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Psoraleae Fructus (PF) is a botanical medicine widely used in Asian countries, of which salt products have higher safety and
efficacy. However, the biological mechanism of the detoxification of salt-processing Psoraleae Fructus (SPF) has not yet been
revealed. In this study, UPLC-MS/MS technology was used to explore the metabolic differences between SPF and PF in normal
rats and reveal the mechanism of salt processing. The histopathological results of rat liver and kidney showed that the degree of
liver and kidney injure in the SPF group was less than that in the PF group. The results of metabolomics showed that the
detoxification mechanism of PF by salt processing might be related to glycerophospholipid metabolism, phenylalanine, tyrosine,
and tryptophan biosynthesis, arginine and proline metabolism, phenylalanine metabolism, and linoleic acid metabolism. PF-
induced inflammation could be reduced by regulating the expression of metabolites to achieve the purpose of salt processing and
detoxification. It included reducing the production of metabolites such as 1-acyl-sn-glycero-3-phosphocholine, sn-glycero-3-
phosphocholine, tyrosine, arginine, linoleic acid, arachidonic acid, and phenylacetylglycine/hippuric acid ratio and upregulating

the expression of metabolites such as creatine.

1. Introduction

Psoraleae Fructus (PF) is the dried and mature fruit of the
legume Psoralea corylifolia L., which has the functions of
warming kidney and assisting yang, promoting qi absorp-
tion to calm panting, and warming the spleen and check
diarrhea. Modern studies have found that PF has anti-in-
flammatory [1], antibacterial [2], antioxidant [3], antitumor
[4], and similar estrogen-like effects [5]. It has complex
therapeutic potential and is worthy of our in-depth study. At
present, the commonly used Chinese medicine decoction
pieces are PF and salt-processing Psoraleae Fructus (SPF),
both of which are used in the treatment of osteoporosis [6],
fractures, and vitiligo [7] through compatibility with other
Chinese medicines. Clinical applications have found that,
compared with PF, SPF not only has better curative effects

on diseases such as osteoporosis but also shows less liver and
kidney toxicity relatively [8, 9].

Drug processing is a major feature of Chinese medi-
cine. Common processing methods include steaming in
water, salt processing, sand blanching, vinegar frying, and
rice wine stewing [10]. According to the theory of tra-
ditional Chinese medicine, these processing methods can
improve the efficacy of drugs, reduce toxicity, change the
channel tropism of the original herbal medicine, or im-
prove the smell and taste of the drugs [11]. At present,
related research on the effect of SPF is mainly focused on
the changes of active chemical components in vitro [12].
Research on the changes of metabolomics in vivo after salt
processing is still lacking. And the metabolism of drugs in
vivo is the key to revealing changes in the efficacy or
toxicity of drugs.
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Metabolomics provides an overview of the overall
metabolism in organisms through high-resolution analysis
and stoichiometric statistical tools [13, 14]. It can not only
develop reliable biomarkers through identification but also
accurately predict and evaluate the safety of drugs [15, 16]. It
can also analyze the pharmacological and toxicological
characteristics of the drug in depth, explain the metabolic
pathways that may be involved in regulation in the or-
ganism, and provide unique insights for drug toxicological
research [17]. Therefore, based on metabolomics technology,
normal rats were used as the research carrier to explore the
metabolic differences before and after PF processing, to
systematically and comprehensively reveal the internal
mechanism of salt processing to reduce the liver toxicity of
PF. At the same time, it further proved the scientific con-
notation of traditional Chinese medicine processing.

2. Materials and Methods

2.1. Reagents and Animals. Standard of L-2-chlor-
ophenylalanine was purchased from Shanghai Hengbai
Biotechnology Co., Ltd. (Shanghai, China). Reagents of
methanol, acetonitrile, ammonium acetate, and formic acid
were purchased from CNW technologies (Shanghai, China).
PF was identified as the dry mature fruit of legume Psoralea
corylifolia L. by researcher Li Longyun from Chongqing
Academy of Chinese Medicine. The samples werekept in
Chongqing Research Institute of Traditional Chinese
Medicine.

18 SPF male Sprague-Dawley rats, 180 ~ 200g, were
provided by Laboratory Animal Research Institute of
Chonggqing Institute of Traditional Chinese Medicine, cer-
tificate number SCXK (Chongqing) 2012-0006. The rats
were reared in the room with a temperature of 23 + 1°C and
relative humidity of 40%-60%. The circadian rhythm is
normal. They were free to drink and eat. The animal ex-
periments involved in this study were approved by the
Animal Experiment Ethics Committee of Chongqing In-
stitute of Traditional Chinese Medicine.

2.2. Extraction. PF extract was prepared by adding 8 times of
petroleum ether to PF and refluxing extraction twice, 1 hour
each time, filtering and combining the filtrate, recovery of
petroleum ether by rotary evaporation, and concentrating
the extract to the concentration of 5g/ml (based on the
original medicine).

SPF extract was prepared by adding 2.10 g of salt water
solution for every 100 g of PF, mixing well and moistening
for 12 h, stir-frying at 80°C for 30 min, and taking it out and
cooling to room temperature to obtain SPF. SPF extraction
method was the same as PF.

2.3. Animal Grouping and Administration. Eighteen healthy
male SD rats were adaptively fed for 7 days and randomly
divided into the control group, PF group, and SPF group
with 6 rats in each group. The rats in the PF group received
PF extract 30 g/kg/d, and the rats in the SPF group received
SPF extract 45 g/kg/d. The control group was given the same
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amount of saline vehicle. The duration of administration was
14 days. Rats were free to eat and drink during
administration.

2.4. Sample Collection. After 12h of the last treatment, the
rats were sacrificed and blood samples were collected from
the heart. The blood samples were centrifuged at 3000 rpm
for 10 min after standing at room temperature for 1 h. The
supernatant was taken out and centrifuged at 12000 speed
for 10 min at 4°C. After centrifugation, the serum was taken
out and stored in the tube at —80°C. Next, the liver and
kidney tissues were excised and fixed in 10% neutral-buft-
ered formalin for 24 h.

2.5. Histological Examination. All fixed liver and kidney
tissues were embedded in paraffin. Subsequently, the par-
affin blocks were cut into sections (about 4~5 ym thick) and
stained with hematoxylin-eosin (HE) as described previ-
ously [18].

2.6. Serum Sample Processing. Pipette 100 uL of serum
sample into EP tube, add 300 4L of methanol (including
internal standard 1 yg/mL), and vortex for 30's to mix. The
samples were placed in ice water for 10 min and then at
—20°C for 1 h. All samples were centrifuged at 4°C for 15 min
at 12000 rpm. Take the supernatant and filter it, put it into
the sample bottle, and test it on the machine. All the samples
were mixed with the same amount of supernatant to prepare
quality control (QC) samples for testing.

2.7. Sample Testing. LC-MS/MS analyses were performed
using a UHPLC system (1290, Agilent Technologies) with a
UPLC HSS T3 column (2.1 mm x 100 mm, 1.8 ym) coupled
to Q Exactive mass spectrometer (Orbitrap MS, Thermo).
The mobile phase A was 0.1% formic acid in water for
positive mode and 5 mmol/L ammonium acetate in water for
negative mode, and the mobile phase B was acetonitrile. The
elution gradient was set as follows: 0~1.0min, 1% B;
1.0~8.0min, 1%~99% B; 8.0~10.0min, 99% B;
10.0~10.1 min, 99%~1% B; 10.1~12 min, 1% B. The flow rate
was 0.5 mL/min. The injected volume was 2 L. The QE mass
spectrometer was used for its ability to acquire MS/MS
spectra on information-dependent acquisition (IDA) mode
in the control of the acquisition software (Xcalibur 4.0.27,
Thermo). In this mode, the acquisition software continu-
ously evaluates the full scan MS spectrum. The ESI source
conditions were set as follows: sheath gas flow rate as 45 Arb,
aux gas flow rate as 15 Arb, capillary temperature 400°C, full
MS resolution as 70000, MS/MS resolution as 17500, col-
lision energy as 20/40/60 eV in NCE mode, and spray voltage
as 4.0kV (positive) or —3.6kV (negative), respectively.

2.8. Data Processing and Analysis. The raw data were con-
verted to the mzXML format using ProteoWizard and
processed with an in-house program, which was developed
using R and based on XCMS, for peak detection, extraction,
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alignment, and integration. Then an in-house MS2 database
(BiotreeDB) was applied in metabolite annotation. The
cutoff for annotation was set at 0.3.

The total ion current (TIC) of each sample was used for
normalization. After obtaining the sorted data, SIMCA
software (V15.0.2, Sartorius Stedim Data Analytics AB,
Umea, Sweden) was used to transform the data into loga-
rithmic (log) and centralization (CTR) format and then
perform principal component analysis and modeling.

The first principal component is modeled and analyzed
by OPLS-DA. The quality of the model was tested by 7-fold
cross validation. Then the validity of the model was eval-
uated by R’Y (the interpretability of the model to the
classified variable Y) and Q* (the predictability of the model).
Finally, through the permutation test, the order of the
categorical variable Y'is randomly changed multiple times to
obtain different random Q* values, which further test the
validity of the model.

In the OPLS-DA model, metabolites with variable im-
portance in the projection (VIP) greater than 1 and P-value
of Student’s ¢-test less than 0.05 were selected as differential
metabolites. Volcano plot was used for visualization. The
differential metabolites were clustered by the complete
linkage method and displayed in a heatmap. The differential
metabolites were submitted to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway database (https://
www.kegg.jp/kegg/pathway.html). The possible metabolic
pathways were analyzed.

2.9. Statistical Analysis. IBM SPSS Statistics 20 software was
used for statistical analysis. The measurement data were
expressed as mean + standard deviation (SD). The data were
analyzed using multivariate statistical analysis methods and
univariate analysis (UVA) methods such as analysis of
variance (ANOVA) and Student’s t-test. P <0.05 indicates
that the difference was statistically significant, and P <0.01
indicates that the difference was extremely significant.

3. Results

3.1. Histological Examination. HE staining was used to
observe the changes in liver and kidney of rats in PF and SPF
groups. As shown in Figure 1(a), the liver structure of rats in
the control group was clear, the cells were arranged orderly,
and no obvious pathological changes were observed. The
liver tissue of the PF group showed pathological changes
such as hepatocyte edema and vacuoles, accompanied by the
proliferation of bile duct epithelial cells. Compared with the
PF group, the edema, degeneration, and vacuoles of hepa-
tocytes in the SPF group had significantly reduced, and there
was no obvious bile duct epithelial cell proliferation. In
Figure 1(b), no obvious pathological changes were found in
the renal histopathology of the control group. In the PF
group, pathological changes such as renal tubular epithelial
cell degeneration, cytoplasmic vacuolation, and nuclear
pyknosis were seen in the kidney. Protein tubular lesions
appeared in the renal tubules. Compared with the PF group,
the renal protein tubular lesions in the SPF group were

significantly reduced, but there were still tubular epithelial
cell lesions in the renal tubules. Pathological results con-
firmed that PF and SPF had toxicity to liver and kidney.
Compared with the liver and kidney damage caused by PF,
the liver and kidney toxicity of SPF was reduced.

3.2. Quality Control

3.2.1. Process Quality Control. As shown in Supplementary
Figures 1(a) and 1(b), the retention time and signal intensity
of the QC sample BPC chromatographic peak overlap very
well, indicated that the instrument is very stable. As shown
in Supplementary Figures 1(c) and 1(d), the retention time
and response intensity of the internal standard L-2-chlor-
ophenylalanine in the sample were stable. It showed that the
stability of data acquisition was very good.

3.2.2. Data Quality Control. In Figures 2(a)-2(d), all QC
samples were within + 2 STD. In Figures 2(e) and 2(f), and the
correlations of all QC samples were greater than 0.7. All these
indicated that the method was stable and the data was reliable.

The internal standard was a substance introduced by an
external source. All QC samples had the same internal
standard concentration. Therefore, the smaller the response
difference of the internal standard (RSD <20%), the more
stable the system and the higher the data quality. The data in
Table 1 confirmed that the data quality of this experiment
was very high.

3.3. Principal Component Analysis (PCA). In Figure 3, the
abscissa PC [1] and the ordinate PC [2] represented the
scores of the first and second principal components, re-
spectively. The red circle represented the SPF group, and the
blue square represented the PF group. The principal com-
ponent analysis (PCA) results showed that, in the positive
and negative modes, the samples were all within the 95%
confidence interval (Hotelling’s T-squared ellipse), and the
clusters between the SPF group and the PF group had
significant classifications.

3.4. Orthogonal Partial Least Squares Method-Discriminant
Analysis (OPLS-DA). Since the PCA model could not be
used for better visualization and subsequent analysis, we
used Orthogonal Partial Least Squares Method-Discrimi-
nant Analysis (OPLS-DA) to obtain the metabolic differ-
ences between the two groups. The scatter plot results of
OPLS-DA (Figures 4(a) and 4(b)) showed that all samples
were within the 95% confidence interval (Hotelling’s
T-squared ellipse), and the SPF group and the PF group were
distinguished significantly.

The permutation test (n = 200) was used to test the model
overfitting and evaluate the statistical significance of the
model. In Figures 4(c) and 4(d), the abscissa represented the
replacement retention of the replacement test, and the or-
dinate represented the value of R*Y or Q°. The green dot
represented the R*Y, the blue square dot represented the Q?,
and the two dashed lines represented the regression lines of
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FiGure 1: Effects of PF and SPF on the morphology of liver and kidney in rats (HE staining x 100). (a) Liver tissue. (b) Kidney tissue.

R*Y and Q?, respectively. In the positive and negative modes,
R?Y was 0.99 and 0.97, and Q* was —0.16 and —0.38, re-
spectively. Those indicated that the mode had good ro-
bustness and there was no overfitting phenomenon.

3.5. Univariate Statistical Analysis. Univariate statistical
analysis was used to screen for metabolic differences. Under
the positive and negative modes, 669 and 1495 candidate
values were screened out based on the principles of VIP > 1
and P <0.05, respectively. Volcano graph was used to vi-
sualize the results (Figure 5). Each point in the volcano graph
represented a metabolite. The abscissa represented the
multiple change of each substance in the group, and the
ordinate represented the P-value of Student’s t-test. The
scatter size represented the VIP value of the OPLS-DA
model. The larger the scatter, the greater the VIP value. The
color of the scatter spot represented the changing trend of
metabolites. Red represented significant upregulation of
metabolites, blue represented significant downregulation,
and gray represented no significant difference.

The candidate metabolites were qualitatively analyzed by
secondary mass spectrometry. 43 potential metabolic dif-
ferences were obtained in positive mode and 24 in negative
mode (Supplementary Tables 1 and 2). Subsequently, the
potential metabolic differences were matched in the HDMB
database and the KEGG database, and the compounds that
could be accurately matched were selected as the metabolic
differences (Supplementary Tables 3 and 4). In positive and
negative modes, 12 metabolic differences were obtained,

respectively. As listed in Table 2, the 12 metabolic differences
in positive mode were creatinine (C00791), creatine
(C00300), trigonelline (C01004), dibutyl phthalate (C14214),
tyrosine  (C00082), palmitoylethanolamide (C16512),
L-palmitoylcarnitine (C02990), 1-acyl-sn-glycero-3-phos-
phocholine (C04230), aminocaproic acid (C02378), xan-
thine (C00385), glycerophosphocholine (C00670), and
arginine (C00062). As listed in Table 3, the 12 metabolic
differences in the negative mode were tryptophan (C00078),
phenylacetylglycine  (C05598), norleucine (C01933),
B-guanidinopropionic acid (C03065), linoleic acid (C01595),
xanthine (C00385), arachidonic acid (C00219), tyrosine
(C00082), oleic acid (C00712), hippuric acid (C01586),
creatinine (C00791), and 3,7-dimethyluric acid (C16360).

3.6. Metabolites Comparison. The relative expression levels
of the metabolic differences obtained in the two modes were
compared. The Euclidean distance matrix was calculated
according to the quantitative values of the differential me-
tabolites between the two groups, and the differential me-
tabolites were clustered by the complete linkage method. As
shown in Figures 6(a) and 6(c), the abscissa represents
different experimental groups. The ordinate represents the
different metabolites. The color patches in different positions
represent the relative expression of metabolites. The results
showed that, compared with the PF group, 5 metabolic
differences were upregulated and 7 metabolic differences
were downregulated in the SPF group in positive mode. Five
metabolic differences were upregulated and 7 metabolic



Evidence-Based Complementary and Alternative Medicine 5

Colored according to classes in M1 Colored according to classes in M1
40 25
30 20
15 2]
20
10
_ 1o ® ° s
= 8 ) L ad
Q ) Q
[ & 5 S
-10 ®
20 X -10
-15
=30 -20
—40 -25
-50 -40 -30 -20 -10 O 10 20 30 40 50 -80 -60 -40 -20 80
PC[1]
W salt W salt
B crude M crude
QC QC
(a) (b)
Madde TS Zunnhhiiiser bbbttt R e il iy
20 e
2.std.dev- - - R B - - R . 10 5 tddev
[Qc2) s ! R R Ce :
= et o=
o o QC2
o e ‘ ‘ ‘ ‘ o - ‘ ‘
20 | ~2.std.dev . ~2.std.dev
T St S T S
0 1 2 3 0 1 2 3
Num Num
(© (d)
QC1
0.907 0.892 0.942 0.941
0.935 0.948
QC3

(e) )

FIGURE 2: Score scatter plot for PCA model TOTAL with QC. (a) In positive mode. (b) In negative mode. PCA-X one-dimensional
distribution of QC sample. (c) In positive mode. (d) In negative mode. Correlation analysis of QC samples. (e) In positive mode. (f) In
negative mode.



6 Evidence-Based Complementary and Alternative Medicine

TaBLE 1: Response stability of internal standard in QC sample.

Positive Negative
Internal standard
mlz RT RSDqc (%) mlz RT RSDqc (%)
L-2-Chlorophenylalanine 200.05 176.49 1.60 198.03 167.97 11.13
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FIGURE 3: Score scatter plot of PCA model for group salt versus crude. (a) In positive mode. (b) In negative mode.
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differences were downregulated in the SPF group in negative
mode. Student’s t-test analysis showed that, compared with
the PF group, the relative expression of the differential
metabolites creatinine, creatine, trigonelline, dibutyl
phthalate, palmitoylethanolamide, phenylacetylglycine,
B-guanidinopropionic acid, hippuric acid, and 3,7-dime-
thyluric acid in the SPF group was significantly upregulated.
And the relative expression of the differential metabolites
tyrosine,  L-palmitoylcarnitine,  1-acyl-sn-glycero-3-phos-
phocholine, aminocaproic acid, xanthine, sn-glycero-3-phos-
phocholine, arginine, tryptophan, norleucine, hippurate,
arachidonic acid, tyrosine, and oleic acid was significantly
downregulated (Figures 6(b) and 6(d)).

3.7. KEGG Pathway Analysis. KEGG pathway annotation
analysis was performed on the differential metabolites. The
results show that there were 12 pathways related to me-
tabolite differences in the positive mode and 11 pathways in
the negative mode. As shown in Figure 7, each bubble in the
bubble chart represented a metabolic pathway. The abscissa
of the bubble and the bubble size indicated the size of the
path influencing factors in the topology analysis. The larger
the scale, the larger the impact factor. The ordinate of the
bubble and the bubble color indicated the P-value of the
enrichment analysis (take the negative natural logarithm,
i.e., —In (p)). The darker the color, the smaller the P value
and the more significant the degree of enrichment. The
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TasLE 2: Differential metabolites in positive mode.
No. Metabolites KEGG RT mlz VIP P value Fold change
1 Creatinine C00791 34.12 114.07 2.18 0.00107 1.60436
2 Creatine C00300 34.92 132.08 1.62 0.04020 1.46332
3 Trigonelline C01004 34.67 138.05 1.71 0.01403 1.45140
4 Dibutyl phthalate Cl14214 451.20 279.16 1.86 0.01023 1.10582
5 Tyrosine C00082 101.32 182.08 1.80 0.00927 0.70458
6 Palmitoylethanolamide C16512 480.41 300.29 1.61 0.02323 1.44999
7 L-Palmitoylcarnitine C02990 408.62 400.34 2.11 0.00050 0.47849
8 1-Acyl-sn-glycero-3-phosphocholine C04230 401.93 568.34 2.25 0.00018 0.74952
9 Aminocaproic acid C02378 129.37 132.10 1.18 0.02810 0.60651
10 Xanthine C00385 71.28 153.04 1.49 0.01499 0.44558
11 sn-Glycero-3-phosphocholine C00670 31.44 258.11 1.89 0.03563 0.57238
12 Arginine C00062 29.84 197.10 1.62 0.03912 0.78833
TaBLE 3: Metabolites in negative mode.
No. Metabolites KEGG RT m/z VIP P value Fold change
1 Tryptophan C00078 164.60 203.08 1.89 0.00072 0.58290
2 Phenylacetylglycine C05598 166.25 192.07 1.60 0.03150 221871
3 Norleucine C01933 60.75 130.09 1.36 0.04702 0.68770
4 B-Guanidinopropionic acid C03065 34.75 130.06 1.60 0.01497 1.56198
5 Linoleic acid C01595 477.29 279.23 1.44 0.02498 0.67525
6 Xanthine C00385 69.70 151.03 1.29 0.01471 0.45979
7 Arachidonic acid C00219 470.30 303.23 1.75 0.00205 0.58638
8 Tyrosine C00082 60.02 180.07 1.41 0.02640 0.72039
9 Oleic acid C00712 513.97 281.25 1.42 0.02952 0.75543
10 Hippuric acid C01586 152.26 178.05 2.00 0.00561 4.68205
11 Creatinine C00791 55.56 112.05 1.98 0.00012 1.55002
12 3,7-Dimethyluric acid C16360 29.18 195.05 1.63 0.01541 1.76108

relevant information was listed in Tables 4 and 5. The key
metabolic pathways included glycerophospholipid meta-
bolism, phenylalanine, tyrosine and tryptophan biosyn-
thesis, arginine and proline metabolism, phenylalanine
metabolism, and biosynthesis of unsaturated fatty acids.

4. Discussion

PF is a widely used Chinese medicine, containing bioactive
components such as coumarin, benzofuran, flavonoids, and
monoterpenes [12]. Due to clinical application, it has been
found that PF has a toxic effect on the liver [9], and animal
studies have shown that PF has hepatotoxicity and neph-
rotoxicity to normal rats [19, 20]. Traditional Chinese
medicine processing technology is an effective means to
reduce the toxicity of traditional Chinese medicine. SPF, as a
processed product of PF, has a higher frequency of clinical
application. In the past ten years, the research on the
mechanism of reducing toxicity after pf processing has
increased. However, studies mostly focus on chemical
composition changes [21, 22], and there is a lack of research
on its metabolic differences in vivo. Therefore, we explored
the potential mechanism of salt processing to reduce PF
toxicity from the perspective of metabolism in vivo through
animal serum metabolomics technology. Firstly, we com-
pared the effects of PF and SPF on the liver and kidney of rats
through pathological observation. The results showed that

the liver and kidney damage caused by SPF was reduced
compared with the PF group. It is confirmed that salt
processing can reduce the toxic injury induced by PF in rats.

Subsequently, we further explored the possible mecha-
nism of salt processing to reduce the toxicity of PF by
screening metabolic differences and analyzing metabolic
pathway. The results showed that the detoxification of PF by
salt processing may be related to the regulation of the fol-
lowing metabolic pathways, including glycerophospholipid
metabolism, phenylalanine, tyrosine, and tryptophan bio-
synthesis, arginine and proline metabolism, phenylalanine
metabolism, and linoleic acid metabolism. Different me-
tabolites mainly involved in the above metabolic pathways
include 1-acyl-sn-glycero-3-phosphocholine (C04230), sn-
glycero-3-phosphocholine (C00670), tyrosine (C00082),
arginine (C00062), creatine (C00300), hippuric acid
(C01586), phenylacetylglycine (C05598), linoleic acid
(C01595), and arachidonic acid (C00219).

4.1. Glycerophospholipid Metabolism. Pathway analysis
showed that glycerophospholipid metabolism was highly
correlated with PF metabolism. Lipids not only constitute
most of the cell membrane bilayer but also regulate a variety
of biological processes, such as cell proliferation, apoptosis,
immunity, angiogenesis, and inflammation [23-25]. Ab-
normal lipid metabolism is related to the pathogenesis of
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many human diseases, such as diabetes, obesity, cancer, and
Alzheimer’s disease [26, 27]. 1-Acyl-sn-glycero-3-phos-
phocholine (C04230) and sn-glycero-3-phosphocholine
(C00670), as differential metabolites involved in glycer-
ophospholipid metabolism, were significantly reduced in the
SPF group. 1-Acyl-sn-glycero-3-phosphocholine, namely,
lysophosphatidylcholine (LPC), was a well-known inflam-
matory lipid that is elevated in a variety of inflammation-
related diseases [28, 29]. LPC enhances or even induces cell
proliferation, stimulates lymphocyte adhesion and

differentiation, activates T lymphocytes, and promotes
macrophage mitosis through different signal pathways (such
as NF-xB, PKC, and ERK) [30]. LPC can induce the ex-
pression of cyclooxygenase type 2 (COX-2) through p38/
CREB or ATF-1 pathways in vascular endothelial cells,
which was a key proinflammatory mediator [31, 32]. COX-2
could catalyze arachidonic acid to various classes of bio-
active proinflammatory lipids, such as thromboxanes and
prostaglandins [33], which provides additional clues about
the role of lysoglycerophospholipids in inflammatory
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TaBLE 4: Metabolic pathway analysis in positive mode.
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Glycerophospholipid metabolism 2 0.031437 0.0655 phosphocholine cpd:C00670
g.henylalan_me’ tyrosine, and tryptophan - 451463 5 Tyrosine cpd:C00082
iosynthesis
Arginine and proline metabolism 2 0.03477 0.06998 Arginine cpd:C00062; creatine cpd:C00300
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Tyrosine metabolism 1 0.28822  0.13972 Tyrosine cpd:C00082

Purine metabolism 1 0.41649  0.02966 Xanthine cpd:C00385




Evidence-Based Complementary and Alternative Medicine

responses. Therefore, the mechanism of detoxification by PF
processing may be related to inhibiting the expression of
LPC in the glycerophospholipid metabolism pathway and
reducing the body’s inflammatory response.

4.2. Arginine and Proline Metabolism. Arginine and proline
metabolic pathway is one of the key metabolic pathways of
PF, which is important for the regulation of immune
function, urea synthesis, and NO synthesis. In the met-
abolic pathway of arginine and proline, the relative
content of the central metabolite arginine and end
products (creatine, creatinine) changed significantly.
Arginine plays a key role in various metabolic processes
under normal and disease states, including urea cycle,
poly amino acid and creatine synthesis, immune function
regulation, and NO synthesis [34]. Creatine and creati-
nine participate in metabolic pathways such as energy
metabolism and urea cycle. The liver is the main place for
the biosynthesis of creatine in the body. It is finally
exported from the liver and transported through the blood
to the tissues that need creatine for absorption. Studies
have reported that creatine and creatine analogs could
protect tissues from hypoxia and ischemia [35]. Creati-
nine is important for kidney function itself. Because the
CK/PCr system supports ion pumps and metabolite
transporters in the kidney, it is responsible for ion balance
and the absorption of metabolites from the urine [36]. The
results showed that the content of serum creatine in the
SPF group was significantly higher than that in the PF
group, which may be related to the mild degree of liver
damage and the normal creatine synthesis in the SPF
group. At the same time, the increase of creatine has a
certain protective effect on the oxidative damage of the
body tissues, which may be one of the mechanisms of PF
processing and detoxification.

4.3. Phenylalanine Metabolism. In phenylalanine meta-
bolism, tyrosine (C00082), hippuric acid (C01586), and
phenylacetylglycine (C05598) were the downstream me-
tabolites, and their relative content had significant changes.
Tyrosine is a metabolite of phenylalanine, which is catalyzed
by phenylalanine hydroxylase [37]. In the absence of
p-hydroxyphenylpyruvate oxidase and tyrosine converting
enzyme, the increase of p-hydroxyphenylpyruvate and ty-
rosine in the body leads to a sharp increase in the above two
amino acids in the blood, resulting in tyrosine poisoning,
which is harmful to multiple organs such as liver and kidney
[38]. In addition, it was reported that the contents of
phenylacetylglycine and hippuric acid are closely related to
phospholipid diseases [39, 40]. Phospholipid disease is a
lipid storage disorder. Excessive phospholipids are stored in
liver cells, lymphocytes, and other cells, resulting in a variety
of tissue damage [41, 42]. Due to the content of metabolite
tyrosine decreased, hippuric acid and phenylacetylglycine
may increase compensably. Studies have reported that there
may be some one sidedness in characterizing phospholipid
storage disorders from the concentration of serum hippuric
acid and  phenylacetylglycine. ~ The  ratio  of
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phenylacetylglycine/hippuric acid can be used as a bio-
marker of phospholipid disease [43]. This study found that
the ratio of phenylacetylglycine/hippuric acid in the SPF
group was lower than that in the PF group, which was closer
to that in normal rats. Therefore, the mechanism of SPF
toxicity reduction may be related to the decrease of tyrosine
content and phenylacetylglycine/hippuric acid ratio in the
phenylalanine metabolism pathway.

4.4. Linoleic Acid Metabolism. Linoleic acid metabolism was
closely related to physiological states such as inflammatory
response and hormone production [44]. Linoleic acid (18:
2w6) is the precursor of essential fatty acids and long-chain
polyunsaturated fatty acids. As the parent compound of the
w6PUFA family, linoleic acid can be extended and desa-
turated to other biologically activated w6PUFA, such as
y-linolenic acid (18:3w6) and arachidonic acid (20:4w6) [45].
Arachidonic acid is present in all mammalian cells and is one
of the most abundant polyunsaturated fatty acids in human
tissues. It is very important in the normal metabolic func-
tions of cells and tissues [46]. However, when excessive
eicosanoid acid is continuously produced, arachidonic acid
can be converted into a variety of biologically active com-
pounds called eicosanoids, such as prostaglandins and
leukotrienes [47, 48]. These eicosanoids are effective me-
diators of inflammation and are related to the pathogenesis
of many diseases [49]. This study found that, compared with
the metabolites of rats in the PF group, the contents of
linoleic acid and arachidonic acid in the metabolites of rats
were significantly reduced in the SPF group. Therefore, the
attenuation mechanism of SPF may be related to down-
regulating the metabolism of linoleic acid and arachidonic
acid, reducing liver and kidney damage caused by
inflammation.

5. Conclusion

In this study, metabolomics was used to study the difference of
endogenous metabolites between PF and SPF in rats. Studies
have shown that the mechanism of the detoxification of PF by
salt processing may be related to the regulation of glycer-
ophospholipid metabolism, phenylalanine, tyrosine, and
tryptophan biosynthesis, arginine and proline metabolism,
phenylalanine metabolism, and linoleic acid metabolism. By
inhibiting the production of metabolites (1-acyl-sn-glycero-3-
phosphocholine,  sn-glycero-3-phosphocholine,  tyrosine,
arginine, linoleic acid, arachidonic acid, and phenyl-
acetylglycine/hippuric acid ratio) and upregulating the
expression of creatine, we could reduce the inflammatory
response induced by PF, so as to achieve the purpose of
detoxification after processing.

Abbreviations

ANOVA: Analysis of variance

COX-2:  Cyclooxygenase type 2
CTR: Centralization
CV: Coefficient of variation

HE: Hematoxylin-eosin



12
IDA: Information-dependent acquisition
KEGG: Kyoto Encyclopedia of Genes and Genomes

LPC: Lysophosphatidylcholine

OPLS-  Orthogonal Partial Least Squares Method-
DA: Discriminant Analysis

PCA: Principal component analysis

PF: Psoraleae Fructus

QC: Quality control

RSD: Relative standard deviation

SD: Standard deviation

SPE: Salt-processing Psoraleae Fructus

TIC: Total ion current

UVA: Univariate analysis

VIP: Variable importance in the projection.
Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Consent

Not applicable.

Conflicts of Interest

The authors declared that there are no conflicts of interest.

Acknowledgments

This work was supported by the Chongging Municipal
Health and Family Planning Commission Chinese Medicine
Science and Technology Project (Project no. zy201602034),
the Chongging Modern Mountain Area Characteristic
High-Efficiency Agricultural Technology System Innovation
Team Building Plan 2021 [10], and the Chongqing Municipal
Health Commission Key Discipline Construction Project of
Chinese Materia Medica Processing.

Supplementary Materials

Supplementary Table 1: possible differential metabolites
identified by secondary mass spectrometry in positive mode.
Supplementary Table 2: possible differential metabolites
identified by secondary mass spectrometry in negative
mode. Supplementary Table 3: possible differential metab-
olites identified by the HDMB and KEGG databases in
positive mode. Supplementary Table 4: possible differential
metabolites identified by the HDMB and KEGG databases in
negative mode. Supplementary Figure 1: BPC diagrams of all
QC samples. (A) In positive mode. (B) In negative mode. The
EIC diagram of the internal standard L-2-chlor-
ophenylalanine in the QC sample. (C) In positive mode. (D)
In negative mode. (Supplementary Materials)

References

[1] S. W. Lee, B. R. Yun, M. H. Kim et al., “Phenolic compounds
isolated from psoralea corylifolia inhibit IL-6-induced STAT3
activation,” Planta Medica, vol. 78, no. 9, pp. 903-906, 2012.

Evidence-Based Complementary and Alternative Medicine

[2] C.-H. Chen, T.-L. Hwang, L.-C. Chen, T.-H. Chang,
C.-S. Wei, and J.-J. Chen, “Isoflavones and anti-inflammatory
constituents from the fruits of psoralea corylifolia,” Phyto-
chemistry, vol. 143, pp. 186-193, 2017.

[3] G. Xiao, G. Li, L. Chen et al., “Isolation of antioxidants from
psoralea corylifolia fruits using high-speed counter-current
chromatography guided by thin layer chromatography-anti-
oxidant autographic assay,” Journal of Chromatography A,
vol. 1217, no. 34, pp. 5470-5476, 2010.

[4] X. Wang, K. Cheng, Y. Han et al., “Effects of psoralen as an
anti-tumor agent in human breast cancer MCF-7/ADR Cells,”
Biological and Pharmaceutical Bulletin, vol. 39, no. 5,
pp. 815-822, 2016.

[5] S. H. Lim, T. Y. Ha, S. R. Kim, J. Ahn, H. J. Park, and S. Kim,
“Ethanol extract of Psoralea Corylifolia L. and its main
constituent, bakuchiol, reduce bone loss in ovariectomised
sprague-dawley rats,” British Journal of Nutrition, vol. 101,
no. 7, pp. 1031-1039, 2009.

[6] W. D. Li, C. P. Yan, Y. Wu et al.,, “Osteoblasts proliferation

and differentiation stimulating activities of the main com-

ponents of fructus psoraleae corylifoliae,” Phytomedicine:

International Journal of Phytotherapy and Phytopharmacol-

ogy, vol. 21, no. 4, pp. 400-405, 2014.

S. Bansal, B. Sahoo, and V. Garg, “Psoralen-narrowband UVB

phototherapy for the treatment of vitiligo in comparison to

narrowband UVB alone,” Photodermatology, Photo-

immunology & Photomedicine, vol. 29, no. 6, pp. 311-317,

2013.

[8] J. Sharifi-Rad, S. Kamiloglu, B. Yeskaliyeva et al., “Pharma-
cological activities of psoralidin: a comprehensive review of
the molecular mechanisms of action,” Frontiers in Pharma-
cology, vol. 11, Article ID 571459, 2020.

[9] A. Li, M. Gao, N. Zhao, P. Li, ]. Zhu, and W. Li, “Acute liver
failure associated with fructus psoraleae: a case report and
literature review,” BMC Complementary and Alternative
Medicine, vol. 19, no. 1, p. 84, 2019.

[10] K. Li, N. Zhou, X.-K. Zheng et al., “Quantitative analysis,
pharmacokinetics and metabolomics study for the compre-
hensive characterization of the salt-processing mechanism of
psoraleae fructus,” Scientific Reports, vol. 9, no. 1, p. 661, 2019.

[11] G. H. Zhao, C. P. Yan, Z. S. Xu, Q. Q. Gao, Z. P. Chen, and
W. D. Li, “The effect of salt-processed psoralea corylifolia on
generative organ targeting,” Journal of Analytical Methods in
Chemistry, vol. 2016, Article ID 7484202, 12 pages, 2016.

[12] J. Yang, J. Yang, J. Du et al, “General survey of fructus
psoraleae from the different origins and chemical identifi-
cation of the roasted from raw fructus psoraleae,” Journal of
Food and Drug Analysis, vol. 26, no. 2, pp. 807-814, 2018.

[13] J. Griffin and M. Bollard, “Metabonomics: its potential as a
tool in toxicology for safety assessment and data integration,”
Current Drug Metabolism, vol. 5, no. 5, pp. 389-398, 2004.

[14] I. Gertsman and B. A. Barshop, “Promises and pitfalls of
untargeted metabolomics,” Journal of Inherited Metabolic
Disease, vol. 41, no. 3, pp. 355-366, 2018.

[15] J. L. Griffin, “Twenty years of metabonomics: so what has
metabonomics done for toxicology?” Xenobiotica; The Fate of
Foreign Compounds in Biological Systems, vol. 50, no. 1,
pp. 110-114, 2020.

[16] H. Cai, Z. Wen, K. Meng, and P. Yang, “Metabolomic sig-
natures for liver tissue and cecum contents in high-fat diet-
induced obese mice based on UHPLC-Q-TOF/MS,” Nutrition
and Metabolism, vol. 18, no. 1, p. 69, 2021.

[17] A. Zhang, H. Sun, P. Wang, Y. Han, and X. Wang,
“Metabonomics for discovering biomarkers of hepatotoxicity

[7


https://downloads.hindawi.com/journals/ecam/2021/5597233.f1.docx

Evidence-Based Complementary and Alternative Medicine

and nephrotoxicity,” Die Pharmazie, vol. 67, no. 2, pp. 99-105,

2012.

D. Wang, R. Li, S. Wei et al., “Metabolomics combined with

network pharmacology exploration reveals the modulatory

properties of Astragali Radix extract in the treatment of liver

fibrosis,” Chinese Medicine, vol. 14, no. 1, p. 30, 2019.

[19] L. Xu, X. Tang, F. Hao, and Y. Gao, “Hepatotoxicity and
nephrotoxicity assessment on ethanol extract of fructus
psoraleae in sprague dawley rats using a UPLC-Q-TOF-MS
analysis of serum metabolomics,” Biomedical Chromatogra-
phy: Biomedical Chromatography, vol. 35, no. 6, Article ID
e5064, 2021.

[20] Y. Wang, H. Zhang, J.-M. Jiang et al., “Multiorgan toxicity
induced by EtOH extract of fructus psoraleae in wistar rats,”
Phytomedicine: International Journal of Phytotherapy and
Phytopharmacology, vol. 58, Article ID 152874, 2019.

[21] J. Duan, W. Dong, L. Xie, S. Fan, Y. Xu, and Y. Li, “Integrative
proteomics-metabolomics strategy reveals the mechanism of
hepatotoxicity induced by fructus Psoraleae,” Journal of
Proteomics, vol. 221, Article ID 103767, 2020.

[22] Z.-]. Li, A. Abudumijiti, D.-Q. Xu et al., “Quantitative pro-
teomics analysis of fructus Psoraleae-induced hepatotoxicity
in rats,” Chinese Journal of Natural Medicines, vol. 18, no. 2,
pp. 123-137, 2020.

[23] M. Huse, A. Le Floc’h, and X. Liu, “From lipid second
messengers to molecular motors: microtubule-organizing
center reorientation in T cells,” Immunological Reviews,
vol. 256, no. 1, pp. 95-106, 2013.

[24] M. Huse, “Lipid-based patterning of the immunological
synapse,” Biochemical Society Transactions, vol. 42, no. 6,
pp. 1506-1511, 2014.

[25] D.Hoglinger, A. Nadler, and C. Schultz, “Caged lipids as tools
for investigating cellular signaling,” Biochimica et Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids, vol. 1841,
no. 8, pp. 1085-1096, 2014.

[26] M. R. Wenk, “The emerging field of lipidomics,” Nature
Reviews Drug Discovery, vol. 4, no. 7, pp. 594-610, 2005.

[27] A. Sachdeva, C. P. Cannon, P. C. Deedwania et al., “Lipid
levels in patients hospitalized with coronary artery disease: an
analysis of 136,905 hospitalizations in get with the guidelines,”
American Heart Journal, vol. 157, no. 1, pp. 111-117.e2, 2009.

[28] R. Awada, J. S. Saulnier-Blache, S. Gres et al., “Autotaxin
downregulates LPS-induced microglia activation and pro-
inflammatory cytokines production,” Journal of Cellular
Biochemistry, vol. 115, no. 12, pp. 2123-2132, 2014.

[29] P.Bansal, S. N. Gaur, and N. Arora, “Lysophosphatidylcholine
plays critical role in allergic airway disease manifestation,”
Scientific Reports, vol. 6, no. 1, Article ID 27430, 2016.

[30] N. V. Prokazova, N. D. Zvezdina, and A. A. Korotaeva, “Effect
of lysophosphatidylcholine on transmembrane signal trans-
duction,” Biochemistry Biokhimiia, vol. 63, no. 1, pp. 31-37,
1998.

[31] Y. Rikitake, K. Hirata, S. Kawashima et al, “Signaling
mechanism underlying COX-2 induction by lysophosphati-
dylcholine,” Biochemical and Biophysical Research Commu-
nications, vol. 281, no. 5, pp. 1291-1297, 2001.

[32] V. Ruipérez, J. Casas, M. A. Balboa, and J. Balsinde, “Group V
phospholipase A2-derived lysophosphatidylcholine mediates
cyclooxygenase-2 induction in lipopolysaccharide-stimulated
macrophages,” The Journal of Immunology, vol. 179, no. 1,
pp. 631-638, 2007.

[33] Z. Yuan, L. Yang, X. Zhang, P. Ji, Y. Hua, and Y. Wei,
“Mechanism of Huang-lian-Jie-du decoction and its effective
fraction in alleviating acute ulcerative colitis in mice:

(18

13

regulating arachidonic acid metabolism and glycer-
ophospholipid metabolism,” Journal of Ethnopharmacology,
vol. 259, Article ID 112872, 2020.

[34] S. Shin, H. M. Jeong, S. E. Chung et al., “Simultaneous analysis
of acetylcarnitine, proline, hydroxyproline, citrulline, and
arginine as potential plasma biomarkers to evaluate NSAIDs-
induced gastric injury by liquid chromatography-tandem
mass spectrometry,” Journal of Pharmaceutical and Bio-
medical Analysis, vol. 165, pp. 101-111, 2019.

[35] M. Wyss and R. Kaddurah-Daouk, “Creatine and creatinine
metabolism,”  Physiological Reviews, vol. 80, no. 3,
pp. 1107-1213, 2000.

[36] T. Wallimann, M. Tokarska-Schlattner, and U. Schlattner,
“The creatine kinase system and pleiotropic effects of crea-
tine,” Amino Acids, vol. 40, no. 5, pp. 1271-1296, 2011.

[37] T. Wiggins, S. Kumar, S. R. Markar, S. Antonowicz, and
G. B. Hanna, “Tyrosine, phenylalanine, and tryptophan in
gastroesophageal malignancy: a systematic review,” Cancer
Epidemiology, Biomarkers & Prevention: A Publication of the
American Association for Cancer Research, vol. 24, no. 1,
pp. 32-38, 2015.

[38] 1. Ibarra-Gonzélez, C. Ridaura-Sanz, C. Ferndndez-Lainez,
S. Guillén-Lépez, L. Belmont-Martinez, and M. Vela-Amieva,
“Hepatorenal tyrosinemia in Mexico: a call to action,” Ad-
vances in Experimental Medicine ¢ Biology, vol. 959,
pp. 147-156, 2017.

[39] J. Delaney, W. A. Neville, A. Swain, A. Miles, M. S. Leonard,
and C. J. Waterfield, “Phenylacetylglycine, a putative bio-
marker of phospholipidosis: its origins and relevance to
phospholipid accumulation using amiodarone treated rats as
a model,” Biomarkers: Biochemical Indicators of Exposure,
Response, and Susceptibility to Chemicals, vol. 9, no. 3,
pp. 271-290, 2004.

[40] J. R. Swann, K. M. Tuohy, P. Lindfors et al., “Variation in
antibiotic-induced microbial recolonization impacts on the
host metabolic phenotypes of rats,” Journal of Proteome Re-
search, vol. 10, no. 8, pp. 3590-3603, 2011.

[41] B. Breiden and K. Sandhoff, “Emerging mechanisms of drug-
induced phospholipidosis,” Biological Chemistry, vol. 401,
no. 1, pp. 31-46, 2019.

[42] A.R.A.Marques and P. Saftig, “Lysosomal storage disorders -
challenges, concepts and avenues for therapy: beyond rare
diseases,” Journal of Cell Science, vol. 132, no. 2, 2019.

[43] H. Kamiguchi, M. Murabayashi, I. Mori, A. Horinouchi, and
K. Higaki, “Biomarker discovery for drug-induced phos-
pholipidosis: phenylacetylglycine to hippuric acid ratio in
urine and plasma as potential markers,” Biomarkers: Bio-
chemical Indicators of Exposure, Response, and Susceptibility
to Chemicals, vol. 22, no. 2, pp. 178-188, 2017.

[44] M. M. Zaman, C. R. Martin, C. Andersson et al., “Linoleic acid
supplementation results in increased arachidonic acid and
eicosanoid production in CF airway cells and in cftr-/-
transgenic mice,” American Journal of Physiology - Lung
Cellular and Molecular Physiology, vol. 299, no. 5, pp. L599-
L606, 2010.

[45] J. Whelan and K. Fritsche, “Linoleic acid,” Advances in Nu-
trition, vol. 4, no. 3, pp. 311-312, 2013.

[46] S. A. Martin, A. R. Brash, and R. C. Murphy, “The discovery
and early structural studies of arachidonic acid,” Journal of
Lipid Research, vol. 57, no. 7, pp. 1126-1132, 2016.

[47] A. Serrano-Mollar and D. Closa, “Arachidonic acid signaling
in pathogenesis of allergy: therapeutic implications,” Current
Drug Targets - Inflammation ¢ Allergy, vol. 4, no. 2,
pp. 151-155, 2005.



14 Evidence-Based Complementary and Alternative Medicine

[48] F.J. Cubero and N. Nieto, “Arachidonic acid stimulates TNF«
production in Kupffer cells via a reactive oxygen species-
pERK1/2-Egrl-dependent mechanism,” American Journal of
Physiology - Gastrointestinal and Liver Physiology, vol. 303,
no. 2, pp. G228-G239, 2012.

[49] T. Wang, X. Fu, Q. Chen et al., “Arachidonic acid metabolism
and kidney inflammation,” International Journal of Molecular
Sciences, vol. 20, no. 15, 2019.



