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Abstract 

Background: Liver fibrosis, characterized by excessive extracellular matrix deposition, is a 

precursor to cirrhosis and hepatocellular carcinoma, and current treatments are often limited by 

off-target toxicities. 

Methods and results: We repurposed the liver-targeting chimera (LIVTAC) XZ1606, a novel 

proteolysis-targeting chimera (PROTAC) conjugated with a triantennary N-acetylgalactosamine 

(tri-GalNAc) moiety, to degrade BRD4 in hepatic stellate cells. In vitro, XZ1606 induced potent, 

dose- and time-dependent BRD4 degradation in LX-2 cells via the ubiquitin-proteasomal pathway 

after ASGPR-mediated endocytosis, with minimal cytotoxicity in normal hepatocytes. TGF-β–

activated LX-2 cells exhibited significant reductions in fibrotic markers upon treatment, 

correlating with decreased BRD4 levels. In vivo, XZ1606 (1.5 mg/kg) significantly ameliorated 

fibrosis in both CCl₄-induced and choline-deficient L-amino acid-defined high-fat diet (CDAA-

HFD) mouse models, as evidenced by reduced collagen deposition and normalized transcriptomic 

and metabolomic profiles. Notably, key proinflammatory and profibrotic genes and metabolites, 

including 1-methylnicotinamide, were downregulated.  

Conclusion: These results highlight the therapeutic potential of LIVTAC XZ1606 in reversing 

liver fibrosis and steatosis through targeted BRD4 degradation, offering a novel and selective 

approach for chronic liver disease treatment. 

 

Keywords: asialoglycoprotein receptor; BRD4 degradation; liver fibrosis; liver-targeting chimera; 

proteolysis-targeting chimera 
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Introduction 

Liver fibrosis, a dynamic wound-healing response to chronic liver injury, is a major global 

health burden that can ultimately progress to cirrhosis and hepatocellular carcinoma (HCC) [1, 2]. 

The pathogenesis of liver fibrosis involves the activation of hepatic stellate cells (HSCs), which 

transdifferentiate into myofibroblast-like cells and secrete excessive extracellular matrix (ECM) 

proteins [3-5]. This progressive accumulation of ECM disrupts the normal liver architecture and 

function, ultimately leading to liver failure. Despite considerable advances in understanding the 

molecular pathways driving fibrogenesis, current therapeutic strategies remain limited and are 

often associated with significant off-target toxicities [6, 7]. Current therapeutic strategies for liver 

fibrosis primarily focus on treating the underlying causes, such as antiviral agents for viral hepatitis  

[8], lifestyle interventions for alcohol-related and metabolic liver diseases [9], and metabolic 

modulators for nonalcoholic steatohepatitis (NASH) [10]. Pharmacological candidates aiming to 

directly target fibrotic mechanisms include angiotensin receptor blockers (ARBs) [11], peroxisome 

proliferator-activated receptor (PPAR) agonists [12], and inhibitors of key signaling pathways such 

as transforming growth factor beta (TGF-β) [13]and platelet-derived growth factor (PDGF) [14]. 

Additionally, monoclonal antibodies like simtuzumab [15] and small molecules targeting integrins 

or lysyl oxidase-like proteins (LOXL2) [16] have been tested in clinical trials. However, many of 

these approaches have shown limited efficacy or have been discontinued due to off-target effects 

or lack of clinical benefit. These challenges underscore the urgent need for innovative, selective, 

and tissue-specific therapies that can effectively disrupt the fibrotic cascade with minimal systemic 

toxicity. Thus, there is an urgent need for novel, targeted approaches that can selectively modulate 

the fibrotic process without compromising systemic safety. 

At the molecular level, the activation of HSCs is driven by a complex interplay of cytokines 

and growth factors, with TGF-β playing a central role in initiating and perpetuating fibrogenic 

signaling [17-19]. TGF-β not only stimulates ECM production but also modulates the expression 

of various genes involved in inflammation and cellular proliferation [20-22]. Among the 

downstream mediators, the bromodomain-containing protein BRD4 has emerged as a key 

regulator of transcriptional programs that drive fibrosis [23-27]. BRD4 facilitates the assembly of 

transcriptional complexes on acetylated histones, thereby promoting the expression of pro-fibrotic 

and pro-inflammatory genes [28-30]. Although small-molecule inhibitors targeting BRD4 have 

shown promise in preclinical models, their clinical translation has been hampered by dose-limiting 
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toxicities due to off-target effects in non-hepatic tissues [29, 31]. The emergence of proteolysis-

targeting chimeras (PROTACs) has revolutionized the field of targeted protein degradation [32, 

33]. PROTACs are heterobifunctional molecules that harness the cellular ubiquitin–proteasome 

system to selectively degrade target proteins [30, 34, 35]. Unlike traditional inhibitors, which 

require sustained occupancy of their targets, PROTACs act catalytically, enabling efficient and 

sustained protein degradation even at low concentrations [36-38]. This catalytic mode of action 

offers significant therapeutic advantages, including overcoming issues of drug resistance that often 

arise with conventional inhibitors [39]. However, systemic administration of PROTACs may result 

in undesirable degradation of proteins in non-target tissues, necessitating strategies to enhance 

their tissue specificity. 

To address this challenge, liver-targeted delivery systems have been developed to direct 

therapeutic agents specifically to hepatocytes and hepatic stellate cells [40]. One promising 

strategy exploits the asialoglycoprotein receptor (ASGPR), which is highly expressed on the 

surface of liver cells. Conjugation of therapeutic agents to a triantennary N-acetylgalactosamine 

(GalNAc) moiety enables selective binding to ASGPR and facilitates receptor-mediated 

endocytosis [40]. This targeted approach has been successfully employed in the delivery of 

siRNAs and antisense oligonucleotides for liver diseases, and it holds great promise for the 

targeted delivery of PROTACs as well. We have developed a Liver-Targeting Chimera (LIVTAC) 

approach using a PROTAC molecule coupled to ASGPR through an innovative linker, and 

successfully applied it to hepatocellular carcinoma treatment [40]. 

In this context, we repurposed the LIVTAC XZ1606, designed to selectively degrade BRD4 in 

HSCs. Upon binding to ASGPR, XZ1606 is internalized into HSCs where the cleavable linker is 

processed by cathepsin B, releasing the active PROTAC. This leads to selective degradation of 

BRD4 and the subsequent downregulation of fibrotic gene expression. By specifically targeting 

BRD4, XZ1606 aims to mitigate the aberrant activation of HSCs and interrupt the progression of 

liver fibrosis. We hypothesized that targeted degradation of BRD4 via XZ1606 would not only 

attenuate the fibrotic response in vitro but also ameliorate hepatic fibrosis and steatosis in vivo. To 

test this hypothesis, we performed a comprehensive series of experiments in both in vitro and in 

vivo models of liver fibrosis. The transcriptomic and metabolomic analyses revealed that XZ1606 

treatment reversed the pro-fibrotic gene expression and metabolic disturbances characteristic of 

these disease states. The development of LIVTAC XZ1606 represents a significant advancement 



5 
 

in the field of targeted protein degradation, offering a novel and selective approach for the 

treatment of liver fibrosis. By combining the high specificity of ASGPR-mediated targeting with 

the catalytic efficiency of PROTAC-mediated degradation, XZ1606 provides a promising 

therapeutic strategy to address the unmet clinical need in chronic liver diseases. 

 

Materials and methods 

Cell culture and maintenance 

LX-2 human hepatic stellate cells and AML12 mouse hepatocytes were purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; C11995500BT, Gibco, MD, USA) supplemented with 10% 

fetal bovine serum (FBS; RY-F22, Royacel Biotechnology Co., Ltd., Lanzhou, China) and 1% 

penicillin/streptomycin (15140-122, Gibco, MD, USA). Cells were maintained in a humidified 

incubator at 37 °C with 5% CO₂. Routine testing for mycoplasma contamination was performed 

to ensure culture integrity. 

 

Cell viability assay 

Cell viability was quantified using the CellTiter-Glo Luminescent Cell Viability Assay Kit 

(G1111, Promega, Madison, WI, USA). LX-2 cells were seeded in 96-well plates at a density of 4 

× 10³ cells per well in 100 µL of complete DMEM. After 24 h, the medium was replaced with 200 

µL of DMEM containing various concentrations of the compounds under investigation. Cells were 

incubated for an additional 24, 48, or 72 h at 37 °C before absorbance was measured following the 

manufacturer’s protocol. Dose-response curves were generated, and IC₅₀ values were calculated 

using GraphPad Prism v9.0.2 (San Diego, CA, USA). 

 

Fibroblast activation assay 

To induce a fibrotic phenotype, LX-2 cells were seeded in 6-well plates and allowed to adhere 

for 12 h. The medium was then replaced with DMEM containing 0.5% FBS for serum starvation 

over 12 h. Fibrosis was induced by treating the cells with TGF-β1 (5 and 10 ng/mL; 10804-HNAC, 

Sino Biological Inc., Beijing, China). For treatment groups, XZ1606 was added 12 h post-TGF-

β1 stimulation and maintained for 16 h. Cells were subsequently harvested for protein analysis by 

Western blot. 
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Generation of ASGPR-knockdown cells 

To evaluate the expression of ASGPR in liver tissue, publicly available data from the Human 

Protein Atlas (THPA) database was utilized. ASGPR knockdown in LX-2 cells was achieved using 

short hairpin RNA (shRNA) constructs. Two shRNA sequences targeting ASGPR (shRNA-1: 5′-

GCAATGTGGGAAGAAAGAT-3′; shRNA-2: 5′-GCACCACATAGGCCCTGTGAA-3′) were 

cloned into the pLKO.1 lentiviral vector. HEK-293T cells were transfected with the lentiviral 

vectors using polyethyleneimine (PEI, 1 mg/mL; Polysciences) at a 3:2:1 mass ratio to produce 

viral particles. Viral supernatants were harvested at 48- and 72-h post-transfection, filtered through 

0.45 μm PVDF membranes, and then used to transduce LX-2 cells at 60–70% confluence with 8 

μg/mL polybrene. After three days, transduced cells were selected in medium containing 1 μg/mL 

puromycin (ant-pr-1, InvivoGen, USA). Knockdown efficiency was confirmed via Western blot 

analysis. 

 

Western blot analysis 

For protein extraction, LX-2 cells were washed with phosphate-buffered saline (PBS) and 

lysed in ice-cold RIPA buffer (BP 115DG, Boston BioProducts, Ashland, MA, USA) supplemented 

with EDTA and EGTA. Cell lysates were collected after scraping and centrifugation at 13,000 × g 

for 15 min at 4 °C. For mouse liver tissues, samples were harvested, snap-frozen in liquid nitrogen, 

and homogenized in 200 µL of RIPA buffer using a tissue homogenizer (KZ-III-FP, SERvicebio, 

Wuhan, China). Lysates were incubated on ice for 30 min and centrifuged as described, and protein 

concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (P0010, 

Beyotime, Tianjin, China). 

Equal amounts of protein were mixed with 4× Laemmli sample buffer (1610747, Bio-Rad, 

Hercules, CA, USA) containing 5% β-mercaptoethanol and heated at 95 °C for 8 min. Proteins 

were resolved on 10% SDS-PAGE gels and transferred to 0.22-μm polyvinylidene fluoride (PVDF) 

membranes (Millipore, Bedford, MA, USA) using a wet transfer system (Bio-Rad, Richmond, CA, 

USA). Membranes were blocked in 5% (w/v) skim milk in TBS-T (tris-buffered saline with 0.1% 

Tween-20) for 1 h at room temperature, followed by overnight incubation at 4 °C with primary 

antibodies (listed in Table S1). After washing, membranes were incubated with appropriate 

secondary antibodies for 1 h at room temperature. Protein bands were visualized using the 
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GeneGnome XRQ-NPC System (Synoptics, Frederick, MD) or SCG-W3000 Plus (Servicebio, 

Wuhan, China), and quantified with ImageJ software. 

 

Quantitative Real-Time PCR (qRT-PCR) 

Total RNA was extracted from cells and liver tissues using TRIzol reagent (15596018, 

Invitrogen, CA, USA) per the manufacturer’s instructions. RNA quality and quantity were assessed 

before reverse transcription into cDNA using the RevertAid First-Strand cDNA Synthesis Kit 

(K1622, Thermo Fisher Scientific, MA, USA). qRT-PCR was performed using 2× Tsingke® 

Master qPCR Mix (TSE201, Tsingke, Beijing, China) on a CFX-Connect real-time PCR system 

(Bio-Rad, Richmond, CA, USA), with actin used as the endogenous control. Relative gene 

expression was calculated using the 2^-ΔΔCt method, and primer sequences are provided in Table 

S2. 

 

Ubiquitination assay 

Following plasmid transfection into LX-2 cells for 48 h, the cells were treated with XZ1606 

(100 nM) for 8 h. To inhibit proteasomal degradation, MG-132 (20 µM) was added 4 h before 

sample collection. Cells were harvested and lysed in immunoprecipitation (IP) lysis buffer (P0013, 

Beyotime) for 1 h, followed by centrifugation at 13,000 rpm for 10 min to collect the supernatant. 

The supernatant was divided into two aliquots. One aliquot was stored at -80 °C as the input sample, 

and the other was retained for immunoprecipitation as IP sample. For IP, anti-Flag magnetic beads 

(P2115, Beyotime) were incubated with the lysate overnight at 4 °C with rotation to capture Flag-

BRD4, as per the manufacturer’s protocol. On the next day, the beads were immobilized on a 

magnetic rack, and the supernatant was discarded. The beads were resuspended in 1× SDS-PAGE 

loading buffer, boiled for 10 min, and centrifuged at 13,000 rpm for 2 min. The resulting 

supernatant was analyzed by Western blot. 

 

 Liver fibrosis models 

Animal housing and ethics 

Male C57BL/6 mice were purchased from the Animal Center of the Kunming Institute of 

Zoology (Kunming, China) and acclimated under specific pathogen-free (SPF) conditions with 

free access to standard food and water. Environmental conditions were maintained at 20–21 °C, 
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40%–60% relative humidity, with a 12-h light/dark cycle. All animal experiments were approved 

by the Animal Ethics Committee of the Kunming Institute of Zoology, Chinese Academy of 

Sciences (IACUC-RE-2024-07-003 and IACUC-RE-2024-09-002) and were conducted in 

accordance with the Guide for the Care and Use of Laboratory Animals. 

Carbon tetrachloride (CCl₄)-induced liver fibrosis model 

To establish the fibrosis model, 8-week-old male mice were intraperitoneally injected with 

CCl₄ (1.25 mL/kg body weight, dissolved in corn oil; HY-Y1888, MCE, Shanghai, China) every 

three days for six weeks. Control mice received corn oil only. In a preliminary study, mice with 

CCl₄-induced fibrosis were treated with XZ1606 at doses of 0.5 mg/kg and 1 mg/kg 

(intraperitoneally) every three days for three weeks. However, these doses did not produce 

significant antifibrotic effects, as assessed by fibrosis markers. Based on these findings, a higher 

dose of 1.5 mg/kg was selected for subsequent experiments for the main study. One week after the 

final CCl₄ injection, mice in the treatment group received XZ1606 at 1.5 mg/kg (intraperitoneally, 

in 100 µL saline) every three days for three weeks. Mice were sacrificed 24 h after the final 

injection, and serum and liver tissues were collected for analysis.  

Choline-deficient L-amino acid-defined high-fat diet (CDAA-HFD) model 

For an alternative fibrosis model, 8-week-old male mice were fed a choline-deficient, L-amino 

acid-defined high-fat diet (CDAA-HFD; XTMRCD60, Xietong Pharmaceutical Bio-Engineering, 

Jiangsu, China) for 10 weeks. Control mice received a standard chow diet. From week 7, mice in 

the treatment group received intraperitoneal injections of XZ1606 at a dose of 1.5 mg/kg every 

three days for four weeks. Mice were euthanized 24 h after the final injection, and serum and liver 

tissues were collected for subsequent analyses. 

Biochemical analysis 

Serum levels of alanine transaminase (ALT) and alkaline phosphatase (ALP) were measured 

using commercial assay kits (C009-2-1 and A059-2-2, respectively, Nanjing Jiancheng 

Bioengineering Institute, Nanjing, Jangsu, China) following the manufacturers’ protocols or by the 

National Resource Center for Non-Human Primates, Kunming Institute of Zoology.  

 

Histological staining 

Masson’s trichrome staining 
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Paraffin-embedded liver sections were baked at 65 °C for 20 min, deparaffinized in xylene 

(three 8 min immersions), and rehydrated through graded ethanol (100%, 95%, 85%, and 75% for 

3 min each). Sections were stained using a Masson’s Trichrome Staining Kit (BA4079b, Baso, 

Zhuhai, China) following the manufacturer’s instructions. Briefly, sections were incubated with 

Weigert’s iron hematoxylin, differentiated in 1% hydrochloric acid alcohol, stained with Ponceau 

Red-Acid Fuchsin, treated with phosphomolybdic acid, counterstained with aniline blue, and 

finally dehydrated and cleared in ethanol and xylene before mounting with neutral balsam. 

Oil Red O staining 

Frozen liver sections (8 µm) were fixed in 10% formalin for 10 min, washed, and pretreated 

with 60% ethanol for 20–30 s. Sections were incubated with freshly prepared Oil Red O working 

solution (diluted 3:2 with distilled water) for 10–15 min in the dark. Excess dye was removed by 

rinsing with 60% ethanol, followed by washing in distilled water. Nuclei were counterstained with 

Mayer’s hematoxylin, and sections were subsequently mounted and imaged. 

Sirius Red staining 

Paraffin sections were baked, deparaffinized, and rehydrated as described for Masson’s 

staining. Sections were stained with hematoxylin for 7 min, rinsed, and then incubated with Sirius 

Red solution (BA4356, Baso, Zhuhai, China) for 15 min. Following staining, sections were briefly 

rinsed and then dehydrated through graded ethanol and cleared in xylene before imaging. 

 

RNA sequencing and data analysis 

Total RNA from LX-2 cells and mouse liver tissues was extracted using TRIzol reagent. 

Poly(A)-enriched RNA-seq libraries were prepared using standard protocols and sequenced on the 

Illumina NovaSeq X Plus platform. The mouse genomic data (mouse GRCm39 build) and gene 

annotation information were downloaded from the Ensembl database (http://genome.ucsc.edu/). 

Clean reads were obtained after adapter trimming with trim_galore and aligned to the Mus 

musculus genome (GRCm39) using STAR v2.7.11a (https://github.com/alexdobin/STAR). 

SAMtools v1.18 (https://github.com/samtools) was used for file conversion, and gene expression 

quantification was performed with featureCounts V2.0.6 

(https://subread.sourceforge.net/featureCounts.html). Differentially expressed genes (DEGs) were 

identified using the DESeq2 package 

(https://bioconductor.org/packages/release/bioc/html/DESeq2.html), applying a Benjamini–

http://genome.ucsc.edu/
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Hochberg adjusted p-value cutoff of < 0.01. Hierarchical clustering, heatmap visualization, and 

volcano plot generation were performed using the ClusterGVis 

(https://github.com/junjunlab/ClusterGVis) and ggplot2 packages in R. Functional enrichment 

analyses for gene ontology and KEGG pathways were conducted using ShinyGO 0.82. RNA‐seq 

data is publicly accessible from the National Genomics Data Center (NGDC) (GSE number: 

GSE24331, GSE271657). 

 

Metabolomics analysis  

Metabolomics was performed on liver tissue using liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). Tissue samples (25 mg) were placed in tubes containing beads, 

followed by the addition of 500 μl of an extraction solution composed of 

methanol:acetonitrile:water (2:2:1, v/v) supplemented with deuterated internal standards. The 

mixture was vortexed for 30 s, homogenized at 35 Hz for 4 min, and sonicated in a 4 °C water bath 

for 5 min; this cycle was repeated three times. Samples were then incubated at –40 °C for 1 h to 

precipitate proteins and subsequently centrifuged at 12,000 × g for 15 min at 4 °C. The supernatant 

was carefully transferred to a new glass vial for analysis, and a quality control (QC) sample was 

prepared by pooling equal aliquots of each supernatant. The LC-MS/MS analyses were performed 

using an UHPLC system (Vanquish, Thermo Fisher Scientific) equipped with a Waters ACQUITY 

UPLC BEH Amide column (2.1 mm × 50 mm, 1.7 μm) coupled to an Orbitrap Exploris 120 mass 

spectrometer (Thermo Fisher Scientific). The mobile phase consisted of solvent A (25 mmol/L 

ammonium acetate and 25 mmol/L ammonia hydroxide in water, pH 9.75) and solvent B 

(acetonitrile). The auto-sampler was maintained at 4 °C, and the injection volume was set to 2 μL. 

Data acquisition was carried out in information-dependent acquisition (IDA) mode using Xcalibur 

software. The electrospray ionization (ESI) source was configured with a sheath gas flow rate of 

50 Arb, auxiliary gas flow rate of 15 Arb, a capillary temperature of 320 °C, full MS resolution of 

60,000, MS/MS resolution of 15,000, collision energies set to 20/30/40, and spray voltages of 3.8 

kV in positive mode or –3.4 kV in negative mode. 

Raw data were converted to mzXML format using ProteoWizard and processed with an in-

house R-based program utilizing XCMS for feature detection, extraction, alignment, and 

integration. Metabolite identification was achieved using MS-DIAL software in conjunction with 

the BiotreeDB (V3.0). The resulting dataset, containing feature numbers, sample names, and 
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normalized feature areas, was imported into SIMCA 18.0.1 (Sartorius Stedim Data Analytics AB, 

Umea, Sweden) for multivariate analysis. Data were scaled and log-transformed to minimize noise 

and the impact of high variance. Principal component analysis (PCA) was performed to visualize 

sample distribution and grouping, with a 95% confidence interval used to identify potential outliers. 

To visualize group separation and identify significantly altered metabolites, supervised orthogonal 

projections to latent structures-discriminant analysis (OPLS-DA) was applied. A 7-fold cross-

validation was performed to determine the R² and Q² values, with Q² intercept values obtained 

from 200 permutations to assess model robustness and predictive ability. Variables with a variable 

importance in the projection (VIP) value > 1 and a p-value < 0.05 (Student’s t-test) were considered 

significantly changed metabolites. Pathway enrichment analysis was conducted using databases 

such as KEGG (http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/). 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Statistical analyses were 

performed using GraphPad Prism v8. For comparisons between two groups, an unpaired two-tailed 

t-test was used, with Welch’s correction applied if normality assumptions were not met. For 

comparisons among multiple groups, one-way analysis of variance (ANOVA) followed by Tukey’s 

or Dunnett’s post hoc test was employed. A p-value of less than 0.05 was considered statistically 

significant. 

 

Results 

Asialoglycoprotein receptor (ASGPR) mediated uptake of LIVTAC 

ASGPR is a receptor that plays a crucial role in hepatic endocytosis, facilitating the 

internalization of glycoproteins containing terminal galactose or N-acetylgalactosamine (GalNAc) 

residues. It is specifically and highly expressed in the liver (Figure 1A), with a transcript per 

million (TPM) value of 1000, while expression in other tissues is either very low or absent (Figure 

1B). Additionally, among various tumor cell lines, ASGPR mRNA expression is most pronounced 

in liver cancer cell lines (Figure 1C). We further confirmed its specific expression in liver-derived 

cell lines such as LX-2, while showing very low or no expression in non-liver-derived cell lines, 

including lung-derived human alveolar type II (ATII) and human lung embryo fibroblast (HELF), 

and skin-derived human dermal fibroblasts (HDF) (Figure 1D).  
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Leveraging this specificity, we designed XZ1606 to selectively engage ASGPR for enhanced 

hepatic uptake (Figure 1E), with its exact chemical structure detailed in Figure S1A. XZ1606 was 

originally developed for hepatocellular carcinoma (HCC) [40]. Here, we repurposed it as a 

therapeutic agent against liver fibrosis, which is characterized by excessive extracellular matrix 

deposition leading to cirrhosis and potentially HCC. Once administered, the tri-GalNAc moiety 

mediates selective uptake via ASGPR, followed by intracellular cleavage of the linker and release 

of the active PROTAC. This catalytic degrader binds BRD and recruits an E3 ligase, thereby 

inducing ubiquitination and proteasomal degradation of BRD protein (Figure 1E).  

To evaluate the impact of XZ1606 on HSC viability and its potential selectivity for fibrotic 

cells over healthy hepatocytes, we performed MTT assays in LX-2 and AML12 cells (Figure S1B–

G). In LX-2 cells, XZ1606 displayed minimal cytotoxicity at 24 and 48 h, but at 72 h it reduced 

viability with an IC₅₀ of 9.408 µM (Figure S1D). In contrast, AML12 cells exhibited negligible 

changes in viability across all time points, with IC₅₀ values consistently above 10 µM (Figure S1E–

G). These data suggest that XZ1606 preferentially affects HSCs while sparing normal hepatocytes, 

highlighting its potential to alleviate fibrotic processes while mitigating the “on-target off-tissue” 

effects that commonly limit BRD4 inhibitor therapies. 

 

LIVTAC degrades BRD4 via a ubiquitin-proteasomal pathway after endocytosis in LX-2 

cells 

The primary target of LIVTAC in the treatment of liver fibrosis is BRD4, a bromodomain-

containing protein known to regulate fibrotic gene expression in HSCs. To assess the efficacy of 

LIVTAC, we evaluated its ability to degrade BRD4 in LX-2 cells, an HSC line. The mechanistic 

pathway by which XZ1606 exerts its effects is depicted in the schematic (Figure 1E).  

We observed a dose-dependent degradation of BRD4 in LX-2 cells, with increasing 

concentrations of XZ1606 leading to progressive BRD4 depletion (Figure 1F-G), with half-

maximal degradation concentration (DC50) at 10 nM and maximum level of target degradation 

(Dmax) at 81.5% as shown by western blot quantification (Figure 1G). Time-course analysis 

revealed that BRD4 degradation is progressive, with maximal degradation occurring within 12 h 

of XZ1606 treatment (Figure 1H-I). These findings suggest that XZ1606 initiates a dose- and time-

dependent degradation process that sustains the loss of BRD4 over an extended period. 



13 
 

To explore the underlying mechanisms further, we assessed the involvement of calcium 

signaling [41] and the proteasomal pathway [42]. Pre-treatment with EGTA, a calcium chelator, 

significantly reduced the XZ1606-induced degradation of BRD4, indicating that calcium signaling 

plays a role in the mechanism of action (Figure 2A). Additionally, the degradation of BRD4 by 

XZ1606 was completely blocked by knockdown of ASGPR (Figure 2B). Further, inhibition of the 

proteasomal pathway with MG-132 blocked the degradation of BRD4, confirming that XZ1606 

induces BRD4 degradation through the proteasome (Figure 2C). To investigate whether BRD4 is 

ubiquitinated before undergoing proteasomal degradation, we overexpressed BRD4 and ubiquitin 

(Figure 2D, left panel) and assessed the level of BRD4-associated ubiquitin in the presence of the 

proteasome inhibitor MG132. Treatment with XZ1606 led to an increase in overall ubiquitination 

levels (Figure 2D, right panel), suggesting that BRD4 is significantly ubiquitinated prior to 

proteasomal degradation. These results establish that XZ1606 degrades BRD4 in LX-2 cells via a 

ubiquitin-proteasomal pathway involving calcium signaling and ASGPR-mediated endocytosis. 

This mechanistic insight supports the potential of XZ1606 as a selective therapeutic agent for liver 

diseases, such as liver fibrosis, where BRD4 plays a crucial role. Overall, these findings show 

great anti-fibrotic potential for LIVTAC.  

 

LIVTAC inhibits fibrotic phenotypes in LX2 cells induced by TGF-β via degrading BRD4 

We evaluated the effect of XZ1606 on fibrotic markers in TGF-β-activated LX-2 cells to assess 

its potential anti-fibrotic effects. First, we confirmed that TGF-β treatment (5 and 10 ng/mL) 

upregulated the expression of Col1A1, a major fibrotic marker (Figure 3A). Quantitative PCR 

analysis showed that TGF-β significantly increased the mRNA expression of fibrotic markers, 

including Col1A1 (Figure 3B), α-sma (Figure 3C), and Mmp2 (Figure 3D), compared to the control 

cells, suggesting successful construction of the fibrosis model in vitro. Western blot analysis 

revealed that XZ1606 treatment led to the degradation of BRD2, BRD3, and BRD4 and 

downregulated Col1A1 expression in TGF-β-stimulated LX-2 cells (Figure 3E-I).  In addition to 

protein changes, mRNA levels of Col1A1, Mmp2 and Pdgf were significantly reduced in the 

XZ1606 treatment group (Figure 3J-L), demonstrating the compound’s ability to reverse TGF-β-

induced fibrotic gene expression. These results suggest that XZ1606 targets multiple BET family 

proteins, including BRD4, and modulates key fibrotic pathways in LX-2 cells. 
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Transcriptomic analysis also revealed a distinct shift in gene expression patterns between the 

TGF-β model and the XZ1606 treatment group (Figure 3M-N). Hierarchical clustering of 

transcript expression data showed differential gene expression across the groups (Figure 3M). 

Further pairwise comparisons between the groups (File S1 & S2) identified upregulated and 

downregulated genes, which were visualized on volcano plots (Figure 3N). Notable upregulated 

genes in the TGF-β model compared to the control group included Col1a2, Col4a1, Col3a1, 

Col4a2, Col5a3, Tgfb2, Tgfb1, Tgfbi, Vegfa, Mmp2, Mmp10, Smad7, Inhba, Gdf6, Bmpr1b, Wnt7a, 

Nox4, Ccl2, Fn1, Itgb6, Ngf, Ntf4, Pdgfb, Lpar5, Foxs1, Egr2, Foxp1-dt, C5ar2, Myct1, Edn1, 

Foxo1, Il6, and Pik3cd. Functional enrichment analysis of upregulated genes in the TGF-β model 

(compared to the control group) revealed several fibrotic pathways, including AGE-RAGE 

signaling, TGF-β signaling, ECM-receptor interaction, Amoebiasis, Hippo signaling, PI3K-Akt 

signaling, and TNF signaling (Figure 3O). However, these pathways were downregulated in the 

XZ1606 treatment group (Figure 3P), providing further evidence that XZ1606 can reverse TGF-

β-induced fibrotic changes. Overall, these findings demonstrate that XZ1606 inhibits fibrotic 

phenotypes in LX-2 cells induced by TGF-β by degrading BRD4 and other BET family proteins, 

thereby modulating key fibrotic signaling pathways and gene expression. 

 

LIVTAC inhibits hepatic fibrosis in mice induced by CCl₄  

To assess the in vivo efficacy of XZ1606 in liver fibrosis, we established a CCl₄-induced mouse 

model of hepatic fibrosis. In a preliminary study, CCl₄-induced mice were treated with XZ1606 at 

doses of 0.5 and 1 mg/kg; however, these doses did not produce a significant therapeutic effect 

(Figure S2). Based on these findings, we selected 1.5 mg/kg as the optimal dose for subsequent 

experiments. The liver fibrosis model was induced by administering CCl₄ (1.25 mg/kg) for 6 weeks, 

and after the induction, the mice were treated with XZ1606 (1.5 mg/kg, intraperitoneally every 3 

days) for 3 weeks (Figure S3A). CCl₄ is a widely used agent for inducing liver fibrosis and cirrhosis 

[43-45]. Histological analysis of liver tissues from XZ1606-treated mice revealed a significant 

reduction in liver fibrosis compared to the CCl₄ group. This was evident from the Sirius Red (red 

color), and Masson’s Trichrome staining (blue color) (Figure 4A-C), which are markers of collagen 

deposition and fibrosis [46-48]. This liver fibrosis model results in liver injury and fibrosis; 

however, CCl₄ just slightly reduced body weight, without changes in other blood parameters 

(Figure S3B-I). There were no significant changes in lipid deposition or an imbalance in lipid 
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metabolism, as evidenced by minimal Oil Red O staining in the liver (Figure 4A, 4D). The CCl₄-

treated group exhibited strong positive staining indicative of extensive fibrosis, whereas the CCl₄ 

+ XZ1606 treatment group showed significantly reduced staining, reflecting a decrease in collagen 

deposition and overall fibrosis severity (Figure 4A-C; Figure S3J). These results suggest that 

XZ1606 treatment mitigated fibrosis development in this model. 

To further assess the therapeutic potential of XZ1606, protein expression levels of BET 

proteins and key fibrotic markers were analyzed. Among the BET proteins, only BRD4 was 

increased in the liver of mice treated with CCl₄, which was degraded by XZ1606 (Fig. 4E-H), 

suggesting that BRD4 may be the major protein mediating fibrosis. Consistently, there was a 

marked reduction in the expression of Col1A1 and α-SMA, two important markers of fibrosis, in 

liver tissue from the XZ1606 treatment group (Figure 4E, I and J). These findings were supported 

by quantitative PCR analysis, which demonstrated significant downregulation of mRNA levels for 

Col1A1, α-sma, and other fibrosis-related genes, including Mmp2 and pdgf, in the treated mice 

(Figure 4K-N). These results suggest that XZ1606 may exert its effects not only by reducing 

collagen deposition but also by modulating signaling pathways related to fibrosis progression. 

To evaluate the antifibrotic effects of XZ1606 in a CCl₄-induced liver fibrosis model, we 

conducted both transcriptomic and metabolomic analyses (Figure 5; File S3-4). Hierarchical 

clustering of RNA-sequencing data revealed distinct gene expression patterns among the control, 

CCl₄, and XZ1606 treatment groups (Figure 5A). Notably, the CCl₄-treated mice formed a cluster 

separate from the controls, indicating significant transcriptional shifts under fibrotic conditions. 

However, mice receiving XZ1606 treatment displayed a partial reversion toward the control-like 

expression profile. Volcano plots further highlighted widespread gene upregulation (red) and 

downregulation (blue) in CCl₄-treated mice compared to controls (Figure 5B). Upon XZ1606 

administration, many of these differentially expressed genes shifted back, indicating a reversal of 

the fibrotic gene signature. KEGG pathway enrichment analysis showed that upregulated genes in 

the CCl₄ model primarily mapped to fibrotic and inflammatory pathways (Figure 5C), including 

ECM-receptor interaction and AGE-RAGE signaling [49, 50]. By contrast, in the XZ1606 

treatment group (Figure 5D), these same pathways were among the most downregulated, 

suggesting that LIVTAC counters the profibrotic transcriptional program induced by CCl₄. 

Volcano plots of metabolite changes revealed multiple upregulated (red) and downregulated 

(blue) metabolites in the CCl₄ model compared to control mice (Figure 5E), consistent with the 



16 
 

metabolic dysregulation associated with fibrosis. Following XZ1606 administration, many of these 

metabolite alterations were reversed (Figure 5F), indicating that XZ1606 not only modulates 

fibrotic gene expression but also restores metabolic homeostasis. Hierarchical clustering of 

metabolomic profiles also suggests that some metabolite patterns, such as 1-Methylnicotinamide 

and Prebetanin (anti-inflammatory and antioxidant) (Figure 5G), were shifted closer to the control 

group Additionally, Topiramate, which was upregulated in the treatment group, may serve as an 

adjunct to lifestyle interventions in the treatment of pediatric metabolic dysfunction associated 

steatotic liver disease (MASLD), particularly in cases where lifestyle modifications are insufficient 

or other obesity pharmacotherapies are not tolerated or applicable. Collectively, these 

transcriptomic and metabolomic findings demonstrate that XZ1606 effectively alleviates the 

molecular and metabolic hallmarks of CCl₄-induced hepatic fibrosis. 

 

LIVTAC inhibits hepatic steatosis and fibrosis in mice induced by choline-deficient L-amino 

acid defined-high fat diet (CDAA-HFD) 

Building on our findings in the CCl₄-induced fibrosis model, where we identified 1.5 mg/kg as 

an effective dose of XZ1606, we next assessed whether this same dose could mitigate liver 

steatosis and fibrosis in a CDAA-HFD mouse model (Figure S4). In this model, mice were fed a 

choline-deficient, L-amino acid–defined, high-fat diet for 10 weeks to induce liver injury [51] 

characterized by both steatosis and fibrosis. Subsequently, animals received intraperitoneal 

injections of XZ1606 (1.5 mg/kg) every 3 days for 4 weeks. After establishing the CDAA-HFD 

mouse model (Figure S4A), we then further assessed the impact of XZ1606 on hepatic injury and 

fibrosis in this model. As shown in Figure 6A and Figure S4B-E, the CDAA-HFD group displayed 

a significant increase in the liver weight to body weight ratio compared with vehicle controls, 

consistent with hepatomegaly and fat accumulation. Treatment with XZ1606 partially reversed this 

effect, suggesting an improvement in overall liver health. Serum ALP and ALT levels  were also 

elevated in the CDAA-HFD group (Figure 6B, C), indicative of liver injury [52]. Although ALT 

remained somewhat higher in XZ1606-treated mice, ALP was significantly reduced, reflecting a 

decrease in liver damage. Histological staining further corroborated these biochemical findings: 

the CDAA-HFD group exhibited pronounced collagen deposition and lipid accumulation, as 

evidenced by intense Masson’s trichrome, Sirius Red, and Oil Red O staining (Figure 6D). In 

contrast, XZ1606-treated mice showed markedly reduced staining intensities, implying less 
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fibrosis and steatosis. Quantitative analysis of positively stained areas demonstrated that XZ1606 

treatment lowered both the fibrotic burden (Masson’s trichrome, Sirius Red) and lipid 

accumulation (Oil Red O) compared to the CDAA-HFD group (Figure 6E-G).  

Furthermore, Western blot analysis (Figure 7A) of liver tissues revealed elevated expression 

of BRD4, but not BRD2 and BRD3 in the CDAA-HFD group (Figure 7A-D), again suggesting 

BRD4 as the major protein that mediates liver fibrosis. The fibrosis-related proteins, including 

Col1A1, and α-SMA in the CDAA-HFD group were all downregulated by the treatment of 

XZ1606 (Figure 7B-G), further supporting its anti-fibrotic effects. To complement these findings, 

qPCR analysis (Figure 7H-K) of liver tissue showed that the CDAA-HFD group had elevated 

mRNA levels for key fibrosis markers such as Col1a, α-sma, Tgfb, and Mmp2, indicative of 

significant fibrosis progression. Treatment with XZ1606 resulted in a marked reduction of these 

mRNA levels (Figure 7H-K). These molecular findings suggest that XZ1606 treatment effectively 

modulates the fibrotic pathways and reduces the expression of genes involved in fibrosis and tissue 

remodeling. 

To gain deeper insights into the molecular and metabolic changes underlying XZ1606’s 

protective effects in the CDAA-HFD model, we performed comprehensive transcriptomic and 

metabolomic analyses (Figure 8; File S5-6). Hierarchical clustering of RNA-sequencing data 

revealed a distinct gene expression pattern in the CDAA-HFD group compared to controls (Figure 

8A), characterized by the upregulation of numerous fibrotic and inflammatory genes. The 

XZ1606-treated group displayed a partial shift toward the control-like profile, suggesting that 

LIVTAC attenuates or reverses the pathological gene signature induced by the diet. Volcano plots 

further confirm these trends: the top panel (CDAA-HFD vs. control) shows substantial 

upregulation (red) and downregulation (blue) of genes in the fibrotic state (Figure 8B), whereas 

the bottom panel (XZ1606 vs. CDAA-HFD) indicates that many of these dysregulated genes return 

to near-control levels following treatment. Consistent with this observation, KEGG pathway 

enrichment revealed that genes elevated in the CDAA-HFD group are associated with profibrotic 

and inflammatory signaling (Figure 8C). In contrast, these same pathways are among the most 

downregulated in XZ1606-treated mice (Figure 8D), supporting the idea that LIVTAC counteracts 

the transcriptional drivers of fibrosis. Analysis of the downregulated genes in the XZ1606 

treatment group reveals a broad attenuation of proinflammatory and profibrotic signaling pathways. 

Notably, several chemokines and cytokines (e.g., Cxcl1, Cxcl11, Ccl2, Ccl5, Il1a, Il1r1) and 
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interferon-induced genes (Ifi27, Ifi35, Irf3, Irf7) were suppressed, suggesting a reduction in 

immune cell recruitment and inflammatory responses. Key fibrotic mediators—such as collagens 

(Col5a3, Col24a1, Col18a1), TGF-β family members (Inhba, Inhbc, Inhbe), and NADPH oxidase 

(Nox4) also show decreased expression, aligning with an inhibition of extracellular matrix 

deposition and oxidative stress. Downregulation of Wnt5b indicates diminished pro-fibrotic Wnt 

signaling, while reduced levels of matrix metalloproteinases (Mmp12, Mmp15, Mmp27) and 

integrins (Itga4, Itga5, Itgax) suggest that both ECM remodeling and cell adhesion processes are 

tempered under treatment. Moreover, genes linked to metabolic dysregulation (Elovl3, Elovl5, 

involved in fatty acid elongation) and immune-related C-type lectins (Clec2d, Clec2h, Clec4b1, 

Clec7a, Clec9a) are also suppressed, indicating a broad-spectrum normalization of pathologic 

pathways. Collectively, this pattern of downregulated genes underscores XZ1606’s capacity to 

curb multiple facets of the fibrotic and inflammatory cascade in liver disease. 

Metabolomic profiling reinforced the transcriptomic findings. Volcano plots (Figure 8E-F; File 

S7) illustrate widespread metabolic disturbances in the CDAA-HFD group, with numerous 

metabolites showing significant increases or decreases compared to controls. Upon XZ1606 

treatment, many of these altered metabolites shifted back toward control levels, indicative of 

restored metabolic balance. Hierarchical clustering of the metabolite data confirms that the 

XZ1606-treated group more closely resembles the control group’s profile, whereas the CDAA-

HFD group remains distinctly separated (Figure 8G). Analysis of the metabolites downregulated 

in the XZ1606 treatment group indicates a broad normalization of hepatic metabolic processes that 

are otherwise perturbed during fibrosis. Many of the listed molecules, such as 1,2-

Dilinoleoylglycerol, Nonadecanoylcarnitine, and 3-Hydroxyeicosanoylcarnitine, are involved in 

lipid metabolism, suggesting that XZ1606 may reduce excessive lipid accumulation or abnormal 

fatty acid oxidation associated with fibrotic conditions. The decrease in S-Adenosylmethionine (a 

central methyl donor) and Itaconic acid (an immunometabolite) further points to dampened 

inflammatory or stress-related pathways in the liver. Of particular note, 1-Methylnicotinamide, a 

metabolite of nicotinamide that was elevated in both the CCl₄- and CDAA-HFD induced fibrosis 

models, consistently declined in the treatment group. This downregulation underscores XZ1606’s 

potential to restore NAD⁺-related metabolic balance and reduce the proinflammatory environment 

often linked to high 1-methylnicotinamide levels. Taken together, these shifts in the metabolome 
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reinforce the conclusion that XZ1606 not only modulates fibrotic gene expression but also helps 

reestablish metabolic homeostasis in fibrotic livers. 

Overall, these transcriptomic and metabolomic results align with the histological and 

biochemical evidence of reduced fibrosis and steatosis. By reversing both gene expression and 

metabolic abnormalities, XZ1606 demonstrates a broad-spectrum capacity to mitigate the fibrotic 

and steatotic changes characteristic of the CDAA-HFD model. 

 

Discussion 

Liver fibrosis is a complex and dynamic process characterized by the excessive accumulation 

of extracellular matrix components, which can ultimately progress to cirrhosis and hepatocellular 

carcinoma (HCC) [53-55]. Despite significant advances in understanding the molecular 

mechanisms driving fibrogenesis, effective therapies that selectively target the underlying 

pathology without causing off-target toxicity remain elusive. In this study, we repurposed the 

LIVTAC XZ1606, originally developed for HCC, to treat liver fibrosis by inducing selective 

degradation of BRD4, a bromodomain-containing protein known to regulate fibrotic gene 

expression [25, 56]. Our multifaceted approach, incorporating in vitro cellular assays, in vivo 

animal models, and comprehensive omics analyses, demonstrates that LIVTAC XZ1606 

effectively reverses fibrotic and steatotic changes in the liver through a highly selective and potent 

mechanism. 

Our in vitro experiments in LX-2 cells, a well-established human HSC line [57, 58] provided 

critical proof-of-concept for the antifibrotic efficacy of XZ1606. We observed that XZ1606 

induced robust and dose-dependent degradation of BRD4 at sub-nanomolar concentrations, with 

an IC₅₀ of less than 10 nM achieved within 24 h. The time-course analysis revealed that maximal 

BRD4 degradation occurred within 12 h of treatment, and this effect was sustained over an 

extended period. Importantly, our mechanistic studies confirmed that the degradation process is 

mediated by the ubiquitin-proteasomal pathway [59], as evidenced by the complete inhibition of 

BRD4 degradation upon treatment with the proteasomal inhibitor MG-132. Furthermore, the 

partial inhibition of BRD4 degradation by the calcium chelator EGTA underscores the role of 

calcium signaling in the endocytic uptake of XZ1606. Specifically, the degradation of BRD4 by 

XZ1606 was blocked by shRNA-mediated ASGPR knockdown. Together, these findings validate 

the proposed mechanism of action and establish the high potency and specificity of XZ1606 in 
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targeting fibrotic pathways in HSCs. At the core of our strategy is the unique design of XZ1606, 

which couples a potent GNE-987-derived BET degrader to a tri-GalNAc moiety. This design 

leverages the high expression of the ASGPR on HSCs to ensure liver-specific uptake via receptor-

mediated endocytosis. Once internalized, the Val-Ala-PAB linker is cleaved by cathepsin B, a 

lysosomal enzyme, releasing the active PROTAC that recruits an E3 ligase to target BRD4 for 

ubiquitination and proteasomal degradation. This targeted degradation strategy not only results in 

the selective depletion of BRD4 in HSCs but also circumvents the “on-target off-tissue” toxicities 

commonly associated with systemic BET inhibitors [60-63]. 

In addition to in vitro data, our in vivo studies in two distinct mouse models of liver fibrosis 

further underscore the therapeutic potential of XZ1606. In the widely used CCl₄-induced liver 

fibrosis model [43], administration of CCl₄ over six weeks resulted in pronounced fibrosis, as 

evidenced by increased collagen deposition, elevated liver injury markers, and significant 

transcriptional alterations [64, 65]. Treatment with XZ1606 (1.5 mg/kg, administered 

intraperitoneally every three days) for three weeks after fibrosis induction led to marked 

improvements in liver histology. Sirius Red and Masson’s Trichrome staining revealed a 

significant reduction in collagen deposition in the treatment group compared to the CCl₄-only 

group. Moreover, immunoblotting and qPCR analyses demonstrated substantial downregulation 

of key fibrotic markers such as Col1a1, α-sma, and Tgfb, alongside reductions in the expression 

of BRD4. These results indicate that XZ1606 not only suppresses the fibrotic gene signature but 

also directly modulates the molecular pathways that drive fibrosis. 

Building on the promising results from the CCl₄ model, we extended our investigation to a 

choline-deficient, L-amino acid-defined high-fat diet (CDAA-HFD) model, which more closely 

mimics the clinical scenario of nonalcoholic steatohepatitis (NASH)-related fibrosis [66, 67]. In 

the CDAA-HFD model, mice developed significant hepatomegaly, steatosis, and fibrosis over a 

10-week feeding period. Subsequent treatment with XZ1606 for four weeks resulted in a partial 

reversal of these pathological features. Specifically, XZ1606-treated mice exhibited reduced liver 

weight-to-body weight ratios and improved serum biochemical parameters, such as lower ALP 

levels. Histologically, there was a significant reduction in both collagen deposition and lipid 

accumulation, as evidenced by diminished staining intensity in Masson’s Trichrome, Sirius Red, 

and Oil Red O assays. These improvements were further supported by molecular analyses, which 
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showed significant downregulation of fibrosis-related proteins and genes in the liver tissue of 

XZ1606-treated mice. 

To gain deeper insight into the molecular and metabolic underpinnings of XZ1606’s 

antifibrotic effects, we performed comprehensive transcriptomic and metabolomic analyses in both 

the CCl₄ and CDAA-HFD models. Transcriptomic profiling revealed that XZ1606 treatment 

partially reverted the fibrotic gene expression signature toward a control-like state. Notably, 

KEGG pathway enrichment analysis demonstrated that pro-fibrotic pathways, such as ECM-

receptor interaction, AGE-RAGE signaling, and TGF-β signaling [68-73], were significantly 

downregulated following XZ1606 treatment. Similarly, metabolomic analysis showed that many 

metabolites associated with dysregulated lipid metabolism and inflammatory responses were 

restored to near-normal levels in the XZ1606-treated groups. Of particular interest was the 

consistent downregulation of 1-methylnicotinamide [74-76], underscoring the compound’s role in 

restoring NAD⁺-related metabolic balance. 

Our study thus provides a comprehensive demonstration that targeted degradation of BRD4 

using a LIVTAC is an effective strategy to reverse both fibrotic and steatotic changes in the liver. 

The dual approach of transcriptomic and metabolomic profiling not only corroborates the 

histological and biochemical improvements observed in our animal models but also offers novel 

insights into the underlying mechanisms by which XZ1606 exerts its therapeutic effects. 

Despite these promising findings, several limitations warrant discussion. First, while our 

preclinical models provide robust evidence of XZ1606’s efficacy, further studies are required to 

assess its long-term safety and potential immunogenicity in larger animal models. Additionally, 

the optimal dosing regimen and potential combination strategies with other antifibrotic agents 

remain to be explored. Furthermore, while XZ1606 effectively induces BRD4 degradation, its 

potential cytotoxic effects on non-target cells and overall impact on cellular viability require 

further investigation. Finally, although we focused primarily on BRD4, the contribution of other 

BET family members and potential off-target effects needs further clarification to fully understand 

the therapeutic window of LIVTAC XZ1606. Furthermore, the long-term safety and efficacy of 

LIVTACs in chronic liver disease models remain underexplored. A comprehensive evaluation of 

these limitations is essential for optimizing their design and translating preclinical success into 

clinical application. 
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In conclusion, this study introduces LIVTAC XZ1606 as a novel and selective therapeutic 

agent capable of reversing hepatic fibrosis and steatosis through targeted degradation of BRD4. 

These findings open new avenues for the treatment of chronic liver diseases, offering the potential 

for improved clinical outcomes with minimized systemic toxicity. Future studies will be crucial to 

translate these preclinical insights into viable clinical therapies for patients suffering from liver 

fibrosis and related disorders. 

 

Abbreviations 

ALP, alkaline phosphatase; ALT, alanine transaminase; ANOVA, analysis of variance; ASGPR, 

asialoglycoprotein receptor; ATCC, American Type Culture Collection; ATII, alveolar type II; 

BCA, bicinchoninic acid; CCl4, carbon Tetrachloride; CDAA-HFD, choline-deficient L-amino 

acid-defined high-fat diet; DC50, half-maximal degradation concentration; DEGs, differentially 

expressed genes; DMEM, Dulbecco’s Modified Eagle Medium; ECM, extracellular matrix; ESI, 

electrospray ionization; FBS, fetal bovine serum; GalNAc, N-acetylgalactosamine; HCC, 

hepatocellular carcinoma; HDF, human dermal fibroblasts; HELF, human lung embryo fibroblast 

HSC, hepatic stellate cell; IDA, information-dependent acquisition; LC-MS, liquid 

chromatography-tandem mass spectrometry; LIVTAC, liver-targeting chimera; NASH, 

nonalcoholic steatohepatitis; NGDC, National Genomics Data Center; OPLS-DA, orthogonal 

projections to latent structures-discriminant analysis; PBS, phosphate-buffered saline; PCA, 

principal component analysis; PVDF, polyvinylidene fluoride; QC, quality control; qRT-PCR, 

quantitative Real-Time polymerase chain reaction; SEM, standard error of the mean; SPF, specific 

pathogen-free; TBS-T, tris-buffered saline with 0.1% Tween-20; TGF-β, transforming growth 

factor beta; THPA, Human Protein Atlas; TPM, transcript per million; VIP, variable importance in 

the projection 

 

Authorship contributions 

Conceptualization: Yonghan He, Xuan Zhang. Methodology and analysis: Shengjie Yuan, Ayesha 

Nisar. Acquisition, analysis, or interpretation of data: Shengjie Yuan, Ayesha Nisar, Chuanjie Chen, 

Xin Dong, Yongzhang Pan, Meiting Zi, Qiong Wang, Yaxun Guo. Writing – Original Draft 

Preparation: Ayesha Nisar, Sawar Khan, Shengjie Yuan, Yonghan He. Supervision: Yonghan He, 

Xuan Zhang. Funding Acquisition: Yonghan He, Xuan Zhang. 



23 
 

 

Acknowledgements  

This work was supported by grants from the Yunnan Fundamental Research Projects 

(202201AS070038 and 202305AH340006), National Key R&D Program of China 

(2023YFC3603300), National Natural Science Foundation of China (82171558, 82471599, and 

22277131), and CAS "Light of West China" Program (xbzg-zdsys-202312). Yonghan He is 

supported by the Yunnan Revitalization Talent Support Program Young Talent Project. Both 

Yonghan He and Xuan Zhang are supported by the Pioneer Hundred Talents Program of the 

Chinese Academy of Sciences. We would like to thank Professor Ceshi Chen from Kunming 

Medical University and Professor Yanjie Kong from Shenzhen University for providing us with 

the plasmids and technical support.  

 

Competing Interests  

Yonghan He, Xuan Zhang, Chuanjie Chen, and Yongzhang Pan are inventors of pending patent 

applications for the development of LIVTACs for the treatment of liver diseases including 

hepatocellular carcinoma and hepatic fibrosis. 

 

Data availability 

The raw and analyzed RNA-seq data (GSE24331, GSE271657) and metabolic data (GSE243332) 

generated in this study were deposited in the National Genomics Data Center (NGDC) (GSE 

number: PRJCA031740 and PRJCA031825). Other datasets will be made available on request. 

 

References 

1. Kim JH, Lee S, Lee MY, Shin HK. Therapeutic effect of Soshiho-tang, a traditional herbal 

formula, on liver fibrosis or cirrhosis in animal models: a systematic review and meta-analysis. 

J Ethnopharmacol. 2014; 154: 1-16. 

2. Henderson NC, Rieder F, Wynn TA. Fibrosis: from mechanisms to medicines. Nature. 2020; 

587: 555-66. 

3. Cordero-Espinoza L, Huch M. The balancing act of the liver: tissue regeneration versus 

fibrosis. J Clin Invest. 2018; 128: 85-96. 



24 
 

4. Somnay K, Wadgaonkar P, Sridhar N, Roshni P, Rao N, Wadgaonkar R. Liver Fibrosis 

Leading to Cirrhosis: Basic Mechanisms and Clinical Perspectives. Biomedicines. 2024; 12. 

5. Hammerich L, Tacke F. Hepatic inflammatory responses in liver fibrosis. Nat Rev 

Gastroenterol Hepatol. 2023; 20: 633-46. 

6. Miao H, Wu X-Q, Zhang D-D, Wang Y-N, Guo Y, Li P, et al. Deciphering the cellular 

mechanisms underlying fibrosis-associated diseases and therapeutic avenues. Pharmacol Res. 

2021; 163: 105316. 

7. Di X, Li Y, Wei J, Li T, Liao B. Targeting Fibrosis: From Molecular Mechanisms to Advanced 

Therapies. Adv Sci (Weinh). 2025; 12: e2410416. 

8. European Association for the Study of the Liver. EASL 2017 Clinical Practice Guidelines on 

the management of hepatitis B virus infection. J Hepatol. 2017; 67: 370-98. 

9. Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: the 

multiple parallel hits hypothesis. Hepatology. 2010; 52: 1836-46. 

10. Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM, et al. 

Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl J Med. 2010; 362: 

1675-85. 

11. Paschos P, Tziomalos K. Nonalcoholic fatty liver disease and the renin-angiotensin system: 

Implications for treatment. World J Hepatol. 2012; 4: 327-31. 

12. Cusi K. Role of insulin resistance and lipotoxicity in non-alcoholic steatohepatitis. Clin Liver 

Dis. 2009; 13: 545-63. 

13. Dooley S, ten Dijke P. TGF-β in progression of liver disease. Cell Tissue Res. 2012; 347: 245-

56. 

14. Parsons CJ, Takashima M, Rippe RA. Molecular mechanisms of hepatic fibrogenesis. J 

Gastroenterol Hepatol. 2007; 22 Suppl 1: S79-84. 

15. Meissner EG, McLaughlin M, Matthews L, Gharib AM, Wood BJ, Levy E, et al. Simtuzumab 

treatment of advanced liver fibrosis in HIV and HCV-infected adults: results of a 6-month 

open-label safety trial. Liver Int. 2016; 36: 1783-92. 

16. Barry-Hamilton V, Spangler R, Marshall D, McCauley S, Rodriguez HM, Oyasu M, et al. 

Allosteric inhibition of lysyl oxidase-like-2 impedes the development of a pathologic 

microenvironment. Nat Med. 2010; 16: 1009-17. 



25 
 

17. Baghaei K, Mazhari S, Tokhanbigli S, Parsamanesh G, Alavifard H, Schaafsma D, et al. 

Therapeutic potential of targeting regulatory mechanisms of hepatic stellate cell activation in 

liver fibrosis. Drug Discov Today. 2022; 27: 1044-61. 

18. Dewidar B, Meyer C, Dooley S, Meindl-Beinker AN. TGF-β in Hepatic Stellate Cell 

Activation and Liver Fibrogenesis-Updated 2019. Cells. 2019; 8: 1419. 

19. Schwabe RF, Tabas I, Pajvani UB. Mechanisms of Fibrosis Development in Nonalcoholic 

Steatohepatitis. Gastroenterology. 2020; 158: 1913-28. 

20. Deng Z, Fan T, Xiao C, Tian H, Zheng Y, Li C, et al. TGF-β signaling in health, disease and 

therapeutics. Signal Transduct Target Ther. 2024; 9: 61. 

21. Hinz B. The extracellular matrix and transforming growth factor-β1: Tale of a strained 

relationship. Matrix Biol. 2015; 47: 54-65. 

22. Giarratana AO, Prendergast CM, Salvatore MM, Capaccione KM. TGF-β signaling: critical 

nexus of fibrogenesis and cancer. J Transl Med. 2024; 22: 594. 

23. Wu C, Cheng D, Peng Y, Li Y, Fu C, Wang Y, et al. Hepatic BRD4 Is Upregulated in Liver 

Fibrosis of Various Etiologies and Positively Correlated to Fibrotic Severity. Front Med 

(Lausanne). 2021; 8: 683506. 

24. Cheng M, Li JJ, Niu XN, Zhu L, Liu JY, Jia PC, et al. BRD4 promotes hepatic stellate cells 

activation and hepatic fibrosis via mediating P300/H3K27ac/PLK1 axis. Biochem Pharmacol. 

2023; 210: 115497. 

25. Xu F, Lu S, Pan N, Zhao F, Jia X, Wang S, et al. Bromodomain protein 4 is a key molecular 

driver of TGFβ1-induced hepatic stellate cell activation. Biochim Biophys Acta Mol Cell Res. 

2023; 1870: 119569. 

26. Wei Q, Gan C, Sun M, Xie Y, Liu H, Xue T, et al. BRD4: an effective target for organ fibrosis. 

Biomark Res. 2024; 12: 92. 

27. Thomas H. Regulating profibrotic transcription. Nat Rev Gastroenterol Hepatol. 2016; 13: 

62-3. 

28. Wang N, Wu R, Tang D, Kang R. The BET family in immunity and disease. Signal Transduct 

Target Ther. 2021; 6: 23. 

29. Borck PC, Guo LW, Plutzky J. BET Epigenetic Reader Proteins in Cardiovascular 

Transcriptional Programs. Circ Res. 2020; 126: 1190-208. 



26 
 

30. Bi T, Liang P, Zhao Q, Wu J, Zhou Y, Xu Y, et al. Targeted Degradation of Bromodomain-

Containing Protein 4 Enabled by Reactive Oxygen Species-Activatable NanoPROTACs as 

an Efficient Strategy to Reverse Liver Fibrosis in Chronic Liver Injury. J Med Chem. 2025; 

68:6328-6338. 

31. Hu J, Pan D, Li G, Chen K, Hu X. Regulation of programmed cell death by Brd4. Cell Death 

Dis. 2022; 13: 1059. 

32. He Y, Khan S, Huo Z, Lv D, Zhang X, Liu X, et al. Proteolysis targeting chimeras (PROTACs) 

are emerging therapeutics for hematologic malignancies. J Hematol Oncol. 2020; 13: 103. 

33. Bond MJ, Crews CM. Proteolysis targeting chimeras (PROTACs) come of age: entering the 

third decade of targeted protein degradation. RSC Chem Biol. 2021; 2: 725-42. 

34. Liu Z, Hu M, Yang Y, Du C, Zhou H, Liu C, et al. An overview of PROTACs: a promising 

drug discovery paradigm. Mol Biomed. 2022; 3: 46. 

35. Békés M, Langley DR, Crews CM. PROTAC targeted protein degraders: the past is prologue. 

Nat Rev Drug Discov. 2022; 21: 181-200. 

36. Hines J, Lartigue S, Dong H, Qian Y, Crews CM. MDM2-Recruiting PROTAC Offers 

Superior, Synergistic Antiproliferative Activity via Simultaneous Degradation of BRD4 and 

Stabilization of p53. Cancer Res. 2019; 79: 251-62. 

37. Sun X, Gao H, Yang Y, He M, Wu Y, Song Y, et al. PROTACs: great opportunities for 

academia and industry. Signal Transduct Target Ther. 2019; 4: 64. 

38. Churcher I. Protac-Induced Protein Degradation in Drug Discovery: Breaking the Rules or 

Just Making New Ones? J Med Chem. 2018; 61: 444-52. 

39. Burke MR, Smith AR, Zheng G. Overcoming Cancer Drug Resistance Utilizing PROTAC 

Technology. Front Cell Dev Biol. 2022; 10: 872729. 

40. Chen C, Pan Y, Yang X, Li H, Cai X, He S, et al. Liver-targeting chimeras as a potential 

modality for the treatment of liver diseases. J Control Release. 2024; 374: 627-38. 

41. Humbert A, Lefebvre R, Nawrot M, Caussy C, Rieusset J. Calcium signalling in hepatic 

metabolism: Health and diseases. Cell Calcium. 2023; 114: 102780. 

42. Liu Y, Qian M, Li Y, Dong X, Wu Y, Yuan T, et al. The ubiquitin–proteasome system: A 

potential target for the MASLD. Acta Pharm Sin B. 2025; 15:1268-1280. 



27 
 

43. Fujii T, Fuchs BC, Yamada S, Lauwers GY, Kulu Y, Goodwin JM, et al. Mouse model of 

carbon tetrachloride induced liver fibrosis: Histopathological changes and expression of 

CD133 and epidermal growth factor. BMC Gastroenterol. 2010; 10: 79. 

44. Rocha SW, de França ME, Rodrigues GB, Barbosa KP, Nunes AK, Pastor AF, et al. 

Diethylcarbamazine reduces chronic inflammation and fibrosis in carbon tetrachloride- 

(CCl₄-) induced liver injury in mice. Mediators Inflamm. 2014; 2014: 696383. 

45. Zhang G, Wang X, Chung T-Y, Ye W, Hodge L, Zhang L, et al. Carbon tetrachloride (CCl4) 

accelerated development of non-alcoholic fatty liver disease (NAFLD)/steatohepatitis 

(NASH) in MS-NASH mice fed western diet supplemented with fructose (WDF). BMC 

Gastroenterol. 2020; 20: 339. 

46. Van De Vlekkert D, Machado E, d'Azzo A. Analysis of Generalized Fibrosis in Mouse Tissue 

Sections with Masson's Trichrome Staining. Bio Protoc. 2020; 10: e3629. 

47. Szász C, Pap D, Szebeni B, Bokrossy P, Őrfi L, Szabó AJ, et al. Optimization of Sirius Red-

Based Microplate Assay to Investigate Collagen Production In Vitro. Int J Mol Sci. 2023; 24. 

48. Courtoy GE, Leclercq I, Froidure A, Schiano G, Morelle J, Devuyst O, et al. Digital Image 

Analysis of Picrosirius Red Staining: A Robust Method for Multi-Organ Fibrosis 

Quantification and Characterization. Biomolecules. 2020; 10: 1585. 

49. Arriazu E, Ruiz de Galarreta M, Cubero FJ, Varela-Rey M, Pérez de Obanos MP, Leung TM, 

et al. Extracellular matrix and liver disease. Antioxid Redox Signal. 2014; 21: 1078-97. 

50. Yang C, Geng X, Wan G, Song L, Wang Y, Zhou G, et al. Transcriptomic and proteomic 

investigation of the ameliorative effect of total polyphenolic glycoside extract on hepatic 

fibrosis in Lamiophlomis rotata Kudo via the AGE/RAGE pathway. J Ethnopharmacol. 2024; 

324: 117720. 

51. Matsumoto M, Hada N, Sakamaki Y, Uno A, Shiga T, Tanaka C, et al. An improved mouse 

model that rapidly develops fibrosis in non-alcoholic steatohepatitis. Int J Exp Pathol. 2013; 

94: 93-103. 

52. Lala V, Zubair M, Minter DA. Liver Function Tests. Treasure Island (FL): StatPearls 

Publishing;  2025. 

53. Dhar D, Baglieri J, Kisseleva T, Brenner DA. Mechanisms of liver fibrosis and its role in liver 

cancer. Exp Biol Med (Maywood). 2020; 245: 96-108. 



28 
 

54. Parola M, Pinzani M. Liver fibrosis in NAFLD/NASH: from pathophysiology towards 

diagnostic and therapeutic strategies. Mol Aspects Med. 2024; 95: 101231. 

55. Roehlen N, Crouchet E, Baumert TF. Liver Fibrosis: Mechanistic Concepts and Therapeutic 

Perspectives. Cells. 2020; 9: 875. 

56. Ding N, Hah N, Yu RT, Sherman MH, Benner C, Leblanc M, et al. BRD4 is a novel 

therapeutic target for liver fibrosis. Proc Natl Acad Sci U S A. 2015; 112: 15713-8. 

57. Xu L, Hui AY, Albanis E, Arthur MJ, O'Byrne SM, Blaner WS, et al. Human hepatic stellate 

cell lines, LX-1 and LX-2: new tools for analysis of hepatic fibrosis. Gut. 2005; 54: 142-51. 

58. Yu J, Hu Y, Gao Y, Li Q, Zeng Z, Li Y, et al. Kindlin-2 regulates hepatic stellate cells activation 

and liver fibrogenesis. Cell Death Discov. 2018; 4: 93. 

59. Mori Y, Akizuki Y, Honda R, Takao M, Tsuchimoto A, Hashimoto S, et al. Intrinsic signaling 

pathways modulate targeted protein degradation. Nat Commun. 2024; 15: 5379. 

60. Wang Z-Q, Zhang Z-C, Wu Y-Y, Pi Y-N, Lou S-H, Liu T-B, et al. Bromodomain and 

extraterminal (BET) proteins: biological functions, diseases and targeted therapy. Signal 

Transduct Target Ther. 2023; 8: 420. 

61. Theodoulou NH, Tomkinson NC, Prinjha RK, Humphreys PG. Clinical progress and 

pharmacology of small molecule bromodomain inhibitors. Curr Opin Chem Biol. 2016; 33: 

58-66. 

62. Middleton SA, Rajpal N, Cutler L, Mander P, Rioja I, Prinjha RK, et al. BET Inhibition 

Improves NASH and Liver Fibrosis. Sci Rep. 2018; 8: 17257. 

63. Shi J, Vakoc Christopher R. The Mechanisms behind the Therapeutic Activity of BET 

Bromodomain Inhibition. Mol Cell. 2014; 54: 728-36. 

64. Nallagangula KS, Nagaraj SK, Venkataswamy L, Chandrappa M. Liver fibrosis: a 

compilation on the biomarkers status and their significance during disease progression. Future 

Sci OA. 2018; 4: Fso250. 

65. De Smet V, Eysackers N, Merens V, Kazemzadeh Dastjerd M, Halder G, Verhulst S, et al. 

Initiation of hepatic stellate cell activation extends into chronic liver disease. Cell Death Dis. 

2021; 12: 1110. 

66. Fang T, Wang H, Pan X, Little PJ, Xu S, Weng J. Mouse models of nonalcoholic fatty liver 

disease (NAFLD): pathomechanisms and pharmacotherapies. Int J Biol Sci. 2022; 18: 5681-

97. 



29 
 

67. Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Animal Models of Fibrosis in Nonalcoholic 

Steatohepatitis: Do They Reflect Human Disease? Adv Nutr. 2020; 11: 1696-711. 

68. Serban AI, Stanca L, Geicu OI, Munteanu MC, Dinischiotu A. RAGE and TGF-β1 Cross-

Talk Regulate Extracellular Matrix Turnover and Cytokine Synthesis in AGEs Exposed 

Fibroblast Cells. PLoS One. 2016; 11: e0152376. 

69. Song JS, Kang CM, Park CK, Yoon HK, Lee SY, Ahn JH, et al. Inhibitory effect of receptor 

for advanced glycation end products (RAGE) on the TGF-β-induced alveolar epithelial to 

mesenchymal transition. Exp Mol Med. 2011; 43: 517-24. 

70. Wang XL, Yang M, Wang Y. Roles of transforming growth factor-β signaling in liver disease. 

World J Hepatol. 2024; 16: 973-9. 

71. Fabregat I, Moreno-Càceres J, Sánchez A, Dooley S, Dewidar B, Giannelli G, et al. TGF-β 

signalling and liver disease. FEBS J. 2016; 283: 2219-32. 

72. McQuitty CE, Williams R, Chokshi S, Urbani L. Immunomodulatory Role of the 

Extracellular Matrix Within the Liver Disease Microenvironment. Front Immunol. 2020; 11: 

574276. 

73. Karsdal MA, Manon-Jensen T, Genovese F, Kristensen JH, Nielsen MJ, Sand JM, et al. Novel 

insights into the function and dynamics of extracellular matrix in liver fibrosis. Am J Physiol 

Gastrointest Liver Physiol. 2015; 308: G807-30. 

74. Zhang S, Tuo P, Ji Y, Huang Z, Xiong Z, Li H, et al. Identification of 1-Methylnicotinamide 

as a specific biomarker for the progression of cirrhosis to hepatocellular carcinoma. J Cancer 

Res Clin Oncol. 2024; 150: 310. 

75. Liang G, Li Y, Lin Y, Yang X, Yang J, Hu S, et al. Nicotinamide N-methyltransferase and liver 

diseases. Genes Dis. 2023; 10: 1883-93. 

76. Lai S, Ma Y, Hao L, Ding Q, Chang K, Zhuge H, et al. 1-Methylnicotinamide promotes 

hepatic steatosis in mice: A potential mechanism in chronic alcohol-induced fatty liver disease. 

Biochim Biophys Acta Mol Cell Biol Lipids. 2023; 1868: 159286. 

 

 

 

 



30 
 

Figure legends 

Figure 1. XZ1606 induces proteasomal degradation of BRD4 in LX-2 cells. (A-C) ASGPR 

expression levels in various tissues and cell lines, with liver tissues and cell lines showing the 

highest expression. Data are retrieved from the Human Protein Atlas 

(https://www.proteinatlas.org/). (D) Western blot analysis showing the absence of ASGPR 

expression in non-liver-derived cell lines (ATII, HELF, and HDF), confirming ASGPR expression 

is limited to liver-specific LX-2 cells. (E) Schematic representation of the LIVTAC mechanism: 

The tri-GalNAc moiety selectively binds to the ASGPR receptor on liver cells, facilitating 

receptor-mediated endocytosis. Upon internalization, the cleavable linker is processed by 

cathepsin B (CTB), releasing the active PROTAC, which triggers the degradation of the target 

protein of interest (POI). (F-G) Dose-dependent degradation and protein quantification of BRD4 

by XZ1606 in LX-2 cells. Western blot analysis shows that treatment with increasing 

concentrations (10, 30, 100, and 300 nM) of XZ1606 results in a dose-dependent degradation of 

BRD4. Half-maximal degradation concentration (DC50) and maximum level of target degradation 

(Dmax) were calculated. (H-I) Time-dependent degradation and protein quantification of BRD4 

by XZ1606 in LX-2 cells. Western blot analysis shows that XZ1606 induces progressive 

degradation of BRD4 over time (2-12 h), with β-actin as a loading control.  

 

Figure 2. XZ1606 induces degradation of BRD4 via the ubiquitin-proteasomal pathway in 

LX-2 cells. (A) Inhibition of BRD4 degradation by calcium chelation. Pre-treatment with EGTA 

(calcium chelator) reduces the XZ1606-induced BRD4 degradation, suggesting calcium signaling 

involvement in the mechanism of action. (B) Knockdown of ASGPR blocked the degradation of 

LIVTAC on BRD4. Small hairpin RNAs (shRNA) were used to knock down the ASGPR in LX-2 

cells. (C) Proteasomal involvement in BRD4 degradation. Pre-treatment with indicated 

concentration of MG-132 (proteasomal inhibitor) blocks XZ1606-induced BRD4 degradation. (D) 

Ectopic expression of exogenous BRD4 and ubiquitin. LX-2 cells were treated with 100 nM 

XZ1606 for 4 h after which 20 μM MG132 were added for an additional 4 h. Cell lysates were 

collected for Western blot analysis.  

 

Figure 3. Effect of XZ1606 on fibrosis markers in TGF-β-activated LX-2 cells. (A) Western 

blot analysis showing the protein expression of the fibrotic marker Col1A1 in LX-2 cells treated 

https://www.proteinatlas.org/
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with 5 ng/mL and 10 ng/mL of XZ1606. (B-D) mRNA expression levels of fibrotic markers Col1a1, 

α-sma, and Mmp2 in LX-2 cells treated with 5 ng/mL and 10 ng/mL TGF-β, measured by qRT-

PCR. Data are expressed as fold change relative to the control group, normalized to GAPDH 

expression (n = 3). (E) Western blot analysis showing the degradation of BRD2, BRD3, BRD4, 

and the downregulation of Col1A1 in LX-2 cells treated with 5 ng/mL TGF-β and 100 nM XZ1606. 

(F-I) Quantification of BRD2, BRD3, BRD4, and Col1A1 protein levels, normalized to β-actin, 

in control, TGF-β (5 ng/mL), and XZ1606 (100 nM) treatment groups (n = 6). (J-L) mRNA 

expression of Col1A1, Mmp2, and Pdgf in LX-2 cells treated with TGF-β (5 ng/mL) and XZ1606 

(100 nM), quantified by qPCR (n = 3). (M) Hierarchical clustering of transcript expression data 

showing differential gene expression patterns across control, TGF-β, and XZ1606 treatment 

groups (n = 3, 3 and 4, respectively). (N) Volcano plots showing differential gene expression 

between the TGF-β model vs. control and XZ1606 treatment vs. TGF-β model. Upregulated genes 

are shown in red and downregulated genes in blue. (O) KEGG pathway enrichment analysis of 

upregulated genes in the TGF-β model vs. control group, highlighting fibrotic pathways. (P) 

KEGG pathway enrichment analysis of downregulated genes in the XZ1606 treatment group vs. 

TGF-β model, showing the reversal of fibrotic pathways by XZ1606. Data are represented as the 

mean ± SEM, with statistical significance determined by one-way ANOVA followed by post-hoc 

comparisons (p < 0.05). 

 

Figure 4. Effect of XZ1606 treatment on liver fibrosis in the CCl₄-induced fibrosis model. (A) 

Masson’s Trichrome, Sirius Red, and Oil Red staining of liver tissue sections were performed to 

assess collagen deposition and fibrosis severity. Representative images from the Vehicle (VEH), 

CCl₄, and CCl₄ + XZ1606 groups are shown. (B) Quantification of the positive staining area for 

Masson’s Trichrome (n = 4 for each group). (C) Quantification of Sirius Red-positive areas (n = 4 

for each group). (D) Quantification of Oil Red-positive areas (n = 4 for each group). (E) Western 

blot analysis assessing the expression of BRD2, BRD3, BRD4, Col1A1, and α-SMA in liver tissue 

from the VEH, CCl₄, and CCl₄ + XZ1606 groups. The CCl₄ group displayed upregulation of 

fibrosis markers, including Col1A1 and α-SMA, whereas XZ1606 treatment resulted in a reduction 

in these markers, indicating decreased fibrosis. (F-J) Protein quantification of BRD2, BRD3, 

BRD4, α-SMA, and Col1A1 confirmed the downregulation of fibrotic markers in the CCl₄ + 

XZ1606 group compared to the CCl₄ group (n = 4 for each group). (K-N) qPCR analysis of Col1a1, 
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α-sma, Mmp2, and Pdgf mRNA expression levels in liver tissue from the VEH, CCl₄, and CCl₄ + 

XZ1606 groups. Data are presented as fold change relative to the VEH group, normalized to 

GAPDH expression, and represent the mean ± SEM (n = 10, 8 and 12, respectively). Statistical 

significance was determined by Student’s t-test (*p < 0.05, **p < 0.01). 

 

Figure 5. Transcriptomic and metabolomic profiles under the XZ1606 treatment of liver 

fibrosis in the CCl₄-induced fibrosis model. (A-D) Transcriptomic analysis (n = 4 for each group). 

(A) Hierarchical clustering of transcript expression data showing differential gene expression 

patterns across control, CCl4, and XZ1606 treatment groups. (B) Volcano plots showing 

differential gene expression between the CCl4 model vs. control and XZ1606 treatment vs. CCl4 

model. Upregulated genes are shown in red and downregulated genes in blue. (C) KEGG pathway 

enrichment analysis of upregulated genes in the CCl4 model vs. control group, highlighting fibrotic 

pathways. (D) KEGG pathway enrichment analysis of downregulated genes in the XZ1606 

treatment group vs. CCl4 model, showing the reversal of fibrotic pathways by XZ1606. (E-G) 

Metabolomic analysis (n = 4 for each group). (E) Volcano plots showing differential metabolite 

expression between the CCl4 model vs. control. (F) Volcano plots showing differential metabolite 

expression between the XZ1606 treatment vs. CCl4 model. (G) Hierarchical clustering of 

metabolomics data showing differential metabolite expression patterns across the groups. 

 

Figure 6. Effect of XZ1606 treatment on hepatic steatosis and fibrosis in the CDAA-HFD 

model. (A) The ratio of liver weight to body weight in vehicle (VEH), CDAA-HFD, and CDAA-

HFD + XZ1606 groups. (B) Serum alkaline phosphatase (ALP) levels across the three groups, 

indicating liver injury. (C) Serum alanine aminotransferase (ALT) levels, another marker of liver 

damage. (D) Representative images of liver sections stained with Masson’s trichrome, Sirius Red, 

and Oil Red O to evaluate fibrosis, collagen deposition, and lipid accumulation, respectively. (E–

G) Quantification of the positively stained areas for Masson’s trichrome (E), Sirius Red (F), and 

Oil Red O (G). Mice on the CDAA-HFD show significant increases in fibrosis and steatosis, 

whereas XZ1606 treatment markedly reduces these pathological features. Data are presented as 

mean ± SEM (n = 5, 5 and 4 mice for VEH, CDAA-HFD and CDAA-HFD + XZ1606 groups, 

respectively), with statistical significance determined by one-way ANOVA followed by post-hoc 

comparisons (p < 0.05). 
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Figure 7. In vivo anti-fibrotic effects of XZ1606 in the HFD-CDAA liver fibrosis mouse model. 

(A) Western blot analysis of BRD2, BRD3, BRD4, α-SMA, and Col1A1 protein expression in 

liver tissue from Vehicle (VEH), CDAA-HFD, and CDAA-HFD + XZ1606-treated mice. 

Representative blots show that fibrosis-related proteins were upregulated in the CDAA-HFD group 

and significantly downregulated in the CDAA-HFD + XZ1606 treatment group. (B-F) 

Quantification of BRD2, BRD3, BRD4, Col1A1, and α-SMA protein expressions in the CDAA-

HFD + XZ1606 treatment groups (n = 4). (G-K) qPCR analysis of mRNA expression levels of 

fibrotic markers: Col1a1, α-sma, Mmp2, Pdgf, and Tgfβ in liver tissue from the three experimental 

groups. Data are presented as mean ± SEM (n = 5, 5 and 4, respectiveely), with statistical 

significance determined by one-way ANOVA followed by post-hoc comparisons (*p < 0.05, **p 

< 0.01).  

  

Figure 8. Transcriptomic and metabolomic profiles under the XZ1606 treatment of liver 

fibrosis in the CDAA-HFD fibrosis model. (A-D) Transcriptomic analysis. (A) Hierarchical 

clustering of transcript expression data showing differential gene expression patterns across 

control, CDAA-HFD, and XZ1606 treatment groups (n = 4 for each group). (B) Volcano plots 

showing differential gene expression between the CDAA-HFD model vs. control and XZ1606 

treatment vs. CDAA-HFD model. Upregulated genes are shown in red and downregulated genes 

in blue. (C) KEGG pathway enrichment analysis of upregulated genes in the CDAA-HFD model 

vs. control group, highlighting fibrotic pathways. (D) KEGG pathway enrichment analysis of 

downregulated genes in the XZ1606 treatment group vs. CDAA-HFD model, showing the reversal 

of fibrotic pathways by XZ1606. (E-G) Metabolomic analysis (n = 3, 3 and 2 samples for control, 

CDAA-HFD and XZ1606 treatment groups, respectively). One sample from the treatment group 

(originally n = 3) did not pass the quality control and was removed from analysis. (E) Volcano 

plots showing differential metabolite expression between the CDAA-HFD model vs. control. (F) 

Volcano plots showing differential metabolite expression between the XZ1606 treatment vs. 

CDAA-HFD model. (G) Hierarchical clustering of metabolomics data showing differential 

metabolite expression patterns across the groups. 

 

 



34 
 

Figure 1 

 

 



35 
 

Figure 2  

 

 

 

 

 



36 
 

Figure 3 

 



37 
 

Figure 4 

 



38 
 

Figure 5 

 

 



39 
 

Figure 6 

 



40 
 

Figure 7 

 



41 
 

Figure 8 

 


