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Abstract: Maoji Jiu (MJ) is a kind of medicinal wine that has been widely used by Chinese people for
many years to nourish and promote blood circulation. The purpose of this study was to investigate
the hematopoietic effect of MJ on the metabolism of blood deficient rats and to explore the underlying
hematopoietic regulation mechanisms. Blood deficiency model rats were induced by subcutaneous
injection of N-acetylphenylhydrazine (APH) and intraperitoneal injection of cyclophosphamide (CTX).
The plasma metabolic fingerprints of blood deficiency model rats with and without MJ treatment were
obtained by using metabonomics based on ultra-high-performance liquid chromatography coupled to
quadrupole time-of-flight mass spectrometry (UHPLC–QTOF/MS). Orthogonal partial least squares-
discriminant analysis (OPLS–DA) was used to evaluate the hematopoietic effect of MJ and identify
potential biomarkers in the plasma of blood deficiency model rats. The levels of white blood cells
(WBC), red blood cells (RBC) and hemoglobin (HGB) and the activity of antioxidant capacity showed
a recovery trend to the control group after MJ treatment, while the dose of 10 mL/kg showed the
best effect. In this study, thirteen potential biomarkers were identified, which were mainly related
to seven metabolic pathways, including linoleic acid metabolism, D-glutamine and D-glutamate
metabolism, alanine, aspartate and glutamate metabolism, tryptophan metabolism, pyrimidine
metabolism, porphyrin and chlorophyll metabolism and arginine biosynthesis. Metabolomics was
applied frequently to reflect the physiological and metabolic state of organisms comprehensively,
indicating that the rapid plasma metabonomics may be a potentially powerful tool to reveal the
efficacy and enriching blood mechanism of MJ.

Keywords: Maoji Jiu; blood deficiency; hematopoietic effect; metabolomics; biomarkers

1. Introduction

Blood deficiency, one of the common syndromes in traditional Chinese medicine
(TCM) clinics, is a pathological state induced by organ dystrophy and blood disorder. It
was reported that blood deficiency syndrome was often caused by massive blood loss,
blood stasis, insufficient hematopoiesis and deficient spleen and stomach (Li et al., 2015). In
a physiological condition, such as menstruation and pregnancy, blood deficiency commonly
becomes a threat to women and widely affects their health. It was reported that many
TCMs had a powerful therapeutic effect on blood deficiency on account of their particular
effects and lower toxicity for the past few years [1,2].
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According to a long-term practice which was recorded in the Pharmacopoeia of the
People’s Republic of China (volume I) [3], Maoji Jiu (MJ), as a medicinal wine widely known
in China, has notable quality and efficacy for nourishing blood and regulating menstruation.
It consists of Centropus sinensis (Hechiyajuan in Chinese), Angelica sinensis (Oliv.) Diels.
(Danggui in Chinese), Ligusticum striatum DC. (Chuanxiong in Chinese), Angelica dahurica
(Hoffm.) Benth. and Hook.f. ex Franch. and Sav. (Baizhi in Chinese), Carthamus tinctorius L.
(Honghua in Chinese), Paeonia lactiflora Pall. (Chishao in Chinese), Prunus persica (L.) Batsch
(Taoren in Chinese), Homalomena occulta (Lour.) Schott. (Qiannianjian in Chinese), Poria
cocos (Schw.) Wolf (Fuling in Chinese) and some liquor. Some of these TCMs had beneficial
effects on blood deficiency, which have been confirmed in serial studies [4–8]. However,
the hematopoietic effect and enriching blood mechanism of MJ remained unclear. Due to
the complex components and mechanism of TCMs, an efficient and sensitive technique
must be introduced to further explore the enriching blood mechanism of MJ.

Metabonomics, as an emerging field of the biological system, is a new technique
developed rapidly following the genome and proteomics. It indicates that the biological,
physiological and pathological states are connected with exogenous stimulation [6,9].
The status of the organism can be acknowledged through investigating the change in
endogenous small molecule metabolites (such as fatty acids, carbohydrates, amino acids,
fats and vitamins, etc.). With the variation in metabolic components or content in response
to the stimulation and disturbance in biological system, we can investigate the metabolic
pathways of the biological system [10,11]. Metabonomics looks upon the human body
as a whole and physiological and pathological processes as a dynamic process, which is
consistent with “holism” and the “dynamic” of the TCM theory [12]. Therefore, it has
been applied widely to research and to developing TCM, with its unique characteristics
and superiorities.

Recently, many metabonomics detection technologies, including gas chromatography–
mass spectrometry (GC–MS), nuclear magnetic resonance (NMR) spectroscopy and liquid
chromatography–mass spectrometry (LC–MS), have been used in metabonomics stud-
ies [13–16]. All of them have been widely applied to metabonomics studies. Among these
technologies, LC–MS has an obvious advantage over the others in the metabonomics anal-
ysis of large structured databases. Due to the selectivity, sensitivity and reproducibility,
LC–MS has recently gained frequent application in metabonomics studies [17,18].

In this paper, the purpose of our study was to explore the hematopoietic effect of
MJ on blood deficient rats and elucidate the enriching blood mechanisms of MJ with a
metabonomic approach. The plasmatic metabolites in rats were analyzed by ultra-high-
performance liquid chromatography coupled to quadrupole time-of-flight mass spectrom-
etry (UHPLC–QTOF/MS) after MJ treatment. According to the multivariate statistical
analysis method and metabonomics database, the potential biomarkers were filtrated and
identified, and their relevant metabolic pathways were analyzed and confirmed. This study
is aimed at exploring the hematopoietic effect and its underlying mechanism of MJ with an
overall perspective.

2. Results
2.1. Peripheral Blood Routine Analysis

Blood routine examinations of all the blood samples in tubes were tested using a
full-automatic blood cell analyzer, and the results are presented in Figure 1A.

Compared with the control group (CG), the white blood cell (WBC), red blood cell
(RBC), hemoglobin (HGB) and platelet (PLT) levels in the model group (MG) presented a
significant decreasing tendency, indicating that the blood deficiency model rats were copied
successfully. Compared with the model group, the WBC, RBC and HGB levels in the rats of
the high dose group of MJ (MJ-H) and middle dose group of MJ (MJ-M) groups showed a
meaningful increasing tendency, indicating that MJ can improve the blood routine of the
blood deficiency model rats.
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Figure 1. (A) Peripheral blood routine analysis. (B) Antioxidant activity analysis. (C,D) Rep-
resentative base peak intensity chromatogram of plasma samples in MJ-H group derived from
UHPLC–QTOF/MS, peak 1, Uracil; 2, Cytidine; 3, Picolinic acid; 4, L-Glutamate; 5, Glutathione
disulfide; 6, Linoleic acid; 7, Formylanthranilic acid; 8, Bilirubin; 9, Uridine; 10, Protoporphyrin;
11, 5-Hydroxyindoleacetate; 12, Orotate; 13, L-Tryptophan. (* p < 0.01, compared with control group;
compared with model group, # p < 0.05, ## p < 0.01.)

2.2. Antioxidant Activity Analysis

Liver injury could directly lead to oxidative stress and lipid peroxidation. In this study,
we hypothesized that MJ could mitigate liver injury by alleviating oxidative stress and
lipid peroxidation. Therefore, three important markers, containing superoxide dismutase
(SOD), total antioxidant activity (T-AOC) and malondialdehyde (MDA), were measured
to evaluate the antioxidation of MJ. The results showed that N-acetylphenylhydrazine
(APH) and cyclophosphamide (CTX) treatment contributed to a significant reduction in
the T-AOC activity of liver homogenate. Meanwhile, the MDA levels of liver homogenate
increased significantly. Impressively, the two variations induced by APH and CTX were
reversed by MJ treatment, displaying in increased T-AOC activity and decreased MDA
level (Figure 1B).

As a whole, MJ can improve the antioxidant capacity, protecting the liver injury of the
blood deficiency model rats induced by APH and CTX.

2.3. The Stability of UHPLC–QTOF/MS System

The quality control (QC) sample was used to examine the stability of the UHPLC–
QTOF/MS system. In the whole sequence, the QC sample was run at every six samples
in positive and negative modes. The relative standard deviations (RSD) of the retention
times and peak areas of all peaks were calculated and the RSD < 30% screening rates of
features in positive and negative modes were 96.40% and 96.26%, respectively. The results
suggested that the stability of the UHPLC–QTOF/MS system in the whole experiment
were high and acceptable.

2.4. Metabolic Profiling of Plasma

The representative total ionic chromatograms of the plasma samples were obtained in
positive and negative modes by using the UHPLC–QTOF/MS conditions described above.
The results showed that the metabolites of the plasma samples could be separated well in
the short time of 12 min (Figure 1C,D).
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The three crucial data points, including the retention time, peak intensity and exact
mass, were imported into SIMCA 14.1 software (Umea, Sweden) for multiple statistical
analysis, containing principal component analysis (PCA) and orthogonal partial least-
squares discriminant analysis (OPLS–DA).

2.5. Multivariate Data Analysis

The data of plasma samples were analyzed by PCA. The PCA score plots presented
a very good separation in the plasma samples between the control group and the model
group (Figure 2A), indicating that the metabolic profiles of the two groups had changed
as a result of APH and CTX treatment. However, the detailed differences in each cluster
remained unknown. Therefore, the OPLS–DA was used to better illuminate the different
patterns. The results also presented a very good separation in the OPLS–DA score plots
between the control group and the model group (Figure 2B).

Figure 2. Multivariate data analysis between control and model groups in positive mode. (A) PCA
score plot. (B) OPLS–DA score plot. (C) Permutation test of OPLS–DA model. (D,E) OPLS–DA score
plot between the treatment groups and control group. (F) Volcano plot.

Seven-fold cross-validation was used to evaluate the predictive ability of the estab-
lished OPLS-DAOPLS–DA, in which the parameters R2Y and Q2 are commonly used for
evaluating the OPLS–DA model. The value of parameter R2 was gradually close to 1,
indicating that the building model coincided with the number of samples. At the same
time, the value of parameter Q2 was also close to 1.0, indicating that the same distribution
would be obtained if new samples were added in the model (Figure 2C). Simultaneously,
along with permutation retention decreasing and the proportion of Y variation increasing,
the parameters R2 and Q2 of the stochastic model showed a decreasing tendency, indicat-
ing that there was no over-fitting phenomenon in the original model. In summary, the
results demonstrated that the established OPLS–DA model demonstrated good fitness and
predictive ability.

The relative distances between the control group and the others (model group and MJ
treatment groups) from the OPLS–DA scores plot of the plasma samples were calculated
for quantitative analysis (Figure 2D,E). The average value of the metabolic pattern in the
control group was used as the referenced point for the metabolic pattern in the others. In
this study, the relative distances between the control group and the others in the OPLS–DA
score plots were calculated for evaluating the metabolic differences (Table 1).



Molecules 2022, 27, 3791 5 of 13

Table 1. The relative distances between the treatment groups and the control group from the OPLS–
DA score plots of the plasma samples.

ESI
Mode

Control Group
Model Group MJ-H MJ-M MJ-L

x-Axis y-Axis

+ 23.32 −4.23 32.62 ± 5.03 27.40 ± 2.77 * 32.05 ± 2.53 33.45 ± 2.85
− 23.39 −6.81 34.80 ± 2.69 30.08 ± 3.46 * 32.63 ± 0.98 28.93 ± 4.07 *

* p < 0.05, compared with model group.

Our results showed that the relative distances of the MJ treatment groups in positive
and negative modes were closer to the control group in comparison with the model group,
indicating that MJ treatment could reverse the abnormal metabolism of the blood deficiency
model rats induced by APH and CTX to normal status.

2.6. Identification and Quantization of Potential Biomarkers

According to the OPLS–DA model, a loading plot was constructed which presented
the contribution of important variables to the difference between two groups. Potential
biomarkers were screened on the basis of the variable importance in the projection (VIP)
value and significant test from the OPLS–DA model between the control group and the
model group. The variables, only under the condition of VIP > 1.0 and p < 0.05 (t-test),
were considered to have a meaningful contribution to the OPLS–DA model (Figure 2F).
Following the threshold described above, thirteen metabolites were considered as potential
biomarkers in the blood deficiency model rats, including five metabolites in positive mode
and eight metabolites in negative mode, which are identified and listed in Table 2.

Table 2. Metabolites selected as potential biomarkers characterized in plasma profile and their change
trends (n = 6 in each group).

No. ESI
Mode

tR
(min) m/z VIP p HMDB

ID Metabolites
Trend in
Model

Group a

Trend in
MJ-H

Group b

Trend in
MJ-M

Group b

Trend in
MJ-L

Group b

1 + 2.53 113.0342 2.22 0.0025 00300 Uracil ↑ ** ↓ ** ↓ ** ↓ *
2 + 3.71 266.0743 2.22 0.0011 00089 Cytidine ↑ ** ↓ * ↓ * ↓
3 + 5.04 124.0387 1.96 0.0157 02243 Picolinic acid ↓ ** ↑ * ↑ ↑
4 + 6.21 148.0602 1.40 0.0489 00148 L-Glutamate ↑ * ↓ * ↓ ↓
5 + 7.85 613.5462 2.04 0.0003 03337 Glutathione

disulfide ↓ ** ↑ * ↑ ↑
6 − 0.75 279.2280 1.79 0.0066 00673 Linoleic acid ↑ ** ↓ * ↓ * ↓
7 − 1.00 164.0327 1.49 0.0093 04089 Formylanthranilic

acid ↓ ** ↑ ** ↑ * ↑
8 − 1.27 583.2440 1.20 0.0307 00054 Bilirubin ↑ ** ↓ * ↓ * ↓
9 − 2.57 265.0383 1.56 0.0197 00296 Uridine ↑ ** ↓ * ↓ ↓

10 − 2.84 561.2397 1.93 0.0013 00241 Protoporphyrin ↑ ** ↓ ** ↓ * ↓ *
11 − 3.13 190.0476 1.67 0.0022 00763 5-

Hydroxyindoleacetate ↓ ** ↑ ** ↑ ** ↑ *
12 − 3.62 155.0065 1.34 0.0368 00226 Orotate ↑ ** ↓ ** ↓ * ↓
13 − 3.98 203.0791 1.66 0.0036 00929 L-Tryptophan ↓ ** ↑ * ↑ ↑

a Change trend compared with control group. b Change trend compared with model group. The levels of potential
biomarkers were labeled with (↓) down-regulated and (↑) up-regulated (* p < 0.05; ** p < 0.01).

In comparison with the ionic intensity of potential biomarkers between the control
group and the model group, nine metabolites, containing uracil, cytidine, L-glutamate,
L-arginine, linoleic acid, bilirubin, uridine, protoporphyrin and orotate, were up-regulated,
and four metabolites, containing picolinic acid, glutathione disulfide, formylanthranilic
acid, 5-hydroxyindoleacetate and L-tryptophan, were down-regulated (Table 2). Intrigu-
ingly, the MJ treatment groups showed the tendency to rectify the contents of these abnor-
mal metabolites in connection with a positive dosage relation.
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2.7. Biological Pathway Analysis

The potential biomarkers, listed in Table 2, were imported into MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/, accessed on 14 January 2022) for biological pathway
analysis. Seventeen metabolic pathways were established (Figure 3), which were important
for the blood deficiency model rats’ response to MJ treatment. Among the seventeen
pathways, the impact-values of linoleic acid metabolism, D-glutamine and D-glutamate
metabolism, alanine, aspartate and glutamate metabolism, tryptophan metabolism, pyrimi-
dine metabolism, porphyrin and chlorophyll metabolism and arginine biosynthesis were
1.00, 0.50, 0.20, 0.16, 0.15, 0.14 and 0.12, respectively. The metabolic pathways mentioned
above were selected as the most important metabolic pathways because the pathway with
an impact threshold higher than 0.10 was considered as a potential target pathway [11].

Figure 3. Metabolic pathways of plasma samples of blood deficiency model rats.

Among the thirteen potential biomarkers identified in the plasma samples of the
blood deficiency model rats in this paper, linoleic acid mainly participated in linoleic
acid metabolism; L-glutamate was D-glutamine and D-glutamate metabolism, alanine,
aspartate and glutamate metabolism, arginine biosynthesis and porphyrin and chlorophyll
metabolism; formylanthranilic acid, 5-hydroxyindoleacetate and L-tryptophan were tryp-
tophan metabolism; uracil, cytidine, uridine and orotate were pyrimidine metabolism;
bilirubin and protoporphyrin were porphyrin and chlorophyll metabolism.

3. Discussion

In modern medicine, the reduction in hemoglobin is commonly considered as blood
deficiency, including aplastic anemia, iron deficiency anemia and blood loss anemia [19].
However, blood loss anemia is more similar to the condition of postoperative and post-
partum women, with uterine bleeding or chronic bleeding [20]. It was reported that the
blood deficiency model induced by APH and CTX in this study was more in accordance
with the internal environment of blood deficiency [6]. APH has slowly progressive and
oxidative damage on RBC because of its strong oxidation, leading to hemolytic anemia of
the body [21]. CTX can decrease peripheral blood cells and hematopoietic stem cells in the

https://www.metaboanalyst.ca/
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marrow, resulting in anemia and immune deficiency [22]. Furthermore, it was reported
that APH and CTX would destroy the antioxidant system, resulting in weak antioxidant
capacity of the body [23]. In our study, the results demonstrated that MJ could increase the
levels of WBC, RBC and HGB and the activity of T-AOC and decrease the contents of MDA
in the blood deficiency model rats.

In this paper, metabolomics was used for exploring the enriching blood mechanism
of MJ, and thirteen potential biomarkers, such as linoleic acid, L-glutamate, L-tryptophan
and uracil, etc., were filtrated and identified in the plasma samples combined with PCA
and OPLS–DA. Among these metabolites, linoleic acid, belonging to n-6 fatty acid, is
an important component of free fatty acids, and its metabolism belongs to linoleic acid
metabolism (Figure 4). The existence of unsaturated double bonds in the structure of linoleic
acid is easily oxidized by free radical attack, resulting in large amounts of free radicals
and active substances [24,25]. Large amounts of reactive oxygen species are produced,
exceeding the scavenging capacity of the body, which would release to outside of the cell
and attack surrounding cells and tissues, resulting in damage [26]. The concentrations
of linoleic acid in the model group obviously increased compared to the control group,
which was in accordance with the increased concentrations of linoleic acid in the animals
with blood deficiency, including rats and mice [22,27]. Down-regulation of linoleic acid in
the MJ treatment groups indicates that MJ could recover the dysfunction of linoleic acid
metabolism and reduce injury to cells and tissue in the blood deficiency model rats.

Figure 4. Correlation networks of main potential biomarkers related to blood deficiency and the
effects of treatment for blood deficiency. The contents of potential biomarkers in model group
compared to control group were marked with (↑) up-regulated and (↓) down-regulated.

L-Glutamate, one of the most abundant amino acids in body, is related to D-glutamine
and D-glutamate metabolism, arginine biosynthesis and alanine, aspartate and glutamate
metabolism. The concentration of L-glutamate in the synaptic cleft is significantly higher
than in blood plasma under normal physiological conditions. However, the concentration
of L-glutamate in blood plasma increases substantially in numerous pathological condi-
tions [28]. Glutathione (GSH) is an endogenous three amino acid peptide in cells and serves
as the main antioxidant in the biological system. GSH mainly translates into L-glutamate,
glutathione disulfide (GSSG) and 5-L-glutamyl-alanine in the body, and all of them take part
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in glutathione metabolism. In this paper, down-regulation of GSSG and up-regulation of
L-glutamate may be induced by abnormal transformation of GSH in the metabolic pathway,
which will cause the abnormality of D-glutamine and D-glutamate metabolism, glutathione
metabolism, alanine, arginine biosynthesis, and aspartate and glutamate metabolism di-
rectly (Figure 4). It was reported that high concentrations of L-glutamate play a double role
in initiating and controlling the process of nerve cell death in the process of excitatory toxic
injury of neurons [29]. Increased levels of L-glutamate and decreased levels of GSSG were
observed in the MJ treatment groups, indicating that the therapeutic effects of MJ may be
based on the regulation of the dysfunction of all metabolic pathways mentioned above to
protect the body against damage.

Tryptophan, as the precursor of several active compounds containing kynurenine
and serotonin (5-hydroxytryptamine), is crucial for numerous important metabolic func-
tions [30]. There are four different pathways of tryptophan metabolism in mammalian
systems (Figure 4). The serotonergic pathway is the most widely known, being active in
platelets and neurons, and it translates tryptophan into 5-hydroxytryptophan and then into
serotonin. The kynurenine pathway is an alternate route of tryptophan metabolism, which
translates tryptophan into nicotinamide adenine dinucleotide and its phosphorylated form
through several intermediates [31]. Abnormal metabolism of kynurenine is closely related
to many diseases, including aplastic anemia, immune dysfunction and depression [32].
The contents of L-tryptophan decreased significantly in the plasma samples of the blood
deficiency model rats, which corresponds with the decreased content of L-tryptophan in
the plasma samples of the blood deficiency mice [33]. Simultaneously, the metabolites
of 5-hydroxyindoleacetate in the serotonergic pathway and formylanthranilic acid in the
kynurenine pathway decreased significantly in the plasma sample of the blood deficiency
model rats, indicating that the two pathways of tryptophan metabolism were affected
in the blood deficiency model rats. The levels of L-tryptophan, 5-hydroxyindoleacetate
and formylanthranilic acid increased in the MJ treatment groups compared to the model
group, indicating MJ treatment may improve the biosynthesis of tryptophan to increase
tryptophan metabolism.

Protoporphyrin and bilirubin are two metabolites that take part in porphyrin and
chlorophyll metabolism. Protoporphyrin is a heterocyclic organic compound composed
of four pyrrole rings, which is the final intermediate in the heme biosynthetic pathway
(Figure 4) [34]. Heme is an essential component of hemoglobin as well as a variety of
physiologically important hemoproteins [35]. The contents of protoporphyrin increased
significantly in the plasma samples of the blood deficiency model rats, which corresponded
with the increased content of protoporphyrin in the plasma samples of the blood deficiency
model rats induced by APH [36]. Up-regulation of protoporphyrin in the model group may
be related to the blocked heme synthesis. Bilirubin mainly comes from the metabolism of
heme in red blood cells. Hemolytic anemia of the body can be induced by APH because
it has a slowly progressive and oxidative damage on RBC [21]. The contents of bilirubin
increased significantly in the plasma samples of the blood deficiency model rats, which
might be associated with the increased heme metabolism in the damaged RBC induced
by APH. The increased contents of protoporphyrin and bilirubin were observed in the MJ
treatment groups, indicating that MJ treatment could recover the dysfunction of porphyrin
and chlorophyll metabolism in the blood deficiency model rats induced by APH and CTX.

The metabolites, including oratate, cytidine, uridine and uracil, participate in pyrimi-
dine metabolism (Figure 4) and belong to nucleotide metabolism, containing the pyrimidine
degradation, pyrimidine ribonucleotide biosynthesis, uridine monophosphate biosynthe-
sis and pyrimidine deoxyribonuleotide biosynthesis. Previous studies showed that the
metabolic disorders of pyrimidine nucleotide can present as anemia, resulting in the ac-
cumulation of excess pyrimidine nucleotides [37,38]. In our study, the blood deficiency
model rats induced by APH and CTX showed a significant increasing tendency of the
metabolites, including oratate, cytidine, uridine and uracil, which might be associated
with the increased pyrimidine metabolism or the decreased pyrimidine degradation. The
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contents of oratate, cytidine, uridine and uracil decreased in the MJ treatment groups,
which indicated that the protective effect of MJ might be associated with the regulation of
pyrimidine metabolism or pyrimidine degradation.

4. Materials and Methods
4.1. Preparation of MJ

Hechiyajuan was obtained from Pingnan (Guangxi, China). Danggui, Chuangxiong,
Baizhi, Honghua, Chishao, Taoren, Qiannianjian and Fuling were purchased from Yancheng
Buyi Pharmacy Co. Ltd. (Jiangsu, China). In this study, the preparation of MJ was
performed in a traditional and classical way which was recorded in the Pharmacopoeia of
the People’s Republic of China (volume I) [3]. The dried Hechiyajuan (80 g, the viscera and
plumages were removed) was steamed with a boiler for 15 min and then placed in a glass
bottle with 40% of appropriate liquor (4.20 L). Then, the bottle was sealed for 25 days. The
remaining medicinal materials, including Danggui (80 g), Chuanxiong (80 g), Baizhi (80 g),
Honghua (80 g), Chishao (7.5 g), Taoren (7.5 g), Qiannianjian (80 g), Fuling (10 g) and the
remaining liquor (the total volume from the last time and from this time was 8.40 L) were
added into the bottle. The bottle was sealed and placed again for 55 days. The filtrate was
obtained and evaporated with a rotary evaporator under vacuum at 50 ◦C. The content of
ethanol in the concentrated solution was adjusted to 40%, and then the MJ sample (a total
volume of 4.20 L) was obtained.

4.2. Blood Deficiency Model Building and Administration

Thirty female Sprague-Dawley rats (180~220 g) were provided by the Experimental
Animal Center of Guangxi Medical University (Nanning, China). The animal experiment
was approved by the Ethics Committee of the Guangxi Botanical Garden of Medicinal
Plants (protocol code 20170301). All the rats were randomly divided into five groups of
six rats per group: control group, model group, high-dose group of MJ (MJ-H), medium-
dose group of MJ (MJ-M) and low-dose group of MJ (MJ-L). Blood deficiency model
construction mainly referred to Li’s method [6]. Except for the control group, all the rats
were subcutaneously injected with 2% APH (Shanghai, China) normal saline at doses of
20 mg/kg and 10 mg/kg on day 1 and 4, respectively. On day 4, 2 h after subcutaneous
injection of 2% APH normal saline, the rats were intraperitoneally injected with 15 mg/kg
CTX (Baxter Oncology GmbH, Germany) normal saline for four consecutive days. The rats
in the MJ-H, MJ-M and MJ-L groups intragastrically received a 10 mL/kg, 5 mL/kg and
2.5 mL/kg MJ sample, respectively, twice a day for 10 consecutive days from day 1. At the
same time, the rats in the control group and model group received the same amount of
normal saline.

4.3. Sample Preparation

At the end of treatment, peripheral blood and abdominal aorta blood samples in all
rats were collected for routine blood tests and UHPLC–QTOF/MS analysis, respectively.
The aorta blood samples were immediately centrifuged in a condition of 3000× g rpm and
4 ◦C for 10 min. Then, the plasma samples were obtained and stored at −80 ◦C. The livers
of all the rats were obtained for the antioxidant enzyme and lipid peroxidation estimations
by using commercially available kits.

The plasma samples were thawed at room temperature before pre-treatment. The
extraction liquid (350 µL), including methanol, methanol and water and their volume ratio
in sequence, was 2:2:1 and was added into each plasma sample (100 µL) for precipitating
protein. As an internal standard, L-2-chlorophenylalanineas (20 µL, 1 mg/mL) was added
to each mixture’s sample. Afterwards, the mixture samples were vortexed for 30 s and
ultrasonically extracted in an ice water bath for 10 min. Then, the mixtures were incubated
at −20 ◦C for 60 min and centrifuged in a condition of 12,000× g rpm and 4 ◦C for 15 min.
Next, the supernatant (400 µL) of each mixture was transferred into a new tube and dried in
a vacuum desiccator. The residuums of plasma samples were dissolved in 50% acetonitrile
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solution (100 µL). The mixtures were vortexed for 30 s, sonicated in an ice water bath for
10 min, and centrifuged in a condition of 12,000× g rpm and 4 ◦C for 15 min. Finally, 60 µL
of the supernatant from each mixture was obtained and transferred into a sample bottle for
UPLC/MS analysis. Then, the QC sample was taken from all samples and mixed together,
which was used to validate the stability of the UPLC/MS system.

4.4. UHPLC–QTOF/MS Conditions

An Agilent Technologies 1290 LC (Agilent Technologies, Santa Clara, CA, USA)
equipped with BEH Amide column (2.1 mm i.d. × 100 mm, 1.7 µm) was applied to
separate the metabolites in the plasma samples. The column was maintained at 35 ◦C. The
mobile phase consists of mobile phase A (25 mmol/L NH4OAc and 25 mmol/L NH4OH
in water, pH = 9.75) and mobile phase B (acetonitrile). The flow rate always stayed at
500 µL/min with a gradient elution (0–1.0 min, 99% A; 1.0–8.0 min, 99–0% A; 8.0–10.0 min,
0% A; 10.0–10.1 min, 0–99% A; 10.1–12.0 min, 99% A) throughout the whole analysis. An
aliquot of 2 µL of each plasma sample was injected into the BEH Amide column. MS analy-
sis was carried out on an AB SCIEXTM × 5500 Triple TOF mass spectrometer (AB SCIETM,
Foster City, CA, USA) in positive and negative ion modes. The electrospray ionization (ESI)
source conditions were set as follows: collision energy was 35 eV, ion source gas 1 was
60 Pa, ion source gas 2 was 60 Pa, curtain gas was 30 Pa, source temperature was 550 ◦C
and ion spray voltage was 5500 V in positive mode and −4500 V in negative mode.

4.5. Pattern Recognition Analysis and DATA Processing

All mass data obtained were aligned using SIMCA 14.1 software according to the
retention time and the m/z value of each ion signal. Then, all the ionic signals detected
in each plasma sample were normalized to the sum of the total ionic intensity of each
chromatogram. Afterwards, the analytical methods in SIMCA 14.1 software, including
PCA and OPLS–DA, were used to analyze the ionic signals in positive and negative modes.
The OPLS–DA score plot was described by the seven-fold cross-validation parameters R2Y
and Q2, representing the total explanatory variable of the Y-matrix and the predictability of
the model, and then the validity of the model was tested by permutation test. Potential
biomarkers were chosen on the basis of the parameters of VIP from OPLS–DA, and they
were further analyzed according to biochemical databases. The relative distances—the
separation of plasma samples between the control group and the other groups in the
OPLS–DA score plot—were calculated with the mean value. Finally, the potential biomark-
ers were imported into MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/, accessed on
14 January 2022) for biological pathway analysis.

4.6. Data Analysis

The experimental data were analyzed using SPSS 20.0 software. Statistical significance
between the groups was assessed by t-test and a one-way analysis of variance. The
results were presented as the mean ± SE, and a value of p < 0.05 was considered to be
statistically significant.

5. Conclusions

In this paper, the constructed UPLC/MS-based plasmic metabonomics approach was
applied to explore the enriching blood mechanism of MJ on the blood deficiency model rats
induced by APH and CTX. Multivariate statistical analysis and MetaboAnalyst analysis
were combined to obtain comprehensive metabolomics tracks and pathways of blood defi-
ciency model rats. The hematopoietic effects of MJ were evaluated for regulating the altered
pathway. A total of thirteen metabolites related to blood deficiency were tentatively filtrated
and identified, and the variation in these metabolites could be reversed by MJ. MetaboAna-
lyst analysis showed that the hematopoietic effect of MJ might be related to regulating the
abnormality of linoleic acid metabolism, D-glutamine and D-glutamate metabolism, ala-
nine, aspartate and glutamate metabolism, tryptophan metabolism, pyrimidine metabolism,

http://www.metaboanalyst.ca/
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porphyrin and chlorophyll metabolism and arginine biosynthesis. This study elucidated
the biological explanations of MJ for treating blood deficiency from the perspective of
metabolomics, providing a methodological reference for exploring the mechanism of TCM.
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