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ABSTRACT 34 

Pyrvinium pamoate (PP), an FDA-approved anthelmintic drug, has been validated as a highly potent anti-35 

cancer agent. PP inhibits several crucial functions of cancer cells, and it has been patented recently as a 36 

potential chemotherapeutic drug for various cancers. The current study investigated the ability of PP in anti-37 

proliferative activity and focused on the lipidomic profiles revealing the alteration of specific lipid species in 38 

cholangiocarcinoma (CCA) cells. PP inhibited CCA cell viability by suppressing mitochondrial membrane 39 

potential (MMP) and ATP production, leading to apoptotic cell death. Liquid chromatography-mass 40 

spectrometry combined with multivariate statistical analysis were performed to investigate lipid alteration of 41 

PP-induced apoptosis in CCA cells. The lipidomic analyses showed the altered lipid signatures of CCA cell 42 

types including S-acetyldihydrolipoamide, methylselenopyruvate and triglycerides that were increased in 43 

PP-treated CCA cells. In contrast, the levels of sphinganine and phosphatidylinositol were lower in the PP-44 

treated group compared with its counterpart. Moreover, the orthogonal partial-least squares for regression 45 

analysis revealed that PP-induced MMP dysfunction, leading to inhibition of ATP contents, was significantly 46 

associated with triglyceride production, a characteristic of apoptotic cells. These alterations indicated that 47 

PP could suppress the MMP function, which caused inhibition of CCA cell viability through apoptotic 48 

induction resulting in lipid accumulation in CCA cells. These findings can provide new insight on an anti-49 

cancer mechanism of PP under apoptotic induction ability that could be a promising therapeutic strategy 50 

for CCA treatment.  51 



Introduction 52 

Cholangiocarcinoma (CCA) is a bile duct cancer that originates from the cholangiocyte lining of 53 

biliary tracts. CCA is the second most common primary liver cancer worldwide1. This cancer 54 

occurs most commonly in mainland Southeast Asian countries, especially in Northeast Thailand 55 

which has the world’s highest incidence rates. Here, the age-standardized incidence varies between 56 

36.3 and 87.7 per 100,000 population in females and males, respectively2,3. A poor prognosis and 57 

low survival rate are particular burdens for CCA treatment4,5. The CCA patients generally undergo 58 

surgical resection and chemotherapy, while the effective agents for palliative care are still being 59 

explored. Furthermore, CCA has poor response to anti-cancer agents based on characteristics of 60 

their multidrug resistant phenotypes, leading to complex mechanisms of chemoresistance6. Thus, 61 

novel therapeutic strategies are necessary for CCA treatment. 62 

Pyrvinium pamoate (PP), a U.S. Food and Drug Administration (FDA)-approved 63 

anthelmintic drug, is a NADH-fumarate reductase (FRD) inhibitor in anaerobic organisms such as 64 

parasitic helminths or in mammalian cells under a tumor microenvironment, mimicking 65 

hypoglycemic and hypoxic conditions. PP reverses the reaction of the mitochondrial electron 66 

transport chain complex II, thereby inhibiting ATP production. Under normal aerobic conditions, 67 

PP suppresses the mitochondrial electron transport chain complex I and inhibits cancer cell 68 

proliferation via the JAK/STAT3 signaling pathway7. Remarkably, many studies have reported 69 

that PP is a potent anti-cancer drug against various cancers such as hepatocellular, breast and 70 

cervical cancer8. Moreover, PP was evaluated as a selective Wnt inhibitor that effectively 71 

suppressed cell proliferation and metastasis in breast cancer9,10.   72 

Lipid metabolism involves many cellular signaling pathways and generates the bioactive 73 

lipid molecules that contribute to the regulation of several cellular processes, including cell 74 

proliferation, survival, differentiation, apoptosis, inflammation, motility, membrane homeostasis, 75 

and chemotherapeutic response11-14. Alteration of lipids can be used as diagnostic indicators of 76 

cancer cell metastasis15 and the anti-proliferative effects of anti-cancer agents16. There are 77 

bioactive lipid molecules, such as triglyceride, fatty acids and ceramide, associated with an 78 

activation of programmed cell death that can trigger the caspase-dependent apoptotic pathway in 79 

many cells and tissues17-19.  However, the diversity of lipids involved is a challenge for qualitative 80 

and quantitative lipid analysis. The ultra-high performance liquid chromatography (UPLC) 81 

coupled with electrospray ionization-mass spectrometry (ESI-MS) approach is applicable for lipid 82 



profile analysis20,21. To date, the cytotoxic activity of PP against CCA cells has not been reported. 83 

In the present study, we aimed to determine the inhibitory effects of PP on CCA cell viability. The 84 

lipidomic changes of CCA cells in response to PP was elucidated using LC-MS combined with 85 

multivariate analysis. The results revealed the types of lipids associated with the cytotoxicity of 86 

PP on CCA cells and the regulation of mitochondrial membrane potential (MMP), providing a 87 

deeper understanding of the PP mechanism on CCA cell apoptosis.  88 

 89 

Results 90 

PP inhibited viability of CCA cells 91 

The cytotoxic effect of PP on CCA the cell lines (KKU-100 and KKU-213) was determined using 92 

a SRB assay, at various PP concentrations for 48 h. We found that PP decreased CCA cell viability 93 

in a dose-dependent manner (Fig. 1). The half-maximal inhibitory concentrations (IC50) of PP on 94 

KKU-100 and KKU-213 cells were 279.7±28.5 and 148.7±27.2 nM, respectively.  95 

 96 

PP induced apoptosis in CCA cells 97 

To demonstrate the multitude of morphological and biochemical features of apoptotic cells, we 98 

performed annexin-V and propidium iodide staining to identify the apoptotic cells. After treatment 99 

with PP, CCA cells were incubated with annexin-V and propidium iodide and the stained cells 100 

were observed by confocal microscopy. The result showed that the untreated cells did not display 101 

annexin-V and propidium iodide staining, while the PP-treated cells shoed increasing annexin-V 102 

and propidium iodide staining in a dose-dependent manner as presented in green and red, 103 

respectively in Fig.2a. The nuclei of CCA cells were stained with Hoechst 33342 as shown in blue. 104 

Additionally, the BAX/Bcl-2 ratio, a measurement that indicates apoptotic cells, was assessed 105 

using western blot analysis. The result showed that treated cells had a significantly increased 106 

BAX/Bcl-2 ratio when compared with the control group (Fig.2b,c). These results indicate that PP 107 

induced apoptotic cell death in CCA cells. 108 

 109 

Lipidomic profiles of PP-treated CCA cells display distinctive changes  110 

In this study, lipid profiling of PP-induced apoptosis in CCA cells was investigated using LC-111 

MS/MS analysis. Spectral data obtained from non-polar extracts of PP-treated and control groups 112 

were compared using multivariate statistical analysis. Principle component analysis (PCA) was 113 



employed to distinguish metabolite contents between the control and PP treated group of each 114 

CCA cell line in positive and negative ionization modes. Quality control (QC) samples were 115 

included to assess the function of the apparatus. The PCA score plot showed that the KKU-100 116 

cells were likely separated from the KKU-213 cells, with 39.7% of the variance in data explained 117 

by principal component 1 (PC1), 32.7% by PC2 and 12.1% by PC3, and Q2 = 0.710 (Fig.3a).  118 

Pairwise comparisons were analyzed using the orthogonal partial-least squares for 119 

regression analysis (O-PLS-RE) based on the cytotoxicity of the control versus the PP-treated 120 

groups in each positive and negative mode for both KKU-100 and KKU-213 cells (Fig.S1). We 121 

found that the negative mode of KKU-100 cells and the positive mode of KKU-213 cells 122 

represented the models with the highest goodness of fit and predictability, as indicated by the 123 

parameters R2X= 0.757 and Q2Y=0.885. The model validity was determined using CV-ANOVA 124 

p= 0.014 for KKU-100 (Fig.3b) and R2X= 0.801, Q2Y=0.901 and CV-ANOVA p= 0.010 for KKU-125 

213 (Fig.3c). next, an S-plot was calculated to determine the lipids that contribute to class 126 

separation between the groups. In this study, the candidate variables that represented the lipids’ 127 

response to PP-induced apoptotic cell death were selected based on a principle VIP value of more 128 

than 1.0 and p(corr) cutoff value of 0.6. The results showed that after treatment with PP, KKU-129 

100 cells had increased levels of S-acetyldihydrolipoamide and methylselenopyruvate (Fig.4a, b). 130 

Meanwhile, KKU-213 cells decreased in phosphatidylinositol (PI) (20:4/0:0) and sphinganine 131 

levels but had increased in concentrations of triglyceride species (TGs) (Fig.4c-e). These identified 132 

lipid species and the fragmentation mass spectra are listed in Supplementary Table S1.  133 

We also determined the lipid profile signature between KKU-100 and KKU-213 cells using 134 

chemometrics. The O-PLS-DA score plot showed significantly separated classes between the 135 

control groups of KKU-100 and KKU-213 cells in the positive mode (R2X= 0.789, Q2Y=0.916, 136 

CV-ANOVA p= 0.0007) (Fig.S2c) indicating that KKU-100 and KKU-213 have different lipid 137 

signatures. The levels of cholesteryl esters (CEs) were significantly higher in KKU-100 cells while 138 

eicosadienoic acid and TGs were significantly higher in KKU-213 cells. In addition to the different 139 

major lipid alterations of each CCA cell type when exposed to PP, the O-PLS-DA score plot 140 

exhibited significantly separated classes between KKU-100 and KKU-213 cells (R2X= 0.832, 141 

Q2Y=0.844, CV-ANOVA p= 0.030) (Fig.S2d), indicating that two CCA cell types had different 142 

major lipid alterations in response to PP treatment. We found that the levels of sphinganine, 2S-143 

amino-tridecanoic acid and cholesteryl esters (CEs) were significantly higher in KKU-100 cells, 144 



whereas eicosadienoic acid, sphingomyelin; SM (8:1;2O/24:6) and TGs were significantly lower 145 

in KKU-100 cells compared with the KKU-213 treated groups (Fig.S3). The lipid signature 146 

profiles of CCA cells are listed in Supplementary Table S2. 147 

 148 

PP suppresses mitochondrial membrane potential and ATP levels of CCA cells  149 

To determine the effect of PP on the apoptosis of CCA cells, we hypothesized that PP could 150 

suppress the cells’ mitochondrial function, resulting in lipid accumulation in apoptotic cells. 151 

Therefore, we investigated the MMP of CCA cells upon PP treatment for 48 h using the 152 

tetramethylrhodamine ethyl ester (TMRE)-MMP assay of which TMRE is a specific indicator of 153 

membrane potential. Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) was used 154 

as a negative control. We found that TMRE was highly accumulated in untreated cells as shown 155 

in red, while its intensity was dose-dependently decreased in the treated group (Fig.5a). TMRE-156 

positive staining was not observed in the negative control group. Additionally, the cellular ATP 157 

content of CCA cells was measured after treatment with PP using the CellTiter-Glo® luminescent 158 

cell viability assay. The result showed that PP significantly suppressed the ATP content in both 159 

CCA cell lines (Fig.5b,c), indicating that PP inhibited the MMP in CCA cells.  160 

O-PLS regression analysis was performed using the lipidome and MMP data obtained from 161 

the PP-treated and control groups. The O-PLS regression analysis of lipidome against the raw 162 

intensities of TMRE and ATP content levels showed that PP-treated groups were significantly 163 

separated from the control group in both KKU-100 and KKU-213 CCA cells (Fig.6a-d). The S-164 

plots derived from the altered lipid profiles were determined based on the VIP values. The selected 165 

candidate variables are colored in red, representing the lipids whose levels increased after PP 166 

treatment in association with the inhibition of MMP (Fig.6e,f). We found that TGs: TG 167 

(16:0/18:1/18:1), TG (16:0/18:1/18:2), TG (18:0/18:3/20:3), TG (16:0/16:1/18:1), TG 168 

(18:1/18:1/18:2), TG (18:1/18:1/18:1), TG (16:0/20:3/20:4), TG (12:0/16:0/22:3), TG 169 

(8:0/8:0/36:4) and TG (18:1/18:1/22:5) were significantly increased in the PP-treated CCA cells 170 

when compared to the control group (Fig.6g), indicating that the suppression of MMP and ATP 171 

content by PP could lead to the accumulation of TGs in CCA cells. The candidate lipid species 172 

and fragmentation mass spectra are listed in Supplementary Table S3. 173 

 174 

 175 



Discussion 176 

PP has been reported as a potent anti-cancer drug in various cancers8. It suppresses mitochondrial 177 

electron transport chain complex activities, affects several signaling pathways such as 178 

JAK/STAT3 and Wnt, and inhibits cancer cell proliferation7. In this study, we investigated the 179 

inhibitory effect of PP on apoptotic cell death in CCA cell lines. We found that PP is an effective 180 

anti-proliferative agent by inhibiting cell viability and inducing apoptosis in CCA cells. Moreover, 181 

lipid alterations in CCA cells in response to PP-induced apoptosis were determined by performing 182 

untargeted lipidomic analysis using the UHPLC-MS/MS technique combined with multivariate 183 

statistical analysis.  184 

Lipidomic analysis revealed that the major lipid alterations induced by PP treatment are 185 

associated with apoptotic signaling. The accumulation of lipid species in KKU-100 cells includes 186 

S-acetyldihydrolipoamide and methylselenopyruvate that are increased after treatment with PP. 187 

Previous studies showed that S-acetyldihydrolipoamide is found in gastric cancer cells and is 188 

associated with trastuzumab response22. Methylselenopyruvate is an α-keto acid metabolite of 189 

methylselenocysteine which acts as a histone deacetylase 8 (HDAC8) inhibitor that can restore 190 

Bcl2 modifying factor (BMF) downregulation and thereby activate apoptosis in colon cancer 191 

cells23. Furthermore, the altered lipids found in PP-treated KKU-213, particularly triglyceride 192 

species (TGs), have been reported in many studies in response to an activation of apoptosis16,24. 193 

The lipidomic profile of keratinocytes showed the accumulation of TGs in apoptotic cells after 194 

exposure with narrow-band UVB irradiation24. A recent study of lipid analysis using nanoESI-MS 195 

showed that the levels of TGs are increased in coronatine treated human melanoma cells, 196 

contributing to ceramide generation in response to apoptotic cell death16. In addition, sphinganine, 197 

which was decreased in PP-treated KKU-213 cells, can be acylated to generate ceramide, which is 198 

involved in cellular apoptotic responses25. PP-treated KKU-213 cells decreased in PI level. PI can 199 

be phosphorylated by lipid kinase, leading to the production of phosphoinositides that are involved 200 

in many signaling pathways mediating cell proliferation and survival, such as the PI3K/AKT 201 

pathway26. Activation of the PI3K/AKT signaling pathway plays an important role in CCA 202 

progression. PI3K/mTOR inhibitors can suppress CCA cell growth and present a possible 203 

therapeutic target for CCA treatment27. This result implies that PP may serve as the potential agent 204 

for suppressing the PI3K/AKT signaling pathway in CCA cells.  205 



Our findings show that PP can suppress MMP and ATP contents in CCA cells. The mechanism of 206 

PP as a suppressor of the mitochondrial electron transport chain complexes I and II, leads to the 207 

inhibition of ATP production which in turn leads to cancer cell death as previously reported7,8. 208 

Given the inhibitory effect of PP on MMP and mitochondria as a source of lipid metabolism, the 209 

elevated lipid accumulation is clearly shown in PP-treated CCA cells. The O-PLS regression 210 

analysis showed that the reduction of TMRE intensities and ATP levels was associated with TG 211 

production in the PP-treated group for both CCA cell lines. The TG accumulation was considered 212 

to be a characteristic of apoptotic cells due to the rapid accumulation of cytoplasmic lipid droplets. 213 

In the murine T lymphocyte cell line, inhibition of mitochondrial fatty acid -oxidation can cause 214 

lipid droplet accumulation, including TGs, that is a result of de novo lipid synthesis during the 215 

apoptotic response28. The macrophages isolated from mice lacking adipose triglyceride lipase, 216 

which caused mitochondrial dysfunction by triggering an apoptotic response due to the defective 217 

lipolysis, showed intracellular TG accumulation29. These studies suggest that mitochondrial 218 

dysfunction could activate apoptotic cell death by increasing intracellular TG accumulation. 219 

Therefore, we conclude that PP can suppress mitochondrial function causing the inhibition of CCA 220 

cell viability through apoptotic induction resulting in lipid accumulation, especially TGs.  221 

It is noteworthy that KKU-100 and KKU-213 cells displayed distinct lipid profile 222 

signatures due to their different characteristics. KKU-100 cells were established from a CCA 223 

patient with a histological grade of poorly differentiated CCA, while KKU-213 has a high 224 

metastatic ability and is characterized as a papillary type30. This indicates that KKU-100 and KKU-225 

213 cells possess proper characteristics that are consistent with our lipidomic profiles, as evidenced 226 

by the different fingerprints of the basal lipidome and of altered lipid species patterns in response 227 

to PP treatment. Interestingly, the high levels of CEs in KKU-100 cells may contribute to a milder 228 

response to PP treatment in comparison to their IC50 in comparison to KKU-213 cells. The aberrant 229 

CE accumulation is a consequence of phosphatase and tensin homolog (PTEN) loss and 230 

subsequent PI3K/AKT activation. In addition,  the inhibition of cholesterol esterification can 231 

impair the progression of prostate cancer cells31. In sphingolipid metabolism, the sphinganine level 232 

was significantly higher in KKU-100 cells after PP treatment, suggesting that sphinganine may 233 

not be converted to ceramide. This is an apoptotic signaling-mediating lipid molecule, enabling 234 

KKU-100 cells to show less apoptotic response than KKU-213 cells. Our findings provide insights 235 

into the understanding of lipid-mediated apoptosis in CCA cells with different characteristics.  236 



This study demonstrated the effect of PP on the apoptotic cell death of CCA cells using 237 

lipidomic analysis. Our results show that PP treatment suppresses CCA cell viability by inhibiting 238 

mitochondrial function. This plays an important role in lipid metabolism, resulting in lipid 239 

accumulation and apoptosis induction. Interestingly, different characteristics of the CCA cell types 240 

investigated showed specific lipid signatures that may affect sensitivity to drug treatment. To our 241 

knowledge, this is the first study to evaluate the anti-cancer potential of PP on CCA cells and 242 

demonstrate the lipid profiles in PP-treated CCA cell lines. In vivo studies now need to be 243 

conducted to assess the toxicity and mechanisms underlying the anti-proliferative activity and 244 

apoptotic response to further help elucidate its anti-cancer potential. The findings obtained from 245 

the current study may shed light on novel therapeutic strategies towards more effective CCA 246 

treatment.   247 

 248 

Methods 249 

Reagents 250 

High-performance liquid chromatography (HPLC)-grade methanol, chloroform and water were 251 

purchased from Merck (Darmstadt, DE). Pyrvinium pamoate (PP), dimethyl sulfoxide (DMSO) 252 

and sulforhodamine B were purchased from Sigma-Aldrich (St. Louis, MO).  253 

 254 

Cell culture 255 

CCA cell lines, KKU-100 and KKU-213, developed by Prof. Banchob Sripa for the 256 

Cholangiocarcinoma Research Institute, Khon Kaen University, Thailand were obtained from the 257 

Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan). Cells were cultured in 258 

Ham's F‑12 nutrient mixture supplemented with 10% heat-inactivated fetal bovine serum (Thermo 259 

Fisher Scientific, California, USA), 100 U/mL penicillin and 100 g/ml streptomycin at 37°C in a 260 

humidified incubator containing 5% CO2. 261 

 262 

Pyrvinium pamoate cytotoxicity  263 

KKU-100 and KKU-213 cells were plated into 96-well flat-bottom microtiter plates at 2x103 
264 

cells/mL and allowed to adhere for 12 h. PP was prepared in DMSO. Cells were incubated in PP 265 

at different concentrations (20, 40, 80, 160, 320, 640, 1280 and 2560 nM) for 48 h. Untreated cells 266 

were incubated in culture media with 0.1% DMSO. Doses of PP were selected based on half 267 



maximal inhibitory concentration (IC50). Cell viability was determined by sulforhodamine B 268 

(SRB) assay.   269 

 270 

Cell viability assay 271 

An SRB assay was used for determining the viability of KKU-100 and KKU-213 cells.  The cells 272 

were fixed with 10% (v/v) trichloroacetic acid followed by the addition of 0.4% (w/v) SRB in 1% 273 

(v/v) acetic acid. The protein-bound stain was solubilized with 10 mM Tris base at pH 10.5. 274 

Absorbance was measured at 540 nm using a microplate reader (TECAN Trading, Männedorf, 275 

CH).  276 

 277 

Apoptotic cell staining 278 

Apoptotic cells were stained using an annexin-V and propidium iodide staining kit according to 279 

the manufacturer’s instruction (Roche, Basel, CH). The nuclei were labeled with Hoechst 33342 280 

(Invitrogen, California, US). Stained cells were visualized by confocal laser scanning microscopy 281 

(Zeiss LSM 800, Carl Zeiss, DE). 282 

 283 

Western blot analysis   284 

Cell lysates were extracted with RIPA lysis buffer (150 mM NaCl, 0.5 M Tris-HCl pH 7.4, 1% 285 

(v/v) Tween-20, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS). Protein concentration was 286 

determined using the Pierce BCATM Protein Assay kit (Thermo Fisher Scientific, California, 287 

USA). Protein extracts containing 20 g protein was solubilized in 4x SDS buffer containing β-288 

mercaptoethanol and boiled at 95°C. Protein were electrophoresed on 10% polyacrylamide gel by 289 

SDS-PAGE then transferred to polyvinylidene difluoride membranes. The membranes were 290 

incubated in 5% skim milk for 1 h at room temperature and then probed at 4°C overnight with the 291 

following antibodies: rabbit anti-human Bcl-2 (Cell Signaling Technology, Massachusetts, US), 292 

mouse anti-human Bax (BD Biosciences, San Jose, CA) and mouse-anti-human β-actin 293 

(Invitrogen, California, US). -actin was used as a loading control. After incubation with the 294 

respective secondary antibody (Abcam, Cambridge, UK), the band intensity was detected by 295 

ECLTM Prime Western Blotting Detection Reagent (GE Healthcare, Illinois, USA) for 296 

chemiluminescent detection. The apparent density of the bands on membranes was captured by 297 

ImageQuantTM Imager (GE Healthcare, Illinois, US).  298 



 299 

Mitochondrial membrane potential assay  300 

KKU-100 and KKU-213 cells were plated into 24-well flat-bottom plates at 2x104 cells/mL. The 301 

cells were treated with PP for 48 h. Cells were stained using a TMRE-MMP Assay Kit according 302 

to the manufacturer’s instructions (ab113852, Cambridge, UK). Then, the cells were visualized by 303 

confocal microscopy (Zeiss LSM 800, Carl Zeiss, DE).    304 

 305 

ATP measurement 306 

The cells were plated into 96-well flat-bottom black plates at 2x104 cells/mL. After incubation with 307 

PP for 48 h, ATP level in the treated cells was measured using the CellTiter-Glo® Luminescent 308 

Cell Viability Assay (Promega, Wisconsin, US). ATP disodium salt hydrate (Sigma-Aldrich, St. 309 

Louis, MO) was used as a standard. The luminescence was measured at 470 nm using 310 

SpectraMax® microplate readers (MDS Analytical Technologies, USA). 311 

 312 

Sample collection and preparation for LC-MS analysis  313 

KKU-100 and KKU-213 were seeded at 2x105 cells/mL into 100 mm cell culture dishes. After 314 

treatment with PP for 48 h, the treated cells (2x106 cells of each conditions) were collected by 315 

detaching them from dish using trypsin-EDTA and then centrifuged at 2000 rpm at 4C for 5 min. 316 

The cell pellets were washed with PBS 3 times to remove the remaining medium and immediately 317 

frozen with liquid nitrogen (LN2). For lipid extraction, the frozen cells were resuspended in 318 

methanol and sonicated at 40% amplitude for 3 cycles. The lysed cells were phase extracted using 319 

water/methanol/chloroform (1:1:3 v/v), incubated on ice for 20 min and centrifuged at 4000 rpm 320 

at 4C for 20 min. The organic phase (lower phase) was collected and transferred to a glass vial 321 

tube (KIMA, Arzegrande, IT), followed by drying the solvent under a fume hood overnight. The 322 

dried lipid extracts were reconstituted in a 200 μL solvent mixture of isopropanol 323 

(IPA)/acetonitrile (ACN)/H2O (2:1:1 v/v), and centrifuged for 20 min at 13000 x g, 4 °C. For each 324 

sample, 20 L was collected, pooled, and then used as a quality control (QC) sample for each 325 

interval throughout the analysis.   326 

 327 

Lipid analysis using LC-MS  328 



Lipid analysis was carried out by the Khon Kaen University International Phenome Laboratory 329 

(KKUIPL) using ultra-performance liquid chromatography coupled with electrospray ionization-330 

quadrupole time-of-flight mass spectrometry (compact UHPLC ESI-Q-TOF MS, Bruker, DE).  331 

Briefly, the samples were injected into the UHPLC system equipped with a Bruker intensity C18 332 

column (100 x 2.1 mm, 1.9 m). The column temperature was set at 40C. Mobile phase A was 333 

composed of acetonitrile (ACN)/water (60:40 v/v), and mobile phase B, isopropanol (IPA)/ACN 334 

(90:10 v/v) with 10 mM ammonium formate and 0.1% w/v formic acid in both.  The elution 335 

gradient was set as follows: 40% B (0-2 min), 43% B (2-2.1 min), 50% B (2.1-12 min), 70% B 336 

(12.1-18 min), 90% B (18-18.1 min) and 40% B (18.1-20 min) with a flow rate of 0.4 mL/min. A 337 

pooled sample (QC) was injected 10 times before initiating the batch run to condition the column. 338 

Then, the QC sample was reinjected at the beginning, every 5 sample injections, and at the end to 339 

estimate the instrument stability and reproducibility. Two L samples were used for both positive 340 

and negative ionization modes. The MS system was set at 220 °C, desolvation flow gas at 8 L/min 341 

and time of flight mass spectrometry (TOF) with the Apollo II electrospray ionization (ESI) as the 342 

ion source. The ionization voltage in positive and negative polarity modes were 4000 V and 4500 343 

V, respectively. Data were acquired in the profile mode for 20 min, and the scan range was set at 344 

50-1300 m/z. Tandem mass spectrometry (MS/MS) was performed to QC with the sample pooled 345 

to identify lipid species.  346 

 347 

Data processing  348 

All spectra were processed using Metaboscape 5.0 software (preliminary version) (Bruker, 349 

Massachusetts, US). The raw data files (.d) were converted to .CSV files including a list of 350 

retention times, peak intensities and m/z values. The data-dependent MS/MS was employed on 351 

Metaboscape (Bruker, Germany) and MS-DIAL software version 4.20 (RIKEN Center for 352 

Sustainable Resource Science, Kanagawa, JP) for assigning lipid species through fragmentation 353 

patterns. Public databases including Metlin (https://metlin.scripps.edu), Human Metabolome 354 

Database (HMDB) (https://hmdb.ca) and LipidMAPS (https://www.lipidmaps.org) were also 355 

used.    356 

 357 

Statistical analysis 358 

https://metlin.scripps.edu/
https://hmdb.ca/
https://www.lipidmaps.org/


The coefficient of variation (CV) based on the QC samples was calculated for filtering the different 359 

variables. Principle component analysis (PCA), orthogonal partial least squares (O-PLS) and O-360 

PLS for discriminant analysis (O-PLS-DA) were used for data modeling and statistical analysis on 361 

SIMCA software version 14.1 (Umetrics, Umeå, SE). Pareto scaling was used in each model 362 

followed by S-plot analysis to determine the variables that caused class separation in each group. 363 

CV‐ANOVA was used to evaluate significant differences. The lipid intensities were calculated 364 

and used to determine significant differences through unpaired t-test (p-value < 0.05) on GraphPad 365 

Prism 8 software (California, US).   366 

 367 

Data availability 368 

All data supported the findings in this study are included in this manuscript and supplementary information 369 

files.  370 
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Figure legends 466 

 467 

Figure 1. The inhibitory effect of PP on CCA cell viability. KKU-100 and KKU-213 cells were 468 

treated with various concentrations of PP for 48 h. DMSO 0.1% (v/v) was used as a control. Cell 469 

viability was determined by SRB assay. Error bars represent the standard deviation (SD) of 470 

triplicate experiments. PP, pyrvinium pamoate. 471 



 472 

Figure 2. The effect of PP on apoptotic cell death in the CCA cell lines. KKU-100 and KKU-213 473 

were treated with PP for 48 h. (a) CCA apoptotic cells were demonstrated by annexin V-FITC and 474 

propidium iodide double staining using confocal microscopy. After treatment, the cells were 475 

incubated with annexin V-FITC and propidium iodide following the manufacturer’s protocol. 476 

Hoechst 33342 was used to visualize the nuclei of CCA cells. Green, stained with annexin V-477 

FITC; red, stained with propidium iodide and blue, stained with Hoechst 33342. Original 478 

magnification 630x. (b) Western blot analysis shows effect of PP on CCA cells apoptosis by 479 

increasing (c) the BAX/Bcl-2 ratio. Bax and Bcl-2 levels were assessed after PP treatment for 48 480 

h from KKU-100 and KKU-213 cell lysates. Error bars represent the standard deviation (SD) of 481 

triplicate experiments. The significant difference was determined using unpaired t-tests (*p < 0.05, 482 

**p < 0.01, ***p<0.001) compared to the control group.   483 



 484 

Figure 3. Multivariate analysis of the lipidomic profiles of PP-treated CCA cells. (a) The PCA 485 

score plot of positive and negative modes of PP-treated and control groups in KKU-100 and KKU-486 

213 cells (n=5 for each group). The O-PLS-RE score plot based on cytotoxicity of (b) KKU-100 487 

and (c) KKU-213 cells in control versus PP-treated group models.  488 



 489 

Figure 4. Relative concentrations of candidate lipids, (a) S-acetyl-dihydrolipoamide, (b) 490 

methylselenopyruvate of KKU-100 cells after treatment with PP. Candidate lipids of PP-treated 491 

KKU-213 cells including (c) PI (20:4/0:0), (d) sphinganine and (e) TG species.  Error bars 492 

represent the standard deviation (SD) of samples (n=5). The significant difference was determined 493 

using unpaired t-tests (*p < 0.05, **p < 0.01, ***p<0.001, ns is no significant difference) compared 494 

to control group.    495 



 496 

Figure 5. The inhibitory effect of PP on mitochondrial membrane potential and ATP level of CCA 497 

cells. KKU-100 and KKU-213 cells were treated with PP for 48 h. (a) The cells were incubated 498 

with TMRE and then viewed under confocal microscopy. Negative control cells were incubated 499 

with FCCP before TMRE staining. ATP levels of (b) KKU-100 and (c) KKU-213 were measured 500 

using the CellTiter-Glo® luminescent cell viability assay. The ATP concentrations at 0.01, 0.1 and 501 

1 M were used to create a standard curve. Error bars represent the standard deviation (SD). The 502 

significant difference was determined using unpaired t-tests (*p < 0.05, ***p<0.001) compared to 503 

control group. NC, negative control.   504 



 505 

Figure 6. O-PLS regression analysis of the lipidomic profiles with mitochondrial membrane 506 

potential in PP-treated CCA cells. O-PLS regression score plot based on TMRE intensities and 507 

ATP levels in (a,c) KKU-100 and (b,d) KKU-213 cells, respectively. The S-plots derived from 508 



the altered lipid profiling of (e) KKU-100 and (f) KKU-213 cells in control versus PP treatment 509 

groups. (g) Relative concentrations of candidate lipids associated with ATP levels and TMRE 510 

intensities in KKU-100 and KKU213 cells. Error bars represent the standard deviation (SD) of 511 

samples (n=5). The significant difference was determined using unpaired t-tests (*p < 0.05, **p < 512 

0.01, ***p<0.001) compared to control group.   513 



Figures

Figure 1

The inhibitory effect of PP on CCA cell viability. KKU-100 and KKU-213 cells were treated with various
concentrations of PP for 48 h. DMSO 0.1% (v/v) was used as a control. Cell viability was determined by
SRB assay. Error bars represent the standard deviation (SD) of triplicate experiments. PP, pyrvinium
pamoate.



Figure 2

The effect of PP on apoptotic cell death in the CCA cell lines. KKU-100 and KKU-213 were treated with PP
for 48 h. (a) CCA apoptotic cells were demonstrated by annexin V-FITC and propidium iodide double
staining using confocal microscopy. After treatment, the cells were incubated with annexin V-FITC and
propidium iodide following the manufacturer’s protocol. Hoechst 33342 was used to visualize the nuclei
of CCA cells. Green, stained with annexin V- FITC; red, stained with propidium iodide and blue, stained
with Hoechst 33342. Original magni�cation 630x. (b) Western blot analysis shows effect of PP on CCA
cells apoptosis by increasing (c) the BAX/Bcl-2 ratio. Bax and Bcl-2 levels were assessed after PP
treatment for 48 h from KKU-100 and KKU-213 cell lysates. Error bars represent the standard deviation
(SD) of triplicate experiments. The signi�cant difference was determined using unpaired t-tests (*p < 0.05,
**p < 0.01, ***p<0.001) compared to the control group.



Figure 3

Multivariate analysis of the lipidomic pro�les of PP-treated CCA cells. (a) The PCA score plot of positive
and negative modes of PP-treated and control groups in KKU-100 and KKU- 213 cells (n=5 for each
group). The O-PLS-RE score plot based on cytotoxicity of (b) KKU-100 and (c) KKU-213 cells in control
versus PP-treated group models.



Figure 4

Relative concentrations of candidate lipids, (a) S-acetyl-dihydrolipoamide, (b) methylselenopyruvate of
KKU-100 cells after treatment with PP. Candidate lipids of PP-treated KKU-213 cells including (c) PI
(20:4/0:0), (d) sphinganine and (e) TG species. Error bars represent the standard deviation (SD) of
samples (n=5). The signi�cant difference was determined using unpaired t-tests (*p < 0.05, **p < 0.01,
***p<0.001, ns is no signi�cant difference) compared to control group.



Figure 5

The inhibitory effect of PP on mitochondrial membrane potential and ATP level of CCA cells. KKU-100
and KKU-213 cells were treated with PP for 48 h. (a) The cells were incubated with TMRE and then viewed
under confocal microscopy. Negative control cells were incubated with FCCP before TMRE staining. ATP
levels of (b) KKU-100 and (c) KKU-213 were measured using the CellTiter-Glo® luminescent cell viability
assay. The ATP concentrations at 0.01, 0.1 and 1 μM were used to create a standard curve. Error bars
represent the standard deviation (SD). The signi�cant difference was determined using unpaired t-tests
(*p < 0.05, ***p<0.001) compared to control group. NC, negative control.



Figure 6

O-PLS regression analysis of the lipidomic pro�les with mitochondrial membrane potential in PP-treated
CCA cells. O-PLS regression score plot based on TMRE intensities and ATP levels in (a,c) KKU-100 and
(b,d) KKU-213 cells, respectively. The S-plots derived from the altered lipid pro�ling of (e) KKU-100 and (f)
KKU-213 cells in control versus PP treatment groups. (g) Relative concentrations of candidate lipids
associated with ATP levels and TMRE intensities in KKU-100 and KKU213 cells. Error bars represent the



standard deviation (SD) of samples (n=5). The signi�cant difference was determined using unpaired t-
tests (*p < 0.05, **p < 0.01, ***p<0.001) compared to control group.
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