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ABSTRACT ARTICLE HISTORY
This study aims to provide a scientific basis for the comprehensive Received 2 February 2019
utilization of the aerial parts of Astragalus membranaceus (APAM). Accepted 28 August 2019

UPLC-Qtrap HRMS was used to identify secondary metabolites in
APAM and Astragali Radix (AR), the pharmacological effects of Aeri
. - . erial parts of Astragalus
them in N-acetyl phenylhydrazine (APH) and cyclophosphamide membranaceus; Astragali
(Cy)-induced mice were studied by using 'H NMR-based radix; LC/Q Exactive Orbitrap
metabolomics. The results showed that the secondary metabolites mass spectrometry;
of APAM and AR were different, but that there was no difference metabolomics; Drug efficacy
in the contents of eight constituent flavonoids and four index
constituent saponins, which were 0.8800 and 4.4351 mg/g in
APAM and 0.8944 and 4.6422 mg/g in AR, respectively. APAM and
AR induced beneficial effects on the recovery of body weight,
blood parameters, viscera indices, Na*-K*-ATPase, and Ca**-Mg?
*-ATPase, the blood-enriching mechanisms of them were probably
related to valine, leucine, and isoleucine biosynthesis, D-glutamine
and D-glutamate metabolism, alanine, aspartate, and glutamate
metabolism, and taurine and hypotaurine metabolism.

KEYWORDS

1. Introduction

Astragali Radix (AR), which has the Chinese name Huangqj, is derived from the roots of
Astragalus membranaceus (Fisch.) Bge. or Astragalus membranaceus var. mongholicus
(Bge.) Hsiao., as stated in the Chinese Pharmacopoeia. It has been used for approximately
2000 years in China for the treatment of fatigue, Qi deficiency, anemia, and lack of appetite
(Huang et al., 2018; Li, He, Sun, Qin, & Du, 2014; Zhao, Ma, Zhu, Yu, & Weng, 2011).
Aerial parts of Astragalus membranaceus (APAM), consisting of stems and leaves,
refers to the parts of the plants that are grown above the ground. In our previous study
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(Wang, Zhang, Wu, & Wang, 2017), nuclear magnetic resonance (NMR) was used to
compare the chemical composition of APAM and AR. Through the use of "H NMR-
based metabolomic techniques, the pharmacological effects of APAR and AR were
studied in cyclophosphamide (Cy)-treated mice. The results showed that APAM and
AR had different metabolite profiles, and some obvious differences in the relative contents
of metabolites were observed, but there was no significant difference between their regu-
lation of biomarkers in Cy-treated mice. It is generally known that AR has various
pharmaceutical activities; therefore, it is necessary to investigate the difference in biologi-
cal effects between APAM and AR by using diverse animal models. In addition, the com-
pounds identified by 'H NMR were mostly primary metabolites; thus, the identification of
secondary metabolites in APAM and AR, such as saponins and flavonoids, is also highly
desirable.

In recent years, liquid chromatography coupled with mass spectrometry (LC-MS) has
emerged as a powerful tool for the analysis of traditional Chinese medicines (TCMs)
because of its excellent peak separation, selectivity, and sensitivity (Cheng et al., 2019;
He et al., 2018; Wang, Zhang, et al., 2017). LC-MS was used to distinguish between
waxy corn and non-waxy corn (Li et al., 2019); therefore, it is undoubtedly a better
choice for the identification of the secondary metabolites in APAM and AR. Several
LC-MS analytical methods, including LC-ESI/MS, LC-ESI-ion trap/MS, and LC-APCI-
TSQ/MS, were used to identify secondary metabolites in AR (Du, Zhao, Zhang, Yao, &
Zhang, 2014; Xiao et al., 2011; Zhang, Xiao, Xue, Sun, & Liang, 2007). Ultra-high perform-
ance liquid chromatography coupled with Q Exactive Orbitrap-high resolution mass spec-
trometry (UPLC-Qtrap HRMS) allows the simultaneous acquisition of two different scan
types, and provides a higher mass accuracy and mass resolution than any other MS tech-
niques (Shao et al., 2015). Therefore, many studies have described the qualitative analyses
of TCMs using UPLC-Qtrap HRMS methods (Adhikari, Boelt, & Fomsgaard, 2016; Zhang
et al., 2014).

In the present study, a new UPLC-Qtrap HRMS method was developed to identify the
secondary metabolites in APAM and AR, and a "H NMR-based metabolomics was used to
examine the pharmacological effects of APAR and AR in N-acetyl phenylhydrazine (APH)
and Cy-treated mice. In combination with our previous study (Wang, Jin, et al., 2017), the
results of this study are expected to contribute significantly to the establishment of a scien-
tific basis for the comprehensive utilization of APAM.

2, Materials and methods
2.1. Chemicals and reagents

Authentic standards of calycosin-7-O-B-D-glycoside (20120428, compound 1), formono-
netin (20120528, compound 2), (6R, 11R)—3-hydroxy-9,10-dimethoxyptero-carpan-3-O-
B-D-glucoside (20120515, compound 3), (3R)—7,2’-dihydroxy-3’,4’-dimethoxyisoflavan-
7-O-B-D-glucoside (20100202, compound 4), (6R,11R)—3-hydroxy-9,10-dimethoxyptero-
carpan (20120505, compound 7), (3R)-7,2’-dihydroxy-3’,4’-dimethoxyisoflavan
(20120506, compound 8), astragaloside IV (20120315, compound 9), astragaloside III
(20120516, compound 10), astragaloside II (20110503, compound 11), and astragaloside
I (20111125, compound 12) were purchased from Shanghai Eternal Biotechnology Co.,
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Ltd (Shanghai, China). Calycosin (13082713, compound 5) and ononin (13021808, com-
pound 6) were obtained from Chengdu Manst Company (Sichuan, China).

HPLC-grade acetonitrile was purchased from Merck (Darmstadt, Germany). Methanol
was obtained from Beijing Chemical Works (Beijing, China). Ultra-pure water (18 MQ
at 25°C) used in the mobile phase was obtained from a Millipore Alpha-Q water purifi-
cation system (Millipore, Bedford, MA, USA).

APH was purchased from SangonBiotech Co., Ltd. (Shanghai, China), and Cy was pur-
chased from Jiangsu Hengrui Medicine Co., Ltd (Jiangsu, China). Sodium 3-trimethylsilyl
[2,2,3,3-dy] propionate (TSP) was supplied by Cambridge Isotope Laboratories Inc.
(Andover, MA, USA). K;HPO,3H,0 and NaH,PO,2H,0O were purchased from
Beijing Chemical Works (Beijing, China). D,O was supplied by Norell (Landisville, NJ,
USA). Assay kits for Na*-K*-ATPase and Ca®"-Mg**-ATPase were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2. Plant material

Six batches of APAM and AR (5 years) were collected from Hunyuan County in Shanxi
Province in September 2015 from the same planting area, and were authenticated by
Prof. Yun-E Bai. The voucher specimens were deposited in the herbarium of the School
of Pharmaceutical Science, Shanxi Medical University, until use.

2.3. Chemical constituent analysis

2.3.1. Preparation of standard solutions

Stock solutions. Stock solutions of reference compounds 1-12 were prepared by dissolving
the reference standards in methanol at concentrations of 1.870, 1.360, 1.362, 0.601, 0.522,
1.254, 1.226, 1.046, 0.979, 0.500, 0.582, and 1.972 mg/mL, respectively, and then stored
at 4°C.

Reference compound mixture solution for UPLC-Qtrap HRMS and HPLC analyses.
Aliquots of the 12 stock solutions were mixed and then diluted with methanol to
produce the reference compound mixture solution. The concentration of each of the refer-
ence compounds 1-12 was 56.5, 81.3, 75.5, 86.8, 19.9, 18.4, 24.5, 83.7, 53.9, 43.7, 63.4, and
108.9 pg/mL, respectively. The mixture solution was centrifuged at 13,000 rpm for 10 min
before UPLC-Qtrap HRMS and HPLC analyses.

2.3.2. Sample preparation

Crude APAM and AR were pulverized into a powder. Each powdered sample (8 g) was
extracted under reflux with methanol (100 mL) at 80°C for 1 h. The extraction solution
was then concentrated to 10 mL with under vacuum and centrifuged at 13,000 rpm for
10 min before UPLC-Qtrap HRMS and HPLC analyses (Xiong, 2017).

2.3.3. Conditions for qualitative analysis

A UPLC-Qtrap HRMS system (Agilent, MA, USA) with an ESI ion source was used for
qualitative analysis. The mobile phase comprised acetonitrile (A) and ultrapure water
(B), and the gradient elution conditions were: 0-3 min, 80% B; 3-6 min, 80%-73% B;
6-10 min; 73% B; 10-12 min, 73%-57% B; 12-16 min, 57%-40% B; 16-20 min, 40%-
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0% B; 20-24 min, 0% B; 24-26 min, 0%-80% B. Samples were separated by using a
ACQUITY UPLC°HSS T3 (1.8 um, 100 mm x 2.1 mm, Waters, USA) at 30°C. The flow
rate was 0.3 mL/min, and the injection volume was 0.5 uL (Zhang, Li, Qi, Qin, & Li, 2018).

To achieve more structural information, the samples were analyzed in both negative
and positive ion modes with the tuning methods set as follows: spray voltage, 3500 V
(%); sheath gas flow rate, 35 arb; aux gas flow rate, 10 arb; capillary temperature, 330°C.
The mass scan range was from m/z 100-1500 (Hu, Xu, Qin, & Liu, 2017).

2.3.4. Conditions for quantitative analysis

HPLC conditions employed were those as previously reported in the literature (Xiong,
2017). HPLC-UV-ELSD analysis was performed by using a Waters 2695 liquid chro-
matograph to determine the content of eight flavonoids and four saponins. The HPLC
instrument consisted of a quaternary pump, an autosampler, and a DAD set at 230 nm
coupled with an ELSD (e6000, USA). The separation was achieved on a Venusil MP
Cig column (250 mm X 4.6 mm, 5 pm) operated at 25°C. The injection volume was 20
uL. The following ELSD parameters were set: air pump pressure, 0.5 MPa; nitrogen gas
flow, 2.5 L/min; drift tube temperature, 105°C; gain level, 1.0. The mobile phase comprised
(A) water and (B) acetonitrile at a flow rate of 1.0 mL/min. The elution conditions were
optimized to the following: 20% B, 0-8 min; 20%-30% B, 8-15 min; 30%-43% B, 15-
30 min; 43%-60% B, 30-40 min; 60%-100% B, 40-50 min; 100% B, 50-60 min; and
100%-20% B, 60-66 min.

2.4. Pharmacological effects

2.4.1. APAM and AR crude aqueous extract

The crudes of APAM and AR were pulverized into a powder. In accordance with the con-
ventional protocol, each powered sample (100 g) was extracted twice under reflux (2 h
each) with 1000 mL water. The combined aqueous extracts were filtered, concentrated
under reduced pressure, and subsequently freeze-dried.

2.4.2. Animal model, drug administration, and sample collection

Thirty-two Kunming mice (18-20 g, 4-week-old) were purchased from the Experimental
Animal Centre of Academy of Military Medical Sciences, (License number (Military):
SCXK2012-0004). All mice were received humane care throughout the experiment, and
were maintained in constant conditions (20°C-24°C; relative humidity, 65% + 10%;
12 h light-dark) and given free access to food and water for an acclimation period of 1
week.

The animal experiment was conducted as previously described in the literature, with
minor modifications (Li et al., 2015). After acclimation, the mice were randomly allocated
into four groups, each containing eight mice: control-treated mice (control group), mice
with blood deficiency (model group), mice with blood deficiency treated with APAM
(APAM group), and mice with blood deficiency treated with AR (AR group). Mice in
the APAM and AR groups were administered the APAM crude extracts (equivalent to
10 g raw materials/kg/day) and AR crude extracts (equivalent to 10 g raw materials/kg/
day), respectively, by oral gavage once per day for 10 consecutive days. Mice in the
control group and the model group were administered an equal volume of distilled water.
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In the model, APAM, and AR groups, mice were hypodermically injected with 2% APH
saline solution on Day 1 and Day 4 at doses of 20 and 40 mg/kg, respectively. Two hours
after injection on Day 4, the mice were intraperitoneally injected with Cy saline solution
(40 mg/kg), and 24 h subsequently on Days 5, 6, and 7.

On Day 10, blood was collected by retro-orbital bleeding into heparin tubes, and the
total blood count parameters, including red blood cells (RBC), white blood cells
(WBC), hemoglobin (HGB), and hematocrit (HCT), were determined by using a HEMA-
VET950FS automatic animal blood analyzer (Lewicki et al., 2018). The mice were then
sacrificed and their blood were collected. Blood samples were centrifuged at 13,000 rpm
for 10 min, serum was obtained and used for the determination of Na"-K*-ATPase and
Ca®"-Mg*"-ATPase activities. The thymus and spleen were collected, weighed, snap
frozen in liquid nitrogen, and stored at -80°C until further analysis.

2.4.3. Metabolomics study

2.4.3.1. Preparation of spleen samples for NMR measurement. By using an ultrasonic cell
crusher, approximately 60 mg of spleen was extracted with 900 uL methanol/water (2:1, v/
v). After centrifugation (4°C, 13,000 rpm) for 15 min, the supernatant was dried under a
nitrogen gas flow. Subsequently, 600 pL phosphate buffer (0.2 M K,HPO,-0.2 M
NaH,PO,, pH 7.4, containing 0.01% TSP and 10% D,0O) was added to the dried super-
natant. After centrifugation (4°C, 13,000 rpm) for 15 min, 500 pL of the supernatant
was transferred into a 5 mm NMR tube for analysis (Qu, Wang, et al., 2016).

2.4.3.2. NMR measurements for spleen. "H NMR spectra were recorded on a Bruker 600-
MHz AVANCE III NMR spectrometer (600.13 MHz, Bruker, Germany). Spleen samples
were analyzed by using noesygpprld pulse sequence, and 64 scans were collected into
65536 data points over an acquisition time of 2.6542 s, with a spectral width of
12345.7 Hz (Qu, Li, Zhao, Li, & Qin, 2016).

2.4.3.3. NMR data processing. "H NMR spectra of the spleen were processed by using the
MestReNova software (version 8.0.1, Mestrelab Research, Santiago de Compostella,
Spain). The phase and baseline distortions were then corrected manually and referenced
internally to the chemical shift of TSP at 0.00 ppm. The spectra were divided and the signal
integral computed at 0.01 ppm intervals across the region § 0.50-9.50 ppm. The region of
0 4.68-5.23 ppm was excluded to eliminate the effect of imperfect water presaturation.
Normalization to the tissue weights for spleen extracts was conducted prior to analysis.

2.4.4. Multivariate data analysis

The normalized integral values were mean-centered and then subjected to multivariate
pattern recognition analysis by using the SIMCA-P 13.0 software package (Umetrics,
Sweden). Unsupervised principal component analysis (PCA) was conducted to obtain a
general overview of the variance of metabolites and to identify possible outliers. Partial
least squares discriminant analysis (PLS-DA) was applied to determine the separation
between groups of samples. Orthogonal projection to latent structure-discriminate analy-
sis (OPLS-DA) was also employed to maximize the separation between different treat-
ments. Finally, 200 permutation tests, seven-fold cross-validation, and CV-ANOVA
were used to assess the validity of the model.
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Relative amounts of metabolites were evaluated based on the integrated regions
(buckets) from the least overlapping NMR signals of metabolites. The values of body
weight, viscera indices (thymus index and spleen index), blood parameters (WBC, RBC,
HGB, and HCT), Na*-K*-ATPase, Ca2+—Mg2+—ATPase, and the peak areas (buckets) of
the differential metabolites were expressed as the mean + standard deviation (SD), and
compared by t-test using SPSS16.0 software. P values of < 0.05 were considered to be stat-
istically significant.

3. Results
3.1. Analysis of chemical constituents of APAM and AR

3.1.1. Qualitative analysis

The total ion chromatograms (TICs) of APAM and AR are illustrated in Figure 1 and
Figure 2. The signals were assigned based on comparison of the retention time, fragmen-
tation pathways, and MS/MS spectra with those of reference compounds and previous
studies (Liu et al., 2015; Shi et al., 2015; Zhang, Xu, Huang, Zhu, & Qiu, 2015). Twelve
compounds were unambiguously assigned by using reference compounds and 32 com-
pounds were tentatively identified (Figure 1, Figure 2, and Table S1).

The compounds identified in APAM and AR were saponins, flavonoids, and carbo-
hydrates. Saponins, including astragaloside IV (peak 33), astragaloside IIT (peak 34), astra-
galoside II (peak 39), isoastragaloside II (peak 40), astragaloside I (peak 41),
isoastragaloside I (peak 42), astragaloside VIII (peak 43), and acetylastragaloside I (peak
44), were identified. The identified flavonoids included calycosin-7-O-D-glucoside (peak
2), odoratin-7-O-glycoside (peak 3), trihydroxy-dimethoxyisoflavan-hex (peak 4), 3-
hydro-9-MP-hex (peak 5), dihydroxy-trimethoxy DHIF-hex (peak 7), pratensein-7-O-
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Figure 1. The TICs of base peak of APAM (A: Positive scan; B: Negative scan).
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Figure 2. The TICs of base peak of AR (A: Positive scan; B: Negative scan).

glucoside (peak 8), 10-hydroxy-9-methoxypterocarpan-3-O-B-D-glycoside (peak 9), odor-
atin-7-O-glycoside-6"-O-malonate (peak 10), ononin (peak 11), calycosin-7-O-f-D-glyco-
side-6"-O-acetate (peak 12), 6,4’ -dimethoxyisoflavone-7-O-glucoside (peak 13), 3-hydro-
9,10-dimp-pen-hex (peak 15), dihydroxyflavone (peak 16), 3-hydroxy-9,10-dimethoxyp-
terocarpan-3-O-B-D-glucoside (peak 17), MP (peak 18), isomncronulatol-7-O-glucoside
(peak 19), 7, 2’-dihydroxy-3’,4’-dimethoxy-isoflavan-7-O-B-D-glucoside (peak 20), caly-
cosin (peak 21), dihydroxy-dimethoxyisoflavone (peak 22), rhamnocitrin-hex-acetate
(peak 23), pratensein (peak 24), 3-hydro-9-MP (peak 25), ononin-6"-O-acetate (peak
27), 7-hydroxy-6,4"-dimethoxyisoflavone (peak 28), pratensein-7-O-Glc-6"-O-acetate
(peak 29), 3-hydro-9,10-dimp (peak 30), 4,5°,6,7,8-fimethoxy-3’,5-dihydroxyflavone
(peak 32), formononetin (peak 35), 7-hydroxy-6,4’-dimethoxyisoflavone (peak 36), 3-
hydroxy-9, 10-dimethoxypterocarpan (peak 37), 7,2’-dihydroxy-3’,4’-dimethoxy-
isoflavan (peak 38). Sucrose (peak 20) was identified. Of these peaks, 1, 8, 9, 10, 13, 15,
18, 27, 28, 43, and 44 were only detected in AR.

3.1.1.1. Identification of saponins. By comparing the individual chromatographic peak
behaviour with these of reference standards, peaks 41, 39, 34, and 33 were unequivocally
confirmed as astragaloside I, astragaloside II, astragaloside III, and astragaloside IV,
respectively. Taking astragaloside IV as an example, and the proposed fragmentation
pathway of astragaloside IV was illustrated (Figure S1). For example, peak 33 was unequi-
vocally identified as astragaloside IV based on its retention time of 14.46 min, which
exhibited a molecular ion at m/z 784.46035 (C4HegO14), [M+H]" ion at m/z
785.46704 ([C4;HgoO14]", caled. 785.46818), [M-H]" ion at m/z 783.45520 ([C4;Hg,O14] ",
calcd. 783.45253), and [M + Cl] ion at m/z 819.43091 ([C4;Hgg014Cl], calcd. 819.42921).
The proposed fragmentation pathway of astragaloside IV is shown in Figure S1. In the
positive ion one-level mass spectrogram (Figure S2A), [M + Na]" ion at m/z 807.44983
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confirmed that m/z 785.46704 was the [M + H]" ion peak. In the positive ion second-level
mass spectrogram (Figure S2B), peak 33 displayed an ion at m/z 627.38751 ([C35H5604.
Na]*, caled. 627.38674) from the losses of H,O and C¢H,;,O5 of the [M + Na]" ion at
m/z 807.45062, and m/z 495.34482 ([C;3oH,430,4Na]", calcd. 495.34448) was the fragment
ion due to the loss of -CsHgO, from m/z 627.38751. All eight saponins corresponding to
peaks 33, 34, 39, 40, 41, 42, 43, and 44 were identified in this way.

3.1.1.2. Identification of flavonoids. Peak 2 was unequivocally identified as calycosin-7-O-
B-D-glycoside, with a retention time of 2.66 min, which showed a precursor ion at m/z
446.12074 (CyH»,050), [M+H]" ion at m/z 447.12833 ([CyH3050]", caled.
447.12857), [M - H]" ion at m/z 445.11411 ([C,,H,,0,0]", caled. 445.11292), and [M +
Cl]” ion at m/z 481.09018 ([C,,H»,010Cl]", calcd. 481.08960). In the positive ion one-
level mass spectrogram (Figure S4A), [M + Na]" ion at m/z 469.11035, and [2M + Na]*
ion at m/z 915.23096 confirmed that m/z 447.12833 was the [M + H]" ion peak. In the
positive ion second-level mass spectrogram (Figure S4B), Peak 2 displayed an ion at m/
z 285.07565 ([Cy6H1305]", caled. 285.07575) by the loss of C4H;oOs from mj/z
447.12833, which generated fragment ions at m/z 270.05197 ([C;5H;0Os]", calcd.
270.05227), and m/z 253.04916 ([C,5HoO,4]", calcd. 253.04953) by the losses of the
-CHj;, and CH;0H, respectively. The product ion of m/z 137.02335 ([C;H,03]" calcd.
137.02332) was the fragment ion by RDA cracking from m/z 285.07565, and m/z
225.05437 ([C14Ho05]", caled. 225.05462) was the fragment ion by the loss of CO from
m/z 253.04916. Thirty-one flavonoids, including peaks 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13,
15, 16,17, 18,19, 20, 21, 22, 23, 24, 25, 27, 28, 29, 30, 32, 35, 36, 37, and 38, were identified.

3.1.2. Quantitative analysis

The content of four flavonoids, including ononin, calycosin, formononetin, and
(3R)—7,2’-dihydroxy-3’,4’-dimethoxyisoflavan-7-O-3-D-glucoside, and two saponins,
including astragaloside IV and astragaloside III, was higher in APAM, which was consist-
ent with the results of our previous study (Wang, Zhang, et al., 2017). However, there was
no significant difference between APAM and AR in the total content of the eight flavo-
noids (compounds 1-8) and the four saponins (compounds 9-12). The results are
shown in Table 1.

Table 1. The contents of twelve compounds of APAM and AR.

Compound APAM (mg/q) AR (mg/g)
Calycosin-7-O-B-D-glycoside 0.1320 +0.0012 0.3793 £ 0.021
Ononin 0.2061 +0.016 0.1153 £ 0.034
(6aR,11aR)—3-hydroxy-9,10-dimethoxypterocarpan-3-0-B-D-glucoside 0.0731 £+ 0.001 0.1036 + 0.0027
(3R)—7, 2'-dihydroxy-3',4’-dimethoxyisoflavan-7-O-3-D-glucoside 0.1641 + 0.026 0.0342 + 0.0032
Calycosin 0.0482 = 0.003 0.0117 £ 0.0056
Formononetin 0.0093 +0.0013 0.0036 + 0.0011
(6aR,11aR)—3-hydroxy-9, 10-dimethoxypterocarpan 0.0224 +0.0032 0.0236 + 0.0038
(3R)—7,2'-dihydroxy-3',4'-dimethoxyisoflavan 0.2248 +0.015 0.2231+0.043
Astragaloside IV 0.2369 + 0.035 0.1941 + 0.042
Astragaloside Il 41173 £0.056 0.1932 + 0.086
Astragaloside Il 0.0324 + 0.0034 0.1759 + 0.065
Astragaloside | 0.0485 + 0.0024 4.0790 + 0.087
Total flavonoids 0.8800 0.8944
Total saponins 44351 4.6422
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Table 2. Effects of APAM and AR treatment on body weight (unit: g).

0d 4d 8d 10d
Control 20.85+ 1.25 26.54 + 131 2823 + 1.11 3043 + 1.21
Model 20.65 + 1.32 2421 + 1.92% 20.23 + 1.24%* 20.54 + 0.84**
APAM 2042 + 1.05 25.89 + 1.65 23.43 + 1.09" 2496 + 1.25"
AR 20.53 + 1.23 25.12 + 0.89 23.04 + 0.97* 2424 + 0.54"

Data are expressed as mean + S.D. of eight mice. Compared with Control group, * p < 0.05, ** p < 0.01; Compared with
Model group, * p < 0.05, *# p < 0.01.

3.2. Pharmacological effect of APAM and AR

3.2.1. Body weight

The body weight of mice in the control, model, APAM, and AR group is listed in Table 2.
Significant differences in the body weight of mice were observed between the control and
the other three groups on Day 8, suggesting that APH and Cy caused an observable
reduction in body weight. In the APAM and AR groups, the body weight of mice was
increased on Day 10, however, it was still lower than that of the control group, and
there was no significant differences between them.

3.2.2. Blood parameters

As shown in Figure 3, compared with the control group, significant decreases in WBC,
RBC, HGB, and HCT were detected on Day 10 in the model group (p < 0.01), indicating
that the blood deficiency was successfully induced. In the APAM and AR groups, the levels
of WBC, RBC, HGB, and HCT were significantly restored to the control levels, with no
significant difference between the APAM and AR groups.

3.2.3. Thymus index and spleen index

Organ index was measured by the ratio of organ weight to body weight. The average values
of the thymus index and spleen index are listed in Figure 4A. In the model group, severe
atrophy of thymus and spleen were observed. After AR or APAM administration, thymus
and spleen indices increased. There was no significant difference between the two groups.

3.2.4. Na*-K*-ATPase and Ca**-Mg**-ATPase content

As shown in Figure 4B, in the model group, the levels of Na*-K*-ATPase and Ca**-Mg’
"-ATPase were reduced by APH and Cy treatment (p < 0.01). Compared with the model
group, APAM and AR treatment both resulted in significant recovery of Na*-K"-ATPase
and Ca**-Mg’*-ATPase content (p<0.01), and there was no significant difference
between them.

3.2.5. Metabolomic study

3.2.5.1. Metabolite assignment. Typical '"H NMR spectra of the spleen of mice in the
control and the model groups are shown in Figure 5. NMR signals were assigned to
specific metabolites based on the literatures (Guan et al., 2018; Qu, Wang, et al., 2016)
and confirmed with the help of NMR databases such as HMDB (http://www.hmdb.ca/)
and BMRB (http://www.bmrb.wisc.edu/). Thirty-three metabolites were detected in the
spleen, mainly amino acids, organic acids, choline metabolites, tricarboxylic acid cycle
(TCA) intermediates, purines, and organic bases. Endogenous metabolites identified in
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Figure 3. Scatter figures of periphery blood parameters in model, control, APAM and AR groups. Com-
pared with the control group,* p < 0.05, ** p < 0.01; compared with the model group, * p <0.05, * p <
0.01.

spleen are listed in Table S2. To determine the subtle variations in metabolites, we applied
multivariate analysis methods to the NMR data.

3.2.5.2. Metabolomic changes in multiple biological matrices. In the PCA score plot
(Figure 6A), clear separation was observed between the control group and the model
group, which was generated by PC1 (38.2%) and PC2 (19.5%). PLS-DA and OPLS-DA
were applied to maximize the difference between the control group and the model
group. In the PLS-DA model, R? and Q? values were lower than the original ones,
suggesting the validity of the discriminant model (Figure 6B). The corresponding
OPLS-DA was used to determine the potential biomarkers contributing to the separation
(Figure 6C), and the parameters R? (0.962), Q* (0.895), and p value (2.01x10™%) indicated
the interpretability, predictability, and validity of the established model. The OPLS-DA S-
plot (Figure 6D), combined with variable importance in the projection (VIP > 1.0), was
used to identify the metabolites that contributed to the separation.

Metabolic changes in the spleen contributing to the separation of the model group and
the control group mainly involved the elevated content of leucine, isoleucine, valine,
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model, control, APAM and AR groups. Compared with the control group,* p < 0.05, ** p < 0.01; com-
pared with the model group, * p < 0.05, # p < 0.01.

glutamate, methionine, aspartate, creatine, uracil, and uridine in the model group, along
with the decreased content of lactate, alanine, arginine, choline, PC, GPC, taurine, and
adenosine. The level of each metabolite could be measured by the peak areas (buckets),
and was compared by using a t-test.

After APAM treatment, the levels of 14 perturbed endogenous metabolites (leucine,
isoleucine, valine, lactate, alanine, arginine, glutamate, methionine, aspartic acid, creatine,
PC, taurine, uridine, and adenosine) were restored towards the levels in the control group
(Table 3). After AR treatment, the levels of 13 perturbed endogenous metabolites (leucine,
isoleucine, valine, lactate, alanine, glutamate, methionine, aspartic acid, PC, GPC, taurine,
uridine, adenosine) were reversed toward that of the normal controls (Table 3). The
efficacy index (EI) was used to compare the effect of enriching the blood by APAM and
AR (Xing, Sun, Jia, Qin, & Li, 2017).

n

Efficacy index (EI) = Z

i=1

X;-M;

x 100%,

17
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Figure 5. "H NMR spectra of spleen from control (A) and model group (B) mice.
where C; is the average relative content of one of the metabolites in control group; M; is the

average relative content of one of the metabolites in model group; and X; is the average
relative content of one of the metabolites in the APAM or AR groups.

The EI represents the sum of the recovery rate of all recovered metabolites. A higher
value of EI indicated a stronger blood enriching effect. As shown in Table 3, the EI of
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Figure 6. PCA score plot (A), PLS-DA permutation test (B), OPLS-DA score plot (C), and S-plot (D) of
mice spleen between the control and model group.

APAM and AR was 1387.79% and 1425.61%, respectively, indicating that APAM and AR
had very similar effects on the metabolites recovered.

3.2.5.3. Metabolic pathway analysis. The web-based MetaboAnalyst 3.6 system was used
to explore the possible metabolic pathways that were related to blood deficiency. As shown
in Figure 7, five metabolic pathways, including valine, leucine, and isoleucine biosynthesis,
D-glutamine and D-glutamate metabolism, alanine, aspartate, and glutamate metabolism,
taurine and hypotaurine metabolism, and arginine and proline metabolism, with impact
values of > 0.1 were filtered out as the most important metabolic pathways.

The recovery of potential metabolites suggested that the effects of APAM and AR on
blood deficiency were related to four metabolic pathways: valine, leucine, and isoleucine
biosynthesis; D-glutamine and D-glutamate metabolism; alanine, aspartate, and glutamate
metabolism; and taurine and hypotaurine metabolism.

4. Discussion
4.1. Analysis of chemical constituents of APAM and AR

It is common knowledge that TCMs contain multiple chemicals, and that their efficacy is
the result of the combined action of many chemical components (Liu, 2010). AR was
shown to contain more secondary metabolites than APAM, but they had similar blood-



Table 3. The integral levels of metabolites in Control and Model mice in spleen and regulated extent of APAM and AR treated on identified biomarkers.

§'H

metabolites

Control

Model

APAM

X; - M / M; - C; (APAM)

AR

X - M / M; - G; (AR)

0.96
1.01
1.04
1.34
1.48
1.70
2.07
215
2.81
3.03
3.20
3.22
3.23
3.27
5.82
5.92
6.11

Leucine
Isoleucine
Valine
Lactate
Alanine
Arginine
Glutamate
Methionine
Aspatic acid
Creatine
Choline

PC

GPC
Taurine
Uracil
Uridine
Adenosine

0.7234 + 0.1395
0.4047 + 0.07575
0.2853 + 0.04570
24342 + 0.5084
0.3296 + 0.02084
0.1692 + 0.02901
0.5723 + 0.06872
0.4846 + 0.05642
0.1639 + 0.02662
0.2238 + 0.03113
0.2393 + 0.04962
0.4959 +0.09506
2.9190 * 0.3628
1.6534 £ 0.1358
0.01307 + 0.0102
0.01903 + 0.00553
0.06646 + 0.01262

0.9665 + 0.08143**
0.5358 + 0.06132**
0.3652 + 0.04600**
1.8989 + 0.08679*
0.2326 + 0.02396**
0.1120 + 0.05652*
0.6230 + 0.05082*
0.5726 + 0.06078*
0.2089 + 0.02245**
0.2593 + 0.02001*
0.1803 + 0.02645*
0.3838 + 0.03346*
2.3602 = 0.3093*
13736 + 0.2785*
0.02768 + 0.00512*
0.02649 + 0.00278*
0.04003 +0.01301**

0.8167 + 0.1244*
0.3914 + 0.06295"*
0.2624 + 0.04702"
2.3967 + 0.1346"*
0.3516 + 0.07044"*
0.1766 + 0.04323"
0.5898 + 0.05713"
0.4412 + 0.07170*
0.1629 + 0.01681*
0.2040 + 0.03413"
0.2004 + 0.03254
0.4976 + 0.08780"
2.9474 + 0.7409
1.7347 + 0.2266"
0.02556 + 0.004537
0.02097 + 0.00362"
0.05734 + 0.00828**

0.6162
1.1014
1.2866
0.9299
1.2268
1.1294
0.6548
0.6523
1.0222
1.5577

1.0152
1.2906

0.7399
0.6549

0.7832 + 0.05134**
0.4011 + 0.04608"*
0.2305 + 0.02618"
2.5405 + 0.2124%
0.2952 + 0.03900%*
0.1535 + 0.03031
0.5631 + 0.07379*
0.4145 + 0.04227*
0.1614 + 0.02026"*
0.2374 + 0.05200
0.2072 + 0.02753
0.5084 + 0.09311*
2.6394 + 0.2626"
1.7860 + 0.4135"
0.02231 + 0.01377
0.01825 + 0.00301**
0.05910 + 0.00345%*

0.7540
1.0275
1.6859
1.1986
0.6454
1.1814
1.7966
1.0556

1.1115
0.4996
1.4739

1.1046
0.7215

Note: Compared with control group, * p < 0.05, ** p < 0.01; Compared with model group, * p < 0.05, ™ p < 0.01. PC: phosphocholine, GPC: glycerophosphocholine.
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Figure 7. Summary of pathway analysis for differential metabolites (Valine, leucine, and isoleucine bio-
synthesis (1); D-glutamine and D-glutamate metabolism (2); Alanine, aspartate, and glutamate metab-
olism (3); Taurine and hypotaurine metabolism (4); Arginine and proline metabolism (5)).

enriching effect. A possible reason for this may be that these compounds can be converted
into each other in the body. For example, astragaloside I and astragaloside II may be con-
verted into astragaloside IV, and calycosin-7-O-p-D-glycoside can be hydrolyzed to
produce calycosin (Liu et al., 2015). It may also be possible that the blood enriching
effect produced by AR was mainly associated with the 12 chemical components that we
have determined. It is clear that more in-depth research is required.

4.2. Blood enriching effect of APAM and AR

Cy is a commonly used alkylating agent in chemotherapy for various cancers and auto-
immune disorders (Parka et al., 2019). APH, a strong oxidant, exerts slow and pro-
gressive oxidative damage on RBC (Li et al, 2015). In the present study, the
combination of Cy and APH was used to induce a model of blood deficiency, which
was consistent with the internal environment of blood deficiency (Li, Guo, et al,
2014). RBC, WBC, HGB, and HCT are the main diagnostic criteria for blood deficiency
syndrome (Ashour, 2014). As Na*-K"-ATPase and Ca*"-Mg**-ATPase are related to
blood cells, they are closely associated with anemia (Ji et al., 2018). In our work,
pharmacological indicators such as weight, viscera indices, blood parameters, the
content of Na'-K'-ATPase and Ca®"-Mg**-ATPase, and the recovery of potential
metabolites all showed that APAM and AR had comparable blood enriching effects.
The current findings agreed with previous studies (Liu et al, 2018; Sun, Xie, Liu,
Xu, & Wang, 2003), which showed that AR exerted beneficial effects in the recovery
of blood parameters in blood-deficient mice.



FOOD AND AGRICULTURAL IMMUNOLOGY 1061

4.3. Metabolic pathway changes induced by APAM and AR

The beneficial effects of APAM and AR on blood deficiency may stem from their involve-
ment in some or all the four metabolic pathways, namely valine, leucine, and isoleucine
biosynthesis, D-glutamine and D-glutamate metabolism, alanine, aspartate, and glutamate
metabolism, and taurine and hypotaurine metabolism.

4.3.1. Valine, leucine, and isoleucine biosynthesis

Valine is an essential amino acid and a raw sugar amino acid (Lv & Guo, 2013). Valine can
regulate blood sugar levels and provide an energy supply for the body. In blood deficiency,
valine provides extra energy to the muscle for glucose production, which can prevent
muscle weakness (Ji et al., 2018). Leucine and isoleucine are important ketogenic amino
acids, they can be converted to the metabolytic intermediate product 3-hydroxybutyric
acid (3-HB) for energy production (Shi, Xiao, Wang, & Tang, 2013).

In this study, significant increases in valine, leucine, and isoleucine were observed in the
model group, suggesting that APH and Cy might influence the energy supply in mice,
which was in agreement with a report that found increased level of valine in blood
deficiency mice (Li et al., 2015). APAM or AR treatment restored the content of valine,
leucine, and isoleucine towards that of the normal controls. Previous studies showed
that APH and Cy could cause ischemia and anoxia in blood deficiency, which may
enhance anaerobic glycolysis (Wang, Sun, Hua, Li, & Wei, 2016). It is suggested that
the blood enriching ability of APAM and AR may improve energy metabolism through
alteration of the valine, leucine, and isoleucine biosynthesis pathway, which is the most
important metabolic pathway related to blood deficiency (Hua, Yao, Ji, & Wei, 2017;
Zhang et al., 2019).

4.3.2. D-Glutamine and D-glutamate metabolism

Glutamate is an intermediate product of glutamine metabolism (Wang, Jin, et al., 2017)
and may affect the immune response of monocytes/macrophages, the proliferation of lym-
phocytes, and the synthesis of Hsp70 (Exner et al., 2003). Glutathione (GSH), a tripeptide
of glutamate, glycine, and cysteine, is an efficient antioxidant that provides protection
against oxidative stress, either by serving as a cofactor for some antioxidant enzymes or
by reducing reactive oxygen species (ROS) (Lu, 2013; Roth et al., 2002; Yuan & Kaplo-
witzc, 2009). Disorders of glutamate and glutamine may inhibit the synthesis of GSH,
and subsequently lead to high levels of ROS (Guo et al.,, 2015). However, excessive ROS
can disrupt the structure and function of membranes, eventually leading to cell death
(Hua et al., 2017).

In this study, the level of glutamate was increased significantly in the model group com-
pared with the control group and was upregulated after treatment of APAM or AR. It is
revealed that APAM and AR might relieve the blood deficiency syndrome through altera-
tion of D-glutamine and D-glutamate metabolism.

4.3.3. Alanine, aspartate, and glutamate metabolism

Alanine is an important non-essential amino acid in the body and is a significant element
of lymphocyte regeneration and immunologic processes (Newsholme, Bender, Kiely, &
Brennan, 2007). Aspartic acid is an a-amino acid and used in the synthesis of threonine
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and methionine (Ji et al., 2018). Methionine can enhance the activity of glutathione per-
oxidase and superoxide dismutase to increase the biosynthesis of GSH (Ji, 2015), which
acts as an important antioxidant in human body and has the functions of anti-oxidation,
anti-apoptosis and inhibition of inflammatory reaction (Chen et al., 2019; Lu, 2013).

The model group showed higher levels of methionine and aspartic acid and lower level
of alanine; these results agreed with a previous report (Ji, 2015). In the APAM and AR
groups, the levels of alanine, methionine, and aspartate tended to be restored towards
those in the normal control mice, illustrating that APAM and AR might increase the
content of alanine to improve immune function and subsequently to enrich blood, and
reduce the levels of methionine and aspartate to relieve the blood deficiency syndrome
induced by antioxidants.

4.3.4. Taurine and hypotaurine metabolism

Taurine is an important amino acid and is involved in numerous physiological processes,
including participating in energy metabolism, maintaining the balance of intracellular
osmotic pressure, stabilizing the cell membrane, removing oxygen radicals, maintaining
intracellular calcium homeostasis, participating in body temperature regulation, and reg-
ulating the sensitivity of insulin (Froger et al., 2014; Huxtable, 1992).

The finding of the reduced taurine level in the model group agreed with previous
studies (Wang et al., 2010; Zong et al., 2009), suggesting that more taurine is required
to maintain the stability of the cell membrane (Nicholson & Wilson, 2003). Both
APAM and AR restored the taurine content toward that of normal control mice and
there was no significant deference between them, indicating that APAM and AR had
similar effects on taurine and hypotaurine metabolism.

5. Conclusions

In the present study, secondary metabolites in APAM and AR, including saponins and
flavonoids, were identified and analyzed by using the UPLC-Qtrap HRMS method, and
the biological effects of APAM and AR were compared in the APH and Cy-induced
blood deficiency model coupled with 'H NMR-based metabolomics. The results of this
work revealed that the secondary metabolites of APAM and AR were different.
However, there was no significant difference in the quantity of the eight flavonoids and
the four saponins we analyzed. APAM and AR exerted similar pharmacological effects
on blood deficiency induced by APH and Cy, and the mechanism of the blood enriching
effect may be related to valine, leucine, and isoleucine biosynthesis, D-glutamine and D-
glutamate metabolism, alanine, aspartate, and glutamate metabolism, and taurine and
hypotaurine metabolism. In combination with our previous study, this work is expected
to provide further evidence for the clinical application of APAM.

Chemical analysis showed that various primary metabolites and secondary metabolites
were present in APAM and AR. Although APAM contained fewer chemical components
than AR, APAM exerted similar pharmacological effects to AR. This similarity may be
related to the metabolic transformation of these compounds in the body. Therefore, it
is necessary to compare the metabolism of APAM and AR in the body in future studies
in this field.
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