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Both Strychnos nux-vomica Linn. (SNV) and Tripterygium wilfordii Hook F (TwHF) have received extensive
attention due to their excellent clinical efficacies. However, clinical applications of SNV and TwHF have
been limited by their narrow therapeutic windows and severe kidney toxicities. In this paper, based on
ultra-performance liquid chromatography quadrupole time-of-flight mass spectrometry (UPLC/
Q-TOF-MS), endogenous metabolites after administration of SNV and TwHF extracts were detected, and
biomarkers were screened successfully. Additionally, the levels of Cr and BUN in serum and pathological
findings of kidneys were detected and observed. Finally, both biochemical and pathological tests of the
SNV group and TwHF group indicated that kidney damage had occurred. After comparison with the
normal saline group, 15 nephrotoxic biomarkers were selected from the SNV group, and 17 nephrotoxic
biomarkers were selected from the TwHF group. The experimental results showed that there are some
differences in the mechanisms of nephrotoxicity induced by SNV and TwHF, which are significant for
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1. Introduction

Strychnos nux-vomica Linn. (SNV) is bitter, cold, and has high
toxicity. It is known for dredging collaterals, relieving pain,
dispersing swelling, cooling blood and dissipating heat. It is
commonly used in the treatment of rheumatoid arthritis,
chronic bronchitis, malignant tumors and other diseases."
Tripterygium wilfordii Hook F (TwHF) is widely used in the
treatment of rheumatoid arthritis, systemic lupus erythemato-
sus, psoriasis, and other diseases, and it is known for activat-
ing blood and removing stasis, clearing away heat and detoxify-
ing, and eliminating swelling and dispelling knots.”> Due to
the unique curative effects of SNV and TwHF, almost no
similar Chinese medicine can completely replace them. SNV
and TwHF are commonly used traditional Chinese medicines
in clinical practice, and both have very good research values
and development prospects. However, both SNV and TwHF
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revealing the mechanisms of renal injury of different medicines.

have high toxicities, and the therapeutic dose is close to the
toxic dose,>* which easily leads to human kidney toxicity and
even acute renal failure.” Renal toxicity occurs frequently, and
the poisoning consequences are serious, resulting in restric-
tions on the use and promotion of SNV and TwHF. In
recent years, the toxicity of Chinese herbal medicines,
especially kidney toxicity, has gradually attracted the attention
of scholars both in China and abroad. However, there is lack
of systematic and in-depth research on the mechanism of tox-
icity of traditional Chinese medicine for kidney damage.®
Therefore, in this study, the mechanism of nephrotoxicity was
studied using commonly used SNV and TwHF for clinical
experiments.

Metabonomics is the study of the types, quantities and
changes of endogenous metabolites in biological systems. It is
a novel drug toxicity evaluation technique that combines
experiments and information calculations.” The development
of metabolomics has brought new opportunities and chal-
lenges for the evaluation of toxicity and the study on mecha-
nisms of toxicity of Chinese medicine.® Metabonomics can
evaluate toxic changes produced by organisms from an overall
perspective, predict toxicity, and find toxicity-related bio-
markers, thus elucidating the toxicity mechanism.’ The aim of
this technique is the end product of the whole metabolic
network of the body, which reflects the true state of the body
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and represents the whole function of the body, coinciding with
Chinese medicine’s emphasis on integrity and dialectics while
treating diseases.'® The use of metabolomics analysis techno-
logy to study traditional Chinese medicine has important
scientific significance and economic value for understanding
the pharmacological effects and material basis for producing
toxic and side effects as well as the proper use of Chinese
medicine in the treatment of diseases.

Compared with other detection techniques used in metabo-
lomics, such as gas chromatography-mass spectrometry
(GC-MS) and nuclear magnet resonance (NMR), ultra-perform-
ance liquid chromatography quadrupole time-of-flight mass
spectrometry (UPLC/Q-TOF-MS) with better throughput, better
detection limits, increased chromatographic resolution, and
improved mass spectrographic data quality has been exten-
sively applied in many metabonomic studies.""'> For example,
L. Zhu et al.** used UPLC/Q-TOF-MS to explore the molecular
mechanism of T-2 toxin-induced -cartilage destruction in
Wistar rats; the endogenous metabolite profile of serum was
determined by UPLC/Q-TOF in the model group. It was found
that 8 metabolites exhibited significant changes in these rats
with articular cartilage destruction. Xinwen Dong et al."* evalu-
ated the urinary metabolomics of dietary di(2-ethylhexyl)
phthalate (DEHP) in rats using UPLC/Q-TOF-MS and studied
the toxicity mechanism of DEHP. The UPLC-MS-based metabo-
lomic method was extensively applied for the renal toxicity
study of traditional Chinese medicines. UPLC-MS is con-
sidered suitable for large-scale untargeted metabolic profiling
in complex biological samples, and it provides important tech-
nical conditions for studying the mechanism of nephrotoxi-
city."*"> For example, UPLC-MS metabolomics was used to
study the nephrotoxicity of R. alismatis in rats, and it was also
employed to investigate urinary metabolites from melamine-
exposed children.'® Ying-Yong Zhao et al. used UPLC-QTOF/
HDMS to study the nephrotoxicity mechanism of aristolochic
acid and explain the mechanism of renal toxicity from the dis-
order of metabolic pathways and changes in biomarkers."” "
Lipids with small molecular weights such as glycerolipids,
sphingolipids, glycerophospholipids (GPs), and fatty acids
have diverse and complex functions with respect to health and
diseases. Moreover, they also play an important role in the
regulation of normal renal function and pathogenesis of
kidney illness. UPLC-MS can also be used in lipid metabolo-
mics to detect these compounds.>°

In our study, ultra-performance liquid chromatography
quadrupole time-of-flight mass spectrometry (UPLC/Q-TOF-MS)
was used to detect the endogenous metabolic fingerprints of
renal toxicity induced by SNV and TwHF. By using principal
component analysis (PCA) and partial least squares-discrimi-
nant analysis (PLS-DA), the independent sample #test was used
for variables of variable importance projection (VIP) value >1
extracted from the PLS-DA model. The substances with p < 0.05
were considered statistically significant. Subsequently, their
respective potential biomarkers are screened out and looking
for their common and differential plasma markers. Combined
with the database of metabolic pathways, possible common and
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differential mechanisms of nephrotoxicity of the two medicines
were explored, which can provide support for the early detection
and safety evaluation of the kidney toxicity in traditional
Chinese medicine. It is also significant for the rational clinical
use of the Chinese medicines SNV and TwHF and for early
warning of their toxicity.

2. Materials and methods

2.1 Materials and reagents

TwHF (Hebei Qiyi Tang Pharmaceutical Co., Ltd, China, batch
number 1404266), SNV (Anguo Shengshan Pharmaceutical
Co., Ltd China, batch number 141018): medicinal materials
were identified by Associate Professor Hu Jing of Tianjin
University of Traditional Chinese Medicine. Acetonitrile
(HPLC-grade, Oceanpak, Sweden), formic acid (HPLC-grade,
ROE, USA), ethanol (HPLC-grade, Oceanpak, Sweden), distilled
water (Hangzhou WaHaha, China), normal saline (Shandong
Qi Pharmaceutical Co., Ltd, China), automatic biochemical
analyzer 7020 (Hitachi, Japan), ALLLEGRATM-64R high speed
centrifuge (Beckman, United States), KQ-300DV numerical
control ultrasonic cleaner (Jiangsu Kunshan Ultrasonic
Instrument Co., Ltd, China), XK96-A Fast Mixer (Jiangyan
Xinkang Medical Instruments Co., Ltd, China), Waters Acquity
UPLC liquid chromatograph (Waters, USA), Waters Xevo G2
Q-TOF-MS mass spectrometer (Waters, USA), UPLC HSS C18
column (2.1 mm x 100 mm, 1.7 pm) (Waters, USA), and R-220SE
rotary evaporator (BUCHI, Germany) were used in this study.

2.2 Extraction of traditional Chinese medicine

SNV and TwHF were tested in accordance with the Chinese
Pharmacopoeia 2015 Edition and content identification under
SNV and TwHF. The above-mentioned two medicinal materials
were crushed and weighed separately, and 10 times the
amount of water was added. The water bath was heated and
refluxed for 1 hour. Then, 8 times the amount of water was
added for the second time; the water bath was heated and
refluxed for 1 hour. The two filtrates were combined and recov-
ered under reduced pressure and constant volume.

2.3 Animal treatment

Thirty male Wistar rats weighing 200 + 10 g were provided by
Sibei Fu (Beijing, China) Experimental Animal Science and
Technology Co., Ltd [SCXK (Jing) 2012-0001] and housed at the
Experimental Animal Center of Tianjin Institute of Radiology
animal laboratory in SPF conditions. The rats were raised in
controlled environmental conditions with room temperature
of 23 + 2 °C, relative humidity of 35 + 5%, and a light-dark
cycle of 12 h. After a week of adaptation, the rats were ran-
domly divided into three groups: normal saline group (NS),
TwHF group (TwHF) and SNV group (SNV). The rats in each
group were given adequate water and food. According to 10-25
times of the clinical dosage (based on the crude medicines),
the dosage of each group of rats was obtained by calculating
body surface area. The normal saline group was given 1 ml of
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normal saline. The doses and sample collection for each group
are shown in Table 1. This study was approved by the Animal
Ethics Committee of Tianjin University of Traditional Chinese
Medicine under permit number TCM-2012-078F01. All experi-
mental procedures were conducted in accordance with
Chinese national legislation and local guidelines.

2.4 Pathological and biochemical examination

Rats in each group were sacrificed after taking blood samples.
The same portion of the kidney was taken from each group,
and blood stains were washed with normal saline. The kidney
tissues were then immersed in a 10% formaldehyde solution
and stored. The kidney tissues were stained with hematoxylin
and eosin (H&E), and pathological changes were observed
under an optical microscope. The paraffin section was dewaxed
and hydrated with dimethylbenzene, stained with hematoxylin
for 10 minutes, differentiated, stained with eosin, and de-
hydrated. Dimethylbenzene was transparent, and neutral resin
was used to seal the pieces. The pathological features of
kidneys were observed under 100x optical microscope, and
optical microscopy and histological evaluation were employed
to observe the damage to the kidney tissue. Cr and BUN con-
tents in serum were determined by an automatic biochemistry
analyzer.

2.5 Sample collection and preparation

Before samples were collected, all animals were subjected to
fasting for 12 hours. Blood samples (10 mL) from rats in each
group were collected via abdominal aorta blood draws 7 days
after administration. Blood was centrifuged at 3500 rpm at
4 °C for 15 min to isolate the supernatant. The supernatant
was centrifuged at 3500 rpm at 4 °C for 8 min and then, it was
extracted again and stored at —80 °C in a freezer for sub-
sequent biochemical analyses. The other 5 mL of whole blood
was centrifuged at 3500 rpm and 4 °C for 15 min, and the
supernatant was taken as serum and stored in a refrigerator at
—80 °C for biochemical indicator detection.?*

Plasma samples were stored at —80 °C for metabonomic
analysis. Before testing, the plasma samples were re-dissolved
at room temperature. Acetonitrile (300 pL) was added to each
100 pL of plasma for protein precipitation. The mixture was
vortexed and mixed for 1 min, sonicated in an ice water bath
for 10 min, and centrifuged at 13 000 rpm at 4 °C for 15 min.>
The supernatant was removed and analyzed by UPLC/
Q-TOF-MS. Quality control (QC) samples were used for meth-
odological studies. The same amount of plasma was obtained
from each sample and mixed as QC samples.”® QC samples
were prepared using the same sample preparation procedure.

Table 1 The dose and sample collection of each group
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The specific preparation process for QC is as follows: the
plasma samples frozen in the refrigerator at —80 °C were
thawed at room temperature. Each sample was pipetted with
20 pL of plasma sample in the same centrifuge tube, and the
mixture was vortexed for 1 min. Then, 300 pL of acetonitrile
was added to 100 pL of plasma, vortexed for 1 min, ultrasoni-
cated for 10 min and centrifuged at 13 000 rpm for 15 min at
4 °C. Then, 200 pl supernatant was removed into a vial for
UPLC/Q-TOF-MS analysis.

2.6 Chromatographic and mass spectrometric conditions

Data acquisition was performed on the UPLC/Q-TOF-MS
system (Waters, USA). Five pL aliquot of the supernatant was
injected into an ACQUITY UPLC HSS C18 column (2.1 x
100 mm, 1.7 pm, Waters). The column temperature was set to
40 °C, and the flow rate was 0.3 mL min~'. A binary solvent
system of mobile phase A (0.1% formic acid in water) and
mobile phase B (0.1% formic acid in acetonitrile) was used for
the UPLC separation system. Gradient elution was used in this
experiment, and the gradient program was designed as
follows: 0-0.5 min, A: 99-99%; 0.5-2 min, A: 99-50%; 2-9 min,
A: 50-1%; 9-10 min, A: 1-1%; 10-10.5 min, A: 1-99%; and
10.5-12 min, A: 99-99%. The UPLC system was coupled to
Q-TOF-MS equipped with a positive ion mode electrospray
ionization device. The MS parameters were as follows: drying
gas flow, 10 mL min~'; drying gas temperature, 350 °C; capil-
lary voltage, 310 kPa; desolvation gas flow, 600 L h™; counter-
blowing nitrogen, 50 L h™'; capillary ionization voltage, 2.1 kV;
evaporative and auxiliary gases, high-purity nitrogen. The
range of data acquisition was 50-1000 Da, and all samples
were injected randomly.

2.7 Method validation

Before sample analysis, QC samples were injected six times to
monitor instrument stability. The six QC samples were then
parallel processed and injected to assess the repeatability of
the method. Moreover, a QC sample was injected once every
six hours. QC samples were stored at 4 °C and analyzed within
24 hours to ensure sample and instrument stability. The entire
system was determined to be under stable conditions before
injecting the samples.

2.8 Data processing

In this study, the UPLC/Q-TOF-MS technique was used to
perform metabolomic analysis of plasma of the rat model for
toxicity induced by SNV and TwHF. Through multivariate stat-
istical analysis and data integration analysis, toxicity-related
biomarkers of TWHF and SNV were searched, and their biologi-

Group Medicine Quantity Dose Mode of administration Modeling
NS Normal saline 10 1 mL Gavage, continuous administration 7 days
TwHF TwHF extracted solution 10 60gkgd™? Gavage, continuous administration 7 days
SNV SNV extracted solution 10 0.1gkg 'd™" Gavage, continuous administration 7 days

This journal is © The Royal Society of Chemistry 2018
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cal mechanisms were explained. The specific data processing
procedure was as follows: raw data was collected by the
Masslynx V4.1 software (Waters Corp., Manchester, UK) in the
workstation, and multivariate statistical analysis was per-
formed using the SIMCA-P + 11.5 statistical software (Umetrics
AB, Umea, Sweden). First, unsupervised discriminant analysis
was performed using PCA to eliminate outlier samples. Next,
supervised partial least squares-discriminant analysis (PLS-DA)
was performed, and compounds that significantly contributed
to the classification (VIP > 1) were selected as candidate
markers. Subsequently, SPSS version 17.0 (SPSS Inc., Chicago,
IL) was used to perform an independent sample T-test to deter-
mine whether the metabolite exhibited significant change
from the statistical point of view. Finally, the substance
exhibiting p-value < 0.05 was used as a marker for significant
differences. At the same time, potential biomarkers were
identified by using the mass number (m/z value) of markers
in the HMDB (http:/www.hmdb.ca/) database and the
KEGG (http://www.genome.jp/kegg/) database as well as in
literature.**

3. Results and discussion
3.1 Histopathological assessment and biochemical analysis

Histopathological sections can intuitively reflect the degree of
organ damage.>” After 7 days of administration, histopatholo-
gical results (Fig. 1) showed that the kidneys in the normal
saline group did not exhibit significant injuries. The kidneys
of the administration group compared with those of the
normal saline group exhibited varying degrees of interstitial
loose (the interstitial of the renal cells are in a loose state) and
inflammatory cell infiltration; the proximal and distal tubules
showed atrophy and dilation, and there was slight expansion
of the renal pelvis. The results demonstrated that TWHF and
SNV caused pathological changes in the kidneys under the
conditions of this experiment, which resulted in damage to
the kidneys, thus revealing nephrotoxicity.

The detection and analysis of biochemical zymogram in
serum have important implications in understanding the
degree of organ damage caused by toxic effects.>® The change
in serum biochemical indicators Cr and BUN reflects the
damage cause by medicines to kidneys to a certain extent. In
this study, we compared the Cr and BUN 7T-test results of the
normal saline group and drug delivery group and evaluated
whether kidney damage was caused by SNV or TwHF. After
7 days of administration, the levels of Cr and BUN in SNV and
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TwHF groups were significantly different (p-value < 0.05) com-
pared to those of the normal saline group. The two indicators
increased, as shown in Fig. 2. Biochemical results showed that
both SNV and TwHF lead to kidney damage.

3.2 Method validation

The method validation results are shown in Table 2. In
method validation, the peak area must have an RSD value of
less than 15%, and the retention time must have an RSD value
of less than 5% to meet metabolomics requirements. As can
be seen from the results shown below, instrument precision,
method repeatability, and sample stability all met the require-
ments of metabolomics.

3.3 Metabolic profiling and data processing

UPLC/Q-TOF-MS analysis was applied to plasma metabolites of
different groups of rats. The BPI map of plasma QC samples
under positive ion mode is shown in Fig. 3.

In this experiment, plasma sample data obtained by UPLC/
Q-TOF-MS were subjected to a metabolomic study using the
SIMCA-P + 11.5 multivariate statistical analysis software. First,

Cr BUN
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Fig. 2 Content changes of Cr and BUN in normal saline group, TwHF
group and SNV group (compared with normal saline group: *P < 0.05,
**P < 0.01).

Table 2 The results of the experimental methodology

Experiment name RSD (peak area) RSD (Rt)
Instrument precision <10.6% <0.6%
Method repeatability <10.8% <0.2%
Sample stability <12.0% <0.2%
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Fig. 1 Histopathological sections of the kidney (100x magnification).
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Fig. 4 Results of multivariate statistical analysis. (A) PCA score plots of
TwHF and SNV compared with those of NS groups; (B) PLS-DA score
plots of TwHF and SNV compared with those of NS groups; (C—F) PCA
score plots and PLS-DA score plots of TwHF and SNV compared with
those of NS groups, respectively.

unsupervised data analysis was performed using PCA; it can
be observed from Fig. 4(A) that there was no good distinction
between the three groups, i.e., the SNV, the TWHF and the
normal saline groups. Therefore, we inferred that there is a
need for further supervised metabolomic analysis using
PLS-DA. Fig. 4(B) shows that the three groups exhibited signifi-
cant classification and aggregation, indicating that both SNV
and TWHF caused significant changes in the body’s endogen-
ous metabolites and that the two groups were distinctly differ-
entiated at the metabolic level.

In this experiment, first, PCA was used to eliminate outlier
samples and then, PLS-DA was used to determine different
groups of differential metabolites. In Fig. 4, the PCA scores of
the normal saline group and TwHF group (Fig. 4(C)) and those
of the normal saline group and SNV group (Fig. 4(E)) are
shown. The samples outside the confidence interval are outlier
samples, which should be excluded. Second, based on the
PLS-DA model, as shown in Fig. 4(D) and (F), we further
obtained potential information and screened the potential bio-
markers of toxicity between the normal saline group and the
drug groups. The values of R2 and Q2 in the PLS-DA model
established in this experiment were high, indicating that the
multivariate statistical model is good, which ensures the accu-
racy of the analysis results. These markers were then subjected
to a student 7T-test to obtain a significant change (p < 0.05) of
nephrotoxicity biomarkers. The m/z values of the markers were
used to find possible substances in the HMDB (http:/www.

This journal is © The Royal Society of Chemistry 2018
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hmdb.ca/) database and the Chemspider (http:/www.chemspi-
der.com/) database, and candidate biomarkers were identified
using MS/MS analysis, metabolite database information, and
literature.

Finally, in this experiment, through comparison with the
saline group, 15 toxic biomarkers of SNV and 17 toxic bio-
markers of TWHF were screened. There were differences in the
types of markers for the two drugs. Specific ion information of
the markers is shown in Table 3, which mainly includes LPC
(16:1), LPC (20:5), LPC (22:5), thymidine, LPC (18:4) and other
nephrotoxic biomarkers. The main metabolic pathways
involved are phenylalanine, tyrosine and tryptophan biosyn-
thetic pathways, phenylalanine metabolic pathways, and
tryptophan metabolic pathways. The results showed that both
SNV and TwHF caused significant metabolic profile changes
in rats.

3.4 Optimization by ROC curve

Through the above-mentioned experiments, we have found the
toxic biomarkers of TWHF and SNV. To further explore whether
these markers are meaningful, we use ROC curves to verify
them. The ROC curve is widely used to evaluate sensitivity and
specificity of markers. Diagnostic efficiency is evaluated by the
area under the curve (AUC). If AUC is greater than 0.7, the
biomarker is relatively unique and can be used as a diagnostic
Combined with the information of the screened
toxicological markers, ROS curves and binary logistic
regression model are established using the SPSS 17.0 software
(SPSS Inc., Chicago, IL) to evaluate sensitivity and specificity of
the biomarkers and screen more diagnostic biomarkers.”!
Through the ROC curve, as shown in Fig. 5, we obtain AUCs
for SNV and TwHF markers. It is found that AUCs of all sub-
stances are greater than 0.7, and their distribution is in the
confidence interval of 95%, indicating that these biomarkers
have good diagnostic capabilities for toxicities of the two
medicines.

biomarker.?”

3.5 Metabolomic pathway analysis (MetPA)

MetPA uses the KEGG metabolic pathway as the back-end
knowledge base and expresses the analysis results in an intui-
tive way; thus, it is widely applied in metabolomics research.?®
We analyzed the metabolic pathways of selected toxic bio-
markers of SNV and TwHF. The results are shown in Fig. 6. In
MetPA analysis, the metabolic pathways with a value greater
than 0.1 were considered to be associated with kidney toxici-
ties of SNV and TwHF. It could be concluded from Fig. 6 that
TwHF and SNV affected the body’s nephrotoxicity mainly by
affecting phenylalanine, tyrosine and tryptophan biosynthetic
pathways, phenylalanine metabolic pathway and tryptophan
metabolic pathway. In addition, the metabolic pathways
affecting nephrotoxicity of SNV and TwHF were consistent, and
the pathways affected by the two drugs were not different.
There were differences in the types of toxic biomarkers of the
two drugs, and these differences did not affect the main meta-
bolic pathways.
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Table 3 Identified potential biomarkers in the SNV group and TwHF group

No. Tr(min) m/zobsd m/zcaled ppm Metabolite Formula Fragment Pvalue  AUC Tendency  Medicine

1 6.74 548.3717  548.3716 0.18  LPC(20:2) C,sH5,NO,P  570.3 [M + Na]" 0.033 0.825 | TWHF and SNV
548.3 [M + H]"
184.0 [M + H — Cp3H,00;]"
104.1 [M + H — C,3H,,06P]"

2 3.03 347.221 347.2222 —3.46 19-Hydroxydeoxycorticosterone Cy1H300,4 385.1 [M +K]" 0.040 0.797 ) SNV
369.2 [M + Na]"
347.2 [M +H]"
329.2 [M + H - H,0["
109.1 [M + H — C;5H,,0;]"
97.1 [M + H — C;5H,,05]"

3 0.77 162.1124  162.1125  —0.62  r-Carnitine C,H,;5NO; 162.1 [M + H] 0.027 0.859 | SNV
103.0 [M + H — C3HgN]"

4 4.84 490.2911  490.291 0.20  LPC(14:0) CpHygNO,P  490.2 [M + Na]' 0.035 0.775 | TwWHF and SNV
468.3 [M + H]"
450.3 [M + H — H,0]"
184.0 [M + H — C;7H3,0;]"
104.1 [M + H — C;,H3;04P]"

5 2.99 190.0867  190.0862 2.63  3-Indolepropionic acid C,1H,,NO, 190.1 [M + H] 0.037 0.775 TwHF
144.1 [M + H — CH,0,]"

6 6.02 546.3556  546.3554 0.37  LPC (20:3) CysH5,NO,P  546.4 [M + HJ" 0.026 0.938 | TwHF and SNV
528.4 [M + H — H,0]"
184.1 [M + H — Cp3H350;]"
104.1 [M + H — C,3H3006P]"

7 5.51 478.2932  478.2928 0.84  LPE (18:2) Cy3HuNO,P 4783 [M +HJ" 0.028 0.797 1 SNV
337.3 [M + H — C,,H;,0;]"

8 2.14 205.0969  205.0972  —1.46  Tryptophan C11H1pN,O,  205.1[M +HJ" 0.029 0.875 | TwHF and SNV
188.1 [M + H — NH;]"

9 3.72 431.2764  431.2768  —0.93  Cholic acid C4H4005 431.3 [M + Na]* 0.042 0.750 | TWHF and SNV
391.2 [M + H — H,0]"

10 2.13 232.1526 232.1543 —7.32 Isobutyryl-L-carnitine C11H,1NO, 232.2 [M + H]" 0.041 0.797 | TWHF and SNV
173.0 [M + H — C3HoN]"
85.0 [M + H — C;H,4NO,]"

11 0.8 90.0549 90.0549 0.00  Alanine C3H,NO, 90.0 [M + H]" 0.015 0.828 | TWHF and SNV
72.0 [M + H — H,0]"

12 5.78 508.3397  508.3398  —0.20  LPE (20:1) C,5H50NO,P  508.3 [M + H] 0.006 0.875 | TwHF
367.4 [M + H — Cy,H;,0;]"

13 2.02 166.0865  166.0863 1.20  Phenylalanine CoH;;NO, 166.1 [M + H]" 0.018 0.788 | TWHF and SNV
120.1 [M + H — CH,0,]"

14 5.57 520.3406  520.3398 1.54  LPC (18:2) Ch6H50NO,P  520.3 [M + H] 0.020 0.862 1 TwHF
502.3 [M + H — H,0]"
184.1 [M + H — C,;H;360;]"
104.1 [M + H — C,;H3,04P]"

15 6.19 400.3423  400.3421 0.50  Palmitoylcarnitine C,3H,5NO, 400.3 [M + HJ" 0.010 0.888 | TwHF and SNV
341.2 [M + H — C3HoN]"
144.1 [M + H — C;H3,0,]"
85.0 [M + H — CyoH,;NO,]"

16 5.18 494.3244  494.3241 0.61  LPC (16:1) C,4HygNO,P 4943 [M + H] 0.048 0.763 | TwHF and SNV
476.3 [M + H — H,0]"
184.1 [M + H — C;H3,0;]"

104.0

[M +H — C;oH;3506P]"
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The tendency is compared to that of the NS group. 1, content increased; |, content decreased.
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Fig. 6 Disturbed pathways (A: phenylalanine, tyrosine and tryptophan
biosynthetic pathways; B: phenylalanine metabolic pathway; C: trypto-
phan metabolic pathway).

3.6 Biological significance of biomarkers for nephrotoxicity

3.6.1 Phospholipid metabolism. LPC is produced in vivo by
PC under the action of phospholipase A2 or by lysophospholi-
pase I during the lipid oxidation process.”® LPCs are a class of
endogenous phospholipids and a type of inflammatory factor.
LPCs in millimolar concentrations have the effects of aggregat-
ing monocytes and promoting the production of inflammatory
cytokines in macrophages.’®?" After rats were given extracts of
TwHF and SNV, most LPC substances in plasma were reduced,
indicating that the rats under the action of medicines were
in a state of severe immunosuppression. It has been reported
that changes in the levels of LPCs in plasma may be related to
drug nephrotoxicity.**** When the kidney is damaged, the
body may consume a large amount of PCs to remove peroxide
and achieve a normal oxidative stress level, which can affect
the metabolism of glycerol phospholipid, resulting in decrease
in the content of LPCs. This agrees with our experimental
results that nephrotoxicity causes decrease in the content
of LPC. Among the biomarkers screened, we found that LPC
(20:2), LPC (14:0), LPC (20:3), LPE (18:2), LPE (20:1), LPC
(18:2), LPC (16:1), LPC (20:5), LPC (22:5), and LPC (18:4)
participated in the metabolism of phospholipids. LPE (18:2)
was found only in the biomarkers of the SNV group. LPE
(20:1), LPC (18:2), LPC (20:5), and LPC (22:5) were found only
in the TwHF group. The other markers were found in both
groups. It could be seen that the extent of phospholipid
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changes induced by the two drugs was different, leading to
differences in these markers. The significant changes in
plasma phospholipids in the two groups also indicated that
SNV and TwHF could inhibit or interrupt the metabolism of
phospholipids. The metabolism of lipids in the two groups
was disordered, but the markers that caused the disorder were
slightly different. In this experiment, many phospholipids
were significantly changed by TwHF. Therefore, we can con-
clude that abnormal plasma phospholipid metabolism is
closely related to kidney injury induced by traditional Chinese
medicines.

3.6.2 Amino acid metabolism. Amino acids are important
carbon and nitrogen sources in organisms as well as precur-
sors of proteins and nucleotides. They are involved in the syn-
thesis of proteins and nucleotides in the body.** Renal
damage is often accompanied by metabolic disorders of
various amino acids including a decrease in the proportion of
essential amino acids and non-essential amino acids and a
decrease in the level of serum branched-chain amino acids,
which is associated with an increase in the consumption of
protein and amino acids in patients with renal injury.”® In this
experiment, alanine, phenylalanine, 3-indolepropionic acid,
and tryptophan were selected as markers associated with
amino acid metabolism, and it was found that the levels of all
four amino acids significantly reduced. Phenylalanine is an
essential amino acid in the human body and is used for
protein synthesis in vivo. Phenylalanine can produce ketones
and carbohydrates. After kidney injury, it is necessary to accel-
erate the repair of the tissue, and consumption of phenyl-
alanine can provide the energy required for this process.*®
Tryptophan is an important precursor metabolite of the neuro-
transmitter 5-hydroxytryptamine in the body. Tryptophan is
one of the 8 essential amino acids in the human body and is
used in most of the body for protein synthesis.?” In this experi-
ment, the decrease in tryptophan in the plasma of the two
groups showed that kidney function was abnormal due to SNV
and TwHF, which seriously affected the metabolism of
tryptophan.

3-Indolepropionic acid is also a substance in the trypto-
phan metabolism pathway, and its level was also significantly
reduced compared to that of the normal saline group. In the
administration groups, only the TwHF group showed signifi-
cant change in the content of 3-indolepropionic acid.
Therefore, when TwHF caused damage to the kidney, it inter-
fered with tryptophan metabolism, resulting in decrease in the
levels of phenylalanine, tryptophan and 3-indolepropionic
acid. At the same time, 3-indolepropionic acid can inhibit oxi-
dative stress reaction, remove free radicals, prevent free rad-
icals from attacking biological macromolecules and causing
tissue cell damage, and delay aging of the body and other
nervous system diseases.’® The decrease of 3-indolepropionic
acid in the plasma of TwHF group may be related to renal
tissue damage caused by TwWHF, which indicated the difference
in nephrotoxicities caused by TWHF and SNV.

In this study, significant reductions in amino acids in the
SNV group and TwWHF group suggest disorder of amino acid
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metabolism. This indicates that abnormal metabolism of
amino acids is induced by drugs in rats.

3.6.3 Energy metabolism. r-Carnitine, palmitoylcarnitine
and isobutyryl-L-carnitine are markers of energy metabolism.
After the body is damaged, the level of carnitine in plasma
also changes. Carnitine compounds have been considered as
reliable biomarkers for determining whether energy metab-
olism is abnormal.®** Carnitine compounds are related to
metabolism and transport of fatty acids in animals. Their
main function is to transport long chain fatty acids from
outside the mitochondrial membrane to the membrane to
promote beta oxidation of fatty acids and conversion of fat
metabolism to energy.*® Palmitoylcarnitine is an acylcarnitine
that transfers lipids to mitochondria, providing energy necess-
ary for cell growth and survival. Fatty acids can be transported
to mitochondria by binding to r-carnitine under the action of
carnitine palmitoyltransferase-1. In this experiment, three car-
nitine markers were significantly reduced in the adminis-
tration groups, indicating that both SNV and TwHF caused dis-
order of energy metabolism, which resulted in slow energy
supply and a series of toxic reactions in the body.

L-Carnitine was found only in the TWHF group. It is a type
of special amino acid that exists widely in the body tissue, and
it is necessary for energy metabolism of animals. L-Carnitine
plays an important role in fat metabolism and has anti-inflam-
matory, anti-oxidative and anti-apoptotic effects.*’ L-Carnitine
can effectively reduce inflammatory factors in serum, thereby
improving the inflammatory state of heart, lung, kidney and
other important organs in failure.*® Significant decrease in
t-carnitine in the TwHF group indicated that TwHF affected
the content of r-carnitine and then affected the metabolism of
fatty acids and the inflammatory state of the body. There are
subtle differences in the energy metabolism abnormalities
that result from nephrotoxicity caused by SNV.

3.6.4 Pyrimidine metabolism. Thymidine is a pyrimidine
deoxynucleoside. Thymidine in the SNV group and TwHF
group was significantly reduced, indicating disorder of pyrimi-
dine metabolism in rats with renal injury.

3.6.5 Bile acid metabolism. Cholic acid is a major bile
acid. The kidney plays a significant role in the process of bile
acid recirculation.*® Kidney injury leads to disorder of bile acid
metabolism, which causes decrease in the content of cholic
acid in plasma of SNV and TwHF groups. Abnormal bile acid
metabolism is also one of the important mechanisms of drug-
induced kidney damage.

4. Conclusion

In recent years, the safety of traditional Chinese medicine has
become a social concern. Toxicity and adverse reactions
caused by the use of traditional Chinese medicine have
become areas of extreme interest for the academic community.
Because the chemical compositions of traditional Chinese
medicines are complex and the extraction and separation of
most components are difficult, there are limitations in evaluat-
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ing the toxicity of traditional Chinese medicines using in vivo
and in vitro toxicology experimental methods. The toxicity of
traditional Chinese medicine can be studied rapidly and effec-
tively using small-molecule metabolic markers. Using metabo-
nomics, we can also systematically study the toxicities of tra-
ditional Chinese medicine and its compounds. At the same
time, it can also rapidly give an early warning of toxicity before
the tissues and organs are pathologically damaged. It can also
be used in the pharmaceutical industry and the national drug
testing department. The significance of finding biomarkers is
early prediction of toxicity of traditional Chinese medicine.
The toxic biomarkers of SNV and TwHF selected in this experi-
ment are advantageous in the evaluation of medicine safety. In
this experiment, we established a metabolomics analysis
method for medicine toxicity, which can reflect the changes in
plasma small-molecule metabolites in vivo and provide toxicity
assessment of renal and other tissues at the stage of biochemi-
cal detection while the tissue is pathologically undamaged. It
can identify toxic substances and toxicity routes faster and
more accurately than traditional methods, providing a basis
for medicine safety evaluation and secondary development. At
the same time, the biological significance of the nephrotoxicity
of SNV and TwHF interference with normal metabolism in vivo
is explained, which provides a reference for comprehensive
and clear explanation of toxicity mechanisms. By comparing
rat nephrotoxicities of SNV and TwHF, we inferred that both
SNV and TwHF could cause experimental renal functional
changes in rats with different properties and in varying
degrees. This study provides a meaningful reference for the
study of nephrotoxicity mechanism of traditional Chinese
medicine.
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