-arabinose (Ara), D-fucose
(Fuc), sucrose, and maltotriose, were obtained from Sigma.

GF and decoction pieces of AR and GR were purchased from
Hong Kong herbal market, and were authenticated by Pro-
fessor H.B. Chen based on the morphological and histological
features according to the standards of Chinese
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Figure 1 — Chemical structures of 10 investigated secondary metabolites.

Pharmacopoeia (2015 version). NR was bought from Hong
Kong supermarket. Voucher specimens were deposited in
School of Chinese Medicine, Hong Kong Baptist University.

2.2. Sample preparation

2.2.1. Extraction and pretreatment

GF (crushed, 10.00 g), AR (3.75 g), GR (1.25 g), and NR (3.76 g)
were accurately weighed, immersed together in 40 mL water
for 30 minutes, and then refluxed twice at 100°C for 30 mi-
nutes each to generate BHT. Next, the two extract solutions
were centrifuged (4000 xg for 10 minutes), and the superna-
tants were combined for freeze drying. The lyophilized pow-
der was then weighed and stored at 4°C before analysis.

Component drugs were also individually treated as mentioned
above.

For the analysis of secondary metabolites in BHT, the
lyophilized powder (20 mg) was accurately weighed and ul-
trasonic extracted by 20.0 mL of 80% methanol at room tem-
perature for 40 minutes. The extract was then centrifuged
(4000 xg for 10 minutes), and the supernatant was filtered
through a 0.22 pm syringe filter (Agilent Technologies, Santa
Clara, CA, USA) for UPLC-QTOF-MS/MS analysis. The lyophi-
lized powder of AR and GR extracts was also treated as
mentioned above.

For the analysis of carbohydrates in BHT, the lyophilized
powder (30 mg) was accurately weighed and redissolved in
1 mL of water by ultrasonication for 10 minutes. The extract
was then centrifuged (4000 xg for 10 minutes) to obtain the
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supernatant. Subsequently, the supernatant (0.5 mL) was
successively extracted with water-saturated n-butanol
(0.5 mL) and ethyl acetate (0.5 mL) (3 times each). After the
extraction, the aqueous layer was subjected to acid hydrolysis
followed by PMP derivatization or direct PMP derivatization
without acid hydrolysis; meanwhile, the supernatant (5 mL)
was precipitated by adding ethanol to make a final concen-
tration of 95% and left overnight (12 hours) at 4°C. After
centrifugation (4000 xg for 10 minutes), the precipitate was
collected, washed with ethanol, and dried (water bath, 70°C) to
remove the residual ethanol; then it was completely redis-
solved in 5 mL hot water (60°C) by drastic mechanical vibra-
tion for 2 hours to yield the crude polysaccharide solution, and
the polysaccharide content was determined by acid hydrolysis
and PMP derivatization.

2.2.2.  Acid hydrolysis of water extracts and polysaccharides
The prepared water extract or polysaccharide solution
(0.50 mL) was mixed with 2.50 mL of 2.4 M trifluoroacetic acid
(final concentration 2 M) solution in a screw-cap vial and hy-
drolyzed for 2 hours at 120°C. After cooling, the hydrolysate
was evaporated at 55°C on a rotary evaporator until dry. Then
1 mL of water was added to dissolve the hydrolysate, and the
precipitate was removed after centrifugation (15,700 xg for 5
minutes); the supernatant was then subjected to PMP
derivatization.

2.2.3. PMP derivatization of monosaccharides

Sugar derivatization was performed according to our previous
report [18]. Briefly, the acid hydrolysate (100 uL) was mixed
with the same volume of ammonia water and 0.5 M PMP
methanolic solution (200 pL). The mixture was allowed to
react at 70°C for 30 minutes and then cooled to room tem-
perature. Afterward, 100 pL glacial acetic acid and 500 uL
chloroform were successively added to neutralize the reaction
solution and remove the excess PMP reagents, respectively.
After vigorous shaking followed by centrifugation (15,700 xg
for 5 minutes), the organic phase was discarded. The opera-
tion was performed five times, and finally the aqueous layer
was filtered through a 0.22 um syringe filter (Agilent Tech-
nologies) before UPLC-PDA analysis. A standard solution,
containing six monosaccharides (Man, Rha, Glc, Gal, Ara, and
Fuc) and two uronic acids (GlcA and GalA), was also treated as
mentioned above.

2.3.  UPLC-QTOF-MS/MS analysis

2.3.1. Liquid chromatography

Analysis of secondary metabolites was performed on an Agi-
lent UPLC system equipped with a binary pump, a thermo-
statted column compartment, an autosampler, and a
degasser. A sample (2 pL) was injected onto an ACQUITY UPLC
BEH C18 column (2.1 mm x 100 mm, 1.7 pm; Waters, Milford,
MA, USA) operated at 40°C. The separation was achieved using
gradient elution with 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B) at a flow rate of 0.35 mL/min:
0—10 minutes, 2—15% B; 10—18 minutes, 15—45% B; 18—23
minutes, 45—75% B; 23—25 minutes, 75—100% B; 25—28 mi-
nutes, 100% B; 28—28.1 minutes, 100—2% B; 28.1—31 minutes,
2% B.

2.3.2. Mass spectrometry

MS data were recorded using an Agilent 6540 QTOF mass
spectrometer (Agilent Technologies) equipped with a QTOF
mass spectrometer and a jet stream electrospray ion source.
Data acquisition were controlled by Mass Hunter Qualitative
Analysis B.06 and Quantitative Analysis B.04 (Agilent Tech-
nologies). The optimized operating parameters in the negative
ion modes were as follows: nebulizing gas (N,) flow rate, 8.0 L/
min; nebulizing gas temperature, 300°C; jet stream gas flow,
8 L/min; sheath gas temperature, 350°C; nebulizer pressure, 45
psi; capillary voltage, 3000 V; skimmer, 65 V; Octopole RFV,
600 V; and collision energy, 15 eV. Mass spectra were recorded
across the range m/z 100—1300 with accurate mass measure-
ment of all mass peaks. Deprotonated molecular ions of the 10
analytes were selected as their respective extraction ions in
quantitative analysis using the extracting ion mode.

2.3.3. Establishment of in-house library and peak assignment
Previous reports on secondary metabolites from the consti-
tuted drugs of BHT were collected and summarized in a
Microsoft Office Excel table (Microsoft Corporation, Redmond,
WA, USA) to establish an in-house database, which includes
compound name, molecular formula, accurate molecular
weight, UV maximum wavelength, chemical structure, and
related references. The empirical molecular formula was
deduced by a comparison of the accurate mass value and the
theoretical exact mass value of putative deprotonated mo-
lecular ions and/or further confirmed by elucidating the
fragment ions based on previous reports, and then matched
with that of known compounds in the database using the
“Find” function of Microsoft Office Excel (Microsoft
Corporation).

2.4. UPLC-PDA analysis

Analysis of PMP derivatives of monosaccharides was per-
formed on a Waters UPLC system (Waters), which was
equipped with a vacuum degasser, a binary pump, an auto-
sampler, and a PDA detector. Samples (2 pL) were injected
onto an ACQUITY UPLC HSS C18 column (2.1 mm x 100 mm,
1.8 um; Waters) operated at 40°C. Separation was achieved
using gradient elution with 100 mM ammonium acetate (A)
(pH 5.58) and acetonitrile (B) at a flow rate of 0.3 mL/min: 0—9
minutes, 19% B; 9—14 minutes, 19—30% B; and 14—15 minutes,
30—19% B. UV detection wavelength was set at 245 nm.

2.5. Quantitative method validation

The UPLC-PDA and UPLC-QTOF-MS methods for quantitative
analysis of carbohydrates and secondary metabolites in BHT
were validated in terms of linearity, sensitivity, precision,
accuracy, and stability.

Stock solutions of reference compounds were diluted to
appropriate concentrations for the construction of calibration
curves. Six concentrations of the solution were analyzed, and
the calibration curves were constructed by plotting the peak
areas versus the concentrations of analytes. Limits of detec-
tion and lower limits of quantification under the present
conditions were determined at a signal to noise ratio of about
3 and the lowest point calibration standard, respectively.
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Intra- and interday variations were chosen to determine
the precision of the developed assay. For intraday variability
test, the BHT sample was extracted and analyzed for six rep-
licates within 1 day, while for interday variability test, the BHT
sample was examined in duplicates for 3 consecutive days.
Variations were expressed by the relative standard deviations
(RSDs) of the data.

The spike recovery test was used to evaluate the accuracy
of the method. The BHT sample with known contents of the
target analytes was weighed, and different amounts (low,
middle, and high levels) of reference standards (neo-
mangiferin: 60.00 pg, 90.00 pg, and 120.00 pg; isomangiferin:
6.00 pg, 9.00 pg, and 12.00 pg; mangiferin: 48.00 pg, 56.00 pg,
and 80.00 ng; isoliquiritin: 0.40 ug, 0.50 pg, and 1.00 pg; liquir-
itin: 5.00 pg, 10.00 pg, and 15.00 pg; neoliquiritin: 1.00 pg,
2.00 pg, and 4.00 pg; liquiritin apioside: 7.46 ng, 9.32 pg, and
11.18 pg; timosaponin BII: 192.00 pg, 240.00 pg, and 288.00 png;
glycyrrhizic acid: 2.50 pg, 4.00 pg, and 10.00 pg; timosaponin
AIII: 1.00 pg, 2.00 pg, and 5.00 pg; mannose: 121.11 pg, 100.92 pg,
and 80.74 pg; glucuronic acid: 86.2 pg, 72.18 pg, and 57.75 ug;
glucose: 5.76 mg, 4.79 mg, and 3.83 mg; galactose: 153.06 png,
127.55 pg, and 102.04 pg; arabinose: 49.98 ng, 41.65 pg, and
33.32 pg; sucrose: 3.00 mg, 6.00 mg, and 9.00 mg; and malto-
triose: 3.00 mg, 6.00 mg, and 9.00 mg) were spiked, and then
extracted and analyzed in triplicates. Spike recoveries were
calculated by the following equation:

spike recovery (%) = (total amount detected — original
amount)/amount spiked x 100%. (1)

The stability test was performed by analyzing the sample
extract over periods of 2 hours, 4 hours, 6 hours, 8 hours, 10
hours, 12 hours, and 24 hours; RSDs of the peak areas of each
analyte were taken as the measures of stability.

3. Results and discussion
3.1.  Methodology optimization

According to the original description in Treatise on Exogenous
Febrile Disease, BHT is produced by boiling GF 1 Jin, AR 6 Liang,
GR 2 Liang, and NR 6 Ge in 1 Dou (also called “dipper”) of water
and then removing the dregs. These traditional units of
measurement at the Eastern Han Dynasty are officially con-
verted into the modern ones by equating 1 Jin to 250 g, 1 Liang
to 15.625 g, 1 Ge to 20 mL, and 1 Dou to 2 L [1]. The BHT sample
was, therefore, prepared accordingly but scaled down by 25
times in this study, in which the NR amount was measured
using a measuring cylinder and then weighed.

The QTOF-MS is very adept at qualitative analysis of
complicated composition systems by providing accurate mass
measurement, high resolution, and selectivity. Thus, it is
widely employed for qualitative identification of secondary
metabolites in TCMs [19,20]. In recent years, it is also
attempted for quantitative determination of TCM constitu-
ents [21]. Moreover, using the extracting ion mode, the
quantitative selectivity and sensitivity of QTOF-MS could be
improved, and sometimes even comparative with that of

triple quadrupole mass spectrometer [22]. These favorable
features make QTOF-MS more attractive for simultaneous
quantitative and qualitative analysis of TCMs than triple
quadrupole mass spectrometer. It was therefore used here for
the quantitative and qualitative determination of secondary
metabolites in BHT. Both the positive and negative ion mode
were tried in MS analysis, and the data collected in the
negative ion mode were used for the qualitative identification
and quantitative analysis as it provided higher sensitivity.
To examine the carbohydrates in BHT, an analytical
strategy was newly adopted (Figure 2), by which carbohy-
drates with different polymeric degrees, including poly-
saccharides, oligosaccharides, and monosaccharides, could be
determined. First, the extraction efficiency of saccharides was
examined by the sulfuric acid—phenol method, and the result
showed that the saccharides in the materials could be
completely extracted because no sugar was detected in the
subsequent third extraction. Since the BHT sample was rich in
glycosides (saponins and flavonoids being the constituents,
see Section 3.3) that would release saccharides by acidic hy-
drolysis and thereby result in overestimated contents of free
carbohydrates, the water extracts of BHT were successively
extracted by water-saturated n-butanol and ethyl acetate to
remove the glycosides [23]. Meanwhile, we examined mono-
saccharides in the organic extracts using the developed UPLC-
PDA method, and no peaks were detected (data not shown),
thereby suggesting that free carbohydrates in the BHT were
not removed by this step. Subsequently, the extracted
aqueous layer was hydrolyzed, and the monosaccharides in
the hydrolysate were then determined by PMP derivatization
and UPLC-PDA analysis as the total free carbohydrate content
of BHT. Besides, the extracted water layer was directly sub-
jected to derivatization and chromatographic analysis, and
the determined monosaccharides on this occasion were
regarded as the free monosaccharides in BHT, since polymeric
carbohydrates did not release monosaccharides without
acidic hydrolysis. Meanwhile, the polysaccharides of BHT
were produced by ethanol precipitation and then character-
ized by the same method. Afterward, the difference between
the value of the total carbohydrate content and the sum of
polysaccharides and monosaccharides was treated as the
content of oligosaccharides in BHT (Figure 2). We previously
demonstrated that the commonly used 70—80% ethanol (final
concentration) for natural polysaccharide precipitation could
easily result in the loss of polysaccharides [11]. Here, ethanol
ata higher concentration (95%) was thus used for precipitating
the polysaccharides in BHT as much as possible. In addition,
the hydrolysis conditions for polymeric carbohydrates were
investigated by spiking two oligosaccharides, sucrose and
maltotriose, with known amounts into the samples that were
then subjected to hydrolysis, derivatization, and chromato-
graphic analysis (see Section 2.5). Recoveries of the glucose
released from the hydrolyzed sucrose and maltotriose were
between 94.45% and 113.73% (Table 1), indicating a satisfac-
tory hydrolysis condition. Meanwhile, the original procedure
of PMP derivatization was modified using ammonia water
instead of sodium hydroxide as the alkaline medium, since it
does not produce salt end products and thereby facilitates the
subsequent analysis [24]. In this case, the amino group and the
reducing end (aldehyde group) of reducing carbohydrates
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Figure 2 — Strategy for quantitative analysis of carbohydrate including polysaccharides, oligosaccharides, and
monosaccharides in the BHT sample. BHT = Bai-Hu-Tang; PMP = 3-methyl-1-phenyl-5-pyrazolone;
UPLC-PDA = ultraperformance liquid chromatography coupled with photodiode array detector.

could be reacted to generate Schiff base (glycamine de-
rivatives) [25]. However, the good method validation data (see
Section 3.2), in particular the linearity, sensitivity, and accu-
racy, suggested that the side reaction was slight, stable, and
therefore acceptable. Besides, the chromatographic specificity
in the analysis of the released and free monosaccharides in
BHT was observed by analyzing the untreated water extractin
the same concentration and analytical conditions, and the
result showed no obvious interference peaks. However, some
minor peaks except for the PMP-labeled monosaccharides
were detected in the water extract that was not subjected to
acid hydrolysis before derivatization (Figure 3). We deduced
that they might be the PMP-labeled oligosaccharides in BHT
since PMP derivatization followed by reversed-phase chro-
matography analysis was also occasionally employed for
natural oligosaccharide determination [26].

The HPLC method previously developed for mono-
saccharide analysis was transplanted into UPLC with minor
modifications in this study, by which the analytical time was
greatly shortened and the sensitivity was improved as well
[27]. Different types of reversed-phase columns, namely, BEH
C18, HSS T3, and HSS C18, were tried for secondary metabolite
and monosaccharide analysis. The result indicated that the
separation of polar monosaccharide derivatives was better

achieved on HSS C18, while BEH C18 could give consideration
of the total secondary metabolites with a wide range of
polarity.

3.2. Quantitative method validation

The linearity, sensitivity, precision, accuracy, and stability of
total 18 analytes (10 secondary metabolites, 6 neutral mono-
saccharides, and 2 uronic acids), analyzed by UPLC-QTOF-MS
and UPLC-PDA, are summarized in Table 1. The data indicated
a good relationship between concentrations and peak areas of
the analytes within the test ranges (R? > 0.9991). The limits of
detection of all analytes, as assessed by UPLC-QTOF-MS and
UPLC-PDA, were < 6.16 ng/mL and < 0.98 pg/mL on the col-
umns, respectively. The overall RSDs of intra- and interday
variations for the analytes were not more than 4.74% and
5.08%, respectively. The established methods also had
acceptable accuracy with a spike recovery of 91.97-110.38%
for all analytes. As to the stability test, the RSDs of the peak
areas for all analytes detected within 24 hours were < 5.12%.
All these results indicated that the established methods were
linear, sensitive, precise, accurate, and stable enough for
quantification of the selected secondary metabolites as well as
the released and free monosaccharides in the BHT sample.
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Table 1 — Calibration curves, linear ranges, sensitivity, precision, stability, and accuracy for quantitative assay of 20 analytes.

¢S6

Analyte Linearity LLOQ LOD* Repeatability Spike recovery % Stability
(ng/mL) (ng/mL) (RSD, %, n=6) (RSD, %, n=3) (RSD, %, n=6)
Range Equation R? Intraday Interday High Middle Low
(ng/mL)

UPLC-QTOF-MS/MS assay

Neomangiferin 0.05—-10 y=522.37x — 26,433.83 0.9998 0.05 0.71 1.53 4.26 96.51 101.76 105.87 4.21
(2.62) (1.48) (5.47)

Mangiferin 0.125-50 y=701.07x + 49,783 0.9993 0.125 0.33 4.25 4.62 106.72 102.98 105.54 2.72
(0.51) (5.51) (4.30)

Isomangiferin 0.05—-25 y=430.23x — 8113 0.9999 0.05 0.96 4.11 5.08 107.54 106.64 101.15 3.93
(4.46) (1.60) (0.61)

Neoliquiritin 0.02—25 y=341.5x — 7107.5 0.9996 0.02 6.16 1.86 3.53 101.28 100.07 99.07 3.38
(2.46) (5.09) (4.81)

Liquiritin 0.02-50 y=612.15x — 3713.8 0.9999 0.02 3.95 2.18 4.09 104.56 101.05 102.82 3.07
(0.50) (3.27) (4.25)

Liquiritin apioside 0.125—-100 y=431.08x — 46,525 0.9997 0.125 3.76 1.94 3.82 105.23 105.62 109.65 3.63
(0.56) (0.51) (2.11)

Isoliquiritin 0.01—-25 y=914.32x — 3529.1 0.9998 0.01 1.88 2.02 3.01 102.65 100.65 110.38 1.76
(3.40) (2.25) (0.41)

Timosaponin BII 0.25—-100 y =203.08x — 33,875 0.9995 0.25 1.25 1.73 3.73 105.67 101.96 106.94 4.77
(5.40) (0.58) (4.28)

Glycyrrhizic acid 0.01-1.25 y =343.74x — 3113.7 0.9994 0.01 0.39 2.14 5.00 109.36 97.30 100.94 291
(0.90) (4.64) (8.68)

Timosaponin AlIl 0.02—-25 y =144.56x — 489.78 0.9993 0.02 1.25 1.69 4.01 98.08 97.12 102.53 3.34
(2.74) (3.88) (3.24)

UPLC-PDA assay

Mannose 0.39—-200 y = 8406.6x — 3645.8 0.9997 0.39 0.10 3.52 2.92 99.50 96.57 100.11 4.39
@12 (1.59) (4.42)

Rhamnose 3.91-2000 y=1179.3x + 9760.6 0.9992 3.91 0.49 3.29 2.83 = 5.12

Glucuronic acid 0.78—400 y =8626.7x — 9639.6 0.9997 0.78 0.39 1.22 4.00 — 3.58

Galacturonic acid 0.78—400 y =4388.4x — 24,087 0.9993 0.78 0.33 2.22 4.01 91.97 103.15 95.58 4.18
(1.97) (2.88) (0.73)

Glucose 3.91-2000 y =3229.6x + 37,825 0.9995 3.91 0.49 4.39 2.84 107.16 96.52 108.35 2.70
(1.59) (3.70) (1.00)

Galactose 0.78—400 y=6392.9x + 6833.8 0.9997 0.78 0.20 4.74 3.58 105.55 105.43 93.71 3.48
(3.23) (4.27) (2.62)

Arabinose 0.39—-200 y =3040.3x + 6130.3 0.9996 0.39 0.17 2.97 4.92 93.61 102.16 107.97 2.30
(3.09) (4.76) (2.06)

Fucose 3.91-2000 y=19,907x + 21,304 0.9991 3.91 0.98 3.56 4.12 = 3.56

Sucrose 105.22 112.13 101.19
(1.38) (3.21) (1.32)

Maltotriose 94 .45 108.85 113.73
(2.99) (5.08) (3.98)

LLOQ = lower limit of quantification; LOD = limit of detection; RSD = relative standard deviation; UPLC-PDA = ultraperformance liquid chromatography coupled with photodiode array detector; UPLC-
QTOF-MS = ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry.
& The LOD unit of UPLC-PDA assay is pg/mL.
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Figure 3 — (A) Typical base peak chromatograms of the BHT sample (A1), GR (A2), and AR (A3), and (B) PDA chromatograms of
standards (B1) and the BHT sample (B2). The peak numbers in Figure 3A are the same as those in Table 2.
AR = Anemarrhenae Rhizoma; BHT = Bai-Hu-Tang; GR = Glycyrrhizae Radix et Rhizoma Praeparata cum Melle;

PDA = photodiode array detector.

3.3.  Analysis of secondary metabolites

By the optimized gradient elution, the main secondary me-
tabolites in BHT were separately eluted within 22 minutes on
the column (Figure 3). A total of 42 major secondary metabo-
lites were tentatively or definitely identified from the BHT

sample, 10 of which were confirmed by comparing the mass
spectra and retention times with those of reference com-
pounds, while the others were temporarily assigned by the
elemental composition data determined from accurate mo-
lecular weight measurements and/or fragment ions, and a
comparison with those of the published known chemicals in
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Table 2 — Chromatographic and mass spectral data of the 42 compounds analyzed by UPLC-QTOF-MS/MS.

Peak Identification tr Molecular [M—H] Assigned adduct Occurrence Classification
no. (min) formula Y — Mass and fragment ions
mass accuracy
(Da) (ppm)
1 p-Hydroxybenzyl malonic acid [28] 4.92 C10H100s 209.0451 1.97 419.0975 [2M—H]~ GR Organic acid
165.0562 [M—H—CO,]~
121.0654 [M—H—2CO,]~
2 Neomangiferin [5] 6.11 CysHy5046 583.1299 1.32 1167.2665 [2M—H] ™ AR Xanthone
421.0770 [M—H—Glc]~
3 Mangiferin [5] 7.94 ol O 421.0769 1.85 843.1591 [2M—H]~ AR Xanthone
4 Isomangiferin [5] 8.38 C19H15011 421.0762 3.35 843.1595 [2M—H]~ AR Xanthone
5 Vicenin-2 [29] 8.91 @ 593.1506 412 639.1584 [M—H+HCOOH]~ GR Flavone
337.0384 [M—H—Glc—CgHeO] ™
6 Iriflophenone [5] 10.27 C13H100s 245.0450 2.06 491.0976 [2M—H]~ AR Benzophenone
7 Neoliquiritin [29] 11.19 C21H2,09 417.1178 3.10 463.1210 [M—H+HCOOH] ™ GR Flavanone
835.2416 [2M—H]~
8 Liquiritin [6,29] 11.42 C21H2209 417.1188 2.03 835.2425 [2M—H]~ GR Flavanone
255.0659 [M—H—Glc|~
135.0085 [M—H—Glc—CgHgO] ™
9 Liquiritin apioside [6,29] 11.67 CoeH30013 549.1598 2.92 1099.3267 [2M—H]~ GR Flavanone
417.1181 [M—H—Api]
255.0661 [M—H—Api—Glc]~
135.0086 [M—H—Api—Glc—CgHgO] ™
10 Baohuoside I [30] 12.80 Cy7H30010 — 0.29% 559.1821 [M—H-+HCOOH] ™ AR Flavonol
11 150H-timosaponin N (or isomer)/ 13.08 C4sH76021 951.4780 2.73 997.4830 [M—H+HCOOH] AR Furostanol saponins
150H-macrostemonoside J [31,32] 789.4241 [M—H—Glc]~
627.3734 [M—H—2Glc]~
465.3139 [M—H—2Glc—Gal]~
12 Timosaponin N + Rha or isomer [33] 13.41 Cs1HgeO24 1081.5403 3.10 1127.5462 [M—H+HCOOH] ™ AR Furostanol saponin
935.4829 [M—H—Rha]~
773.4316 [M—H—Rha—Glc]|~
611.3790 [M—H—Rha—2Glc]™
13 Timosaponin E1/timosaponin N (or isomer)/ 13.59 Cy45H76020 935.4827 3.24 981.4878 [M—H+HCOOH] AR Furostanol saponin
hydroxyl-timosaponin BIl/macrostemonoside 773.4315 [M—H—Glc]~
7 [31,32] 611.3791 [M—H—2Glc]~
4493270 [M—H—2Glc—Gal]~
14 Karatavioside C [34] 13.81 Cs6Ho2009 1227.5586 4.79 1095.5214 [M—H—Xyl]~ AR Furostanol saponin
933.4705 [M—H—Xyl—Glc]|~
771.4175 [M—H—Xyl—2Glc]~
15 Isoliquiritin apioside (licuraside) [29] 13.83 Co6H30013 549.1603 1.95 417.1164 [M—H—Api] GR Chalcone
255.0660 [M—H—Api—Glc]~
135.0084 [M—H—Api—Glc—CgHg0] ™
16 Isoliquiritin [29] 14.01 C21H2,04 417.1180 2.75 835.2420 [2M—H]~ GR Chalcone

255.0663 [M—H—Glc]~
135.0086 [M—H—Glc—CgHgO]™
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Timosaponin E1/270H-timosaponin
BII + Rha [33]

Ononin [35,36]
2,4',6-Trihydroxy-4-methoxybenzophenone

(or isomer) [37]
Licorice glycoside B [29]

Timosaponin BII [31]

Asparagoside G/petunioside N/terrestrosin
H [33,38,39]

Timosaponin H1 [33]

Formononetin [35,36]

22-Acetoxyl licorice-saponin G2 [40]
Licochalcone B [6]

Licorice-saponin A3 (or isomer) [40]

22-Acetoxyl-glycyrrhizin [29]

Timosaponin C/timosaponon B/
macrostemonoside F/anemarsaponin C [33]

Timosaponin C/timosaponon B/
macrostemonoside F/anemarsaponin C [33]
Licorice-saponin G2 or isomer [40]
Liquiritigenin [36,40]

Licorice-saponin G2 or isomer [40]

Glycyrrhizic acid [36,40]

Anemarrhena saponin I/II [31]

14.06

14.22

14.32

14.42

14.66

14.75

14.83

15.29

15.80

15.90

16.18

16.49

16.52

16.59

16.75

16.98

17.49

18.13

18.26

C4SH76020

C22H2,09

C14H1205

C35H36015

C45H76019

C51H86024

C56H92028

C16H12o4

C44He4019

C16H1405

C4gH72021

C44H64o 18

CasH74018

C45H74018

CaoHe2017

C15H12O4

CaoHe2017

C42He2016

CaoHe6014

935.4831

429.1187

259.0607

695.1963

919.4903

1081.5411

1211.5673

267.0657

895.3943

285.0760

983.4465

879.3994

901.4771

901.4775

837.3889

255.0656

837.3885

821.3968

757.4354

2.32

2.39

2.33
2.87
3.07
2.89
2.93

3.45

3.46

981.4881 [M—H-+HCOOH]
773.4316 [M—H—Glc]~
611.3791 [M—H—2Glc]~
475.1233 [M—H-+HCOOH] ™
267.0657 [M—H—Glc]~
519.1254 [2M—H]~

243.0290 [M—H—CH,]”
1391.3971 [2M—H]~
417.1190 [M—H—Cy4H,,06]”
255.0661 [M—H—Gy4H1,06—Glc]~
965.4942 [M—H-+HCOOH]
757.4371 [M—H—Glc]
595.3841 [M—H—2Glc]~
433.3301 [M—H—2Glc—Gal|~
1127.5484 [M—H-+HCOOH]~
919.4909 [M—H—Glc]|~
757.4372 [M—H—2Glc]~
595.3778 [M—H—2Glc—Gal|~
1257.5679 [M—H-+HCOOH]~
1079.5268 [M—H—Xyl]~
252.0425 [M—H—CH,]~
837.3899 [M—H—C,H,0,]~
571.164 [2M—H]|~

821.3958 [M—H—Glc]|~
351.0568 [2GlcA—2H,0—H]"
193.0351 [GlcA—H]~
947.4827 [M—H-+HCOOH]~
739.4267 [M—H—Glc]™
577.3723 [M—H—2Glc]~
947.4824 [M—H-+HCOOH] ™
739.4269 [M—H—Glc]~
577.3743 [M—H—2Glc]™
1675.7769 [2M—H]~
351.0572 [2GlcA—2H,0—H]~
193.0350 [GlcA—H]~
301.0706 [M—H+HCOOH]~
135.0085 [M—H—CgHgO]
119.0500 [M—H—C,H,0,]
1675.7826 [2M—H]~
351.0567 [2GlcA—2H,0—H]~
193.0349 [GlcA—H]~
1643.7956 [2M—H]~
645.3623 [M—H—GlcA]~
469.3304 [M—H—2GlcA]”
351.0566 [2GlcA—2H,0—H]~
193.0353 [GlcA—H]~
803.4418 [M—H-+HCOOH] ™
1515.8785 [2M—H]~
595.3840 [M—H—Glc]~

AR

GR

AR

GR

AR

AR

AR

GR

GR

GR

GR

GR

AR

AR

GR

GR

GR

GR

AR

Furostanol saponin

Isoflavone
Benzophenone

Flavonoid glycoside

Furostanol saponin

Furostanol saponin

Furostanol saponins
Isoflavone
Triterpene saponin
Chalcone
Triterpene saponin
Triterpene saponin
Furostanol saponin
Furostanol saponin
Triterpene saponin
Flavanone

Triterpene saponin

Triterpene saponin

Furostanol saponin

(continued on next page)
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Classification

Occurrence

Assigned adduct
and fragment ions

[M—H]

Molecular

tr

(min)

Identification

Mass
accuracy

(ppm)

Measured

formula

mass
(Da)
807.4150

Triterpene saponin

GR

M—H—CeHgOg]

631.3819
351.0566
193.0354
351.0568
193.0351
297.1122
801.4256
593.3693

2.80

C4oHe4015

18.74

Licorice-saponin B2/dehydroxyl-

uralsaponin C [40]

36

2GlcA—2H,0—H]~

GlcA—H]~

Triterpene saponin

GR

2GlcA—2H,0—H]~

GlcA—H]™

821.3939 3.16

C42H62016

18.87

Licorice-saponin H2/K2 [40]

Lignan

AR

M—-H-+HCOOH] ™

2.61
3.05
2.73

251.1071
755.4200

C17H1602

19.25
19.99

Nyasol [5]

38

Spirostanol saponin

Isoflavone
Flavone

M—H-+HCOOH] AR
GR

M—-H—Glc]™

323.0923 [M—H—CH,0]~

703.1801 [2M—H]~

353.1021
351.0869
739.4245

C39He4014
C20H1806

20.25

anemarrhenasaponin A2/timosaponin A2/

Timosaponin All/anemarrhenasaponin III/
timosaponin G

Gancaonin C [6]

39
40

GR
AR

1.49
4.00

C20H1606

21.35

Licoisoflavone B/semilicoisoflavone B [6]

Timosaponin AlII [31]

41

Spirostanol saponin

785.4298 [M—H-+HCOOH]~

577.3737 [M—H—Glc]~

C39He4013

21.45

42

ultra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry.

2 Calculated by [M—H+HCOOH] .

UPLC-QTOF-MS

the established in-house library. Details of the secondary
metabolites are summarized in Table 2. Mass accuracy for all
quasimolecular ions were < 5 ppm, indicating that the
empirical molecular formula match well with the putative
deprotonated ions. As shown in Table 2, the major secondary
metabolites in the BHT sample belonged to steroidal saponins,
triterpene saponins, and flavonoids. For example (Figure S1),
Peak 21 showed [M—H]™ and [M—H+HCOOH]™ at m/z 919.4903
and m/z 965.4942, respectively, which indicated that its mo-
lecular formula was C4sH76019. In the MS? spectrum of Peak 21,
fragment ions at m/z 757.4371, m/z 595.3841, and m/z 433.3301
formed by sequential losses of glucosyls and galactosyl were
observed. Therefore, Peak 21 was identified as timosaponin BII
[31], which was further confirmed by a reference substance.
Similarly, the molecular formula of Peak 34 was determined as
C4oHg,046 based on its mass-to-charge ratios of m/z 821.3968
(IM—H]") and m/z 1643.7956 ([2M—H]"). In addition, deglucur-
onosylated product ions at m/z 645.3623 ([M—H—GIcA]") and
m/z 469.3304 ([M—H-2GlcA]") and glucuronosyl ions at m/z
351.0566 ([2GlcA—2H,0—H]") and m/z 193.0353 ([GlcA—H]")
were found. Glycyrrhizic acid was thus assigned to Peak 34
[36,40], and it was also confirmed by reference substance. Peak
8 showed [M—H]™ and [2M—H]™ at m/z 417.1188 and m/z
835.2425, respectively, indicating a molecular formula of
C21H250,. Fragmentions at m/z 255.0659 ((M—H—Glc] ") and m/z
135.0085 ([M—H—Glc—CgHgO]") suggested that the compound
was liquiritin, and it could be degraded by O-glycoside cleav-
age and then RDA cleavage [6,29]. Peak 5 showed mass-to-
charge ratios of m/z 593.1506 ([M—H]|") and m/z 639.1584
(M—H+HCOOH]"). By comparing with chemicals in the li-
brary, Peak 5 was tentatively identified as vicenin-2
(C57H30015). The speculation was supported by the daughter
ion at m/z 337.0384 formed by C-glycoside cleavage and B-ring
cleavage [29]. These results revealed that different types of
secondary metabolites in BHT showed different mass frag-
mentation patterns.

Moreover, it was manifested that the secondary metabo-
lites in BHT were from AR and GR rather than from GF and NR,
by comparing the respective chemical profiles of BHT, AR, and
GR (Figure 3 and Table 2), which is in agreement with the fact
that no secondary metabolites from GF and NR have been
reported so far. Steroidal saponins and flavonoids from AR
together with triterpene saponins and flavonoids from GR
constituted the majority of secondary metabolites in BHT,
while some other types of constituents occurred as well, such
as lignans and organic acids, which is also in conformity with
the reported chemical compositions of AR and GR [5,6]. As
mentioned earlier, saponins and flavonoids are regarded as
the main bioactive chemicals of AR and GR. Thus, 10 major
(and/or characteristic) saponins and flavonoids, including
three xanthones (mangiferin, isomangiferin, and neo-
mangiferin), three flavanonols (liquiritin, neoliquiritin, and
liquiritin apioside), one chalcone (isoliquiritin), one spiro-
stanol saponin (timosaponin Alll), one furostanol saponin
(timosaponin BII), and one triterpene saponin (glycyrrhizic
acid), were selected as the quantitative markers and then
were determined by the extracting ion mode analysis, in
which deprotonated ions served as the selected ions for each
analyte due to their high mass spectrum response. The
extracted ion chromatograms shown in Figure S2
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Figure 4 — Amount of chemicals determined in the BHT sample. BHT = Bai-Hu-Tang.

demonstrated that the extracting ion mode provided satis-
factory chromatographic resolution for the 10 analytes
compared with the base peak ion chromatogram, which is
indispensable for quantitative analysis. The results indicated
that the 10 analytes in the BHT samples varied quantitatively,
accounting for 4.56% of the BHT extract in total (Figure 4).
Among them, liquiritin and glycyrrhizic acid in GR as well as
mangiferin and timosaponin BII in AR are regarded as their
respective quality control markers in the Chinese Pharmaco-
poeia (2015 edition) [4]. We verified that they were also
abundant in the BHT sample, in particular timosaponin BII
(2.81%).

3.4. Analysis of carbohydrates

Quantification of carbohydrates in the BHT sample is
demonstrated in Figure 4. Based on the results, it could be
concluded that the polysaccharides and oligosaccharides of
BHT consisted of five monosaccharide units, namely Glc, Man,
Gal, Ara, and GalA, while Gal, Glc, and Ara were the free
monosaccharides in the BHT sample; the total content of
polysaccharides, oligosaccharides, and monosaccharides
calculated by the sugar composition analysis were 12.81%,
15.59%, and 2.80%, respectively, in which Glc was the major
compositional sugar of all three kinds of carbohydrates with a
percentage of 90.87%, 94.88%, and 96.97%, respectively. These
carbohydrates should be derived from three constituted
herbal drugs of BHT, i.e., AR, GR, and NR. Several neutral and
acidic polysaccharides in arabino-galacto-glucan or arabino-
galactan types have been extracted from GR before, and the
structural elucidation indicated that they were mainly

composed of Glc, Ara, Gal, and/or GalA [41,42]. Reportedly, a
similar composition mainly including Glc, Ara, Gal, and Man
structured the AR polysaccharides [43]. Moreover, Glc was the
predominant monosaccharide unit of the investigated poly-
saccharides in both AR and GR. These previous study results
were highly consistent with the findings here. Besides, the
high contents of amylose and amylopectin in NR should also
significantly contribute to the high content of released Glc in
the BHT sample [7]. Additionally, oligosaccharides in BHT
were unexpectedly found with a higher content than poly-
saccharides and monosaccharides therein. However, unfor-
tunately, oligosaccharides in AR, GR, and NR have hardly been
concerned so far. Natural oligosaccharides have been proved
to be existent in a wide range of sources, including herbal
medicines and foods [44], and thus also potentially occur in
the constituted drugs of BHT. Moreover, it is well defined that
starch could release various kinds of oligosaccharides by hy-
drolysis, such as malto-oligosaccharides and isomalto-
oligosaccharides [45]. We therefore surmised that the starch
in NR could be incompletely hydrolyzed to oligosaccharides
during the BHT preparation under the GF-induced weak acidic
condition, which thereby, at least partially, resulted in the
high content of oligosaccharides.

Taking secondary metabolites and carbohydrates together,
the established method was able to quantify 35.76% of the
BHT extract. The undetermined part should include
CaS04-2H,0, unquantified metabolites, amino acids, vita-
mins, and microelements. The quantitative level was
improved compared with the analysis of TCM formulas
focusing on secondary metabolites, and should, therefore, be
instrumental in chemical dissection and quality control of
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BHT. More significantly, this study provided an overall
chemical basis for further biological evaluation, e.g., elucida-
tion of bioactive substances. Given the considerable content
and experimentally demonstrated bioactivities of the deter-
mined secondary metabolites and carbohydrates [5,41—43,46],
we have reason to believe that these chemicals in BHT should
be therapeutically contributive, which however still warrants
further investigation.

4. Concluding remarks

In this study, an efficient combination of analytical ap-
proaches using UPLC-QTOF-MS/MS and UPLC-PDA was
developed and validated to qualitatively and quantitatively
characterize secondary metabolites and carbohydrates,
respectively, in BHT. The results showed that the determined
chemicals accounted for 35.76% of the total extract of BHT.
This research not only set a basis for further chemical and
biological investigation of BHT, but also provided a compre-
hensive analytical strategy for chemical characterization of
secondary metabolites and carbohydrates in TCM formulas.
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