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ARTICLE INFO ABSTRACT

Keywords: Ribavirin is a common antiviral drug, especially for patients with hepatitis C. Our recent studies demonstrated

Ribavirin that ribavirin showed anti-tumor activity in colorectal cancer and hepatocellular carcinoma, but its effects on

xetagoi?mlcs lung cancer remains unclear. This study aimed to evaluate the anti-tumor activity of ribavirin against lung cancer
etabolites

Metabolic pathway
Lung cancer

and elucidate the underlying mechanism. We established orthotopic mouse model of lung cancer (LLC and GLC-
82) and employed an ultra-high-performance liquid chromatography quadrupole time-of-flight mass spectrom-
etry (UPLC-Q-TOF/MS)-based metabolomics approach. We found that ribavirin significantly inhibited the pro-
liferation and colony formation of lung cancer cells. Tumor sizes of orthotopic lung cancer in ribavirin-treated
groups were also significantly lower than those in control groups. Metabolomics analysis revealed that ribavirin
mainly affected 5 metabolic pathways in orthotopic lung tumor models, taurine and hypotaurine metabolism,
nicotinate and nicotinamide metabolism, linoleic acid metabolism, arginine biosynthesis and arachidonic acid
metabolism. Furthermore, we identified 5 upregulated metabolites including p-nicotinamide adenine dinucleo-
tide (NAD ™M), nicotinamide (NAM), taurine, ornithine and citrulline, and 7 downregulated metabolites including
1-methylnicotinamide (MNAM), S-adenosyl-.-homocysteine (SAH), N1-Methyl-2-pyridone-5-carboxamide (2PY),
homocysteine (Hcy), linoleic acid, arachidonic acid (AA) and argininosuccinic acid in ribavirin-treated groups.

These results provide new insight into the anti-tumor mechanism of ribavirin for lung cancer.

1. Introduction

Worldwide, lung cancer is the second most common cancer and the
leading cause of cancer death. In 2020, GLOBOCAN estimated 2.21
million new cases (11.4% of total cancer cases) and 1.80 million deaths
(18.0% of total cancer deaths). Despite recent advances, most patients
with lung cancer present with an advanced stage with lack of curative
therapy at diagnosis, leading to a very poor prognosis with 5-year sur-
vival rates of 10-20% [1]. In the last few decades, substantial evidence
indicates that metabolic disorders play a key role in the pathogenesis of
lung cancer. In this aspect, the development of drugs that regulate
metabolic disorders as well as sensitive biomarkers for early detection of
this malignancy help improve the outcome and survival rate for patients
with lung cancer [2-4].

Ribavirin has been widely known as an antiviral drug and it can
inhibit a variety of RNA and DNA viruses through suppressing the ino-
sine-5' monophosphate dehydrogenase (IMPDH) [5]. The combination
of ribavirin and interferon is commonly used in the treatment of chronic
hepatitis C virus (HCV) infection [6]. Interestingly, recent studies have
shown that bioactive components from plants exert both antiviral and
anti-tumor activities [7-12]. Considering the link between antiviral
activity and anti-tumor activities, several studies have evaluated the
anti-tumor effects of ribavirin on thyroid tumors, breast cancer, glio-
blastoma and liver cancer, and the mechanism may be related to
downregulating the expression of eukaryotic translation initiation factor
4E (eIF4E), inhibiting IMPDH function and modulating MAPK/ERK and
EZH2 pathways [13-15]. In addition, previous studies by our group
demonstrated that ribavirin can inhibit the growth of soft tissue
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sarcomas, colorectal cancer and hepatocellular carcinoma by down-
regulating the expression of some members of the protein arginine
methyltransferase (PRMT) family, such as type | PRMT1, PRMT4 and/or
type II PRMT5 proteins [16-18]. Nevertheless, the metabolic mecha-
nism responsible for the therapeutic efficacy of ribavirin on lung cancer
is not clear.

Metabolomics is an emerging method that explores the metabolic
characteristics of endogenous small-molecule metabolites (molecular
weight <1000) involved in physiological or pathological conditions. The
advantage of being more dynamic than the genome and transcriptome
enables the metabolome to obtain more information about the changes
of intracellular metabolites, and the characteristics of tumor metabolism
using metabolomics has potential application in cancer diagnosis and
therapy [19-21].

Therefore, in this study we aimed to evaluate the anti-tumor activity
of ribavirin against lung cancer and elucidate the underlying mechanism
using metabolomics approach. We established orthotopic mouse model
of lung cancer and employed an ultra-high-performance liquid chro-
matography quadrupole time-of-flight mass spectrometry (UPLC-Q-
TOF/MS) to identify the changes of lung cancer-related endogenous
metabolites after treatment with ribavirin.

2. Materials and methods
2.1. Drugs and reagents

Ribavirin was purchased from J&K Scientific Ltd (Beijing, China).
Chromatographic-grade ammonium hydroxide, acetonitrile ammonium,
acetate and methanol were supplied from Merck & Co., Inc. (Darmstadt,
Germany).

2.2. Cell lines and cell culture

Four lung cancer cell lines including A549, SPC-A-1, GLC-82 and
Lewis lung cancer (LLC) were purchased from American Type Culture
Collection, and cultured in RPMI-1640 (HyClone, UT, USA) supple-
mented with 1% antibiotics (HyClone, UT, USA) and 10% fetal bovine
serum (Gibco, NY, USA), at 37 °C in a humidified 5% CO2 incubator.

2.3. Cell proliferation assay

The MTT assay was performed to assess cell viability. Briefly, LLC,
GLC-82, SPC-A-1 and A549 cells were seeded in 96-well plates at 2000
cells per well. Next day, cells were treated with ribavirin at specified
concentrations for 0-4 day. The absorbance value at 570 nm was
measured using ELx800 Absorbance Microplate Reader (Bio-TEK In-
struments Inc., VT, USA).

2.4. Clonogenic assay

Lung cancer cells were plated in 60 mm dishes at 400 cells per dish
and maintained for 15 + 2 days. The colonies were then fixed with
methanol solution for 20 min at room temperature and stained with
0.5% crystal violet solution for 20 min.

2.5. Animals

Male athymic BALB/c nude mice (6-7 weeks old) and male C57BL/6
(5-6 weeks old) mice were obtained from Shanghai SLAC Laboratory
Animal Co., Ltd. (Shanghai, China) and Laboratory Animal Center of
Lanzhou University (Lanzhou, China), respectively. Mice were bred and
maintained in a specific pathogen free-rated environment with food and
water ad libitum under light-controlled conditions. The animal experi-
mental protocol was approved by the Animal Protection and Experiment
Ethics Committee of Lanzhou University.

Lung cancer cells (LLC and GLC-82) were implanted into C57BL/6 or

Chemico-Biological Interactions 370 (2023) 110305

BALB/c nude mice following the protocols previously described [22,23].
Briefly, mice were anesthetized with sodium pentobarbital (45-60
mg/kg, i.p.) and a 1-cm-long incision was made in the skin on their left
side. Cells (1 x 10° cells/50 pL) were then inoculated into the left lateral
thorax using a disposable sterile insulin syringe (U-40) with 30-gauge
needle. Next day, C57BL/6 or BALB/c mice were divided randomly
into control (Ctrl, normal saline) and ribavirin (Rib, 100 mg/kg, i.p., 6
times/week) groups. After the indicated periods, all mice were sacri-
ficed, left lungs were separated, and tumor size was measured. Tumor
volumes were calculated according to the formula: V (mm3) —AxB%x
0.52, A and B was the tumor long diameter and short diameter,
respectively. The tumor volume inhibition rate (IR) was calculated as
follows: IR (%) = (1 - tumor volume of treatment group/tumor volume
of control group) x 100%. One fraction of lung tumor tissues was fixed
in 4% paraformaldehyde and the other fractions were stored at —80 °C.

2.6. Tumor sample preparation

Orthotopic lung tumor (GLC-82) tissues (70 mg) from BALB/c nude
mice were grinded and mixed with 1 mL prechilled mixtures (V aceto-
nitrile: V methanol: V water = 2:2:1). After being sonicated for 1 h on
ice, the extracts were placed at —20 °C for 1 h and centrifuged at 16,000
g for 20 min at 4 °C. Subsequently, the supernatants were transferred
into 2 mL LC/MS glass vials. Tumor quality control (QC) samples were
generated by mixing 10 pL from each experimental sample.

2.7. UPLC-MS/MS analysis

Chromatographic analysis of tumor samples was performed using an
ultra-high-performance liquid chromatography quadrupole time-of-
flight mass spectrometry (UPLC-Q-TOF/MS) system (1290 Infinity LC,
Agilent Technologies, Santa Clara, CA, USA) equipped with a ACQUIY
UPLC BEH column (2.1 x 100 mm, 1.7 pm, Waters, Ireland). The mobile
phase contained: A = 25 mM NH4Ac and 25 mM NH4OH in water and B
= acetonitrile. The whole chromatographic gradient: 0-0.5 min (95%
B); 0.5-6.5 min (95%-65% B); 6.5-8.5 min (65%-40% B); 8.5-9.5 min
(40% B); 9.5-10.6 min (40%-95% B; 10.6-15.6 min (95% B). The Triple
TOF 5600 MS/MS (AB SCIEX, Framingham, MA, USA) was applied for
MS detection. The electrospray ionization (ESI) source parameters were
set as following: the source temperature 600 °C; the nebulizer gas and
auxiliary gas were 60 psi; the curtain gas was 30 psi; the m/z range was
25-1200 Da; the IonSpray Voltage Floating was +5500 V; the accu-
mulation time for product ion was 0.03 s/spectra. MS/MS data were
acquired in the information dependent acquisition mode and high
sensitivity modes. The declustering potential was 60 V, the collisional
energy was 30 V with +15 eV. QC samples were placed into the column
for data normalization during acquisition.

2.8. Data analysis of non-targeted metabolomics

MS-DiAL software (Version 4.48) was used to process the raw data
including retention time correction, feature detection and alignment.
The acceptable standard of method reproducibility and instrument sta-
bility was the relative standard deviations (RSDs) < 30%. The metabo-
lites were identified by matching MS/MS data and molecular weight
according to in-house MS2 database. SIMCA-P software (Version 14.0,
Umetrics, Umed, Sweden) was used for multivariate data analyses,
including unsupervised principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis (OPLS-DA). The P-
value was obtained by one-way analysis of variance (ANOVA) for mul-
tiple groups analysis. All differential metabolites between two groups
were identified by using FC > 2 or <0.5, P-value <0.05 and Variable
Importance in Projection (VIP) > 1 derived from OPLS-DA. R package
was used to cluster analyses for the identified differential metabolites.
Metabolic pathways were established by MetaboAnalyst 5.0
(http://www.metaboanalyst.ca/).
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2.9. Statistical analysis

Statistics analyses were performed using Microsoft Excel 2016 and
the data were expressed as means + standard deviation (SD). The dif-
ference between two groups was analyzed using Student’s t-test and P-
values <0.05 indicated statistically significant.

3. Results

3.1. Ribavirin inhibited the proliferation and colony formation of lung
cancer cells

Lung cancer cells were treated with ribavirin (0, 12.5, 25 and 50 pM)
for 0-4 day. Results showed that ribavirin significantly inhibited the
proliferation and colony formation of lung cancer cells in a
concentration-dependent manner (Fig. 1A and B).

3.2. Ribavirin suppressed the growth of orthotopic lung tumors in mice

Two orthotopic models of lung cancer were then established to
evaluate the anti-tumor efficacy of ribavirin in vivo. The results showed
that ribavirin significantly inhibited the growth of LLC orthotopic allo-
graft tumors (IR = 88.67%, P < 0.001, Fig. 2A-C) and GLC-82 ortho-
topic xenograft tumors (IR = 72.76%, P < 0.01, Fig. 2D-F).

3.3. Endogenous metabolites changed in mouse model of orthotopic lung
cancer treated with ribavirin

Next, we performed UPLC-Q-TOF/MS to identify the endogenous
metabolites in two groups of mice (Control and Ribavirin). The typical
chromatograms in both negative and positive ion modes (Supplemen-
tary Figs. S1 and S2) showed the difference between two groups in the
total ion current map of the GLC-82 orthotopic lung tumors. Principal
component analysis (PCA) of these metabolites showed that the samples
of the control and ribavirin-treated group were divided into different
areas in the PCA score plots (Fig. 3A). Moreover, QC samples were
tightly clustered and distributed, indicating that the analysis system of

A
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this experiment was stable and reliable. To explore the difference in
metabolites between two groups, we used the orthogonal partial least
squares discriminant analysis (OPLS-DA) for discriminant or classifica-
tion analysis. The results showed that the samples of control and riba-
virin groups could be separated in the OPLS-DA model (Fig. 3B), and
demonstrated excellent discriminant ability (R2X = 0.491, R2Y =1, Q2
= 0.847). In particular, we confirmed the robustness of the OPLS-DA
model through cross-validation, and the model parameters (R2 =
0.997 and Q2 = 0.007) were all within the requirements (Fig. 3C). The
volcano plot was built to screen potential differential metabolites
(Fig. 3D). Blue dots and red dots represented down-regulated and up-
regulated metabolites, respectively.

3.4. Differential metabolites identification and metabolic pathways
analysis

A total of 132 differential metabolites were obtained from the
orthotopic lung tumors based on VIP >1.0, FC > 2.0 or <0.5, and P <
0.05. Among these, 58 metabolites were increased, while 74 metabolites
were decreased in ribavirin-treated group (Supplementary Table S1).
Next, unsupervised clustering was performed by a cluster analysis
heatmap to analyze the distribution trends of the differential metabo-
lites. As shown in Fig. 4, the ribavirin group was concentrated in one
cluster and separated from the control group, suggesting that ribavirin
improved the metabolism of tumors in mice.

The differential metabolites were then imported into MetaboAnalyst
5.0 for pathway analysis. The pathways of impact value > 0.3 were
regarded as the pathway of significant disturbance. Ribavirin mainly
affected 5 metabolic pathways: Linoleic acid metabolism; Nicotinate and
nicotinamide metabolism; Taurine and hypotaurine metabolism; Argi-
nine biosynthesis and Arachidonic acid metabolism (Fig. 5 and Sup-
plementary Table S2). Among key metabolites altered, the upregulated 5
metabolites were p-nicotinamide adenine dinucleotide (NAD™), nico-
tinamide (NAM), taurine, ornithine and citrulline (Figs. 6 and 7), while
the downregulated 7 metabolites were 1-methylnicotinamide (MNAM),
S-adenosyl-L.-homocysteine (SAH), N1-Methyl-2-pyridone-5-
carboxamide (2PY), homocysteine (Hcy), linoleic acid, arachidonic
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acid (AA) and argininosuccinic acid in ribavirin-treated group (Figs. 6

and 7).

4. Discussion

In this study, we showed that ribavirin significantly inhibited the cell
viability and colony formation of lung cancer cells, and reduced the size

of GLC-82 and LLC orthotopic lung tumors. Moreover, we used a UPLC-
Q-TOF/MS-based untargeted metabolomics approach to investigate the
mechanisms by which ribavirin inhibited lung tumor. Ultimately, we
identified 132 metabolites with significant alterations in orthotopic lung
tumor after treatment with ribavirin, and revealed the changes in mul-
tiple metabolic pathways such as nicotinate and nicotinamide, taurine
and hypotaurine and linoleic acid.
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Nicotinamide (NAM) is a precursor of P-nicotinamide adenine
dinucleotide (NAD™) and can regulate cellular metabolism by partici-
pating in several redox and non-redox reactions [24,25]. Nicotinamide
mononucleotide (NMN), which is an intermediate product from NAM to
NAD™, acts as a co-enzyme in various redox reactions such as producing
adenosine triphosphate or being phosphorylated to nicotinamide
adenine dinucleotide phosphate (NADP"). NAD™ is also a substrate for
enzymes involved in redox reactions in metabolic pathways, such as the
poly ADP-ribose polymerase 1 (PARP1) and the sirtuin 1 (SIRT1) [24,
26]. In addition, nicotinamide N-methyltransferase (NNMT), a
SAM-dependent cytoplasmic enzyme, catalyzes the N-methylation of

nicotinamide (NAM) taking SAM as a methyl donor to form SAH and
N1-methylnicotinamide (MNAM). MNAM is then oxidized to the pyr-
idones N1-methyl-2-pyridone-5-carboxamide (2PY) or
N1-methyl-4-pyridone-3-carboxamide (4PY) by aldehyde oxidase (AOX)
and excreted in urine, while S-adenosyl-i-homocysteine (SAH) is
metabolized to the homocysteine (Hcy) [27-29].

Numerous studies have shown that NNMT is overexpressed in many
types of cancer including lung cancer, colorectal cancer, gastric cancer
and breast cancer, and is involved in tumor metastasis, leading to poor
prognosis [28-31]. Moreover, NNMT can affect cell function by pro-
ducing active metabolites and affecting the balance of cell methylation
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[30]. Ulanovskaya et al. found that elevated NNMT in cancer led to a
decrease in the SAM/SAH ratio and the changes in histone methylation
[32]. In this study, p-nicotinamide adenine dinucleotide (NAD") and
nicotinamide (NAM) were increased in orthotopic lung tumor tissues,
whereas 1-methylnicotinamide (MNAM), S-adenosyl-.-homocysteine
(SAH), N1-Methyl-2-pyridone-5-carboxamide (2PY) and homocysteine
(Hcy) were decreased. Ribavirin could increase the SAM/SAH ratio by
decreasing the concentration of SAH, which is involved in cancer inva-
sion, metastasis and drug resistance [30]. These results indicate that
NNMT could be a key enzyme in nicotinate and nicotinamide meta-
bolism, and the inhibition of NNMT could potentially be a key mecha-
nism in anti-tumor activity of ribavirin against lung cancer.

Linoleic acid is an essential fatty acid in human but cannot be syn-
thesized endogenously. Moreover, linoleic acid is a precursor of arach-
idonic acid (AA), which generates endocannabinoids and pro-
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inflammatory eicosanoids [33,34]. Several studies have revealed that
the levels of linoleic acid and AA increased in patients with lung cancer
and could serve as biomarkers [35-37]. In this study, ribavirin treatment
significantly decreased the levels of linoleic acid and AA, indicating that
anti-tumor effects of ribavirin against lung cancer may be related to the
improvement of fatty acid metabolism.

Taurine (2-aminoethanesulfonic acid), a conditionally essential
amino acid derived from the metabolism of methionine [38], has
anti-oxidation, anti-inflammatory and anti-cancer activities [39]. Many
reports showed that taurine levels decreased in cancer patients,
including lung cancer patients [35,40-43]. Taurine showed
anti-proliferative and anti-neoplastic properties in various cancer cells
[44-46]. Moreover, taurine inhibited the growth of lung cancer by
inducing apoptosis, suppressing migration, decreasing the expression of
vascular endothelial growth factor (VEGF) and matrix metallopeptidase
9 (MMP-9), and increasing the expression of matrix metalloproteinase
inhibitors (TIMP-1 and TIMP-2) [47]. Interestingly, in our study, taurine
level in ribavirin group was elevated compared to control group.
Therefore, anti-tumor effects of ribavirin against lung cancer could be
attributed to the regulation of taurine and hypotaurine metabolism.

Argininosuccinate synthetase 1 (ASS1) catalyzes the formation of
argininosuccinic acid from citrulline and aspartate in the urea cycle.
Argininosuccinate is then transformed by argininosuccinate lyase (ASL)
to arginine, whereas arginine is converted by arginine deiminase (ADI)
and arginase 1 (Argl) to citrulline and ornithine, respectively [48].
However, loss of ASS1 in certain tumors rendered the tumors to acquire
arginine from the serum. Plasma arginine depletion has emerged as a
new strategy for cancer therapy such as the application of PEGylated
ADI (ADI-PEG20) and recombinant human arginase 1 (rhArgl-PEG),
and the mechanism may be related to inducing cell cycle arrest,
apoptosis and autophagy and inhibiting angiogenesis [48-50]. In this
study, ribavirin group showed elevated levels of ornithine and citrulline
and decreased level of argininosuccinic acid compared with control
group, suggesting that anti-tumor effects of ribavirin against lung cancer
are associated with the regulation of arginine metabolic pathway.

5. Conclusions

We explored the anti-tumor efficacy and mechanism of ribavirin
against lung cancer at metabolomics level. A total of 132 metabolites
with significant changes in orthotopic lung tumor were identified via the

UPLC-Q-TOF/MS-based untargeted metabolomics approach. The anti-
tumor effects of ribavirin on lung cancer mainly involved the

2PY 4

» Homocysteine ¢
(Hey)

—

H,0 Adenosine

Metastasis
Drug resistance

Fig. 6. Nicotinate and nicotinamide metabolism in GLC-82 orthotopic lung tumors after treatment with ribavirin. Red and blue arrows indicate increases and de-

creases, respectively, upon ribavirin treatment.
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Fig. 7. The relative change of 12 key metabolites identified in orthotopic lung tumors after treatment with ribavirin. Data were means + SD. *P < 0.05. **P < 0.01.

***P < 0.001.

metabolism of taurine and hypotaurine, nicotinate and nicotinamide,
linoleic acid, arginine biosynthesis and arachidonic acid. Our findings
provide new insight into the mechanism of ribavirin in lung cancer
therapy.
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