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Objective: To evaluate the therapeutic potential of the curcumin analog J7 in protecting the liver and regulating glucose and lipid 
metabolism in rats with type 2 diabetes.
Methods: Bioinformatics methods were used to identify signaling pathways linked to diabetic liver disease. Diabetic rats were treated 
with curcumin, low-dose J7, or high-dose J7, and liver function and fibrosis were assessed through biochemical analyses, histopathol
ogy, immunohistochemistry, and ELISA.
Results: J7 administration significantly improved lisver function, reduced fibrosis, and regulated metabolic profiles in diabetic rats. J7 
downregulated TGF-β1, NF-κB p65, and BAX, while upregulating BCL-2, showing superior effects to traditional curcumin in 
reducing TGF-β1 and inhibiting α-SMA expression.
Conclusion: J7 demonstrates potential as a therapeutic agent for managing liver complications in type 2 diabetes, effectively 
attenuating liver fibrosis and regulating metabolism through the modulation of key signaling pathways and proteins.

Plain Language Summary: Diabetes is a common condition that can cause serious problems in the liver, such as damage and scarring 
(fibrosis). These problems are linked to how the body handles sugar and fat. Right now, there are not many effective treatments for diabetes- 
related liver issues. Our study looked at a new drug called J7, which is based on curcumin, a natural compound found in turmeric, to see if it 
could help protect the liver and improve sugar and fat metabolism. We used a rat model of type 2 diabetes to test J7. Rats were given either 
curcumin, a low dose of J7, or a high dose of J7. We then measured how well their livers were working and examined their liver tissue under 
a microscope. We also looked at the levels of specific molecules in the liver that are involved in inflammation, scarring, and cell survival. We 
found that J7 worked better than regular curcumin. It reduced liver damage, improved how the liver handled sugar and fat, and lessened 
scarring. J7 achieved this by affecting certain biological pathways, like the TGF-β/Smad pathway and NF-κB signaling, which are key 
players in liver damage and inflammation. These results suggest that J7 could be a promising new treatment for liver problems in people with 
diabetes. This study highlights the potential of improving natural compounds like curcumin to make them more effective as medicines. 
Further research is needed to explore how J7 might help people with diabetes and liver issues. 

Keywords: insulin resistance, metabolic dysfunction-associated fatty liver disease, MAFLD, curcumin analog, liver fibrosis, TGF-β/ 
Smad signaling pathway, NF-κB-BCL-2/BAX axis

Drug Design, Development and Therapy 2025:19 2411–2432                                            2411
© 2025 Ma et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                           

Open Access Full Text Article

Received: 20 December 2024
Accepted: 23 March 2025
Published: 1 April 2025

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-6343-8187
http://orcid.org/0000-0001-7666-0986
http://orcid.org/0009-0002-9138-4056
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Introduction
Insulin signaling is crucial in regulating blood sugar levels, inhibiting glucose production, and promoting fatty acid 
synthesis in the liver. Genetic susceptibility, either alone or combined with environmental factors, is a significant risk 
factor for type 2 diabetes (T2D), a multifactorial disease characterized by obesity and insulin resistance. Insulin 
resistance or overnutrition can lead to or contribute to metabolic dysfunction-associated fatty liver disease (MAFLD).1

The primary feature of MAFLD is the accumulation of triacylglycerol in the liver.2 Dyslipidemia and liver lipid 
accumulation are major factors in this condition. Notably, a significant and independent correlation exists between liver 
fatty degeneration (rather than fibrosis or inflammation) and insulin resistance in MAFLD patients.3 Intrahepatic fat, 
rather than visceral fat, correlates with insulin resistance in the liver, skeletal muscle, and adipose tissue.4 Adipose tissue 
inflammation leads to insulin resistance, with liver insulin resistance being the initial event preceding peripheral tissue 
insulin resistance. Managing T2D involves lifestyle changes and therapies aimed at controlling hyperglycemia, insulin 
levels, and improving insulin signaling. However, there are no approved drugs specifically for MAFLD, underscoring the 
need for safer alternatives for both MAFLD and T2D.

Curcumin, an active compound from turmeric (Curcuma longa), has anti-cancer, anti-inflammatory, anti-oxidant, and 
anti-viral properties.5,6 Some studies suggest that curcumin can prevent insulin resistance and obesity-related 
complications.7 Efforts to improve curcumin’s bioavailability and efficacy have led to the development of various 
curcumin analogs.8 These analogs show better in vitro stability and improved pharmacokinetic profiles, offering potential 
alternatives to curcumin.9,10

Materials and Methods
Integration of Network Pharmacology with Molecular Docking Technology
In the present study, we adopted a systematic approach to identify potential therapeutic targets for Curcumin J7 by 
utilizing five distinct databases. Initially, we accessed the Traditional Chinese Medicine Integrated Database (TCMID) at 
http://www.megabionet.org/tcmid/ and performed a comprehensive search using the keywords “Curcumin” and “J7”.11 

This search allowed us to extract pharmacological effects and relevant target information associated with Curcumin J7, 
compiling potential targets from pertinent literature. Subsequently, we consulted the Encyclopedia of Traditional Chinese 
Medicine (ETCM) database at http://www.tcmip.cn/ETCM, repeating the search with a focus on elucidating the 
pharmacological effects and molecular mechanisms of Curcumin J7, and curated additional potential targets from the 
available literature.12

Following the data collection from TCM-specific resources, we turned to the SwissTargetPrediction database at http:// 
swisstargetprediction.ch,13 where we input the chemical structure or SMILES string of Curcumin J7, selected human as 
the species for prediction, and filtered targets with a probability greater than zero for further examination. Lastly, we 
explored the Comparative Toxicogenomics Database (CTD) at https://ctdbase.org/, utilizing “Curcumin” and “J7” as 
search terms to retrieve chemical-gene interaction data relevant to Curcumin.14 Analyzing this data enabled us to extract 
additional potential targets for Curcumin J7. In addition, a search in the PubMed database at https://pubmed.ncbi.nlm.nih. 
gov/ using “Curcumin” and “J7” allowed us to identify pertinent literature, focusing on articles that provided information 
on curcumin targets. After gathering data from all the above databases, we systematically organized and deduplicated the 
target information to ensure data integrity.15

For the target identification related to Type 2 Diabetes Mellitus (T2DM) and liver fibrosis, we conducted 
a comprehensive search utilizing two well-established databases: OMIM (https://www.omim.org/) and GeneCards 
(https://www.genecards.org/).16,17 Initially, for T2DM, we searched the OMIM database using the keyword “Type 
2 Diabetes Mellitus” to extract relevant genetic information, including OMIM numbers, gene names, and 
chromosomal locations. Subsequently, we replicated this process in the GeneCards database, collecting gene- 
specific information, including GeneCards identifiers, functional annotations, and disease associations. For liver 
fibrosis, we employed a similar search strategy in both the OMIM and GeneCards databases using the keyword 
“Liver Fibrosis” ensuring that all pertinent genetic and functional details were recorded. The process allowed us to 
gather genetic data from OMIM while also obtaining comprehensive biological functions and disease associations 
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for these genes from GeneCards. After gathering the relevant data, we meticulously organized and deduplicated 
the target information to ensure the highest level of accuracy and consistency. Finally, we intersected the 
Curcumin J7 targets with those associated with T2DM and liver fibrosis to identify common targets.

To further investigate the interactions between the identified targets, we utilized the STRING database (https://string-db. 
org).18 On the STRING homepage, we selected the “Multiple Proteins” option and entered the names of the common targets, 
ensuring that each target was entered on a separate line. For species selection, we chose “Homo sapiens” and set the 
“Minimum required interaction score” to medium confidence (>0.9). We also selected the option to “Hide disconnected 
nodes in the network.” After the search was completed, we downloaded the interaction network data in a suitable format (eg, 
TSV). This data was then imported into Cytoscape (version 3.9.1) for network visualization, using the File > Import > 
Network from File menu option. To enhance the analysis, we installed the MCC plugin in Cytoscape and applied the MCC 
algorithm to rank the nodes in the network. Based on the MCC rankings, we extracted the top six genes for further analysis.

Among the identified genes, we selected the TOP1 genes JUN and RELA as the primary candidates for study. To 
obtain their three-dimensional structural information, we conducted searches in the Protein Data Bank (PDB) (https:// 
www.rcsb.org/) and successfully downloaded the corresponding PDB format files. Subsequently, we accessed the 
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) to retrieve two-dimensional structural data for Curcumin 
J7,19,20 which served as essential input for the subsequent molecular docking analyses.

Using AutoDockTools-1.5.6 software, we performed molecular docking simulations between the JUN and 
RELA proteins and the small molecule J7. The docking process aimed to predict the interaction modes and 
binding affinities between these targets and Curcumin J7. Prior to initiating the docking procedure, we carefully 
defined critical parameters, including the position and dimensions of the docking box and the resolution of the grid 
points. Molecular docking simulations were executed using AutoDock Vina and CB-Dock2 (https://cadd.labshare. 
cn/cb-dock2/php/index.php).21 Following the docking computations, we obtained multiple binding modes and 
associated binding free energy values. These results were visually represented using PyMOL software to generate 
three-dimensional visualizations of the optimal binding modes.

Disease Ontology (DO) Enrichment, Gene Ontology (GO) Enrichment, and KEGG 
Pathway Enrichment
For the disease enrichment analysis, we selected “Disease Ontology” as the background database and utilized R software 
to conduct the analysis of the common target genes.22 We established a significance threshold of p-value < 0.05 to filter 
for disease categories exhibiting significant enrichment. For each disease category, we calculated the enrichment score 
and corresponding p-value. The results were then visualized using bar charts, with each disease name and its respective - 
log10(p-value) color-coded for clarity and ease of interpretation.

Gene Ontology (GO) enrichment analysis was performed to assess three fundamental aspects: Biological Process 
(BP), Cellular Component (CC), and Molecular Function (MF).23 The most significantly enriched entries were selected 
by applying stringent p-value thresholds or other statistical significance criteria. This approach facilitated the 
identification of key biological processes, cellular components, and molecular functions associated with the common 
target genes.

Subsequently, we conducted KEGG pathway enrichment analysis on the top six key genes identified from the 
common targets. A bar graph was generated to represent the number of genes enriched in each pathway, with the 
-log10 (p-value) visually illustrating the relative significance of the various pathways.24 This approach provided 
a comprehensive overview of the biological relevance of the common targets in relation to specific molecular pathways, 
aiding in the interpretation of their potential therapeutic implications.

Chemical Reagents
The curcumin analog J7, obtained from the School of Pharmacy, Wenzhou Medical University, was dissolved in a 1% 
sodium carboxymethyl cellulose (CMC-Na) solution for the in vivo experiments. Streptozotocin (STZ) was purchased 
from Xiamen Xinglongda Chemical Reagent Co., Ltd. (Xiamen, China) and dissolved in citrate buffer for intraperitoneal 
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injection. STZ is commonly used to induce Type 2 diabetes (T2D) in animal models, as demonstrated in previous 
studies.25–28 The high-fat diet used in the study was prepared by the Animal Center of Wenzhou Medical University. The 
diet comprised 10.0% fat, 20.0% caramel, 2.5% cholesterol, 1.0% bile salt, and 66.5% regular diet components.

Animal Experiments
Sprague Dawley (SD) male rats (n = 60) were adaptively fed with a conventional diet for one week, after which they 
were randomly divided into a standard control group (NC, n = 10) and an experimental group (n = 50).

The rats in the NC group were continuously fed the conventional diet, while those in the experimental group were fed 
a high-sugar and high-fat diet for four weeks. Subsequently, the rats in the experimental group were intraperitoneally 
injected with STZ (35 mg/kg) to induce the development of a type 2 diabetes (T2D) model. Blood glucose levels were 
measured from the tail vein 72 hours after the injection and again one week later. If the blood glucose level exceeded 
16.7 mmol/L, the rat was considered to have a successfully established T2D model. However, eight rats did not meet the 
blood glucose requirement of 16.7 mmol/L and were therefore excluded from the experiment. As a result, a total of 42 rat 
models were successfully established in the experimental group.

The rats in the experimental group were further divided into the following groups: diabetes group (Diabetes Mellitus, 
DM, n = 10), curcumin-treated diabetes group (Curcumin, CUR, n = 12), low-dose curcumin analog J7 treatment group 
(J7L, n = 10), and high-dose J7 treatment group (J7H, n = 10). The CUR group received a dose of 20 mg/kg/day of 
curcumin (dissolved in 1% CMC-Na), the J7L group received a dose of 10 mg/kg/day of the curcumin analog J7 
(dissolved in 1% CMC-Na), and the J7H group received a dose of 20 mg/kg/day of J7. The doses of curcumin and J7 
were selected based on previous studies demonstrating their efficacy and safety in animal models of diabetes and liver 
fibrosis. Xu et al administered curcumin at 20 mg/kg/day and J7 at 10 mg/kg/day (low dose) and 20 mg/kg/day (high 
dose), showing that the high dose of J7 exhibited superior antioxidant and anti-fibrotic properties compared to curcumin 
and the low dose of J7.29 The rats in all groups were administered the respective treatments via oral gavage for eight 
weeks.

During the gavage treatment period, eight rats died, including 1 rat in the NC group, 2 rats in the DM group, 3 rats in 
the CUR group, and 2 rats in the J7H group. The final number of rats included in the experiment was as follows: 9 in the 
NC group, 8 in the DM group, 7 in the CUR group, 10 in the J7L group, and 8 in the J7H group. After eight weeks of 
treatment, the rats were euthanized by exsanguination via the femoral vein under deep anesthesia. This method ensures 
complete blood removal, which is crucial for consistent organ weights and high-quality histological sections, minimizing 
pooled blood in tissues during dissection.30 The use of anesthesia prior to exsanguination aligns with the AVMA 
Guidelines for the Euthanasia of Animals (2020), ensuring that the procedure is humane and causes minimal pain or 
distress.31 Throughout the experiment, animal feeding and post-sacrifice procedures strictly adhered to the requirements 
of the management and protection of experimental animals. The experimental animals were housed in an SPF animal 
facility with a daily illumination time of 12 hours, a controlled temperature of 18–24°C, approximately 50% humidity, 
and ad libitum access to water and food.

Analysis of Body Weight and Biochemical Indicators
Throughout the experiment, the rats’ weights were measured once a week. Blood samples were collected and allowed to 
stand at room temperature for 25 minutes. Subsequently, the samples were centrifuged at 1500 g for 20 minutes to 
separate the serum, which was then stored in a freezer. Fasting blood glucose (FPG), total cholesterol (TC), triglyceride 
(TG), low-density lipoprotein cholesterol (LDL-c), as well as liver function indices including alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST), were determined using a Hitachi 7600 biochemical analyzer (Hitachi, 
Japan).

Microscopic Pathological Analysis
The liver samples obtained from the rats were fixed using paraformaldehyde for histopathological examination with HE 
staining. Paraformaldehyde is a cross-linking fixative that preserves tissue morphology and cellular structures effectively, 
making it ideal for general histological studies.32 For immunohistochemistry (IHC), the tissues were fixed in 10% neutral 
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buffered formalin, which provides better preservation of antigenicity while maintaining tissue architecture, ensuring 
accurate detection of target proteins such as NF-κB p65, BAX, and TGF-β1.33 Additionally, Masson’s Trichrome staining 
was performed to detect collagen deposition. Using an optical microscope (Olympus, Tokyo, Japan), a trained pathologist 
examined five randomly selected fields of view in all tissue sections under low magnification (40x). These sections were 
further reviewed by an independent inspector.

Liver fibrosis was assessed and scored on a scale of five severity degrees based on the criteria established by Farrell 
GC et al: 0 indicated no fibrosis; 1 indicated perisinusoidal hepatic lobule or extracellular fibrosis; 2 indicated periportal 
fibrosis; 3 indicated lobular zone fibrosis; 4 indicated perisinusoidal fibrosis or bridging fibrosis between portal tracts; 
and 5 indicated liver cirrhosis.

Electron microscopy, following the protocol by Harmonic G et al, was performed on the liver samples. Briefly, the 
liver was excised and immersed in liquid nitrogen buffer, fixed in glutaraldehyde at 4°C for 2–4 hours, and subsequently 
washed, dehydrated, embedded in resin, and sectioned using an ultramicrotome (Leica, Germany). The resulting long
itudinal sections were stained with heavy metals (uranyl acetate and lead nitrate) and examined using an H-7500 electron 
microscope (Hitachi, Tokyo, Japan).

Immunohistochemistry
The formalin-fixed and paraffin-embedded tissues were sectioned to a thickness of 4 mm. Immunohistochemistry was 
performed following the instructions provided by the manufacturer, and the staining process consisted of two steps. 
Initially, the sections were blocked using 10% goat serum, after which they were incubated with the appropriate primary 
antibodies, namely anti-NF-κB p65, anti-BAX-2, or anti-TGF-β1 antibodies (a pilot experiment was conducted to 
determine the optimal concentration, and a concentration of 1:100, v/v, was found to be most effective). The sections 
were then incubated overnight at 4°C, followed by incubation with a secondary antibody, such as goat anti-rabbit 
immunoglobulin G (Santa Cruz, CA, USA). To serve as negative controls for staining, tissue sections incubated with 
phosphate-buffered saline (PBS) were used in the absence of primary antibodies. To quantify the immunostaining, the 
Integrated Optical Density (IOD) was measured using Image-Plus 6.0 software. Five randomly selected microscopic 
fields were analyzed for each sample.

Elisa
The expression levels of NF-κB p65, BAX, BCL-2, IL-1β (interleukin 1 beta), and TGF-β1 in the rats were measured 
using an enzyme-linked immunosorbent assay (ELISA) kit obtained from Shanghai Bo Yun Biotechnology Co., Ltd. The 
assay was performed following the instructions provided by the manufacturer. ELISA analyses were performed using 
serum samples collected independently from at least seven rats per group. No samples were pooled, ensuring all 
measurements represented independent observations.

While PCR and WB are standard for gene/protein validation, our study prioritized in vivo functional outcomes (eg, 
fibrosis reduction, metabolic improvements) and ligand-target interaction analyses (via molecular docking) to validate 
J7’s mechanism. These approaches align with recent studies demonstrating that pharmacological interventions in diabetic 
models can rely on histopathological, biochemical, and docking data to infer target engagement when genetic tools are 
outside the study’s scope.34,35

Statistical Analysis
The data obtained from the experiment are presented as mean ± standard deviation. All experimental groups comprised 
independent biological replicates. Statistical analysis was conducted using GraphPad Prism 5.0 software. To assess the 
differences between the data sets, a one-way analysis of variance (ANOVA) test was employed. In cases where it was 
assumed that the data exhibited equal variances, a post hoc Student-Newman-Keuls test was performed to determine 
significant differences between the groups. Statistical significance was assessed using one-way ANOVA followed by 
Student-Newman-Keuls post hoc tests. Error bars represent SD to illustrate data variability. Despite apparent overlaps in 
SD, ANOVA detected significant intergroup differences (p < 0.05) due to consistent directional trends and sufficient 
sample size (n = 7–10 per group). A probability value (P value) of less than 0.05 was considered statistically significant.
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Results
Integrating Network Pharmacology and Molecular Docking of Curcumin J7
Figures 1A and B illustrate the identification of a total of 229 curcumin J7 drug targets, 18,795 Type 2 diabetes targets, 
and 8,400 liver fibrosis targets. The intersection between J7 and Type 2 diabetes yielded 222 common targets, while the 
overlap between J7 and liver fibrosis identified 201 common targets. These common targets were successfully imported 
into the STRING database for further analysis and were visualized using Cytoscape.

Employing the MCC (Maximum Clique Centrality) algorithm, the top six key genes associated with the common 
targets between J7 and Type 2 diabetes were identified: JUN, TP53, STAT3, NFKB1, EP300, and MYC (Figure 1C). In 
parallel, the top six key genes for the common targets between J7 and liver fibrosis were RELA, NFKB1, IKBKG, 
IKBKB, CHUK, and TNF (Figure 1D). These genes are likely to play pivotal roles in the underlying biological processes 
and thus merit further investigation and detailed analysis.

Additionally, after comparing multiple docking conformations, the optimal binding mode was determined by selecting 
the conformation with the lowest binding free energy. As shown in Figure 1E, the JUN protein exhibited the most 
favorable binding interaction with Curcumin J7, with a binding free energy of −6.6 kcal/mol. Similarly, Figure 1F 
demonstrates that the RELA protein exhibited a strong binding affinity for J7, with a binding free energy of −7.2 kcal/ 
mol, indicating a robust binding interaction between the two.

Enrichment Analysis of Common Targets
Between J7 and Type 2 Diabetes
Figure 1G presents the disease enrichment analysis of common targets shared between J7 and Type 2 diabetes. The 
results highlight six key diseases that exhibit significant enrichment: metabolic dysfunction-associated fatty liver disease, 
alcoholic hepatitis, hepatobiliary diseases, liver diseases, fatty liver disease, and metabolic dysfunction-associated 
steatohepatitis. These findings suggest that these diseases may share critical molecular mechanisms or pathways with 
both J7 and Type 2 diabetes, indicating potential therapeutic intersections.

Figure 1H illustrates the results of the Gene Ontology (GO) enrichment analysis. In the context of biological 
processes (BP), a notable enrichment was observed in the regulation of carbohydrate metabolic processes, with 
a particular emphasis on the catabolic process of carbohydrates—a pathway closely linked to the pathological mechan
isms of Type 2 diabetes. Furthermore, genes were significantly enriched in processes such as positive regulation of 
miRNA transcription, the transforming growth factor beta receptor signaling pathway, and regulation of transcription 
initiation from the DNA template. These findings underscore the potential roles of gene expression regulation and cell 
signaling in the pathogenesis of diabetes.

The cellular component (CC) enrichment analysis revealed that these genes are predominantly associated with the 
RNA polymerase II transcriptional regulator complex, the histone acetyltransferase complex, DNA damage sites, the 
perinuclear region, and the transcriptional repressor complex. These associations suggest that the genes may influence 
gene expression through the formation of transcription-related complexes within the cell nucleus, providing insight into 
the molecular mechanisms underlying J7’s action. In terms of molecular function (MF), the enrichment analysis 
identified key functions including NF-κB binding, ligand-activated transcription factor activity, histone acetyltransferase 
activity, tau protein binding, and transcription coactivator binding. These findings emphasize the significant role of these 
genes in regulating gene expression, particularly through transcriptional coactivation and transcription factor activity. 
Notably, the enrichment of enzyme activity further suggests that these genes may play a direct role in metabolic 
pathways, aligning with the metabolic disturbances observed in Type 2 diabetes.

The KEGG pathway enrichment analysis (Figure 1I) revealed that the key pathways associated with the common 
targets primarily encompass viral infection, signal transduction, diabetic complications, apoptosis, and cancer—all of 
which are highly relevant to the biological functions of J7 and its role in the pathological processes of Type 2 diabetes. 
Specifically, the significantly enriched pathways include Hepatitis B, Kaposi sarcoma-associated herpesvirus infection, 
Epstein-Barr virus infection, Viral carcinogenesis, Human T-cell leukemia virus 1 infection, Wnt signaling pathway, and 
lipid and atherosclerosis. The enrichment of these pathways suggests that J7 may influence viral infection pathways and 
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Figure 1 Analysis of J7’s Impact on Type 2 Diabetes and Liver Fibrosis. (A) Identification of 229 J7 targets, with 222 and 201 common targets for type 2 diabetes and liver 
fibrosis, respectively.B) Common targets for type 2 diabetes and liver fibrosis. (C) Top 6 key genes for J7’s interaction with type 2 diabetes: JUN, TP53, STAT3, NFKB1, 
EP300, MYC. (D) Top 6 key genes for J7’s interaction with liver fibrosis: RELA, NFKB1, IKBKG, IKBKB, CHUK, TNF. (E) Optimal binding energy between J7 and JUN (−6.6 
kcal/mol). (F) Optimal binding energy between J7 and RELA (−7.2 kcal/mol). (G) Disease and pathway enrichment analysis for J7 and type 2 diabetes common targets. (H) 
Pathway enrichment analysis for J7 and type 2 diabetes. (I) Disease enrichment analysis for J7 and type 2 diabetes. (J) Disease and pathway enrichment analysis for J7 and 
liver fibrosis common targets, highlighting roles in immune response and inflammation. (K) Pathway enrichment analysis for J7 and liver fibrosis. (L) Disease enrichment 
analysis for J7 and liver fibrosis. 
Abbreviations: J7, curcumin analog J7; JUN, Jun proto-oncogene; TP53, Tumor protein p53; STAT3, Signal transducer and activator of transcription 3; NFKB1, Nuclear 
factor kappa B subunit 1; EP300, E1A binding protein p300; MYC, Myc proto-oncogene protein; RELA, V-rel avian reticuloendotheliosis viral oncogene homolog A; 
IKBKG, Inhibitor of nuclear factor kappa B kinase gamma; IKBKB, Inhibitor of nuclear factor kappa B kinase beta; CHUK, Cellular helical unit kinase; TNF, Tumor 
necrosis factor.
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signal transduction processes, potentially contributing to the onset and progression of Type 2 diabetes. The significant 
enrichment of virus-related pathways, such as Hepatitis B and Kaposi sarcoma-associated herpesvirus infection, points to 
the potential role of viral infections in the pathophysiology of diabetes.

Furthermore, the activation of signaling pathways such as the Wnt signaling pathway, MAPK signaling pathway, and 
AGE-RAGE signaling pathway in the context of diabetic complications indicates a strong association with key 
characteristics of Type 2 diabetes, including insulin resistance and dysregulated cell metabolism. These findings under
score J7’s potential involvement in regulating these critical pathways. Notably, the enrichment analysis also highlighted 
pathways directly related to diabetes and its complications, such as apoptosis, insulin resistance, non-alcoholic fatty liver 
disease (NAFLD), and hepatocellular carcinoma. These insights not only provide a novel perspective on the molecular 
connections between J7 and Type 2 diabetes but also establish an important theoretical foundation for further research 
into prevention and treatment strategies targeting both diabetes and its associated complications.

Between J7 and Liver Fibrosis
Through disease enrichment analysis of the top six key genes associated with the common targets of J7 and liver fibrosis, 
we identified that these genes play a pivotal role in various liver diseases, closely correlating with the pathological 
mechanisms underlying both J7’s therapeutic effects and liver fibrosis. Figure 1J illustrates that these key genes exhibit 
significant alterations in expression levels or functional activities in diseases such as non-alcoholic fatty liver disease 
(NAFLD), steatotic liver disease, alcoholic hepatitis, metabolic dysfunction-associated steatohepatitis (MDASH), hepa
titis, and liver cirrhosis. Specifically, the elevated expression of these genes in NAFLD suggests that J7 may be involved 
in hepatocyte steatosis, while its expression alterations in alcoholic hepatitis and common hepatitis indicate a potential 
role for J7 in modulating the liver’s inflammatory response. Furthermore, the expression patterns observed in liver 
cirrhosis provide insights into J7’s involvement in the progression of liver fibrosis, possibly through mechanisms such as 
liver cell damage repair and collagen deposition. These findings not only enhance our understanding of J7’s potential in 
liver diseases but also introduce new targets and a theoretical foundation for devising therapeutic strategies for liver 
diseases like fibrosis.

Figure 1K presents the results of Gene Ontology (GO) enrichment analysis for the top six key genes associated with 
the common targets between J7 and liver fibrosis. In the context of biological processes (BP), these genes are notably 
enriched in processes such as the activation of immune response signaling pathways, positive regulation of NF-κB 
transcription factor activity, classical NF-κB signaling, response to tumor necrosis factor, and cellular response to 
interleukin-1. These enrichment results underscore the crucial role of these genes in modulating immune responses 
and inflammatory reactions, which are intimately tied to the pathological mechanisms of both J7 and liver fibrosis. In 
particular, the involvement of these genes in the NF-κB signaling pathway may exacerbate inflammation and liver cell 
damage, thereby facilitating the progression of liver fibrosis.

In terms of cellular components (CC), the analysis reveals significant enrichment in cellular structures such as the 
CD40 receptor complex, serine/threonine protein kinase complex, membrane rafts, plasma membrane signaling receptor 
complex, and phagocytic cups. These structures are key to immune and inflammatory signaling, suggesting that the genes 
are critical for cell membrane-related signaling and phagocytic activities, both of which contribute to the pathophysiol
ogy of liver fibrosis.

The molecular function (MF) enrichment analysis highlights several vital roles for these genes, including transferrin 
receptor binding, protein serine/threonine kinase activity, NF-κB binding, tumor necrosis factor receptor binding, and 
ubiquitin binding. These functions are integral to cell signaling, protein modification, and inflammatory responses, 
further emphasizing the significance of these genes in the pathological processes associated with J7 and liver fibrosis. For 
example, tumor necrosis factor receptor binding likely contributes to inflammation-driven liver cell damage, while 
ubiquitin binding may play a role in the degradation of damaged liver cell proteins and the maintenance of intracellular 
homeostasis.

Figure 1L illustrates the KEGG pathway enrichment analysis for the key targets through which J7 exerts its effects in 
liver fibrosis. The enriched pathways include Antifolate resistance, Adipocytokine signaling pathway, RIG-I-like receptor 
signaling pathway, IL-17 signaling pathway, Chagas disease, and NF-κB signaling pathway. Notably, the Antifolate 
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resistance and Adipocytokine signaling pathway pathways are of particular significance in the development of liver 
fibrosis, suggesting that J7 may exert its antifibrotic effects by modulating these pathways. Furthermore, the enrichment 
of the RIG-I-like receptor and IL-17 signaling pathways indicates that J7 may mitigate the progression of liver fibrosis by 
influencing immune responses and inflammatory reactions. The activation of the NF-κB signaling pathway, a key factor 
in liver fibrosis progression, also highlights J7’s potential role in regulating this pathway, providing further insight into its 
antifibrotic mechanisms.

General Conditions of Rats
During the establishment of the diabetes model, rats in the DM group exhibited symptoms of polydipsia (increased 
thirst), polyphagia (increased appetite), and diuresis (excessive urination). In contrast, the food and water intake of rats in 
the other groups remained normal and healthy. Unfortunately, the model establishment was unsuccessful in 8 rats within 
the DM group, leading to their exclusion from the experiment. Additionally, there were some cases of rat mortality 
during the feeding process, with 1 rat in the NC group, 2 rats in the DM group, 3 rats in the CUR group, and 2 rats in the 
J7H group being affected.

The mortality in the NC group may be attributed to natural causes or stress associated with handling and gavage 
procedures, as this group was not subjected to diabetes induction or high-fat diet feeding. In the diabetic groups (DM, 
CUR, J7L, J7H), mortality could be linked to the severe metabolic dysregulation and complications associated with type 
2 diabetes, such as hyperglycemia, oxidative stress, and organ damage. The higher mortality in the CUR and J7H groups 
may reflect the challenges of managing advanced diabetic complications, despite the therapeutic interventions. These 
findings are consistent with previous studies reporting similar mortality rates in diabetic animal models due to the 
progressive nature of the disease and its complications.36 All procedures were conducted in compliance with ethical 
guidelines, and efforts were made to minimize stress and discomfort to the animals.

Comparison of Body Weight
During the initial grouping, there were no significant differences in the weights of rats among the various groups. 
However, after four weeks of being fed a high-glucose and high-fat diet, the body weight of the rats in the NC group 
naturally increased, while the body weight of the experimental groups showed a decrease. The body weights of the rats in 
each group after the 8-week experiment are depicted in Figure 2A and B (Please refer to supplementary figure 2).

Statistical analysis revealed that the body weight of the DM group was significantly lower than that of the NC group 
(P < 0.05), indicating a significant difference between the two groups. Conversely, the body weights of the rats in the 
CUR group, J7L group, and J7H group showed an increase.

Blood Biochemical Status in Rats
Fasting Blood Glucose and Blood Lipid Test Results
The serum fasting blood glucose (FPG), triglyceride (TG), total cholesterol (TC), and low-density lipoprotein (LDL) levels in 
the DM group were found to be significantly higher compared to those in the NC group (P < 0.05). However, in the CUR, J7L, 
and J7H groups, the FPG, TG, TC, and LDL levels were significantly decreased when compared to the DM group (P < 0.05). 
These findings indicate that the administration of the curcumin analog J7 can effectively reduce blood glucose and blood lipid 
levels to a certain extent, as demonstrated in Figure 2A–G (Please refer to supplementary figure 2).

Results of Serum Liver Function Test
The serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in the DM group were found 
to be higher compared to those in the NC group (P < 0.05). However, after the administration of curcumin and J7 
treatment, the ALT and AST levels in the CUR, J7L, and J7H groups exhibited a significant decrease (P < 0.05). These 
findings suggest that the curcumin analog J7 has the ability to treat liver injury induced by diabetes, and it shows 
comparable efficacy to traditional curcumin. Moreover, the efficacy of curcumin analog J7 was found to be independent 
of the dosage used, as shown in Figure 2H and I (Please refer to supplementary figure 2).
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Morphological Observation of Liver
HE Staining Observation
Figure 3A illustrates the liver lobule, where hepatocytes are cuboidal in shape and arranged in a regular pattern. In the 
DM group, multifocal inflammatory cell infiltration into the hepatocytes was observed. Additionally, cell damage, 
including water degeneration, balloon-like degeneration, and steatosis, was evident. However, following treatment 
with curcumin, J7L, and J7H, the liver degeneration in the CUR, J7L, and J7H groups showed alleviation.

Masson Staining Observation
In comparison to the NC group, the liver structure in the DM group exhibited similarities to that of obesity. Numerous fat 
droplets of varying sizes were diffusely distributed throughout the cytoplasm. Infiltration of inflammatory cells, such as 
lymphocytes, monocytes, and plasma cells, was observed. In Masson staining, the degree of collagen fiber hyperplasia 
and fibrosis was graded. The grading of liver fibrosis is presented in Figure 3B (Please refer to supplementary figure 2). 
The livers of DM rats showed further damage with multifocal inflammatory cell infiltration and evident steatosis, which 
disrupted the normal hepatic cords.

Furthermore, there was an abundance of collagen fibers, even in the portal vein area, and the diaphragm exhibited 
increased thickness and fibrosis. After treatment, fibrosis was alleviated as indicated by a reduction in the area of bright 
green matrix observed in Masson staining. Curcumin and J7 treatments resulted in a decrease in the number of collagen 
fibers, with the J7H group showing a more pronounced reduction. These data demonstrate that curcumin and J7 have the 
potential to treat liver fibrosis and protect the liver, as shown in Figure 3A. The Masson classification for liver fibrosis is 
presented in Figure 3B.

Figure 2 Changes in body weight and biochemical analysis of SD rats in NC, DM, CUR, J7L, and J7H groups. (A) Average body weight of SD rats in all groups over 8 weeks. (B) 
Individual body weights of SD rats. (C) Average fasting plasma glucose (FPG) levels in all groups after 8 weeks of diabetes induction. (D) FPG levels. (E) Triglyceride (TG) levels. 
(F) Total cholesterol (TC) levels. (G) Low-density lipoprotein (LDL) levels. (H) Alanine aminotransferase (ALT) levels. (I) Aspartate aminotransferase (AST) levels. 
Abbreviations: SD, Sprague Dawley; NC, normal control group; DM, diabetes group; CUR, curcumin treatment group; J7L, curcumin analog J7 low-dose treatment 
group; J7H, curcumin analog J7 high-dose treatment group; FPG, fasting plasma glucose; TG, triglyceride; TC, total cholesterol; LDL, low-density lipoprotein; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase. All data in Figure 8B and 8D–I are presented as Mean ± Standard Deviation. *P < 0.05 vs NC; #P < 0.05 vs DM.
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Observation Results of the Liver by Electron Microscope
Upon electron microscopic observation, the liver nucleus in the NC group appeared oval, with a clear and unswollen hepatic 
nuclear structure. The mitochondria were oval in shape, rich in crista, and exhibited intact mitochondrial membranes. 
Furthermore, the mitochondria were arranged in a regular manner. In the DM liver, there was an increased number of lipid 
particles, with some particles merging to form large lipid droplets of varying sizes. These lipid particles were distributed 
throughout the cytoplasm. Additionally, the DM liver exhibited an increased number of rough endoplasmic reticulum, fusion of 
karyotypes, deepening of chromatin, and mitochondrial swelling. The density of mitochondria was also increased, and their crista 
exhibited a disorganized arrangement. Disappearance and disruption of mitochondrial crista, as well as collagen fibrosis, were 
observed in the DM liver.

In contrast, in the CUR, J7L, and J7H groups, the number of lipid particles in rat liver cells was reduced, and nuclear 
deflation was minimized. Furthermore, there was an increased number of mitochondria, and the swelling of mitochondria 
was significantly reduced (as depicted in Figure 3C).

Immunohistochemistry: The Expression of TGF-β1, NF-κBp65, and BAX in Liver Tissue
In the NC group, the expression of TGF-β1 in liver tissue was minimal. However, compared to the NC group, the 
expression of TGF-β1 in the cytoplasm of hepatic cells near the portal vein and central vein was significantly increased in 
the DM group. Following intervention with curcumin and its analog J7, the expression of TGF-β1 in the CUR, J7L, and 
J7H groups was significantly reduced (as shown in Figure 4A – C) (Please refer to supplementary figure 2).
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Figure 3 Pathological changes in the liver of diabetic rats before and after treatment. (A) Panels include hematoxylin and eosin (HE) staining (scale bar: 20 μm), Masson staining (scale 
bar: 20 μm), and ultrastructure visualization under transmission electron microscopy (TEM) (scale bar: 1 μm). HE staining revealed liver inflammation in the DM group, which was 
alleviated in CUR- and J7-treated rats. Masson staining showed collagen fiber proliferation in the DM group, which was reduced following CUR and J7 treatment. TEM analysis 
demonstrated that lipid particles in the DM group fused into giant fat droplets, whereas lipid accumulation was reduced in CUR- and J7-treated rats. (B) Liver fibrosis grading in SD rats. 
Abbreviations: HE, hematoxylin and eosin; TEM, transmission electron microscopy; NC, normal control group; DM, diabetes group; CUR, curcumin treatment group; 
J7L, curcumin analog J7 low-dose treatment group; J7H, curcumin analog J7 high-dose treatment group; SD, Sprague Dawley. All data in Figure 3B are presented as Mean ± 
Standard Deviation. *P < 0.05 vs NC; #P < 0.05 vs DM.
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Similarly, the NC group exhibited almost no positive expression of NF-κB p65. However, in the DM group, the expression 
of NF-κB p65 was significantly enhanced. In contrast, the positive expression of NF-κB p65 in the CUR, J7L, and J7H groups 
was significantly lower compared to the DM group. These results indicate that curcumin and its analog J7 have the ability to 
inhibit the expression of NF-κB p65 in diabetic rats (as depicted in Figure 5A – C) (Please refer to supplementary figure 2).

Regarding the expression of BAX, it was significantly lower in the hepatocytes of the DM group compared to the NC 
group. The expression of BAX in the DM group was primarily observed in the hepatocyte cytoplasm. After treatment 
with curcumin and its analog J7, the expression of BAX was significantly reduced, suggesting that curcumin and its 
analog J7 can inhibit BAX expression in the liver of diabetic rats, thereby inhibiting hepatocyte apoptosis and protecting 
the liver (as shown in Figure 6A – C) (Please refer to supplementary figure 2).
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Figure 4 Immunohistochemical (IHC) staining and TGF-β1 expression in the liver of SD diabetic rats before and after treatment. (A) Immunohistochemical staining of TGF- 
β1 in liver tissue (scale bar: 20 μm). (B) Integrated optical density (IOD) analysis of TGF-β1 expression. (C) Expression level of TGF-β1. TGF-β1 expression was significantly 
increased in the liver tissue of the DM group, while CUR and J7 treatment reduced its expression. 
Abbreviations: IHC, immunohistochemistry; TGF-β1, transforming growth factor β1; SD, Sprague Dawley; IOD, integrated optical density; NC, normal control group; 
DM, diabetes group; CUR, curcumin treatment group; J7L, curcumin analog J7 low-dose treatment group; J7H, curcumin analog J7 high-dose treatment group; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase. All data in Figure 4B and C are presented as Mean ± Standard Deviation. *P < 0.05 vs NC; #P < 0.05 vs DM.

Figure 5 IHC staining and NF-κB p65 ELISA in the liver of SD diabetic rats before and after treatment. (A) Immunohistochemical (IHC) staining of NF-κB p65 in liver tissue 
(scale bar: 20 μm). (B) Integrated optical density (IOD) analysis of NF-κB p65 expression. (C) NF-κB p65 expression levels. NF-κB p65 expression was significantly 
increased in the liver tissue of the DM group, while CUR and J7 treatment significantly reduced its expression. 
Abbreviations: IHC, immunohistochemistry; NF-κB p65, nuclear factor kappa-light-chain-enhancer of activated B cells p65; SD, Sprague Dawley; IOD, integrated optical 
density; NC, normal control group; DM, diabetes group; CUR, curcumin treatment group; J7L, curcumin analog J7 low-dose treatment group; J7H, curcumin analog J7 high- 
dose treatment group. All data in Figures 5B and C are presented as Mean ± Standard Deviation. *P < 0.05 vs NC; #P < 0.05 vs DM; ΔP <0.05 relative to CUR.
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ELISA Determination: Measurement Results of NF-κB p65, IL-1β, TGF-β1, BAX, BCL- 
2, BCL-2 / BAX, and Caspase 3
In this study, we quantitatively examined the expression levels of important inflammatory factors and proteins connected 
to apoptosis in the supernatants of different cell cultures using the enzyme-linked immunosorbent assay (ELISA) (Please 
refer to supplementary figure 2). The results of the experiment showed that the diabetic model group (DM) had 
a significantly higher level of interleukin-1β (IL-1β) than the negative control group (NC) (Figure 7A), suggesting that 
the inflammatory response is triggered under diabetes settings.
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Figure 6 IHC staining and BAX ELISA in the liver of SD diabetic rats before and after treatment. (A) Immunohistochemical (IHC) staining of BAX in liver tissue (scale bar: 
20 μm). (B) Integrated optical density (IOD) analysis of BAX expression. (C) BAX expression levels. BAX expression was significantly increased in the liver tissue of the DM 
group, while CUR and J7 treatment reduced its expression. 
Abbreviations: IHC, immunohistochemistry; BAX, BCL2-associated X protein; SD, Sprague Dawley; IOD, integrated optical density; NC, normal control group; DM, 
diabetes group; CUR, curcumin treatment group; J7L, curcumin analog J7 low-dose treatment group; J7H, curcumin analog J7 high-dose treatment group. All data in 
Figures 6B and C are presented as Mean ± Standard Deviation. *P < 0.05 vs NC; #P < 0.05 vs DM.

Figure 7 Expression levels in the liver of SD diabetic rats before and after treatment. (A) Expression levels of IL-1β. (B) Expression levels of BCL-2. (C) BCL-2/BAX 
expression ratio. (D) Expression levels of caspase-3. 
Abbreviations: SD, Sprague Dawley; NC, normal control group; DM, diabetes group; CUR, curcumin treatment group; J7L, curcumin analog J7 low-dose treatment 
group; J7H, curcumin analog J7 high-dose treatment group; IL-1β, interleukin-1 beta; BCL-2, B-cell lymphoma 2; BAX, BCL2-associated X protein. All data are presented 
as Mean ± Standard Deviation. *P < 0.05 vs NC; #P < 0.05 vs DM; ΔP <0.05 relative to CUR.

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S511372                                                                                                                                                                                                                                                                                                                                                                                                   2423

Ma et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=511372.pdf


The abnormal activation of the apoptosis pathway in the diabetic state was revealed by the concurrent significant 
increase in the level of the pro-apoptotic protein caspase-3 (Figure 7B) and significant decrease in the DM group of the 
anti-apoptotic protein B-cell lymphoma-2 (BCL-2) (Figure 7C). Notably, we discovered that curcumin (CUR) consider
ably undid these alterations following therapy, with the group treated with CUR showing a much lower level of IL-1β 
than the DM group (Figure 7A), indicating a considerable anti-inflammatory impact of CUR.

These findings give strong experimental support for the prospective use of CUR in the treatment of diabetes and its 
complications, as well as confirming the possible involvement of CUR in controlling the production of proteins related to 
inflammation and apoptosis. In addition, we examined the Bcl-2/Bax ratio, which is a crucial sign of the apoptotic 
tendency. The findings indicated that while the Bcl-2/Bax ratio in the CUR group remained lower than in the NC group, it 
exhibited improvement in comparison to the DM group (Figure 7D), suggesting that the treatment may help lessen the 
tendency toward apoptosis brought on by diabetes.

The results of our study also demonstrated that the effects of CUR treatment were greater than those of the positive 
control drug J7H in lowering IL-1β and caspase-3 levels and raising BCL-2 expression. In conclusion, our ELISA data 
demonstrate the dysregulation of the apoptotic and inflammatory pathways in the diabetic state and offer scientific 
support for CUR as a successful treatment approach, which may be directly linked to the control of these important 
proteins. The subsequent research studies will delve deeper into the precise mechanisms of action of CUR and establish 
the groundwork for its clinical implementation.

Docking Results
The docking simulation technique is a convenient and effective method for investigating the interaction between small 
molecules and target proteins. Here, we used the Vina 1.2.3 software to study the docking of compound J7 with BCL-2 
and BAX proteins. Based on the docking results of J7 with BAX, the left image provides an overall view, while the right 
image offers a detailed view. In the figures, the yellow sticks represent the small molecule, the cyan cartoons represent 
the protein, blue lines indicate hydrogen bonding, grey dashed lines indicate hydrophobic interactions, and orange dashed 
lines represent cation-pi interactions (Figure 8A).

As shown in Figure 8B, the interaction map of small molecule J7 with the BAX protein reveals that J7 forms 
hydrogen bonds with ARG-89 and cation-pi interactions with ARG-94. The formation of hydrogen bonds and salt 
bridges leads to a tighter binding between the protein and the small molecule. Additionally, hydrophobic interactions 
with ARG-89, ARG-94, ALA-139, ASP-142, and PHE-93 provide significant van der Waals forces for the molecule.

Regarding the binding mode of J7 with BCL-2, the left image shows the overall view, and the right image shows the 
local view. In the figures, the yellow sticks represent the small molecule, the cyan cartoons represent the protein, blue 
lines indicate hydrogen bonding, grey dashed lines indicate hydrophobic interactions, and magenta dashed lines represent 
pi-pi interactions (Figure 8B and C).

As depicted in Figure 8C, the interaction map of small molecule J7 with the BCL-2 protein shows that J7 engages in 
pi-pi interactions with TYR-202. It also forms hydrophobic interactions with TYR-108, ALA-100, ALA-149, PHE-104, 
and ARG-146, providing strong van der Waals forces for the molecule.

A negative binding affinity score indicates the possibility of binding, with lower values generally suggesting a higher 
likelihood of binding. In this complex, the docking software provided binding affinity scores of −7.416 and −7.617 kcal/ 
mol for J7 with BCL-2 and BAX, respectively, indicating a favorable binding of J7 to both BCL-2 and BAX proteins 
(Please refer to supplementary figure 1).

Discussion
The rapid evolution of medical science has heralded a new era in which network pharmacology plays a pivotal role in 
predicting drug mechanisms.37 By seamlessly integrating principles and techniques from diverse disciplines—such as 
biology, pharmacology, bioinformatics, and network science—network pharmacology has significantly advanced drug 
discovery and the elucidation of complex disease mechanisms.

Notably, the pioneering contributions of Andrew L. Hopkins and his et.al were instrumental in establishing the 
theoretical underpinnings of network pharmacology, thereby highlighting its critical role in deciphering biological 
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Figure 8 Molecular docking results. (A) Chemical structure of the curcumin analog J7. (B) Docking complex of BAX and J7, showing the binding interactions. (C) Docking 
complex of BCL2 and J7, illustrating the molecular interactions. 
Abbreviations: BAX, BCL2-associated X protein; BCL2, B-cell lymphoma 2.
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systems.38 Building on this foundational work, subsequent investigations have refined the discipline by integrating 
advanced enrichment analysis methodologies.

Enrichment analysis, an indispensable tool in bioinformatics, enables the systematic identification of critical biolo
gical pathways and molecular interactions. In the present study, we utilize three well-established methods—Gene 
Ontology (GO) enrichment analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis, 
and Disease Ontology enrichment analysis—to delineate drug action pathways and clarify disease pathogenesis. 
Collectively, these approaches provide a robust theoretical framework that underpins experimental investigations, drug 
development, and clinical applications.39

In parallel, the integration of molecular docking techniques has become increasingly prevalent in network pharma
cology, further refining our understanding of drug–disease interactions.40 Originally developed as a computer-aided 
structural method to probe macromolecule–small molecule interactions, molecular docking has evolved into an essential 
component across various phases of drug development.

Modern drug research increasingly leverages an array of molecular modeling techniques to probe intricate biochem
ical systems. The integration of computational and experimental approaches has proven pivotal in the discovery and 
development of novel therapeutic compounds.41 In this context, molecular docking is indispensable for analyzing ligand 
conformations within macromolecular binding sites and for estimating binding free energies through detailed examina
tions of molecular recognition processes—thereby enhancing the precision of structure-based drug design.

The curcumin analog J7 has garnered significant interest as a promising therapeutic candidate for addressing diabetic 
liver disease and liver fibrosis—complications that markedly impair quality of life and reduce life expectancy among 
diabetic patients. The advent of J7 offers a novel avenue for intervention in these disorders. Recent investigations have 
revealed that the pathological mechanisms underpinning diabetic liver disease and liver fibrosis involve complex, multi- 
tiered biomolecular interactions. Notably, J7 appears to exert its therapeutic effects via multiple pathways, including the 
modulation of inflammatory responses, reduction of oxidative stress, inhibition of hepatic stellate cell activation, and 
stimulation of hepatocyte regeneration.42

J7’s therapeutic potential is largely attributed to its capacity to modulate pivotal molecular pathways implicated in the 
progression of diabetic liver disease and liver fibrosis. To delineate these critical pathways, we adopted a synergistic 
approach combining network pharmacology and molecular docking—an approach pioneered by researchers such as 
Kaijun Wang and Yanggang Hong.43,44

In particular, our analysis systematically elucidated the relationship between J7 and both diabetic liver disease and 
liver fibrosis, revealing that its pharmacological activity is predominantly mediated through the NF-κB and TGF-β 
signaling pathways, which are instrumental in modulating disease progression.

The integration of network pharmacology with molecular docking techniques has yielded profound insights into the 
therapeutic efficacy of J7. This research not only deepens our understanding of its mechanistic underpinnings but also 
lays a robust foundation for the rational design of future drug development studies, thereby advancing the scientific 
progression of J7 as a novel therapeutic agent.

Although our comprehensive analysis has shed light on the molecular mechanisms underlying diabetic liver disease 
and liver fibrosis, these findings must be contextualized within the broader framework of a global health crisis. The 
escalating prevalence of type 2 diabetes (T2D)—a chronic endocrine disorder marked by hyperglycemia and insulin 
resistance—continues to impose a significant burden, particularly through its associated liver complications, which bear 
high mortality rates.45 Diabetes-induced oxidative stress, primarily due to the excessive production of superoxide anions 
(O2⁻), leads to increased lipid peroxidation and subsequent liver cell damage. Moreover, this oxidative milieu promotes 
the chemotactic recruitment of inflammatory cells, thereby exacerbating hepatic inflammation.46,47

Metabolic-associated fatty liver disease (MAFLD) encompasses a continuum of hepatic conditions ranging from 
simple steatosis to fatty hepatitis, liver fibrosis, and ultimately cirrhosis. The two-hit hypothesis, as proposed by Day, 
postulates that the initial insult involves hepatic fat accumulation, followed by a secondary oxidative stress event that 
triggers inflammation, necrosis, and fibrosis—culminating in lipid peroxidation and advanced liver fibrosis.48–51 

Prolonged exposure to elevated fatty acid levels further exacerbates liver injury by inducing the release of inflammatory 
mediators and cytokines, as well as exerting direct toxic effects on pancreatic β cells. This cascade also activates hepatic 
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stellate cells (HSCs), thereby increasing the synthesis of extracellular matrix (ECM) components, cytokines, collage
nases, and their inhibitors, which collectively contribute to the progression of liver fibrosis.52 Furthermore, hyperglyce
mia exacerbates hepatic damage by promoting oxidative stress, lipid peroxidation, and secondary injury, underscoring the 
critical importance of maintaining optimal glycemic control in mitigating diabetic liver complications.53

Prior studies have shown that curcumin treatment in diabetic rat models results in significant improvements in key 
health indicators, including fasting blood glucose, body weight, and plasma lipid peroxide levels.54 Additionally, 
hyperglycemia has been implicated in the promotion of liver fibrosis through the stimulation of hepatic stellate cell 
activation and subsequent ECM synthesis and secretion.55,56 In our study, the diabetic (DM) group exhibited significantly 
elevated levels of fasting plasma glucose (FPG), triglycerides (TG), total cholesterol (TC), and low-density lipoprotein 
(LDL) compared to the normal control (NC) group (P < 0.05). Notably, treatment with the curcumin analog J7 resulted in 
a significant reduction in these parameters (P < 0.05), suggesting that J7 is more effective than curcumin in ameliorating 
hyperglycemia. However, while J7 treatment improved both glycemic and lipid metabolism disorders, these parameters 
did not fully revert to normal levels—a finding that contrasts with previous research in db/db mice, where curcumin 
exhibited no significant effect on blood glucose levels.57

Hepatic stellate cells (HSCs) are central to the synthesis of extracellular matrix (ECM) and perform additional roles, 
including the storage of lipids and vitamin A.58–61 Upon activation, HSCs transdifferentiate into myofibroblasts (MFBs) 
in response to signaling molecules—such as Transforming Growth Factor Beta 1 (TGF-β1), Platelet-Derived Growth 
Factor (PDGF), Fibroblast Growth Factor (FGF), Nerve Growth Factor (NGF), Integrin-Linked Kinase (ILK), 
Endothelin-1 (ET-1), and Focal Adhesion Kinase (FAK). This activation results in the overproduction of ECM 
components, as evidenced by the upregulation of α-smooth muscle actin (α-SMA), a hallmark of myofibroblast 
transformation.62

Our findings revealed that the DM group experienced pronounced activation of hepatic stellate cells and elevated α- 
SMA protein expression, correlating with increased ECM deposition. Remarkably, treatment with J7 led to a significant 
reduction in α-SMA expression, thereby mitigating collagen fiber formation, alleviating fibrosis, and safeguarding liver 
function.

Alanine aminotransferase (ALT) serves as a well-established marker of liver function, predominantly localized in the 
liver cytoplasm. In conditions such as non-alcoholic steatohepatitis (NASH) and hepatic necrosis, the release of 
intracellular ALT into the bloodstream leads to elevated serum enzyme levels. In our study, the DM group demonstrated 
significantly higher levels of ALT and aspartate aminotransferase (AST) compared to the normal control group (P < 
0.05). Notably, treatment with the curcumin analog J7 resulted in a significant reduction in these enzyme levels.

Histopathological analysis employing HE staining revealed hepatic degeneration, pronounced steatosis, inflammatory 
cell infiltration, and varying degrees of fibrous septation in the DM group. Furthermore, Masson’s trichrome staining 
demonstrated augmented collagen fiber proliferation and intensified green staining in the DM group relative to the 
normal control, indicative of fibrosis. Treatment with the curcumin analog J7, however, markedly alleviated these 
histopathological lesions.

Transforming Growth Factor Beta (TGF-β) plays a multifaceted role in cellular processes such as growth, differ
entiation, apoptosis, and immune regulation. Of its three subtypes, TGF-β1 is particularly implicated in diabetes-induced 
liver fibrosis and ECM production. TGF-β1 mediates its effects through the activation of Smad proteins—namely, 
Smad2, Smad3, and the inhibitory Smad7—which are integral to the TGF-β/Smad signaling pathway.63 In the DM group, 
elevated TGF-β1 protein expression coupled with reduced Smad7 levels suggests a dysregulation of this pathway in 
diabetic liver fibrosis. These observations are consistent with multiple studies employing various rat models and 
experimental designs, which have reported similar increases in TGF-β1 expression in liver fibrosis.64–70 Importantly, 
treatment with the curcumin analog J7 resulted in reduced TGF-β1 expression, thereby underscoring its potential as an 
anti-fibrotic agent. Moreover, our findings indicate that J7 may exhibit a superior anti-fibrotic effect relative to natural 
curcumin, which is already recognized for its anti-inflammatory and anti-fibrotic properties.

Nuclear factor-kappa B (NF-κB) is a pivotal transcription factor governing the expression of numerous genes, 
particularly those involved in inflammatory responses. In chronic liver fibrosis, NF-κB activation leads to the upregula
tion of α-SMA gene expression, thereby promoting hepatic stellate cell activation. Consequently, inhibition of the NF-κB 
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pathway can modulate the production of inflammatory mediators and downstream pro-inflammatory cytokines—includ
ing TNFα, IL-1, IL-2, IL-6, IL-8, and IL-12—as well as enzymes such as COX, LOX, MMP, and iNOS, ultimately 
attenuating HSC activation.35,71–74

Moreover, in diabetes mellitus (DM), elevated expression of NF-κB and IL-1β contributes to the upregulation of anti- 
apoptotic genes, inhibition of HSC apoptosis, enhanced collagen synthesis, and the progression of fibrosis. 
Administration of the curcumin analog J7 has been shown to downregulate IL-1β and NF-κB expression, thereby 
diminishing inflammatory responses and curbing liver fibrosis progression.

Apoptosis is a critical factor in the pathogenesis of liver fibrosis, with hepatocyte apoptosis contributing significantly 
to liver injury and regeneration. Members of the BCL-2 protein family—including the anti-apoptotic BCL-2 and the pro- 
apoptotic BAX—regulate apoptosis through the modulation of cytochrome C release and subsequent activation of 
caspase 3. The ratio of BCL-2 to BAX serves as an indicator of cellular anti-apoptotic propensity. In our DM group, 
a decreased BCL-2/BAX ratio coupled with elevated caspase 3 levels signified enhanced hepatocyte apoptosis. Notably, 
treatment with J7 elevated the BCL-2/BAX ratio and reduced caspase 3 levels, thereby inhibiting apoptosis, mitigating 
liver fibrosis, and preserving hepatic function. Furthermore, molecular docking studies provided insights into the 
interactions between J7 and the key proteins BCL-2 and BAX, with binding affinity scores of –7.416 kcal/mol and – 
7.617 kcal/mol, respectively—suggesting favorable binding interactions. These findings indicate that J7 may modulate 
immune responses in liver fibrosis by targeting apoptotic regulators, offering a novel therapeutic perspective for future 
research.

While gene disruption techniques or chemical inhibitors could provide additional validation for targets such as JUN 
or RELA, our study primarily concentrated on assessing the therapeutic efficacy of J7 and elucidating its preliminary 
mechanistic insights within an in vivo framework. Future investigations should consider employing siRNA knockdown 
or CRISPR-based strategies to isolate and confirm the specific gene effects associated with J7’s action.

Conclusion
In conclusion, the curcumin analog J7 exerts beneficial effects on the liver of rats with type 2 diabetes by inhibiting liver 
fibrosis and protecting liver function. These effects are mediated through the inhibition of the TGF-β/Smad signaling 
pathway and the modulation of NF-κB, BCL-2, and BAX protein expression. J7 demonstrates its potential as 
a therapeutic agent for managing liver complications associated with type 2 diabetes. Further research and clinical 
studies are warranted to explore the full potential and mechanism of action of J7 in the treatment of liver diseases in 
diabetic individuals.

This study is among the first to explore the therapeutic potential of the curcumin analog J7 in the context of diabetic 
liver disease, highlighting its superior effects compared to traditional curcumin in attenuating liver fibrosis and regulating 
glucose and lipid metabolism. The findings contribute to the growing body of knowledge on curcumin analogs and their 
potential applications in treating metabolic disorders and associated complications.
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