
Protective effect of osmanthus water extract on liver dysfunction caused by 
DBP based on organoids and organ chips technologies

Qing Feng a,i,1, Hongguo Chen b,1, Meng Ren a, Yongkang Qiao c, Jingjing Zou b, Xiao Liang a,  
Ling Yu d, Yang Wu e,f, Shaohui Chen a, Yanling Sun a, Cuiyu Bao a, Xu Yang a,g,h,  
Ping Ma a,g,*, Surui Lu a,**

a Key Laboratory of Environmental Related Diseases and One Health, Xianning Medical College, Hubei University of Science and Technology, Xianning 437100, China
b National Forestry and Grassland Administration Engineering Research Center for Osmanthus fragrans, Hubei University of Science and Technology, Xianning 437100, 
China
c Centre for Biological Science and Technology, Key Laboratory of Cell Proliferation and Regulation Biology of Ministry of Education, Faculty of Arts and Sciences, Beijing 
Normal University, Zhuhai 519000, China
d Southwest University, School of Materials and Energy, Chongqing 400715, China
e China National Biotec Group Adnova Co. Ltd., Wuhan 430073, China
f State Key Laboratory of Novel Vaccines for Emerging Infectious Diseases, Beijing 100098, China
g Hubei Industrial Technology Research Institute of Intelligent Health, Xianning 437100, China
h Institute of Eastern-Himalaya Biodiversity Research, Dali University, Dali 671003, Yunnan, China
i Hubei Key Laboratory of Diabetes and Angiopathy, School of Pharmacy, Xinning Medical College, Hubei University of Science & Technology, Xianning 437100, PR 
China

A R T I C L E  I N F O

Keywords:
Osmanthus water extract
Dibutyl phthalate
Organoids
Organ chips
Metabolomics analysis

A B S T R A C T

This study aimed to investigate the protective mechanism of Osmanthus fragrans water extract (OSF) against liver 
injury induced by dibutyl phthalate (DBP). We utilized liver organoids and liver organ chip technology to 
replicate the liver microenvironment in vivo. Metabolomic analysis revealed that DBP induced oxidative stress 
and lipid metabolism disorders; however, following intervention with OSF, the associated abnormal metabolites 
were significantly reduced. Molecular docking studies demonstrated the binding of its active ingredients to key 
targets. The primary findings indicate that OSF can effectively mitigate liver damage caused by DBP. This extract 
is anticipated to serve as a potential natural therapeutic agent for the prevention and treatment of DBP-induced 
liver dysfunction, thereby providing a theoretical foundation for future research and development.

1. Introduction

Recently, there has been a significant increase in interest regarding 
the study of bioactive metabolites found in plant-derived foods. These 
compounds are essential in addressing the pathological mechanisms 
associated with various human diseases, such as cancer, microbial in-
fections, cardiovascular disorders, and metabolic disturbances. Plant- 
sourced foods serve as rich reservoirs of secondary metabolites, which 
exhibit diverse properties and hold considerable potential in the medical 
field. These plants contain a variety of natural compounds that can 
effectively combat ROS (Huang et al., 2023). Osmanthus fragrans, 
commonly cultivated in China, has been referenced in ancient 

pharmacopoeias (Zhang et al., 2022). In the Ming Dynasty, Li Shizhen 
conducted a comprehensive exploration of the medicinal properties of 
Osmanthus fragrans in his highly influential work, “Compendium of 
Materia Medica.” In traditional Chinese medicine, this plant is classified 
as a warm-natured and non-toxic herbal remedy. Research has indicated 
that the primary components of Osmanthus fragrans are terpenoids and 
flavonoids, which exhibit a diverse range of functions, including anti- 
cancer, antioxidant, anti-inflammatory, analgesic, and cardiovascular- 
protective effects (Zheng et al., 2017). Recently, metabolomics has 
emerged as a prominent technique for conducting in-depth research on 
medicinal plants. Metabolomic studies have demonstrated that the 
roots, stems, leaves, flowers, and fruits of Osmanthus fragrans all possess 
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medicinal properties (Fu et al., 2022). Currently, Osmanthus fragrans is 
utilized in traditional Chinese medicine for the treatment of pain, cough, 
stomachache, diarrhea, and hepatitis (Luo et al., 2024).

Liver disease is becoming increasingly prevalent, affecting over 1.5 
billion individuals in 2017, with more than half of these cases could be 
traced back to non-alcoholic fatty liver disease (NAFLD) (Kanabekova 
et al., 2022). This condition is responsible for more than 2 million deaths 
globally each year (Panwar et al., 2021). To investigate the mechanisms 
and treatments of liver disease, researchers have developed both animal 
models and two-dimensional (2D) cell models (Pingitore et al., 2019). 
However, each of these models has distinct limitations: 2D cell models 
are susceptible to variability, which can lead to inaccurate results (Yang 
et al., 2023), while animal models present challenges in their applica-
bility to human biology due to interspecies differences. The benefits of 
three-dimensional (3D) multicellular spheroid cultures and organoids 
are becoming increasingly recognized (Panwar et al., 2021). Research 
on organoids dates back to 1907, and they have the capability to accu-
rately replicate the characteristics of human tissues (Ahammed & 
Kalangi, 2024). Liver organoids can be obtained from a diverse range of 
sources (Brooks et al., 2021) and exhibit significant potential for disease 
modeling (Panwar et al., 2021) as well as drug efficacy evaluation 
(Brooks et al., 2021). Furthermore, the integration of microfluidic 
technology opens new avenues for research methodologies (Septiana 
et al., 2023).

In recent years, microfluidic chips have gained increasing traction as 
in vitro cell culture platforms (Sun et al., 2016). The organ chips 
concept, introduced in 2010, has become a focal point of research. This 
technology offers significant advantages, including miniaturization, 
high integration, and cost-effectiveness. It enables precise regulation of 
cells, eliminates the necessity for animal models, and facilitates real- 
time monitoring of tissues alongside personalized evaluations of drug 
efficacy (Wang et al., 2023). Over the past decade, it has rapidly evolved 
and garnered considerable attention across various aspects of disease 
research (Farooqi et al., 2021). As a crucial organ for detoxification, the 
liver has inspired the development of diverse chip models (Ribeiro et al., 
2019). In comparison to traditional animal models, the three- 
dimensional microphysiological system of the liver chip can compre-
hensively represent the physiological and pathological characteristics of 
the liver, thereby enhancing the predictability of research outcomes 
(Moradi et al., 2020). 2D cell cultures often fail to accurately replicate 
human physiology, and animal models are limited by interspecies dif-
ferences (Deng et al., 2023). Organ chips can circumvent the challenges 
associated with animal research (Mastrangeli & van den Eijnden-van 
Raaij, 2021) and effectively simulate key functions while creating an 
in vivo microenvironment (Sun et al., 2016). In the realms of liver dis-
ease modeling and drug testing, it has provided significant impetus for 
related scientific investigations (Farooqi et al., 2021).

Sufficient evidence indicates that exposure to DBP can readily induce 
oxidative stress and inflict damage on the liver, consequently leading to 
the development of liver disease (El-Kenawi & Ruffell, 2017). As a 
crucial molecule in cellular oxygen metabolism, reactive oxygen species 
(ROS) are beneficial in moderate amounts; however, excessive levels can 
be detrimental (Murphy, 2009). ROS not only causes tissue damage but 
also activates various signaling pathways (Cheng et al., 2019), triggers 
inflammation, respiratory chain failure, and DNA mutations, thereby 
interfering with cancer progression (Murthy & Narsaiah, 2021). An 
excess of ROS in hepatocytes can damage proteins, lipids, and DNA, 
compromising the structure and function of the liver (Murphy, 2009).

Exposure to DBP can induce disorders in lipid metabolism. Lipid 
hydroperoxides contribute to oxidative damage in the liver, which leads 
to dysfunction of membrane receptors and ultimately results in the 
formation of malondialdehyde (Murphy, 2009). The liver plays a vital 
role in metabolizing free radical compounds. When the concentration of 
free radicals surpasses that of antioxidants, homeostasis is disrupted, 
leading to lipid metabolism disorders (Banerjee et al., 2023). The liver is 
essential for the regulation of systemic lipid metabolism, and its 

dysregulation is linked to various diseases (Wu et al., 2021). Phthalates 
are known endocrine disruptors, and studies in animals have demon-
strated that exposure to these compounds can alter lipogenesis and 
metabolism (Huang, Cheng, et al., 2022).

Metabolomics is a high-throughput analytical technology that em-
ploys liquid chromatography-mass spectrometry or nuclear magnetic 
resonance for the qualitative and quantitative analysis of small molecule 
metabolites in biological samples. This field emerged in the late 1990s 
(Zhu et al., 2021). As a significant branch of systems biology, it offers a 
comprehensive mapping of small molecules involved in cellular meta-
bolism (Liu & Locasale, 2017), thereby elucidating the human body’s 
response to various stressors. The biological responses identified 
through this field are widely utilized in diagnosing various diseases and 
serve as a powerful tool for identifying biomarkers (Miao et al., 2022). 
Given the complexity of liver metabolism, metabolomics is frequently 
employed in hepatotoxicity studies (Long et al., 2021), aiding in the 
identification of early biomarkers and metabolic pathways (Zhu et al., 
2021). Furthermore, it provides insights into chemical risks across 
multiple domains, enhancing our understanding of overall system 
metabolism (Hernández-Mesa et al., 2021).

The research ideas of this article: This study explores the biochemical 
interactions and metabolic effects of OSF in a liver tissue model con-
structed using organoids and organ-on-a-chip technology. By exposing 
the model to DBP and OSF, we aim to investigate their impact on 
oxidative stress markers and lipid metabolism-related biochemical 
pathways. Through metabolomic analysis, we will systematically iden-
tify and compare metabolic alterations, providing insights into the 
chemical and biochemical mechanisms underlying OSF’s role in meta-
bolic regulation. This research seeks to elucidate the compositional and 
functional properties of OSF as a bioactive food component and its po-
tential influence on oxidative balance and lipid metabolism in food- 
related applications.

Based on the results of previous studies and the current investigation, 
we propose the following scientific hypothesis: OSF can antagonize the 
hepatotoxicity induced by DBP, as illustrated in Fig. 1. The primary 
molecular mechanisms involved are as follows: 1) OSF has the capability 
to reduce ROS generated by DBP; 2) it upregulates the Nrf2 signaling 
pathway, promotes the production of antioxidant enzymes, and en-
hances cellular function; 3) it downregulates the NFκB signaling 
pathway, thereby reducing the inflammatory response; and 4) it upre-
gulates the PPAR-α signaling pathway, alleviating lipid metabolism 
disorders and consequently diminishing liver damage induced by DBP. 
Based on these molecular mechanisms, exposure to the aqueous extract 
of Osmanthus fragrans appears to be effective in treating DBP-induced 
liver oxidative damage and lipid metabolism disorders.

2. Methods

2.1. Grouping and experimental treatments of this study

According to the experimental objectives and the results of the CCK8 
assay, a total of 10 groups were established (see Table 1). Among these, 
the DBP 50 μM group was utilized to construct a liver injury model, 
selecting a concentration that both induces injury and maintains cell 
viability based on CCK8 results. The DBP + OSF protection group 
employed a 10-fold logarithmic gradient concentration (referencing 
Huang, Zhao, et al., 2022) to investigate the dose-effect relationship of 
OSF. The DBP + VitC group acted as a positive control to assess the 
model’s sensitivity and the protective efficacy of OSF. The t-BHP group 
was implemented to establish an oxidative injury model, allowing for 
the isolation and validation of the antioxidant mechanism of OSF, 
thereby enhancing the rigor of conclusions through comparisons across 
injury models. The t-BHP + OSF 200 μM and t-BHP + VitC groups were 
designed to compare protective effects under different injury mecha-
nisms and to validate the role of OSF against the efficacy of VitC. The 
single VitC group served as a positive control for oxidative protection.
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2.2. Construction of a 3D polyglobule model of HepG2

As illustrated in Fig. 2A, HepG2 cells, which were cultured to the 

sixth passage, were counted and evenly distributed into an ultra-low 
adsorption U-shaped 96-well spherical culture plate. A total of 200 μL 
of cell suspension was added to each well. These cells were then cultured 

Fig. 1. Scientific hypothesis: the protective mechanism of OSF against the hepatotoxicity caused by DBP.

Table 1 
Grouping and experimental treatments.

Group ID Group names Treatments for different groups

Treatment 
DBP 50 μM

Treatment 
OSF2 μM

Treatment 
OSF 20 μM

Treatment OSF 200 μM Treatment 
t-BHP

Treatment 
VitC

Group1 Control ¡ ¡ ¡ ¡ ¡ ¡

Group2 DBP 50 μM þ ¡ ¡ ¡ ¡ ¡

Group3 DBP 50 μM þ OSF 2 μM þ þ ¡ ¡ ¡ ¡

Group4 DBP 50 μM þ OSF 20 μM þ ¡ þ ¡ ¡ ¡

Group5 DBP 50 μM þ OSF 200 μM þ ¡ ¡ þ ¡ ¡

Group6 DBP 50 μM þ VitC þ ¡ ¡ ¡ ¡ þ

Group7 t-BHP ¡ ¡ ¡ ¡ þ ¡

Group8 t-BHP þ OSF 200 μM ¡ ¡ ¡ þ þ ¡

Group9 t-BHP þ VitC ¡ ¡ ¡ ¡ þ þ

Group10 VitC ¡ ¡ ¡ ¡ ¡ þ

Fig. 2. Construction of liver organoids and liver organ chips. (A) Construction of liver organoids; (B) Construction of liver organ chips.
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in a cell culture incubator at 37 ◦C with 5 % CO2, leveraging the self- 
assembly properties of liver cells that enable them to spontaneously 
aggregate into spherical structures. Throughout the culture process, the 
polyspheres were replaced every two days, ensuring that the superna-
tant was carefully aspirated to avoid disturbing the polyspheres.

2.3. Construction of liver organ chips model

As illustrated in Fig. 2B, the experiment utilized GFP-labeled HepG2 
cells that were cultured to the sixth passage. The microfluidic chip 
features a central channel with a width of 1.3 mm, flanked by lateral 
media channels on either side, each measuring 0.5 mm in width. The 
central channel is filled with fibrin hydrogel, which promotes the 3D 
growth of the cells. A microsyringe pump is connected to a sterile 
micropump extension tube to replenish the media channel on one side at 
a flow rate of approximately 10 μL/h. As demonstrated in Fig. S3, this 
arrangement allows DMEM medium to permeate into the central chan-
nel, thereby supporting cell growth. The cell growth process was 
monitored, as shown in Video 1 (\Video1.mp4) by seeding the cells and 
employing a miniature live cell monitoring system. The microfluidic 
chip contains a central region of fibronectin hydrogel designed to 
simulate liver tissue with cells, while two lateral channels facilitate the 
delivery of DMEM media. To prepare the mixture, 99 μL of cells (10^6 
cells/mL) was dissolved in prewarmed DPBS, along with 20 μL of 15 mg/ 
mL fibrinogen and 1 μL of 100 U/mL thrombin. This mixture was sub-
sequently introduced into the central channel of the microfluidic chip 
and incubated for 40 min to promote gelation. Following gelation, the 
culture medium was introduced into two containers located above the 
same side through a sterile micropump extension tube, while another 
sterile micropump extension tube (without DMEM medium) was con-
nected to collect the effluent. The chip was then incubated at 37 ◦Cwith 
5 % CO2 for 4 days. As shown in Fig. S4, after this incubation period, 
each exposure solution was added to the microfluidic chip and incu-
bated for an additional 24 h at 37 ◦C with 5 % CO2.

2.4. Detection of biomarkers in liver organoids

According to the previous CCK-8 and live and dead cell staining re-
sults (Figs. S1 and S2), various concentrations of exposure solutions 
(OSF, DBP, t-BHP, VitC) were added to the center of ultra-low adsorp-
tion U-shaped 96-well spherical culture plates. DBP was dissolved in 
DMEM at a concentration of 50 μM. Solutions of DMEM-DBP + OSF, 
DMEM-t-BHP, DMEM-t-BHP + OSF, and DMEM-VitC were prepared 
simultaneously and incubated at 37 ◦C in a 5 % CO2 atmosphere. After 
incubation, the samples were washed three times with PBS, and the 
initial culture supernatant was collected. The contents were then 
detected according to the operating procedures and specifications out-
lined in the kit, measuring 8-OHdG, γ-GCS, HO-1, TNF-α, IL-6, IL-1β, 
Casp-3, NF-κB, Nrf-2, ALB, PPAR-α, RXR, SREBP-1c, FASN, GPAT, 
AMPK, GSH, LDH, and TBA. Additionally, the 3D spheres from each well 
in the different groups were extracted, washed three times with an 
appropriate amount of PBS buffer, and subsequently disrupted using a 
cell ultrasonic grinder on ice. After centrifugation at 4 ◦C at 12,000 rpm 
for 10 min, the supernatant was transferred to a 1.5 mL centrifuge tube 
for the detection of ROS, MDA, ALT, AST, T-CHO, and TG.

2.5. Immunofluorescence staining of zonula occludens-1 (ZO-1) and 
albumin (ALB)

ZO-1 is a crucial component of tight junctions between cells. 
Immunofluorescence staining of ALB reveals that albumin synthesis 
primarily occurs in the liver, which serves as its main production site. 
Liver diseases can impair hepatocytes, resulting in a diminished capacity 
to produce albumin and consequently a decrease in albumin levels. For a 
detailed description of the immunofluorescence staining method uti-
lized in the liver organ chips, please refer to the Supplementary 

materials.

2.6. Untargeted metabolomics analysis of liver chips

Collect the effluent (microfluid) from the liver chip. Following the 
standard tissue sample processing method, analyze the samples using 
LC-MS technology. For a comprehensive description of the data analysis 
methodology, please consult the Supplementary materials.

2.7. Molecular docking experimental procedure

First, conduct a molecular qualitative analysis of the aqueous extract 
of osmanthus to identify six substances: flavonoids, terpenoids, organic 
acids, phenolic acids, lipids, and glycerophospholipids. From each 
category, select the top three substances with the highest content, as 
presented in Table S1. For a detailed description of the experimental 
procedures and methods for molecular docking, please refer to the 
Supplementary materials.

2.8. Confocal imaging and quantitative morphometric analysis

A laser scanning confocal microscope was employed to acquire 
fluorescence images of the organ chips, with excitation filters set to 488 
nm, 635 nm, and 405 nm, respectively. Quantitative fluorescence 
analysis was conducted using ImageJ.

2.9. Statistical analysis

The statistical analysis and graphing of the data results were carried 
out using GraphPad Prism 9.5 software. All measurements were per-
formed in five replicates and are presented as mean ± standard devia-
tion (SD). One-way analysis of variance (ANOVA) was employed to 
determine the statistical differences among groups. The least significant 
difference (LSD) method was used to compare the differences between 
each dose group and the Control group. Compared with the Control 
group, *: p < 0.05, **: p < 0.01; compared with the DBP 50 μM group, #: 
p < 0.05, ##: p < 0.01; compared with the DBP 50 μM + VitC group, Δ: 
p < 0.05, ΔΔ: p < 0.01; compared with the t-BHP group, &: p < 0.05, 
&&: p < 0.01; compared with the t-BHP + VitC group, δ: p < 0.05, δδ: p 
< 0.01; ns: p>0.05. (Note: When the highly significant difference was 
either p < 0.01 or p < 0.001, it was uniformly represented by p < 0.01).

3. Results

3.1. OSF alleviates DBP/t-BHP-induced liver organoid injury through the 
Nrf2/PPAR-α pathway

As shown in Fig. 3B, the oxidative stress results from liver organoids 
illustrate the effects of different treatments on in vivo oxidative stress 
status, revealing varying outcomes across treatment groups. The Control 
group established a baseline with relatively stable oxidative stress in-
dicators, providing fundamental reference values. In the DBP 50 μM 
group, markers indicative of DNA oxidative damage (8-OHdG) and lipid 
peroxidation (MDA) were significantly elevated, while pro- 
inflammatory cytokines (TNF-α, IL-6, IL-1β) exhibited varying degrees 
of upregulation. This indicates that DBP induced pronounced oxidative 
stress and inflammatory responses, a pattern similarly observed in the t- 
BHP group. The combination of different OSF concentrations with DBP 
demonstrated beneficial antagonistic effects, with higher OSF concen-
trations exhibiting stronger suppression of DBP-induced oxidative stress. 
This suggests that OSF enhances cellular resistance to DBP-induced 
oxidative damage by activating the Nrf2 pathway and upregulating 
downstream antioxidant enzymes (e.g., HO-1). The VitC group, as a 
classical antioxidant, efficiently regulated multiple key oxidative stress 
indicators. When DBP 50 μM combined with OSF 200 μM was admin-
istered alongside t-BHP, oxidative stress damage was significantly 
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Fig. 3. Molecular Pharmacological Test Results of Liver Organoids. (A) Six different mechanisms in this study; (B) Analysis of specific index results under five 
different pathways. (n = 5, compared with the control group, *: p < 0.05, **: p < 0.01; compared with the DBP 50 μM group, #: p < 0.05, ##: p < 0.01; compared 
with the DBP 50 μM + VitC group, Δ: p < 0.05, ΔΔ: p < 0.01; compared with the t-BHP group, &: p < 0.05, &&: p < 0.01.)
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reduced to levels comparable with VitC, indirectly suggesting that the 
antioxidative potential of OSF may rival that of VitC.

Fig. 3B presents the results of lipid metabolism in liver organoids. In 
the Control group, all lipid metabolism indicators consistently main-
tained normal expression levels. In the DBP 50 μM group, the expression 
of PPAR-α and RXR was significantly downregulated, leading to 
impaired lipid catabolism. Conversely, factors promoting lipid synthesis, 
such as SREBP-1c and FASN, exhibited a marked increase in activity, 
accelerating triglyceride synthesis. Detection results indicated substan-
tially elevated levels of T-CHO and TG, disrupting lipid metabolic ho-
meostasis. The t-BHP group also displayed disorders in lipid metabolism, 
characterized by inhibited AMPK activity (the cellular energy sensor), 
which further disturbed the lipid metabolism signaling pathway. The 
groups treated with varying concentrations of OSF in combination with 
DBP showed positive changes: OSF was able to upregulate the expres-
sion of PPAR-α. Although the changes were subtle at lower concentra-
tions, a mitigating trend was already evident. At medium 
concentrations, the expression of PPAR-α and RXR demonstrated some 
recovery, while the activity of lipid synthesis-related factors slightly 
decreased. The most significant changes were observed in the DBP 50 
μM + OSF 200 μM group, where PPAR-α and RXR levels nearly 
normalized, lipid synthesis factors were suppressed, and T-CHO and TG 
levels significantly declined. This suggests that high concentrations of 
OSF can effectively counteract DBP-induced lipid metabolism disorders. 
Additionally, when VitC was used in combination with DBP and t-BHP, it 
also contributed to bringing key lipid metabolism indicators closer to the 
levels observed in the Control group, underscoring the significant po-
tential of OSF in regulating lipid metabolism.

The results of liver function in liver organoids are shown in Fig. 3B. 
In the Control group, all indicators remained stable, with values within 
the healthy range, indicating that liver metabolic and detoxification 
functions were operating effectively. In the DBP 50 μM group, the levels 
of AST, ALT, and LDH increased significantly, suggesting liver cell 
damage, altered membrane permeability, and the release of numerous 
intracellular enzymes into the bloodstream. Concurrently, the content of 

TBA also increased, indicating a blockage in bile excretion or synthesis 
processes, which significantly disturbed liver function. A similar pattern 
was observed in the t-BHP group, where several enzyme indicators 
exhibited abnormal fluctuations, implying oxidative stress damage to 
the liver and a subsequent decline in liver function. When various 
concentrations of OSF were combined with DBP, a tendency for allevi-
ation was noted even at low concentrations, with more pronounced ef-
fects at medium and high concentrations. The levels of AST, ALT, and 
LDH gradually decreased and approached those of the Control group, 
suggesting that OSF can mitigate the hepatotoxicity induced by DBP. As 
a positive control, the VitC group effectively regulated the enzyme in-
dicators and improved liver function. Notably, when high-concentration 
OSF was combined with t-BHP, the liver function-related indicators 
returned to the normal range to varying degrees, demonstrating the 
potential of OSF in protecting liver function.

3.2. Immunofluorescence staining reveals the protective effect of OSF 
against DBP-and t-BHP-induced liver organoid injury

Throughout the research process, the conclusions were supported by 
ALB, ZO-1, and nucleus-specific staining, while potential interferences 
were excluded through the strict execution of operational procedures. 
The experimental results were not influenced by the physical size of the 
microspheres. Although the physical size of VitC microspheres was 
larger than that of other groups, rigorous verification confirmed that this 
factor did not significantly interfere with the experimental results, 
thereby ensuring the accuracy and reliability of the data (Leary et al., 
2016; Sae-be et al., 2022). Notably, an overlap of ZO-1 staining with the 
nucleus was observed, indicating its association with perinuclear or-
ganelles near protein synthesis sites (Chang et al., 2017).

The results are presented in Fig. 4. The liver organoid staining 
experiment clearly illustrates the differences among each group. In the 
Control group, the staining of ZO-1, ALB, and the nucleus exhibited 
normal cell architecture and protein expression. In the DBP 50 μM 
group, the fluorescence intensity of ALB was significantly reduced, and 

Fig. 4. Immunofluorescence Staining Results of Liver Organoids. (A) Represent the immunofluorescence staining images of liver organoids, where red indicates ZO- 
1, green represents ALB, and blue denotes cell nucleus; (B) Represent the fluorescence Quantification Level of Albumin; (C) Represent the fluorescence Quantification 
Level of Tight-Junction Proteins. (n = 6, compared with the control group, **: p < 0.01; Compared with the DBP 50 μM group, ##: p < 0.01; Compared with the DBP 
50 μM + VitC group, Δ: p < 0.05; Compared with the t-BHP group, &&: p < 0.01; ns: p > 0.05.) (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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its distribution range was narrowed, indicating that liver synthetic 
function was inhibited. The fluorescence of ZO-1 appeared blurred or 
even absent, suggesting damage to the tight junctions between cells and 
impairment of the organoids’ structural integrity. Additionally, the 
morphology of the nuclei displayed irregular changes, with some nuclei 
either shrinking or swelling, indicating an abnormal cellular state. The 
situation was more severe in the t-BHP group, where the staining results 
reflected significant damage to the tissue structure. Conversely, in the 
groups protected by OSF, as the concentration of DBP 50 μM increased, 
ZO-1 gradually became clearer and more continuous, the expression of 
ALB steadily recovered, and the nuclear morphology returned to normal, 
demonstrating a significant protective effect. The staining in the VitC 
group was normal, underscoring its antioxidant and stabilizing effects. 
Furthermore, the groups with high-concentration OSF combined with t- 
BHP, as well as those with VitC combined with both types of damaging 
agents, exhibited varying degrees of tissue repair, providing a viable 
approach for alleviating liver injury.

3.3. Immunofluorescence staining analysis of liver organ chips: Damage 
effects of DBP and t-BHP and protective role of OSF

In this study, immunofluorescence staining analysis was carried out 
using HepG2 3D liver organ chips (Fig. 5), the results of immunofluo-
rescence staining of the liver organ chips reveal significant differences 
among the various experimental groups. In the Control group, ZO-1 
delineates clear and complete cell boundaries, ALB is evenly distrib-
uted, and the nuclei exhibit a regular shape, indicating a normal phys-
iological state. In the DBP 50 μM group, the continuity of ZO-1 
deteriorates, presenting multiple breaks, while the fluorescence of ALB 
diminishes, suggesting an inhibition of synthetic function. Additionally, 
the nuclei appear deformed and shrunken, reflecting the detrimental 
impact of this substance. The situation is exacerbated in the t-BHP 

group, where the tissue structure is severely compromised. In the three 
groups combining OSF with DBP 50 μM, an increase in concentration 
correlates with a gradual recovery of ZO-1 coherence, intensified ALB 
fluorescence, and a trend towards regularity in nuclear shape, indicating 
a progressive emergence of protective effects. The staining in the VitC 
group is entirely normal. Furthermore, groups with high-concentration 
OSF combined with t-BHP, as well as those with VitC combined with 
DBP 50 μM and t-BHP, also demonstrate varying degrees of improve-
ment, offering hope for the repair of liver injury.

3.4. Metabolomics analysis reveals the impact of OSF on the metabolic 
profile of liver tissue exposed to DBP

With the advancement of omics research, metabolomics analysis has 
gradually become a crucial method for exploring the impact of external 
factors on the metabolism of organisms or organs. To further investigate 
the molecular mechanisms underlying the repair effects of OSF on liver 
injury, we performed metabolomic profiling and analysis of the micro-
fluidic effluents from liver chips models under two conditions: DBP 50 
μM and DBP 50 μM + OSF 200 μM. Principal component analysis (PCA) 
revealed significant differences between the metabolic profiles of the 
two groups (Fig. 6A). The identified metabolites were primarily cate-
gorized as lipids and lipid-like molecules, organic acids and derivatives, 
organoheterocyclic compounds, and organic oxygen compounds 
(Fig. 6B). Differential metabolites were screened based on VIP values 
from OPLS-DA analysis, fold change, and p-values from univariate 
analysis, and a volcano plot of the differential metabolites was generated 
(Fig. 6C). A total of 558 significantly different metabolites were iden-
tified between the two groups. Classification of these differential me-
tabolites showed that phospholipids, aminoglycosides, and carboxylic 
acids were the dominant compound categories (Fig. 6D). To visualize 
the trend of changes in differential metabolites between the groups and 

Fig. 5. Immunofluorescence staining images of HepG2 liver organ chips. (A) Represent the immunofluorescence staining images of organ chips; (B) Represent the 
fluorescence Quantification Level of ALB; (C) Represent the fluorescence Quantification Level of ZO-1. (n = 6, compared with the control group, *: p < 0.05, **: p <
0.01; Compared with the DBP 50 μM group, ##: p < 0.01; Compared with the DBP 50 μM + VitC group, Δ: p < 0.05; Compared with the t-BHP group, &&: p < 0.01; 
ns: p > 0.05.)
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identify significantly upregulated or downregulated metabolites, clus-
tering analysis was performed (Fig. 6E), and the top 25 significantly 
different metabolites were listed. In metabolomic analysis, these dif-
ferential metabolites are often mapped to KEGG pathways to identify 
significantly enriched metabolic pathways, which aids in better under-
standing the potential molecular mechanisms suggested by these me-
tabolites (Fig. 7A). Enrichment analysis identified significantly altered 
metabolic pathways (t-test, p < 0.05), including: Linoleic acid meta-
bolism; Alanine, aspartate, and glutamate metabolism; Systemic lupus 
erythematosus; Pathogenic Escherichia coli infection; Autophagy-other; 
Glycerophospholipid metabolism; Drug metabolism-cytochrome P450; 
Primary bile acid biosynthesis; Tryptophan metabolism; and 
Glycosylphosphatidylinositol-anchor biosynthesis. Compared to the 
DBP 50 μM group, the pathways significantly upregulated in the DBP 50 

μM + OSF 200 μM group included: Systemic lupus erythematosus; 
Pathogenic Escherichia coli infection; Autophagy-other; Glycer-
ophospholipid metabolism; and Primary bile acid biosynthesis. The 
pathways significantly downregulated included: Linoleic acid meta-
bolism; Alanine, aspartate, and glutamate metabolism; Drug 
metabolism-cytochrome P450; and Tryptophan metabolism (Fig. 7B).

3.5. Molecular docking analysis reveals the binding mechanism between 
active components of OSF and liver injury repair target proteins

The interaction between the active molecular ligands of osmanthus 
flowers and the target proteins is evaluated according to the binding 
energy scores. The higher the score, the greater the possibility that the 
ligand binds to the relevant target protein. In the molecular simulation, 

Fig. 6. Effects of OSF on the metabolic profiles of the microfluidic effluents in the liver organ chips. (A) PCA analysis; (B) Classification of detected compounds in 
samples; (C) Volcano plot of differential metabolites between DBP 50 μM and DBP 50 μM + OSF 200 μM; (D) Classification of differential metabolites; (E) Heatmap of 
cluster analysis of differential metabolites.

Q. Feng et al.                                                                                                                                                                                                                                    Food Research International 219 (2025) 116976 

8 



six selected active ingredients in the OSF and four protein targets were 
considered, as shown in Table S2. Firstly, regarding the interaction be-
tween the six types of compounds and the Nrf2 target protein, the 
flavonoid compound MeHesp has the highest binding energy (− 9.119) 
in its interaction with Nrf2; for the interaction between the six types of 
compounds and the PPAR-α target protein, the glycerophospholipid 
compound PE has the highest binding energy (− 9.481) in its interaction 
with PPAR-α; for the interaction between the six types of compounds 
and the FASN target protein, the glycerophospholipid compound PE has 
the highest binding energy (− 9.674) in its interaction with FASN; for the 
interaction between the six types of compounds and the RXR target 
protein, the flavonoid compound Isorhamnetin has the highest binding 
energy (− 8.765) in its interaction with RXR. Secondly, among the in-
teractions between the four proteins and the flavonoid compounds, the 
interaction between MeHesp and Nrf-2 has the highest binding energy 
(− 9.119); among the interactions between the four proteins and the 
terpenoid compounds, the interaction between Lig and Nrf-2 has the 
highest binding energy (− 8.885); among the interactions between the 
four proteins and the organic acid compounds, the interaction between 
3S-5-(1R,2S,3R,4aR,8aR)-3,4-DHP-acid and Nrf-2 has the highest bind-
ing energy (− 8.351); among the interactions between the four proteins 
and the phenolic acid compounds, the interaction between Fos and Nrf-2 
has the highest binding energy (− 8.767); among the interactions be-
tween the four proteins and the lipid compounds, the interaction be-
tween (9S,10S)-9-POA-10-OH and RXR has the highest binding energy 
(− 8.746); among the interactions between the four proteins and the 
glycerophospholipid compounds, the interaction between PE and FASN 
has the highest binding energy (− 9.674). As shown in Fig. 8, we finally 
selected the 8 most representative pairs of molecular docking complexes 

mentioned above (Nrf-2-MeHesp Complex, Nrf-2-Fos Complex, Nrf-2- 
Lig Complex, Nrf-2-3S-5-(1R,2S,3R,4aR,8aR)-3,4-DHP-acid Complex, 
RXR-I3ORha (1–2)βGal Camplex, RXR-3S-5-(1R,2S,3R,4aR,8aR)-3,4- 
DHP Complex, FASN-PE Complex, PPARα-PE Complex) for result 
display. These compound-target interactions show good binding affin-
ities to the proteins, which confirms the protein-ligand interactions in 
the network.

4. Discussions

This study integrated liver organoids, liver organ chips models, and 
the HepG2 cell line to deeply explore the interaction between OSF and 
DBP at the levels of oxidative stress and hepatic lipid metabolism, 
providing a multi-dimensional perspective and abundant data support 
for liver-related research. As advanced in vitro liver research models, 
liver organoids and liver organ chips are more accurate in replicating the 
complex tissue structure of the liver and the network of intercellular 
interactions compared with traditional monolayer cell cultures. This not 
only helps to gain a deeper understanding of the physiological processes 
of the liver but also provides a more reliable platform for studying the 
impact of exogenous substances on the liver. The HepG2 cell line, as a 
typical liver cell model among them, has many similarities in its bio-
logical characteristics and liver functions and is a commonly used tool 
for studying liver metabolism, toxic reactions, and so on.

This study confirms that the common environmental pollutant DBP 
exhibits significant toxicity to liver organ chip, liver organoids, and 
HepG2 cells. At the level of oxidative stress, DBP increases intracellular 
levels of ROS, MDA, and 8-OHdG, disrupts redox homeostasis, and 
triggers lipid peroxidation of cell membranes (elevated MDA) and DNA 

Fig. 7. KEGG enrichment analysis of differential metabolites. (A) Bubble plot of KEGG enrichment analysis; (B) Plot of differential abundance scores in 
KEGG pathways.
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oxidation (increased 8-OHdG) through ROS chain reactions, thereby 
impairing cellular function. At the level of lipid metabolism, DBP 
downregulates the expression of PPAR-α and AMPK, while upregulating 
the expression of SREBP-1c and GPAT, leading to the accumulation of T- 
CHO and TG. This interferes with the hepatic metabolic regulatory 
network by inhibiting fatty acid oxidation and promoting lipid synthe-
sis. Conversely, OSF exhibits protective effects against DBP-induced 
injury: it dose-dependently reduces ROS, MDA, and 8-OHdG levels 
under oxidative stress, potentially by activating the Nrf-2 signaling 
pathway (upregulating γ-GCS and HO-1) to enhance endogenous anti-
oxidant capacity. In lipid metabolism, OSF reverses DBP-induced T-CHO 
and TG accumulation by restoring PPAR-α and AMPK expression while 
inhibiting SREBP-1c and GPAT. These findings indicate that OSF can 
restore lipid metabolic homeostasis and alleviate DBP-induced hepatic 
steatosis and metabolic disorders through precise regulation of meta-
bolic signaling molecules and enzyme activities.

Metabolomics analysis indicates that OSF can alleviate DBP-induced 
liver injury by regulating metabolites and remodeling metabolic 

pathways. Twenty-five significantly different metabolites, including 
9,10-dihydroxystearic acid and 9,12-octadecadienoic acid, are involved 
in lipid metabolism, oxidative stress, and signal transduction regulation. 
The enhancement of unsaturated fatty acid metabolism improves cell 
membrane fluidity, while the upregulation of the glycerophospholipid 
metabolic pathway corroborates this effect. Additionally, the decreased 
abundance of metabolites such as Nummularine A suggests that OSF can 
inhibit the generation of oxidative damage molecules. In amino acid 
metabolism, the regulation of metabolites such as Val and Tyr, along 
with the metabolic pathways of alanine/aspartate/glutamate and tryp-
tophan, can alleviate metabolic disorders caused by oxidative stress and 
promote cell repair. The downregulation of the linoleic acid metabolic 
pathway reduces oxidative stress damage, while the upregulation of the 
primary bile acid synthesis pathway enhances the liver’s detoxification 
function. Furthermore, the downregulation of the cytochrome P450 
drug metabolism pathway inhibits the generation of toxic intermediates. 
Cluster analysis reveals that upregulated metabolites, such as 11-Hpode, 
are associated with antioxidant protection, while downregulated 

Fig. 8. Display of eight representative complexes in molecular docking. (A) Nrf2-MeHesp Complex; (B) Nrf2-Fos Complex; (C) Nrf2-Lig Complex; (D) Nrf2-3S-5- 
(1R,2S,3R,4aR,8aR)-3,4-DHP-acid Complex; (E) RXR-I3ORha (1–2)β-Gal Complex; (F) RXR-3S-5-(1R,2S,3R,4aR,8aR)-3,4-DHP Complex; (G) FASN-PE Complex; 
(H) PPAR-α-PE Complex.
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metabolites, such as Actein, serve as pathological metabolic markers; 
their reduced abundance confirms the inhibitory effect of OSF. In 
summary, OSF restores metabolic homeostasis to repair liver function 
through multi-target regulation of lipid and amino acid metabolism, as 
well as oxidative stress pathways.

Molecular docking technology holds an extremely important posi-
tion in fields such as drug development and biochemistry research. It can 
predict the interaction patterns and binding affinities between small 
molecules and target proteins, providing strong evidence for in-depth 
understanding of biomolecular mechanisms and the screening of 
potentially active molecules. The results of molecular docking have 
revealed the unique interaction patterns of each complex. As shown in 
Table S2 and Fig. 8, in (A) the Nrf-2-MeHesp Complex, (B) the Nrf-2-Fos 
Complex, and (C) the Nrf-2-Lig Complex, Nrf-2 binds to different li-
gands, providing clues for exploring its transcriptional regulation 
mechanisms and helping to understand the cell’s antioxidant stress 
response. (D) The Nrf-2-3S-5-(1R,2S,3R,4aR,8aR)-3,4-DHP-acid Com-
plex has expanded the boundaries of Nrf-2-related research. Meanwhile, 
(E) the RXR-I3ORha (1–2) βGal Complex and (F) the RXR-3S-5- 
(1R,2S,3R,4aR,8aR)-3,4-DHP Complex focus on RXR, contributing to 
the interpretation of nuclear receptor functions. (G) The FASN-PE 
Complex and (H) the PPAR-α-PE Complex are associated with key en-
zymes and receptors in lipid metabolism, which are of great significance 
for the research on lipid metabolism disorders.

This study has two limitations. First, the absence of an OSF (200 μM) 
group has resulted in insufficient comparative dimensions. Future in-
dependent experiments will utilize Western blotting and proteomics to 
compare the molecular mechanisms and dose-response relationships 
between VitC and OSF. Second, the sample size did not meet expecta-
tions, leading to inadequate statistical power. The non-targeted metab-
olomics analysis was limited to two groups, excluding control and DBP 
+ VitC groups, among others. Additional groups will be incorporated in 
future experiments to enhance the reliability of the conclusions. Future 
analyses will combine Western Blot and Q-PCR to quantitatively assess 
the expression of related proteins, thereby minimizing bias associated 
with a single method.

5. Conclusions

In conclusion, this study not only revealed the harmful mechanism of 
DBP on the liver model systems but also highlighted the potential 
application value of OSF in combating such hazards. However, the exact 
molecular targets and signal transduction networks through which OSF 
exerts its effects still need to be further analyzed in depth, and trans-
lational research from in vitro models to in vivo practical applications 
also needs to be carried out, with the expectation of providing a more 
solid theoretical basis and practical guidance for the development of 
liver protection strategies based on natural products.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foodres.2025.116976.
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