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as an alternative of gemcitabine: a comparative metabolomic 
study

Binbin Wei1, Congfei Wang2, Tianhong Teng2, Pengfei Guo1, Minghuang Chen3, Feng Xia1, Huili Liu4, 
Jieming Xie5, Jianghua Feng1, Heguang Huang2

1Department of Electronic Science, Fujian Provincial Key Laboratory of Plasma and Magnetic Resonance, Xiamen University, Xiamen, China; 
2Department of General Surgery, Fujian Medical University Union Hospital, Fuzhou, China; 3State Structural Chemistry Key Laboratory of Fujian 

Institute of Research on Structure of Matter, Chinese Academy of Sciences, Fuzhou, China; 4State Key Laboratory of Magnetic Resonance and 

Atomic and Molecular Physics, Wuhan Center for Magnetic Resonance, Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, 

Wuhan, China; 5Department of Pharmacology, Fujian Medical University, Fuzhou, China

Contributions: (I) Conception and design: J Feng, H Huang; (II) Administrative support: F Xia; (III) Provision of study materials or patients: M Chen, 

J Xie; (IV) Collection and assembly of data: B Wei, C Wang, T Teng, P Guo, H Liu; (V) Data analysis and interpretation: B Wei, J Feng, C Wang; (VI) 

Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Jianghua Feng. Department of Electronic Science, Xiamen University, 422 Siming South Road, Siming District, Xiamen 361005, 

China. Email: jianghua.feng@xmu.edu.cn; Heguang Huang. Department of General Surgery, Affiliated Union Hospital, Fujian Medical University, 

Fuzhou 350001, China. Email: hhuang2@aliyun.com.

Background: As the preferred drug for single chemotherapeutic application in pancreatic cancer, 
gemcitabine often demonstrated low sensitivity and strong chemotherapy resistance in patients. Therefore, 
the search for other drugs with high efficiency and low side effects has become of high importance. The 
aim of this study was to assess the therapeutic effects of cucurmosin on pancreatic cancer as an alternative of 
gemcitabine and explore its underlying biochemical mechanism.
Methods: The subcutaneous xenograft mice with pancreatic cancer were treated by high- and low-dose 
cucurmosin and gemcitabine, respectively. A comparative metabolomic analysis was performed on the serum 
samples from the different groups by 1H nuclear magnetic resonance (NMR) techniques and then subjected 
to univariate and multivariate statistical analysis.
Results: Cucurmosin demonstrated a dose-dependent inhibition to the pancreatic tumors. High-dose 
cucurmosin provided similar chemotherapeutic efficacy with gemcitabine by positively regulating pyruvate 
metabolism, glycolysis or gluconeogenesis, and cysteine and methionine metabolism. Inactivating GFR 
signaling pathway and further inducing apoptosis of tumor cells are the important mechanism of anti-tumor 
function of cucurmosin. 
Conclusions: Cucurmosin is a promising chemotherapeutic drug for pancreatic cancer. However, the dose 
selection and surface modification should be optimized according to the stage of pancreatic cancer, and an 
expanded study in both laboratory and clinical regimes needs to be performed.
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Introduction

Pancreatic cancer is a malignant tumor with insidious onset, 
extremely low early diagnosis rate, extremely aggressive, and 
insensitive to traditional radiotherapy and chemotherapy and 
targeted therapy (1). It is the third leading cause of cancer-
related death in the United States and the fourth in Japan (2). 
The incidence of pancreatic cancer has been also increasing 
worldwide. There has been very limited progress in the 
treatment of pancreatic cancer over the last few decades, with 
its 5-year survival rate increasing from 2.5% in 1975–1977 
to 8% in 2010–2018 (3). In the absence of promising results 
for single-agent or combination chemotherapy in the last 
decades, prognosis remains poor. With multi-drug systemic 
treatment, the median survival rate is about 8 months (2,4). 
It is estimated that by 2020, there will be about 420,000 
new cases and 410,000 deaths of pancreatic cancer in the 
world every year (5). It is therefore projected to become the 
second leading cause of cancer mortality before 2030 due to 
improving therapies for other cancers compared with those 
for pancreatic cancer (6). At present, only 10–20% of clinical 
cases of pancreatic tumors are resectable, but up to 80% of 
patients undergoing resection develop disease recurrence 
even after adjuvant treatment. In patients with borderline 
resectable/unresectable pancreatic cancer, administration 
of chemotherapy may increase the chance of resection 
and, consequently, improve survival outcomes (7,8). Since 
gemcitabine was approved for pancreatic adenocarcinoma 
treatment by Food and Drug Administration (FDA) of the 
USA in 1997, it is still the main drug served to all stages of 
chemotherapy for pancreatic cancer (9,10). Unfortunately, 
the chemotherapy effect of gemcitabine is not so ideal and 
only 12% patients are sensitive to gemcitabine (11). Its 
short plasma half-life and poor targeting may restrict its 
focal and effective action. Furthermore, pancreatic cancer 
has been becoming less sensitive to gemcitabine, and thus 
chemotherapy resistance would limit its efficacy better display. 
In order to improve the clinical efficacy of chemotherapy, 
researchers have carried out numbers of studies on the 
combination of gemcitabine-based chemotherapeutic drugs 
in the treatment of pancreatic cancer. These studies have 
found that paclitaxel, platinum, capecitabine and tegafur 
and other cytotoxic drugs demonstrated good therapeutic 
effects in combination with gemcitabine (12,13). However, 
some other researchers have pointed out that these schemes 
cannot improve the effect of chemotherapy, but will enhance 
the toxic damage to the patient’s body (14,15). Therefore, 
the search for other drugs with high efficiency and low side 

effects for the treatment of pancreatic cancer has become of 
high importance for improving the prognosis and enhancing 
the quality of life of the patients with pancreatic cancer.

Ribosomal inactivated protein (RIP) is a class of toxic 
proteins widely found in plants, and about 110 species 
of plants containing RIP have been found so far (16,17). 
In the past, it was believed that the mechanism of RIP 
antitumor was cell necrosis caused by the cytotoxicity 
of the drug itself (18). However, in recent years, many 
kinds of RIPs have been reported to be able to induce 
apoptosis of tumor cells, and thus it was believed that 
inducing apoptosis is an important mechanism of anti-
tumor function of RIP (19-21). Cucurmosin (CUS) is a 
new RIP extracted from cucurbit, and previous studies 
found that CUS shows significant cytotoxicity to tumors 
such as chronic myeloid leukemia K562, melanoma 
B16, pancreatic cancer cell strains (BxPC-3 and SW-
1990) (22,23). Moreover, CUS demonstrated obvious 
inhibition to tumor proliferation in mice models (22),  
however, the specific mechanism, especially its metabolic 
changes responsible for the therapeutic effect still keep 
unknown. In this study, we conducted the therapeutic 
effect experiments with different doses of CUS on mice 
with pancreatic cancer to compare with gemcitabine from 
the perspective of metabolomics. We aimed to provide an 
effective reference for the treatment of pancreatic cancer 
with an alternative medicine of gemcitabine and clarify 
their biochemical mechanism and potential side effects, and 
hopefully serve to improve the survival rate of pancreatic 
cancer patients in the future.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/gs-20-202).

Methods

Experimental materials

Experiments were performed under a project license [NO.: 
SYXK(Fujian) 2016-0006] granted by the Ethics Committee 
of the Fujian Medical University Union Hospital, in 
compliance with the principles of the National Institutes of 
Health guide for the care and use of Laboratory animals. 
Adult male nude mice (4–6 weeks old, weighing 18–20 g) 
were obtained from Shanghai Slack Laboratory Animals 
Co. Ltd. [license number SCXK (Shanghai) 2007-0005] and 
fed on standard SPF-grade laboratory conditions including 
a relative humidity of 60%±10% and a temperature of 24± 
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2 ℃. Human pancreatic cancer cell line Panc-1 (Catalog 
NO. TCHu) was purchased from Shanghai Biocell Bank, 
and further conserved and passaged. CUS was isolated and 
purified from the sarcocarp of Cucurbita moschata (pumpkin), 
and the protein was quantified by BCA Protein Assay Kit.

Establishment of subcutaneous xenograft model of 
pancreatic cancer

Pancreatic cancer cell line was authenticated with short 
tandem repeat test and mycoplasma culture. The Panc-
1 cells were cultured in a humidified incubator (Thermo 
Scientific, USA) at 37 ℃ and 5% CO2 with RPMI 1640 
medium (Gibco, USA) supplemented with 10% fetal 
bovine serum and 80 U/mL gentamicin. The cells were 
digested by 0.125% trypsinogen (Life Technologies, USA) 
for the passage once every 2–3 days, keeping the cells in 
the logarithmic growth phase. When the Panc-1 cells in 
logarithmic growth phase were 2×107 cells/flask, they were 
digested with 0.25% trypsin and harvested into a centrifuge 
tube. The cells in trypsin solution were centrifuged at 
1,500 g for 10 min. The supernatant was discarded, and the 
cells (2×107 cells) were washed for 3 times with phosphate 
buffered saline (PBS) and resuspended in 0.2 mL culture 
medium.

After skin degerming, the cell suspension (2×107 cells in 
0.2 mL culture medium) was subcutaneously injected into 
the right shoulder back of the nude mouse with a sterile 
syringe, followed by normal feeding. When a tumor with a 
size of 1 cm in diameter was formed in the injection position 
of the mouse, the mouse was executed by a mercy killing, 
and the tumor was excised under aseptic conditions and cut 
into pieces with a size of about 1 mm3. Consequently, the 
tumor granules were pushed subcutaneously into the right 
shoulder back of a nude mouse by a 16-gauge trocar.

Drug intervention on the subcutaneous xenograft model of 
pancreatic cancer

On the 15th, 18th, 21st, 24th, 27th and 30th day after the 
surgeries, the mice subcutaneously implanted by pancreatic 
tumors were intraperitoneally administrated by the different 
drugs, and the mice were randomly divided into 5 groups 
according to their intervention strategy. Control (C) group 
(n=12): the healthy nude mice intraperitoneally injected 
with sterile saline (10 mL/kg); pancreatic cancer (PANC) 
group (n=9): the xenograft mice intraperitoneally injected 
with sterile saline (10 mL/kg); high-dose CUS (CUS-H) 

group (n=10): the xenograft mice intraperitoneally injected 
with high-dose CUS (1.0 mg/kg); low-dose CUS (CUS-L) 
group (n=10): the xenograft mice intraperitoneally injected 
with low-dose CUS (0.5 mg/kg); gemcitabine (G) group 
(n=9): the xenograft mice intraperitoneally injection with 
gemcitabine (50 mg/kg). The high dose (1.0 mg/kg) of 
CUS was based on its safety concentration and a lower dose  
(0.5 mg/kg) was used as the comparison.

Sample collection and preparation

On the 33th day after the surgeries, 1 mL of orbital blood 
was collected by exsanguination under isoflurane anesthesia 
and stored in 1.5 mL Eppendorf tubes. After standing 
for 60 min on ice, serum was obtained through a 10-min 
centrifugation at 10,000 g and 4 ℃. The supernate was 
collected and immediately snap frozen by liquid nitrogen 
and stored at −80 ℃. After sacrifice of the mice by cervical 
dislocation, the tissues were collected for the histological 
observation. 

A serum sample of 400 μL was taken out and mixed with 
200 μL of a deuterated phosphate buffer solution (90 mM, 
pH 7.4) containing 0.9% NaCl (normal saline), and mixed 
by an oscillator. After centrifugation at 10,000 g for 10 min 
at 4 ℃, 550 μL of the supernatant was transferred into a 
5-mm nuclear magnetic resonance (NMR) tube (ST500, 
NORELL, Inc., Morganton, North Carolina, USA) for 
NMR sampling. The serum samples include 12 cases of 
healthy control group (C), 9 cases of PANC group, 10 cases 
of CUS-H group, 10 cases of CUS-L group and 9 cases of 
gemcitabine group. 

NMR sampling and processing
1H NMR spectra were acquired on a 600 MHz Bruker 
Avance III spectrometer (Bruker Corporation, Kalsruhe, 
Germany) equipped with a 5 mm CPBBO probe operating 
at 600.13 MHz and 295 K. The 1H NMR spectra detection 
was carried out using a standard water-suppressed CPMG 
pulse sequence. For each serum sample, 16 free induction 
decays (FIDs) were collected into 32 K data points over 
a spectral width of 12,000 Hz with a relaxation delay of  
4.0 s and an acquisition time of 2.73 s. Spin-echo loop time 
(2nτ) was set as 70 ms. All the obtained 1H NMR spectra 
were processed with MestReNova (version: 9.0, Mestrelan 
Research, Santiago de Compostella, Spain) and assigned 
with ChenomX NMR Suit 8.0 (ChenomX Inc., Canada). 
To boost the signal-to-noise ratio, all FIDs were multiplied 
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by an exponential weighting function equivalent to a 1 Hz 
line-broadening. In order to make the spectra more unified, 
the manual phase rectifications and baseline corrections 
were conducted by using MestReNova. The chemical 
shifts were referenced to the double-peak of endogenic 
lactate at δ 1.33 for metabolites identification (24). Next, 
the spectral regions δ 9.0–0.5 of the processed NMR 
spectra were segmented into scatter integral regions of δ 
0.002 with a removal of spectral region δ 6.00–5.65 and δ 
5.20–4.67 to eliminate the impacts of residual water signal 
and urea signal commonly. All of the data were normalized 
to the total sum of the spectrum to make the data directly 
comparable with each other. Then, the integrated data were 
imported into SIMCA 14.1 for pattern recognition and 
multivariate statistical analysis.

Statistical analysis and pattern recognition

Multivariate statistical analysis was performed on SIMCA 
14.1 software (Umetrics, Umea, Sweden). The pattern 
recognition methods commonly used in metabonomics 
include principal component analysis (PCA), partial least 
square analysis (PLS-DA) and orthogonal partial least 
square analysis (OPLS-DA). PCA can intuitively present 
the relationship between samples (distribution results), 
such as whether there is clustering or outlier. PLS-DA 
and OPLS-DA, which can be classified as supervised 
multivariate statistical analysis, was conducted in Parato-
scaling approach for better extraction and maximization 
of the metabonomic differences between different groups. 
Then, the X-matrix interpretation rate R2X and the 
Y-matrix interpretation rate R2Y and the prediction rate Q2 
were obtained by 9 cross-validation methods to evaluate 
the model quality. In order to avoid over-fitting of the 
established model, the responsive permutation experiment 
was used to randomly change the categorical variable Y 200 
times, thus obtaining different random R2 and Q2 values. At 
the same time, the correlation coefficient (r) and variable 
importance for the projection (VIP) value of the model 
were obtained from OPLS-DA, which is used to obtain 
meaningful differential metabolites.

The relative concentrations of the assigned metabolites 
were calculated by integrating their characteristic signals in 
the NMR spectra. The results of the univariate statistical 
analysis were evaluated using a fold-change value and a 
Student’s t-test, in which the t-test test value was converted 
to a P value to obtain a significant change in metabolites.

In this study, a four-dimensional volcano plot was used 

to identify the discriminative metabolites between pair-
wise groups, which is a scatter plot of absolute correlation 
coefficient value and the VIP value from the multivariate 
analysis were brought as two additional variables 
represented by color and dot size, respectively.

Metabolic pathways and interactions analysis

In order to understand the metabolic processes and details 
involved in the occurrence and treatment of pancreatic 
cancer, pathways enrichment analysis and pathway topology 
analysis were performed on the differential metabolites by 
using pathway database including KEGG (https://www.
kegg.jp/kegg/pathway.html), HMDB (http://www.hmdb.
ca/), and MetaboAnalyst (https://www.metaboanalyst.ca/
MetaboAnalyst/faces/home.xhtml) (25-27).

Histopathology of the tissues

The selected tissue samples from the different groups were 
fixed in 10% formalin solution. Paraffin embedding and 
standard procedures followed, and 4-μm sections were cut 
and stained with hematoxylin and eosin. All slices were 
randomly double-blind confirmed histopathologically by 
experienced pathologists.

Results

Establishment of mouse model with pancreatic cancer and 
drug treatment

The subcutaneous xenograft mouse model with pancreatic 
cancer was successfully established in 38 nude mice. 
An infection case occurred in the PANC group, and no 
obvious tumor was formed in one mouse in G group, 
which were excluded from the study. A typical mouse with 
pancreatic tumor was shown in the supplemental materials  
(Figure S1A), and the tumor usually possessed a size 
of 1.5 cm in diameter (Figure S1B). When the mouse 
was euthanized, 4-μm sections of the tumor were cut 
and stained with hematoxylin and eosin. The successful 
establishment of pancreatic tumor was confirmed by 
histopathological analysis by the experienced pathologists 
(Figure S1C,D). Their growth curves of body weight and 
the tumor in each group were displayed in Figure S2. 
After the mice with pancreatic cancer were treated with 
the different intervention regimens for 15 days, different 
inhibition effects of the tumors were demonstrated in the 

https://www.kegg.jp/kegg/pathway.html
https://www.kegg.jp/kegg/pathway.html
http://www.hmdb.ca/
http://www.hmdb.ca/
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Figure 1 Average 1H NMR spectra (δ 0.5–8.5) of mouse sera obtained from control (C), pancreatic cancer (PANC), high-dose cucurmosin 
treated (CUS-H), low-dose cucurmosin treated (CUS-L), and gemcitabine-treated (G) groups. The spectral regions of δ 5.5–8.5 (in the 
dashed box) were vertically magnified 50 times compared with corresponding spectral regions of δ 0.5–5.5 for the purpose of clarity. The 
detailed spectral information of the identified metabolites from the spectra was listed in Table 1.

mice. Compared with PANC group, the inhibition rates 
of CUS-H, CUS-L and G to the pancreatic tumors were 
43.5%, 33.7%, and 76.1%, respectively (Table S1). 

1H NMR spectral characteristics of mice serum following 
occurrence and management of pancreatic cancer

The average 1H NMR spectra of serum from the different 
groups were shown in Figure 1. 1H NMR spectra provided 
the metabolic variations in the serum following the 
occurrence of pancreatic cancer and the corresponding 
metabolic responses to the treatment with gemcitabine 
and CUS. The resonance assignments were performed 
based on the HMDB database, ChenomX and published 
literatures (28-30), and the NMR spectral details of the 
identified metabolites were tabulated in Table 1. The 
relative concentration of each metabolite could be obtained 
from the integral area of the corresponding characteristic 
signals in the NMR spectra (Table 1). Thus, the comparative 
analysis between the pair-wise groups could be carried out 

by the univariate statistical approach, but the results may 
be misleading or weakened due to the possible overlapping 
of the signals and synergistic actions and interaction of the 
different metabolites. The additional multivariate statistical 
analysis will strengthen the objective evaluation of the 
metabolic similarity and differences between the different 
pair-wise groups.

Statistical analysis of metabolomic characteristics of serum 
following occurrence and management of pancreatic cancer

PCA is a pattern recognition method to simplify the 
complex relationship between variables, which could give 
an overview of all serum samples and examine the intrinsic 
variation within the groups. As revealed in PCA the scores 
plot (Figure 2A), the first two principal components (PC1 
and PC2) could explain 76.5% of the total variance. 
Although a certain of overlap existed between the five 
groups, C, CUS-H and G were closed to each other but 
away from the PANC group, indicating that the serum 
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Figure 2 PCA (A) and PLS-DA (B) scores plots based on 1H NMR data of mouse sera from groups C, PANC, CUS-H, CUS-L and G. 
PCA, principal component analysis; PLS-DA, partial least square analysis; NMR, nuclear magnetic resonance; C, control group; PANC, the 
mice with pancreatic cancer; CUS-H, the mice with pancreatic cancer treated by high-dose cucurmosin; CUS-L, the mice with pancreatic 
cancer treated by low-dose cucurmosin; G, the mice with pancreatic cancer treated by gemcitabine.

metabolomes of the three groups were similar with each 
other. CUS-L groups also demonstrate a metabolic 
difference from PANC groups although they quite mix 
with each other. PLS-DA further maximized the systematic 
variance and to eliminate the interference information and 
thus highlighting the separation between the groups in the 
PLS-DA scores plot (Figure 2B) though a moderate overlap 
could still be observed between them. These results showed 
that CUS could regulate the metabolic profile of the mice 
with pancreatic cancer, and its high dose takes a similar 
therapeutic effect with gemcitabine.

In order to identify the metabolites responsible for the 
occurrence and management of pancreatic cancer, OPLS-
DA was carried out on the NMR data from the pair-wise 
groups (i.e., groups C vs. PANC, groups C vs. CUS-H, 
groups C vs. CUS-L, and groups C vs. G) (Figure 3, left 
panels). From the results of OPLS-DA permutation test, 
an obvious metabolic disorder was induced by pancreatic 
cancer, and the concentrations of the disturbed metabolites 
have not recovered to the control levels even after the 
treatment of CUS or gemcitabine (Figure 3, middle panels). 
Such conclusion could also be confirmed by the pair-
comparisons of the PANC group and the different treatment 
groups (Figure S3 and Table S2). The corresponding 
correlation coefficient (r) and VIP values could be obtained 
from these models. The difference multiple of each 
metabolite content (fold-change) between the pair-wise 
groups and the transformed P value after t-test could be 

calculated and analyzed. A four-dimensional volcanic map 
could be constructed (Figure 3, right panels) based on the 
correlation coefficients and VIP values from multivariate 
analysis and the fold change and P values from univariate 
analysis. Accordingly, the characteristic metabolites with 
significant differences between the pair-wise groups can be 
screened out to characterize the pancreatic cancer and its 
managements. As a result, compared with the C group, 18 
of the metabolites in serum showed significant changes in 
pancreatic cancer, including the higher levels of acetone, 
dimethylamine, methanol, sarcosine, trimethylamine and 
very low-density lipoprotein (VLDL) and the lower levels 
of 3-hydroxybutyrate, allantoin, ascorbate, creatine, high-
density lipoprotein (HDL), isobutyrate, lactate, methionine, 
myo-inositol, pyruvate, succinate, and β-glucose in the 
PANC group than the C group (Figure 3A and Table S3), 
which were basically consistent with previous studies (31,32). 
We also compared the changes of relative concentration 
of differential metabolites between the different groups. It 
was found that the contents of 5 differential metabolites, 
including glutamate, glycine, lipid, methionine, and 
trimethylamine N-oxide, demonstrated a recovered trend 
in the CUS-H group compared with the PANC group, 
4 kinds of recoverable differential metabolites, including 
allantoin, low-density lipoprotein (LDL), succinate, and 
VLDL, were found in the G group, while 7 differential 
metabolites demonstrated a recoverable metabolic trend in 
the CUS-L group, including acetone, allantoin, creatine, 
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Figure 3 OPLS-DA scores plots (left panels), cross validation by permutation test (middle panels) and corresponding volcano plots (right 
panels) derived from 1H NMR data of mouse sera from the pair-wise groups. C, control group; PANC, the mice with pancreatic cancer; 
CUS-H, the mice with pancreatic cancer treated by high-dose cucurmosin; CUS-L, the mice with pancreatic cancer treated by low-dose 
cucurmosin; G, the mice with pancreatic cancer treated by gemcitabine. The marked dots in the volcano plots represent the metabolites with 
statistically significant differences between the pair-wise groups. The keys of the metabolites were shown in Table 1.
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Figure 4 Impact overview of the altered metabolic pathways in the different treatment regimens. (A) groups C vs. PANC; (B) groups 
C vs. CUS-H; (C) groups C vs. CUS-L; (D) groups C vs. G; (E) statistical analysis of the altered metabolic pathways. C, control group; 
PANC, the mice with pancreatic cancer; CUS-H, the mice with pancreatic cancer treated by high-dose cucurmosin; CUS-L, the mice with 
pancreatic cancer treated by low-dose cucurmosin; G, the mice with pancreatic cancer treated by gemcitabine. Bubble area is proportional to 
the impact of each pathway, with color denoting the proportion of the differential metabolites in the pathways from highest in red to lowest 
in white. The pathway impact more than 0.1 and P<0.001 were used as the cut-off values for the statistical significance.

ethanol, glycine, lipid, methionine (Table 1). The results 
indicated that both CUS and gemcitabine could regulate 
the serum metabolic profile of pancreatic cancer mice, and 
CUS demonstrated a dose-dependent chemotherapeutic 
efficacy to pancreatic cancer.

The affected metabolic pathways following occurrence and 
management of pancreatic cancer

In order to understand the altered metabolic pathways 
induced by pancreatic cancer and the different treatments, 
pathways enrichment analysis was performed on the 
differential metabolites from the pair-wise groups including 
groups C vs. PANC, groups C vs. CUS-H, groups C vs. 
CUS-L, and groups C vs. G. The results were shown 
in the form of bubble map (Figure 4), where the bubble 
area was proportional to the influence of the pathway and 
the bubble color corresponds to match status, i.e., the 

proportion of the differential metabolites in the pathways 
(from red for the highest proportion to white for the 
lowest proportion) (33,34). The results showed that the 
occurrence of pancreatic mainly induced the disturbance 
in pyruvate metabolism, glycine, serine and threonine 
metabolism, TCA cycle, glycolysis or gluconeogenesis, 
cysteine and methionine metabolism (Figure 4A,E). After 
the treatment by the different chemotherapy regimens, 
some disturbed pathways were positively regulated to the 
normal level, however, some pathways were additionally 
altered. High-dose CUS and gemcitabine demonstrated 
a similar chemotherapeutic efficacy, in which they all 
positively regulated pyruvate metabolism, glycolysis or 
gluconeogenesis, and cysteine and methionine metabolism, 
while they simultaneously induced the metabolic alteration 
in methane metabolism and cysteine and methionine 
metabolism, and high-dose CUS also induced the additional 
metabolic variations in aminoacyl-tRNA biosynthesis, TCA 
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Figure 5 Summaries of the disturbed metabolic pathways involved in pancreatic cancer and treatment with the different chemotherapeutics. 
PANC, the mice with pancreatic cancer; CUS-H, the mice with pancreatic cancer treated by high-dose cucurmosin; CUS-L, the mice with 
pancreatic cancer treated by low-dose cucurmosin; G, the mice with pancreatic cancer treated by gemcitabine. The increased, decreased and 
not significantly changed levels of the metabolites in the treated groups compared with the controls are represented by red, green and blank 
boxes. The different background colors indicate the different metabolic pathways.

cycle, and alanine, aspartate and glutamate metabolism 
(Figure 4B,C,D,E). Low-dose CUS took few effects on 
pancreatic cancer, in which it only regulated the pyruvate 
metabolism but induced a similar additional variation with 
those of CUS-H including aminoacyl-tRNA biosynthesis, 
methane metabolism, glycine, serine and threonine 
metabolism, and valine, leucine and isoleucine biosynthesis. 
A metabolic pathway network by the pancreatic cancer 
and the different chemotherapy regimens could be derived 
from the differential metabolites in the different group to 
obtain an integral view on the overall metabolic disturbance  
(Figure 5).

Discussion

In this study, 1H NMR-based serum metabolomic method 
was used to appraise the chemotherapeutic efficacy of CUS 
for pancreatic cancer as an alternative of gemcitabine and to 
study the biological mechanism of CUS in a mouse model 
with pancreatic cancer.

Metabolic characteristics of pancreatic cancer are associated 
with metabolic reprogramming of tumor cells

Consistent with previous studies (31,32), in our study 
the changes of 18 serum metabolites could be identified 
as the biomarkers of pancreatic cancer. Occurrence of 
pancreatic cancer was involved in the disturbance in the 
metabolic pathways especially related to energy metabolism. 
Studies have shown that pyruvate metabolism is the key 
to cellular energy metabolism (35). As the final product of 
glycolysis, pyruvic acid is a key link in the cell for oxidative 
metabolism, gluconeogenesis, lipid synthesis, cholesterol 
synthesis and maintenance of the carbon flux of the 
tricarboxylic acid cycle. Tumor cells still choose pyruvate to 
be converted into lactate under aerobic conditions instead 
of entering the oxidative metabolism of mitochondria. 
The abnormality of mitochondrial pyruvate metabolism 
and its regulatory enzymes are closely related to tumor 
occurrence, development and metastasis (36,37). It is well 
known that the tumor metabolic reprogramming is the 
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key for malignant transformation, and in this process, it is 
the aerobic glycolysis (Warburg effect) rather than TCA 
cycle become the special biochemical phenotype (38,39). 
Through the active aerobic glycolysis, the malignant tumor 
cells derive the predominant energy and generate extensive 
lactate to result in microenvironmental acidosis and thus 
promote the spreading of the tumor cells. Glycolysis 
enzyme has the effect of antagonizing apoptosis, which can 
lead to the tolerance of malignant tumors to pro-apoptotic 
effects such as chemoradiation (40). Cysteine plays an 
important role in a carbon metabolism pathway, and 
related studies have shown that one carbon unit is essential 
for DNA methylation (41), which is associated with the 
development of many cancers (42). In the development 
of tumor, amino acid metabolism is also closely related to 
tumor production through TCA cycle (43,44).

CUS dose-dependently regulates pancreatic tumors by 
inducing apoptosis of tumor cells

CUS demonstrated a dose-dependent inhibition to the 
pancreatic tumors. Considering the unknown in vivo adverse 
effects, the different dosages of CUS (1.0 and 0.5 mg/kg) 
and gemcitabine (50 mg/kg) was used to treat the mice. 
Even then, CUS offers a favorable inhibiting ability to the 
subcutaneous xenograft tumors of pancreatic cancer. High 
dosage of CUS results in an inhibition rate over half that of 
gemcitabine, indicating the promising therapeutic drug of 
CUS development targeted at pancreatic cancer.

In the disturbed biochemical pathways by pancreatic 
cancer, pyruvate metabolism was positively regulated 
by all of the treatment regimens, and glycolysis or 
gluconeogenesis and cysteine and methionine metabolism 
were further positively regulated by the intervention of 
high-dose CUS or gemcitabine. We conclude that CUS 
can functionally regulate pyruvate metabolism, glycolysis or 
gluconeogenesis and cysteine and methionine metabolism 
pathways to treat pancreatic cancer. It should be believed 
that suppressing the active metabolisms in pancreatic tumor 
is closely related to inhabiting the proliferation of pancreatic 
cancer cells. RIPs including CUS have been reported to 
be able to induce apoptosis of tumor cells by bonding to 
the specific adenosine residue of RNA, and thus leading to 
removal of the adenine and blockage of protein synthesis 
(19-21). The affected RNA biosynthesis both in the 
CUS-H and CUS-L groups also supported this viewpoint  
(Figure 4E).

Growth factor receptor (GFR) plays an important 
role in the development of pancreatic cancer. It is 
a glycoprotein that is expressed in normal cells but 
overexpressed in tumor cells. Overexpression is mainly 
related to tumor cell proliferation, invasion, metastasis, 
infiltration and poor prognosis (19-21), and some studies 
have indicated that CUS downregulated the expression of 
GFR at the protein level (19-21), thus it was believed that 
inactivating GFR signaling pathway and further inducing 
apoptosis is an important mechanism of anti-tumor 
function of CUS.

Nevertheless, several additional metabolic pathways 
appeared in the drug-administered groups compared with 
the PANC group. Especially, methane metabolism and 
glycerophospholipid metabolism were shared by CUS-L, 
CUS-H and G groups. Due to the disturbance of TCA 
cycle, glutaminolysis is enhanced in pancreatic cancer 
cells to generate TCA intermediates through anaplerosis 
reaction, and subsequently served as building blocks for 
synthesis and metabolism of amino acids and lipids (45),  
thus causing the variations of glycerophospholipid 
metabolism in all of the three treated groups and the 
metabolism and synthesis of amino acids in the CUS-
treated groups.

Furthermore, in our study, the metabolites that 
methane metabolism matches are mainly methanol and 
trimethylamine. These metabolic abnormalities are not 
too much associated with the tumor development and 
inhibition, and they may be related to the microbial 
activities induced by the intervention of the drugs.

Conclusions

In this study, 1H NMR-based serum metabolomic analysis 
confirmed that CUS has a significant improvement effect 
on pancreatic cancer, and the mechanism of action involves 
in pyruvate metabolism, glycolysis or gluconeogenesis, and 
cysteine and methionine metabolism by inducing apoptosis 
of tumor cells. In our opinion, CUS could be an alternative 
chemotherapeutic drug of gemcitabine for pancreatic cancer 
if not a better choice. However, it should be mentioned 
that the sample size is relatively small in this study, and the 
dose selection and surface modification should be optimized 
according to the stage of pancreatic cancer. Subsequent 
studies should be performed in an expanded range both 
in laboratory and clinical regimes and also combined with 
other omics techniques.
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Figure S1 The successful establishment of mouse model with pancreatic cancer. (A) A typical mouse with pancreatic tumor; (B) the tumor 
obtained from the mouse with pancreatic cancer; (C,D) photomicrograph of representative sections of the tumor with hematoxylin-eosin 
under a 100× (C) and 200 × (D) microscope.

Figure S2 The growth curves of body weight (left panel) and the tumor (right panel). PANC, the mice with pancreatic cancer; G, 
gemcitabine-treated mice with pancreatic cancer; CUS-H, high-dose cucurmosin treated mice with pancreatic cancer; CUS-L, low-dose 
cucurmosin treated mice with pancreatic cancer.
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Table S1 Tumor weights and the inhibition rates in the different intervention regime

Group Tumor weight (g) Inhibition rate (%)

PANC 1.84±0.28 –

CUS-H 1.04±0.27* 43.5%

CUS-L 1.22±0.09* 33.7%

G 0.44±0.12* 76.1%

*, P<0.05 when compared with the PANC group. PANC, pancreatic cancer mice; CUS-H, high-dosage cucurmosin treated mice with 
pancreatic cancer; CUS-L, low-dosage cucurmosin treated mice with pancreatic cancer; G, gemcitabine-treated mice with pancreatic 
cancer.



Figure S3 OPLS-DA scores plots (left panels), cross validation by permutation test (middle panels) and corresponding volcano plots (right 
panels) derived from 1H NMR data of mouse sera from the pair-wise groups. OPLS-DA, orthogonal partial least square analysis; NMR, 
nuclear magnetic resonance; PANC, the mice with pancreatic cancer; CUS-H, high-dosage cucurmosin treated mice with pancreatic cancer; 
CUS-L, low-dosage cucurmosin treated mice with pancreatic cancer; G, gemcitabine-treated mice with pancreatic cancer. The marked 
dots in the volcano plots represent the metabolites with statistically significant differences between the pair-wise groups. The keys of the 
metabolites were shown in Table 1.
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Table S2 The statistical analysis of the differential metabolites identified between the pancreatic cancer group and the different treated groups

Metabolites
PANC-CUS-H PANC-CUS-L PANC-G

ra VIPb Pc FCd r VIP P FC r VIP P FC

3-hydroxybutyrate −0.667 2.097 1.4×10−2 0.75 –e – – – – – – –

Acetone −0.754 1.525 2.0×10−2 0.79 – – – – −0.626 1.240 7.0×10−3 0.75

Alanine – – – – 0.936 2.571 4.2×10−2 1.08 0.659 2.416 5.1×10−3 1.26

Citrate – – – – −0.725 1.786 4.2×10−3 0.83 – – – –

Creatine 0.886 2.614 3.4×10−4 1.21 – – – – – – – –

Fumarate – – – – −0.674 0.468 6.4×10−3 0.63 – – – –

Glutamate 0.804 1.642 4.3×10−2 1.10 – – – – – – – –

Histidine 0.931 1.211 1.2×10−4 1.52 0.699 0.870 2.3×10−3 1.30 – – – –

Isobutyrate – – – – −0.612 0.793 1.9×10−2 0.84 – – – –

Lactate – – – – – – – – 0.827 16.659 2.8×10−2 1.17

Leucine 0.789 2.008 2.7×10−3 1.20 0.895 2.272 1.2×10−3 1.14 – – – –

Lysine 0.856 1.688 3.2×10−2 1.11 – – – – – – – –

Methionine 0.899 2.796 8.9×10−5 1.35 0.887 2.961 4.2×10−4 1.27 – – – –

myo-Inositol – – – – 0.906 3.009 1.0×10−2 1.07 – – – –

Phosphocholine – – – – 0.895 4.363 1.8×10−3 1.13 – – – –

Pyruvate −0.832 2.809 1.7×10−5 0.67 −0.835 2.890 1.9×10−3 0.78 – – – –

Serine 0.836 1.666 9.4×10−3 1.17 0.889 1.768 1.8×10−2 1.12 – – – –

Threonine – – – – 0.876 0.818 2.8×10−2 1.06 – – – –

Trimethylamine −0.627 1.033 1.6×10−2 0.67 – – – – – – – –

Very low-density 
lipoprotein

−0.814 3.930 1.9×10−2 0.69 – – – – – – – –

β-glucose −0.669 4.226 2.6×10−2 0.78 – – – – – – – –
a, correlation coefficients, positive and negative signs indicate positive and negative correlation in the concentrations, respectively. The 
cutoff value of correlation coefficient for the statistical significance was based on their respective discrimination significance at the level 
of P=0.05 and degree of freedom. b, variable importance in projection. The VIP values at the top of 20% of all VIP scores were used as 
the cutoff values for the statistical significance. c, the P values were transformed by the values Student’s t-test. The P values less than 
0.05 were used as the cutoff values for the statistical significance. d, fold change, the concentration ratio between the pair-wise groups. e, 
any one parameter in correlation coefficient, VIP value and P value is unqualified for the statistical significance. C, control group; PANC, 
pancreatic cancer mice; CUS-H, high-dosage cucurmosin treated mice with pancreatic cancer; CUS-L, low-dosage cucurmosin treated 
mice with pancreatic cancer; G, gemcitabine-treated mice with pancreatic cancer; VIP, variable importance for the projection.



Table S3 The statistical analysis of the differential metabolites identified between the control group and the different treated groups

Metabolites
C-PANC C-CUS-H C-CUS-L C-G

ra VIPb Pc FCd r VIP P FC r VIP P FC r VIP P FC

3-hydroxybutyrate −0.808 3.238 1.9×10−3 0.59 −0.751 4.120 1.4×10−4 0.44 −0.794 3.483 1.3×10−4 0.44 −0.785 3.892 1.8×10−3 0.54

Acetone 0.786 1.365 3.3×10−4 1.41 –e – – – 0.762 1.089 6.2×10−4 1.35 – – – –

Allantoin −0.907 1.270 2.7×10−2 0.74 – – – – −0.861 1.013 3.5×10−2 0.80 −0.936 1.389 1.6×10−2 0.78

Ascorbate −0.650 1.067 2.8×10−2 0.60 −0.743 1.387 6.5×10−4 0.28 −0.665 1.086 7.1×10−3 0.49 – – – –

Citrate – – – – −0.871 1.872 6.0×10−4 0.83 −0.869 1.762 7.0×10−4 0.81 – – – –

Creatine −0.825 3.605 6.8×10−3 0.83 – – – – −0.823 2.379 4.5×10−2 0.87 – – – –

Dimethylamine 0.885 1.599 6.2×10−5 2.15 0.983 1.883 5.1×10−14 2.14 0.979 1.547 5.4×10−15 2.23 0.982 1.955 4.4×10−11 2.19

Ethanol – – – – – – – – −0.674 1.265 2.7×10−2 0.88 – – – –

Glutamate – – – – 0.780 1.324 2.2×10−3 1.14 – – – – – – – –

Gly – – – – 0.779 4.980 4.1×10−2 1.23 0.907 7.408 4.2×10−3 1.30 – – – –

HDL −0.824 0.904 1.7×10−5 0.52 – – – – – – – – −0.875 1.101 8.1×10−7 0.39

Histidine – – – – – – – – – – – – – – – –

Isobutyrate −0.794 1.116 1.3×10−3 0.71 – – – – −0.794 1.064 5.9×10−5 0.59 −0.791 1.300 6.7×10−4 0.65

Isoleucine – – – – – – – – 0.798 1.298 2.0×10−2 1.18 – – – –

Lactate −0.849 13.92 3.3×10−4 0.76 – – – – −0.881 14.402 2.1×10−5 0.72 – – – –

Leucine – – – – 0.731 1.851 1.1×10−3 1.27 0.753 1.457 2.2×10−3 1.21 0.624 1.954 3.4×10−2 1.19

Lipid – – – – 0.976 2.552 3.2×10−3 1.25 0.991 2.319 4.3×10−4 1.27 – – – –

LDL – – – – 0.741 3.504 2.5×10−4 1.22 0.751 3.219 9.2×10−4 1.19 0.678 3.011 1.5×10−2 1.15

Lysine – – – – 0.960 1.961 2.6×10−3 1.13 0.860 1.126 4.4×10−2 1.08 – – – –

Methanol 0.887 1.700 3.7×10−6 1.54 0.855 1.764 2.2×10−6 1.54 0.849 1.490 3.8×10−7 1.54 0.912 1.769 6.1×10−3 1.55

Methionine −0.755 1.821 1.2×10−2 0.88 0.859 2.720 2.1×10−3 1.19 0.925 1.447 2.6×10−2 1.11 – – – –

myo-Inositol 0.843 1.640 1.0×10−2 1.11 – – – – 0.871 2.750 2.3×10−4 1.18 0.841 2.182 3.9×10−2 1.12

Phosphocholine – – – – – – – – 0.788 2.999 5.3×10−3 1.18 – – – –

Pyruvate −0.682 3.182 1.7×10−2 0.76 −0.768 3.817 7.3×10−5 0.51 −0.827 3.060 4.4×10−4 0.59 −0.782 3.111 1.3×10−2 0.75

Sarcosine 0.818 1.638 2.4×10−4 2.28 0.982 1.874 8.1×10−13 2.32 0.975 1.576 5.0×10−14 2.29 0.978 1.932 1.0×10−6 2.32

Serine – – – – 0.779 1.459 7.2×10−4 1.23 0.843 1.238 1.3×10−3 1.18 0.713 1.163 4.3×10−2 1.11

Succinate −0.807 2.957 4.6×10−5 0.56 −0.775 2.921 3.5×10−5 0.55 −0.865 2.951 1.5×10−5 0.51 −0.692 2.576 4.8×10−3 0.70

Threonine 0.914 1.101 3.3×10−3 1.81 – – – – – – – – – – – –

Trimethylamine – – – – – – – – 0.910 1.216 3.9×10−4 1.87 – – – –

Trimethylamine N-oxide – – – – 0.682 0.711 1.9×10−2 1.17 – – – – 0.774 1.009 1.5×10−3 1.26

VLDL 0.900 2.692 5.1×10−5 2.10 – – – – 0.953 2.097 1.2×10−7 2.04 0.932 2.904 6.2×10−3 1.59

α-glucose – – – – −0.743 3.617 3.4×10−3 0.78 – – – – – – – –

β-glucose −0.734 4.074 3.5×10−3 0.80 −0.874 5.342 3.4×10−6 0.63 – – – – −0.843 5.143 5.1×10−4 0.73
a, correlation coefficients, positive and negative signs indicate positive and negative correlation in the concentrations, respectively. The cutoff value of correlation coefficient for the statistical 
significance was based on their respective discrimination significance at the level of P=0.05 and degree of freedom. b, variable importance in projection. The VIP values at the top of 20% of all 
VIP scores were used as the cutoff values for the statistical significance. c, the P values were transformed by the values Student’s t-test. The P values less than 0.05 were used as the cutoff 
values for the statistical significance. d, fold change, the concentration ratio between the pair-wise groups. e, any one parameter in correlation coefficient, VIP value and P value is unqualified for 
the statistical significance. C, control group; PANC, pancreatic cancer mice; CUS-H, high-dosage cucurmosin treated mice with pancreatic cancer; CUS-L, low-dosage cucurmosin treated mice 
with pancreatic cancer; G, gemcitabine-treated mice with pancreatic cancer; VIP, variable importance for the projection.
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