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Abstract. Radix Astragali is a famous traditional
Chinese medicine and honey-processed Astragalus
is a product of Radix Astragali acquired by honey-
processing. These two products are widely utilized to
treat various diseases. In this study, we screened
bioactive components and metabolites of raw and

Radix Astragali

asansA Q: honey-processed Astragalus in rat urine by ultra-
i < - performance liquid chromatography equipped with
~—p - 2 electrospray ionization/quadrupole time-of-flight

mass spectrometry (UHPLC/ESI-Q-TOF-MS) com-
bined with multivariate statistical analysis. In total, 62 compounds, including 7 parent compounds and 55 metabolites,
were detected and 11 metabolites were characterized for the first time. The identified metabolites indicated that the
metabolic reactions of Astragalus in rats included hydroxylation, glucuronidation, deglucosidation, monomethylation,
demethylation, sulfation, hydrogenation, and dehydroxylation. The metabolic pathways of raw and honey-processed
Astragalus in rat urine also were clarified. Through multivariate statistical analysis of the data of the raw and honey-
processed Astragalus groups, we found that 20 compounds were differential components and that 1 metabolite only
existed in the honey-processed Astragalus group. The differences in these ingredients between these two groups might
provide the basis for interpreting the biologic activity differences in traditional Chinese medicine treatments.
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Introduction

Radix Astragali is a well-known traditional Chinese medicine
and has been extensively used in clinical application in China.
It is the dried root of Astragalus membranaceous (Fisch.) Bge.
and Astragalus membranaceous (Fisch.)Bge. var. mongolicus
(Bge.) Hsiao, and also called Huang Qi in Chinese [1]. Honey-
processed Astragalus is a composite product of Radix Astragali
and honey prepared by a traditional processing method.
Honey-processed Astragalus is utilized to replace raw Radix
Astragali to achieve in reinforcing “Qi” (vital energy) and the
latter is mainly used to induce diuresis, alleviate edema, pro-
mote pus discharge, and tissue regeneration [2, 3]. Pharmaco-
logical and clinical studies documented that Radix Astragali
had various effects, such as immunomodulating and
immunorestorative effects [4], anti-tumor effects [5], antioxi-
dative effects [6], and cardiovascular function enhancement
[7]. Honey-processed Astragalus improves the protection of
damaged red blood cells and immunologic function [3, 8], but
reduce the antioxidant effects [9]. However, the differences in
pharmacological effects of these two products are unknown.

Only absorbed ingredients are given the opportunity to
become bioactive constituents [10]. Therefore, it is necessary
to explore the serum pharmacochemistry of Radix Astragali in
order to find bioactive ingredients and differences in vivo
between raw and honey-processed Astragalus. Actually, the
contents of bioactive ingredients absorbed into blood are so
low that it is sometimes difficult to detect these ingredients.
However, the contents of bioactive ingredients in urine are
higher than those in serum. In the past decade, in vivo metab-
olism of Radix Astragali or other prescriptions containing
Radix Astragali are reported [11-18], but in vivo metabolites
of honey-processed Astragalus are seldom explored. In Radix
Astragali oral solution and injection, which are widely used to
treat numerous diseases, the main ingredients are water extracts
of Radix Astragali [19]. Up to now, the comparative study on
the metabolites of water extracts of raw and honey-processed
Astragalus has not been reported. Therefore, it is necessary to
evaluate the metabolites of water extracts of raw and honey-
processed Astragalus and compare their absorption and metab-
olism differences.

Active components in Radix Astragali mainly include
isoflavonoids, saponins, and polysaccharide [11]. The differ-
ences in pharmacological effects between the raw and proc-
essed Astragalus are possibly caused by the changes in the
chemical composition of Radix Astragali after honey-process-
ing. In our previous study, the fingerprint of honey-processed
Astragalus was established by UHPLC/ESI-Q-TOF-MS and
the differences in the chemical constituents between the raw
and honey-processed Astragalus in vitro were characterized
[20]. This paper aims to study the metabolic difference
in vivo in the active constituents of these two products
UHPLC-MS/MS is a powerful technique to detect metabolites
in biological fluids. However, this technique is being chal-
lenged due to ion suppression or interferences from the sample
matrix, especially the sample matrix which interferes with the
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identification of metabolites [21]. In order to detect more
metabolites of drugs in rat urine and eliminate matrix effects,
we developed a sensitive and reliable UHPLC/ESI-Q-TOF-MS
method combined with multivariate statistical analysis-
principal component analysis (PCA) and orthogonal partial
least squares-discriminant analysis (OPLS-DA) to analyze the
metabolites in urine samples. The active ingredients of raw and
honey-processed Astragalus were compared and the metabolite
differences were explored by PCA and OPLS-DA for
interpreting biologic activity differences in traditional Chinese
medicine treatments.

Experimental
Materials and Reagents

Astragalus membranaceus (Fish) Bungevar. Mongholicus
(Bunge) Hsiao was purchased from Guangzhou Caizhilin Phar-
maceutical Co., Ltd. (Guangdong, China) and further con-
firmed by Professor Jizhu Liu from Guangdong Pharmaceuti-
cal University. Calycosin, formononetin, and ononin (purity >
98%) were purchased from Chengdu Purechem-Standard Co.,
Ltd. (Sichuan, China). Astragaloside IV, astragaloside I and
calycosin-7-O-f-D-glucoside (purity > 98%) were obtained
from Chengdu Push Bio-technology Co., Ltd. (Sichuan, Chi-
na). B-Glucuronidase was purchased from Sigma-Aldrich
(USA). Acetonitrile and methanol of HPLC grade were from
Merck (Darmatadt, Germany). HPLC-grade acetic acid was
acquired from CNW Technologies GmbH (Diisseldorf, Ger-
many). Water used for the UHPLC/ESI-Q-TOF-MS analysis
was purchased from Watsons (Guangzhou, China).

Animals

Male Sprague-Dawley rats 200 + 20 g were obtained from the
Experimental Animal Center of Southern Medical University
(Guangzhou, China). All rats were acclimatized in a fixed
environment for 1 week and fasted with free access to water
for 12 h before the experiment. The room temperature was
controlled at 25 + 2 °C; relative humidity was 50% + 10%; the
light-dark cycle was 12:12 h. All experimental protocols had
been approved by the Institutional Animal Ethics Committee of
Guangdong Pharmaceutical University. Animals were random-
ly divided into control group, raw Astragalus group, and
honey-processed Astragalus group before the experiment and
each group with seven rats.

Preparation of Water Extracts of Raw and Honey--
Processed Astragalus and Standard Solution

The standards were accurately weighed and then dissolved
with methanol to prepare the stock solutions. The concentra-
tions of calycosin, formononetin, ononin, astragaloside 1V,
astragaloside I, and calycosin-7-O-B-D-glucoside in the stock
solution were respectively 0.170, 0.164, 0.200, 0.135, 0.200,
and 0.477 mg/mL; the stock solutions were kept at 4 °C.
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Radix Astragali were crushed and 400 g powders were
weighed and soaked in 4 L of water for 30 min. Then water
extracts were boiled for 1 h and filtrated with gauze. Next, the
drugs were boiled twice for 1 h respectively with 3.2 and 2.4 L of
water, then the extracts obtained in two times were respectively
filtrated out according to the above methods. All the obtained
filtered solution was merged and condensed to 300 mL by heating
and then placed in a — 80 °C refrigerator overnight. In the next
day, water extracts were freeze-dried in Alpha 1-4 LD PLUS
freeze-drying machines (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode, Germany) for 24 h. The honey-processed
Astragalus was acquired according to the method described in
Chinese Pharmacopoeia 2015 [22]. Water extracts of honey-
processed Astragalus was prepared according to the above
methods. The raw and honey-processed Astragalus freeze-dried
powder was kept at — 20 °C for further use.

Sample Preparation

Raw and honey-processed Astragalus freeze-dried powders were
formulated with distilled water before oral administration. Rats of
raw and honey-processed Astragrali groups were twice-daily
administered by intragastric gavage for 3 consecutive days. The
administration dose was equivalent to 30 g crude drug/kg and
2 mL per 100 g body weight. The equivalent volume of distilled
water was administrated to the control group. Urine samples were
collected in metabolism cages within 24 h after the last adminis-
tration, then centrifuged for 20 min (4000 rpm, 4 °C) and the
supernatants were stored at — 80 °C for analysis.

Urine samples (each group has 7 parallel samples) were
treated with methanol before LC/MS analysis. Firstly, 0.5 mL
of rat urine was transferred into a centrifuge tube and then
vortexed with 0.5 mL methanol for 1 min. Then, the mixture
was centrifuged for 30 min (13,000 rpm, 4 °C). The superna-
tant was transferred into another tube and evaporated to dryness
under the stream of nitrogen at 30 °C. The residue was
reconstituted in 250 puL of the methanol/water solution (V/V,
50%:50%), fully vortexed, and then centrifuged for 30 min
(13,000 rpm, 4 °C). The supernatant was used only for further
UHPLC/ESI-Q-TOF-MS analysis.

Enzymatic Hydrolysis Sample Preparation

Firstly, 0.5 mL drug-containing urine was mixed with f3-
glucuronidase solution (1000 U/mL, dissolved in acetic-sodium
acetate buffer which was adjust to pH 6.8 with acetic acid), and
then enzymatic hydrolysis carried out at 37 °C for 24 h. The
sample processing method was the same as mentioned above.

Instrumentation and Experimental Conditions

ACQUITY UHPLC/Q-TOF Microsystems (Waters Co., Massa-
chusetts, USA) was utilized in the study. Chromatographic sepa-
ration was performed at 25 °C on a Phenomenex Kinetex EVO
CI18 column (50 x2.1 mm, 1.7 um, Phenomenex, Torrance,
USA). The mobile phase consisted of 0.2% acetic acid water
(A) and acetonitrile (B). The gradient elution was as follows: 0—
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3 min, 2-20%B; 3—7 min, 20%B; 7-8 min, 20-25%B; 8—16 min,
25-45%B; 16-17 min, 45-50%B; 17-18 min, 50-100%B; 18—
19 min, 100%B; 19-20 min, 100-2%B; 20-22 min, 2%B. The
injection volume was 2 pL and the flow rate was at 0.3 mL/min.

In mass analysis, the centroid mode was adopted and the
mass range set at 100~1500 mass-to-charge ratios (m/z) in both
positive and negative ionization modes. Nitrogen and argon
were used as cone and collision gas, respectively. The param-
eters of ESI source were as follows: the flow rate of nebulizer
gas (N,), 50 L/h; the flow rate of desolvation gas (N,), 600 L/h;
desolvation temperature, 300 °C; source temperature, 120 °C;
capillary voltage, 3000 V; sample cone, 30 V; extraction cone
voltage, 4.0 V (positive mode) and 2.0 V (negative mode). In
the tandem mass spectrometry (MS/MS) experiments, variable
collision energy (1540 eV) was optimized for individual
compound. In order to ensure the mass accuracy and reproduc-
ibility, leucine enkephalin ((M+H]" m/z 556.2771; [M—H] m/z
554.2615; 1000 ng/mL) was used as a reference.

Data Processing and Analysis

As shown in Figure 1, all the data of the tested samples were
analyzed in MarkerLynx™ software (Version 4.1, Waters Co.,
Cicero, USA) and SIMCA-P 12.0 software (Version 12.0,
Umetrics, Umed, Sweden). According to the edited MarkerLynx
method, UHPLC/ESI-Q-TOF-MS data was obtained as the input
data of the SIMCA-P software. Retention time range was set at
0.00-18.00 min; the mass range was set as 200—-1000 Da; the
intensity threshold and noise elimination level were set at 0 and 6,
respectively; mass and retention time window was set to 0.02 and
0.20. Then, the data matrix of peak number (tg-7/z pair), sample
name and ion intensity were extracted and the missing values or
zero values of MS variables higher than 80% were deleted.
Finally, all the data were input to the SIMCA-P software to
perform PCA and OPLS-DA. The drug-containing groups and
the control group were subjected to the OPLS-DA to generate S-
plot. As a result, the interesting ions which were present in the raw
and honey-processed Astragalus groups (Astragalus groups) and
absent in the control group were extracted with the aid of the
variable importance of projection (VIP) and S-plot. These ions
were identified according to their elemental compositions, MS/
MS fragment mass spectra, and databases. The data of raw and
honey-processed Astragalus groups were compared according to
the PCA, OPLS-DA and independent sample ¢ test was performed
with the ions with the VIP > 1 at a confidence level of > 95% (p <
0.05) in the SPSS Version 20.0 software (IBM Co., Armonk, NY,
USA).

Results and Discussion

Strategies for Screening and Identification
of the Metabolites of Water Extracts of Raw
and Honey-Processed Astragalus in Rat Urine

We established the fingerprints of water extracts of raw and
honey-processed Astragalus by UHPLC/ESI-Q-TOF-MS in
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Figure 1. Summary of data pre-processing, data analysis, and compounds identification performed in this study

both positive and negative ions before analyzing drug-
contained rat urine. The constituents and the discrepant com-
pounds between them in vitro have been identified in our
previous work [20]. In order to obtain a global view of rat
urinary metabolite profiles, rat urine samples of raw and honey-
processed Astragalus groups in 24 h were collected after a 3-
day oral administration with the water extracts. The urine
samples were treated with methanol and then analyzed and
compared according to the established method. The detection
of prototypes was performed based on the extracted ion chro-
matograms (EICs) function and the comparison between the
fingerprints of water extracts of raw and honey-processed
Astragalus.

Due to the high sensitivity of UHPLC/ESI-Q-TOF-MS, the
substrate effect of complex biological matrices usually affects
the metabolite identification. It is part of the defects of UHPLC/
ESI-Q-TOF-MS in the determination of biological samples.
Actually, decreasing the matrix effect helps to the identification

of metabolites, but it also affects the detection results. There-
fore, we can eliminate matrix effects according to the process-
ing methods. Principal component analysis (PCA) can be used
to analyze the main influencing factors and simplify compli-
cated problems [23]. Partial least squares-discriminant analysis
(PLS-DA) is a supervised discriminant analysis method and
especially suitable for small observations [24, 25]. Orthogonal
partial least squares-discriminant analysis (OPLS-DA) elimi-
nates the variables orthogonal to Y value on the basis of PLS-
DA [26]. In addition, OPLS-DA is of better transparency and
explanatory power than PLS-DA model and does not reduce
the ability of model prediction [27]. As mentioned above,
metabolites only existed in the Astragalus groups and the ions
of metabolites were the most important variables contributing
to the difference between the control group and Astragalus
groups. The variable importance of projection (VIP) was used
to quantify the contribution of each variable to classification.
The larger VIP indicates the more significant contribution of
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the variable [28]. In this paper, OPLS-DA was used to identify
unknown and known metabolites. Firstly, the OPLS-DA was
carried out with the blank urine and drug-contained urine.
Then, the S-plot was obtained through OPLS-DA between
the two groups. lons were selected from VIP and trend plot,
and the ions which only existed in the Astragalus groups and
absent in the control group were considered as potential in vivo
migration components.

Identification of Prototypes  Base peak ion chromatograms of
the control group, raw Astragalus group, and honey-processed
Astragalus group obtained by UHPLC/ESI-Q-TOF-MS are
shown in Figure 2. According to the extracted ion chromato-
grams (EICs) function, seven compounds were identified as
parent compounds in drug-contained urine in comparison with
the constituents in the water extracts of Radix Astragali and
honey-processed Astragalus. Most of the parent compounds
were identified based on the retention time and TOF-MS data
(Table 1).

Seven prototypes, including isoflavones and their glyco-
sides and astragaloside IV, were detected in Radix Astragali
and honey-processed Astragalus by this method. Actually,
only astragaloside IV was detected in rat urine, indicating that
it was difficult for saponins to enter the circulation system or be
metabolized by other means. Saponins were detected from rat
bile after oral administration of alcohol extracts of a prescrip-
tion containing Radix Astragali and both the types and contents
of saponins were increased. It indicated that they were mainly
excreted into bile [31]. In order to test whether the substances in
rat urine affect the detection of the saponins, the astragaloside I
was put into the blank urine and then prepared it by the same
processing method. Interestingly, the results showed that
astragaloside I was turned into isomers of astragaloside I,
astragaloside II, and its isomers at 0 h (Figure 3a), and totally
converted into astragaloside II, isomers of astragaloside II, and
astragaloside IV after 48 h (Figure 3b). As shown in Figure 3c,
the structures of astragaloside I, astragaloside II, and
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=
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astragaloside IV were different from the red frames and they
were 2',3"-di-O-Ac-B-D-xyl, 2'-O-Ac-B-D-xyl and B-D-xyl, re-
spectively. Finally, 2’, 3'-di-O-Ac-B-D-xyl and 2'-O-Ac-B-D-
xyl were turned into the B-D-xyl, suggesting that the conditions
in rat urine were conducive to hydrolysis reactions.
Astragaloside I and astragaloside II in rat urine are completely
hydrolyzed into astragaloside IV because the urine was collect-
ed within 24 h in the study. Therefore, only astragaloside IV
was detected. The results also suggested that the main active
form of saponins was astragaloside IV. It was consistent with
the quality requirements of Radix Astragali in Chinese Phar-
macopoeia 2015.

Identification of Metabolites According to the strategy men-
tioned above, the OPLS-DA score plots of the control group
and Astragalus groups were established to illustrate the rela-
tionship between these two groups in both positive and nega-
tive ion mode. As shown in Figure 4a, b, ¢, d, the control group
and Astragalus groups have a clustered trend, indicating that
components changed significantly in the control group and
Astragalus groups. Loading S-plot of OPLS-DA (Figure 4e,
f, g, h) clearly shows significant variables which can differen-
tiate the two groups and each dot displays one of the variables
from urine samples detected using UHPLC-Q-TOF-MS. The
dots at the top or bottom ends of the “S” represent most
significantly changed variables within the control and
Astragalus groups. Those variables include the absorbed in-
gredients (prototype), metabolites, and endogenous metabo-
lites. The prototype components and their metabolites were
considered to be the variables which were present in the
Astragalus groups and absent in the control group. In order to
eliminate the disturbance from endogenous metabolites which
were observed in both groups, prototype ingredients and their
metabolites were extracted using the trend plots. #z-m/z 3.01-
623.1604, tg-m/z 7.07-477.1431, tg-m/z 9.43-243.1031 and 3~
m/z 4.06-658.2341 in the positive ion mode were taken as
examples in Figure 5a, b, ¢, d which were extracted at the top
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Figure 2. The BPI chromatograms of rat urine samples by UHPLC/ESI-Q-TOF-MS (a, b) control group BPI; (c, d) honey-processed
Astragalus group BPI; (e, f) raw Astragalus group BPI; left, negative ion mode; right, positive ion mode)
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Table 1. Mass Data for Identification of Parent Compounds in Rat Urine Samples After Oral Administration with Water Extracts of Raw and Honey-Processed Astragalus

Identification

Formulas

Fragments

Error (mDa)

Calculated value (m/z)

Measured value (m/z)

tg (min)  Adduct ion

No.

(6aR,11aR)-3-Hydroxy-9,10-dimethoxypterocarpan [29]
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172

=]
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o k3]
g g 8
2B =
0.5 9 i)
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OOoLU =

237,213

212

225,214,137,185

195,135
225,213,198,181,170,136
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269,
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252
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241
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191

Astragaloside IV

C431—171016

3.1

843.4742
785.4687
301.1076

303.1232

843.4773
785.4649
301.1071
303.1227

11.13*  [M+CH,COOH]
[M+H]"

P6

C41HgoO14

605,587,473,455,437,419

270,256,229,121

-3.8
-0.5
-0.5

11.16

P7

C17H1705

[M-H]
[M+H]"

7,2'-Dihydroxy-3',4"-dimethoxyisoflavan [30]

C17H1905

167,152,133,123,147

Confirmed by comparison with reference substances
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of red dots in the S-plot. The red dots in the S-plot were the
ingredients at a high level in Astragalus groups and the VIP > 1
in OPLS-DA results. Finally, a total of 55 metabolites were
detected in drug-contained urine with OPLS-DA. As shown in
Table 2, 45 metabolites including 9 phase-I and 36 phase-II
metabolites were identified and 10 unknown compounds were
detected. The empirical molecular formula of metabolites was
achieved by the calculation with the MS data in MassLynx™.
Metabolites were identified by the empirical molecular formula
and MS/MS data based on SciFinder and METLIN databases.

Phase-I metabolites (M12, M20, M22, M27, M28, M40,
M44, M45, and M48) are mainly products of methylation,
demethylation, hydroxylation, and dehydroxylation reactions
in vivo and their MS/MS fragmentations are similar to the
parent compounds. For example, the retention time of M22
was 5.58-5.60 min on UHPLC. It was shown in the form of
[M+H]" at m/z 255.0653 in the positive ion mass spectrum and
in the form of [M—H] at m/z 253.0429 in the negative ion
mode. Therefore, the molecular mass of M22 was inferred to be
254 Da. In the positive MS? spectrum of m/z 255 (Figure 6),
fragment ions at m/z 237 [M+H-H,0]", m/z 227 [M+H-CO]",
m/z 209 [M+H-H,0-CO]", m/z 199 [M+H-2CO]", and m/z 181
[M+H-H,0-2CO]" indicated the presence of hydroxyl and
carbonyl groups. Fragment ion at m/z 137 was derived from
the A-ring of isoflavone. These data were identical to those of
daidzeins reported in the METLIN database. Therefore, M22
was identified unequivocally as daidzein. The possible frag-
mentation behaviors were shown in Figure 7a.

The molecular ion peak m/z M45 was found to be
301.0709 Da, which was only 16 Da higher than that of
calycosin in positive ion mode. Its chemical formula was
speculated to be C¢H;30¢ according to the elemental compo-
sition function of MassLynx, suggesting that it might be a
hydroxy derivative of calycosin. In the MS? spectrum of m/z
301 (Figure 6), which was similar to that of calycosin, fragment
ions at m/z 286 and m/z 269 indicated a sequential loss of 15
and 32 Da and suggested the presence of a methyl and
methoxyl. The m/z 153 was generated by Retro Diels-Alder
fragmentation in the C-ring, indicating that there were two
hydroxy groups in the A-ring and that the newly added hy-
droxyl group was linked to A-ring. Other three product ions at
m/z 241 [M+H-CH;0H-CO]", m/z 229 [M-CH3-2CO]", and
m/z 213 [M+H-CH;0H-2CO]" were also observed. Based on
these data, M45 was tentatively identified as A-ring-
monohydroxylated calycosin. The possible fragmentation be-
haviors are shown in Figure 7b. M27 was also identified as A-
ring-monohydroxylated calycosin. Additional phase-I com-
pounds were identified according to the above methods.

Phase-II metabolites (M4~M11, M14~M19, M23, M25,
M26, M29~M31, M34~M39, M42, M43, M46, and
M49~M55) are mainly glucuronide and sulfate conjugates
and MS? spectrum always shows the loss of 176 and 80 Da.
Then, the fragment ions of aglycones were used to identify
what they were. The m/z 285 was obtained from the MS?
spectrum of the M14 and M43 at m/z 461 and m/z 365 in the
positive ion mass spectrum. The loss of 176 and 80 Da
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Figure 3. The EICs of the mixture samples which contains astragaloside | and blank urine ((a) 0 h; (b) 48 h) and the structures of
astragaloside l,astragaloside I, and astragaloside IV (c). Three substances were different from the red frames

indicated that they were glucuronide and sulfate conjugates. As
shown in Figure 6, the fragment ions at m/z 270, m/z 253, and
m/z 225 indicated a sequential loss of 15, 17, and 28 Da from
aglycone ion m/z 285, suggesting the presence of methyl,
hydroxyl, and carbonyl groups. The m/z 137 was generated
by Retro Diels-Alder fragmentation in the C-ring at m/z 285.
Other two productions at m/z 214[M+H-CH;-2CO]" and m/z
229[M+H-2CO]" were obtained. Based on these data, m/z 285
was identified as calycosin according to the standard and
reported data [11]. Therefore, M14 and M43 were identified
as calycosin-7-O-glucuronide and calycosin-7-O-sulfate. The
possible fragmentation behaviors are shown in Figure 7c. M46
was identified as calycosin-4’-O-sulfate. Other phase-II

metabolites were identified according to the method described
above. It should be pointed out that the M15 only existed in the
honey-processed Astragalus group.

The metabolites including phase-I and phase-II products
in rat urine collected after the oral administration with the
water extracts of raw and honey-processed Astragalus were
systematically identified by UHPLC/ESI-Q-TOF-MS com-
bined with OPLS-DA. Compared with the traditional de-
tection methods of metabolites, this technique can elimi-
nate the matrix effects and enhance the analysis efficiency
in metabolism studies and is suitable to screen more low-
level metabolites [36]. These metabolites identified from
dosed urine are mainly phase-II products of isoflavones
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Figure 4. OPLS-DA score plots (left) and S-plots (right) for ESI(a, ¢, e, g) and ESI* (b, d, f, h). Black: control group, red: raw

Astragalus group, green: honey-processed Astragalus group in the OPLS-DA score plots
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4.06-658.2341 (b), tg-m/z 7.07-477.1431 (c), and tg-m/z 9.43—

243.1031 (d) in the positive ion mode, between the control group(K1—-K7) and honey-processed Astragalus group(Z1-Z6)

and possible metabolic pathways are shown in Figure 8. In
the study, 11 metabolites in rat urine collected by meta-
bolic cage within 24 h after oral administration of raw and
honey-processed Astragalus were characterized for the first
time: M6, M9, M12, M15, M16, M20, M26, M28, M30,
M36, and M42. Additionally, to further confirm the iden-
tified phase-II metabolites, the B-glucuronidase was added
into the drug-contained urine samples. The intensity of
glucuronide conjugates (e.g., M31) decreased remarkably
after enzymatic hydrolysis, whereas the aglycones (e.g.,
P7) increased correspondingly (Figure 9).

Multivariate Statistical Analysis of Raw
and Honey-Processed Astragalus

PCA score plots (Figure 10a, b) and OPLS-DA score
plots (Figure 10c, d) were acquired with the data of raw
and honey-processed Astragalus groups in SIMCA-P
software. PCA score plots showed clear separation from
each other, suggesting that the two groups were different.

Therefore, the OPLS-DA was used to further explore the
differences in drug metabolism after oral administration
with the water extracts of raw and honey-processed
Astragalus.

VIP reflects the importance of a variable in classifica-
tion. The greater VIP indicates the more significant effects
of the variable. We selected the variables with the VIP > 1
from OPLS-DA to perform the independent sample ¢ test.
The variables with P < 0.05 were regarded as potential
biomarkers. According to the analogy method, 20 metabo-
lites including 14 identified metabolites and 6 unidentified
compounds were considered as different metabolites
(Figure 11).

The efficacy in Radix Astragali was changed after
honey-processing owing to the changes in chemical com-
position after honey-processing. The chemical composi-
tion before and after processing in vitro was compared
[20]. In the study, the changes in the metabolism of raw
and honey-processed Astragalus in vivo were explored in
order to search for their effective substance basis. Then,
20 metabolites with differential compounds in raw and
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Figure 6. The MS? spectrum of M22, M45, and M43

honey-processed Astragalus groups were found. The 14
identified compounds were calycosin (P3), formononetin
(P4), (6aR,11aR)-3-hydroxy-9,10-dimethoxypterocarpa
(P6), calycosin-7-O-B-D-glucuronide (M14), daidzein
(M22), demethylated 7,2'-dihydroxy-3',4'—
dimethoxyisoflavan (M28), demethylated-7,2'-dihydroxy-
3’ 4'-dimethoxyisoflavan sulfate (M39), daidzein sulfate
(M35, M38), equol (M44), calycosin sulfate (M43,
M46), and 3'-monomethylated-calycosin (M48), and 6
compounds were unknown. Among these differential

T T I il ' | T 1 T I Ll |l Ll 1 1 i m
0 280 200 300 310 320 330 340 350 360

metabolites, the levels of M2, M3, M24, M28, M32,
M41, and M44 in raw Astragalus group were significant-
ly lower than those in the honey-processed Astragalus
group and the levels of P3, P4, P5, MI, M14, M22,
M35, M38, M39, M43, M46, and M48 in raw
Astragalus group were significantly higher than those in
the honey-processed Astragalus group. Moreover, M15
was only detected in the honey-processed Astragalus
group, and P3, P4, and P5 were the prototypes which
had the most potential as active ingredients. It is well
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Figure 7. The typical fragmentation behaviors of M22 (a), M45 (b), and M43 (c)
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Figure 8. Chemical structures of isoflavonoid-related metabolites in rat urine and proposed major metabolic pathways of

isoflavonoids. Compounds marked by asterisks are not detected
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Figure 9. EICs of drug-containing urine sample by UHPLC/ESI-Q-TOF/MS in negative ion mode. (a) Before enzymatic hydrolysis;
(b) after enzymatic hydrolysis

known that a drug has a dose-effect relationship. There- important for understanding the differential therapeutic
fore, the differential compounds in vivo are more effect between raw and honey-processed Astragalus.
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Figure 10. PCA (top) and OPLS-DA (bottom) score plots of the raw and honey-processed Astragalus groups for ESI™ (a, ¢) and ESI*
(b, d). Red: raw Astragalus group; green: honey-processed Astragalus group
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Figure 11. The levels of differences of 20 compounds be-
tween honey-processed Astragalus group and raw Astragalus

group (*p < 0.05, **p < 0.01, **p < 0.001; the y-axis represents
the peak intensity)

Conclusions

In the study, UHPLC/ESI-Q-TOF-MS combined with multi-
variate statistical analysis was used to characterize the metab-
olites in rat urine after oral administration with the water
extracts of raw and honey-processed Astragalus. In the metab-
olism of Radix Astragali and its honey-processed product in rat
urine, 55 metabolites and 7 parent compounds were detected
and 11 metabolites were identified for the first time. Simulta-
neously, 20 compounds in different levels were found in the
raw and honey-processed Astragalus groups and 1 ingredient
only existed in the honey-processed Astragalus group. These
results might be helpful for investigating the bioactive mecha-
nism of the differential therapeutic effects of raw and honey-
processed Astragalus. Additionally, detection of urinary me-
tabolites provides a study basis for serum pharmacochemistry
of the raw and honey-processed Astragalus and the validated
method provides an effective and exhaustive tool for screening
the various metabolites of Chinese medicines.
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