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Objective To elucidate the mechanisms underlying the thera-
peutic effects of Fufang Ejiao Jiang (2 % k%, FFE]]) on
aplastic anemia (AA) using integrated network pharmacology
and serum metabolomics.

Methods Traditional Chinese Medicine Systems Pharmacology
(TCMSP), Pubmed, integrative pharmacology-based research
platform of traditional Chinese medicine (TCMIP), and Bioin-
formatics Analysis Tool for Molecular mechANism of Traditional
Chinese Medicine (BATMAN-TCM) were used to identify the
constituents and putative targets of FFEJJ. GeneCards and Dis-
GeNET databases were used to identify AA-associated targets. We
constructed a herb-component-target network and analyzed the
protein-protein interaction (PPI) network. Potential mechanisms
were determined using Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway enrichment analyses. In addition, an AA
model was established using acetylphenylhydrazine (APH) and
cetylphenylhydrazine (CTX). Ultra-performance liquid chroma-
tography-quadrupole time-of-flight mass spectrometry (UPLC-Q-
TOF/MS)-based serum metabolomics was applied to screen po-
tential metabolites and the related pathways associated with AA
and the potential anti-anemic effects of FFE]].

Results A total of 30 active components of FFE]] and 24 targets
were related to AA. PPI network analysis showed that VEGFA,
AKT1, IL-6, CASP3, and ICAM1 were key nodes overlapping with
proteins known to be related to AA. KEGG pathway enrichment
analysis revealed that the presumed targets of FFEJ] were mainly
associated with pathways linked to the promotion of hema-
topoiesis and improvement of the hematopoietic microenviron-
ment. A total of 423 metabolite biomarkers were identified
between the control and AA models, which are involved in the
development of AA. In contrast, FFE]] reversed the 79 differential
metabolites altered by AA. Pathway analysis suggested that the
synergistic effects of FFE]] were mainly enriched in 24 metabolic
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pathways. Among them, sphingolipid metabolism, glycerophos-
pholipid metabolism, and arachidonic acid metabolism were re-
lated to promoting hematopoiesis and improving the hematopoi-
etic microenvironment, which partially conforms with network
pharmacology. The interaction network formed by three key dif-
ferential metabolites, including hydroxy-eicosatetraenoic acid
(HETE), sphingosine 1-phosphate (S1P), and lysophosphati-
dylcholine (lysoPC), and three predicted network targets (VEGFA,
CASP3, and ICAM1) may be the potential mechanism underlying
the anti-AA action of the multi-component of FFE]].

Conclusion FFEJ] could be an alternative treatment option for
AA. Tt acts by promoting hematopoiesis and improving the hema-
topoietic microenvironment. Network pharmacology-integrated
metabolomics makes it possible to analyze TCMs from a systems

perspective and at the molecular level.
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1 Introduction

Aplastic anemia (AA) is a hematological disorder
with subtle onset caused by various factors. Bone
marrow hematopoietic failure is the main clinical
manifestation of this condition ['l. Moreover, it is re-
sponsible for high morbidity and mortality in the Asi-
an population . Although frontline therapies such
as immunosuppressive therapy (IST) and bone mar-
row transplantation (BMT) have been applied in the
last decade, side effects and recurrence rates remain
high Pl Thus, it is necessary to develop new and ef-
fective therapeutic strategies for AA. In addition, due
to the multiple pathological mechanisms of AA, com-
bination treatments instead of monotherapy should
be considered.

Traditional Chinese medicine (TCM), particu-
larly the TCM formula with multiple herbs, has be-
come an important factor in the treatment and pre-
vention of AA €. According to TCM, AA is a physical
condition that lacks Qi and blood. Fufang Ejiao Jiang
(A7 M A3, FFEJ]) is characterized as having
therapeutic efficacy against leukopenia and anemia,
consisting of five herbs: Ejiao (Asini Corii Colla),
Hongshen (Ginseng Radix et Rhizoma Rubra), Shudi-
huang (Rehmanniae Radix Preparata), Dangshen
(Codonopsis Radix), and Shanzha (Crataegi Fructus).
It is a commonly used prescription for “nourishing Qi
and nourishing blood”. Previous studies have shown
that FFE]J alleviates myelosuppression by increasing
the proliferation of hematopoietic stem cells (HSCs)
and improving the bone marrow microenviron-
ment [ ®, However, the therapeutic mechanism of
FFEJ] in AA still needs further investigation to

promote progress in the clinical application and de-
velopment of FFEJ].

Recently, network pharmacology combined with
metabolomics has been widely employed to explore
the molecular mechanisms of TCM at a holistic level.
Several studies have indicated that network pharma-
cology enables the identification of drug-gene-dis-
ease co-module associations in a high-throughput
manner 'Y, Furthermore, its "network target, multi-
components" is relatively consistent with the syner-
gistic multi-compound characteristics of TCM. Meta-
bonomics study plays an important role in compre-
hensively surveying the endogenous metabolites of
the organism or organ and their relationship with in-
ternal or extrinsic factors. This combination is power-
ful for identifying the active components and mech-
anisms of action of TCMs.

In this study, network pharmacology was applied
to identify the potential bioactive components in
FFEJ] and elucidate its therapeutic mechanisms in
AA. The metabolomics method was used to monitor
alterations in endogenous substances after treatment
with FFEJ], aiming for an experimental gist associ-
ated with the metabolic mechanism of FFE]J] in AA.
We performed network pharmacology and metabolo-
mics analysis to elucidate the molecular mechanism
of FFE]] in AA.

2 Materials and methods
2.1 Database and software

(1) Herbs and components database: Traditional
Chinese Medicine Systems Pharmacology Database
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and Analysis Platform (TCMSP, http://lsp.nwu.edu.
cn/tcmsp.php, ver.2.3), PubMed (https://www.ncbi.
nlm.nih.gov/pubmed), Integrative Pharmacology-
based Research Platform of Traditional Chinese Medi
cine (TCMIP, v2.0, http://www.tcmip.cn), and Bioin-
formatics Analysis Tool for Molecular mechANism of
Traditional Chinese Medicine (BATMAN-TCM, http://
bionet.ncpsb.org.cn/batman-tcm/). (2) Disease data-
bases: GeneCards database (https://www.genecards.
org/ver.5.2) and the DisGeNET database (http://www.
disgenet.org, last update: May 2020). (3) Protein data-
base UniProt database (http://www.rcsb.org/). (4) Net
work visualization database and software: STRING
online database (https://string-db.org/), Cytoscape
3.7.2 software, and OmicShare cloud platform (http://
www.omicshare.com). (5) Enrichment database:
Database for Annotation, Visualization, and Integ-
rated Discovery (DAVID) platform (https://david.nci-
ferf.gov/) and MetaboAnalyst (https://www.meta-
boanalyst.ca/MetaboAnalyst/, ver.5.0). (6) Metabol-
ite identification database: Human Metabolome
Database (HMDB, http://www.hmdb.ca/), METLIN
(http://metlin.scripps.edu).

2.2 Network pharmacology analysis

2.2.1 The prediction of potential targets for FFEJJ
and AA Based on the TCMSP database, the active
components and targets of FFEJ] were identified
based on oral bioavailability (OB = 30%) and drug-
like (DL = 0.18) characteristics. GeneCards and Dis-
GeNet databases were employed to obtain the AA-
correlated therapeutic targets, and the keywords
were set as “aplastic anemia” and “Homo sapiens”.

2.2.2 Enrichment analysis Gene Ontology (GO)
function and Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) enrichment analysis were performed
on the DAVID platform. The species was also set as
“Homo sapiens”. The OmicShare cloud platform was
used to visualize the histograms and bubble map
charts.

2.2.3 Construction of network The component-tar-
gets-pathway network was established and visual-
ized using Cytoscape 3.7.2 software. A protein-pro-
tein interaction (PPI) network was constructed using
STRING. Topological parameters [including the de-
gree and betweenness centrality (BC)] of the node
were calculated to identify hub components, key tar-
gets, and pathways.

2.3 Metabolic analysis

2.3.1 Animal experiments Twenty-one male specif-
ic pathogen-free (SPF) grade Sprague-Dawley (SD)
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rats aged eight weeks weighing 200 - 220 g were pur-
chased from Hunan SJAC Laboratory Animal Co.,
Ltd. (No. 43004700058820). Before the experiment,
animals were adaptively maintained and housed for
one week in a SPF-grade facility at Hunan Academy
of Chinese Medicine (License No. SYXK [Xiang] 2020-
0008). All animal experiments were performed in
accordance with the protocols and guidelines ap-
proved by the Animal Ethics Committee of the Hu-
nan Academy of Chinese Medicine (Approval No.
20190041).

After adaptation, the SD rats were randomized
into three groups: control group (n = 7), model group
(n = 7), and FFE]] treatment group at a dose of
5.4 mL/kg (n =7) !”. On the 8th day of drug adminis-
tration, the model and FFE]J groups received an in-
traperitoneal injection of 30 mg/kg, 1-acetyl-2-
phenylhydrazine (APH). On the 12th day, 100 mg/kg
cyclophosphamide (CTX) + APH was injected ['!. The
control group was injected equal amounts of normal
saline and distilled water. All the rats were euthan-
ized after drug treatment. In a previous study, histo-
logical examination and peripheral blood (PB)
routine tests were applied to evaluate the quantity of
blood cells and the AA model "% (Figure 1).

2.3.2 Sample collection and preparation The fol-
lowing procedures were used to determine serum
metabolism. First, 100 pL serum samples were
thawed at 4 °C for 30 min. 300 puL pre-cooling mix-
ture of methanol and acetonitrile (2/1, v/v) was ad-
ded to the sample to completely remove the protein.
In addition, 10 pL internal standard (0.3 mg/mL
2-chloro-1-phenylalanine (HPLC = 98%, Adamas-
beta) was also dispersed in this mixture. Thereafter,
they were vortexed for 30 s. Subsequently, the above
mixture was continued at 13 000 rpm and 4 °C for
15 min. The supernatant was filtered through a mi-
crofilter (0.22 pm). Finally, 10 pL supernatant was de-
tected by ultra-performance liquid chromatography-
quadrupole time-of-flight mass spectrometry (UPLC-
QTOF/MS). All samples were maintained at 4 °C pri-
or to analysis.

Before sample preparation, quality control (QC)
was prepared using an equal volume (100 pL) of
samples from each group to evaluate the repeatabil-
ity of the experimental methods and ensure the reli-
ability of the metabolomic data. In our study, one QC
sample was inserted into every six samples.
Moreover, some ions were removed when their relat-
ive abundance was less than 30% of the QC.

2.3.3 UHPLC-MS analysis Serum metabolic pro-
files were obtained using a UPLC-QTOF/MS system
in positive and negative ESI ion modes. An ACQUITY
UPLC BEH C18 column (100 mm x 2.1 mm, 1.7 pm,
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Inject with normal saline
Feed with distilled water

1

Control group

(n=7) Inject with
Inject with 100 mg/kg CTX
/_\QK 30 mg/kg APH + 60 kg/mg APH
’ .
g ¥Sacrifice
i SD rats
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Model group
(n=7)
FFEJJ group
(5.4 mL/kg; n="7)
Figure 1 Animal experiments flow chart
Waters, USA) was used to optimize the gradient elu- 3 Results

tion. In addition, 0.1 % formic acid water (A) and
methanol (B) were used as the mobile phases. The
working processis as follows: 0.01 - 1.5min, 5% B; 1.5 -
3 min, 5% - 30% B; 3 - 7 min, 30% - 60% B; 7 - 9 min,
60% - 90% B; 9 - 11 min, 90% - 100% B; 11 - 12 min,
100% B; 12 - 15min, 100% - 5% B. The injection volume,
flow rate column, and temperature were 10 pL,
0.35 mL/min, and 45 °C, respectively. The following
are the mass spectrum parameters for this experi-
ment: the ion source temperature was set at 320 °C
(+) and 320 °C (-); ion spray voltage was 3500 V (+)
and 3100 V (-); curtain gas, 30 PSI; mass scan, 60 -
900 ( +) and 60 - 900 (-); and collision energy was
30 eV.

2.3.4 Identification and quantitative analysis Pro-
gnosis QI software (Waters Corporation, Milford,
USA) was used to calibrate the peak, including align-
ment, peak picking, and deconvolution "*. Based on
the human metabolome database (HMDB) and a
metabolite mass spectral database (METLIN), meta-
bolites were identified according to the characteristic
rule of retention time (RT), m/z, and the ionic frag-
ments of MS/MS results "> '), The relative content of
each metabolite was calculated by comparing the rel-
ative peak areas of the internal standard samples.
The identification of biomarkers was enriched on the
MetaboAnalyst platform.

2.4 Multivariate statistical analysis

A t test was used to identify significantly changed
metabolites. Hierarchical cluster analysis (HCA) and
orthogonal partial least squares discriminant analysis
(OPLS-DA) were employed to distinguish different
groups (model group, control group, and FFEJJ
group) [ 'l Potential biomarkers were required to
meet the variable importance projection (VIP) > 1
and P <0.05.

3.1 Network pharmacology analysis

3.1.1 The identification of chemical compounds and
potential targets for FFEJJ on AA A total of 301
chemical compounds in FFE]] were identified from
the TCMSP, TCMIP, and BATMAN-TCM databases.
Among them, 74 chemical compounds were present
in Hongshen (Ginseng Radix et Rhizoma Rubra), 76
in Shudihuang (Rehmanniae Radix Preparata), 134 in
Dangshen (Codonopsis Radix), and 32 in Shanzha
(Crataegi Fructus). Of the 301 chemical compounds,
we further screened 22 active components that con-
formed to OB = 30% and DL = 0.18 (Table 1). In ad-
dition, 17 amino acids in Ejiao (Asini Corii Colla)
were identified using PubMed. Four chemical com-
pounds, including arginine, histidine, lysine, and
threonine, were taken into account in the network
pharmacology analysis '"??. According to previous
study, four compounds (including panaxynol, gin-
senoside rf, ginsenoside rh2, and panaxydol) in
Hongshen (Ginseng Radix et Rhizoma Rubra) were
also selected as presumptive active components ),
For the 30 active components in FFE]], the TCMSP
and UniProt databases were used to identify 138 pro-
tein targets. Among these targets, 21 were related to
Hongshen (Ginseng Radix et Rhizoma Rubra), 39 to
Ejiao (Asini Corii Colla), 26 to Shudihuang (Rehman-
niae Radix Preparata), 91 to Dangshen (Cadonopsis
Radix), and 21 to Shanzha (Crataegi Fructus). The de-
tails are listed in Table 2. A total of 238 targets and
651 targets for AA were identified using the DisGe-
NET and GeneCards databases, respectively. There
were 133 overlapping targets in the above two data-
bases. Consequently, after eliminating redundancy,
24 targets were found to be related to the 30 active
components in FFE]J] and were associated with AA.



332

HE Dan, et al. / Digital Chinese Medicine 4 (2021) 328-342

Table 1 Compounds information of FFE]J]

Source Mol ID Molecule Name MW OB (%) DL Database
MOL008407 Stigmasterone 410.75  45.40 0.76 TCMSP
MOLO008411 11-Hydroxyrankinidine 356.46  40.00 0.66 TCMSP
3-Beta-hydroxymethy
MOLO007059 o 294.32  32.16 0.41 TCMSP
llenetanshiquinone
MOL008393  7-(beta-Xylosyl)cephalomannine_qt ~ 830.02  38.33 0.29 TCMSP
MOL003896 7-Methoxy-2-methyl isoflavone 266.31  42.56 0.20 TCMSP
MOL008397 Daturilin 436.64 50.37 0.77 TCMSP
MOL002879 Diop 390.62  43.59 0.39 TCMSP
MOLO005321 Frutinone A 264.24 65.9 0.34 TCMSP
Dangshen
. . TCMSP,
(Cadonopsis Radix)  \ro1,008400 Glycitein 28428 5048  0.24
TCMIP
. TCMSP,
MOL000006 Luteolin 286.25  36.16 0.25
TCMIP
MOL007514 Methyl icosa-11,14-dienoate 32259  39.67 0.23 TCMSP
. TCMSP,
MOLO002140 Perlolyrine 264.3 65.95 0.27
TCMIP
MOL001006 Poriferasta-7,22E-dien-3beta-ol 412.77  42.98 0.76 TCMSP
MOLO006774 Stigmast-7-enol 414.79 37.42 0.75 TCMSP
MOL003036 ZINC03978781 41277  43.83 0.76 TCMSP
) , TCMSP,
MOL012330 Ginsenoside rf 801.14 17.74 0.24
TCMIP
MOLO012332 Gi ide rh2 622.98  36.32 0.56 TCMSE,
insenoside r . . .
Hongshen TCMIP
(Ginseng Radix et
. TCMSP,
Rhizoma Rubra) MOLO012334 Panaxydol 260.41 61.67  0.13
TCMIP
TCMSP,
MOLO012328 Panaxynol 24441 42.44 0.10
TCMIP
Shudihuang TCMSP,
(Rehmanniae Radix ~ MOL001987 p-Sitosterol 546.57  33.94 0.7 BATMAN-
Preparata) TCM
Dangshen TTCMSP,
(Cadonopsis Radix), ~MOL004355 Spinasterol 412,77  42.98 0.76 BATMAN-
Shudihuang TCM, TCMIP
(Rehmanniae Radix TCMSP,
Preparata), Shanzha  M(QL000449 Stigmasterol 412.77 4383  0.76 BATMAN-
(Crataegi Fructus) TCM, TCMIP

3.1.2 Herbs-components-targets network analysis

Our study established an herbs-components-targets
(containing 168 nodes and 273 edges) network (Fig-
ure 2A) for FFEJ] via Cytoscape. The topological ana-
lysis showed that 10 components with degree > 5
were involved in the regulation of multiple targets,
including three for flavonoids (luteolin, 7-Methoxy-2-
methyl isoflavone, and glycitein), 3 for sterols (stig-
masterol, ginsenoside rh2, and ginsenoside rf), and 4

for others (3-beta-hydroxymethyllenetanshiquinone,
frutinone A, panaxynol, and panaxydol). These find-
ings suggest that FFE]J] works through multiple com-
ponents and targets.

3.1.3 PPI network Repetitive targets between the
GeneCards and the DisGeNET databases were ex-
cluded, and 756 AA-correlated targets were collected.
To identify the targets with essential contributions,
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Table 2 Herb-compound-active components-po-
tential targets for FFE]J

Number of
potential
targets

Number of
Herb Number of active

compounds
components

Ejiao (Asini

Corii Colla) 17 4 39

Hongshen
(Ginseng
Radix et 74 7 21
Rhizoma
Rubra)

Shudihuang
(Rehmanniae
Radix
Preparata)

76 2 26

Dangshen
(Cadonopsis 134 21 91
Radix)

Shanzha
(Crataegi 32 6 21
Fructus)

Figure 2 Network pharmacology analysis for FFE]]

@Components
O@Target
<Herb
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we imported the 24 co-targets of FFEJJ-AA and con-
structed FFEJJ-AA PPI networks via STRING (Figure
2B and 2C). Our PPI network showed that the top five
proteins most closely associated with the anti-AA ef-
fects of FFEJ] were VEGFA, AKT1, IL-6, CASP3, and
ICAM]1, which conformed to the results of previous
animal experiments (Figure 2D).

3.1.4 GO analysis and KEGG pathway enrichment
analysis The DAVID platform was used to investig-
ate the biological processes and functions of the can-
didate targets of FFEJ] with respect to AA. In this
study, 24 co-targets were annotated by GO function
analysis and KEGG pathway analysis. A total of 30 GO
terms are displayed in Figure 3, including biological
processes (BP), cellular components (CC), and mo-
lecular function (MF). The top five enriched GO
terms for FFEJ] (Figure 3A)indicate that FFE]J] eli-
cited its anti-AA effects through the following path-
ways: negative regulation of the apoptotic process,
response to drug, positive regulation of chemokine
biosynthetic process, positive regulation of nitric ox-
ide biosynthetic process, and positive regulation of

GeneCards

DisGeNET

FFEJJ

A, herb-components-targets network of FFE]]. B, targets Venn diagram of FFEJ] against AA. C, PPI network of FFEJJ and AA.

D, target count of top 20 in PPI network.
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sequence-specific DNA binding transcription factor
activity.

Pathway enrichment was conducted to clarify the
activities of FFEJ]. The top 13 KEGG pathways (Fig-
ure 3B and 3C) with P < 0.05 were identified for FFE-
JJ, including immune regulation-related pathways (T
cell receptor signaling pathway, intestinal immune
network for IgA production, Jak-STAT signaling path-
way, and Toll-like receptor signaling pathway), in-
flammatory regulatory corelated pathways (TNF sig-
naling pathway, PI3K-Akt signaling pathway, NF-
kappa B signaling pathway), hematopoiesis-related
pathways (osteoclast differentiation, hematopoietic
cell lineage), oxidative stress-related pathways (HIF-1
signaling pathway, FoxO signaling pathway), and
other pathways (cytokine-cytokine receptor interac-
tion, p53 signaling pathway). In summary, these res-
ults suggest that FFE]] exerts an anti-AA effect by
combining effective targets with various bioactivities

HE Dan, et al. / Digital Chinese Medicine 4 (2021) 328-342
3.2 Serum metabolomic analysis

3.2.1 Metabolic profiles Serum metabolomics ana-
lysis was conducted to further characterize the meta-
bolite changes in AA rats, and the functional activit-
ies of FFE]JJ were verified via metabolic profiles. Ac-
cording to the HMDB and Mrtlin platforms, 895 and
610 endogenous metabolites were identified in the
positive and negative ion modes, respectively.

HCA is described as a probe tool that
distinguishes natural groups and associates similar
classes in a batch of data. As shown in Figure 4, the
AA model group were briefly separated from the con-
trol group, indicating that APH combined with CTX
caused a serious metabolic disorder in rats. Com-
pared with the model group, animals treated with
FFE]J] showed a trend towards the control group, sug-
gesting that FFE]] can regulate the metabolic dis-

pathways. Pathway information is presented in order caused by AA (Figure 4A). In addition, OPLS-
Table 3. DA, a supervised analysis strategy, was used to screen
A
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Figure 3 Enrichment analysis for FFE]] on AA

A, GO analysis. B, KEGG pathway analysis. C, target-pathway network of FFE]]J on treating AA.
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Table 3 The top 13 KEGG pathways associated with FFE]] in relation to AA

KEGG ID Pathway Pvalue Target

IL-6, CDKNI1A, IFNG, NOS2, HMOX1, AKT1,
map04066 HIF-1 signaling pathway 0.0000003 VEGEA
map04660 T cell receptor signaling pathway 0.000012 IL-10, IL-4, CD40LG, IFNG, AKT1, IL-2
map04672 Intestinal immune network for IgA production  0.000012 IL-10, I-L4, IL-6, CD40LG, IL-2
map04630 Jak-STAT signaling pathway 0.000077 IL-10, IL-4, IL-6, IFNG, AKT1, IL-2
map04060 Cytokine-cytokine receptor interaction 0.000085 IL-10, IL-4, IL-6, CD40LG, IFNG, IL-1p, IL-2
map04668 TNF signaling pathway 0.000326 IL-6, IL-14, CASP3, AKT1, ICAM1
map04151 PI3K-Akt signaling pathway 0.000573  IL-4, IL-6, CDKN1A, MDM2, AKT1, IL-2, VEGFA
map04068 FoxO signaling pathway 0.000767 IL-10, IL-6, CDKN1A, MDM2, AKT1
map04115 p53 signaling pathway 0.001191 CDKN1A, CASP3, CHEK1, MDM?2
map04064 NF-kappa B signaling pathway 0.002 529 CD40LG, PLAU, IL-15, ICAM1
map04380 Osteoclast differentiation 0.007977 IENG, IL-14, AKT1, PPARG
map04640 Hematopoietic cell lineage 0.031004 IL-4, IL-6, IL-1p
map04620 Toll-like receptor signaling pathway 0.044473 IL-6, IL-15, AKT1

and identify the differential metabolites responsible
for class separation. OPLS-DA scoring showed good
division between groups (Figure 4B). Endogenous
metabolites with fold change (FC) > 2 or FC < 0.5,
and P < 0.05, were regarded as potential biomarkers.
Based on the positive and negative ion modes, 423
biomarkers (58 upregulated and 365 downregulated)
were identified between the control and model
groups. Similarly, 79 biomarkers (15 upregulated and
64 downregulated) were identified as differential
metabolites between the FFEJ] and model groups
(Figure 5A and 5B).

Furthermore, to develop our understanding of the
regulation rules for FFEJ], 35 overlapping altered
metabolites were identified, and the metabolic pro-
files are shown in the heat map (Figure 5C and 5D).
Notably, FFE]J] reversed 26 metabolites compared to
rats without treatment (Table 4).

3.2.2 Metabolic pathway analysis Enrichment ana-
lysis for biomarkers was performed to reveal the cor-
relative metabolic pathways and function and illus-
trate the potential mechanisms underlying the thera-
peutic effects of FFEJ] at the metabolic level. Overall,
423 biomarkers were altered in the control and AA
models enriched in 24 metabolic pathways. Similarly,
79 metabolites with significant changes between
FFE]J] therapy and the AA model were involved in 11
metabolic pathways. Moreover, 10 overlapping meta-
bolic pathways were observed between the control
vs. model and FFE]J] vs. model groups. Among them,
five metabolic pathways with impact >0.1 were con-
sidered key metabolic pathways for FFE]] in the treat-
ment of AA, including retinol metabolism,

sphingolipid metabolism, pentose and glucoronate
interconversions, glycerophospholipid metabolism,
and arachidonic acid metabolism, which may also be
responsible for the metabolic changes in AA rats (Fig-
ure 6).

Sphingolipids  (C00319) and sphinganine
(C00836) are affected by sphingolipid metabolism.
PC [15 : 0/20 : 3 (8Z, 11Z, 14Z)] (C00157) and Lyso-
PC [22 : 1(13Z)] (C04230) were responsible for meta-
bolite nodes in glycerophospholipid metabolism.
Arachidonic acid metabolism was regulated by 15(S)-
HPETE (C05966) and PC [15:0/20:3 (8Z, 117,
147)] (C00157). In addition, pentose and glucuron-
ate interconversions and retinol metabolism were
significantly affected by retinal (C00376) and 6-Hy-
droxy-5-methoxyindole glucuronide (C03033), re-
spectively. The regulatory effects of FFE]] are mainly
involved in lipid metabolism. In this study, com-
pared to the model group, FFE]] decreased the ser-
um levels of LysoPC [P-18 : 1 (9Z)] (P< 0.001), Lyso-
PC [20:1 (11Z)], LysoPC [22:1 (13Z)], and
LysoPC(P-18 : 0) (P < 0.05), while it increased PC
[16 : 0/16 : 1 (9Z)] (P < 0.01). In addition, FFEJ]
decreased the sphinganine (P < 0.001) and cer
(d18 : 1/2 : 0) (P < 0.05), while it upregulated the
level of S1P (P<0.05). Our results suggest that FFE]] is
involved in the regulation of sphingolipid metabol-
ism via multiple metabolites.

4 Discussion

AA is considered a fatal blood disease that can occur
at any age and is more prevalent in Asia !, TCMs
comprise a combination of multi-flavored herbs and
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Figure 4 Multivariate statistical analysis of control vs. model and FFE]J] vs. model

A,HCA analysis. B, OPLS-DA score plots.

are considered to be effective for bone marrow fail-
ure-related diseases, and has the characteristics of
high safety, low toxicity, and fewer side effects. Net-
work pharmacology and associated databases were
used to forecast the dominant targets of FFE]J] on AA.
The development of network pharmacology, contain-
ing herbs, ingredients, and disease platforms, has ac-
celerated the advancement of approaches employed
to reveal the bioactive constituents and underlying
mechanisms of TCMs ),

Luteolin and ginsenosides were identified in this

study. Previous studies showed that luteolin allevi-
ates HgCl2-induced AA by regulating the Sirt1/Nrf2/
TNF-a signaling pathway *?”, Accumulating evid-
ence indicates that ginsenosides might be an altern-
ative strategy for the treatment of myelosuppression
induced by chemotherapy or radiotherapy . In ad-
dition, ginsenosides possess dual activities in AA,
restoring hematopoiesis and regulating immunity %),
These studies indicate that FFE]] has the advantages
of multiple components and multiple targets in the
treatment of AA. Network pharmacology analysis
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Table 4 Differentially expressed endogenous metabolites of 35 overlapping biomarkers between the control vs.

model and FFE]J] vs. model groups

Control vs. model group FFE]]J vs. model group
Metabolite
Trend FC VIP Trend FC VIP

Bimatoprost ™ 25.929260 1.40265 7 4.728753 1.60670
L-arginine T 6.529770 1.19877 17 3.7275580 1.54302
Prolyl-threonine T 6.124221 1.32963 17 6.454493 1.55848

PGP[18 :1(112)/22:6 ”
(42, 72, 10Z, 132, 167, 197)] i) 3.748950 1.42319 N 6.129689 1.68652
Sphingosine e 0.455488 1.09234 1 0.480865 1.50887
Gibberellin A14 aldehyde e 0.444137 1.07920 1 0.344 406 1.82731
Erucicoyl-EA 1 0.387618 1.23414 17 0.426410 1.92648
11-Deoxy-PGE2 P 0.327019 1.26723 1 0.284707 1.89220
Sphinganine P 0.274168 1.30965 1* 0.491555 1.52908
4-Hydroxyhexanoylglycine 1 0.219752 1.009 14 N 0.407118 1.25892
18R-Resolvin E3 P 0.188058 1.282 00 V 0.490375 1.48931
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Table 4 Continued
Control vs. model group FFE]] vs. model group
Metabolite
Trend FC VIP Trend FC VIP
Mesobilirubinogen e 0.177034  1.27484 1 0.432845  1.50332
19,20-DiHDPA e 0.166015 1.34575 1 0.399679 1.80118
20-HDoHE 1 0.142311 1.32645 hd 0.428 339 1.70670
Succinylmonocholine ™ 0.100378  1.47379 1 0.444297  1.89173
Leukotriene E3 o 0.086 765 1.06161 I 0.229059 1.39353
N-oleoyl tyrosine e 0.078383 1.26034 1* 0.306 406 1.15837
Inophyllolide chromanol 1 0.065110  1.40085 1" 0.428732  1.78006
(235)-1Alpha-hydroxy-25,27- 1 0.050390  1.34223 e 0.308168  1.76608
didehydrovitamin D3 26,23-lactone
Indolepyruvate i 0.048754 1.16353 1 0.361233 1.29448
N'-Hydroxymethylnorcotinine ™ 0.047023  1.28811 17 0.288736  1.68116
16,16-Dimethyl-PGE1 e 0.034309 1.244 88 1* 0.286941 1.12811
Morphine 1 0.022421 1.32799 hd 0.358020 1.54930
3-(8,4-Dihydroxyphenyl)-N-[2- 1 0.002107  1.42488 (e 0.443507  1.66774
(4-hydroxyphenyl)ethyl]propanimidic acid
(3b,20R,22R)-3,20,27-Trihydroxy-1- 1 0.000070  1.31379 1 0.459267 1.29018
oxowitha-5,24-dienolide 3-glucoside ) ’ ’ ’
3,4,5,6-Tetrahydrohippuric acid I 0.000001  1.50111 1 0.245892  2.05473
(+)12-HEPE ™ 2.169601 1.41034 1#* 0.312138 1.624 65
4-Ethylamino-6-isopropylamino-
Y e P ) pi’ 1 0.307291  1.08248 1 2173343  1.82286
,3,5-triazin-2-0
5(S),6(R)-Lipoxin A4 methyl ester 1 7.370820 1.11125 h 0.085451 1.62416
5-Amino-2,5-dihydroxy-3,4- - »
diphenylpentanoic acid l 0.008361 1.17500 ) 3.290601 1.56309
Avenalumin IIT e 0.019856 1.208 06 1 2.098719 1.30472
LysoPC[22 : 1(13Z)] T 3.775989 1.49623 l# 0.496 587 1.90469
Meloxicam 1 0.000003 1.01379 1 50.623910 1.76636
S-(11-Hydroxy-9-deoxy-
d lt( 12 PZ}DZ))(Y Tt th)'(y e 34.54279 1.42708 1 0.002514 1.70362
eltal2- -glutathione
SMC16 : 1 1 0.034294  1.27917 1 4225029  1.46191

*P< 0.05, *P< 0.01, and **P < 0.001, compared with normal control group; *P < 0.05, **P < 0.01, and **P < 0.001, compared
with model group.

plays an important role in clarifying this complex re-
lationship by linking the chemical space of compon-
ents with biomolecules. The upregulation of VEGFA
accelerates the process of anemia, whereas the up-
regulation of adhesive molecules in bone marrow
mesenchymal stem cells (BMMSCs), such as VLA-4,
VCAM-1, and ICAM-1, participates in AA protec-
tion [ 30,

erythropoietic stress, especially under conditions of

CASP3 overexpression occurs during

tissue hypoxia during the period of anemia °!. Re-
search demonstrates that irradiation and chemo-
therapeutic drugs increase IL-6 expression in AA,
which may disturb the balance of the bone marrow
hematopoietic microenvironment P2, Our study
found that luteolin in Dangshen (Codonopsis Radix)
is capable of concurrently regulating VEGFA, AKT1,
CASP3, and ICAM1. Panaxytol, ginsenoside rh2, and

luteolin synergistically regulated CASP3. Network
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pharmacology suggests that it is possible to analyze
complex systems and establish relationships between
multiple targets in the chemical compounds of TCM
and specific diseases. According to our results, FFE]J
may be involved in regulating bone marrow hema-
topoietic microenvironment-related targets to
achieve the therapeutic effect of AA.

It has been demonstrated that lipid metabolism is
a vital aspect of hematopoiesis in the cell-autonom-
ous and bone marrow (BM) microenvironment %, A
previous study showed that the levels of lysophos-
phatidylcholines  (lysoPCs) containing lysoPC
(18 : 0), lysoPC (20 : 4), lysoPC (16 : 0), lysoPC
(18 : 2), sphinganine, thiamine pyrophosphate,
phytosphingosine, and glycerophosphocholine in-
creased significantly in hemolytic and AA rats %, PCs
are the precursors of lysoPC and a primary constitu-
entof membrane lipids. During terminal eryth-
ropoiesis, the levels of PC and phosphocholine are
decreased and metabolized to choline "°. In addi-
tion, PC also serves as a substrate reservoir for poly-
unsaturated fatty acids, such as eicosanoids and hy-
droxyeicosatetraenoic acid (HETE). HETE particip-
ates in bone marrow repopulation and limits the self-
renewal of long-term hematopoietic stem cell (LT-
HSC) . 15-HETE is produced in erythroid
progenitor cells when treated with erythropoietin P,
Thel 5(S)-HPETHnhibitsthelT NF-a-triggeredexpression
of adhesion molecules, including intercellular adhe-
sion molecule-1 (ICAM-1) and vascular cell adhe-
sion molecule-1 (VCAM-1), which partly conforms to
the results of the network pharmacology analysis 7.,
Thus, FFE]] may alleviate AA by maintaining the BM
microenvironment.

Sphingolipids play important roles in membrane
integrity and cellular signaling. Ceramide and sphin-
gosine-1-phosphate (S1P) are two types of central

bioactive lipids associated with sphingolipids. S1P
has been shown to trigger CXCL12 secretion from
mesenchymal stem cells, thereby increasing the ex-
cretion of progenitor cells via a reactive oxygen spe-
cies (ROS)-dependent pathway and modulating
hematopoiesis ®* ¥, Our results suggest that FFE]] is
involved in the regulation of sphingolipid metabol-
ism via multiple metabolites.

Changes in amino acids are also one of the causes
for hematopoietic dysfunction . Previous studies
have shown that Ejiao (Asini Corii Colla) can regu-
late the metabolism of arginine and threonine and
participate in the treatment of diseases " *J. Our res-
ults showed that FFEJJ can increase serum levels of
L-arginine and prolyl-threonine in anemia and im-
prove the symptoms of aplastic anemia. It is sugges-
ted that Ejiao (Asini Corii Colla) , as a blood-enrich-
ing component of FFE]J, may play an important role
in regulating the metabolism of organisms.

This study focused on the relationship between
metabolites and targets regulated by active compon-
ents. Network pharmacology combined with meta-
bolomic analyses was used to investigate this correla-
tion. In addition, two crucial pathways, hematopoiesis
-related pathways and hematopoietic microenviron-
ment-related pathways, were enriched. Among them,
luteolin, ginsenoside rh2, and panaxytol were the
hub active components of FFE]]. Ginsenoside Rh2 is
involved in the regulation of VEGFA and CASP3 1> %],
Luteolin can decrease the expression of ICAM1 and
CASP3 [ %l Panaxytol normalizes CASP3 expres-
sion "7, This is consistent with our prediction of the
interaction network. In addition, these three targets
are responsible for maintaining the stability of the
BM microenvironment and regulating hematopoi
esis. Lipid metabolism (including HETE, Lyso PCs,
and S1P) is the main metabolic regulatory pathway
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altered by FFEJ]. Normalization of lipid metabolism
is an important aspect in maintaining hematopoiesis.
he above pathways partly account for the protective
mechanism of FFE]J against AA. Moreover, the res-

Gins de rh2

VEGFA

dasps

HE Dan, et al. / Digital Chinese Medicine 4 (2021) 328-342

ults indicate that FFEJ] has an impact on network
regulation through the synergistic action of multiple
components on multiple targets, thus playing an im-
portant role in the treatment of AA (Figure 7).

P tol

m Component
¢y Target
® Underlying mechanisms

@ Metabolites

Figure 7 Interaction network of components, metabolites, targets, and the mechanisms regulated by FFE]J in

treating AA

5 Conclusion

In summary, network pharmacology combined with
serum metabolomics showed that FFE]] provided
protection against AA via a target network and mul-
tiple pathways. Three hub compounds (luteolin, gin-
senoside rh2, and panaxytol) and three key targets
(VEGFA, CASP3, and ICAM1) responsible for main-
taining the stability of hematopoietic cells and for
supporting bone marrow hematopoiesis were identi-
fied. The integrated network also revealed that meta-
bolic regulation by FFE]], particularly lipid metabol-
ism, is an important part of its anti-AA activity. These
results suggest that FFE]J] may be a new treatment op-
tion for AA. Moreover, the emergence of network
pharmacology integrated metabolomics makes it
possible to analyze TCM from a systems perspective
and at the molecular level.
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