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An untargeted UPLC-Q-TOF-MS-based plasma metabonomics
revealed the effects of peperomin E in a prostate cancer nude mouse
model

Shanshan Ma, Shuaishuai Wang and Yunzhi Li*
School of Pharmacy, Anhui University of Chinese Medicine, Hefei, China

Abstract: Peperomia dindygulensis is used as an anticancer medicinal plant in China and is rich in a series of novel
secolignans, including peperomin E (PE). In our prior study, we demonstrated the significant reduction in tumor weight
and volume in vivo in a PCa DU145 cell xenograft tumor mouse model following PE treatment. However, the impact of
PE on PCa metabolism remains unclear. Therefore, the objective of this investigation is to examine the influence of PE
on metabolism regulation within a PCa mouse model. An untargeted UPLC-Q-TOF-MS plasma metabolomics approach
was carried out to explore the mechanism of action of PE in a human prostate cancer DU145 cell xenograft tumour
mouse model based on principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA),
identification of potential biomarkers and pathway analysis. A total of 71 potential plasma metabolite biomarkers were
identified in the nude mouse model and 36 of which were reversed to different degrees after the treatment with PE.
These identified biomarkers primarily relate to amino acid metabolism, fatty acid metabolism and cholic acid
metabolism. These findings showed that PE could improve endogenous metabolism in the DU145 cell xenograft tumor

mouse model and offered a reliable foundation for the design of new therapeutic drugs for treating PCa.
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INTRODUCTION

Prostate cancer (PCa) ranks among the top 2 cancers in
men and the 5™ in morbidity around the world (Bray, et
al., 2018). Though China is not a high-incidence district,
with changes in dietary habits, the morbidity of PCa in
China is increasing. The data showed that the incidence of
PCa was the 7" most common male malignancy in China
and the 10" most common morbidity (Chen, et al., 2016).
Although many drugs have raised the survival rate of
patients with PCa in recent years, there are still many
deficiencies (Han, et al., 2015). Therefore, it is urgent to
research and develop new anti-PCa drugs.

Peperomin E (PE) is one of secolignans first obtained
from Peperomia dindygulensis. Miq. (Piperaceae) which
used as an anti-tumor herbs in China (Lin, et al., 2021,
Lin, et al, 2011). Our previous investigations also
isolated PE from Peperomia cavaleriei C.DC (Li, et al.,
2018). Previous studies have suggested that PE had a
significant inhibitory effect on a variety of tumor cell
lines in vitro, such as PC-3, HL-60, A549, VA-13,
HepG2, HONE-1, LoVo, MCF-7 and NUGC-3 (Lin, et
al., 2021; Li, et al., 2019). To screen the potential active
compound against PCa, we studied its activity on cell and
animal model and found that PE could suppress the
proliferation of both PC-3 and DUI145 prostate cancer
cells in vitro and reduce tumor volume and decrease
tumor weight in vivo in a DU-145 mouse xenograft tumor
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model, which displayed its potential anti-PCa activity
(Lin, et al., 2021; Li, et al., 2019).

Recently, more and more evidences showed that
metabolic disorders were closely related to tumorigenesis,
and targeting tumor metabolism and regulating the cancer
metabolic machine has arisen as a promising strategy for
cancer therapy. The previous investigation also showed
that metabolic disorder existed in the patients with PCa
(Luzzago, et al., 2021). Therefore, it is of great
significance to screen and find compounds that can
regulate the disordered metabolism in patients with
prostate cancer. Currently, metabonomics has become a
powerful tool to discover possible biomarkers by
analysing metabolites of low molecular weight from cells,
tissues or organisms, and which has been successfully
applied in multiple fields of pharmaceutical research, such
as effectiveness evaluation, mechanism of action and
therapeutic material basis. Currently, two technical
platforms are commonly used in metabonomics research:
NMR and LC-MS or GC-MS. Because of its advantages
in sensitivity, LC-MS is widely used in metabonomics.

So far, it is unknown whether PE affects metabolite
regulation in PCa. Hence, we carried out a LC-MS based
untargeted metabonomics to assess the metabolic
regulation of PE in a PCa nude mouse model (fig. 1).

MATERIALS AND METHODS
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Chemicals and reagents

PE was isolated from P. cavaleriei (Li, et al., 2018).
Acetonitrile (chromatographic grade) was procured from
Merck  (Darmstadt, Germany), while methanol
(chromatographic grade) was sourced from Sigma-
Aldrich (St. Louis, MO, USA). Formic acid was obtained
from Fluka (Buchs, Switzerland) and all other chemicals
were of analytical grade. Distilled water from Watsons
was utilized for all experiments.

Animals and cells

Male BALB/c nude mice (5 weeks old, weighing 18-20 g)
were procured from Sippr-BK (Shanghai, China) for use
in the study. The human DU145 prostate cancer cell was
purchased from BeNa Culture Collection (Beijing,
China). Foetal bovine plasma (FBS) was obtained from
Gibco-BRL (Gaithersburg, MD, USA). RPMI-1640
medium was provided by HyClone (Logan, UT, USA).

Mouse xenograft study

Our research adhered to the guidelines outlined by the
National Institutes of Health concerning the care and
utilization of laboratory animals. Each mouse was
individually housed in metabolic cages within a specific
pathogen-free animal facility, maintained at a constant
room temperature ranging between 23-25°C and relative
humidity of 40-60%. A standard 12/12 hour light-dark
cycle was maintained, and mice were provided with ad
libitum access to standard mouse chow and water
throughout the study. A week later, the mice were
randomly divided into two parts: part one (n = 12) and
part two (n = 24). The animals of part one were used as
the normal control and the mice of part two were used to
establish the orthotopic tumor transplantation model.
After 15 days of feeding, the mice of part two was
furthermore divided randomly into two groups: Group
one was used as the tumor control which only
administered normal 0.9% sodium chloride saline
solution, while group two served as group of drug
treatment which was intraperitoneally (IP) treated with 25
mg/kg PE (Lin, et al, 2021). Following daily
administration for 24 consecutive days, the mice were
euthanized via exsanguination and blood was promptly
collected from the abdominal cavity into heparinized
tubes. Following centrifugation at 13,000 rpm at 4°C for
15 minutes, the plasma obtained from the blood samples
was stored at -80°C until subjected to LC-MS analysis.

The sample preparation and UPLC-MS analysis

The thawed plasma samples (50uL) were combined with
150pL of methanol containing 2-chloro-L-phenylalanine
(12.5pg/mL) as an internal standard and vortexed for 1
minute. After centrifugation at 13,000 rpm at 4°C for 15
minutes, 100uL of the supernatant was transferred into an
injection vial and 3uL was used for LC-MS analysis.

UPLC analysis was performed using an Agilent 1290 II
Infinity LC system coupled with a 6545 UHD Accurate-

Mass Q-TOF mass spectrometer (Agilent, USA).
Separation utilized an ACQUITY UPLC HSS T3 column
(2.1 x 100 mm, 2.5um, Waters, MA, USA) using a
mobile phase composed of 0.1% aqueous methanoic acid
(A) and acetonitrile containing 0.1% methanoic acid (B),
at a rate of 0.35mL/min. The chromatographic gradient
was optimized as follows: starting from 0% phase B,
ramping to 5% from 0 to 2 minutes, further ramping from
5% to 95% phase B from 2 to 13 minutes and maintaining
95% phase B from 13 to 15 minutes. A post-time of 5
minutes was set for system re-equilibration.

This study employed electrospray ionization (ESI) for MS
analysis in both positive and negative polarities,
employing the following optimized parameters: capillary
voltage set at 4 kV and 3.5 kV for positive and negative
mode, respectively, fragment voltage at 120 V, skimmer
voltage at 60 V, nebulizer pressure at 45 psig, drying gas
flow rate at 11 L/min and gas temperature maintained at
350°C (Fei et al., 2016). The acquisition range spanned
from 100 to 1100 m/z. Additionally, to ensure the
accuracy of the mass axis, reference ions were
simultaneously injected into the mass spectrometer, with
ions set at 922.0098 and 121.0509 for positive ion mode,
and 1033.9881 and 112.9856 for negative ion mode.
Quality control (QC) samples were employed to assess
system stability.

Potential biomarkers identification and metabolic
pathway analysis

The extracted molecular weights of metabolites were
compared to online metabolite databases (Human
Metabolome Database, METLIN) to find their possible
identities. The structures of the putative metabolites were
identified by comparing with MS/MS information from
these databases. The metabolite identification confidence
level is moderate (level 2 confidence). The metabolic
pathways related to potential biomarkers were analysed
using Metabo Analyst 3.0.

ETHICAL APPROVAL

The procedures for animal experiments adhered to
relevant national laws and local guidelines, receiving
approval from the Animal Ethics Committee of Guizhou
Medical University on March 2, 2019 (Approval No:
1900220).

STATISTICAL ANALYSIS

The MS raw data underwent conversion to the mzXML
format utilizing Mass Hunter Qualitative Analysis
Software (Agilent Technologies). Subsequently, data pre-
processing was conducted using the XCMS program
within the R software platform, encompassing peak
identification, retention time correction and peak
integration.
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Fig. 1: The experimental scheme of UPLC-Q-TOF-MS-based plasma metabonomics for investigating the effects of

peperomin E in a prostate cancer nude mouse model.

Following filtering the ion based on the 80% rule, where
ions present in 80% of the samples within each group
were deemed endogenous metabolites, relative metabolite
quantities were determined by normalizing to the peak
area of the internal standard (Fei et al., 2016). Mean-
centering and Pareto scaling were then applied, and the
retention time (RT)-m/z pair, relative ion intensity, and
observation name were imported into SIMCA-P 11.0
software (Umetrics, Umea, Sweden) for multivariate data
analysis (Fei et al.,, 2016). Model fitting was visually
assessed using a permutation test. Potential biomarkers
were identified based on variable importance in projection
(VIP) values greater than 1.0 and p-values less than 0.05.
The analysis employed VIP values from the PLS-DA
model (threshold >1), in conjunction with three sets of
ANOVA analyses followed by pairwise Tukey tests
(panova <0.05, pl-2 <0.05), to discern differentially
expressed metabolites between the normal and model
groups. Additionally, Receiver Operating Characteristic
(ROC) curves were constructed to evaluate the sensitivity
and specificity of potential markers (Fei ef al., 2016).

Experimental data were statistically analyzed using SPSS
software (version 19.0, Chicago, IL, USA), with results
reported as mean + standard deviation (SD). A p value <
0.05 was considered to be significant.

RESULTS

Metabolic profiling analysis of plasma
To elucidate the underlying mechanism of PE's protective
effects, we conducted UPLC-Q-TOF-MS-based plasma

metabonomics in a nude mouse xenograft model
established with DU145 cells. Initially, we generated
typical plasma total ion current (TIC) chromatograms
from normal, model and treatment groups in both positive
and negative ization modes.

Exemplary LC-MS chromatograms from each group are
depicted in fig. S1. While differences among these groups
were directly observable from the chromatograms, pattern
recognition approaches such as PCA and PLS-DA were
utilized to visually discern changes between groups.
Typically, QC samples were employed to assess
instrument status and system stability through the
clustering degree of QC samples. In our study, a PCA
score plot of test samples and QC samples demonstrated
high aggregation in all QC samples, indicating system
stability (fig. S2).

Subsequently, PLS-DA score plots were utilized to
compare the normal with model groups and the model
group with the treatment group. We separately analyzed
the normal group (1) and model group (2) samples using
the PLS-DA model, with score plots shown in fig. 2 for
both positive and negative ion modes. Key parameters for
assessing the discriminant model quality included R2
(representing model explanatory power) and Q2 values
(representing model predictive power). For the positive
ion mode, cumulative R2X =0.22, R2Y =0.903 and Q2 =
0.383; for the negative ion mode, cumulative R2X =
0.432, R2Y =0.885 and Q2 = 0.679.
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Fig. 2: The partial least squares discriminant analysis (PLS-DA) modeling was used to differentiate the metabolomic
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Fig. 5: Heat map of significantly altered metabolites in the normal, model and treatment groups.(1, m, Normal; 2, m,

Model; 3, m, Treatment.)

As depicted in fig. 2A, 2B, 2C and 2D, clear separation
was observed between the model group and the normal
group, as well as between the model group and the
treatment group in both positive and negative ion modes,
indicating  significant  differences. = Furthermore,
permutation tests were conducted to assess model over
fitting, revealing no overfitting in either ESI positive or
negative-ion mode (fig. 2E, 2F).

Biomarkers identification and metabolic pathway
analysis

It is important to identify the potential significant
metabolites which altered the metabolic profile of the

DU145 nude mouse xenograft model. In this experiment,
a scatter plot and a VIP were used to determine the
difference in metabolites between the model and normal
groups (fig. 3A, 3B). In addition, ANOVA and Tukey’s
post hoc test were further used to evaluate the data in the
model group with those in the other two groups. In this
paper, the metabolites with p<0.05 together with VIP
values above 1 were considered potential biomarkers.
According to the VIP value and the data of statistical
analysis, a total of 71 potential metabolites (30 from
positive-ion mode and 41 from negative-ion mode) were
recognized (table S1, Supporting Information). Among
them, the levels of 6 out of 30 differential metabolites in
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positive-ion mode were increased in the model group
compared to those in the normal group, while the levels of
the remaining 24 metabolites were decreased. Similarly,
the levels of 16 of 41 differential metabolites in negative-
1on mode were increased, and the other metabolites were
decreased compared to those in the normal group,
respectively. In addition, these 71 biomarkers were
further evaluated their potential for predictive and
diagnostic performance in PCa by ROC analysis, and the
data suggested that all of the candidate biomarkers had
good diagnostic and predictive value based on the area
under the ROC curve (AUC) >0.75 (fig. 3C).

Finally, Metabo Analyst 3.0 was used to carry out the
biochemical interpretation of all altered metabolites. To
identify the most relevant metabolic pathways, the p-
value was set to 0.05 and the threshold for impact value in
pathway topology analysis was established at 0.10,
respectively. As shown in fig. 4, linoleic acid metabolism,
valine, leucine and isoleucine biosynthesis, valine, leucine
and isoleucine degradation, caffeine metabolism,
arachidonic acid metabolism, glycerophospholipid
metabolism, phenylalanine metabolism, cysteine and
methionine metabolism, sulfur metabolism, a-linolenic
acid metabolism, retinol metabolism and thiamine
metabolism pathways were disrupted in the model.

The effects on metabolism regulation of PE

There were 71 metabolic biomarkers that were altered in
the plasma of model mice and whether these metabolic
biomarkers were regulated by PE intervention remains
unclear. According to the fold change and p values
between the treatment group and model group (table S1),
36 of the 71 metabolites in the treatment group had
different levels of call back compared with the model
group: a-ketoisovaleric acid, betaine, L-leucine, indoxyl,
7-methylxanthine, indole-3-propionic acid, L-kynurenine,
deoxyadenosine, palmitic acid, homocysteine, a-linolenic
acid, linoleic acid, retinaldehyde, 13-HODE,
eicosapentaenoic acid, arachidonic acid, eicosatrienoic
acid, 9-HpODE, 11-HpODE, 9-decenoylcarnitine,
docosahexaenoic acid, docosapentaenoic acid,
docosatetraenoic acid, docosatrienoic acid, corticosterone,
lipoxin B4, Thr-Asp-OH, sphingosine-1-phosphate, 17-
phenyl trinor PGF2a, 7-ketodeoxycholic acid, cholic acid,
LysoPE (20:2/0:0), LysoPC (18:3), PA (P-16:0/19:0),
ganglioside GA2 (d18:1/16:0) and L-phenylalanine. The
variation trends of these 71 metabolites were also
visualized using a heat map (fig. 5). The relevant
metabolic pathways of these metabolites were analyzed
using the KEGG pathway database and the results
revealed that linoleic acid metabolism, valine, leucine and
isoleucine biosynthesis, valine, leucine and isoleucine
degradation, caffeine metabolism, arachidonic acid
metabolism, phenylalanine metabolism and cysteine and
methionine metabolism were regulated in the treatment
group (fig. S3-S9), indicating that these pathways might
be closely related to the protective effects of PE.

Shanshan Ma et al.

DISCUSSION

Secolignans are novel lignans that have been found in
nature in recent years. Previous reports showed that PE
exhibited good inhibitory activity against some cancer
cell lines in vitro and in vivo (Lin, et al., 2021; Wang, et
al., 2016). To screen the potential anti-PCa active
compound, we also investigated its bioactivity, and found
that PE could effectively inhibit the cellular proliferation
of human PCa DU145 cells in vitro and decreased the
tumor weight as well as the tumor volume in vivo (Lin, et
al., 2021).

Recently, an increasing number of investigations have
shown that the Gleason score of PCa patients with
metabolic abnormalities (such as obesity, hypertension,
and diabetes) was significantly increased and a higher
degree of malignancy, demonstrating that metabolite
alterations are closely related to the development of PCa
(Luzzago, et al., 2021). In the study of endogenous small
molecular components in vivo, metabonomics has unique
advantages which can identify metabolic pathways
significantly altered in disease, then obtain the
pathogenesis of the disease and mechanism of a drug
from a holistic view. Generally, there are three kinds of
cell lines used in PCa research, among which the DU145
cell line is hormone-independent prostatic cancer cell line
and is considered to be the standard prostate cancer cell
line used widely in therapeutic research (Lin, et al., 2021;
Sachan, et al., 2018; Zhang, et al., 2019). To date, there
was no metabonomics report on the DU145 cell xenograft
model. Hence, the effect of PE on metabolism regulation
in a DU145 prostate cancer cell xenograft model was
investigated by metabonomics in this experiment. Firstly,
PLS-DA score plots showed that there was an obvious
separation between the model group and the normal group
(fig. 2a, 2b), indicating the significant difference in
metabolites between them. Nevertheless, there is no
overlap between the treatment group compared with the
normal group, indicating that there are certain differences
in metabolites between these two groups. In fact, the later
differential metabolites analysis showed that there were
71 components in the model group changed significantly,
of which 36 were corrected in the treatment group. So,
drug intervention only led to the callback of some
metabolites, there was still a difference between the
treatment group and the normal group. In addition, the
five blue spots (treatment group) are separated from the
rest of the group, which showed that the metabolites of
these animals are different from other animals in this
group under the negative ion model.

Firstly, we investigated the metabolic disturbance and
identified 71 metabolites as potential biomarkers for the
nude mouse DU145 cell xenograft model, which is the
first reported the change of metabolites in the DU145 cell
xenograft model. Then, our investigation further found
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that 36 of 71 metabolites were regulated after PE
intervention and the metabolic pathways of these
regulated metabolites are mainly related to the
metabolism of fatty acids, amino acids, bile acid.

Previous investigations have shown that fatty acid
anabolism plays a role in many tumorigenesis and
developmental biological processes, including the
formation of the cell membrane skeleton, energy storage,
generation of signal molecules, and participation in many
important functions of cells, etc., and metabolic
reprogramming combined with the Warburg effect can
adapt to the rapid growth of tumors (Senga, et al., 2018).
Dyslipidaemia is also a marker of prostate cancer
(Poulose, et al., 2018). More and more studies have
shown that fatty acid metabolism is involved in the
occurrence and progression of PCa (Watt et al., 2019). In
surgical specimens of PCa, the expression of fatty acid
synthases (FAS) was significantly higher than that of
surrounding normal tissues and the expression of Fas
increased gradually during the malignant process of
prostate epithelial tissue, which participates in the
formation of biomembranes to meet the high levels of cell
proliferation and metabolism. This suggests that FAS play
a key role in the proliferation and invasion of prostate
cancer (Cortesi, et al., 2018). In this experiment,
arachidonic acid was identified as a biomarker.
Arachidonic acid is a polyunsaturated omega-6 fatty acid
with important physiological significance. Previous
investigations have suggested that a derivative of
arachidonic acid could promote tumor angiogenesis by
stimulating growth factors. Its main mechanism of action
is that prostaglandin E2 (PGE2) can be produced from
arachidonic acid by cyclooxygenase and PGE2 is the most
important prostaglandin for angiogenesis (Hoang, et al.,
2015). Lipoxin B4 and 15-HETE are also derivatives of
arachidonic acid under the action of lipoxygenase and
omega hydroxylase, respectively (Salvado, et al., 2012).
Both of these derivatives decreased in the model mouse,
suggesting that maladjustment of arachidonic acid
metabolism occurred in the prostate cancer xenograft
model. In addition, a previous investigation demonstrated
that arachidonic acid get involved in the induction of
androgen biosynthesis in prostate cancer cells under
androgen deprivation, which partly explains the
generation of castration resistance in prostate cancer
(Yang, et al., 2012). Moreover, metabolic pathway
analysis suggested that linoleic acid metabolism was the
most important metabolic pathway related to the
pathogenesis of prostate cancer, and linoleic acid is a
precursor of arachidonic acid (Taha, et al., 2017). These
two metabolites were significantly up regulated in the
model whereas significantly down regulated in the treated
mice in this experiment (table S1), indicating that
inhibition of linoleic acid metabolism is an important
mechanism of PE against prostate cancer.

Amino acid metabolism is another important way to affect
the progression of prostate cancer (Chen, et al., 2023).
The previous investigation found that nitrogen in tumor
tissue increased significantly in metastatic prostate cancer
tissue compared with normal prostate tissue due to the
decomposition of amino acids. Our experiment also
highlighted that amino acid metabolism plays a crucial
role in the pathogenesis of prostate cancer, aligning with
findings from previous research (Lucarelli et al., 2015).
Specifically, the study revealed a significant connection
between the biosynthesis and degradation of valine,
leucine, and isoleucine and the development of prostate
cancer. These branched chain amino acids (BCAAs) are
not only essential for the synthesis of nitrogenous cellular
components but also serve as signaling molecules. They
are involved in the regulation of glucose and lipid
metabolism, protein synthesis and immune responses
through specific signaling networks, notably the
PI3K/AKT/mTOR pathway (Nie et al., 2018). Previous
investigations have also shown that the PI3K/AKT/mTOR
signalling pathway play an important role in the
occurrence and development of PCa (Claudio, et al.,
2016). Therefore, our results suggested that valine,
leucine and isoleucine metabolism play an important role
in regulating energy homeostasis, immunity and disease
in humans and animals. Furthermore, these amino acids
were regulated in the treatment group, indicating that PE
acts on experimental models by modulating amino acid
metabolism.

In addition to the above two metabolic pathways, careful
analysis of significantly changed metabolites in the
plasma of the mouse model and treatment groups (table
S1) revealed that the level of cholic acid (CA) increased
significantly in the model and decreased significantly in
the treatment group. CA is a primary bile acid (BA). After
being synthesized in the liver, CA is transferred to the bile
for secretion and then released to the intestine under the
stimulation of gastrointestinal hormones. (Gallimore and
Godkin, 2013), which can then absorb via intestinal cells
to complete enterohepatic circulation by the portal vein
system. Hence, CA is a substrate of the intestinal flora.
The biotransformation of BA mainly occurs in the large
intestine, where is abundant in gut microbiota (Shalon, et
al., 2023; Kaska, et al., 2016). Alterations in intestinal
flora act as a critical function in the conversion of primary
BAs to secondary BAs, indirectly activating or
deactivating membrane and nuclear receptors through the
structure modification of the BA, then influence glucose
metabolism in humans (Kaska, et al., 2016; Fiorucci and
Distrutti, 2015). Therefore, we hypothesize that the
intestinal flora of model mice is in a state of disorder
according to the increased level of CA in the plasma of
model mice, and this may be an important mechanism of
PE against PCa through modulation of the intestinal flora.
Recent research has shown that intestinal flora can
regulate physiological processes such as metabolism,
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inflammatory responses and immunity. Specifically, the
relationship of intestinal flora and malignant tumors has
attracted scientific interest and recent investigations have
reported the relationship between prostate cancer and the
gut and urogenital flora (Wheeler and Liss, 2019). To
date, it is unclear whether and how PE can regulate the
intestinal flora of prostate cancer and we will explore this
problem in future work.

CONCLUSION

Our investigation identified 71 endogenous metabolites as
the potential biomarkers in the DU-145 mouse xenograft
tumor model, and found that 36 of which were regulated
in the treatment group after administrated with PE. These
regulated metabolites were mainly linked to the
metabolism of amino acids, fatty acids, and bile acids.
Overall, the current study provided a further
understanding of the anti-PCa mechanism of PE and
provided the basis for the development of new antitumor
drugs.
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Fig. S1: Representative TICs in positive-ion mode: (A) normal control group, (B) model group, (C) treatment group and
in ESI negative-ion mode: (D) control group, (E) model group, (F) treatment group.
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