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ABSTRACT 

Ursodeoxycholic acid (UDCA) is a well-established treatment for liver conditions, with its derivative, U12, 

showing notable anti-hepatoma effects in prior research. However, U12’s low polarity and the requirement for 

high dosages pose challenges to its druglikeness. In this study, twelve new derivatives of U12 were synthesized 
using substitution, esterification, and amidation methods, aimed at improving its pharmacological properties. 

Testing of these derivatives on hepatoma cell lines (HepG2) revealed that compounds U12-I, U12a-d, and U12h 

exhibited superior cytotoxic effects compared to U12 itself. Among them, U12a showed the most potent activity 

against hepatocellular carcinoma. Mechanistic investigations demonstrated that U12a inhibited HepG2 cell 

proliferation by causing G0/G1 phase cell cycle arrest and by suppressing the PI3K/AKT/mTOR pathway. 

Moreover, U12a induced apoptosis in HepG2 cells through activation of the caspase signaling cascade. In vivo 

experiments confirmed that U12a significantly reduced tumor growth in HepG2-derived xenografts, without 

causing notable side effects. Consequently, U12a holds promise as a potential therapeutic agent for hepatocellular 

carcinoma. 
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Introduction 

Hepatocellular carcinoma (HCC) is one of the most aggressive and fatal cancers, marked by its high ability to 

metastasize and invade other tissues. According to the International Agency for Research on Cancer (IARC), more 

than 910,000 new HCC cases and 830,000 deaths due to liver cancer were reported worldwide in 2020 [1]. Liver 

cancer holds the third spot for cancer-related mortality. Key factors contributing to the development of HCC 

include cirrhosis, chronic hepatitis B and C infections, excessive alcohol intake, and obesity. The high rate of 

recurrence and metastasis leads to a grim outlook for many patients [2, 3]. As most cases are diagnosed at 

advanced stages, treatment options are often limited. Currently, sorafenib is the only FDA-approved first-line 

systemic therapy for advanced HCC, with regorafenib and nivolumab serving as second-line treatments after 

sorafenib failure [4-6]. This highlights the urgent need to discover new, effective therapies for HCC. 

Ursodeoxycholic acid (UDCA), a bile acid with hydrophilic properties, is widely used as a safe and effective 

treatment for liver diseases, particularly primary biliary cirrhosis (PBC) and cholestatic liver disorders [7, 8]. In 

recent years, research has shown that UDCA provides hepatocyte protection and can induce apoptosis in human 

hepatocarcinoma cell lines (HepG2). Additionally, it has been demonstrated to block colon cancer formation and 

has been evaluated in clinical phase III trials for preventing colorectal adenoma recurrence [9-12]. UDCA is also 

known to alleviate gastrointestinal disorders in patients with various cancers, including those of the stomach, 

colon, lungs, and liver [13]. Despite its proven benefits, UDCA requires large doses (500–1000 mg/day) to reach 
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therapeutic efficacy, which can be limiting. As a result, researchers have turned to modifying UDCA’s structure 

to generate derivatives with better therapeutic potential and lower dosage requirements. For example, NorUDCA 

(24-norursodeoxycholic acid), a derivative with a shortened side chain, has shown significant therapeutic effects 

in cholestatic Mdr2 (Abcb4) knockout mice [14-16]. Several UDCA derivatives, particularly those conjugated 

with amino acids via N-acyl bonds, have demonstrated strong anti-cancer properties against a range of human 

cancer cell lines [17, 18]. One such derivative, HS-1183, which is a UDCA-L-phenylalanine benzyl ester 

conjugate, exerts anti-cancer effects by inducing apoptosis in human breast and prostate cancer cells via a p53-

independent pathway. Additionally, it prevents cell death in human cervical carcinoma by promoting NF-κB 

nuclear translocation and activating the JNK pathway. However, it is prone to cleavage by intestinal and hepatic 

enzymes [19-21]. Furthermore, introducing nitrogen heterocycles, such as piperazine and cinnamylpiperazinyl 

groups, has been shown to improve the cytotoxic properties of bile acid derivatives against cancer cells [22, 23]. 

In our previous research, we identified that U12, a derivative of UDCA, exhibited anti-hepatoma effects through 

mTOR/S6K1, cyclinD1/CDK2/4, and caspase-dependent apoptotic signaling pathways in hepatocellular 

carcinoma cells. Further in vivo investigations using a tumor xenograft mouse model revealed that U12 was more 

potent than UDCA in anti-tumor activity and exhibited fewer side effects compared to fluorouracil (5-Fu) [24]. 

However, U12’s low polarity and high dosage requirements limited its druglikeness. Therefore, there is a critical 

need to develop more active UDCA derivatives with lower toxicity. In this study, UDCA was employed as the 

base compound to further explore modifications to U12, aiming to identify derivatives with stronger 

pharmacological effects and better-defined structure–activity relationships. It is known that introducing halogen 

atoms can enhance a compound’s druglikeness [25], and incorporating nitrogen heterocycles has been proven to 

significantly improve the anti-tumor effects of bile acid derivatives [22, 23]. Here, we report the synthesis of 

twelve U12 derivatives in two series (A and B) through substitution, esterification, and amidation reactions 

(Figure 1). The A series consists of halogen-substituted derivatives, while the B series includes UDCA conjugates 

with nitrogen heterocycles, cyclopropane, or substituted benzene rings linked via an N-acetyl group. We 

investigated the synthesis, cytotoxic activities, apoptotic mechanisms, and structure–activity relationships of these 

derivatives. 

 

 
Figure 1. U12 derivatives of two series (A, B). 

Materials and Methods  

General experimental procedures 
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NMR analyses were performed on a Bruker Avance 600III (Bruker, Germany) spectrometer, using CDCl₃ as the 

solvent and tetramethylsilane (TMS) as the internal standard. High-resolution mass spectrometry (HR-ESI-MS) 

was conducted on a Thermo Scientific Q Exactive (Thermo, Waltham, MA, USA). Column chromatography was 

carried out using silica gel (200–300 mesh, Qingdao Marine Chemical Inc., China). For HPLC, a Shimadzu LC-

20AT system (Shimadzu, Japan) equipped with a diode array detector (DAD) was used for analytical purposes, 

and preparative HPLC was performed on a Shimadzu LC-8A system (Shimadzu, Japan). Thin-layer 

chromatography (TLC) was employed to monitor reactions and was visualized under UV light (254 nm or 365 

nm) after spraying with 5% sulfuric acid in ethanol, followed by heating. All reagents were sourced from 

commercial suppliers without further purification. 

 

Synthesis procedures 

Synthesis of 3α, 7β-diacetoxyursodeoxycholic acid (U-I) 

UDCA (1.0 g, 2.55 mmol) was dissolved in ethyl acetate (100 mL) with 4-DMAP (100 mg, 0.8 mmol) and 

pyridine (10 mL). Acetic anhydride (12 mL) was then added dropwise, and the reaction was stirred at room 

temperature for 10 hours. The organic layer was extracted with water (100 mL) and ethyl acetate (100 mL). After 

washing with 1 M HCl and saturated NaCl solution, the combined organic extracts were dried over Na₂SO₄, 

concentrated under reduced pressure, and the resulting U-I was isolated as a colorless oil with a yield of 98%. 

 

Synthesis of U12-Cl, U12-Br, and U12-I 

U-I (200 mg, 0.42 mmol) was treated with SOCl₂ (5 mL), and the reaction was allowed to proceed at 40°C for 1 

hour. The mixture was then heated to 70°C, and a bromine/pyridine/SOCl₂ mixture (55 µL/70 µL/400 µL) was 

added dropwise. After 6 hours of stirring, the solvent was evaporated under vacuum, and the residue was dissolved 

in CH₂Cl₂. Methanol was added dropwise at 4°C, and the mixture was concentrated to yield U12-Cl and U12-Br 

after HPLC purification. For U12-I, U12-Br (20 mg) was dissolved in acetone (2 mL), and NaI (5 mg) and Bu₄N⁺I⁻ 

(5 mg) were added. After stirring at room temperature for 6 hours, the mixture was extracted with water and ethyl 

acetate, dried over Na₂SO₄, and concentrated under vacuum to obtain U12-I. 

 

Synthesis of U12a-U12i derivatives 

To synthesize U12a-U12i derivatives, U-I (200 mg, 0.42 mmol) was dissolved in 10 mL of DMF under stirring. 

After the compound was fully dissolved, HOBt (30 mg, 2.21 mmol) and EDC•HCl (46 mg, 2.21 mmol) dissolved 

in DMF were added dropwise while maintaining a nitrogen atmosphere at 0°C. The reaction mixture was stirred 

for one hour, forming an intermediate product. Next, various amines such as benzylpiperazine, trans-1-

cinnamylpiperazine, piperazine, cyclopropylamine, 1-amino-4-methylpiperazine, 4-aminotoluene, p-

chloroaniline, 4-aminophenol, or 4-aminobenzotrifluoride (0.5 mmol) were added to the reaction, which was then 

left to react for another 24 hours. Afterward, the organic layer was extracted with water (50 mL) and ethyl acetate 

(50 mL). The solution was then dried using Na₂SO₄ and concentrated to yield crude products, which were purified 

by silica gel chromatography, obtaining U13a-U13i. The next step involved dissolving U13a-i (0.11 mmol) in 

THF (8 mL), followed by the addition of NaOH (16 mg, 0.4 mmol) dissolved in MeOH (1 mL). The mixture was 

stirred at room temperature for 1 hour, after which it was extracted with 1 M HCl (20 mL) and ethyl acetate (20 

mL). The organic phase was washed with saturated NaCl solution (20 mL), dried over Na₂SO₄, and concentrated. 

The product was purified again using chromatography on silica gel to obtain U12a-U12i. 

 

Characterization of final products 

The final synthesized compounds (U-I, U12-Cl, U12-Br, U12-I, and U12a-U12i) were characterized using ¹H and 

¹³C NMR, as well as HR-ESI-MS.  

 

MTT Assay for cell viability 

Cell viability was assessed by performing the MTT assay. HepG2 cells were seeded in 96-well plates at a density 

of 1 × 10⁴ cells per well and incubated overnight at 37°C in a 5% CO₂ atmosphere. The cells were then exposed 

to various compounds (U12 and its derivatives) at a final concentration of 25 μM for 24 hours. After treatment, 

the supernatants were discarded, and the cells were incubated with 75 μL of fresh medium and 15 μL of MTT 

solution for 4 hours. Following this, the MTT solution was removed, and the formed formazan crystals were 
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solubilized using 150 μL of DMSO. Absorbance was measured at 490 nm using a microplate reader. The viability 

was calculated using the following formula: 

 

Cell viability ratio (%) = (Atreatment − Ablank)/(Acontrol − Ablank) × 100%. (1) 

 

Flow cytometry for cell cycle analysis 

To analyze the effects of U12a on the cell cycle, HepG2 cells were cultured in 6-well plates and treated with 

varying concentrations of U12a (0, 6.25, 12.5, and 25 μM) for 24 hours. The cells were then trypsinized, washed 

with PBS, and fixed with 70% ethanol at 4°C overnight. After two washes with PBS, the cells were stained with 

RNase A (100 μL) and propidium iodide (400 μL) for 30 minutes at room temperature. The distribution of cells 

in different phases of the cell cycle (G1/G0, S, and G2/M) was analyzed using a BD FACS Calibur flow cytometer. 

 

Annexin V-FITC/PI apoptosis assay 

For apoptosis detection, HepG2 cells were seeded in 6-well plates at a density of 2 × 10⁵ cells per well. After 

treatment with U12a at concentrations of 0, 6.25, 12.5, and 25 μM for 12 hours, the cells were harvested, 

resuspended in 1× binding buffer, and stained with 5 μL of Annexin V-FITC and 5 μL of propidium iodide. After 

incubation in the dark for 15 minutes, apoptosis was analyzed by flow cytometry within 1 hour. 

 

Hoechst 33258 staining for nuclear morphology 

HepG2 cells were seeded on 6-well plates at 1 × 10⁵ cells/mL and incubated overnight. The cells were then treated 

with various concentrations of U12a (0, 6.25, 12.5, and 25 μM) for 24 hours. After treatment, the cells were 

harvested, washed with PBS, fixed with 4% formaldehyde, and stained with Hoechst 33258. The stained cells 

were visualized using fluorescence microscopy to observe any changes in nuclear morphology. 

 

Western blotting for protein expression analysis 

Western blotting was performed to determine the expression levels of specific proteins in HepG2 cells. The cells 

were lysed in SDS buffer, and protein concentrations were determined using the BCA protein assay. Equal 

amounts of protein were separated by SDS-PAGE and transferred onto PVDF membranes. After blocking, the 

membranes were incubated with primary antibodies for proteins such as mTOR, p-mTOR, p70S6k, p-p70S6k, 

Cyclin D1, Cdc25A, p27, CDK4, CDK6, and PARP. After incubation with the secondary antibody, the protein 

bands were detected using enhanced chemiluminescence and quantified using ImageJ software. 

 

Evaluation of U12a's anti-tumor effects in the HepG2 xenograft model 

Animal studies were performed following approval from the Institutional Animal Care and Use Committee at 

Xiamen University. Female nude mice (6 weeks old, BALB/c nu/nu) were sourced from Beijing Vital River 

Laboratory Animal Technology Co., Ltd. HepG2 cells (2.5 × 10⁶ cells in 0.1 mL) were injected subcutaneously 

into the left flank of the mice to create a liver tumor model. Once the tumor volume reached approximately 200 

mm³ (around 8 days after injection), the mice were randomly divided into three groups: the control group (0.2% 

DMSO), the positive control (5-FU 30 mg/kg), and the experimental group (U12a 80 mg/kg). Treatment was 

given for 10 days, after which the mice were euthanized, and the tumors and liver tissues were collected. Tumors 

were fixed in formalin, processed, and analyzed for Ki-67 expression via immunostaining. Liver tissue from each 

group was examined using H&E staining. Tumor volumes were calculated using the formula: 

 

Volume (mm3) = 0.5 × length × width2. (2) 

 

Statistical methods 

The data are expressed as mean ± SD from three independent experiments. Statistical analysis was carried out 

using GraphPad Prism version 9.0 (GraphPad Software Inc., La Jolla, CA, USA). One-way ANOVA followed by 

Dunnett's test was applied to determine statistical significance, with a p-value of p < 0.05 considered significant. 

Results and Discussion 

Chemistry 
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The synthesis process began by acetylating UDCA (3α,7β-dihydroxycholanic acid) with acetic anhydride in ethyl 

acetate, using 4-dimethylaminopyridine (DMAP) as a catalyst, which resulted in the formation of the acetate 

derivative U-I. This intermediate U-I was then reacted with chlorosulfonyl chloride (SOCl2), followed by the 

addition of Br2 and pyridine, yielding a mixture of halogenated products. The reaction mixture was dissolved in 

dichloromethane (CH2Cl2) and added dropwise to cold methanol, which led to the formation of the chlorine (U12-

Cl) and bromine (U12-Br) substituted derivatives. To produce U12-I, the U12-Br derivative was treated with 

sodium iodide (NaI) and tetrabutylammonium iodide (Bu4N+I−) in acetone, and the product was extracted with 

ethyl acetate. 

In the next step, intermediate U-I underwent a reaction with 1-hydroxy benzotriazole (HOBt) and EDC•HCl (1-

(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride) in N,N-dimethylformamide (DMF) under nitrogen 

atmosphere at low temperature (ice bath). The reaction mixture was then treated with various substituted 

piperazine derivatives, including benzylpiperazine (a), trans-1-cinnamylpiperazine (b), piperazine (c), 

cyclopropylamine (d), 1-amino-4-methylpiperazine (e), 4-aminotoluene (f), p-chloroaniline (g), 4-aminophenol 

(h), and 4-aminobenzotrifluoride (i), resulting in the formation of the corresponding carboxamide derivatives of 

U13 (U13a–U13i). Since U13 is the C-3 acetylated form of U12, the acetyl group in the U13 derivatives was 

hydrolyzed to a hydroxyl group using methanolic potassium hydroxide (KOH), yielding the deacetylated amides 

U12a–U12i (Scheme 1). 

 

 
Scheme 1. Synthesis of U12 Derivatives. Conditions and Reagents: 

(1) Ac2O, 4-DMAP, pyridine, room temperature (r.t.), 10 hours; (2) SOCl2, 40°C, 1 hour; (3) Br2, pyridine, 

SOCl2, 70°C, 6 hours; (4) CH2Cl2, methanol, 4°C; (5) NaI, Bu4N+I−, acetone, r.t., 6 hours; (6) HOBt, 

EDC•HCl, DMF, 4°C, 1 hour; a-i, 4°C, 24 hours; (7) NaOH, methanol, THF, r.t., 1 hour.** 
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The synthesized compounds were characterized using 1H NMR, HR-MS, and 13C NMR spectroscopy. For the 

halogen-substituted U12 derivatives (A series), the brominated derivative (Br-U12) was chosen as the example 

for structural determination. HR-ESI-MS analysis of Br-U12 confirmed the presence of a single bromine atom, 

with the isotope peak intensity ratio of 1:1 ([M+Na]+: [M+Na+2]+). In comparison with the 1D NMR data of 

U12, significant downshifts were observed for the chemical shifts of C-20, C-22, and C-23 in Br-U12 (δ 34.1, 

40.7, and 45.7, respectively), indicating substitution of the H-23 group at the α-position of the carboxyl with a 

bromine atom. 

For the B series (U12 conjugates), U12a was selected for detailed structural analysis. In addition to the typical 

steroid core signals of U12, the 13C NMR spectrum revealed additional peaks corresponding to the 

benzylpiperazine group: [δC 133.7 (C1, Ph), 129.3 × 2 (C3 and C5, Ph), 128.5 (C2 and C6, Ph), 127.5 (C4, Ph), 

63.0 (C-Ph), 53.3 (CH2-, piperazinyl), and 52.9 (CH2-, piperazinyl)], which confirmed the formation of the 

piperazinylsteroid carboxamide. Moreover, HR-ESI-MS data of U12a provided the molecular formula 

C37H56O4N2, confirming the correct structure of U12a. 

 

Biological activities 

Cytotoxicity of U12 derivatives on HepG2 cells 

The cytotoxic effects of the synthesized U12 derivatives were assessed on HepG2 human hepatocellular 

carcinoma cells using MTT assays. The results showed that U12-I, U12a-d, and U12h were more cytotoxic than 

the parent compound U12 [24]. Among these, U12a exhibited the strongest cytotoxicity against HepG2 cells 

(Figure 2a). The cytotoxicity of U12a was further tested at various concentrations, showing a dose-dependent 

decrease in HepG2 cell viability across a concentration range of 0–25 µM, with an IC50 of 16.49 µM (Figure 

2b), which was lower than U12, whose IC50 was above 25 µM. Additionally, the cytotoxicity of U12a and U12 

was tested on two other hepatocellular carcinoma cell lines, Huh7 and SMMC-7721. U12a was found to be more 

effective in these two cell lines as well. Notably, the IC50 values for SMMC-7721 (>25 µM) and U12 against 

Huh7 (19.39 µM) were higher than that of HepG2 cells. 

 

  
a) b) 

  
b) c) 

Figure 2. Cytotoxic Effects of U12 Derivatives on HepG2 Cells. 

(a) Measurement of HepG2 cell viability following 24 hours of exposure to 25 μM of U12 derivatives, as 

assessed by MTT assay. (b–d) Impact of U12a and U12 on the viability of HepG2, Huh7, and SMMC-7721 

cells, evaluated using MTT assay. HepG2 cells were treated with varying concentrations of U12a or U12 for 
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24 hours, followed by MTT staining, and the optical density (OD) was measured at 490 nm. Results are 

expressed as mean ± SD from three independent experiments. p < 0.01, *** p < 0.001 compared to control, # 

p < 0.05, ### p < 0.001 compared to U12 group. 

 

The preliminary structure-activity analysis was performed. For the halogen-substituted derivatives (A series), the 

iodine-substituted U12-I at position C-23 demonstrated superior anti-hepatoma activity when compared to the 

bromine (U12-Br) and chlorine (U12-Cl) substituted derivatives. In the B series, the U12 derivatives U12a–U12c, 

which contain a piperazine group at position C-24, exhibited stronger anti-hepatoma activity than U12d–U12i, 

which feature -C(O)NH- linked functional groups. Among these, U12a, with a benzyl group attached, displayed 

the most potent cytotoxicity, surpassing U12c. Additionally, U12a showed greater cytotoxicity than U12b, 

suggesting that the cytotoxic effects diminish as the carbon chain linking the piperazine and benzene rings 

lengthens. Therefore, the piperazine ring at position C-24 is an essential active component, and the length of the 

carbon chain connecting the piperazine and the aromatic ring also plays a significant role in the compound’s anti-

hepatoma activity. U12d, with a -C(O)NH- linked cyclopropane group, was more potent than U12e, which had a 

-C(O)NH- linked methylpiperazine group, both showing improved cytotoxic effects compared to U12. Among 

the U12f–U12i derivatives, which incorporated -C(O)NH- linked benzene rings with various substituents like -

CH3, -Cl, -OH, and -CF3, the cytotoxicity trend was: U12h (-OH) > U12f (-CH3) > U12i, U12g (-Cl, -CF3). This 

indicates that the presence of -C(O)NH- linked cyclopropane and phenol groups significantly boosts the cytotoxic 

activity of these derivatives. 

 

U12a Inhibits HepG2 cell proliferation by blocking the G0/G1 phase 

Uncontrolled proliferation is a hallmark of cancer. Inhibiting the cell cycle is an effective strategy to reduce cancer 

cell growth. The cell cycle is divided into several phases: G0/G1, S, G2, and M [26]. To determine whether U12a 

could induce cell cycle arrest in HepG2 cells, flow cytometry analysis was performed to assess the cell cycle 

distribution. As shown in Figures 3a–3f, treatment with U12a led to an accumulation of cells in the G0/G1 phase 

in a dose-dependent manner. In contrast, treatment with U12 (25 μM) did not induce cell cycle arrest (Figures 

3a–3f). Cyclin-dependent kinases (CDKs) and their cyclin partners form complexes that regulate the cell cycle 

[27]. When CDKs and cyclins are overexpressed, they can promote cancer cell apoptosis. Specifically, CDK4 and 

CDK6, in complex with cyclin D, control progression through the G1 phase, while the CDK2/cyclin E complex 

regulates the G1/S transition. The cell cycle regulator Cdc25A is frequently overexpressed in cancers and 

promotes cell cycle progression by activating CDKs. Cyclin kinase inhibitors (CKIs), including p21 and p27, can 

inhibit these complexes and control cell cycle progression, particularly at the G0/G1 transition [28, 29]. 

Based on the observed G0/G1 phase arrest caused by U12a, Western blotting was used to examine the expression 

of key cell cycle-related proteins. As shown in Figures 3g and 3h, treatment with U12a led to a dose-dependent 

decrease in the levels of Cdc25A, cyclin D1, CDK4, CDK6, cyclin E1, and CDK2. Additionally, U12a induced 

an increase in p21 levels, which is involved in G0-G1 regulation. In contrast, U12 (25 μM) did not alter the levels 

of any of these cell cycle proteins. Therefore, U12a inhibits HepG2 cell proliferation by causing G0/G1 phase 

arrest, while U12 has no effect at the same concentration. 

 

   
a) b) c) 
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d) e) f) 

 

 

g) h) 

Figure 3. U12a Induces HepG2 Cell Cycle Arrest at G0/G1 Phase. 

(a–f) HepG2 cells were exposed to U12a (6.25, 12.5, 25 μM) or U12 (25 μM) for 24 hours. Following 

treatment, cells were collected for flow cytometric analysis to assess cell cycle distribution. (g, h) Western 

blotting was used to analyze the expression levels of Cdc25A, Cyclin D1, CDK6, CDK4, Cyclin E1, p21, and 

p27. The results are presented as mean ± SD from three independent trials. * p < 0.05, ** p < 0.01 versus the 

untreated control group. 

 

Pro-apoptotic action of U12a in HepG2 cells 

Apoptosis is a programmed cell death process essential for removing abnormal or damaged cells [30]. To 

investigate whether U12a promotes apoptosis, flow cytometry with Annexin V-FITC/PI double staining was 

utilized. The data revealed a notable increase in apoptotic cells, from 13.0% in the control group to 14.8% (6.25 

μM), 22.2% (12.5 μM), and 37.0% (25 μM) following 12 hours of U12a treatment (Figures 4a–4f). The apoptosis-

inducing effect of U12a was further confirmed by Hoechst 33258 staining (Figure 4g). Cleavage of poly (ADP-

ribose) polymerase (PARP) serves as an important apoptosis marker. Western blot analysis showed that U12a 

treatment triggered a dose-dependent cleavage of PARP in HepG2 cells (Figures 4h–4i). In contrast, U12 (25 

μM) did not induce PARP cleavage (Figures 4a–4h). 

The caspase pathway is pivotal for apoptosis regulation. To explore if U12a activates caspase-dependent 

apoptosis, we measured the activities of caspases-3, -8, and -9 using specific assay kits. Caspase-3, the central 

executioner in apoptosis, is activated by the initiator caspases, -8 and -9. As shown in Figure 4j, the activities of 

caspases-3, -8, and -9 were all significantly elevated after treatment with U12a (25 μM) for 6 hours, with caspase-

3 activity showing the most pronounced increase. These results suggest that U12a induces apoptosis in HepG2 

cells by activating the caspase signaling cascade. 
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a) b) c) 

 
 

 

d) e) f) 

  
g) h) 

  

i) j) 

Figure 4. Apoptotic Effects of U12a on HepG2 Cells. 

(a–f) The impact of U12a on HepG2 cell apoptosis was analyzed using Annexin V-FITC/PI double staining 

and flow cytometry. Cells were treated with varying concentrations of U12a (0, 6.25, 12.5, and 25 μM) and 

U12 (25 μM) for 12 hours. After staining with Annexin V FITC and propidium iodide, cells were analyzed 

for apoptosis. Early apoptotic cells were identified in the bottom right (E3), late apoptotic cells in the top 

right (E2), necrotic cells in the top left (E1), and healthy cells in the bottom left (E4). (g) Microscopic images 

were taken of HepG2 cells treated with U12a (6.25, 12.5, 25 μM) and U12 (25 μM) for 12 hours. Cell nuclei 

were stained with Hoechst 33528, and apoptotic cells were indicated by red arrows. (h, i) Western blot 

analysis revealed changes in the expression of PARP and cleaved PARP after treatment with U12a (6.25, 

12.5, 25 μM) or U12 (25 μM) in HepG2 cells. (j) Caspase-3, -8, and -9 activities were measured using 

caspase kits following 6 hours of U12a (25 µM) exposure. * p < 0.05 vs. control group. *** p < 0.001 vs. 

control or 0-hour group. 

 

U12a inhibits PI3K/AKT/mTOR signaling in HepG2 cells 

The PI3K/AKT/mTOR pathway is essential for the development of hepatocellular carcinoma (HCC), with 

dysregulation observed in 40–50% of HCC cases [31]. To determine the effects of U12a on this pathway, HepG2 
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cells were treated with escalating doses of U12a for 24 hours. The results demonstrated a dose-dependent 

inhibition of AKT and mTOR phosphorylation (Figures 5a, and 4b). Furthermore, mTOR activation influences 

the phosphorylation of p70S6k, a kinase that regulates cell growth. U12a was also found to suppress p70S6k 

phosphorylation in a concentration-dependent manner (Figures 5a and 4b). Collectively, these results suggest 

that U12a impedes the PI3K/AKT/mTOR signaling axis, ultimately restricting the proliferation of HepG2 cells. 

 

 

 

a) b) 

Figure 5. Effect of U12a on the PI3K/AKT/mTOR Pathway in HepG2 Cells. 

(a) The protein levels of AKT, p-AKT, mTOR, p-mTOR, p70S6k, p-p70S6k, and β-actin in HepG2 cells 

were measured after a 24-hour treatment with U12a at concentrations of 6.25, 12.5, and 25 μM. (b) The bar 

graph illustrates the relative intensity of the protein bands, as quantified using ImageJ. Data are expressed as 

the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01 compared to the control group. 

 

Inhibition of tumor growth by U12a in the HepG2 xenograft model 

In vitro experiments demonstrated that U12a significantly inhibited the proliferation of HepG2 cells. To assess its 

anti-cancer potential in vivo, a xenograft model in nude mice was used. Mice were given U12a through 

intraperitoneal injections at a dose of 80 mg/kg daily, with 5-FU (30 mg/kg) as a positive control. After 10 days 

of treatment, the animals were sacrificed, and the tumors were excised. As shown in Figures 6a–6c, U12a led to 

a marked reduction in tumor size compared to the control, with tumor growth inhibition comparable to 5-FU 

treatment. Additionally, U12a significantly decreased the Ki-67 expression, a well-known cell proliferation 

marker, in the tumor samples (Figure 6d). No significant weight loss was observed in the U12a-treated mice 

compared to the control group, both of which showed a slight weight increase, whereas the 5-FU group exhibited 

a noticeable decline in body weight due to side effects (Figure 6e). Further histopathological analysis of liver 

tissues, using H&E staining, showed no detectable abnormalities or damage in the U12a-treated group (Figure 

6f). These findings suggest that U12a effectively inhibits tumor growth in vivo without causing significant 

toxicity. 

 

  
a) b) 
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c) d) 

 
 

e) f) 

Figure 6. In vivo Evaluation of U12a in a Hepatocellular Carcinoma (HCC) Xenograft Model. 

(a) Tumor volume measurements across the different treatment groups (control, 5-FU at 30 mg/kg, U12a at 

80 mg/kg). (b) Comparison of tumor size and weight in the groups. (c) Tumor weight comparison after 

treatment. (d) Immunohistochemical analysis of Ki-67, a marker of cellular proliferation, in excised tumors. 

(e) Monitoring the body weight of mice in each treatment group during the experiment. (F) H&E staining of 

liver tissues collected from the different groups. Values are represented as mean ± SD (n = 6). Statistical 

analysis shows significance: * p < 0.05, ** p < 0.01 compared to the control group. 

Conclusion 

UDCA is commonly used for treating cholestatic liver diseases. In a prior study, we identified that U12, a 

derivative of UDCA, demonstrated significant anti-hepatoma activity. However, its poor polarity and requirement 

for high dosages limited its clinical potential. To enhance its pharmacological profile, we synthesized a series of 

U12 derivatives through various chemical modifications. This study presents twelve U12 derivatives, divided into 

two groups (A and B), synthesized via halogen substitution, esterification, and amidation reactions. The A series 

consisted of halogen-substituted derivatives, and the B series included conjugates incorporating nitrogen-

containing heterocycles, cyclopropane, or substituted aromatic rings attached to an N-acetyl group. 

We assessed the synthesis, cytotoxic activity, apoptosis mechanisms, and structure–activity relationships of these 

derivatives. The testing on HepG2 cells revealed that most of the U12 derivatives, except for U12g and U12i, had 

superior cytotoxic effects compared to U12. Among them, U12a was the most potent against hepatocellular 

carcinoma. The structure–activity relationship suggests that the piperazine ring at position 24 plays a crucial role 

in the biological activity, and the length of the carbon chain linking the piperazine ring to the aromatic group also 

significantly impacts anti-hepatoma efficacy. 

Mechanistic studies indicated that U12a inhibited HepG2 cell proliferation by causing a G0/G1 phase cell cycle 

arrest and also suppressed the PI3K/AKT/mTOR signaling pathway. Furthermore, U12a induced apoptosis in 

HepG2 cells through activation of the caspase signaling cascade. In vivo, U12a significantly reduced the growth 

of tumors in a HepG2 xenograft model without causing noticeable adverse effects. These findings suggest that 

U12a may be a promising candidate for treating hepatocellular carcinoma. 
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