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High-risk human papillomavirus (HR-HPV) is the main etiological factor for cervical cancer. Accumulating evidence has
suggested the active role of metabolites in the initiation and progression of cancers. This study explored the plasma metabolic
profiles of HPV-16 positive (HPV16 (+)), HPV-18 positive (HPV18 (+)), and HPV negative (CTL) individuals using a
nontargeted metabolomics approach. C8 ceramide-1-Phosphate (d18 : 1/8 : 0) was found to inhibit cervical cancer cell
proliferation and migration in vitro, evidenced by CCK8 experiments, a cell migration test, RT-qPCR, and western blotting.
The underlying mechanism demonstrated that C8 inhibited proliferation and migration in cervical cancer cells via the MAPK/
JNK1 signaling pathway. These findings may contribute to the clinical treatment of HR-HPV-induced cervical cancer by
intervening in its initiation and progression.

1. Introduction

Cervical cancer is the fourth most common malignant
tumor in women, and it results in over 300000 deaths world-
wide each year [1, 2]. Cervical cancer is a multifactorial,
complex multistep process related to the activation of proto-
oncogenes or the inactivation of tumor suppressor genes.
Almost 99.7% of cervical cancers in women are attributable
to human papillomavirus infections [3]. Persistent infection
with high-risk human papillomavirus (HR-HPV) is consid-
ered as the most vital epidemiologic risk factor for cervical
cancer, and HPV types 16 and 18 contribute to over 70%
of cervical cancer [4]. Moreover, HR-HPV leads to the dys-
function of basal epithelial cells and the occurrence of cervi-
cal cancer [5].

Tumor cells reprogram their metabolism to support cell
growth, proliferation, and differentiation, thus, driving can-
cer progression [6]. Previous studies indicated that metabo-

lites are the final products of various biological processes and
maybe the biomarkers reflecting upstream events, such as
environmental influences and genetic mutations [7]. There-
fore, metabolomic variations are considered ideal biomark-
ers for the screening and diagnosing cancers [8, 9].
Metabolites are defined as biologically active metabolites by
metabolomics [10]. Emerging studies have highlighted the
functional role of metabolites in physiology and disease. A
previous study indicated that mTOR kinase6 acts as an
active entity in cell nutrients and energy [11], and an addi-
tional study revealed that α-ketoglutarate activates macro-
phages and regulates immunity [12]. Abnormal
accumulation of fumarate and succinate, termed oncometa-
bolite, causes potential transformation to malignancy [13].
Furthermore, metabolites such as lipids, amino acids, and
bile acids regulate insulin sensitivity [14]. Moreover, lyso-
phosphatidic acid can mediate ovarian cancer cell migration
and metastasis by activating the AMPK pathway [15].
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Likewise, HPV infections drive metabolic modifications, so
altered metabolites may be potential markers for predicting
the risk of cervical cancer [16, 17]. Numerous significant
metabolites were elevated in plasma from both cervical dys-
plasia and cervical cancer in previous reports [16, 18]. How-
ever, the changes in plasma bioactive metabolites caused by
HPV16/18 infection and their underlying mechanisms in
cervical cancer initiation and progression remain largely
unknown.

This article aimed to explore the difference in the global
metabolite expression profiles between HR-HPV and the
healthy control group with liquid chromatography-mass
spectrometry (LC-MS). In addition to analyzing the global
profiling between HR-HPV and the healthy control group,
we aimed to validate further how these identified metabolites
intervene in the oncogenic capacity of HR-HPV in vitro.

2. Materials and Methods

2.1. Clinical Samples. For this study, only individuals with
either HPV16 or HPV18 positive and healthy controls were
included. Clinical samples were randomly collected from
female patients seen from July to September 2020 at the
Gynecological Department, Tongren Hospital. This study
was approved by the Ethics Committee of Tongren Hospital,
Shanghai Jiao Tong University. (No. 2018-049-01) and
recruited 20 patients with an HPV16-positive or HPV18-
positive diagnosis and 10 healthy controls following a Thin-
prep Cytology test (TCT). Of the 10 female patients who
tested HPV16 positive, 7 were diagnosed with chronic cervi-
citis, and the 3 had low-grade squamous intraepithelial
lesions (LSILs). Of the 10 female patients who tested
HPV18 positive, 5 had chronic cervicitis, 1 had LSIL, 2 had
a high-grade squamous intraepithelial lesion (HSIL). The
10 healthy controls did not present any precursor lesion.
All participants aged between 20 and 45 years old were not
pregnant or experiencing menstruation (Table 1). All indi-
viduals were thoroughly informed and granted written
informed consent prior to blood sampling.

2.2. Blood Sample Preparation. Trained gynecologists col-
lected all the blood samples in the anticoagulant tubes fol-
lowing the standard hospital protocol and then centrifuged
at 3000 rpm for 15min at 4°C to collect plasma. Afterward,
the supernatant was transferred into 1.5mL tubes and stored
at -80°C as plasma samples for liquid chromatography-mass
spectrometry (LC-MS) detection before use. Each frozen
plasma sample was thawed at room temperature. Approxi-
mately 100μL of the supernatant sample was added to
10μL of 2-chloro-L-phenylalanine (0.3mg/mL) and Lyso
PC17:0 (0.01mg/mL diluted in methanol) as an internal
standard and then vortexed for 10 s. Precold methanol and
acetonitrile (1/2, v/v) were mixed, added to the sample,
and then vortexed for 1min. Samples were ultrasonically
extracted in an ice water bath for 10min and held at -20°C
for 30min. After centrifuging at 13000 rpm at 4°C for
10min, 300μL of the supernatant was transferred into an
LC-MS vial and evaporated to dryness. Next, 400μL of
methanol and water (1/4, v/v) were applied to each sample,

vortexed for 30 s, held at 4°C for 2min, and then stored at
-20°C. After 30min, samples were centrifuged at
13000 rpm at 4°C for 10min. The supernatants were aspi-
rated using syringes, filtered through 0.22μm microfilters,
transferred to LC vials.

2.3. Detection of Metabolic Profiling by LC-MS. We per-
formed nontargeted metabolomics with LC-MS in the
plasma samples to identify altered metabolites in the
HPV16 positive, HPV18 positive, and healthy control
groups. Metabolic profiles in both electrospray ionization
(ESI)-positive and ESI-negative ion modes were generated
using an ACQUITY UPLC I-Class system (Waters Corpora-
tion, Milford, USA) coupled with an AB SCIEX Triple TOF
5600 System (AB SCIEX, Framingham, MA, USA). The
binary gradient elution systems consisted of water contain-
ing 0.1% formic acid (v/v, A) and acetonitrile containing
0.1% formic acid (v/v, B). Separation was achieved using
the following conditions: 20% B for 2min; 60% B for
4min; 100% B for 11min; 100% B for 13min; 13.5 5% B
for 13.5min, and a final 5% B for 14.5min. All the samples
were analyzed at 4°C. The injection volume was 2μL. Data
acquisition was performed in full scan mode (m/z ranges
from 70 to 1000) combined with information-dependent
acquisition (IDA) mode at collision energies of 10 eV (+)
and -10 eV (-). The mass spectrometry parameters were as
follows: ion source temperature of 550°C (+) to 550°C (-)
throughout the acquisition; ion spray voltage from 5500V
(+) to 4500V (-); curtain gas at 35 PSI; decluttering potential
was set between 100V (+) and -100V (-); and interface
heater temperature from 550°C (+) to 600°C (-). For the
IDA analysis, the range of m/z was set to 25-1000, and the
collision energy was 30 eV.

2.4. Data Analysis. Metabolites were identified and analyzed
using public databases (http://www.hmdb.ca/;http://www
.lipidmaps.org/) and self-built databases. The distinct ten-
dency among groups was analyzed using principal compo-
nent analysis (PCA) and orthogonal partial least-squares
discriminant analysis (OPLS-DA) models. Statistical signifi-
cance was observed at variable importance in projection
(VIP) value > 1 and P value < 0:05. In addition, qualitative
and metabolic pathway analyses of differential metabolites
were investigated with the Kyoto Encyclopedia of Genes
and Genomes (KEGG) online database. Furthermore, the
human metabolome database (HMDB) IDs and KEGG IDs
of the metabolites were entered into the ingenuity pathway
analysis (IPA) server (IPA, Ingenuity® Systems, http://www
.ingenuity.com) to analyze networks between metabolites.

2.5. Ceramide-1-Phosphate Purchase. C8 ceramide-1-
phosphate (d18 : 1/8 : 0) (#860532P) was purchased from
Sigma-Aldrich (St. Louis, MO, USA), and C18 ceramide-1-
phosphate (d18 : 1/18 : 0) was synthesized by chemical
method. The 50mM stock solutions of C8 and C18 were
prepared in dimethyl sulfoxide (DMSO). These solutions
were then diluted to 0, 5, 10, 20, and 30μM before adding
to the cultures, with the DMSO concentration maintained
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below 0.1%. Next, the same amount of DMSO was added to
the controls.

2.6. Cell Culture. Two human cervical cancer cell lines HeLa
(ATCC CCL-2) and GH354 (ATCC CRL-13003) were pur-
chased from ATCC (Manassas, VA) and cultured in DMEM
(Dulbecco’s modified Eagle’s medium) containing 10% fetal
bovine serum (Gibco, New Zealand) and 500μL penicillin-
streptomycin (Gibco, USA) following the manufacturer’s
instructions. All cells were cultured in a 37°C incubator with
5% CO2 under aseptic conditions. The growth of the cells
was observed daily and the medium was changed according
to the growth of cells. The cells were digested with 0.05%
trypsin (ScienCell, USA) for inoculation when fused to 80%.

2.7. CCK8 Cell Proliferation Test. CCK8-assay was employed
to evaluate the effect of the metabolites on the proliferation
of cervical cancer cells. Cultured HeLa and GH354 cells sus-
pended in a 100μL culture medium with 10% FBS were
inoculated in a 96-well plate (3000 cells/well) with 0, 5, 10,
20, and 30μM C8 and C18. The cells with different concen-
trations of C8 and C18 were incubated for 24 hrs, 48 hrs, and
72 hrs. Before measuring the absorbance at 450 nm wave-
length using a microplate reader, 10μL CCK8 (TargetMOL,
China) solution was added to each well and incubated for
1 hour.

2.8. Cell Migration Assay. Different groups of cultured cells
were plated in a 6-well plate with 1000μL of serum-free
medium per well along with C8. After C8 intervention, the
center of the 6-well plate bottom was cross-marked with a
black marker pen. Then, one scratch was generated per well.
Starting from the scratch area marking the midpoint, the
microscope ruler selected the scratch area within 1.00mm
as the photographic area at an equal distance. The photo-
graphs were taken at 0 and 72 hours under an inverted
microscope. The scratch area was calculated using Image J
image analysis software, and the healing rate = ð0 h scratch
area − current scratch areaÞ/0 h scratch area × 100%.

2.9. RNA Isolation and RT-qPCR Analysis. The cells with or
without C8 intervention were used to isolate total RNA
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) fol-
lowing the manufacturer’s instructions and reverse tran-
scribed using HiScript®II QRT SuperMix (Vazyme,
Nanjing, China) for reverse transcription-quantitative PCR
(RT-qPCR) to obtain cDNA chains. The target genes were
amplified in three replicates using the SYBR Green PCR
Master Mix (Vazyme, Nanjing, China). The primers specific

for E-cadherin, N-cadherin, Vimentin, MMP9, and GAPDH
were as follows: E-cadherin primers (E-cadherin F: ATTTTT
CCCTCGACACCCGAT; R: TCCCAGGCGTAGACCAAG
A), N-cadherin primers (N-cadherin F: AGCCAACCTTA
ACTGAGGAGT; R: GGCAAGTTGATTGGAGGGATG),
Vimentin primers (Vimentin F: TGCCGTTGAAGCTGCT
AACTA; R: CCAGAGGGAGTGAATCCAGATTA),
MMP9 primers (MMP9 F: AGACCTGGGCAGATTCCAA
AC; R: CGGCAAGTCTTCCGAGTAGT), and GAPDH
primers (GAPDHF: ACAACTTTGGTATCGTGGAAGG;
R: GCCATCACGCCACAGTTTC). The RT-qPCR proce-
dures were as follows: 95°C for 5 seconds, followed by 40
cycles at 95°C for 10 s, and 60°C for 30 s. Quantified mRNA
was normalized to GAPDH as a control. The relative expres-
sion of mRNA was determined by the 2-ΔΔCT method.

2.10. Protein Extraction and Western Blot Analysis. A total of
5-10mg of cells with or without C8 intervention extract were
used for western blot analysis. Protein was extracted using
protease inhibitors (Thermo Fisher Scientific, Waltham,
MA, USA) and centrifuged to remove the cell pellet. The
samples were heat-denatured at 95°C for 5 minutes with
5× SDS-PAGE loading buffer and fractionated on 10%
SDS-PAGE gels (Bio-Rad, Hercules, CA, USA). GAPDH
(HRP-60004, Proteintech, Manchester, UK) was used as a
standard control protein. Following electrophoresis, proteins
were transferred to a nitrocellulose membrane and blocked
with 5% skim milk powder. The membranes were incubated
at 4°C overnight with anti-E-cadherin (1 : 4000, 60335-1-lg,
Proteintech, Manchester, UK), anti-N-cadherin (1 : 5000,
66219-1-lg, Proteintech, Manchester, UK), anti-MMP9
(1 : 500, 10375-2-AP, Proteintech, Manchester, UK), anti-
Vimentin primary antibodies (1 : 2500, 60330-1-lg, Protein-
tech, Manchester, UK), anti-JNK1 (1 : 1000, 66210-1-lg, Pro-
teintech, Manchester, UK), anti-Phospho-JNK1 (1 : 2000,
80024-1-RR, Proteintech, Manchester, UK), anti-ERK1/2
(1 : 1000, 16443-1-AP, Proteintech, Manchester, UK), anti-
Phospho-ERK1/2 (1 : 2000, 28733-1-AP, Proteintech, Man-
chester, UK), anti-Bax (1 : 5000, 50599-2-lg, Proteintech,
Manchester, UK), and anti-Bcl2 (1 : 1000, BF9103, Affinity
Biosciences, Changzhou, China). Goat anti-rabbit IgG
(1 : 5000, SA00001-2, Proteintech, Manchester, UK) and
Goat anti-mouse IgG (1 : 5000, SA00001-2, Proteintech,
Manchester, UK) horseradish peroxidase conjugated sec-
ondary antibodies were incubated with the membranes at
25°C for 1 h. Densitometric analysis was performed to quan-
titate western blot results using computerized image soft-
ware (ImageJ).

Table 1: Characteristics of all the participants.

Characteristics
Group

HPV16 positive females HPV18 postive females Normal females

Average age ± SD (year) 32:6 ± 7:1 35:7 ± 15:4 40:8 ± 12:4
Chronic cervicitis 7 5 0

Low-grade squamous intraepithelial lesions 3 1 0

High-grade squamous intraepithelial lesions 0 2 0

Normal 0 2 10
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2.11. Statistical Analysis. The univariate analysis of variance
(ANOVA) quantified the differences between the HR-HPV
infected and CTL groups with GraphPad Prism 6.0. The
result was presented as the mean ± standard error (SE). P
values were determined by one-way analysis of variance
(ANOVA) with Tukey’s post hoc correction for multiple
group comparisons. All data analyses were processed using
GraphPad Prism, version 6.0 (GraphPad Software, San
Diego, CA). A two-sided P value of <0.05 was considered
statistically significant. Significance was indicated as follows:
∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.

3. Results

3.1. HR-HPV Infection Accompanied by Distinct Metabolome
Profiles. To examine the differences in metabolites in the
CTL and HR-HPV infection groups, we conducted a multi-
variate assessment and OPLS-DA analysis. After the PCA
model was established, a separation tendency was observed
between the CTL group and the HPV16 (+) (Figure 1(a))
or HPV18 (+) group (Figure 1(b)). OPLS-DA models were
obtained with principal predictive components and principal
orthogonal components. OPLS-DA removed unassociated
data from the dataset and verified the metabolic profile dis-
solution between groups (Figures 1(c) and 1(d)). We next
performed a permutation examination of the OPLS-DA
model. The R2 and Q2 intercept values were (0.0, 0.893)
and (0.0, -0.285) between the CTL and HPV16 (+) infection
groups, respectively (Figure 1(e)), and (0.0, 0.862), (0.0,
-0.321) between the CTL and HPV18 (+) infection groups,
respectively (Figure 1(f)).

3.2. Identification of Differential Metabolites in HR-HPV
Infection and CTL Plasma. Overall, 7696 differentially
expressed metabolites were detected by LC-MS, and the
details of all the metabolites are provided in Supplementary
Table 1. Among these differential metabolites, a total of 88
significantly differential metabolites with VIP > 1 and P <
0:05 were identified in the HPV16 (+) group, 31 of them
were significantly upregulated, and 57 metabolites were
significantly downregulated (Figure 2(a)). On the other
hand, 101 significant differentially expressed metabolites
were identified in the HPV18 (+) group, 26 of them were
significantly upregulated and 75 metabolites were
significantly downregulated (Figure 2(b)). Further pathway
analysis (P < 0:05) revealed that most enriched metabolic
pathways were in the high-risk groups (Figures 2(c) and
2(d)), and this indicated that HPV16 and HPV18 might
have similar metabolic functions in the initiation and
progression of cervical cancer. To evaluate similarities and
differences in the datasets, we compared the number of
shared and unique significant differentially expressed
metabolites among the three groups by a Venn diagram. The
Venn diagram illustrated 24 significant differential
metabolites shared by HPV16 and HPV18 groups
(Figure 2(e)), and all these 24 significant differential
metabolites (P < 0:05) were presented in Table 2. They were
roughly categorized into twelve distinct classes: amino acids
and peptides, monosaccharides, glycerophosphocholines,
steroid conjugates, fatty acid moieties, organooxygen
compounds, ceramide-1-phosphate, carboxylic acids and
derivatives, diarylheptanoids, coumarins and derivatives,
benzene derivatives, and diarylpropanoids (Figure 2(f)).
Among these classes, ceramide-1-phosphate draw our
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Figure 1: PCA score plots discriminating the metabolic profiles between the CTL and HR-HPV infection groups and permutation test of
OPLS-DA models. (a). Principal component analysis (PCA) showed a distinct metabolome profile in the HPV16 (+) groups compared to the
CTL group. The X-axis and Y-axis represent the first and second principal components, respectively. (b). PCA showed a distinct
metabolome profile in the HPV18 (+) groups compared to the CTL group. (c, d). Statistical validation with permutation analysis (200
times) of the corresponding OPLS-DA model of HPV16 (+), HPV18 (+), and CTL. (e). Permutation tests were obtained from LC-MS/
MS data of HPV16 (+) and CTL (f). Permutation tests were obtained from LC-MS/MS data of HPV18 (+) and CTL. The intercept
values of the regression line and the Y-axis are R2 and Q2, respectively.
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attention, as there has been an increasing body of evidence
indicating ceramide-1-phosphate regulates cell proliferation,
apoptosis, migration, and other life processes as well as
invasion, metastasis, and clinical outcome of pancreatic
cancer, lung cancer, and breast cancer [19–23]. Hence, we

selected C18 Ceramide-1-Phosphate (d18 : 1/18 : 0) and C8
Ceramide-1-Phosphate (d18:1/8 : 0) to verify their biological
functions. These two ceramide-1-phosphates expressed
differentially in both HPV16 and HPV18 groups and were
detected by LC-MS (Table 3).
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Figure 2: Analysis of HR-HPV infection plasma reveals HPV-related differences in metabolites. (a). Heatmap of differential metabolites
with intensities determined by LC-MS. Hierarchical clustering analysis was performed to assess significantly upregulated and
downregulated metabolites between HPV16 (+) and CTL plasma. (b). Hierarchical clustering analysis was performed to assess
significantly upregulated and downregulated metabolites between HPV18 (+) and CTL plasma. Increased and decreased metabolite levels
are depicted by red and blue colors, respectively. VIP, variable importance in projection. (c). Pathway clustering analysis of the HPV16
(+) samples, with significantly enriched pathway clusters identified based on P value < 0:05 and depicted on a logarithmic scale (log2).
(d). Pathway clustering for metabolites enriched in HPV18 (+) samples by metabolomics analysis. (e). Number of shared metabolites
among the high-risk positive groups visualized on a Venn diagram. (f). Number of shared metabolites that belong to amino acids and
peptides, monosaccharides, glycerophosphocholines, steroid conjugates, fatty acid moieties, organooxygen compounds, ceramide-1-
phosphate, carboxylic acids and derivatives, diarylheptanoids, coumarins and derivatives, benzene derivatives, diarylpropanoids, etc.
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3.3. C8 Inhibits the Proliferation and Migration of CC Cell
Lines and Malignant Behavior-Related Molecules at the
mRNA and Protein Levels. We conducted the assays to
examine the proliferation and migration potency of C8 and

C18 in HeLa and GH354 cervical cancer cell lines, C8 pre-
sented significant biological function at the concentration
of 30μM. The proliferation rate of HeLa and GH354 cells
treated with C8 of 30μM decreased, while C18 had no effect,

Table 2: The significant dysregulated metabolites detected by LC-MS in HR-HPV infection groups (shared by HPV16 and HPV18).
(P < 0:05).

Metabolites Compound ID Class

HPV16(+) to
HPV(-)

HPV18(+) to
HPV(-)

Fold
change

P
value

Fold
change

P
value

Upregulated

(4S, 5S)-4,5-dihydroxy-2,6-dioxohexanoic acid LMFA01050449 Fatty acyls 5.84 0.018 5.96 0.013

Monomethyl phenylphosphonate 87986
Benzene and
substituted
derivatives

4.78 0.012 4.82 0.011

Glucoheptonic acid 3365 Unclassified 4.28 0.010 4.30 0.007

2,3,4,5,6,7-Hexahydroxyheptanoic acid HMDB0240292
Organooxygen
compounds

3.43 0.007 3.95 0.008

D-glucose HMDB0000122
Organooxygen
compounds

3.40 0.011 3.30 0.009

3alpha-androstanediol glucuronide LMST05010004 Sterol lipids 2.37 0.014 2.17 0.001

{3-[3-(3,4-dihydroxy-2-methoxyphenyl)prop-2-
enoyl]phenyl}oxidanesulfonic acid

HMDB0126072
Linear 1,3-

diarylpropanoids
1.83 0.016 2.08 0.013

Dehydroepiandrosterone sulfate HMDB0001032
Steroids and steroid

derivatives
1.78 0.028 1.68 0.004

3,4,5-trihydroxy-6-{[(6E)-3-oxo-1,7-diphenylhepta-4,6-dien-
1-yl]oxy}oxane-2-carboxylic acid

HMDB0133920 Diarylheptanoids 1.65 0.038 1.59 0.006

LysoPC(P-16 : 0) HMDB0010407 Glycerophospholipids 1.35 0.012 1.24 0.023

PC(O-10 : 1(9E)/0 : 0) LMGP01060027 Glycerophospholipids 1.31 0.009 1.35 0.011

S-(9-deoxy-delta9,12-PGD2)-glutathione HMDB0013058
Carboxylic acids and

derivatives
1.18 0.041 1.24 0.005

Downregulated

CerP(d18:1/18 : 0) HMDB0010701 Sphingolipids 0.93 0.046 0.90 0.019

Aspartyl-threonine HMDB0028763
Carboxylic acids and

derivatives
0.90 0.007 0.85 0.002

Aspartyl-hydroxyproline HMDB0028754
Carboxylic acids and

derivatives
0.89 0.046 0.86 0.003

5-(4-hydroxyphenyl)pentanoic acid HMDB0132270 Fatty acyls 0.84 0.003 0.71 ≤0.001

Threoninyl-glycine HMDB0029061
Carboxylic acids and

derivatives
0.82 ≤0.001 0.73 ≤0.001

L-proline HMDB0000162
Carboxylic acids and

derivatives
0.81 0.014 0.82 0.041

D-mannitol 142
Carboxylic acids and

derivatives
0.80 0.001 0.78 0.002

5-Hydroxylysine HMDB0000450
Carboxylic acids and

derivatives
0.76 0.007 0.69 0.001

Xylobiose HMDB0029894
Carbohydrates and

carbohydrate
conjugates

0.74 0.009 0.69 0.002

Melibiitol HMDB0006791 Fatty acyls 0.72 0.009 0.75 0.013

3,4,5-trihydroxy-6-{[8-(2-hydroxypropan-2-yl)-2-oxo-4-
propyl-2H,8H,9H-furo[2,3-h]chromen-5-yl]oxy}oxane-2-
carboxylic acid

HMDB0130128
Coumarins and

derivatives
0.72 ≤0.001 0.68 ≤0.001

3,4,5-trihydroxy-6-{[4-methoxy-6-(3-oxoprop-1-en-1-yl)-2H-
1,3-benzodioxol-5-yl]oxy}oxane-2-carboxylic acid

HMDB0128691
Organooxygen
compounds

0.69 0.004 0.70 0.001
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based on CCK8 assay results (Figures 3(a)–3(d)). Compar-
ing the migration index and healing rate of C8 (concentra-
tion of 30μM) treated cell lines and the control group at 0
and 72 hours revealed that the migration index and healing
rate significantly diminished in the C8 group (Figures 3(e)–
3(h)). To verify the observed effects of C8, we analyzed the
expression levels of several molecules closely related to
malignant behavior, especially epithelial-to-mesenchymal
transition (EMT), by western blotting and RT-qPCR exper-
iments. The RT-qPCR analysis revealed the changes in E-
cadherin, N-cadherin, Vimentin, and MMP9 expression
after C8 (concentration of 30μM) intervention in HeLa
and GH354 cells. Specifically, E-cadherin was upregulated
after C8 intervention in both HeLa and GH354 cells, while
N-cadherin and Vimentin were downregulated after C8
intervention in HeLa cells (Figures 3(i) and 3(j). Western
blot and densitometric analysis verified the changes in
EMT again at the protein level. Figure 4 presented signifi-
cantly upregulated E-cadherin and downregulated N-
cadherin after C8 intervention in HeLa and GH354 cells.

3.4. Interaction Network and Downstream Effects of
Differential Metabolites. Differential metabolites were
imported into IPA software for further biological pathway
prediction to reveal potential targets and mechanisms. The
results indicated that these differential metabolites had a

close association with PI3K/AKT signaling, mTOR signal-
ing, PTEN signaling, and specific lipids were associated with
MAPK signaling, TGF-β signaling, and PLA2G2A regula-
tion (Figure 5). Thus, whether C8 intervention modified
the expression of molecules in this pathway was then
explored by western blot. After C8 intervention, JNK1
remained at the same expression level, but P-JNK1
decreased. In addition, the expression level of Bax was
upregulated, while Bcl2 was downregulated after C8 inter-
vention. These results have suggested that C8 may exert bio-
logical functions by inhibiting the MAPK signaling pathway
(Figures 4).

4. Discussion

HR-HPV is a potent human carcinogen, and persistent HR-
HPV infection is a necessary risk factor for the cervix and
cervical cancer [24]. It induces epithelial cell malignant
transformation and suppresses the immune response by
encoding oncoproteins [25]. For instance, the E6 and E7
proteins encoded by HR-HPV could promote cervical can-
cer [26, 27], the E6 protein encourages the growth of cervical
cancer cells by targeting the P53 protein [28], and the E7
protein immortalizes human epithelial cells by targeting
the pRb protein [29]. Rapid proliferation is a driving force
for the massive energy required by malignant cells to adapt

Table 3: The dysregulated sphingolipids detected by LC-MS in HR-HPV infection groups (shared by HPV16 and HPV18).

Metabolites Subclass
HPV16(+) to HPV (-) HPV18(+) to HPV (-)

Fold change P value Fold change P value

SM(d18:1/16 : 0) Phosphosphingolipids 1.008647363 0.960836567 1.148556083 0.4425021

PE-Cer(d14:1(4E)/21 : 0) Phosphosphingolipids 0.994218985 0.980618739 0.971725372 0.917332112

PE-Cer(d15:1(4E)/20 : 0(2OH)) Phosphosphingolipids 1.026518539 0.825051177 0.763284427 0.030874248

PE-Cer(d14:2(4E,6E)/23 : 0) Phosphosphingolipids 1.235600195 0.220069266 1.32418265 0.126840563

LysoSM(d18 : 0) Phosphosphingolipids 1.15600553 0.38154612 1.063718638 0.664015868

CerP(d18:1/8 : 0) Ceramides 0.989124633 0.298084598 0.97232671 0.582066007

CerP(d18:1/18 : 0) Phosphosphingolipids 0.929021772 0.046445282 0.900844737 0.019284627

PE-Cer(d14:1(4E)/22 : 0) Phosphosphingolipids 1.106493168 0.548411596 0.972063433 0.904319534

PE-Cer(d15:1(4E)/20 : 0) Phosphosphingolipids 1.024621854 0.891435105 0.860938383 0.541710157

Sphingosine 1-phosphate Phosphosphingolipids 1.278071996 0.025880223 1.2270139 0.077561076

Fumonisin C4 Sphingoid bases 0.961671783 0.698445871 0.870575355 0.149158739

Sphinganine 1-phosphate Phosphosphingolipids 1.864757476 0.000578872 1.613256039 0.03946171

GlcCer(d15:1/18 : 0) Neutral glycosphingolipids 1.013763546 0.910410253 1.042723407 0.804255575

SM(d18 : 0/16 : 0) Phosphosphingolipids 0.994611391 0.965697302 1.01082142 0.946834371

Araliacerebroside Glycosphingolipids 0.772097545 0.10844525 0.758894277 0.128499741

Scyphostatin A Sphingoid bases 1.253647394 0.241779922 1.453491412 0.080949335

PI-Cer(t18 : 0/18:0(2OH)) Phosphosphingolipids 0.997887814 0.983753132 1.073429615 0.479910841

GlcCer(t18:1(8Z)/20 : 0(2OH[S])) Neutral glycosphingolipids 1.027065099 0.728185535 0.872833743 0.219830931

GlcCer(t18:1(8Z)/16 : 0(2OH[S])) Neutral glycosphingolipids 1.025729401 0.879659091 0.89589231 0.646495931

SM(d18:2/18:1) Phosphosphingolipids 1.078895147 0.438313999 1.013775708 0.903558948

GlcCer(d18:0/26 : 0) Neutral glycosphingolipids 0.861561787 0.057511869 0.814073191 0.00864914

Leucettamol A Sphingoid bases 1.216677861 0.060461464 1.395757442 0.000331627

PE-Cer(d14:1(4E)/24 : 0(2OH)) Phosphosphingolipids 1.221487438 0.31415695 1.144323565 0.603339326

SM(d18:1/18:1(11Z)) Phosphosphingolipids 1.202363713 0.328745941 1.308235935 0.177725258
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Figure 3: Continued.
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to metabolic modifications [30]. Driven by oncoproteins,
metabolites can be used to characterize the molecular mech-
anisms of HR-HPV comprehensively [30]. In addition, the
abnormal expression or activation of metabolic pathway-
related enzymes is tightly associated with the occurrence of
cancers [31]. Previous studies revealed that E6/E7 could also
regulate the glycolytic pathway via elevated expression of
hexokinase-II and act as a promotor in HPV-associated cer-
vical lesions in serum [32].

With the rapid development of metabonomics technol-
ogy, the function of metabolites has been identified [33].
Metabolites, as indicators are valuable for identifying bio-
markers of cervical cancer. Studies have reported that in
the study of metabonomics about cervical cancer, samples
were blood (serum or plasma), vaginal secretions, tissues,

and urine [34]. A study reported that combination of lyso-
phosphatidylcholine (17 : 0), n-oleoyl threonine, bilirubin,
tetracosahexaenoic acid (lysoPC(17 : 0)), and 12-
hydroxydodecanoic acidare are satisfactory candidate bio-
markers for cervical cancer diagnosis from cervical cancer
plasma samples [35]. In a lipidomics study profiling of
plasma, Nam et al. showed that compared to healthy con-
trols and patients with CIN1, phosphatidylcholine, phospha-
tidylethanolamine, diglyceride, and free FAs are major lipid
classes with significant differences in patients with CIN2/3
and cervical cancer [17]. The researchers retrieved plasma
samples for nontargeted metabolome analysis and screened
AMP, aspartate, glutamate, hypoxanthine, lactate, proline,
and pyroglutamate to construct a linear prediction model
combined with positive HPV status were correlated with
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Figure 3: C8 altered the proliferation and migration of CC cell lines and malignant behavior related molecules at the mRNA levels. (a, c). C8
(concentration of 30 μM) inhibited the proliferation of HeLa and GH354 cells. (b, d). C18 (concentration of 30μM) had no effect on the
proliferation of HeLa and GH354 cells. (e–h). C8 inhibited cervical cancer cell migration and healing rate compared to the control
group. Images are representative of 3 biological replicates. All values represent the mean ± standard deviation (SD). Scale bar in (e, g) is
equal to 50 μm(micrometer). (i, j). RT-qPCR analysis of the mRNA expression levels of E-cadherin, N-cadherin, Vimentin, and MMP9
under C8 intervention in HeLa and GH354 cells. Images are representative of 3 biological replicates. All values represent the mean ±
standard deviation (SD). ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001.
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substantial risk of cervical cancer [18]. The metabolic mod-
ulations by HPV infection is inextricably linked to cervical
cancer progression [36, 37]. However, the metabolic profile
in response to HPV16/18 infection has not yet been
elucidated.

To further explore the potential biological functions of
these metabolites with HR-HPV infection and its carcino-
genic effects, nontargeted metabolomics analysis was exe-
cuted to identify differential metabolic signatures between
the HPV16 (+), HPV18 (+), and CTL groups. Among the
differential metabolites shared by the HR-HPV infection
and the control groups, the ceramide-1-phosphate exten-
sively discussed in the cancer treatment aroused our atten-

tion. The ceramide-1-phosphate belongs to the ceramide
phosphate (CerPs), they are members of the sphingolipids
class and a component of eukaryotic cell membranes. They
act as a bioactive lipid in apoptosis, inflammation, cell cycle
arrest, and the heat shock response [14]. CerPs are trans-
formed from ceramides by a specific ceramide kinase
(CerK), and they can be dephosphorylated by phosphatidate
phosphatase back to the ceramide. These CerPs are able to
regulate cell proliferation, apoptosis, and migration [19,
20]. In addition, an increasing number of papers elucidated
the clinical potential of the CerPs in cancer treatment. Cer-
amide synthase 2-C-ceramide axis was reported to limit
the metastatic potential of ovarian cancer cells [38].
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Figure 4: C8 altered malignant behavior related molecules and MAPK signaling in cervical cancer cell. (a). Western blotting analysis of E-
cadherin, N-cadherin, JNK1, P-JNK1, ERK1/2, P-ERK1/2, Bax, and Blc2 protein levels in HeLa after treated C8 (concentration of 30μM).
(b). Densitometric analysis of western blots, ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001, n = 3.
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Ceramide-1-phosphate promoted stem cell mobility and
enhanced cell migration and invasion of pancreatic cancer
[21, 39]. Also, the CerPs in breast cancer patients were cor-
related with invasion and metastasis [23]. Moreover, the bio-
logical functions of Ceramide-1-phosphate vary depending
on the side chain length and isoforms. Research shows that
short-chain C2-ceramide-1-phosphate-or C8-ceramide-1-
phosphate induces Ca2+ mobilization in CAPE cells, thyroid
FRTL-5, or Jurkat T cells, but not in fibroblasts or neutro-
phils [40]. Long-chain C16-ceramide-1-phosphate fails to
alter Ca2+ concentration in A549 cells [41]. Ceramide-1-
phosphate with an acyl-chain of 6, 16, and 18 : 1 carbons effi-
ciently activated cPLA2 in vitro, whereas C2-ceramide-1-
phosphate failed to do so [42]. High-risk HPV E6 and E7
proteins can enter the host cell nucleus and are the key fac-
tors to maintain the malignant phenotype of HPV-positive
cancer cells. HPV E6 and E7 proteins promote the migra-
tion, invasion, and epithelial-mesenchymal transition
(EMT) abilities of cervical cancer cells through a series of
action modes [43]. Therefore, we detected proliferation,
migration, and EMT-related markers E-cadherin and N-
cadherin by QPCR and WB. Our study indicated that CerPs
were also implicated in cervical cancer progression, and C8
ceramide-1-phosphate (d18:1/8 : 0) was found to inhibit cell
proliferation, migration, and malignant behaviour of cervical
cancer in vitro.

Metabolites serve as controllers of biological processes
and phenotypes [10], and tumorigenesis may change the
overall metabolism of the human body. Metabolomics can
help capture altered biological processes, such as amino

acids and lipid metabolites [44]. The bioactive metabolomics
drives phenotype modulation by participating in life activity
and exerting biological activities via competitive inhibition,
posttranslational modifications, and signal transduction
[45]. Oncometabolite accumulation is a causal process in
malignant conversion that contributes to propagating can-
cer. To directly examine the possible mechanism underlying
the observed phenotypic changes, we analyzed the expres-
sion levels of molecules in the signaling pathway. IPA anal-
ysis in this study revealed that differential metabolites in
HR-HPV infection and CTL plasma were enriched in
PI3K/AKT signaling, mTOR signaling, PTEN signaling,
MAPK signaling, TGF-β signaling, and PLA2G2A regula-
tion. Following HPV infection, the host cells of HPV infec-
tion are immortalized and transformed which will alter
expression of multiple genes and activate several signalling
pathways, especially the PI3K/Akt/mTOR signalling path-
way [46]. Moreover, In HPV-positive cells, phosphorylation
of p38 and MAPK AP kinase2 (MK2) proteins was induced
along with relocalization to the cytoplasm confirming the
p38/MK2 pathway as a key regulator of the HPV life cycle
[47]. In addition, it has also been reported that HPV16 E6
and HPV18 E6 oncoproteins activate MAPK signalling
pathway to promote cell proliferation by upregulating p-
PI3K [48]. Our further western blot results indicated that
the C8 intervention inhibited proliferation and migration
in cervical cancer cells via the MAPK/JNK1 signaling path-
way. This ceramide-1-phosphate identified by our study is
closely associated with tumorigenesis and metabolic pheno-
type changes in the progression of CC.

Notably, the nontarget metabolomics in our study also
indicated a significant increase in LysoPC and PC, members
of the fatty acid moieties class, in the HPV16 (+) and HPV18
(+) groups. This result suggested LysoPC and PC may also
correlate with HR-HPV-induced oncogenesis, consistent
with a previous study concluding PC and LysoPC were
potential biomarkers for cervical cancer [49]. LysoPC origi-
nates from the cleavage of PC, the main component of oxi-
datively damaged low-density lipoprotein, was reported to
aggregate inflammation and associated with the invasion,
metastasis, and prognosis of tumors [24]. In addition,
emerging evidence has indicated that enzymes participating
in key lipid metabolism are potential therapeutic targets
because they either inhibit lipid synthesis or stimulate their
degradation [10]. For example, lactate dehydrogenase A
was proven to be a key enzyme for lactic acid synthesis. It
could also promote apoptosis leading to a decrease in the cell
cycle when inhibited [50]. Furthermore, phosphoglycerate
dehydrogenase, the enzyme of serine biosynthesis, has
potential therapeutic value in lung adenocarcinoma [13].
The exciting consistency in the findings between our study
and previous reports is worthy of more thorough research.

In conclusion, HR-HPV infection causes changes in
metabolite profiles in humans, and these metabolites may
contribute to the process by which HPV16/18 infection
induces cervical cancer. This paper is the first to identify
C8 as an important lipid metabolite that modulates cervical
cancer cell function. In addition, we also identified that other
lipids, such as LysoPC and PC, may also involve cervical

Figure 5: IPA analysis of metabolites related to biological networks
and canonical pathways and function. The differential metabolites
were closely associated with PI3K/AKT signaling, mTOR
signaling, and PTEN signaling, and specific lipids were associated
with ERK/MAPK signaling, TGF-β signaling, and PLA2G2A
regulation. Lines represent the biological relationship between two
nodes. Red symbols represent upregulated metabolites; green
symbols represent downregulated metabolites. Purple lines point
out PLA2G2A suggesting the significance of its associated signaling.
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cancer progression, requiring further investigation. These
results refresh our understanding of how bioactive metabo-
lites modify the oncogenic potential of HR-HPV, and pro-
vide new insights into the mechanism of the oncogenic
process of HPV16/18 infection.
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