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Abstract 19 

Cholecystectomy has been associated with an increased risk of colorectal cancer (CRC), 20 

although the underlying mechanisms remain unclear. We investigated bile acid composition in 21 
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hepatic and gallbladder bile and examined the effects of bile samples and individual bile acids 22 

on non-malignant FHC colonic epithelial cells and Caco-2 and HCT-116 CRC cells. Cell pro- 23 

liferation, adhesion, migration, invasion, and colony formation were assessed, alongside poten- 24 

tial signaling mechanisms involved in the response to taurocholic acid (TCA). Hepatic and 25 

gallbladder bile differed markedly in bile acid composition, and their effects on cell prolifera- 26 

tion varied by cell line. TCA, taurochenodeoxycholic acid (TCDCA), and deoxycholic acid 27 

(DCA) modulated proliferation and other tumor-associated cellular properties in a bile acid-, 28 

cell line-, and endpoint-dependent manner. TCA increased sphingosine-1-phosphate receptor 2 29 

(S1PR2) protein expression in Caco-2 and HCT-116 cells. Pharmacological inhibition of 30 

S1PR2, EGFR, AKT, MEK1/2, or COX-2 reduced proliferation in TCA-treated cells, although 31 

these inhibitors also affected basal proliferation. These findings demonstrate that bile acids can 32 

directly modulate colorectal cell behavior and suggest that S1PR2-associated signaling may 33 

contribute to cellular responses to TCA, warranting further mechanistic investigation. 34 

Keywords: colorectal cancer; bile acids; taurocholic acid; taurine-conjugated bile acids; 35 

S1PR2; cell proliferation; cholecystectomy. 36 

1. Introduction 37 

Colorectal cancer (CRC) is the third most frequently diagnosed malignancy and remains 38 

one of the leading causes of cancer-related mortality worldwide [1,2]. Although genetic altera- 39 

tions are fundamental drivers of colorectal carcinogenesis, increasing evidence indicates that 40 

environmental and metabolic factors also contribute substantially to tumor initiation and pro- 41 

gression [3,4]. Among these, bile acids (BAs) have emerged as important signaling molecules 42 

linking diet, intestinal microbiota, and CRC development [3–5]. 43 

Primary BAs are synthesized in the liver and subsequently conjugated with glycine or tau- 44 

rine before secretion into the biliary tract [6]. Following their release into the intestine, bacterial 45 
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metabolism converts a proportion of primary BAs into secondary BAs, thereby shaping the 46 

composition of the intestinal BA pool [7,8]. Besides their well-established role in lipid diges- 47 

tion, BAs function as signaling molecules that regulate cell proliferation, apoptosis, inflamma- 48 

tion, metabolism, and epithelial homeostasis through the activation of multiple membrane and 49 

nuclear receptors [9]. Cholecystectomy has been associated with an increased risk of proximal 50 

or right-sided colon cancer, although its relationship with overall CRC incidence remains con- 51 

troversial [10,11]. Altered BA metabolism and continuous intestinal exposure to bile after 52 

gallbladder removal have been proposed to contribute to this association [12]. Previous mech- 53 

anistic studies have primarily focused on secondary BAs, particularly deoxycholic acid (DCA), 54 

which can promote colorectal carcinogenesis through oxidative stress, DNA damage, 55 

EGFR/MAPK and Wnt/β-catenin signaling, and inflammatory pathways [13–18]. In contrast, 56 

considerably less is known about the role of taurine-conjugated BAs in CRC. Taurocholic acid 57 

(TCA) has mainly been linked to colorectal carcinogenesis through its microbial metabolism 58 

and the generation of tumor-promoting metabolites, including hydrogen sulfide and DCA [19]. 59 

However, the direct effects of TCA and taurochenodeoxycholic acid (TCDCA) on colorectal 60 

epithelial and cancer cells remain poorly understood. Emerging evidence indicates that conju- 61 

gated BAs can also exert direct cellular effects through sphingosine-1-phosphate receptor 2 62 

(S1PR2) [3,20,21]. In cholangiocarcinoma cells, , TCA has been reported to activate S1PR2- 63 

associated signaling involving epidermal growth factor receptor (EGFR), extracellular signal- 64 

regulated kinase 1/2 (ERK1/2), protein kinase B (AKT), and cyclooxygenase-2 (COX-2), pro- 65 

moting tumor growth and invasiveness [21]. S1PR2-mediated signaling has also been impli- 66 

cated in the tumor-promoting effects of conjugated BAs in esophageal adenocarcinoma [20]. 67 

However, whether S1PR2 and these signaling pathways contribute to the cellular effects of 68 

taurine-conjugated BAs in CRC remains unclear. 69 
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Therefore, the present study investigated the effects of individual BAs, with particular em- 70 

phasis on taurine-conjugated BAs, on non-malignant colonic epithelial cells and CRC cells. We 71 

compared the composition and biological effects of hepatic and gallbladder bile and evaluated 72 

the effects of individual BAs on cell viability, proliferation, adhesion, migration, invasion, and 73 

colony formation. Based on the observed proliferative effects of TCA, we further investigated 74 

its effect on S1PR2 protein expression and examined the potential involvement of S1PR2, 75 

EGFR, AKT, MEK/ERK, and COX-2 signaling in the proliferative response of colorectal can- 76 

cer cells to TCA. 77 

2. Results 78 

2.1. Composition of hepatic and gallbladder bile 79 

The composition of BAs in hepatic and gallbladder bile was analyzed using liquid chroma- 80 

tography–high-resolution mass spectrometry (LC–HRMS) (Fig. 1a, b). In gallbladder bile, con- 81 

jugated BAs represented the predominant components, with glycine- and taurine-conjugated 82 

species present at substantially higher concentrations than unconjugated BAs. Hepatic bile was 83 

likewise dominated by conjugated BAs, particularly glycine-conjugated species, although their 84 

concentrations were considerably lower than those measured in gallbladder bile. A marked dif- 85 

ference between the two bile types was observed in the abundance of taurine-conjugated BAs. 86 

While taurocholic acid (TCA), taurodeoxycholic acid (TDCA), and taurochenodeoxycholic 87 

acid (TCDCA) were detectable in gallbladder bile, only TCA was detected at measurable levels 88 

in hepatic bile, whereas TDCA and TCDCA remained below the detection limit. Unconjugated 89 

BAs, including cholic acid (CA), deoxycholic acid (DCA), and chenodeoxycholic acid 90 

(CDCA), were present at relatively low concentrations in gallbladder bile and at very low con- 91 
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centrations (<1 µg/mL) in hepatic bile. Ursodeoxycholic acid (UDCA) showed a distinct dis- 92 

tribution, being below the detection limit in gallbladder bile but detectable at low concentrations 93 

in hepatic bile. 94 

2.2. Effects of human bile on the proliferation of normal and 95 

tumor-derived colon cell lines 96 

The effects of human gallbladder and hepatic bile on the proliferation of normal (FHC) and 97 

colorectal cancer (Caco-2 and HCT-116) cells were assessed (Fig. 2). Because the BA concen- 98 

tration and composition varied among individual samples (Fig. 1b), each sample was analyzed 99 

separately to account for interindividual differences. Gallbladder bile samples produced heter- 100 

ogeneous effects on cell proliferation. Among these, GB6 induced the most pronounced in- 101 

crease in proliferation, particularly in FHC and Caco-2 cells. Notably, GB6 contained relatively 102 

high concentrations of the taurine-conjugated BAs TCA, TDCA, and TCDCA compared with 103 

the other gallbladder bile samples. In HCT-116 cells, GB6 also increased proliferation, while 104 

several other gallbladder bile samples produced variable responses. 105 

Hepatic bile samples likewise exerted heterogeneous and cell line-dependent effects. In 106 

FHC cells, most hepatic bile samples had little effect or reduced proliferation, whereas H4 and 107 

H8 increased proliferation at later time points. In Caco-2 cells, the responses varied considera- 108 

bly among samples and across treatment durations. In contrast, several hepatic bile samples 109 

increased proliferation in HCT-116 cells, particularly after prolonged exposure. When the re- 110 

sponses to individual bile samples were averaged, neither gallbladder nor hepatic bile signifi- 111 

cantly altered proliferation in FHC or Caco-2 cells, whereas both bile types increased prolifer- 112 

ation in HCT-116 cells. 113 
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Overall, these findings demonstrate substantial interindividual variability in the prolifera- 114 

tive effects of human bile and indicate that the cellular response depends on both bile compo- 115 

sition and cell type. The pronounced proliferative effects observed with selected samples con- 116 

taining relatively high levels of taurine-conjugated BAs prompted us to investigate the effects 117 

of individual BAs in subsequent experiments. 118 

2.3. Effects of BAs on the viability, proliferation, and metastatic 119 

potential of normal and tumor-derived colon cell lines 120 

To investigate whether the effects of human bile could be attributed to specific BA species, 121 

six conjugated BAs detected in human bile—GCA, GDCA, GCDCA, TCA, TDCA, and 122 

TCDCA—were selected for further analysis. The presence of these compounds in the bile sam- 123 

ples was confirmed by LC–HRMS. In addition, the unconjugated form of DCA was tested, 124 

given its well-documented carcinogenic effects in the colon [13,16,22]. Because BAs can exert 125 

cytotoxic effects at supraphysiological levels, dose–response assays were performed to deter- 126 

mine concentrations compatible with cell viability (Fig. 3a–c). Treatments ranging from 100 to 127 

1000 µM were tested for 24, 48, and 72 hours. Higher BA concentrations, particularly 500 and 128 

1000 µM, generally reduced cell viability, although the magnitude of this effect varied depend- 129 

ing on the BA, cell line, and exposure time. Interestingly, the toxic effects were more evident 130 

after 24–48 hours than at 72 hours, suggesting a partial cellular adaptation to BA exposure over 131 

time. Based on the dose-response experiments, 300 µM was selected for subsequent functional 132 

assays because it generally preserved cell viability while remaining within the range of intesti- 133 

nal BA concentrations reported previously [23]. 134 

At 300 µM, the effects of individual BAs on cell proliferation and adhesion were further 135 

investigated (Fig. 4). In normal FHC cells, short-term (24–48 h) treatment with most BAs either 136 

reduced or did not alter proliferation. However, after 72 hours, TCA and TCDCA significantly 137 
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increased cell proliferation (Fig. 4aIn Caco-2 cells, TCA, TCDCA, and DCA significantly in- 138 

creased proliferation, particularly after 48 and 72 h of exposure. HCT-116 cells showed a 139 

broader response, with several glycine- and tau-rine-conjugated BAs significantly increasing 140 

proliferation, particularly after 48 and 72 h. To examine whether enhanced proliferation was 141 

accompanied by changes in adhesive behavior, cell adhesion assays were performed (Fig. 4b). 142 

In FHC cells, TCA and TCDCA treatment led to a significant increase in adhesion, mirroring 143 

their proliferative effects. In Caco-2 cells, only TCA and DCA significantly increased adhesion, 144 

while in HCT-116 cells, several BAs significantly increased cell adhesion, with the most pro- 145 

nounced effects observed following GCA, TCA, and DCA treatment. The potential impact of 146 

individual BAs on metastatic properties was then evaluated by measuring invasion, migration, 147 

and colony-forming ability (Fig. 5a-e). 148 

Several BAs enhanced these tumor-associated cellular properties, although the responses 149 

differed between the two cancer cell lines. TCA, TCDCA, and DCA markedly increased inva- 150 

sion, migration, and colony size in both cancer cell lines, indicating an overall enhancement of 151 

metastatic potential. By contrast, TDCA had little or no stimulatory effect and in some cases 152 

slightly reduced invasiveness. Among the glycine-conjugated BAs, GCDCA increased invasion 153 

in both cell lines and promoted migration specifically in HCT-116 cells. Collectively, these 154 

findings demonstrate that taurine-conjugated BAs—particularly TCA and TCDCA—exert 155 

strong, time-dependent proliferative and pro-metastatic effects on colon cancer cells, compara- 156 

ble in magnitude to those induced by DCA. This highlights their potential contribution to CRC 157 

progression in conditions characterized by increased taurine-conjugated BA exposure, such as 158 

after cholecystectomy. 159 

2.4. TCA increases S1PR2 expression and S1PR2 inhibition 160 

reduces proliferation in TCA-treated CRC cells 161 
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As S1PR2 is a G protein-coupled receptor responsive to conjugated BAs, including TCA, 162 

next we investigated whether TCA treatment affects S1PR2 protein expression in CRC cells. 163 

Immunocytochemical analysis was performed in HCT-116 and Caco-2 cells following treat- 164 

ment with TCA (300 μM) for 72 h. In both cell lines, TCA treatment resulted in increased 165 

S1PR2 immunoreactivity compared with untreated controls (Figure 6a). Quantitative analysis 166 

of fluorescence intensity confirmed a significant increase in S1PR2 immunoreactivity follow- 167 

ing TCA treatment (Figure 6b). Negative controls performed in the absence of the primary an- 168 

tibody showed minimal fluorescence, supporting the specificity of the immunostaining. To con- 169 

firm these findings, S1PR2 protein expression was further assessed by Western blot analysis. 170 

TCA treatment increased S1PR2 protein expression in both HCT-116 and Caco-2 cells com- 171 

pared with untreated controls (Figure 6c). Densitometric analysis normalized to GAPDH con- 172 

firmed a statistically significant increase in both cell lines (Figure 6d). In HCT-116 cells, nor- 173 

malized S1PR2 expression increased from 0.651 ± 0.099 in control cells to 0.981± 0.044 fol- 174 

lowing TCA treatment (unpaired two-tailed Student’s t-test, t (4) = −3.021, p = 0.0391). Simi- 175 

larly, in Caco-2 cells, S1PR2 expression increased from 0.779 ± 0.022 to 1.043 ± 0.021follow- 176 

ing TCA treatment (t (4) = −8.50, p = 0.0011). Together, the immunocytochemical and Western 177 

blot analyses demonstrate that pro-longed TCA exposure is associated with increased S1PR2 178 

protein expression in both CRC cell lines. 179 

Based on these findings, we next investigated whether pharmacological inhibition of 180 

S1PR2 affects the proliferative response to TCA. HCT-116 and Caco-2 cells were pretreated 181 

with the S1PR2 antagonist JTE-013 before exposure to TCA (300 μM) for 72 h. JTE-013 was 182 

initially tested at 1, 5, and 10 μM. As increasing concentrations did not produce a consistent 183 

dose-dependent inhibitory effect across both cell lines, 5 μM JTE-013, which significantly re- 184 

duced proliferation in both HCT-116 and Caco-2 cells, was selected for further analysis. As 185 

shown in (Figure 6e), JTE-013 alone significantly reduced basal proliferation compared with 186 
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untreated control cells in both cell lines. Combined treatment with JTE-013 and TCA resulted 187 

in significantly lower proliferation than TCA treatment alone. Thus, pharmacological inhibition 188 

of S1PR2 reduced proliferation under TCA-treated conditions in both HCT-116 and Caco-2 189 

cells. However, because JTE-013 also reduced basal proliferation in the absence of TCA, the 190 

reduction observed during combined treatment cannot be attributed exclusively to inhibition of 191 

the TCA-induced proliferative response. Taken together with the TCA-induced increase in 192 

S1PR2 protein expression, these findings are consistent with the potential involvement of 193 

S1PR2 in the cellular response to TCA. 194 

2.5. Pharmacological inhibition of EGFR, AKT, MEK/ERK, and 195 

COX-2 reduces proliferation in TCA-treated CRC cells 196 

To further investigate signaling pathways potentially involved in the proliferative response 197 

to TCA, the effects of pharmacological inhibition of EGFR, AKT, MEK/ERK, and COX-2 198 

were examined. All inhibitors were initially tested at three different concentrations: gefitinib 199 

(1, 5, and 10 μM), MK-2206 (1, 2.5, and 5 μM), U0126 (5, 10, and 20 μM), and celecoxib (10, 200 

30, and 50 μM). As increasing inhibitor concentrations did not produce a consistent dose-de- 201 

pendent effect across both cell lines, one concentration showing a statistically significant inhib- 202 

itory effect in both HCT-116 and Caco-2 cells was selected for further analysis for each inhib- 203 

itor. At the concentrations selected for further analysis—gefitinib (5 μM), MK-2206 (2.5 μM), 204 

U0126 (10 μM), and celecoxib (10 μM)—all four inhibitors significantly reduced basal prolif- 205 

eration compared with untreated control cells in both HCT-116 and Caco-2 cells (Figure 7a-d). 206 

In TCA-treated cells, inhibition of EGFR with gefitinib, AKT with MK-2206, Mitogen-Acti- 207 

vated Protein Kinase 1 and 2 (MEK1/2) with U0126, or COX-2 with celecoxib also resulted in 208 

significantly lower proliferation compared with TCA treatment alone. Thus, pharmacological 209 



10 

 

inhibition of each of these signaling components reduced proliferation under TCA-treated con- 210 

ditions in both CRC cell lines. However, because all four inhibitors also reduced basal prolif- 211 

eration in the absence of TCA, the reduction observed during combined inhibitor and TCA 212 

treatment cannot be attributed exclusively to inhibition of the TCA-induced proliferative re- 213 

sponse. These findings are consistent with the potential involvement of EGFR, AKT, 214 

MEK/ERK, and COX-2 signaling in the cellular response to TCA, although the present phar- 215 

macological experiments alone do not establish that the inhibitory effects are specific to TCA- 216 

induced signaling. 217 

3. Discussion 218 

Colon diseases, especially CRC, are responsible for increased morbidity and mortality 219 

worldwide. CRC is the second leading cause of cancer death globally, and its incidence is stead- 220 

ily rising [1,2]. The relationship between CRC and BAs, especially DCA and lithocholic acid 221 

(LCA), has long been known [13,16,22,24,25]. DCA and LCA are secondary BAs produced 222 

from primary BAs under the influence of bacterial flora. During enterohepatic circulation, most 223 

of the primary and secondary BAs return to the liver, where they are conjugated with glycine 224 

or taurine and excreted in the bile. However, this process occurs differently in cholecystecto- 225 

mized patients as the composition of bile and its secretion into the duodenum change. Several 226 

studies have indicated that cholecystectomy promotes CRC development. However, the mech- 227 

anism is still not well understood. 228 

This study used different cell assays and showed that the different composition of hepatic 229 

and gallbladder bile alone is not responsible for the development or progression of CRC. How- 230 

ever, a difference in the effects of individual BAs was observed. Previous studies highlighted 231 

the role of secondary BAs, especially DCA and LCA, in the development and progression of 232 

CRC. These studies have identified several intracellular pathways through which these BAs 233 
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exert their effects. DCA has been shown to enhance the proliferation and metastatic potential 234 

of colon cells by the production of reactive oxygen species[15,17], induction of DNA damage 235 

and mutation [14,26], which causes genetic instability, or activation of a range of signal trans- 236 

duction pathways [13,18,27–30]. However, the study of other BAs was far behind that of DCA. 237 

This comprehensive study showed for the first time that TCA and TCDCA strongly increase 238 

the proliferation and metastatic potential of colon cells, indicating that the concentration of 239 

these BAs in the BA pool is likely a key factor in the development and progression of CRC. 240 

The composition of hepatic and gallbladder bile was first examined using the LC–HRMS 241 

technique. Glycine-conjugated BAs (GCA, GDCA, and GCDCA) and TCA were present in 242 

both hepatic and gallbladder bile. However, the concentrations of these BAs were considerably 243 

lower in the liver. In the case of TDCA and TCDCA, detectable amounts were found only in 244 

the gallbladder. Unconjugated BAs were present at relatively low concentrations in gallbladder 245 

bile and at very low concentrations in hepatic bile. These differences should, however, be in- 246 

terpreted cautiously because hepatic and gallbladder bile were obtained from different donor 247 

populations, and the present study was not designed as a paired comparison before and after 248 

cholecystectomy. The glycine:taurine ratio is greatly influenced by the protein and fat content 249 

of the food. High meat consumption increases taurine uptake and the amount of taurine-conju- 250 

gated BAs in bile [31,32]. Therefore, the low taurine-conjugated BA ratio observed in chole- 251 

cystectomized patients can presumably be explained by the special diet of these patients. 252 

Next, the effects of hepatic and gallbladder bile on colon cells were compared. In the case 253 

of normal cells, one gallbladder sample (GB5) decreased the proliferation of the cells, whereas 254 

another sample (GB6) significantly increased it. Comparing the composition of the two sam- 255 

ples, GB5 did not contain non-conjugated BAs, and the concentrations of TCA and TCDCA 256 

were relatively low. The concentration of taurine-conjugated BAs was extremely high in sample 257 

GB6. Sample GB6 also increased the proliferation of adenocarcinoma cells, whereas sample 258 
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GB5 caused a decrease only in Caco-2 cells. Since the TCA concentration was still higher in 259 

GB5 than in the hepatic bile samples, this assumes that other factors play a role in the effect of 260 

this sample. These results emphasize the key role of taurine-conjugated BAs, especially TCA, 261 

in cell proliferation. This is also supported by the fact that, in the case of hepatic bile, where the 262 

samples did not contain TDCA and TCDCA, the increase was significant in those cases only 263 

where the concentration of TCA was relatively high (sample H4 and H8). 264 

Furthermore, the effects of individual BAs were examined. TCA, TCDCA, and DCA treat- 265 

ments increased the rate of proliferation and adhesion in all three cell lines. Additionally, these 266 

BAs promoted colony formation and increased the migration and invasion capacity of cells. 267 

These results suggest that these BAs accelerate colon tumor progression by enhancing the pro- 268 

liferation and metastasis potentials of the cells. Among the glycine-conjugated BAs, GDCA 269 

and GCDCA exerted a similar effect on the HCT-116 cell line, but not on the Caco-2 cells. This 270 

discrepancy may be because the two cell lines do not express the same BA transporters or the 271 

BAs do not activate the same signaling pathways within the cells. 272 

Although the role of DCA in CRC is well recognized, fewer results are reported regarding 273 

the role of taurine-conjugated BAs. Taurine is an essential amino acid. The human body cannot 274 

produce taurine only to a limited extent, so most of the taurine enters the body with food. Red 275 

meat, mollusks, and energy drinks contain large amounts of taurine, which is either excreted in 276 

the urine or bound to free BAs in the liver [32]. Diets rich in dark meat have been known to 277 

increase the chance of CRC development [33,34]. Since red meats are rich in taurine, high 278 

consumption of these foods increases the proportion of taurine-conjugated BAs in bile, which 279 

may contribute to the development of CRC, among other mechanisms. A recent review by Rid- 280 

lon et al. described a novel mechanism for the role of TCA in CRC [19]. According to their 281 

hypothesis, during the bacterial metabolism of TCA, two potentially toxic substances are 282 

formed, namely, hydrogen sulfide and DCA, which are known to be involved in the biological 283 
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processes of colon cancer. This hypothesis assumes that substances formed during the decom- 284 

position of TCA lead to CRC. However, our results showed that TCA also has a direct effect 285 

on colon cells, as shown in esophageal cancer or cholangiocarcinoma [20,21]. 286 

To further investigate the mechanism underlying the direct effect of TCA, we examined 287 

the involvement of S1PR2, a receptor previously implicated in the cellular response to conju- 288 

gated BAs. TCA exposure increased S1PR2 protein expression in both HCT-116 and Caco-2 289 

cells, as demonstrated by immunocytochemistry and Western blotting. Moreover, pharmaco- 290 

logical inhibition of S1PR2 with JTE-013 attenuated the TCA-induced increase in proliferation 291 

in both cell lines. However, JTE-013 also reduced basal proliferation in both cell lines, indicat- 292 

ing that the observed effect cannot be attributed specifically to inhibition of the TCA-induced 293 

proliferative response. Taken together, the TCA-induced increase in S1PR2 expression and the 294 

anti-proliferative effect of S1PR2 inhibition are consistent with a potential involvement of 295 

S1PR2 in the cellular response to TCA, although further mechanistic studies are required to 296 

establish a direct causal relationship. These findings are also consistent with previous studies 297 

linking conjugated BAs to S1PR2-associated signaling in gastrointestinal malignancies [20,21]. 298 

Because S1PR2 signaling can interact with pathways involved in cellular proliferation, we 299 

next examined the contribution of EGFR, AKT, MEK/ERK, and COX-2 signaling. Inhibition 300 

of EGFR with gefitinib, AKT with MK-2206, MEK1/2 with U0126, or COX-2 with celecoxib 301 

attenuated the proliferative effect of TCA. However, all four inhibitors also reduced basal pro- 302 

liferation in the absence of TCA, indicating that their effects cannot be attributed specifically 303 

to inhibition of TCA-induced signaling. Taken together, these pharmacological findings are 304 

consistent with the potential involvement of EGFR, AKT, MEK/ERK, and COX-2 signaling in 305 

the cellular response to TCA. However, they do not establish a linear signaling cascade down- 306 

stream of S1PR2 or define the hierarchical relationship between these signaling components. 307 
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Further studies using genetic approaches and direct assessment of pathway activation will be 308 

required to determine their specific roles and their relationship to S1PR2 signaling. 309 

To the best of our knowledge, this study is among the first to directly compare the effects 310 

of human hepatic and gallbladder bile on colorectal cells and to systematically examine the 311 

effects of individual bile acids using one non-malignant and two colorectal adenocarcinoma 312 

cell lines. Although hepatic and gallbladder bile differed markedly in BA composition, their 313 

effects on cell proliferation were heterogeneous and cell line dependent, and no consistent re- 314 

lationship between bile type and proliferative response was observed. Importantly, because he- 315 

patic and gallbladder bile samples were obtained from different donor populations, the observed 316 

differences cannot be attributed specifically to cholecystectomy. Altered intestinal BA exposure 317 

following gallbladder removal may nevertheless represent a potential mechanism linking chol- 318 

ecystectomy to CRC risk and warrants further investigation in appropriate clinical and experi- 319 

mental models. Our findings further demonstrate that, in addition to DCA, the taurine-conju- 320 

gated BAs TCA and TCDCA can enhance proliferation and several tumor-associated cellular 321 

properties, including adhesion, migration, invasion, and colony formation, although these ef- 322 

fects varied according to cell type and experimental endpoint. 323 

Taken together, the present findings extend the potential role of taurine-conjugated BAs in 324 

CRC beyond their proposed microbial conversion to secondary metabolites by demonstrating 325 

direct effects of TCA and TCDCA on colorectal cells in vitro. TCA treatment was associated 326 

with increased S1PR2 protein expression, while pharmacological inhibition of S1PR2, EGFR, 327 

AKT, MEK1/2, or COX-2 reduced proliferation in TCA-treated cells. These findings are con- 328 

sistent with the potential involvement of these signaling components in the cellular response to 329 

TCA, although the present pharmacological experiments do not establish their hierarchical re- 330 

lationship or distinguish TCA-specific effects from general antiproliferative effects of the in- 331 
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hibitors. Further studies incorporating genetic approaches, direct assessment of pathway acti- 332 

vation, appropriate inhibitor-only controls, and in vivo models will be required to define the 333 

underlying mechanisms and establish the relevance of taurine-conjugated BAs to CRC devel- 334 

opment and progression. 335 

4. Materials and Methods 336 

4.1. Chemicals and solutions 337 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and type I collagen 338 

were obtained from Thermo Fisher Scientific (Darmstadt, Germany). Technical Manual Cell 339 

Counting Kit-8 (CCK-8) was obtained from Dojindo Molecular Technologies (Rockville, MD, 340 

USA). GDCA was obtained from Cayman Chemical Company (Michigan, MI, USA). Methanol 341 

(liquid chromatography–mass spectrometry (LC–MS) grade), acetonitrile (LC–MS grade), and 342 

water (LC–MS grade) were obtained from VWR (Budapest, Hungary). Matrigel matrix was 343 

ordered from Corning (Glendale, AZ, US). All other laboratory chemicals were purchased from 344 

Sigma-Aldrich Kft. (Budapest, Hungary). 345 

4.2. Cell lines and culture conditions 346 

HCT-116, a human colon adenocarcinoma cell line, was obtained from Sigma-Aldrich Kft. 347 

(Budapest, Hungary). HCT-116 cells were cultured in Dulbecco’s Modified Eagle’s Medium 348 

(DMEM)/F-12 Ham media supplemented with 15% (v/v) fetal bovine serum (FBS), 1% (v/v) 349 

L-glutamine, and 2% (v/v) antimycotics/antibiotics (AA). Caco-2, a human colon adenocarci- 350 

noma cell line, was a kind gift from Dr. Maria A. Deli (Biological Research Center, Szeged, 351 

Hungary). Caco-2 cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 media 352 

supplemented with 15% (v/v) FBS, 1% (v/v) L-glutamine, and 2% (v/v) AA. FHC, a normal 353 

colon epithelial cell line, was obtained from American Type Culture Collection (Manassas, VA, 354 
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United States). FHC cells were cultured in DMEM/F-12 Ham media supplemented with 15% 355 

(v/v) FBS, 10 mM HEPES (v/v) (for a final concentration of 25 mM), 10 ng/ml cholera toxin, 356 

0.005 mg/ml insulin, 0.005 mg/ml transferrin, 100 ng/ml hydrocortisone, and 20 ng/mL human 357 

recombinant epidermal growth factor. The cells were incubated at 37°C and gassed with a mix- 358 

ture of 5% CO2 and 95% air. The media were replaced every second day. Passage numbers 359 

were between 3 and 15 in each experiment. 360 

4.3. Bile acid and human bile treatments 361 

For BA treatments, the cells were treated with seven different types of BAs (GCA, GDCA, 362 

GCDCA, TCA, TDCA, TCDCA, and DCA) in four different concentrations (100, 300, 500, 363 

and 1000 µM) for 24, 48, and 72 h. For human bile treatments, the cells were treated with 364 

gallbladder or hepatic bile. Gallbladder bile samples were obtained from the gallbladder of 6 365 

cadavers (average age: 78.42 ± 4.7; male-to-female ratio: 3:3) in the Department of Pathology, 366 

University of Szeged. The cadavers had no known history of hepatic or biliary disease. Hepatic 367 

bile samples were obtained during routine endoscopic retrograde cholangiopancreatography 368 

procedure from patients (average age: 66 ± 5.6; male/female ratio: 2/6) who previously under- 369 

went cholecystectomy at the Department of Medicine, University of Szeged. Patients’ data are 370 

shown in Table 1. Bile samples were kept at −20°C until use. A small part of the samples was 371 

used for HPLC measurements, while the remaining bile samples were used for cell treatments 372 

for 24, 48, and 72 h in a 100× dilution. The cells were seeded in 25 cm2 tissue culture flasks or 373 

96-well plates and grown to 70%–80% of confluence two days before BA or human bile treat- 374 

ments. 375 

4.4. Ethical approval 376 

The clinical part of the study was carried out with the approval of the Ethics Committee of 377 

the University of Szeged (No. 5016), followed by the EU Member States’ Directive 2004/23/EC 378 
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on presumed consent practice for tissue collection, the guidelines of the Helsinki Declaration, 379 

and the General Data Protection Regulation (EU) 2016/679. Written informed consent was ob- 380 

tained from all patients for sample and data collection. 381 

4.5. LC–HRMS measurements 382 

The frozen samples were allowed to thaw at 4°C. Gallbladder and hepatic bile samples 383 

were diluted 1:500 and 1:200, respectively and samples were prepared in cold methanol:water 384 

1:1. 100 µL of each sample was spiked with 10 µL methanol, containing 100 µg/mL internal 385 

standards (GCDA-D4 used for TCA, GCA, GCDA, and GDCA and DCA-D4 used for DCA, 386 

UDCA, CDCA, TDCA, and TCDCA, respectively). Samples were vortex-mixed (LSE W, 387 

Corning, NY, USA) for 1 min and then incubated for 30 min at −20°C. The incubated samples 388 

were centrifuged (Heraeus Fresco 17, Thermo Scientific, Waltham, MA, USA) at 13000 rpm 389 

for 15 min at 10°C. 5 µL of the supernatants was subjected to liquid chromatography–high- 390 

resolution mass spectrometry (LC–HRMS) analysis. 391 

LC–HRMS measurements were performed using a Thermo Scientific Dionex Ultimate 392 

3000 UHPLC System (Dionex) coupled to a Q Exactive Plus hybrid quadrupole-Orbitrap mass 393 

spectrometer operating with a heated electrospray interface. BAs were separated using a Puro- 394 

spher STAR RP-18 Hibar HR 100 × 2.1 mm, 2 µm reversed-phase columns (Merck KGaA, 395 

Darmstadt, Germany) tempered at 40°C. Solvent A was water, and solvent B was methanol:ac- 396 

etonitrile 1:1, and both were supplemented with 0.1% formic acid. The flow rate was 300 397 

µL/min, and the following gradient elution was applied: 0–1 min, 5% B; 12 min, 95% B; 15 398 

min, 95% B; 15.5 min, 5% B; 20 min, 5% B. 399 

The ion source had the following settings: the temperature of the probe heater and ion 400 

transfer capillary, spray voltage, sheath gas flow rate, auxiliary gas flow rate, and S-lens radio 401 

frequency level were set to 350°C, 275°C, 3.5 kV, 30 arbitrary units, 20 arbitrary units, and 50 402 



18 

 

arbitrary units, respectively. The mass spectrometer acquired data using parallel reaction mon- 403 

itoring in negative polarity mode at 17,500 (at m/z = 200) resolution and a minimum automatic 404 

gain control target of 2.00 × 105 with a maximum injection time of 100 ms. The isolation win- 405 

dow was 0.4 m/z. Fragmentation was performed with a normalized collision energy of 60. 406 

4.6. Cell adhesion 407 

96-well tissue plates were coated with 40 µg/ml type I collagen (diluted in phosphate-buff- 408 

ered saline (PBS)) at 4°C. After 12 h of coating, the collagen solution was removed, and the 409 

wells were air-dried and then washed with PBS. The cells were serum-starved for 8 h. Then, 410 

100 µl cell suspension (105 cells/ml) was added to each coated well and incubated for 20 min 411 

at 37°C. The non-adherent cells were removed by washing the wells with a culture medium 412 

four times. After washing, the cells were incubated with different BAs for 24, 48, and 72 h. 413 

After treatments, 10 µl of MTT substrate was added to each well, and the cells were incubated 414 

for an additional 3 h. The MTT-treated cells were then lysed in dimethyl sulfoxide, and absorb- 415 

ance was measured at 560 nm using a FLUOstar OPTIMA Spectrophotometer (BMG LabTech, 416 

Ortenberg, Germany). All treatments were carried out in triplicate. 417 

4.7. Proliferation 418 

Cell proliferation was determined using the CCK-8 solution. Briefly, the cells (5 × 103) 419 

were seeded in a sterile 96-well plate and incubated with BAs for 24, 48, and 72 h. After treat- 420 

ments, the cells were incubated with 10 µl of the CCK-8 solution for 3 h. Then, absorbance was 421 

measured at 450 nm using a FLUOstar OPTIMA Spectrophotometer (BMG LabTech, Orten- 422 

berg, Germany). All treatments were carried out in triplicate. 423 

4.8. Viability 424 

Cell viability was measured using Lactate Dehydrogenase (LDH) Cytotoxicity Colorimet- 425 

ric Assay Kit according to the manufacturer’s instructions. Briefly, 100 µl cell suspension (2 × 426 
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104 cells) was seeded in a sterile 96-well tissue culture plate and incubated overnight to allow 427 

the cells to adhere. The following day, the cells were treated with 0.1% Triton X-100 or BAs. 428 

The LDH release induced by Triton X-100 was assigned to 100%. After incubation, 100 µl 429 

supernatant was carefully removed from each well and transferred into a new sterile 96-well 430 

plate. Then, 100 µl reaction mixture was added to each well and incubated for 30 min at room 431 

temperature. Absorbance was measured at 490 nm using a FLUOstar OPTIMA Spectropho- 432 

tometer (BMG LabTech, Ortenberg, Germany) to determine LDH release. All treatments were 433 

carried out in triplicate. The average absorbance values of each triplicate were calculated, and 434 

the average value of the background control (200 µl assay medium) was subtracted from each 435 

sample to reduce background noise. Then, the percentage of cytotoxicity was calculated using 436 

the following formula: Cytotoxicity (%) = (exp. value − low control/high control − low control) 437 

× 100. For low control, 100 µl cell suspension plus 100 µl assay medium was added, and for 438 

high control, 100 µl cell suspension plus 100 µl Triton X-100 was added. 439 

4.9. Migration 440 

The cells (250,000 cells/well) were seeded in 24-well plates and allowed to adhere over- 441 

night. The following day, the confluent monolayer was gently scratched using P2 tips. Only 442 

wells containing even-sided and sharp-edged wounds were used for experiments. After wash- 443 

ing, reagents were added to the wells. Pictures were taken before and after the 72h BA treatment 444 

using an Olympus IX71 inverted microscope (Olympus, Budapest, Hungary). The digital im- 445 

ages were analyzed using Image J to quantify the distance between the two edges of the wound, 446 

and the migration rate was expressed as the percentage of migration using the following equa- 447 

tion: Wound closure (%) = [(W₀ − W₇₂)/W₀] × 100, where W₀ represents the initial wound width 448 

and W₇₂ represents the wound width measured after 72 h. 449 

4.10. Clonogenic assay 450 
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The cells (1,000 cells/ well) were seeded in 6-well plates and allowed to adhere overnight. 451 

The following day, BAs were added to the wells, and the cells were incubated for 24, 48, and 452 

72 h. After treatments, the normal culture medium was returned, and the cells were allowed to 453 

grow until day 9. Then, the media were removed, and the cells were washed with PBS, fixed 454 

with methanol–ethanol solutions (3:1 dilution), and stained with Giemsa. Pictures were taken 455 

before and after the 72 h BA treatment using an Olympus IX71 inverted microscope (Olympus, 456 

Budapest, Hungary). Colony formation was quantified using ImageJ as the percentage of the 457 

total well area covered by colonies. 458 

4.11. Invasion assay 459 

Matrigel pre-coated transwell inserts were used for invasion assays. 200 µl cell suspension 460 

(~ 2.5 × 105/ml in serum-free medium) was loaded into the upper chamber of the transwell. In 461 

contrast, the lower chamber contained 750 µl complete medium with or without BAs. Then, the 462 

cells were incubated at 37°C for 72 h in a humidified incubator. The cells that migrated to the 463 

bottom surface of the transwell were fixed in formaldehyde (3.7% in PBS), permeabilized with 464 

100% methanol, and stained with Giemsa. The non-invading cells on the upper surface of the 465 

membrane were gently scraped off using a cotton swab. Cell invasion was quantified by count- 466 

ing the average number of invaded cells in five randomly selected microscopic fields. All treat- 467 

ments were carried out in triplicate. 468 

4.12. Immunocytochemical analysis of S1PR2 expression 469 

To determine the effect of TCA on S1PR2 protein expression, HCT-116 and Caco-2 cells 470 

were seeded at a density of 4 × 10⁴ cells per 35-mm cell culture dish (CellView, PS, 35/10 mm) 471 

and allowed to adhere overnight. Cells were treated with TCA (300 μM) for 72 h; untreated 472 

cells served as controls. Following treatment, cells were fixed with acetone for 5 min at room 473 
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temperature, permeabilized with 0.1% Triton X-100, and rehydrated in PBS. Non-specific bind- 474 

ing was blocked with 10% normal goat serum in phosphate-buffered saline (PBS, pH 7.4; con- 475 

taining 0.1% sodium azide). Cells were incubated overnight at 4°C with rabbit anti-S1PR2 pri- 476 

mary antibody (Abcam, Cat. No. ab235919; 1:100). Negative controls were processed in par- 477 

allel without primary antibody. Cells were then incubated for 1 h at room temperature with 478 

Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) secondary antibody (Thermo Fisher 479 

Scientific, Cat. No. A-11034; 1:400 in 0.5% BSA-TBS) and counterstained with DAPI. Sam- 480 

ples were imaged using a Zeiss LSM 880 laser-scanning confocal microscope equipped with a 481 

40× oil-immersion objective. S1PR2 fluorescence was quantified as integrated density using 482 

ImageJ2 (FIJI) software (v.1.54p). The same image acquisition settings were maintained for 483 

control and TCA-treated samples. 484 

4.13. Western blotting 485 

HCT-116 and Caco-2 cells (250,000 cells per 75-cm² culture flask) were seeded in culture 486 

flasks and allowed to attach for 24 h. Following the attachment period, cells were treated with 487 

300 µM TCA for 72 h. Control cells were treated with suitable culture medium only and main- 488 

tained under the same experimental conditions. After 72 h of treatment, cells were harvested 489 

for protein extraction. Total cellular proteins were extracted using RIPA lysis buffer solution 490 

supplemented with protease inhibitors. The lysis solution was prepared by mixing 5 mL RIPA 491 

buffer with 22.5 mL distilled water, followed by the addition of protease inhibitors at a ratio of 492 

5 µL per 1 mL of the prepared lysis solution. Protein concentrations were determined using the 493 

Bradford assay, and 25 µg of protein per sample was loaded onto 10% acrylamide gels for SDS- 494 

PAGE and then transferred onto PVDF membranes. After blocking the membranes with 5% 495 

nonfat dry milk for 1 h at room temperature, the membranes were probed overnight at 4°C with 496 

the primary antibodies, anti-S1PR2 (1:750, Abcam, Cat. No. ab235919). Following this, the 497 
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membranes were incubated for 1 h at room temperature with the secondary antibody, horserad- 498 

ish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:8000, Southern Biotech, 4030-05). 499 

Chemiluminescent signals were detected using the ECL Prime Western Blotting Detection Re- 500 

agent (cytiva, Amersham) and visualized with the ChemiDoc Imaging System (Bio-Rad). 501 

GAPDH (1:10000, Thermo Fisher Scientific, PA1-988) served as a loading control. Band in- 502 

tensities were quantified using ImageJ (FIJI) software (v.1.54p). 503 

4.14. Pharmacological inhibition of TCA-induced proliferation 504 

To investigate the signaling pathways involved in TCA-induced proliferation, HCT-116 505 

and Caco-2 cells were seeded into 96-well plates at a density of 5 × 10³ cells/well and cultured 506 

overnight. Cells were pretreated for 1 h with the S1PR2 antagonist JTE-013 (1, 5, or 10 μM), 507 

the EGFR inhibitor gefitinib (1, 5, or 10 μM), the AKT inhibitor MK-2206 (1, 2.5, or 5 μM), 508 

the MEK1/2 inhibitor U0126 (5, 10, or 20 μM), or the COX-2 inhibitor celecoxib (10, 30, or 509 

50 μM). Following pretreatment, the medium was replaced with fresh medium containing the 510 

corresponding inhibitor together with TCA (300 μM), and cells were incubated for an additional 511 

72 h. The final solvent concentrations did not exceed 0.1% (v/v) DMSO for JTE-013, gefitinib, 512 

MK-2206, and celecoxib or 0.2% (v/v) ethanol for U0126. Corresponding vehicle controls were 513 

included. For each inhibitor, experiments included untreated control, vehicle control, TCA 514 

alone, inhibitor alone, and inhibitor plus TCA groups. Cell proliferation was determined using 515 

the CCK-8 assay as described above. Each condition was measured in technical triplicate, and 516 

experiments were independently repeated three times. 517 

4.15. Statistical analysis 518 

Quantitative data are presented as mean ± standard error of the mean (SEM). Statistical 519 

analyses were performed using Microsoft Excel (Microsoft Office Professional Plus 2016) and 520 
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IBM SPSS Statistics, version 25 (IBM Corp., Armonk, NY, USA). One-way analysis of vari- 521 

ance (ANOVA) was performed using Microsoft Excel for comparisons involving multiple 522 

groups, whereas unpaired two-tailed Student’s t-tests were performed using IBM SPSS Statis- 523 

tics for comparisons between two independent groups. Data were considered statistically sig- 524 

nificant when P ≤ 0.05. 525 
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 629 

Figure 1. (a) Concentrations of individual bile acids (BAs) in gallbladder (n = 6) and he- 630 

patic (n = 8) bile samples, measured using liquid chromatography–high-resolution mass 631 

spectrometry. Data are presented as mean ± SEM. (b) Concentrations of individual BAs in 632 

gallbladder (GB1–GB6) and hepatic (H1–H8) bile samples. GCA: glycocholic acid; GDCA: 633 

glycodeoxycholic acid; GCDCA: glycochenodeoxycholic acid; TCA: taurocholic acid; TDCA: 634 

taurodeoxycholic acid; TCDCA: taurochenodeoxycholic acid; DCA: deoxycholic acid; CDCA: 635 

chenodeoxycholic acid; CA: cholic acid; UDCA: ursodeoxycholic acid; BDL: below the de- 636 

tectable level. 637 
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 638 

Figure 2. Effects of human bile treatment on cell proliferation. FHC, Caco-2, and HCT-116 639 

cells were treated with individual gallbladder (a, GB1–GB6) or hepatic (b, H1–H8) bile samples 640 

for 24, 48, and 72 h, and cell proliferation was assessed using the CCK-8 assay. GB Total and 641 

H Total represent the mean responses to all individual gallbladder and hepatic bile samples, 642 

respectively. Data were presented as mean ± SEM of three independent experiments. Statistical 643 

significance was determined using one-way ANOVA. * =P ≤ 0.05 vs. the corresponding un- 644 

treated control. GB, gallbladder bile; H, hepatic bile. 645 
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 646 

Figure 3. Cytotoxic effects of BAs. FHC, Caco-2, and HCT-116 cells were treated with 647 

different concentrations of BAs (100, 300, 500, and 1000 µM) for 24, 48, and 72 h, and cell 648 

death was assessed using an LDH release assay. 0.1% Triton X-100 (TRX) was used as a 649 

positive control. The dashed line indicates 30% cell death. Data are presented as mean ± SEM 650 

of three independent experiments. GCA: glycocholic acid; GDCA: glycodeoxycholic acid; 651 

GCDCA: glycochenodeoxycholic acid; TCA: taurocholic acid; TDCA: taurodeoxycholic acid; 652 

TCDCA: taurochenodeoxycholic acid; DCA: deoxycholic acid. 653 
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 654 

Figure 4. Effects of BAs on cell proliferation and adhesion. FHC, Caco-2, and HCT-116 655 

cells were treated with BAs (300 µM) for 24, 48, and 72 h, and the effects on proliferation 656 

(a) and adhesion (b) were investigated. Data are presented as mean ± SEM of three independ- 657 

ent experiments. *P ≤ 0.05 vs. control. GCA: glycocholic acid; GDCA: glycodeoxycholic acid; 658 

GCDCA: glycochenodeoxycholic acid; TCA: taurocholic acid; TDCA: taurodeoxycholic acid; 659 

TCDCA: taurochenodeoxycholic acid; DCA: deoxycholic acid. 660 
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 661 

Figure 5. Effects of bile acids (BAs) on invasion, migration, and colony formation of colon 662 

adenocarcinoma cells. Caco-2 and HCT-116 cells were treated with BAs (300 µM) for 72 h, 663 

and the effects on cell invasion (a), migration (b and c), and colony formation (d and e) were 664 

investigated using different assays. (a) Cell invasion was assessed using an invasion assay and 665 

expressed as the percentage of the un-treated control. (b) Cell migration was investigated using 666 

the wound-healing assay. Representative pictures were taken before and 72 h after TCA (300 667 

µM) treatment using Olympus IX71 inverted microscope and wound closure was quantified 668 

after 72 h (c). Representative pictures show the effects of TCA and DCA (300 µM) on the 669 

colony formation of the cells (d). The colony formation rate after 72 h of BA treatment was 670 

expressed as the percentage of the total area covered by colonies (e). Data are presented as mean 671 

± SEM of three independent experiments. *P ≤ 0.05 vs. control. GCA: glycocholic acid; GDCA: 672 

glycodeoxycholic acid; GCDCA: glycochenodeoxycholic acid; TCA: taurocholic acid; TDCA: 673 

taurodeoxycholic acid; TCDCA: taurochenodeoxycholic acid; DCA: deoxycholic acid. Scale 674 

bar: 200 µm. 675 
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 676 

Figure 6. Taurocholic acid (TCA) increases sphingosine-1-phosphate receptor 2 (S1PR2) 677 

reduces proliferation under TCA-treated conditions in HCT-116 and Caco-2 cells. (a) 678 

Representative immuno-cytochemical images showing S1PR2 immunoreactivity in HCT-116 679 

and Caco-2 cells following treatment with TCA (300 μM) for 72 h. (b) Quantitative analysis of 680 

S1PR2 fluorescence intensity in control and TCA-treated cells. (c) Representative Western blot 681 

images showing S1PR2 protein ex-pression, with GAPDH used as the loading control, in HCT- 682 

116 and Caco-2 cells following TCA treatment. (d) Densitometric quantification of S1PR2 pro- 683 

tein expression normalized to GAPDH. (e) Effect of the S1PR2 antagonist JTE-013 (5 μM) on 684 

cell proliferation in the presence or absence of TCA (300 μM) for 72 h. DMSO (0.1%) was 685 

included as the vehicle control. Cell proliferation was assessed using the CCK-8 assay. Data 686 

are presented as mean ± SEM from three independent experiments. For S1PR2 protein expres- 687 

sion (b and d), * = P ≤ 0.05 vs. the corresponding untreated control. For proliferation experi- 688 

ments (e), a = P ≤ 0.05 vs. untreated control; b = P ≤ 0.05 vs. TCA (300 μM); and c = P ≤ 0.05 689 
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vs. JTE-013 alone. Statistical significance was determined using an unpaired two-tailed Stu- 690 

dent’s t-test for S1PR2 expression analyses and one-way ANOVA for proliferation experi- 691 

ments. 692 

 693 

Figure 7. Pharmacological inhibition of epidermal growth factor receptor (EGFR), pro- 694 

tein kinase B (AKT), Mitogen-activated protein kinase 1 and 2 (MEK1/2), and and cy- 695 

clooxygenase-2 (COX-2) reduces proliferation in TCA-treated CRC cells. HCT-116 and 696 

Caco-2 cells were pretreated with pharmacological inhibitors targeting (a) EGFR (gefitinib, 5 697 

μM), (b) AKT (MK-2206, 2.5 μM), (c) MEK1/2 (U0126, 10 μM), or (d) COX-2 (celecoxib, 10 698 

μM), followed by treatment with TCA (300 μM) for 72 h. For each inhibitor, untreated control, 699 

vehicle control, inhibitor-alone, TCA-alone, and combined inhibitor-plus-TCA conditions were 700 

compared. DMSO was used as the vehicle for gefitinib, MK-2206, and celecoxib, whereas eth- 701 

anol was used for U0126. Cell proliferation was assessed using the CCK-8 assay. Data are 702 

presented as mean ± SEM from three independent experiments. a = P ≤ 0.05 vs. untreated con- 703 

trol; b = P ≤ 0.05 vs. TCA (300 μM); and c = P ≤ 0.05 vs. the corresponding inhibitor-alone 704 

group. 705 
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Table 1. Clinicopathological characteristics and the level of bile acids (BAs) in the 706 

gallbladder and liver. 707 

Clinicopathological characteristics and  the level of bile acids in gallbadder and liver 

Variable Gallbladder (n=6) Liver (n=8) 

n (%) N (%) 

Gender: 
Male 
Female 

 
3 
3 

 
(50.50) 
(50.00) 

 
2 
6 

 
(25.00) 
(75.00) 

Age: 
˂65 
≥65 

 
1 
5 

 
(16.66) 
(83.33) 

 
2 
6 

 
(25.00) 
(75.00) 

Cause of death: 
Sepsis 
Acute left ventricular failure 
Stroke 
Tumour 

 
1 
3 
1 
1 

 
(16.66) 
(50.02) 
(16.66) 
(16.66) 

 
0 
0 
0 
3 

 
(0.0) 
(0.0) 
(0.0) 
(37.5) 

Bile acids in human serum ( µg/mL) 

GCA 8 048 ± 1996 (19.77) 929 ± 160 (20.37) 

GDCA 7 733 ± 1790 (19.00) 799 ± 233 (17.51) 

GCDCA 11 138 ± 4096 (27.37) 1 982 ± 736 (43.46) 

TCA 5 144 ± 1890 (12.64) 848 ± 133 (18.59) 

TDCA 3 303 ± 1142 (8.11) 0±0.0 (0.00) 

TCDCA 4 877 ± 1474 (11.98) 0±0.0 (0.00) 

DCA 34.5 ± 25.9 (0.09) 0.20 ± 0.08 (0.004) 

CDCA 65.4 ± 41.3 (0.16) 0.65 ± 0.31 (0.014) 

CA 354 ± 331 (0.88) 0.32 ± 0.1 (0.007) 

UDCA 0±0.0 (0.00) 1.61 (0.035) 

Total Bile Acids: 40 699.05 
 

4 559.49 
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