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The Special Issue “Natural Products in Drug Discovery and Development” arrives at a
pivotal moment when traditional medicine’s enduring wisdom is increasingly converging
with modern pharmacological research. As global health challenges intensify, researchers
are turning to nature’s vast repository of compounds to uncover novel therapeutic solutions.
This Special Issue is designed to gather cutting-edge research articles, comprehensive
reviews, and insightful case studies that explore the multifaceted potential of natural
products in drug discovery and development, leveraging multidisciplinary approaches
and innovative research methodologies.

A key focus lies in the isolation and characterization of natural product components.
Ilustrative work in this area includes the study of bile acids, which examines their bioac-
tivities, mechanisms of action, biosynthesis, and potential applications in preventing and
treating infectious diseases [1]. Several promising compounds, such as ursodeoxycholic
acid, have been identified for further investigation. A notable advance is the development
of artificial bear bile—produced via synthetic chemistry and enzyme engineering—which
provides a sustainable and ethical alternative to natural bear bile [2]. This innovation
addresses critical medical demands while aligning with animal welfare principles.

Pharmacological actions of natural compounds constitute a major research empha-
sis. This includes their role in ameliorating microcirculatory dysfunction induced by
ischemia/reperfusion injury or lipopolysaccharide exposure, providing mechanistic in-
sights essential for developing novel therapies targeting circulatory disorders [3]. This
Special Issue further explores the role of gut microbiota in mediating drug efficacy and the
beneficial effects of probiotics. For example, isochlorogenic acid C is shown to mitigate
asthma through microbiota-dependent pathways [4], a finding complemented by previ-
ous research on rosmarinic acid, which modulates gut microbial composition to reduce
bronchoconstriction and inflammation, offering a safer alternative to conventional asthma
treatments [5]. This issue also includes a study investigating the multi-faceted benefits of
berberine in improving diastolic dysfunction and mitigating metabolic comorbidities in
heart failure with preserved ejection fraction (HFpEF) [6].

Innovative formulations are also highlighted, such as the development of a salt for-
mulation combining berberine and quercetin to enhance their anti-fibrotic potential in
liver fibrosis [7]. This new formulation improves the dissolution and bioavailability of
quercetin, showing stronger anti-fibrotic effects than the physical mixture in both cellular
and animal models. Such advancements offer new strategies for optimizing multi-drug
combination therapy.

Exploring deeper biological principles, the issue aims to delve into neg-entropy mech-
anisms in disease treatment and prevention. Entropy, a measure of disorder, increases
naturally, yet living organisms maintain their complexity and health, indicating a capacity
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for negative entropy [7,8]. Effective drugs may accelerate recovery by stimulating these
mechanisms, which include metabolism and self-organization, defense, self-healing, wear
resistance, and adaptability [8]. These interconnected capacities allow life to resist dis-
order, adapt to changes, and sustain complexity, providing a theoretical framework for
understanding how natural products can promote health and combat disease.

The pharmacological properties of aromatic compounds and the health effects of
essential oils are attracting increasing research interest. One study investigated a volatile
extract from a Uyghur medicinal plant for the treatment of fluconazole-resistant vulvo-
vaginal candidiasis [9]. The extract exhibited dual antioxidant and antifungal activities,
demonstrating promising potential as a broad-spectrum natural agent against resistant
fungal infections [9].

Combinational studies of natural medicine drugs are encouraged, as demonstrated
by research on the synergistic analgesic effects of ligustrazine and sinomenine in treating
neuropathic pain [10,11]. Network pharmacology and metabolomics analysis reveal as-
sociated targets and key pathways, supporting the clinical potential of this combination
therapy [11]. Another study explores the synergistic effects of combining pregabalin with
dexborneol, showing enhanced analgesic outcomes and reduced side effects, thus offering
a more effective and tolerable therapeutic strategy for neuropathic pain [12].

In conclusion, this Special Issue invites readers to engage with the research and
consider the transformative potential of natural medicines in advancing global healthcare.
By harnessing the power of nature, we can pave the way for innovative therapies that
improve human health and well-being.
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Abstract: The global prevalence of asthma is approximately 4.3%, and current asthma treatments
focus on reducing symptoms, maintaining normal activity levels, and preventing the deterioration
of lung function, rather than achieving a cure or complete prevention. We identified isochlorogenic
acid C (ICGAC) as a potential natural medicine for the treatment of asthma. However, the
bioavailability of ICGAC was low, ranging from 14.4% to 16.9%, suggesting the involvement
of the gut microbiota. The full spectrum of ICGAC’s anti-asthmatic mechanism remains to be
elucidated. This study investigated the mechanism by which ICGAC alleviates allergic asthma
through the gut-lung axis. We discovered anti-asthma pathways and targets based on the selective
regulation of lipid peroxidation and employed pharmacological tools to preliminarily validate
their mechanisms and efficacy. To study the role of ICGAC in regulating the gut microbiota,
we performed 165 rRNA gene sequencing and metabolite analysis. Furthermore, by combining
molecular biology and lipid metabolomics, we elucidated the underlying anti-asthma mechanisms
of ICGAC. The effective form of ICGAC varies between single and long-term administration.
The oral administration of ICGAC enhances the gut-microbiota-derived production of short-
chain fatty acids (SCFAs) as the active substances, modulates immune cell activity, influences
the differentiation of T- and B-cells, and reduces airway inflammation. ICGAC also regulates
the metabolic network of lipid mediators (LMs) and polyunsaturated fatty acids (PUFAs), thus
exerting anti-inflammatory effects by modulating arachidonate lipoxygenase (ALOX) activity
and LM levels. In addition, ICGAC enhanced the antioxidant response by upregulating the
expression of glutathione peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7A11), and
nuclear factor erythroid 2-related factor 2 (Nrf2), while inhibiting the release of interleukin-4 (IL-4),
thereby suppressing asthma inflammation and IgE production. The anti-asthmatic mechanism
of oral ICGAC involves the inhibition of lipid peroxidation by chlorogenic acid (CGA) and
SCFAs produced by the gut microbiota. ICGAC suppresses asthma-associated inflammatory
and oxidative stress responses through the upregulation of GPX4, SLC7A11, and Nrf2 in lung
tissue. This study not only provides a solid foundation for the potential clinical use of ICGAC
in asthma treatment but also offers novel insights for future research and therapeutic strategies
targeting asthma.

Int. J. Mol. Sci. 2025, 26, 4864

https://doi.org/10.3390/ijms26104864
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Keywords: isochlorogenic acid C; asthma; airway inflammation; docosahexaenoic acid;
lipid metabolomics

1. Introduction

According to the latest data from the World Health Organization in 2019, asthma
has a global incidence rate of 3%, affecting over 600 million individuals with symptoms,
resulting in 461,000 deaths annually [1]. In China, the incidence rate stands at 4.2% [2]; it is
characterized by a large patient base, high incidence, and high deterioration rates. However,
challenges such as insufficient diagnosis and treatment persist, leading to reduced quality of
life and posing a significant financial burden, particularly for those with poorly controlled
asthma and in low-income settings [3].

Marked by airway inflammation, hyperresponsiveness, and airway remodeling,
asthma is a condition closely associated with exposure to allergens or diverse physical and
chemical stimuli. Its clinical presentation includes wheezing, coughing, shortness of breath,
chest tightness, and breathing difficulties, significantly disrupting patients” daily activities
and overall quality of life [4]. In more severe cases, asthma can damage airways and
impair oxygen flow to the alveoli, potentially leading to life-threatening complications [3].
Influenced by both genetic and environmental factors, including infections, allergens, and
irritants, asthma exhibits heterogeneity in its inflammatory and remodeling processes [5].
Given its complexity, asthma treatment aims to alleviate symptoms, preserve normal activ-
ity levels, and prevent the deterioration of lung function, rather than achieving a complete
cure or absolute prevention [6].

Asthma therapy is guided by a stepwise approach tailored to disease severity and
control, as recommended by global guidelines [7]. All patients require immediate access to a
rapid-onset bronchodilator (e.g., short-acting 3,-agonists [SABAs]) for symptom relief. For
mild intermittent asthma, as-needed SABA use may suffice, while patients with persistent
symptoms or exacerbations require controller medications. First-line controllers include
low-dose inhaled glucocorticoids (IGCs), which reduce airway inflammation and are the
cornerstone of long-term management. For moderate disease, IGCs are often combined
with long-acting (3;-agonists (LABAs) in a single inhaler (fixed-dose combination) to
improve adherence and efficacy [8]. Alternative options for mild-to-moderate asthma
include leukotriene receptor antagonists (LIRAs) or theophylline.

Severe asthma warrants high-dose IGCs/LABA combinations, and patients should
be evaluated for add-on therapies such as long-acting muscarinic antagonists (LAMAs) or
biologic agents. Systemic glucocorticoids should be avoided whenever possible; instead,
patients with eosinophilic or type 2 inflammation (e.g., elevated blood eosinophils or
FeNO) may benefit from targeted biologics such as anti-IgE (omalizumab), anti-IL-5/IL-
5R (mepolizumab, reslizumab, benralizumab), or anti-IL-4/1L-13 (dupilumab) [9]. These
therapies address specific inflammatory pathways and reduce the risk of exacerbation,
aligning with the principles of personalized medicine [10].

However, these treatments have limitations, such as the requirement for lifelong
use, ineffectiveness in some patients, and potential side effects including suppression
of the hypothalamic—pituitary—adrenal axis, growth retardation, osteoporosis, diabetes,
and respiratory infections [11]. Therefore, there is a significant unmet clinical demand
for asthma therapies that are both highly effective and safe. This has prompted a shift
towards exploring natural medicines, which offer a plethora of potential drug candidates
with minimal adverse effects. These natural compounds often exhibit multiple therapeutic
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advantages, despite their complex mechanisms of action and potentially unidentified
primary targets [12,13].

In pursuit of more effective and safer asthma therapies, our research has focused on
Hyssopus cuspidatus Boriss, a perennial herb of the Labiatae family with traditional uses in
treating colds, fever, phlegm, and cough. Its anti-allergic inflammation properties have been
reported in mouse asthma and anaphylaxis models, with Isochlorogenic acid C (ICGAC)
identified as a primary bioactive component [14,15]. This dicaffeoylquinic acid, belonging
to the caffeoylquinic class of acids, exhibits a wide range of pharmacological effects such as
antioxidant, anti-inflammatory, and antimicrobial activities [14]. Preclinical studies have
shown that ICGAC can inhibit eosinophil activation and migration, suppress histamine
release from mast cells, and restore the Th1/Th2 immune balance, thereby effectively
alleviating asthma symptoms [16]. Although the therapeutic potential of ICGAC in asthma
is evident, its precise mechanisms of action remain to be fully elucidated, particularly given
its low bioavailability, which ranges from 14.4% to 16.9%. This suggests a potential role
for the gut microbiota in mediating some of these effects, given its critical involvement in
immune and inflammatory regulation, as well as its emerging implications in respiratory
diseases [14].

Lipidomics, which involves the comprehensive analysis of thousands of lipid species
and their functions, has revealed that lipids, as crucial signaling molecules, modulate
various cellular processes in asthma patients” airways, influencing disease onset and pro-
gression [17]. Notably, asthma has been associated with alterations in glycerophospholipid
and sphingomyelin metabolism, leading to the discovery of potential lipid biomarkers such
as PC(18:1/18:2), PC(16:0/18:1), and PC(18:0/22:5), serving as valuable references in the
research and development of asthma treatments [18].

The aim of this study is to elucidate the anti-asthma mechanism of ICGAC by adopting
an integrative gut-lung axis approach. Employing an Ovalbumin (OVA)-induced asthma
mouse model, we place special emphasis on deciphering how ICGAC interacts with the
gastrointestinal system when exerting its anti-asthmatic effects, particularly focusing on the
gut microbiota and intestinal epithelial cells. Through the application of lipid metabolomics
and network pharmacology, we aim to uncover the multifaceted mechanisms of ICGAC in
asthma, including its regulation of the lipid metabolism, modulation of inflammatory media-
tors, immune cell function, and airway responsiveness. Ultimately, this research aims to lay a
scientific foundation for the potential clinical application of ICGAC in asthma management.

2. Result
2.1. Histopathological Analysis of Lungs

We assessed lung tissue morphology using H&E staining and light microscopy to
compare the effects of ICGAC and dexamethasone (DEX) on asthma-induced structural
alterations in mice. As shown in Figure 1A, the control group displayed normal lung
tissue architecture with no notable inflammatory infiltration. In contrast, the model group
exhibited marked inflammatory cell infiltration around the bronchi and blood vessels, along
with bronchial epithelial degeneration, bronchial obstruction, alveolar wall thickening, and
interstitial inflammatory cell infiltration. The peribronchial and perivascular inflammatory
infiltrates in OVA-induced asthma mice consisted of eosinophils and mast cells, along
with lymphocytic involvement [19]. Treatment with both DEX and ICGAC significantly
attenuated these pathological changes, including inflammatory cell infiltration and alveolar
wall thickening, highlighting their protective roles in mitigating asthma-induced lung
damage. The analysis of the pathological results of lung injury in mice is shown in Table S1.
In the L-ICGAC and H-ICGAC groups, the mice still had inflammatory cell infiltration
in the bronchi of the lungs. However, in general, lung injury was reversed to a certain
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extent after ICGAC administration. The treatment with DEX could also reverse lung tissue
injury in asthmatic mice. In the asthma model group, one mouse (12.5%) had moderate
pathological changes in most of the lung tissue, six mice (75%) had moderate pathological
changes in part of the lung tissue, and one mouse (12.5%) had mild pathological changes
in a small part of the lung tissue. After ICGAC and DEX treatment, no mice with severe
pathological changes in the lung tissue were found in the administration groups. After
ICGAC treatment, the lung injury in asthmatic mice was reversed and showed a dose-
dependent trend. In the low-dose group, seven mice (87.5%) had moderate pathological
changes in part of the lung tissue, and one mouse (12.5%) had mild pathological changes in
a small part of the lung tissue. In the high-dose group, only two mice (25%) had moderate
pathological changes in part of the lung tissue, and six mice (75%) had mild pathological
changes in a small part of the lung tissue.
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Figure 1. (A) Lung histology analysis of different groups. (B) IgE levels in the serum of mice. (C) The
number of white blood cells (WBC), lymphocytes (LYM), basophils (BAS), and eosinophil (EOS) in
the BALFE. (D) IL-4, IL-5, IL-6, IL-1beta, and TNF-alpha levels in the supernatant of BALF. Data are
shown as the mean 4+ SEM (n = 5-8), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.2. Modulatory Effects of ICGAC on Immune Cells and Biochemical Cytokines

As shown in Figure 1B, serum IgE levels in the model group were significantly elevated
compared to the control group, confirming the successful induction of the mouse asthma
model through OVA sensitization. Treatment with DEX and ICGAC effectively reversed
the abnormal increase in IgE levels. Notably, the IgE concentrations in the L-ICGAC (low-
dose ICGAC) and H-ICGAC (high-dose ICGAC) groups were comparable, indicating no
significant dose-dependent effect of ICGAC on IgE reduction.

The numbers of various immune cells (WBC, LYM, EOS, MON) are shown in Figure 1C.
In the model group, the number of immune cells was increased relative to the control group.
After treatment with both DEX and ICGAC acid, there was a significant reduction in the
number of immune cells. Moreover, we did not observe significant differences between
the L-ICGAC and H-ICGAC groups in the assessed indicators. From each group of mice,
bronchoalveolar lavage fluid (BALF) was collected. Asthma-associated type 2 cytokines (IL-4,
IL-5, IL-6, IL-1p and TNF-«) in BALF are shown in Figure 1D. All cytokines were higher in
the model group than in the control group. Inflammatory cytokines (including IL-4, IL-5,
IL-6, IL-13 and TNF-o) were substantially reversed after treatment with the ICGAC and DEX.
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However, there was no significant difference in cytokine levels between the L-ICGAC and
H-ICGAC groups, suggesting a lack of dose-dependent effects in cytokine modulation.

2.3. Differences in Effective Substance Profiles in Serum Between Long-Term and Single-Dose
ICGAC Treatments for Asthma in Mice

We quantified the concentrations of ICGAC, chlorogenic acid, and caffeic acid in
serum samples from long-term-treated mice using UPLC-MS. ICGAC was not detected
in the control group. However, chlorogenic acid was identified in the serum of both the
L-ICGAC and H-ICGAC groups. As illustrated in Figure 2A, the levels of chlorogenic acid
were comparable between the L-ICGAC and H-ICGAC groups, with concentrations of
22.64 ng/mL and 22.85 ng/mL, respectively. These findings indicate that chlorogenic acid
is the effective substance in serum following the long-term administration of ICGAC.
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Figure 2. (A) CGA quantity in serum. (B) Chromatogram of chlorogenic acid (L—ICGAC, H-ICGAC,
single does, and chlorogenic acid standard). (C) Chromatogram of caffeic acid (L-ICGAC,
H—-ICGAC, single does, and caffeic acid standard). (D) Quantitative results of acetate acid, propi-
onate acid, and butyrate acid concentrations in feces. (E) KEGG analysis for the signaling pathways
and metabolic pathways of potential target genes. (F) Network of CGA and asthma compound
(ingredient) target network (G) Network of CGA and asthma TOP10 compound (ingredient) target
network. Data are shown as the mean + SEM (n = 6-8), * p < 0.05, ** p < 0.01, *** p < 0.001.
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We measured the concentrations of ICGAC, chlorogenic acid, and caffeic acid in serum
samples from single-dose-treated mice using UPLC-MS. Neither ICGAC nor chlorogenic acid
was detected in the control or single-dose groups. However, caffeic acid was identified in the
serum of the single-dose groups (Figure 2B,C). These results suggest that caffeic acid is the
primary effective substance in serum following the single-dose administration of ICGAC.

2.4. ICGAC and DEX Influence the Concentration of SCFAs Produced by Gut Microbiota in
Asthmatic Mice

In our study, we determined SCFA levels in the feces using GC-MS (Figure 2D). The
current study showed that the levels of acetic acid, propionic acid, and butyric acid in
feces were higher in the model group of mice compared to the control group. Meanwhile,
the DEX, H-ICGAC and L-ICGAC groups had even higher levels of acetic acid, propionic
acid, and butyric acid than the model group. Specifically, acetic acid and butyric acid were
significantly up-regulated following the ICGAC treatment. The highest level of acetic acid
was observed in the H-ICGAC group, while propionic acid levels were comparable between
the H-ICGAC and DEX groups. The highest concentration of butyric acid was detected in
the DEX group. These findings highlight the role of ICGAC and DEX in enhancing SCFA
production, potentially contributing to their therapeutic effects in asthma.

2.5. Gut Microbiota Metabolizes ICGAC into Chlorogenic Acid, Its Active Form, Modulating
Asthma Pathways

Chlorogenic acid was identified as the active metabolite form of ICGAC responsible
for controlling allergic asthma, as demonstrated through a network pharmacology anal-
ysis. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
showed that multiple signaling pathways and metabolic pathways, including asthma-
related arachidonic acid metabolism pathways, were significantly affected (Figure 2E).
Targets related to asthma were obtained from DisGeNET (https://disgenet.com/; ac-
cess date: 17 January 2025), GeneCards, Home (https://www.genecards.org/; access
date: 17 January 2025), OMIM (https:/ /secure.jhu.edu/form/OMIM; access date: 17
January 2025) and e-TSN (http://www.lilab-ecust.cn/etsn/; access date: 17 January
2025). Targets related to chlorogenic acid were obtained from Swiss Target Prediction
(http:/ /www.swisstargetprediction.ch/; access date: 17 January 2025) and BATMAN
(http:/ /bionet.ncpsb.org.cn/batman-tcm /#/home; access date: 17 January 2025). The
correlation analysis between the targets of chlorogenic acid and targets of asthma identified
51 potential targets to construct a PPI network using Cytoscape v3.8.2 (Figure 2F). The
top 10 genes were selected as hub genes, including RAC-alpha serine/threonine-protein
kinase 1 (Akt1), Peroxisome Proliferator-Activated Receptor Gamma (Pparg), Epidermal
Growth Factor Receptor (Egfr), Matrix Metalloproteinase 9 (Mmp?9), Toll-Like Receptor
4 (Tlr4), Estrogen Receptor 1 (Esrl), KIT Proto-Oncogene Receptor Tyrosine Kinase (Kit),
Neurogenic Locus Notch Homolog Protein 1 (Notch1), Angiotensin-Converting Enzyme
(Ace), and Bruton’s Tyrosine Kinase (Btk) (Figure 2G).

2.6. Effect of ICGAC on the Composition of the Gut Microbiota

In the study, 16S rRNA gene sequencing was performed on fecal samples from each
group to investigate how ICGAC modulates the gut microbiota. Principal coordinate
analysis (PCoA) and non-metric multidimensional scaling (NMDS) showed that the ICGAC
treatment significantly altered the structure of the gut microbiota. However, these changes
did not restore the microbiota to a state similar to that of the control group, indicating a
distinct directional shift (Figure 3A).
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Figure 3. (A) Microbiota community analysis based on NMDS and PCoA score plots. (B) Quantitative
analysis of Eubacterium_brachy_group. (C) Community abundance profiling of the gut microbiota
on the class (left) and order (right) levels. (D) Linear discriminant analysis effect size (LEfSe) analysis
for identifying the key enriched bacteria between model group, L—ICGAC group and H-ICGAC
group. (E) Heatmap analysis of the top 80 differentiated taxa on the genus levels. * p < 0.05, when
high dose ICGAC group was compared with model group.

To further confirm which bacterium altered by the ICGAC treatment could in turn af-
fect the disease progression of OVA-induced asthma, we performed high-dimensional
categorical comparisons using the linear discriminant analysis (LDA) of effect size
(LEfSe), which detected marked differences in the predominance of bacterial commu-
nities between the model and ICGAC groups (Figure 3D). The results showed that Eu-
bacterium_brachy_group displayed an enrichment in the ICGAC group, which might be
associated with the transformation of ICGAC into chlorogenic acid and the subsequent
amelioration of asthma symptoms (Figure 3B). Studies have shown that chlorogenic acid
has remarkable anti-asthmatic efficacy [20]. Specifically, the abundance of Clostridia and
Lachnospirales increased after the ICGAC treatment (Figure 3C). Overall, treatment with
ICGAC induced significant changes in the structure and composition of the gut microbiota
in asthmatic mice. Those trends were further supported by a heatmap analysis of the top
80 differentiated taxa on the genus levels (Figure 3E).
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2.7. ICGAC Regulates Pulmonary Lipid Mediators to Mitigate Asthma Pathogenesis

To confirm the regulation of the phosphatidylcholine (PC) metabolic network by
ICGAC, we quantified 206 PCs in the lung using UPLC tandem mass spectrometry. In total,
159 PCs were detected in mouse lung tissue. For the lung tissue, scatter plots based on
principal component analysis (PCA) scores showed significant differences in PCs levels
between the control and model groups (Figure 4D). PCA showed that there was a significant
difference in PCs levels between the control group compared with the model group, with
the ICGAC treatment resulting in PCs levels similar to those in the model group. Focusing
on PCs containing docosahexaenoic acid (DHA), we observed no significant changes in
PC concentrations in the ICGAC group compared to the model group. However, PC
concentrations were higher in the DEX group than in the model group (Figure 4G). These
trends were further supported by heatmap analysis, as illustrated in Figure 4A.
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Figure 4. (A-C) Heatmap of PC (A), FFA (B) and LMs (C) in different groups. (D-F) PCA of PC
(D), FFA (E) and LMs (F) in different groups. (G-I) PC (X_22:6) quantitation in lungs. (H) PUFA
(ARA, DHA, LA, EPA, DGLA) quantitation in lungs. (I) LMs (11-HDoHE, 14—HDoHE, 16—HDoHE,
17—HDoHE, RVD2) quantitation in lungs. Data are shown as the mean + SEM (n = 5-8), * p < 0.05,
**p <0.01, ** p < 0.001.
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To confirm the regulation of the polyunsaturated fatty acid (PUFA) metabolic network
by ICGAC, we quantified arachidonic acid (ARA), docosahexaenoic acid (DHA), dihomo-y-
linolenic acid (DGLA), eicosapentaenoic acid (EPA), and linoleic acid (LA) in the lung using
UPLC tandem mass spectrometry. In lung tissue, scatter plots based on PCA scores showed
significant differences in polyunsaturated fatty acids levels between the control and model
groups (Figure 4E). Further quantitative results revealed that OVA induction significantly
reduced levels of ARA, DHA, DGLA, EPA, and LA. However, the concentration of ARA, DHA,
DGLA, EPA, and LA were lower in the ICGAC group than in the model group (Figure 4H).
Those trends were further supported by heatmap analysis, as shown in Figure 4B.

We quantified 105 ARA-, DHA-, DGLA-, EPA-, and LA-derived LMs in the lung using
UPLC tandem mass spectrometry. In mouse lung tissue, 70 LMs were detected. Scatter
plots based on PCA scores demonstrated significant differences in PUFA levels between
the control and model groups (Figure 4F). PCA further revealed a significant difference in
LM levels between the H-ICGAC and L-ICGAC groups compared to the model group. The
ICGAC treatment induced a reversal of asthma-associated alterations in LM metabolism,
suggesting a regulatory effect on lipid mediator pathways. Seven LMs (one LM was
a metabolite of DGLA, one LM was a metabolite of ARA, one LM was a metabolite of
EPA, and five LMs were metabolites of DHA) were determined to be significantly altered
in the lungs based on further statistical analysis (Figure 4I). We focused on the DHA
metabolites 11-Hydroxydocosahexaenoic acid (11-HDoHE), 14-HDoHE, 16-HDoHE, and
resolvin D2 (RVD2), all of which are products of the arachidonate lipoxygenase (ALOX)
enzyme. These metabolites were significantly up-regulated following asthmatic modeling.
However, after ICGAC treatment, the levels of 11-HDoHE, 14-HDoHE, 16-HDoHE, and
RVD2 were significantly down-regulated. These trends were further confirmed by the
heatmap analysis, as shown in Figure 4C.

As shown in Figure 5, phospholipase A2 (PLA2) catalyzes the hydrolysis of the sn-2
position of PC (22:6/X) to release DHA. ALOX then catalyzes the conversion of DHA into
LMs. Dexamethasone reduces LM production by inhibiting PLA2 activity, while ICGAC
is metabolized by the gut microbiota to produce chlorogenic acid, which suppresses LM
production by inhibiting ALOX12 activity.
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Figure 5. Metabolic pathway of PC and mechanism of anti-asthmatic action of DEX and ICGAC.

2.8. ICGAC Modulates ALOX12, SLC7A11, Ntf2, and GPX4 Expression to Enhance Antioxidant
Defense in OVA Mice

We determined ALOX12, solute carrier family 7 member 11 (SLC7A11), nuclear factor
erythroid 2-related factor 2 (Nrf2), and GPX4 expression in the lung tissues using real-
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time quantitative PCR. As shown in Figure 6A, H-ICGAC and L-ICGAC intervention
significantly upregulated the expression of SLC7A11, GPX4 and Nrf2. H-ICGAC and
L-ICGAC intervention significantly downregulated the expression of ALOX12. GSH levels
in the lung tissue of mice were significantly upregulated after ICGAC treatment compared
to the model group (Figure 6B). As shown in Figure 6D, ICGAC significantly reversed
the OVA-induced downregulation of GPX4. As shown in Figure 6C, ICGAC increased
the expression of SLC7A11, promoting the uptake of extracellular cystine into cells for
conversion to cysteine. This led to enhanced GSH synthesis, increased GPX4 activity, and
the subsequent inhibition of IgE production.
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Figure 6. (A) The expression of lung ALXO12, SLC7A11, GPX4, Nfr2 using qRT-PCR. (B) The level
of GSH in lung. Data are shown as the mean + SEM (n = 3-8), * p < 0.05, ** p < 0.01, *** p < 0.001.
(C) CGA inhibits the IgE production effect based on the Nrf2/GPx4 pathway. (D) Representative
photomicrographs obtained using confocal microscopy after the immunofluorescence staining of
GPX4. (GPX4 is displayed in green. Nuclei of cells are displayed in blue. scale bar: 100 um).

3. Material and Method
3.1. Material

ELISA kits for the determination of tumor necrosis factor-o (TNF-«), interleukin (IL)-
1B, IL-4, IL-5, IL-6, and immunoglobulin E (IgE) were purchased from Cusabio Biotech
Co., Ltd. (Wuhan, China). Glutathione (GSH) assay kits were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Mass spectrometry (MS)-grade water,
acetonitrile, formic acid, acetic acid, ethanol, isopropanol, methyl tert-butyl ether, and
methanol were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Glycerol,
OVA, and butylated hydroxytoluene (BHT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Deuterated lipid mediator (LM) standards (IS) were purchased from Cayman
(Ann Arbor, M1, USA). Deuterated phosphatidyl choline (PC) standards (IS) were pur-
chased from Avanti (Alabaster, AL, USA). Deuterated propionic acid was purchased from
Shanghai Zzbio Co., Ltd. (Shanghai, China). All other reagents were of analytical or
high-performance liquid chromatography (HPLC) grade.

3.2. Establishment of the Asthma Mouse Model

All animal experiments were conducted in accordance with the guidelines established
by the Animal Care and Use Committee (IACUC) of Xinjiang Medical University and the
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Ethics Committee of the same institution (XJIMM-20230704). After purchase, the animals
were kept in an animal house at a constant temperature (22 °C) and 50% relative humidity;
they were fed ad libitum and acclimatized for 1 week during the rearing period.

BALB/C female mice (18-22 g) were divided into five groups: a naive control group
(A), a model group (B), a high-dose ICGAC group (C) (2 mg/mL, 20 mg/kg), a low-
dose ICGAC group (D) (1 mg/mL, 10 mg/kg), and a dexamethasone (DEX) group (E)
(0.16 mg/mL, 1.6 mg/kg). Group A consists of 6 mice, while Groups B, C, D, E, and F each
comprise 8 mice. Mice in groups B, C, D, and E were intraperitoneally injected with 0.2 mL
of OVA sensitization solution (aluminum hydroxide gel saline dilution 0.5 mg/mL), and
mice in group A were injected with an equal amount of saline from days 1-8. On days
15-21, mice in group A were given saline stimulation, and mice in group B, C, D, E were
given atomized OVA stimulation solution (OVA 10 mg/mL) for 30 min once a day for
7 days. Groups C, D, E were administered ICGAC and dexamethasone intragastrically. The
dose was determined according to the previous study. After 1 h, atomized OVA was used
for stimulation, once a day for 30 min per dose for 7 days. After gavage on the first day,
three mice were randomly selected as single-dosage groups from the control and high-dose
ICGAC groups. During the experiment, the mice were allowed to eat and drink freely.

3.3. Collection of Bio-Samples

Serum: Blood serum was collected from mouse eye samples and transferred into
Eppendorf tubes. The tubes were then left to sit at room temperature for 2 h, followed by
centrifugation at 3000 rpm for 15 min. The serum was subsequently stored at —20 °C for
IgE detection and a serum components assay.

Bronchoalveolar lavage fluid (BALF): Mice were euthanized and skinned, followed
by immediate isolation of the peritracheal tissues. A transverse incision was made in the
upper trachea (between the third and fourth tracheal rings), and a 1 mL syringe needle
was inserted into the trachea (approximately 2 mm) and secured. The right main bronchus
was ligated, and the left lung was flushed three times with saline, 0.5 mL each time (with a
recovery rate of 80-90%). The collected BALF was centrifuged twice at 2000 rpm for 10 min
each, and the supernatant was aliquoted into 200 pL portions and stored at —80 °C for a
subsequent cytokine assay.

Lung tissues: After serum collection, the mice were dislocated and executed. Lung
tissues were immediately removed and rinsed clean with saline. The left lung was placed
in a 5 mL Eppendorf tube containing 4% paraformaldehyde solution for morphological
analysis. The right lung was immediately frozen in liquid nitrogen for 30 min and then
transferred to a —80 °C refrigerator for the later analysis of phosphatidyl cholines (PCs),
polyunsaturated fatty acids (PUFAs), and lipid mediators (LMs).

Fecal samples: Fecal samples were collected from the colon and immediately snap-
frozen in liquid nitrogen. Subsequently, they were stored at —80 °C for later biochemical
analysis, including the determination of short-chain fatty acids (SCFAs).

3.4. Biological Sample Preparation for PUFA, LM, and PC Assays

Preparation for the LM Assay: The preparation of lipid mediators begins with ho-
mogenizing 5 mg of finely ground lung tissue in 175 uL of acetonitrile through vigorous
vortexing for 10 min. After centrifugation at 13,300 rpm for 10 min, the clarified supernatant
is carefully collected and combined with stabilizing reagents: 35 uL of 10% glycerol, 1 puL
of 10 mg/mL BHT to prevent oxidation, and 10 uL of 50 ng/mL internal standard. The
mixture is diluted with 359 uL of 25% acetonitrile and vortexed again to ensure homogene-
ity. For purification, the sample is passed through a Waters MAX solid phase extraction
(SPE) column (Milford, MA, USA) preactivated with acetonitrile and equilibrated with
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25% acetonitrile. Sequential washes with 25% acetonitrile and pure acetonitrile eliminate
interfering substances, while the target analytes are eluted using 1% formic acid in ace-
tonitrile. The eluate is concentrated under vacuum and stored at —20 °C until analysis.
Prior to ultra-high-performance liquid chromatography—multiple reaction monitoring
(UHPLC-MRM) detection, the samples are reconstituted in a methanol/acetonitrile solution
(50:50, v/v) to optimize chromatographic compatibility.

Preparation for the PC Assay: Building on the residual material from the LMs assay,
phosphatidylcholine extraction involves supplementing the remaining supernatant with
50 pL of methanol and 1 mL of methyl tert-butyl ether (MTBE). The biphasic system is
vortexed for 10 min to enhance lipid partitioning, followed by centrifugation at 13,300 rpm
to isolate the organic phase. A 200 pL aliquot of the upper layer is transferred and dried
under vacuum to remove solvents, with the resulting residue stored at —20 °C for stability.
For downstream ultra-high-performance liquid chromatography—high-resolution mass
spectrometry (UHPLC-HRMS) analysis, dried PC extracts are resolubilized in acetonitrile
containing a 200 ng/mL internal standard.

This sequential methodology not only maximizes sample utilization but also mini-
mizes cross-contamination risks between lipid classes, ensuring analytical specificity for
both LMs and PCs within a unified workflow.

3.5. Biochemical Assays in Bronchoalveolar Lavage Fluid

The collected BALF was centrifuged at 3500 rpm for 15 min. The cell pellet was
suspended in 1 mL phosphate-buffered saline (PBS) for inflammatory cell counting and
classification. Levels of basophils (BAS), eosinophils (EOS) white blood cells (WBC), and
lymphocytes (LYM) in BALF were measured using an automatic cell counter (Nihon
Kohden, Shinjuku, Japan) according to the manufacturer’s protocol. Levels of IL-4, IL-
5, IL-6, IL-1$3, TNF-« in BALF and the total IgE level in serum were measured using
corresponding kits.

3.6. Biological Sample Preparation for Active Components Analysis

We mixed 10 uL of serum and 40 pL of methanol containing 0.1% formic acid. After
centrifugation at 13,300 rpm for 10 min, 30 uL of the supernatant was taken and then
subjected to mass spectrometry analysis.

3.7. Biological Sample Preparation for Fecal SCFAs Analysis

In brief, 10 mg of feces was mixed with 600 pL of water containing 0.5% concentrated
sulfuric acid. The mixture was vortexed for 5 min and sonicated for 30 min and then
centrifuged for 10 min at 13,300 rpm. Then, 500 pL of the supernatant was collected and
extracted with 800 uL of MTBE. The mixture was vortexed for 5 min and centrifuged for
10 min at 13,300 rpm. Subsequently, 700 pL of the supernatant was collected and mixed
with 0.15 g of anhydrous sodium sulfate. From this, another 500 pL aliquot was taken and
combined with 500 puL of Propionic Acid-d3 (200 uM). After vortexing for another 5 min,
the mixture was transferred to a chromatographic vial for analysis.

3.8. Real-Time Quantitative PCR Analysis

Total RNA was extracted from lung tissues using the RNAeasy™ Animal RNA Iso-
lation Kit with Spin Column (Beyotime, Shanghai, China). The concentration of total
RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Then, 1 pg of purified RNA from each sample was reverse-transcribed
into complementary DNA (cDNA) using the HiFi-Script cDNA Synthesis Kit (CWBIO,
Taizhou, Jiangsu, China). Quantitative reverse transcription PCR (qRT-PCR) was performed
using an ABI 7500 Fast PCR system (Applied Biosystems, San Francisco, CA, USA) using
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UltraSYBR Mixture (Low ROX) (CWBIO, Taizhou, China). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was employed as an internal control for normalization. The
relative expression levels were calculated as fold changes in comparison to GAPDH, using
the 2744CT method.

3.9. The Determination of Glutathione (GSH)

First, we accurately weighed the tissue (approximately 0.005 g) and proceeded to
homogenize it in physiological saline using a weight-to-volume ratio of 1:9 (g:mL). Subse-
quently, we centrifuged the homogenate at 2500 rpm for 10 min and then collected 0.1 mL of
the supernatant. Following the manufacturer’s instructions from the Reduced Glutathione
(GSH) Assay Kit (Njjcbio, Nanjing, China), we added 0.1 mL of the reagent and mixed
it thoroughly. We then centrifuged the mixture at 3500 rpm for 10 min and collected the
supernatant for colorimetric analysis.

3.10. Histology and Immunofluorescence Staining

Lung tissues were fixed with 4% paraformaldehyde for 48 h, routinely dehydrated,
paraffin embedded, cut into 4 um thick sections, stained with hematoxylin-eosin (H&E),
and observed under light microscope for inflammatory cell infiltration in lung tissues.
The expression of glutathione peroxidase 4 (GPX4) in the lung tissue was detected via an
immunofluorescence assay using anti-GPX4 antibody. After washing, the slides were incu-
bated with Alexa Fluor 488-conjugated goat anti-mouse (Lot: A10680) and CY3-conjugated
goat anti-rabbit secondary antibody (Lot: A10520, Thermo Fisher Scientific). Slides were
washed with PBS and counterstained with 4’,6-Diamidino-2-Phenylindole (DAPI). Fluores-
cence images were obtained using a whole-slide imaging system.

As described in our previous study [14]. Microbiota analysis was conducted using
the Majorbio Cloud Platform (https:/ /cloud.majorbio.com/; access date: 7 October 2024).
a- and B-diversity, along with bacterial community composition, were assessed using the
Quantitative Insights Into Microbial Ecology (QIIME) pipeline. Additionally, the linear
discriminant analysis (LDA) effect size (LEfSe) was employed with a threshold LDA score
>3.0 to identify differentially abundant taxa.

3.11. UPLC-MRM Analysis

The analysis of active components in serum samples was carried out using Waters
Synapt G2-Si High-Definition Mass Spectrometry (HDMS) with H-class ultra-performance
liquid chromatography (UPLC) and an Acquity Bridged Ethylene Hybrid (BEH) C18
column. Mobile phase A consisted of water containing 0.1% acetic acid, while mobile phase
B comprised acetonitrile with 0.1% acetic acid. The solvent procedure is shown in Table 1.
The injection volume was 2 pL, and the column temperature was 30 °C. MS was operated
in negative mode under MRM. Data acquisition was performed using MassLynx 4.2.

Table 1. Gradient elution program for active components analysis.

Time (min) A% B%
0 95 5
1 95 5

4 40 60

4.5 0 100

5 0 100
5.1 95 5

PUFAs and LMs analyses were performed on a SCIEX 5500plus mass spectrometer
equipped with an Electrospray Ionization (ESI) source (Framingham, MA, USA) and a
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Thermo Scientific Dionex ultimate 3000 HPLC (Waltham, MA, USA). The Waters ACQUITY
UPLC BEH C18 (1.7 um, 2.1 x 50 mm) column was used. Mobile phase A consisted of
water with 0.1% acetic acid, whereas mobile phase B was a mixture of acetonitrile and
isopropanol in a 9:1 volume ratio. The solvent procedure is shown in Table 2. The flow rate
was set at 0.4 mL/min, with the column temperature maintained at 40 °C. An injection
volume of 5 pL was used, and the MS was operated in negative mode under MRM. All
data were acquired and processed using SCIEX Analyst software (version 1.7.1).

Table 2. Gradient elution program for the PUFA and LM analysis.

Time (min) A% B%
0 75 25

1 75 25

8 5 95

10 5 95
10.01 75 25

12 75 25

3.12. UPLC-MS Analysis

PCs analysis was performed on a SCIEX 5500plus mass spectrometer equipped with
an ESI source (MA, USA) and a Thermo Scientific Dionex ultimate 3000 HPLC (MA, USA).
The Waters ACQUITY UPLC C8 (1.7 um, 2.1 x 100 mm) column was used. Mobile phase
A consisted of a mixture of acetonitrile and water (3:2 v/v) containing 0.1% acetic acid and
10 mM ammonium acetate. Mobile phase B was a blend of acetonitrile and isopropanol
(1:9 v/v) with 0.1% acetic acid and 10 mM ammonium acetate. The solvent procedure is
shown in Table 3. The flow rate was set at 0.3 mL/min and the column temperature was
maintained at 55 °C. The injection volume was 2 pL. MS was operated in positive mode under
full scans. All data were acquired and processed using SCIEX Analyst software (version 1.7.1).

Table 3. Gradient elution program for the PC analysis.

Time (min) A% B%
0 80 20

2 75 25

2.1 70 30

12 65 35

12.1 30 70

18 1 99

18.1 80 20

20 80 20

3.13. GC-MS Analysis

The SCFA analysis was conducted on an Agilent 7890B (Santa Clara, CA, USA)
equipped with an automatic sampler (7693A) and coupled to an Agilent 5973 mass selective
detector. The column employed was a fused-silica capillary column featuring a free fatty
acid phase (DB-FFAP 122-3232) with dimensions of 0.25 mm internal diameter, 30 m length,
and 0.25 um film thickness. The helium carrier gas flow rate was set at 1 mL/min. The
oven temperature was initially set at 50 °C and held for 1.5 min. It was then ramped up
to 90 °C at a rate of 20 °C/min and held for 2.1 min. Subsequently, it was increased to
120 °C at a rate of 5 °C/min and held for 1 min. Finally, it was raised to 180 °C at a rate
of 25 °C/min and held for an additional 1.5 min. The injected sample volume for the GC
analysis was 0.5 uL, and the run time for each analysis was 16.5 min. The detector was
operated in the selection ionization mode (SIM). Ion selection of the SCFAs was based on
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the retention time of standard compounds. All data were acquired and processed using
Agilent MassHunter (version B.07.01).

3.14. Data Processing and Statistical Analysis

The open-source tool MetaboAnalyst 6.0 (available at http://www.metaboanalyst.ca/;
access date: 15 January 2025) was utilized for the statistical analysis. The threshold for
selecting important predictive variables was based on the variable importance in projection
(VIP) score. Multivariate statistical differences were identified using an independent sample
t-test. Variables with a VIP score greater than 1 and a p-value less than 0.05 were considered
significant and selected as differential variables.

4. Discussion

In this study, ICGAC, identified as the key active ingredient in SXCF (a traditional
folk remedy historically used for asthma relief in China), was assessed in an allergic
asthma mouse model. Both dexamethasone and ICGAC significantly reduced typical
lung morphological changes in asthma, such as pronounced inflammatory cell infiltration,
bronchial epithelial degeneration, and interstitial inflammation. Remarkably, ICGAC
exhibited therapeutic efficacy comparable to or exceeding that of dexamethasone, while
demonstrating no experimentally detectable adverse effects commonly associated with
steroid use. This highlights ICGAC’s potential as a safe and effective natural therapeutic
option for managing allergic asthma.

4.1. Oral ICGAC Boosts Gut-Microbiota-Derived CGA and SCFAs as Bioactive Metabolites

We discovered that orally administered ICGAC is not the direct effective component;
instead, it undergoes transformation into Chlorogenic acid. This transformation process
is mediated by the gut microbiota, a complex community of microorganisms that play
crucial physiological roles in food digestion, nutrient absorption, drug metabolism, and
maintenance of gut barrier function. Upon entering the intestine, ICGAC may interact with
these microorganisms, leading to its conversion into CGA.

Although the involvement of the gut microbiota in such transformation processes is
well recognized, the specific bacterial species or strains responsible for converting ICGAC
to CGA remain unclear. However, several studies have emphasized the significant role
of the gut microbiota in the biotransformation of bioactive compounds [21]. For example,
certain gut bacteria are capable of hydrolyzing, reducing, or methylating compounds,
thereby altering their chemical structures and biological activities [22]. Our study detected
a significant increase in the Eubacterium_brachy_group, suggesting its potential role in the
conversion of ICGAC to CGA through analogous microbial metabolic pathways. To date,
several studies have demonstrated that chlorogenic acid exhibits anti-inflammatory effects
via the modulation of the intestinal microbiota [23].

Natural compounds frequently undergo structural modifications during absorption.
Moreover, the effective form and pharmacological mechanisms of natural drugs can vary
between single-dose and prolonged administrations [24]. Further research is essential to
fully elucidate the intricate interactions between natural products, gut microbiota, and
therapeutic efficacy.

Using UPLC-tandem mass spectrometry, we measured serum ICGAC and chlorogenic
acid levels. Both H-ICGAC and L-ICGAC groups showed similar chlorogenic acid concen-
trations in the bloodstream (Figure 2A). This similarity can be attributed to the enhanced
expression of P-glycoprotein (PGP) in the gut endothelial cells of the H-ICGAC group,
facilitated by ICGAC.
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PGP, an ATPase efflux pump that is a member of the ATP-binding cassette transporter
family, is recognized for its ability to extrude a variety of lipophilic drugs. Contemporary
studies have underscored a significant association between gut microbiota and PGP expres-
sion within the colon [25]. Specifically, Clostridium and Bacillus have been identified as key
in stimulating PGP expression in the gut epithelium of mouse models, contributing to the
observed correlation [25]. This suggests that ICGAC may upregulate PGP, leading to stable
chlorogenic acid serum levels irrespective of the initial dose administered.

ICGAC also enhances the synthesis of SCFAs—notably, acetic acid and butyric acid—
upon administration. SCFAs play a crucial role in modulating the immune system and
reducing inflammation [26]. They also regulate various immune cells and influence T and
B cell differentiation, impacting both innate and adaptive responses [27]. Furthermore,
SCFAs reduce airway inflammation, a hallmark feature of allergic asthma [14].

Indeed, multiple studies emphasize the connection between SCFAs and allergic asthma.
Changes in the gut microbiota, which produce SCFAs, can influence the risk of developing
allergic asthma [14]. While, early-life antibiotic exposure disrupts the gut microbiota, in-
creasing the risk of asthma and other allergic conditions [28]. Moreover, SCFAs modulate
immune-related genes, potentially contributing to allergic asthma [29]. Intriguingly, our
findings further show a positive correlation between butyrate production and PGP expression,
highlighting its importance. A detailed analysis revealed that Eubacterium_brachy_group plays
a key role in SCFA production following ICGAC administration (Figure 3).

4.2. ICGAC Modulates ALOX Activity and LMs to Reduce Asthmatic Inflammation

We explored the regulatory role of ICGAC in LMs metabolism and its anti-
inflammatory potential through Lipidomics analysis. Our investigation focused on the ac-
tivities of arachidonate lipoxygenases (ALOX-isoforms), particularly ALOX12 and ALOX15,
which catalyze the oxidation of polyunsaturated fatty acids (PUFAs) and play crucial roles
in inflammatory responses [30].We found that ICGAC treatment inhibited ALOX12 and
ALOX15 activities, specifically reducing the enzyme-catalyzed oxidation of DHA (Fig-
ure 6A). DHA, an omega-3 PUFA, serves as a precursor for anti-inflammatory metabolites
such as 11-HDoHE, 14-HDoHE, 16-HDoHE, 17-HDoHE, and RVD2, which are crucial in
resolving inflammation in allergic asthma [31]. Disruption of their balance can result in
heightened inflammatory reactions and asthma symptoms.

Consistently with this, chlorogenic acid, the active compound in ICGAC, has also been
identified as a competitive inhibitor of ALOX, thereby inhibiting lipid peroxidation [32]. Taken
together, our findings indicate that ICGAC modulates the metabolic networks of LMs and PUFAs,
potentially exerting anti-inflammatory effects by regulating ALOX activity and LMs levels.

4.3. ICGAC Enhances GPX4, SLC7A11, and Nrf2 to Strengthen Antioxidant Defense

In this study, we explored how ICGAC suppresses asthma-related inflammation and
oxidative stress, specifically by upregulating GPX4, SLC7A11, and Nrf2 in lung tissues.

Firstly, GPX4, an enzyme found on the outer surface of the inner mitochondrial
membrane and within the mitochondrial matrix, is unique in its ability to directly reduce
phospholipid peroxides (PL-OOH) in the mitochondrial membrane [33]. By using GSH as
a co-substrate, GPX4 plays a vital role in regulating cellular lipid peroxides. Our findings
revealed that the ICGAC treatment markedly increased GPX4 expression (Figure 6A),
thereby enhancing the uptake and reduction in the peroxide load in PL-OOH, converting
it into nontoxic lipid alcohol while oxidizing glutathione (reduced, GSH) to glutathione
(oxidized, GSSG) [34].

Secondly, ICGAC significantly upregulated SLC7A11 expression (Figure 6A), which
aids in the uptake of extracellular cystine for conversion to cysteine, a crucial precursor for
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glutathione synthesis [35]. Consistently with this upregulation, we observed a notable increase
in GSH content in the lung tissue of ICGAC-treated mice compared to the model group.

Additionally, Nrf2, a member of the basic leucine zipper transcription factor family,
is a central regulator of the antioxidant response. GPX4, a well-known transcriptional
target of Nrf2, is upregulated by Nrf2 activation, creating a positive feedback loop that en-
hances cellular antioxidant defenses [36]. Our results indicated that ICGAC also increased
Nrf2 and GPX4 expression (Figure 6A), further strengthening the antioxidant response.

Moreover, dendritic cells (DCs) facilitate the differentiation of naive CD4* T cells to
Th2 cells, which further stimulate B cells to produce IgE [37]. IL-4 amplifies Th2 activity,
but elevated levels of Nrf2 inhibit its release [38]. ICGAC suppressed IL-4 and other
asthma-related cytokines, thus reducing IgE production by B cells and alleviating asthma
symptoms by lowering airway responsiveness (Figure 7).
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Figure 7. Illustration of the anti-asthmatic mechanism of ICGAC through the gut-lung axis. (The

process of the change in the effective substances is related to the gut microbiota in mice. When ICGAC
is administered for a long time, ICGAC in mice will be converted into CGA; when administered once,
ICGAC will be converted into CA. ICGAC significantly upregulated the expression of SLC7A11 in
mouse lung tissue. SLC7A11 helps to absorb cystine outside the cell and convert it into cysteine.
ICGAC also upregulated the expression of GPX4 in mouse lung tissue. It reduced the release of
inflammatory factor IL-4, thereby reducing the release of IgE by B cells. ICGAC also increased the
expression of Nrf2, further strengthening the antioxidant response. CGA can inhibit the expression of
ALOX12, thereby reducing the generation of inflammatory mediators such as 11-HDoHE, 14-HDoHE,
16-HDoHE, 17-HDoHE and RvD2, and alleviating asthma inflammation.).

5. Conclusions

In conclusion, our study integrates lipid metabolomics and network pharmacology
to elucidate the mechanisms underlying ICGAC’s efficacy in treating allergic asthma. We

20



Int. ]. Mol. Sci. 2025, 26, 4864

demonstrate that, through gut microbiota-derived chlorogenic acid and SCFAs, ICGAC
inhibits lipid peroxidation and inflammatory mediators. Our findings also highlight the
critical roles of the GPX4 and Nrf2 pathways in ICGAC’s therapeutic effects. This research
provides a robust foundation for the potential clinical application of ICGAC in asthma
management and paves the way for future research and therapeutic innovations.
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Abstract: Heart failure with preserved ejection fraction (HFpEF), marked by cardiac dias-
tolic dysfunction, contributes to half of all heart failure cases globally and poses a significant
public health challenge. Effective therapies for HFpEF are rare, largely due to its com-
plex and heterogeneous pathophysiology, which often involves multiple comorbidities.
Berberine (BBR), an isoquinoline alkaloid, has demonstrated beneficial effects on multiple
metabolic and cardiovascular disorders; however, its impact on cardiac diastolic dysfunc-
tion in HFpEF remains poorly understood. In this study, we utilized a rat model of HFpEF
induced by a sustained high-fat/high-sucrose (HFHS) diet to explore the impact and mech-
anisms of BBR on diastolic dysfunction. The results revealed that BBR administration
effectively alleviated cardiac diastolic dysfunction and alleviated extracardiac comorbidi-
ties, including increased weight, impaired glucose tolerance, hypercholesterolemia and
hypertension, in rats fed an HFHS diet. Furthermore, BBR mitigated myocardial inflam-
mation, oxidative stress, microvascular endothelial dysfunction, and notably restored the
disturbed NO-cGMP-PKG pathway. Additionally, BBR reduced myocardial fibrosis and
inhibited the abnormally activated TGF-f3/Smads signaling. Moreover, BBR attenuated the
systemic inflammation and corrected immune dysregulation in an HFHS diet-fed rats. Our
study suggests that BBR exhibits multi-beneficial effects in the prevention and management
of HFpEF, demonstrating its potential as a holistic therapeutic candidate for HFpEF.

Keywords: berberine; heart failure; diastolic dysfunction; inflammation; oxidative stress;
cardiovascular fibrosis; endothelial dysfunction

1. Introduction

Heart failure (HF) poses a substantial clinical and public health challenge, with nearly
half of the cases attributed to HF with preserved ejection fraction (HFpEF), which is
marked by cardiac diastolic dysfunction with normal ejection fraction (EF) values [1].
Despite its high prevalence and poor prognosis with five-year mortality rate exceeding 50%,
conventional pharmacological therapies for HF with reduced ejection fraction (HFrEF) have
demonstrated limited efficacy in improving clinical outcomes for patients with HFpEF [2,3].
This highlights an urgent medical need for effective treatments to HFpEF.

Cardiac diastolic dysfunction constitutes a core pathological feature in the develop-
ment of HFpEF, with low-grade inflammation being a key mechanism leading to this
dysfunction. Patients with HFpEF often present with numerous extracardiac inflammatory
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comorbidities, notably obesity, hypertension, type 2 diabetes and aging [4]. In recent years,
novel therapeutic agents, including glucagon-like peptide-1 (GLP-1) receptor agonists and
sodium-glucose cotransporter 2 (SGLT2) inhibitors, have shown promising results in im-
proving symptoms and prognosis in patients with HFpEF [5,6]. Rising evidence indicates
that, beside hypoglycemic effect, SLTG2 inhibitors and GLP-1 receptor agonists have a
systemic impact via indirectly targeting heart by regulating inflammation, oxidative stress,
nitric oxide (NO) bioavailability, cardiac fibrosis, and other mechanisms [7-9]. Furthermore,
the anti-inflammatory properties of SGLT2 inhibitors and GLP-1 receptor agonists may
account for their cardiovascular benefits that extend beyond glucose-lowering effects [9,10].
However, their application may be constrained by a limited target population, high drug
costs, and potential adverse effects, such as urinary tract infections. In spite of this, these
findings suggest a novel and intriguing therapeutic strategy for HFpEFE.

Plant-based medicines have a long history in the treatment of chronic HF. Berberine
(BBR), a bioactive isoquinoline alkaloid derived from the medicinal plant Coptis chinensis, is
well known for its antibacterial and antidiarrheal properties [11]. It has also demonstrated
significant benefits for cardiovascular disease due to its pleiotropic effects, including the reg-
ulation of glucose homeostasis and lipid profile, attenuation of inflammatory responses and
oxidative damage, and inhibition of fibrotic processes [12,13]. Clinical investigations have
established the safety and clinical effectiveness of BBR in the treatment of HF patients [14].
Additionally, BBR holds promise as a therapeutic agent for systemic inflammation, as it has
shown therapeutic potential in both prophylactic and therapeutic interventions for chronic
inflammation associated disease, including atherosclerosis and /or non-alcoholic fatty liver
disease by controlling inflammation [15]. These findings underscore its promise as a novel
therapeutic candidate for HFpEE. Although a recent study has shown that BBR mitigated
diastolic dysfunction in a murine HFpEF model possibly by inhibiting mitochondrial frag-
mentation [16], the mechanism by which BBR improves cardiac diastolic dysfunction still
needs to be further explored.

Previous investigations have established that chronic exposure to calorie-dense diets
can impair cardiac diastolic function and contribute to the progression of HFpEF [17,18].
This study aims to comprehensively assess the impact of BBR on diastolic dysfunction
in rats with HFpEF caused by a sustained high-fat, high-sucrose (HFHS) diet, hoping
to establish a theoretical foundation for its potential translation into clinical practice in
the future.

2. Results

2.1. BBR Ameliorates Cardiac Diastolic Dysfunction, Hypertrophy, and Extracardiac
Comorbidities in HFHS Diet-Fed Rats

Echocardiography results showed that rats fed an HFHS diet had similar ejection
fraction (EF) and fractional shortening (FS) values to normal control (NC) rats. However,
they exhibited evident cardiac diastolic dysfunction, evidenced by a decreased mitral
E/A ratio (Figure 1B-E), and cardiac hypertrophy, indicated by increases in left ventric-
ular anterior wall thickness (LVAW), LV mass, and heart weight to body weight ratio
(HW/BW) (Figure 1F-H). Furthermore, myocardial mRNA expressions levels of ANP and
BNP were significantly increased in HFHS diet-fed rats (Figure 11,]). Histological analy-
sis using H&E staining showed disordered cardiomyocytes, infiltration of inflammatory
cells, and increased cardiomyocyte cross-sectional area (CSA) (Figure 1K,L). Additionally,
serum levels of BNDP, lactate dehydrogenase (LDH) and creatine kinase (CK) were elevated
(Figure 1M-0). Importantly, BBR administration significantly mitigated these cardiac
abnormalities, indicating a protective effect against cardiac injury and improvement in
diastolic function. Moreover, BBR reduced body weight, improved glucose tolerance,
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regulated blood lipid levels, and decreased blood pressure in HFHS diet rats (Figure 1P-Y),
suggesting the mitigation of associated extracardiac comorbidities.

A Cc D
HFHS HFHS-BBR 100 w " ns ns
i [ L |
Normal-chow diet (NC)
80
= g __ 40
High-fat/high-sucrose diet (HFHS) & 60 g
& [
sb Analyses 40 Lo
HFHS + Berberine (BBR)
20
. NC or HFHS (28 weeks)
} T T
HFHS (16 weeks), HFHS+BBR (12 weeks) & & ceq— & & Qeq-
& e E
& &
G H
E * *k F * * * * * *k o wx J
2.0 2.5 2000 | 259 1M 1 1009 22 Y -
. . - s
S : G -
15 s 2.0 1500 5 20 23 80 ) is
g E 15 r £ 15 Zg 60 3%
1.0 z & 1000 < <w
> 2 5 .
H § 1.0 N 8 nzé!'f 40 %!:
0.5 = = 500 H ag N e
0.5 0.5 2= 20 2
= | = @
0.0: 0.0 T 0 T T—T
© )
& & F $ FF & L F & & F &S
& o & & B & 2 & 5
& & & & &
M N (6]
K NC HFHS-BBR L
T *okk = * * ns *
“g 009 £ 10y 2 2 500 ns %k 3 157
£ E 300 = g o i 2
zE £ 100. 5 £ 1.0
8= 3 H ' 2
s 2 § 300 X ] i
§ 5 200 9 - : H i
g 1 2 £ 100 N
° 3 g >
° o @ o T © o -
g I O 2 & 2 o 9 I o
TE L ¥ &S ~ .{3 & = Q@b P2
& R & &
& & & &
R S
309 o«
c 3 £ :
2 .
= 2 204 E
) E ES £
2 = SL e
> £ Ss -
3 s 104 E
o o = £ 2
a = £ 5
[ = ]
—TTTTT T T T 1
0 4 8 12 16 20 24 28 0 30 60 90 120
Weeks Time (min)
T v w Y
1.5+
—_ ) *k ns
= 3 i
s £ o) o)
£ £ 109 £ £
o Q £ £
- =] o 5
5 I 051 @ g
3 g
5
@
0.0-
o 2 L
€ E S
&

Figure 1. BBR ameliorates cardiac diastolic dysfunction, hypertrophy and metabolic disorders in
HFHS diet rats. (A) Schematic diagram of experiments in rats. (B) Representative M-mode and
pulse-wave Doppler echocardiograms. (C-G) Statistical analyses of left ventricular ejection fraction
(EF), left ventricular fractional shortening (FS), mitral inflow E and A wave ratio (MV E/A), LV
anterior wall thickness (LVAW) and LV mass. (H) Statistical analysis of the heart weight (HW) to
body weight (BW) ratio. (I) ANP and (J) BNP mRNA expression levels in myocardium. (K) HE
staining and (L) quantitative analysis of cardiomyocyte cross-sectional area (CSA). Scale bars: 20 um.
(M-0) Serum BNP, lactate dehydrogenase (LDH), and creatine kinase (CK) levels. (P) Body weight.
(Q) Oral glucose tolerance test (OGTT) and (R) OGTT area under the curve (AUC). (S-V) Serum
levels of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C) and
high-density lipoprotein cholesterol (HDL-C). (W-Y) Systolic blood pressure (SBP), diastolic blood
pressure (DBP), and mean arterial pressure (MAP). Data are expressed as the mean + SEM. * p < 0.05,
** p <0.01, ** p < 0.001; ns, not significant.
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2.2. Network Pharmacology Predicates the Potential Mechanisms of BBR in the Treatment
of HFpEF

Given BBR’s observed therapeutic benefits in diastolic dysfunction, we conducted
network pharmacology to investigate the potential mechanisms of BBR in HFpEF treatment.
From various databases, we identified 49 common targets for BBR and HFpEF (Figure 2A).
To obtain key regulators among these genes, the protein—protein interaction (PPI) network
was established using the STRING database and graphically represented using Cytoscape
visualization software (https://cytoscape.org). Based on the betweenness centrality scores
of PPI network (Figure 2B and Table S3), we selected 20 key genes: TNF, PPARGCI1A,
MMP9, NOS3, ACHE, CDKN1A, BCL2L1, FOXO3, PPARG, EDN1, IL1B, MMP2, DRD],
DPP4, NAMPT, PARP1, FABP4, MAPK1, ICAM1, and H2AX. Subsequently, we performed
GO and KEGG analysis on these targets, which suggest that the therapeutic effects of BBR in
HFpEF may be closely linked to the positive regulation of nitric oxide biosynthetic process,
collagen catabolic process, T cell selection, regulation of inflammatory response, and
regulation of endothelial cell development (Figure 2C, Table S4). Furthermore, our finding
implicated the TNF, NF-«B and TGF-f3 pathways as underlying signaling mechanisms
(Figure 2D, Table S5). Based on these results and literature reviews [1,18-20], we identified
several pathological processes associated with HFpEF that may be modulated by BBR,
including inflammation, oxidative stress, myocardial interstitial fibrosis, microvascular
endothelial dysfunction and immune dysregulation. Subsequently, we conducted further
investigations to elucidate the potential mechanisms through which BBR may exert its
therapeutic effects against HFpEF.
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Figure 2. Network pharmacology predicates the potential mechanisms of BBR in the treatment of
HFpEEF. (A) Venn diagram of 49 common target genes of BBR and HFpEF. (B) The protein—protein
interaction (PPI) network of 49 common targets of BBR and HFpEFE. (C) GO enrichment bubble
plots of BBR and HFpEEF related pathways (D) KEGG enrichment bubble plots of BBR and HFpEF
related pathways.

27



Int. ]. Mol. Sci. 2025, 26, 4847

2.3. BBR Alleviates Myocardial Inflammation and Microvascular Inflammation

Compared to NC rats, HFHS diet-fed rats exhibited elevated myocardium inflamma-
tion, as evidenced by increased levels of IL-1f3, IL-6, MCP-1 and TNF-« (Figure 3A-C,E).
NF-kB, a key regulator of gene involved in inflammation, cellular transformation, and
various chronic diseases, was found to be upregulated in HFHS diet-fed rats (Figure 3D,F).
Microvascular inflammation was assessed by analyzing the expression of VCAM-1 and
ICAM-1, both of which were increased in HFHS diet-fed rats compared to NC rats
(Figure 3G-J). Notably, BBR application significantly reduced this increase in inflammatory
marker in rats fed an HFHS diet. Overall, these findings suggest that BBR inhibits both
myocardial inflammation and microvascular inflammation.
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Figure 3. BBR alleviates myocardial inflammation and microvascular inflammation in HFHS diet
rats. (A-D) Statistical analyses of IL-1f3, IL-6, MCP-1 and NF-kB mRNA expression levels in my-
ocardium. (E,F) Representative immunoblots and quantitative analysis of TNF-« and NF-«B protein
expression levels. (G,H) Statistical analyses of VCAM-1 and ICAM-1 mRNA expression levels in
myocardium. (IJ) Representative immunoblots and quantitative analysis of VCAM-1 and ICAM-1
protein expression levels. Data are expressed as the mean 4+ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001;

ns, not significant.
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2.4. BBR Suppresses Myocardial Oxidative Stress

To assess myocardial oxidative stress, the levels of malondialdehyde (MDA) content
and the activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxi-
dase (GSH-Px) were tested (Figure 4A-D). Rats fed an HFHS diet exhibited significantly
elevated MDA levels along with markedly reduced activities of SOD, CAT, and GSH-Px
when compared with NC rats. Notably, BBR treatment effectively counteracted these HFHS-
induced oxidative disturbances. Furthermore, the mRNA and protein expression levels of
NOX-2 and NOX-4 were upregulated in HFHS diet-fed rats (Figure 4E-H). Importantly,
BBR administration significantly reversed these changes. Collectively, these results suggest
that BBR inhibits myocardial oxidative stress and enhances myocardial antioxidant capacity
in HFHS diet-fed rats.
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Figure 4. BBR suppresses myocardial oxidative stress in HFHS diet rats. (A) Quantitative analysis
of the content of malondialdehyde (MDA) in myocardium. (B-D) Quantitative analysis of the
activities of superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) in
myocardium. (E,F) Statistical analyses of NOX-2 and NOX-4 mRNA expression levels in myocardium.
(G,H) Representative immunoblots and quantitative analysis of NOX-2 and NOX-4 protein expression
levels. Data are expressed as the mean &+ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.5. BBR Diminishes Myocardial Fibrosis and Inhibits TGF-B/Smads Pathway

Masson’s trichrome staining revealed an increased collagen volume fraction in the
myocardium of HFHS diet-fed rats compared to NC rats (Figure 5A,B). Additionally, the
expression of cardiac fibrosis markers, namely Collagen I, Collagen I1I, x-SMA and CTGE,
was elevated in these rats (Figure 5C-FJ-L). Notably, BBR administration significantly
reduced these changes, indicating its anti-fibrotic effect. Furthermore, mRNA expression
of TGF-3 and Smad2/3 was upregulated in the HFHS diet rats to NC rats (Figure 5G-I).
Similarly, protein expression levels of TGF-f3 and phosphorylation levels of Smad2 and
Smad3 were elevated in these rats (Figure 5M-O). Importantly, BBR significantly decreased
these alterations, suggesting that BBR attenuates myocardial fibrosis by inhibiting the
TGF-f3 /Smads pathway.
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Figure 5. BBR diminishes myocardial interstitial fibrosis and inhibited TGF-{3 /Smads pathway in
HFHS diet rats. (A,B) Masson staining and quantitative analysis of collagen volume fraction; Scale
bar: 20 um. (C-I) Statistical analyses of Collagen I, Collagen III, x-SMA, CTGF, TGF-$3, Smad2 and
Smad3 mRNA expression levels in myocardium. (J-O) Representative immunoblots and quanti-
tative analysis of ®-SMA, Collagen I, Collagen III, TGF-§3, p-Smad2/Smad?2 and p-Smad3/Smad3
protein expression. Data are expressed as the mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001;

ns, not significant.
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2.6. BBR Restores the Impaired NO/cGMP/PKG Pathway and Reduces Cardiomyocytes Stiffness

Elevated oxidative stress levels resulted in decreased nitric oxide (NO) bioavailability,
which subsequently reduced soluble guanylate cyclase (sGC) activity and led to a decrease
in cGMP production, the key regulator of protein kinase G (PKG) activity. To assess NO
bioavailability, myocardial nitrite and nitrate concentrations were measured. HFHS diet-fed
rats diet exhibited significantly lower NO production compared to NC rats (Figure 6A).
Furthermore, these rats showed reduced levels of phosphorylated endothelial nitric oxide
synthase (eNOS), the catalytic enzyme mediating NO biosynthesis (Figure 6B). These effects
were restored upon BBR administration. Additionally, HFHS diet-fed rats had decreased
expression of sGC and reduce cGMP content compared to NC rats, and BBR reversed
these changes (Figure 6B-C). Moreover, PKG expression were lower in the myocardium of
HFHS diet-fed rats compared to NC rats (Figure 6D), and BBR restored the PKG expression.
Increase arginase (ARG) activity is known to decrease in NO production, while activation
of phosphodiesterases (PDEs) promotes cGMP degradation [21]. HFHS-fed rats exhibited
increased expression of ARG and PDE5A compared to NC rats, and BBR significantly
decreased these elevated protein levels (Figure 6D). Overall, BBR restored the impaired
NO/cGMP/PKG pathway. PKG reduces cardiomyocyte stiffness by phosphorylating
titin, an essential sarcomere structural protein that regulates passive tension in cardiac
myocytes [22]. Immunofluorescence analysis of the myocardium revealed the increased
titin expression in HFHS diet-fed rats compared to NC rats, which decreased following BBR
administration (Figure 6E). The lower titin expression indirectly reflected an increase in
titin phosphorylation, resulting in reduced cardiomyocyte stiffness [23]. Thereby, BBR may
reduce the cardiomyocytes stiffness by restoring the impaired NO/cGMP/PKG pathway.
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Figure 6. BBR activates NO/cGMP/PKG pathway in HFHS diet rats. (A) Quantitative analysis of
total nitric oxide (NO) production in myocardium. (B) Representative immunoblots and quantitative
analysis of p-eNOS/eNOS and sGC protein expression levels. (C) Quantitative analysis of cGMP
concentration in myocardium. (D) Representative immunoblots and quantitative analysis of PKG,
ARG-2 and PDESA protein expression levels. (E) Immunofluorescence staining and quantitative
analysis of titin (red) and DAPI (blue), Scale bar: 50 um. Data are expressed as mean + SEM.
*p <0.05,* p<0.01.
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2.7. BBR Mitigates Systemic Inflammation in HFHS Diet-Fed Rats

Calorie-dense diets trigger systemic low-grade chronic inflammation through up-
regulation of pro-inflammatory cytokine expression and secretion [24]. In the current
study, serum levels of CRP, IL-1$3, IL-6 and TNF-« were significantly elevated in HFHS
diet-fed rats compared to NC rats (Figure 7A-D). Similarly, the mRNA expression of pro-
inflammatory cytokines, including IL-13, IL-6, TNF-« and MCP-1, was increased in the
visceral adipose tissue of HFHS diet-fed rats (Figure 7E-H). Furthermore, hemogram anal-
ysis revealed higher levels of WBCs and NEUs, as well as elevated systemic inflammatory
indices such as neutrophil to lymphocyte ratio (NLR) and systemic immune inflammation
index (SII), in HFHS diet-fed rats compared to NC rats (Figure 7I-L, Table S6). Collectively,
these results indicate a systemic pro-inflammatory state in rats fed an HFHS diet. Impor-
tantly, BBR administration significantly reduced the levels of inflammatory cytokines in
both serum and adipose tissue, as well as the systemic inflammatory indices, indicating
that BBR effectively mitigates the systemic inflammation in HFHS diet-fed rats.
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Figure 7. BBR ameliorates systemic inflammation in HFHS diet rats. (A-D) Quantitative analysis of
serum CRP, IL-1f, IL-6 and TNF-« levels. (E-H) Statistical analyses of IL-1f3, IL-6, TNF-& and MCP-1
mRNA expression levels in adipose tissue. (I-L) Statistical analyses of white blood cells (WBCs)
counts, neutrophils (NEUs) counts, neutrophil to lymphocyte ratio (NLR) and systemic immune
inflammation index (SII) in peripheral blood. Data are expressed as the mean + SEM. * p < 0.05,
**p <0.01, *** p < 0.001.
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2.8. BBR Correctes Immune Dysregulation in HFHS Diet-Fed Rats

Calorie-dense diets have been shown to induce dysregulation of immune cells [25].
T-lymphocyte subsets proportion, particularly the CD4*/CD8*, which is traditionally used
as an immune-stimulatory marker, are essential for evaluating the immune function. We
then compared the proportion of CD4* and CD8" T cells in the CD3* population of PBMC
and spleen in different groups. In both PBMC and spleen, HFHS diet-fed rats exhibited a
decrease in CD4" T cells and an increase in CD8* T cells compared to NC rats (Figure 8A-D).
Furthermore, the CD4"/CD8* ratio was significantly reduced in these tissues of HFHS
diet-fed rats. Importantly, BBR administration altered the composition of T-lymphocyte
subsets and significantly restored the CD4*/CD8" ratio to a near normal levels in rats fed
an HFHS diet, suggesting a potential immunoregulatory effect of BBR.
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Figure 8. BBR regulates lymphocyte subsets disorder in HFHS diet rats. (A) The flow cytometric
plots of CD4* and CD8* T cell subsets in PBMC. (B) Statistical analysis of the proportion of CD4* T
cell and CD8" T cell and the CD4*/CD8* ratio in PBMC. (C) The flow cytometric plots of CD4* and
CD8* T cell subsets in spleen. (D) Statistical analysis of the proportion of CD4" T cell and CD8* T

cell and the CD4* /CD8" ratio in spleen. Data are expressed as mean & SEM. * p < 0.05, ** p < 0.01,
***p <0.001.
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3. Discussion

HFpEF is a complex, multi-factorial syndrome with clinical heterogeneity and multiple
comorbidities contributing to its overall presentation. The prevailing HFpEF paradigm,
first proposed by Paulus W.J. and Tschope C in 2013 [26], posits that systemic pathological
factors trigger sustained inflammatory responses and impair endothelial homeostasis,
leading to microvascular impairment and subsequent disease advancement, ultimately
resulting in cardiac diastolic dysfunction. This study has demonstrated that BBR exerts
multi-beneficial effects on rats with HFpEF, which are relevant to the pathophysiology
of HFpEFR.

Cardiac inflammation and oxidative stress are known contributors to diastolic dys-
function [18,27]. BBR has demonstrated significant efficacy in attenuating inflammation
and oxidative stress in various pathological conditions. Notably, BBR alleviates dia-
betic cardiomyopathy by inhibiting inflammasome activation [28,29], protects against
doxorubicin-induced cardiomyopathy by diminishing cardiac oxidative stress [30], and al-
leviates myocardial ischemia-reperfusion injury by suppressing the inflammatory response
and oxidative stress [31]. Our study exhibited a significant decrease in inflammation and
oxidative stress in rats fed an HFHS diet following BBR treatment. The linkage between
ROS and myocardial inflammation may involves the stimulation of NF-kB signaling path-
ways, triggering transcriptional upregulation of pro-inflammatory mediators, leading to
the generation of ROS [27,32,33]. Inflammation also induces ROS production primarily
through NADPH oxidase enzymes [34], resulting in elevated oxidative stress. Our results
further demonstrated that BBR suppressed NF-«B signaling pathway and significantly
downregulated NADPH oxidase isozyme expression, particularly NOX-2 and NOX-4,
in rats fed an HFHS diet. Collectively, our findings indicate that BBR improves cardiac
diastolic dysfunction by suppressing cardiac inflammation and oxidative stress.

In HFpEEF, cardiac remodeling is initially driven by chronic microvascular inflamma-
tion, as supported by compelling preclinical and clinical evidence [35]. Excessive ROS
generation upregulates the expression levels of vascular adhesion molecules, particularly
VCAM-1 and ICAM-1 [36], facilitating myocardial infiltration by activated leukocytes,
transformation of fibroblast into myofibroblasts, and the progression of myocardial fibro-
sis. The TGF-f3/Smads signaling cascade represents one of the most crucial regulatory
pathways for cardiac fibrosis formation [37]. Our results showed that BBR application
inhibited microvascular inflammation, inhibited the TGF-f3/Smads signaling pathway,
and alleviated myocardial fibrosis in HFHS diet-fed rats. Myocardial fibrosis is a crucial
contributor of cardiac diastolic dysfunction. Compelling evidence has demonstrated that
reducing myocardial fibrosis would be beneficial for HFpEF patients [38]. Therefore, BBR
presents profound potential for alleviating myocardial fibrosis, thereby improving diastolic
dysfunction in HFpEF.

Furthermore, microvascular inflammation triggers oxidative stress and diminishes
NO bioavailability, resulting in microvascular endothelial dysfunction, a pivotal event
in the progression of HFpEF [36]. Additionally, sGC enzymatic activity, intracellular
c¢GMP concentration, and PKG activation status in adjacent cardiomyocytes leads to titin
hypophosphorylation, ultimately contributing to increased passive stiffness and diastolic
dysfunction in HFpEF [39]. Substantial evidence has demonstrated the disruption of
NO/cGMP/PKG pathway in the occurrence and development of HFpEF [40]. Importantly,
our findings reveal that BBR application effectively mitigates microvascular endothelial
dysfunction, rescues the disturbed NO-cGMP-PKG pathway in rats fed an HFHS diet. A
previous study indicated that decreased titin expression served as an indirect indicator of
elevated titin phosphorylation, leading to a decrease in cardiomyocyte rigidity [23]. BBR
also effectively decreases cardiac titin expression. Thereby, BBR may reduce cardiomyocyte
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stiffness by restoring the disturbed NO-cGMP-PKG pathway, contributing to improve
diastolic dysfunction in HFpEF.

Sustained low-grade systemic inflammation represents a key driver in the initia-
tion and advancement of HFpEF pathophysiology [26]. Elevated levels of inflammatory
biomarkers, including CRP, IL-6, IL-13 and TNF-«, have been strongly associated with dis-
ease progression and unfavorable outcomes in HFpEF [41]. A dose-response meta-analysis
of randomized controlled trials has demonstrated that BBR interventions significantly
reduce IL-6, TNF-«, and CRP levels in adults, indicating improved systemic inflamma-
tion status [42]. In our study, BBR administration significantly improved extracardiac
pro-inflammatory comorbidities in rats with HFpEF. Furthermore, BBR significantly de-
creased the level of serum CRP, IL-1, IL-6, and TNF-«. Chronic inflammation is associated
with adipose tissue inflammation [43]. BBR also reduced the mRNA expression of TNF-«,
IL-6, IL-1 and MCP-1 in visceral adipose tissue. In addition to traditional inflammatory
markers, the NLR and SII derived from peripheral blood serve as novel indices of systemic
inflammation for assessing the prognosis of patients with HFpEF [41,44]. Our study also
revealed that BBR significantly lowered NLR and SII in HFHS diet-fed rats. These findings
show that BBR suppresses systemic low-grade inflammation in rats with HFpEF.

Multiple lines of evidence suggest that immune dysregulation is linked to the pathol-
ogy and progression of HFpEE. Alteration of T-lymphocyte subsets, particularly the
CD4*/CD8" ratio, has shown predictive potential for HF in clinical and experimental
studies [45]. A recent study by Cao et al. reported a decreased peripheral CD4* /CD8" in el-
derly patients with chronic HF, and immunomodulatory agents administration significantly
altered the T-cell subsets and restored the CD4* /CD8" ratio, improving cardiac function
and quality of life [46]. Our study demonstrated a significant decline in CD4*/CD8* in
peripheral blood and spleen of HFHS diet-fed rats. However, BBR administration altered
peripheral T-cell subsets and restored CD4*/CD8* ratio to a near-normal status. This
aligns with previous studies highlighting BBR as an effective immunomodulator [47,48].
Furthermore, CD4" T cells play pivotal roles in mediating chronic inflammatory responses
in obese mouse models [49]. Thereby, our results suggest that BBR may attenuate chronic
inflammation state through regulating immune cell balance.

4. Materials and Methods
4.1. Animals

Male Sprague Dawley rats (8-10 weeks old, 300-400 g body weight) were procured
from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The
animals were maintained under standard laboratory conditions (2-3 rats per cage) with ad
libitum access to food and water, in a temperature- and humidity-controlled environment.
Following acclimatization, rats were randomly allocated into three experimental groups
(n =9 per group): NC group, HFHS group, and HFHS plus berberine (HFHS-BBR) group.
The NC group was fed a standard chow diet, while both HFHS and HFHS-BBR groups
received a specially formulated high-fat/high-sucrose diet (composition: 10% fat, 20% su-
crose, 2.5% cholesterol, and 0.5% sodium cholate by weight) supplied by Beijing Keao Xieli
Feed Co., Ltd. (Beijing, China) for a duration of 28 weeks. Starting from week 16 through
week 28, the HFHS-BBR group was supplemented with 100 mg/kg body weight/day
of berberine (BBR; Macklin, Shanghai, China), based on established protocols [19]. The
experimental design timeline is presented in Figure 1A.

Body weight measurements were recorded at 4-week intervals throughout the study
period. Upon completion of the experimental protocol, comprehensive assessments were
performed, including evaluation of cardiac function, glucose tolerance, and blood pressure
measurements. Following functional assessments, rats were anesthetized using 3-5%
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isoflurane (RWD, Shenzhen, China), and blood samples were obtained via abdominal
aorta puncture. Immediately after sacrifice, heart, visceral adipose tissue and spleen were
rapidly excised for subsequent biochemical analyses. Cardiac mass was precisely measured,
and the heart index was determined by calculating the heart weight to body weight ratio
(HW/BW).

All experimental procedures involving animals were performed in strict compliance
with the ethical guidelines and regulatory standards established by the Chinese Council on
Animal Care. The study protocol was approved by the Animal Care and Use Committee of
the Chinese Academy of Medical Sciences (No. 00003917).

4.2. Echocardiographic Analysis

Cardiac functional assessment was performed at study termination utilizing transtho-
racic echocardiography with the Vevo2100 Imaging System (FUJIFILM VisualSonics,
Toronto, ON, Canada). Rats were maintained under anesthesia with 2-3% isoflurane
(RWD, Shenzhen, China) during the procedure. Comprehensive LV evaluation included
measurement of LV mass, LVAW, EF, and FS using conventional M-mode echocardiogra-
phy. Mitral valve inflow patterns were analyzed through pulse wave Doppler imaging to
determine the E/A wave ratio. All parameter calculations were performed using VevoLAB
software (Version 2.2.3) according to standard protocols.

4.3. Oral Glucose Tolerance Test (OGTT)

Following an overnight fasting period, rats received an oral glucose load of 2 g/kg
body weight. Serial blood samples were obtained via tail vein puncture at predetermined
time intervals (0, 15, 30, 60, 90, and 120 min) following glucose administration. Blood glu-
cose concentrations were determined using a commercial glucose meter (Yuwell, Danyang,
China). Glucose tolerance was quantitatively assessed by calculating the area under the
curve (AUC) using GraphPad Prism 8.0 software for statistical analysis.

4.4. Blood Pressure Measurements

Systolic and diastolic blood pressure measurements were obtained non-invasively
from conscious rats using the tail-cuff method with a CODA monitoring system (ADInstru-
ments, Shanghai, China). Animals were individually restrained in temperature-regulated
holders maintained at 37 °C, and hemodynamic recordings were performed under stable
physiological conditions. For each measurement session, a minimum of ten readings were
acquired and subsequently averaged to ensure data reliability.

4.5. Network Pharmacology

The collection of 407 targets associated with BBR were obtained from CTD
(https:/ /ctdbase.org, accessed on 4 March 2023), SwissTargetPrediction (www.SwissTarget-
Prediction.ch, accessed on 4 March 2023), and TCMSP (https://www.tcmsp-e.com/#/
home, accessed on 4 March 2023) databases. The collection of 611 disease genes related
to HFpEF was retrieved from the CTD and DiseGeNET (https://www.disgenet.org/, ac-
cessed on 4 March 2023) databases. The co-targeted genes were identified through taking
intersection of BBR and HFpEF targeting genes. The protein—protein interaction (PPI)
information of co-targeted genes was obtained from STRING (https:/ /cn.string-db.org,
accessed on 5 March 2023) database and visualized by Cytoscape software (Version 3.8.0).
Functional and pathway enrichment analyses of 49 targets were performed using R pro-
gramming language (Version 4.0.3) based on GO (http://geneontology.org/, accessed on
5 March 2023) and KEGG (https:/ /www.kegg.jp/kegg/pathway.html, accessed on 5 March
2023) databases, presenting the results in bubble plots.
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4.6. Biochemical Analyses

Creatine kinase (CK) activity and concentrations of brain natriuretic peptide (BNP),
C-reactive protein (CRP), interleukin 1 beta (IL-1), interleukin 6 (IL-6), and tumor necrosis
factor alpha (TNF-«) were quantified using commercial ELISA kits (Elabscience, Wuhan,
China) following the manufacturer’s protocols. Serum metabolic profiles, including lactate
dehydrogenase (LDH) activity and levels of total cholesterol (TC), triglycerides (TG), low-
density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C),
were determined using a Hitachi biochemical analyzer (Tokyo, Japan) in conjunction with
commercial assay kits (BioSin Bio-Technology and Science Inc., Beijing, China). Myocar-
dial tissue analyses included measurement of superoxide dismutase (SOD) activity and
quantification of malondialdehyde (MDA), catalase (CAT), glutathione peroxidase (GSH-
Px), and cyclic guanosine monophosphate (cGMP) using ELISA kits (Elabscience, Wuhan,
China). Total nitric oxide (NO) production in myocardial tissue was assessed by determin-
ing nitrate and nitrite concentrations through a modified Griess reaction assay (Beyotime,
Shanghai, China).

4.7. Hemogram Analysis

EDTA-anticoagulated blood samples were processed using the automated CELL-
DYN® CD3700 hematology analyzer (Abbott, Alameda, CA, USA) for complete blood
count analysis. The system quantified white blood cell (WBC) populations, including neu-
trophil (NEU) and lymphocyte counts, along with platelet enumeration. The neutrophil-to-
lymphocyte ratio (NLR) and systemic immune-inflammation index (SII) were subsequently
calculated according to the formula provided in reference [20]:

NLR = [absolute neutrophils count (ANC)]/[absolute lymphocytes count (ALC)]

SII = [ANC x absolute platelets count (APC)]/ALC

4.8. Histopathological Analysis

Cardiac tissue samples were processed for histological analysis through fixation in 4%
paraformaldehyde (PFA), paraffin embedding, and sectioning at 4 um thickness. Tissue
sections were subjected to H&E staining and Masson’s trichrome staining for morphologi-
cal evaluation. Histopathological examination was performed using a Zeiss microscope
(Shanghai, China), with digital image acquisition for quantitative analysis. Cardiomyocyte
cross-sectional area (CSA) was determined from H&E-stained sections, while collagen
volume fraction was assessed from Masson-stained sections, both quantified using Image]
software (Version 1.53).

4.9. Immunofluorescence Analysis

LV tissue sections underwent sequential processing including deparaffinization, rehy-
dration, and permeabilization. Following blocking with goat serum, sections were incu-
bated with primary antibodies (1:200 dilution of rabbit anti-Titin polyclonal antibody, Bioss,
Beijing, China) at 4 °C overnight. After PBS washing, sections were treated with appropri-
ate secondary antibodies. Nuclear staining was performed using DAPI solution, followed
by application of anti-fade mounting medium. Fluorescence imaging was conducted using
a Zeiss microscope (Shanghai, China), and titin-positive areas were quantitatively analyzed
using Image] software (Version 1.53).

4.10. RNA Isolation and gRT-PCR

Total RNA isolation from LV and visceral adipose tissues was performed using the
PureLinkTM RNA Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA), with sub-
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sequent quantification using NanoDrop spectrophotometry (Thermo Fisher Scientific,
Waltham, MA, USA). Complementary DNA (cDNA) synthesis was carried out with the
HiFiScript cDNA Synthesis Kit (CoWin, Taizhou, China). Quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR) analysis was executed on the CEX ConnectTM
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) employing the Ultra-
SYBR Mixture (CoWin, Taizhou, China). The specific primer sequences for target gene
amplification are detailed in Table S1.

4.11. Western Blotting

Protein extraction from LV tissue was performed using RIPA lysis buffer (Thermo
Fisher Scientific, Waltham, MA, USA). Protein samples (equal loading amounts) were
separated on 8% SDS-PAGE gels and subsequently transferred onto PVDF membranes.
Following 1 h blocking with 10% skimmed milk at room temperature, membranes were
incubated with primary antibodies at 4 °C overnight, then with corresponding secondary
antibodies for 2 h at room temperature. Protein band visualization was achieved using
the BLT GelView6000 Proll imaging system (Biolight Biotechnology, Guangzhou, China),
with quantitative analysis performed using Image] software (Version 1.53). Comprehensive
antibody information is provided in Table S2.

4.12. Flow Cytometry

After mechanical homogenization of spleen, splenic cells were filtered through a
300-mesh sieve. T lymphocytes were collected from blood and splenic cells using a rat
lymphocyte separation kit (Solarbio, Beijing, China). Cells were washed, stained with
antibodies specific to FITC-CD3, PerCP-eF710-CD4, and PE-CDS8, and analyzed using a flow
cytometer (Thermo Fisher Scientific, Waltham, MA, USA). Data analysis was performed
using Flow]Jo software (Version 10.8.1). All antibodies were from Invitrogen (Thermo Fisher
Scientific, Shanghai, China).

4.13. Statistical Analysis

All data were presented as mean + SEM. Normality of data was assessed using the
Shapiro-Wilk and Kolmogorov—-Smirnov tests. The difference between two groups were
examined with two-tailed paired and unpaired ¢ tests. One-way ANOVA was used for mul-
tiple comparisons followed by Tukey’s post hoc test. All statistical analysis was conducted
with GraphPad Prism 8.0. A p value < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, this research has demonstrated that BBR markedly ameliorated cardiac
diastolic dysfunction, decreased myocardial inflammation and oxidative stress, improved
microvascular endothelial dysfunction, and reversed the pathological suppression of the
NO/cGMP/PKG pathway in rats fed an HFHS diet. BBR also attenuated cardiac fibro-
sis and inhibited the TGF-f3/Smads signaling pathway. Furthermore, BBR exhibited a
broad spectrum of extracardiac benefits by ameliorating pro-inflammatory comorbidities,
reducing systemic inflammation, and correcting immune dysregulation in rats with HFpEF.
These findings collectively indicate that BBR exerts multi-beneficial effects on rats with
HFpEF. Future research and clinical trials are essential to fully explain the molecular mech-
anisms mediating BBR’s therapeutic effects and to establish its clinical efficacy in HFpEF
treatment strategies.
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Abstract

Liver fibrosis, a progressive condition with limited pharmacotherapies, poses a global
health challenge. Scutellarin (SCU), a flavonoid derived from Erigeron breviscapus, has
demonstrated anti-fibrotic activity and modulates gut microbiota. Emerging evidence
suggests that SCU may also influence the hepatic microbiome. However, its clinical utility
is constrained by poor water solubility and low oral bioavailability. Here, we developed an
SCU-loaded nanoemulsion (SCE) to enhance solubility and liver-targeted delivery. In vitro,
SCE increased SCU uptake in hepatic stellate cells (HSCs) and significantly inhibited TGF-
f1-induced fibrogenesis. In a bile duct ligation (BDL) mouse model, oral administration
of SCE improved hepatic SCU accumulation and produced superior anti-fibrotic efficacy.
SCE treatment attenuated fibrosis and collagen deposition in the liver and improved
liver function markers. Mechanistic investigations using 165 rRNA sequencing revealed
that SCU treatment was associated with beneficial microbiota changes, although its main
therapeutic effects were achieved through enhanced hepatic targeting. Notably, the SCE
formulation was well-tolerated, showing no significant toxicity in vitro or in vivo. In
conclusion, the SCU-loaded nanoemulsion achieved enhanced hepatic delivery of SCU and
exerted potent anti-fibrotic effects via multiple mechanisms, including direct suppression
of fibrogenesis and ancillary modulation of the gut-liver microbiome, offering a promising
therapeutic strategy for liver fibrosis.

Keywords: liver fibrosis; scutellarin; gut microbiota; hepatic microbiota; liver-targeted
delivery

1. Introduction

Liver fibrosis is a chronic condition characterized by the excessive accumulation of
extracellular matrix proteins, primarily due to the differentiation of hepatic stellate cells
(HSCs) into myofibroblasts during persistent liver injury. This pathological process disrupts
the normal hepatic architecture and function, ultimately leading to cirrhosis and liver failure
if untreated [1]. Managing liver fibrosis remains a major clinical challenge because effective
anti-fibrotic therapies are scarce. Current treatments mainly address the underlying cause
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of injury—for example, antiviral therapy for hepatitis or alcohol abstinence in alcoholic
liver disease—but they achieve only limited reversal of established fibrosis [2]. To date, no
universally approved anti-fibrotic drug exists for broad clinical use. For instance, Rezdiffra
(resmetirom) has demonstrated therapeutic benefit in patients with noncirrhotic NASH
(nonalcoholic steatohepatitis) and fibrosis [3]; however, its efficacy across other etiologies
of liver fibrosis remains unproven. These limitations underscore the urgent need for new
therapeutic strategies that directly target established fibrosis, irrespective of etiology.

The gut-liver axis has been increasingly recognized as a critical determinant of liver
health and disease. The gut microbiota, through its metabolic activities and cellular compo-
nents, can influence the progression of liver fibrosis [4]. Dysbiosis—an imbalance in the gut
microbial community—can increase intestinal permeability, allowing bacterial products
such as endotoxins to translocate into the portal circulation. These products trigger hepatic
inflammation and exacerbate fibrogenesis. Consequently, modulating the gut microbiota
has emerged as a promising therapeutic strategy for liver disease. Previous studies have
shown that scutellarin (SCU), a natural flavonoid derived from Erigeron breviscapus (Com-
positae), regulates intestinal microbiota composition [5,6]. This finding suggests that SCU’s
anti-fibrotic activity may partly depend on its ability to improve gut microbial balance. In
line with the evolving paradigm of multi-target therapies for complex diseases [7], we hy-
pothesized that SCU might also influence the liver’s local microbiome. Emerging evidence,
including our recent work, supports the existence of a resident “hepatic microbiota” that
may contribute to liver fibrosis progression [8]. Thus, SCU’s therapeutic effects may extend
to modulating hepatic microbiota and, in turn, fibrogenesis. Nonetheless, research on the
liver microbiome remains at an early stage, and further studies are needed to identify
microbial changes that are beneficial or harmful in liver fibrosis.

SCU, a well-studied bioactive ingredient in traditional Chinese medicine, exhibits a
broad spectrum of pharmacological activities. These include cardioprotective effects, such
as the attenuation of cardiac hypertrophy [9] and the amelioration of ischemia—reperfusion
injury [10,11], as well as antimicrobial [12] and antiviral properties [13]. SCU also exhibits
neuroprotective effects, for example, in glaucoma [14], and antitumor activities through
modulation of immune responses [15]. Notably, SCU has demonstrated anti-fibrotic efficacy
in other organ systems, including the amelioration of cardiac interstitial fibrosis post-
infarction [16] and the attenuation of pulmonary fibrosis [17]. Collectively, these findings
suggest that SCU has potential as an anti-fibrotic agent in hepatic disease. Given its diverse
pharmacological profile and anti-fibrotic activity in the heart and lung, it is reasonable to
propose that SCU could also play a beneficial role in ameliorating liver fibrosis, especially
if delivered effectively to hepatic targets.

Despite its therapeutic potential, the clinical use of SCU is limited by its unfavorable
biopharmaceutical properties. Specifically, SCU’s poor water solubility markedly limits
its oral absorption and bioavailability, thereby reducing its efficacy. Overcoming these
challenges requires advanced drug delivery strategies that improve solubility, protect SCU
from degradation during gastrointestinal transit, and enable targeted delivery to the liver.
Recent innovations, including phospholipid complexation and nanoformulations, have
enhanced the solubility and bioavailability of poorly water-soluble drugs and, in some
cases, conferred organ-targeting capabilities [18].

In this study, we developed a novel nanoemulsion-based delivery system for SCU to
improve its solubility and liver-targeting capability. Initially, we prepared a scutellarin—
phospholipid complex (SPC) to increase the lipophilicity of SCU and facilitate its incor-
poration into the nanoemulsion. Using this complex, we formulated a scutellarin-loaded
nanoemulsion (SCE) stabilized with chitosan oligosaccharide. We then conducted a com-
prehensive physicochemical characterization of both SPC and SCE and evaluated their
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performance in vitro and in vivo. Specifically, we examined the ability of SCE to enhance
cellular uptake and hepatic accumulation of SCU, along with its pharmacokinetic and
pharmacodynamic profiles in a bile duct ligation (BDL)-induced liver fibrosis mouse model.
We further assessed the therapeutic efficacy of SCE against liver fibrosis in vivo and in vitro,
using a TGF-B1-activated HSC (LX-2 cell) model. In addition, we investigated whether
free and nanoformulated SCU could modulate gut and liver microbiota in fibrotic mice,
exploring the gut-liver axis as a potential mechanism of action. Finally, we confirmed the
safety and biocompatibility of SCE through both in vitro assays (normal liver cells and LX-2
cells) and in vivo assessments (histopathology and blood chemistry in mice). Overall, our
findings demonstrate that SCE significantly alleviates liver fibrosis by enhancing hepatic
delivery and multi-target mechanisms, offering a promising therapeutic approach that
combines microbiome modulation with direct anti-fibrotic activity.

2. Results

2.1. SCU Modulates Gut and Liver Microbiota Composition in BDL-Induced Fibrosis
2.1.1. Gut Microbiota

We first examined the impact of SCU on gut microbiota dysbiosis caused by BDL-
induced liver fibrosis. High-throughput 165 rRNA sequencing of fecal samples yielded
2,164,399 high-quality sequences (average > 240,000 reads per sample), which clustered
into 2394 OTUs (at 97% similarity) at 97% similarity across all groups. Sequencing depth
was sufficient to capture the majority of microbial diversity, as indicated by the plateau-
ing rarefaction curves (Supplementary Figure S1A,B). Alpha diversity indices, including
Chaol richness and ACE, revealed no significant differences in overall bacterial richness
across the Sham, BDL, and SCU-treated groups at the phylum, genus, or OTU levels
(Figures S1C and S2A). However, beta diversity analysis revealed substantial alterations
in microbial community structure in the BDL group. PCoA and PLS-DA demonstrated
distinct clustering of the BDL group’s microbiota composition compared to the Sham
controls, indicating fibrosis-induced changes in gut microbial composition (Figure 1A).

Although overall diversity did not change significantly, BDL induced notable taxo-
nomic alterations in the gut microbiota. At the phylum level, BDL slightly increased the
relative abundance of several potentially harmful bacterial phyla, including Actinobacteri-
ota, Cyanobacteria, and Desulfobacterota, compared to the Sham group (Figure 1B,C). These
changes, while subtle, are consistent with disease-associated dysbiosis reported in the liter-
ature. For instance, elevated Actinobacteriota abundance has been associated with steatosis
severity in mouse models [19] and has been observed in both gut and liver microbiota in
hepatocellular carcinoma [20]. Similarly, the elevated abundance of Desulfobacterota—a
group comprising sulfate-reducing bacteria—has been linked to hepatic inflammation and
injury in other studies [21], while overgrowth of Cyanobacteria and Desulfobacterota has been
implicated in gut dysbiosis and various diseases [22-25]. At the family level, BDL increased
the abundance of Staphylococcaceae and Desulfovibrionaceae (Figure S2B), both of which in-
clude pathogenic members. Specifically, increased abundance of Staphylococcaceae has been
reported in pediatric nonalcoholic fatty liver disease [26] and cirrhosis-associated gut mi-
crobiota profiles [27], whereas Desulfovibrionaceae (sulfate-reducing, endotoxin-producing
bacteria) have been implicated in steatohepatitis and liver cancer [28,29]. Conversely,
BDL suppressed the abundance of beneficial taxa such as the genus Clostridia_UCG-014
(family Clostridiaceae), which includes butyrate-producing bacteria linked to improved
metabolic and inflammatory profiles [30]. BDL also increased the abundance of several
genera considered harmful or pro-inflammatory, including Bacteroides, Dubosiella, and
Lacticigenium. Notably, Bacteroides spp. are known to overgrow in gut dysbiosis and can
produce metabolites that contribute to inflammation [31,32]. Similarly, increased Dubosiella
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abundance (family Erysipelotrichaceae) has been reported in certain inflammatory condi-
tions [33], whereas Lacticigenium (a lactic acid bacterium) has been linked to gut metabolic
disturbances [34].
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Figure 1. Scutellarin nanoemulsion (SCE) ameliorated BDL-induced gut microbiota dysbiosis.
(A) Principal Coordinates Analysis (PCoA) plot based on Bray—Curtis distances at the OTU level.
(B,C) Relative abundance of major bacterial phyla in the gut.

Importantly, SCU treatment corrected many of these BDL-induced microbial changes.
Although some differences did not reach statistical significance due to variability, the
microbiota composition of SCU-treated mice trended toward the Sham group profile.
SCU administration reduced the relative abundance of Actinobacteriota, Cyanobacteria, and
Desulfobacterota compared to untreated BDL mice (Figure 1C). At the family level, SCU
reduced the abundance of Staphylococcaceae and Desulfovibrionaceae, while partially restoring
Clostridiaceae populations, like Clostridia_UCG-014 (Figure S52B). Similarly, the overgrowth
of Bacteroides, Dubosiella, and Lacticigenium observed in BDL mice was moderated in the
SCU group. These results suggest that SCU can beneficially modulate the gut microbiota
in liver fibrosis, reducing potentially deleterious bacteria and supporting the growth of
beneficial taxa. Overall, SCU appears to mitigate the dysbiosis induced by BDL, shifting
the microbial community toward a healthier composition.

2.1.2. Liver Microbiota

We subsequently examined the liver microbiome composition in the same cohort of
mice. Although liver tissue contains low microbial biomass, 165 rRNA gene sequencing was
successful, yielding 1,491,466 high-quality sequences, with an average of approximately
165,000 reads per sample. Clustering at 97% sequence similarity identified 8512 OTUs.
As expected, liver tissue exhibited a broader diversity of taxa than fecal samples, likely
reflecting blood-borne or translocated bacteria. In total, sequences were classified into
34 phyla, 436 families, and 891 genera. Rarefaction analysis confirmed sufficient sequencing
depth (Supplementary Figure S3A,B). Alpha diversity analyses revealed subtle differences
among groups (Figure S3C-F). BDL decreased the liver microbial richness and diversity
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compared to Sham, whereas SCU treatment appeared to prevent this decrease, although the
changes in ACE and Chaol indices were not statistically significant. Beta diversity, assessed
by PLS-DA, revealed distinct clustering among the three experimental groups, indicating that
both fibrotic injury and SCU intervention impacted liver microbial composition (Figure 2A).
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Figure 2. SCU treatment influenced the diversity and composition of the liver microbiome in BDL
mice. (A) Partial Least Squares Discriminant Analysis (PLS-DA) of liver microbiota profiles at
multiple taxonomic levels. (B,C) Relative abundance of selected bacterial orders in liver tissue. (D,E)
Relative abundance of selected genera in liver microbiota. Liver microbiota data should be interpreted
as exploratory due to low biomass. ** p < 0.01, * p < 0.05.

Taxonomic comparisons revealed several notable changes in liver microbiota compo-
sition due to BDL and its modulation by SCU. At the order level, the relative abundance
of Erysipelotrichales was significantly elevated in BDL mice compared to Sham controls
(Figure 2B,C), consistent with previous studies linking this order to high-fat diet-induced
nonalcoholic steatohepatitis (NASH) and disease progression [35]. Notably, SCU adminis-
tration significantly reduced the abundance of Erysipelotrichales, restoring levels close to
those of the Sham group (Figure 2C), suggesting a corrective effect on fibrosis-associated
microbial dysregulation. Additionally, SCU had a mild regulatory effect on other taxa
perturbed by BDL. At the genus level, Oscillibacter (family Ruminococcaceae) emerged as
another taxon affected by BDL. Its abundance was significantly reduced in the livers of
BDL mice relative to Sham controls but was partially restored following SCU treatment
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(Figure 2E). Although the role of Oscillibacter in liver disease remains unclear, with some
studies associating it with anti-inflammatory properties and others linking it to disease
states [36,37], its partial normalization in response to SCU suggests a potentially beneficial
modulation. In addition to these major changes, BDL induced several minor alterations
in the abundance of families within the Proteobacteria and Firmicutes phyla, which were
also moderated by SCU treatment. Collectively, these data indicate that SCU regulates
the liver microbial community in fibrotic mice, paralleling its influence on the gut micro-
biota. Given the relatively limited research on the hepatic microbiome, these findings
should be interpreted with caution. Nonetheless, they suggest that SCU can influence
microbial populations in the liver. Given that the oral route initially exposes the drug to
gut microbiota before systemic absorption, part of the therapeutic effect may arise from
modulation of the gut-liver axis. However, the enhanced hepatic accumulation achieved
by the nanoemulsion suggests that these microbial alterations are likely secondary and
supportive to SCU’s primary liver-targeted antifibrotic action.

These findings suggest that SCU modulates the liver-resident microbiota disturbed by
cholestatic injury, although the functional consequences of these changes remain unclear.
The therapeutic benefits of SCE in BDL-induced fibrosis involve a multifaceted mechanism.
Our pharmacokinetic and tissue distribution data confirm significantly enhanced hepatic
accumulation of SCU, which correlates with the observed reduction in the expression of
liver fibrosis markers, suggesting direct pharmacodynamic action at the target site. Si-
multaneously, oral administration exposes SCU transiently to the gut microbiota, partially
correcting fibrosis-associated dysbiosis. Although microbial modulation may be limited
by the nanoemulsion’s efficient hepatic uptake, this early-phase interaction with the gut
epithelium and microbiota could influence immune-metabolic pathways via the gut-liver
axis. While these microbiota-mediated effects likely do not constitute the primary mecha-
nism, they may complement and reinforce SCU’s antifibrotic action. Overall, this integrated
perspective highlights the dual advantage of oral nanoformulations: targeted hepatic de-
livery coupled with supportive modulation of gut microbiota. Given the relatively low
bacterial biomass in liver tissue, the results from liver 16S sequencing should be interpreted
as exploratory with caution.

2.2. Preparation and Physicochemical Characterization of SPC and SCE
2.2.1. SCU-Phospholipid Complex (SPC) Formation

SPC was successfully prepared using the solvent evaporation method, and its for-
mation was confirmed through spectroscopic and thermal analyses. The FTIR spectra
(Figure 3C) revealed that pure SCU has characteristic O-H stretching vibration peaks
around 3500-3300 cm ™! due to phenolic hydroxyl groups and distinct absorption bands in
the 1500~1700 cm ! region due to aromatic ring vibrations and carbonyl groups. In the
physical mixture of SCU and phospholipid, peaks from both components were present
without significant shifts, indicating just a simple superposition of spectra. However, the
FTIR spectrum of SPC exhibited notable differences: the broad O-H stretch band was
greatly diminished or shifted, and several peaks in the 1500-1700 cm ™! region were atten-
uated or disappeared. These changes suggest strong intermolecular interactions in SPC,
likely due to hydrogen bonding between SCU and phospholipid molecules, which can alter
the vibrational frequencies of functional groups.

Thermal analysis by DSC provided further evidence of complex formation. The
thermogram of pure SCU displayed endothermic peaks at 163.6 °C and 353.3 °C, which are
attributed to melting or decomposition processes of SCU, as well as an exothermic peak at
206.7 °C, likely due to a phase transition or crystallization event. These thermal transitions
confirm the crystalline nature of SCU. The physical mixture exhibited endothermic peaks
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around 234 °C, corresponding to the melting of the phospholipid (which has a broad
transition) and perhaps a shifted SCU melt due to some mixing. In contrast, the DSC
thermogram of SPC (Figure 3D) showed no sharp endothermic or exothermic peaks over the
range up to 400 °C, indicating the absence of the characteristic thermal transitions associated
with crystalline SCU. This absence suggests that SCU exists in an amorphous or molecularly
dispersed state within the phospholipid matrix. The phospholipid likely stabilizes SCU in
this amorphous state, which is typically associated with enhanced solubility.
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Figure 3. Preparation and physicochemical characterization of the SCU-phospholipid complex
(SPC) and the SCU nanoemulsion (SCE). (A) Chemical structures of scutellarin (SCU, left) and
the phospholipid (soy lecithin, primarily phosphatidylcholine, right) used to form the SPC. (B)
Schematic illustration of the SPC formation process. (C) FTIR spectra of SCU, phospholipid, their
physical mixture, and SPC. (D) Differential Scanning Calorimetry thermograms of SCU, phospholipid,
physical mixture, and SPC. (E) X-ray diffraction patterns of the same four samples. (F) Photograph of
vials containing distilled water, undiluted SCE, and SCE after dilution in water. (G) Transmission
electron microscopy (TEM) image of SCE. (H,I) Particle size distribution and zeta potential of SCE
measured by DLS.

XRD analysis further substantiated the structural transformation of SCU in the com-
plex. The XRD patterns (Figure 3E) of pure SCU displayed numerous distinct peaks,
confirming its crystalline nature. The phospholipid showed a few broad peaks, while the
physical mixture retained the distinct diffraction patterns of both components, suggesting
no significant interaction upon simple grinding. Notably, SPC exhibited a diffractogram
with no pronounced diffraction peaks. Instead, only a diffuse halo was observed, charac-
teristic of amorphous substances. The disappearance of SCU’s crystalline peaks in SPC
confirms that SCU was successfully converted into a non-crystalline form through com-
plexation with the phospholipid. Together, the FTIR, DSC, and XRD results demonstrate
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that SCU and the phospholipid formed a complex, likely via hydrogen bonding and hy-
drophobic interactions, resulting in an amorphous solid. This complexation is expected to
enhance the apparent solubility of SCU in the oil phase, providing a basis for the subsequent
nanoemulsion formulation.

2.2.2. Nanoemulsion Properties and Stability

Incorporating SPC into the nanoemulsion produced a milky white formulation, which
became transparent with a slight bluish opalescence upon sufficient dilution in water
(Figure 3F). This Tyndall effect qualitatively indicates the presence of nanoscale particles.
DLS confirmed that the SCE droplets were indeed in the nanometer range. The average
particle size of the freshly prepared nanoemulsion was 78.5 & 2.5 nm (Figure 3H), with
a PDI of approximately 0.20, suggesting a relatively narrow size distribution. The zeta
potential was slightly negative at —3.8 mV, likely due to the combined effects of the
negatively charged phospholipid and the partially cationic COS coating. TEM imaging
confirmed the droplet morphology and size, revealing roughly spherical and uniform
particles ranging from 70 to 100 nm (Figure 3G), consistent with the DLS results.

The SCE formulation also exhibited satisfactory short-term stability at 4 °C. During
a 7-day storage period, its characteristics changed minimally. The mean particle size
increased slightly, from approximately 78 nm to nearly 89 nm by day 7, while the PDI
remained between 0.19 and 0.23, indicating no significant aggregation or broadening of size
distribution. The zeta potential stayed within —3 to —4 mV throughout the period. Notably,
the SCU content in the nanoemulsion remained above 90% of the initial concentration, with
fluctuations below 10% over the study period (Table 1). These results confirm that SCE
maintains both physical and chemical stability under refrigerated conditions for at least
one week, sufficient for experimental use and suggesting potential for practical shelf-life
upon further optimization. Taken together, the characterization results show that the
SPC-based nanoemulsion was successfully prepared, yielding nanosized SCU carriers with
suitable stability. This short-term stability was sufficient for the experimental duration
of this study. However, long-term stability over periods of months, which is critical for
clinical translation, was not assessed and will be an important focus of future formulation
optimization studies.

Table 1. Physical stability of SCE at 4 °C.

Day Mean PS + SD Mean PDI + SD Mean ZP + SD Mean Concentration = SD
0 78.51 +£2.45 0.23 £ 0.01 —3.6 £0.23 106.11 £ 3.49
1 81.93 £ 3.08 021+0 —3.72£0.35 98.39 £10.75
3 84.37 £3.2 0.20 £ 0.01 —3.86 £ 0.31 90.99 + 18.58
5 86.62 £2.77 0.19 £ 0.01 —3.99 +0.38 105.22 +5.29
7 89.22 +2.94 0.19 £ 0.01 —3.77 £0.36 102.87 £ 5.56

2.3. SCE Formulation Enhances Cellular Uptake of SCU

We next investigated whether nanoemulsion-based delivery could enhance SCU up-
take by SCU by HSCs. To this end, LX-2 cells were employed to compare the cellular uptake
kinetics of SCU delivered via SCE versus free SCU. Because SCU exhibits limited intrinsic
fluorescence, we used NR, a lipophilic fluorescent probe, as a surrogate tracer. Confocal
microscopy revealed pronounced differences in uptake dynamics between the two formu-
lations. In cells treated with free NR (dissolved in PBS), virtually no red fluorescence was
detectable in the cytoplasm during the first hour of incubation. A faint signal appeared by
2 h and became more apparent by 4 h, indicating slow diffusion of NR into cells (Figure 4B).
In contrast, cells treated with NR-loaded SCE showed detectable red fluorescence as early
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as 5 min after exposure, and the intensity increased rapidly over time. At 15 min, 30 min,
and 1 h, the NR signal in the SCE group was already substantial, whereas it remained
negligible in the free NR group at those same time points. Even at later time points (2 h
and 4 h), the fluorescence intensity in SCE-treated cells significantly exceeded that of cells
treated with free NR. This qualitative observation implies that the nanoemulsion facilitated
a much faster and higher uptake of the hydrophobic compound into HSCs.
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Figure 4. Enhanced cellular uptake of SCU by LX-2 hepatic stellate cells using the SCU nanoemulsion
(SCE). (A) Flow cytometry representative histograms comparing Nile Red (NR) uptake over time.
(B) Confocal microscopy images of LX-2 cells at 5 min, 1 h, and 4 h after treatment with free NR vs.
NR-SCE. (C) Quantification of cellular NR uptake by flow cytometry (mean fluorescence intensity +
SD, n = 3). (D) Quantification of cellular NR uptake by Confocal microscopy. (Mean =+ SD, n = 3).
(E) Uptake of NR-SCE in LX-2 cells after pretreatment with endocytosis inhibitors. (a) Quantifica-
tion of cellular NR uptake by flow cytometry (Mean + SD, n = 3). (b) representative histograms.
4% p< 0.0001, ** p < 0.001, ** p < 0.01.

50



Int. ]. Mol. Sci. 2025, 26, 9746

Quantitative assessment by flow cytometry confirmed the confocal microscopy ob-
servations. The mean fluorescence intensity of NR in LX-2 cells treated with SCE was
consistently and significantly higher than in cells treated with free NR at all measured time
points (Figure 4C). For example, at 1 h, NR fluorescence in the SCE group was several-fold
greater than in the free NR group, consistent with the confocal imaging results. These
results collectively demonstrate that nanoemulsion-based delivery markedly enhances
the intracellular uptake of hydrophobic compounds into HSCs, likely due to the efficient
endocytosis of nano-sized droplets.

To elucidate the mechanisms underlying the enhanced cellular uptake of SCE, we
employed a panel of endocytosis inhibitors. As shown in Figure 4D,E, caveolae-mediated
endocytosis emerged as the primary pathway for SCE internalization. Specifically, treat-
ment with genistein (a caveolin-dependent endocytosis inhibitor) or methyl-f-cyclodextrin
(which depletes membrane cholesterol and disrupts lipid raft/caveolae structures) signifi-
cantly reduced NR uptake from SCE, suggesting these pathways mediate the majority of
the nanoemulsion’s uptake. Conversely, EIPA (an inhibitor of macropinocytosis) had no
significant effect on SCE uptake, indicating macropinocytosis was not involved. Chlor-
promazine, an inhibitor of clathrin-mediated endocytosis, caused only a slight decrease
in uptake, implying that clathrin pathways play a secondary role. Similarly, nystatin,
another caveolae pathway inhibitor, reduced uptake. These findings suggest that SCE
enters LX-2 cells primarily through caveolae/caveolin-1-mediated endocytosis, a pathway
commonly utilized by nanoparticles for efficient intracellular delivery. The nanoemulsion’s
small size and composition may likely promote its association with lipid rafts and cave-
olar pits on the cell membrane, driving rapid internalization. In summary, formulating
SCU into SCE significantly increases its cellular uptake by HSCs via energy-dependent,
caveolae-mediated endocytosis, which is expected to improve intracellular bioavailability
and therapeutic efficacy.

2.4. SCE Alleviates Liver Fibrosis In Vitro

Having established that SCE improves SCU uptake, we next assessed whether this
improvement translates into greater anti-fibrotic efficacy in vitro. LX-2 cells activated with
TGF-B1 were used as a model of fibrogenic HSCs. We evaluated two hallmark features of
activated HSCs in the presence or absence of SCU treatments: increased migratory capacity
and overexpression of fibrosis-related genes.

In the scratch wound healing assay, untreated activated LX-2 cells (model group)
migrated rapidly to close the scratch, reflecting their high motility upon activation. After
12 h, the wound area in the model group was partly filled by migrating cells (Figure 5A).
In contrast, LX-2 cells treated with free SCU exhibited a modest reduction in wound clo-
sure; the scratch area remained slightly more open at 12 h compared to the model group,
suggesting that SCU can attenuate HSC migration to some extent. Notably, SCE-treated
cells exhibited a substantially larger remaining scratch area at 12 h, demonstrating signifi-
cant impairment in migration. By 24 h, the differences between groups were even more
pronounced, indicating a strong anti-migratory effect of the nanoemulsion. These results
indicate that while free SCU can suppress HSC migration to some degree, SCE substantially
enhanced this activity, likely due to improved intracellular delivery of SCU.

We next examined fibrogenic gene expression in LX-2 cells. Real-time PCR analysis
(Figure 5B) demonstrated that TGF-31 stimulation markedly upregulated key fibrogenesis-
associated genes such as ACTA2 (encoding «-SMA) and COL1A1 (collagen type I) in LX-2
cells (model vs. quiescent control). Treatment with free SCU produced only a modest
reduction in gene expression, which did not reach statistical significance relative to the
model group. In contrast, SCE treatment significantly suppressed both ACTA2 and COL1A1
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expression. Specifically, x-SMA mRNA in SCE-treated cells decreased to nearly baseline
levels, and collagen | mRNA was greatly reduced, indicating an effective suppression of
HSC activation at the transcriptional level. These results suggest that the intracellular SCU
delivered via SCE effectively interfered with TGF-p1-driven fibrogenic signaling.
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Figure 5. Anti-fibrotic effects of SCU (free vs. nanoemulsion) in TGF-B1-activated LX-2 hepatic
stellate cells. (A) Wound healing (scratch) assay images at 0, 12, and 24 h for activated LX-2 cells
under different treatments (no treatment, free SCU, SCE). (B) Relative mRNA expression of fibrosis-
related genes (x-SMA and collagen I) in LX-2 cells after 12 h of treatment, as determined by qPCR
(normalized to -actin) (n = 3). (C,D) Western blot analysis of fibrotic proteins in LX-2 cells.
(C) Collagen I and (D) MMP2 protein levels are shown (bands and quantification) (n = 3).
< 0.0001, ** p < 0.001, * p < 0.01, * p < 0.05.

Consistent with the mRNA data, Western blot analysis confirmed that SCE more
effectively suppressed fibrotic protein production in LX-2 cells compared to free SCU
(Figure 5C,D). Untreated activated HSCs exhibited high collagen I expression, as expected
for myofibroblastic cells, and elevated MMP2 levels, reflecting matrix remodeling activity
despite excessive collagen accumulation. Free SCU treatment marginally reduced collagen I
and MMP2 levels relative to the model group. In contrast, SCE markedly downregulated
ACTA2, COL1A1, and MMP?2 expression, indicating a shift toward a less fibrogenic, more
quiescent phenotype. Densitometric analysis indicated that collagen I and MMP?2 in the
SCE group were decreased by nearly 40-50% compared to the model, whereas free SCU
achieved only approximately 10-20% reductions. These findings demonstrate that SCU can
mitigate HSC activation and fibrogenesis, and that delivering SCU via the nanoemulsion
significantly amplifies these anti-fibrotic effects. By enhancing cellular uptake and retention
of SCU in HSCs, SCE achieves better suppression of the fibrotic phenotype (reduced
motility, collagen production, and myofibroblastic markers) than the free drug.
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2.5. SCE Exhibits Enhanced Liver-Targeting In Vivo

We then evaluated whether the nanoemulsion formulation could improve the deliv-
ery of SCU to the liver in vivo, a key factor for maximizing therapeutic efficacy against
liver fibrosis. To visualize and quantify tissue distribution, we used the near-infrared
fluorescent dye DIR as a surrogate for SCU, incorporated either into the nanoemulsion or
administered as a free compound. Following oral administration in mice, we monitored
real-time in vivo fluorescence and performed ex vivo imaging of major organs to compare
biodistribution profiles. In contrast, mice treated with DIR-loaded SCE showed a notably
stronger fluorescence signal in the liver region at early time points, suggesting that more
of the administered dose reached the liver, likely via uptake of nanoemulsion through
intestinal lymphatics and subsequent accumulation in the liver.

Ex vivo fluorescence imaging of major organs revealed marked enhancement of
liver targeting by SCE (Figure 6A). At 1 h post-treatment, livers from SCE-treated mice
fluoresced more intensely than those from mice treated with free DIR. This difference
became increasingly evident over time: by 6 h, the fluorescence signal in the free DIR
group had declined, whereas SCE-treated livers retained high intensity. At 12 h, the liver
signal in the free DIR group had largely dissipated, while SCE-treated livers remained
brightly fluorescent. Even at 24 h, livers from the SCE group emitted a detectable signal,
indicating prolonged retention of the nanoemulsion or its payload in hepatic tissue, whereas
the free DIR was almost undetectable in the liver by that time. Quantitative analysis of
liver fluorescence confirmed these observations (Figure 6B). The area-normalized radiant
efficiency (or total photon count) in the livers of SCE-treated mice was significantly higher
at all measured time points compared to the free DIR group. For instance, the peak
liver fluorescence (observed around 3-6 h) in the SCE group was several-fold greater
than the peak in the free group. Moreover, while the free DIR liver signal decreased by
approximately 52% between 6 h and 24 h, the SCE liver signal only declined by nearly 8%
over the same period, indicating that SCE significantly prolongs the residence time of the
compound in the liver.
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Figure 6. Enhanced hepatic accumulation and retention of scutellarin achieved by the nanoemulsion
(SCE) in vivo. (A) Ex vivo fluorescence imaging of major organs (heart, liver, spleen, lung, and
kidneys) collected from mice at 1, 3, 6, 12, and 24 h after oral administration of free DIR (a near-IR
dye, surrogate for free SCU) vs. DIR-loaded SCE. (B) Quantification of liver fluorescence intensity
over time (mean + SD, n = 3). ***p < 0.0001, * p < 0.05.

In addition to enhancing liver targeting, the nanoemulsion formulation reduced or
delayed distribution to non-target organs. In the SCE group, fluorescence in organs other
than the liver remained low beyond the first hour post-administration. In contrast, mice
treated with free DIR exhibited a more diffuse fluorescence pattern, with substantial
signal detected in the lungs and kidneys shortly after dosing, suggesting rapid systemic
distribution and clearance. This difference is likely attributable to the distinct absorption
pathway of the nanoemulsion. With a particle size of approximately 80 nm, SCE is efficiently
taken up via Peyer’s patches and intestinal lymphatics, bypassing immediate hepatic (first-
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pass) metabolism as intact particles. The nanoemulsion then accumulates in the liver, either
within the fenestrated endothelium or through uptake by Kupffer cells and hepatocytes.
This pathway reduces plasma spikes and renal excretion, enabling sustained delivery of
the payload to the liver over time.

In summary, the in vivo imaging results highlight the pronounced liver-targeting
capacity of the nanoemulsion formulation. SCE delivers a greater proportion of SCU to
the liver and prolongs its retention compared to an equivalent dose of free SCU. This
enhanced hepatic delivery is expected to translate into improved anti-fibrotic efficacy,
as more drug is available at the site of pathology for an extended period. Consistent
with these findings, SCE treatment produced markedly superior therapeutic outcomes
in the BDL model relative to free SCU, consistent with the observed improvements in
pharmacokinetics.

2.6. Therapeutic Efficacy of SCE in BDL-Induced Liver Fibrosis

The ultimate goal of developing SCE was to achieve superior therapeutic effects
against liver fibrosis. To evaluate this, we employed the BDL mouse model and compared
pathological and biochemical outcomes among groups treated with SCE, free SCU, or
vehicle. Sham-operated mice served as healthy controls.

Gross examination of the livers at sacrifice revealed visible signs of treatment efficacy.
Livers from untreated BDL mice were enlarged, cholestatic (yellow-brown), and had an
irregular surface with nodularity and bile accumulation, indicative of severe injury and
fibrosis (Figure 7A). Livers from the free SCU group exhibited modest improvements, with
reduced swelling and less discoloration; however, they remained morphologically abnor-
mal. In contrast, livers from the SCE-treated group displayed near-normal morphology:
they were smaller in size (less hepatomegaly), with a smoother surface more akin to Sham
livers, and fewer visible lesions. This visual improvement suggested that SCE substantially
mitigated the BDL-induced liver damage.

Histological analyses confirmed that SCE was more effective in reducing liver injury
and fibrosis (Figure 7B-D). H&E staining of livers from the BDL group revealed extensive
architectural disruption, with large areas of hepatocyte necrosis, inflammation, ductular
proliferation, and fibrosis. Free SCU treatment led to a modest improvement: H&E sections
from this group still exhibited significant damage, but with somewhat reduced necrotic
areas and inflammation compared to untreated BDL. However, 1 SCE treatment markedly
improved tissue architecture: necrotic foci were rare, inflammatory cell infiltration was
reduced, and normal hepatocyte cords were more apparent. Although fibrotic septa
remained, their extent was significantly diminished.

We performed Masson’s trichrome and Sirius Red staining to visualize collagen depo-
sition. Untreated livers from the BDL group showed extensive bridging fibrosis, indicated
by dense blue (Masson) and red (Sirius Red) staining between portal areas. Free SCU
treatment slightly reduced the thickness and extent of fibrotic bands, suggesting a par-
tial reduction in collagen deposition. Remarkably, SCE treatment markedly attenuated
fibrosis: collagen-positive septa became thinner, more fragmented, and localized, while
large collagen-free parenchymal regions resembled an earlier stage of fibrosis. Quantita-
tive image analysis confirmed these findings (Figure 7E,F). SCE significantly reduced the
collagen-positive area compared to both the model and free SCU groups (p < 0.01), whereas
the free SCU group showed no significant difference from the untreated model group in
Sirius Red quantification. Thus, SCE curtailed the progression of fibrosis, halting it at a
much lower level of collagen deposition.

Biochemical analyses of liver function further corroborated the therapeutic benefit of
SCE (Figure 7G-J). The BDL model group exhibited very high serum levels of ALT and AST,

54



Int. J. Mol. Sci. 2025, 26, 9746

reflecting substantial hepatocellular injury, along with elevated ALP and total bile acids
(TBA) due to cholestasis from bile duct ligation. Free SCU treatment modestly decreased
the levels of these markers, but the reductions were not statistically significant. In free SCU-
treated mice, these liver injury markers were slightly lower on average, but the differences
were not statistically significant for most markers, indicating limited hepatoprotection
by free SCU. In contrast, SCE significantly improved all parameters: it reduced ALT and
AST by approximately 50% and decreased ALP and TBA levels similarly, reflecting both
hepatoprotection and enhanced bile flow. Across all groups, SCE restored liver function
closest to Sham levels—for example, ALT in SCE-treated mice remained only slightly
above Sham, whereas BDL mice exhibited several-fold higher levels. Combined with the
histological findings, these results demonstrate that SCE provided the greatest therapeutic
benefit, effectively protecting hepatocytes, reducing fibrosis, and improving overall liver
function, far outperforming the free SCU treatment.
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Figure 7. Therapeutic effects of SCE vs. free SCU in the BDL-induced mouse liver fibrosis model.
(A) Representative gross morphology of livers from each group at day 14. (B) H&E-stained liver
sections (20 x magnification). (C) Masson’s trichrome staining for collagen (blue). (D) Sirius Red
staining for collagen (red) corroborates Masson’s results. (E,F) Quantification of fibrotic area from
Masson (E) and Sirius Red (F) stains (percentage of stained area & SD, n = 5). (G-J) Serum levels
of ALT, AST, ALP, and total bile acids (TBA) across different groups (mean + SD, n = 5). Statistical
analysis was conducted using the complete dataset. Q-values were calculated from p-values using
the FDR method. *** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns, not significant (p > 0.05).
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To further validate the anti-fibrotic efficacy of SCE, we analyzed molecular markers of
fibrosis and inflammation in the liver tissues. Western blot results (Figure 8A-C) showed
that BDL strongly upregulated o-SMA, collagen I, and the pro-inflammatory cytokine
IL-6, reflecting HSC activation and an inflammatory fibrotic response. Free SCU treatment
slightly attenuated the expression of these proteins (e.g., weaker «-SMA and IL-6 bands),
but these reductions were not statistically significant. In contrast, SCE markedly decreased
the expression of all three markers. Quantification revealed that SCE lowered «-SMA and
collagen I protein levels by 47% and 63%, respectively, compared to BDL (p < 0.01), indi-
cating substantial inhibition of stellate cell activation and extracellular matrix production.
SCE also reduced IL-6 to near-Sham levels, highlighting its potent anti-inflammatory effect.
The differences between SCE and free SCU were significant (p < 0.05), demonstrating that
the nanoemulsion achieved excellent molecular-level therapeutic impact.
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Figure 8. SCE treatment suppresses fibrogenic and inflammatory markers in fibrotic livers more
effectively than free SCU. (A—C) Western blot analysis of liver tissue proteins (with GAPDH as
loading control). (A) x-SMA, (B) IL-6, and (C) collagen I protein levels in Sham, BDL, free SCU, and
SCE groups. (D) Quantitative PCR analysis of hepatic mRNA expression of x-SMA and collagen I.
(E-G) Immunofluorescence staining of liver sections for collagen I (green) and a-SMA (red), with
nuclei in blue (DAPI). (H) Hepatic hydroxyproline content (ug per gram of liver). Statistical analysis
was conducted using the complete dataset. Q-values were calculated from p-values using the FDR
method. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05.

56



Int. ]. Mol. Sci. 2025, 26, 9746

Hepatic mRNA levels mirrored the protein results. BDL strongly increased collagen I
and «-SMA transcripts (Figure 8D). Free SCU modestly decreased these mRNA levels, with
some reductions reaching statistical significance, suggesting a moderate effect on fibrogenic
gene expression. SCE, however, produced the strongest suppression: it significantly
downregulated collagen I and «-SMA mRNA compared to both BDL and free SCU groups,
confirming potent inhibition of fibrogenesis at the transcriptional level. These findings
indicate that SCE not only reduces existing fibrotic protein deposition but also actively
suppresses ongoing fibrogenic signaling in the liver.

Immunofluorescence staining provided spatial context to these molecular findings
(Figure 8E-G). In the BDL model liver sections, x-SMA-positive activated HSCs (green
fluorescence) densely lined the fibrotic septa, and collagen I (red fluorescence) was exten-
sively deposited, co-localizing in fibrous strands. Free SCU treatment slightly reduced the
number of x-SMA-positive cells and modestly decreased collagen I intensity, but fibrotic
streaks remained prominent. In contrast, SCE-treated liver sections had markedly weaker
fluorescence for both x-SMA and collagen I. Only a few scattered a-SMA-positive cells
were detected, and collagen I staining appeared faint and confined to periportal zones,
signifying a markedly reduced fibrosis. Image analysis of the fluorescent areas indicated
SCE significantly cut down a-SMA and collagen I positivity compared to BDL (p < 0.01),
whereas free SCU had a smaller effect. These observations visually confirm that SCE
effectively inactivates HSCs and reduces scar matrix in vivo.

Hydroxyproline quantification further supported these results (Figure 8H). BDL signif-
icantly elevated hepatic hydroxyproline content, reflecting excessive collagen accumulation.
Free SCU slightly reduced hydroxyproline levels by approximately 16%, but the change
was not statistically significant, consistent with the modest histological improvements.
In contrast, SCE reduced hepatic hydroxyproline content by roughly 71% compared to
BDL (p < 0.01), approaching the levels observed in Sham mice. These data indicate that
SCE substantially curbed collagen accumulation and may have even promoted partial
resorption of existing scar tissue, highlighting the formulation’s superior efficacy.

Collectively, these evaluations demonstrate that SCE elicits certain anti-fibrotic effects.
Compared to free SCU, SCE more effectively reduces histological fibrosis, lowers fibrotic
scar collagen, deactivates HSCs, and improves liver function. The superior therapeutic
outcome is likely attributable to enhanced bioavailability and targeted delivery of SCU
achieved via the nanoemulsion system. These findings highlight the promise of the SCE
formulation as a potent anti-fibrotic intervention.

2.7. SCE Safety and Biocompatibility

Beyond efficacy, we assessed the safety of the SCE formulation, which is critical for its
potential clinical application.

In vitro cytotoxicity tests using the CCK-8 assay indicated that SCE is non-toxic to both
target cells (LX-2 cells) and off-target cells (LO2 hepatocytes) at relevant concentrations
(Figure 9A,B). LO2 cells incubated with either free SCU or SCE (at 5-30 uM SCU equivalents)
maintained high viability (consistently above 85%). At the highest concentration (30 uM),
SCE-treated LO2 cells showed slightly higher viability than those treated with free SCU.
LX-2 cells exhibited a similar trend: free SCU did not reduce viability significantly, and SCE-
treated cells maintained or slightly exceeded 100% viability relative to control. These data
confirm that the nanoformulation itself (composed of phospholipid, MCT oil, Cremophor,
and chitosan oligosaccharide) is biocompatible with liver cells and that SCU at therapeutic
doses is safe for normal hepatocytes.
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Figure 9. Biocompatibility assessment of the SCU nanoemulsion (SCE) in vitro and in vivo.
(A,B) Cell viability of LO2 (normal liver) cells and LX-2 (HSC) cells after 24 h exposure to in-
creasing concentrations of free SCU vs. SCE (SCU 5-30 uM), measured by CCK-8 assay. Data are
presented as mean + SD (n = 4). (C-F) Serum chemistry of mice following 14 days of treatment
with saline (control), free SCU, or SCE (n = 5). (G) Histological examination (H&E staining) of major
organs (heart, liver, spleen, lung, and kidney) from control, free SCU, and SCE-treated mice. ns, not
significant (p > 0.05).

For in vivo safety assessment, we administered daily doses of free SCU or SCE
(10 mg/kg SCU) to healthy ICR mice (non-BDL) for 14 days, mimicking the treatment
regimen. Serum analyses (Figure 9C-F) showed no significant differences among saline
control, free SCU, and SCE groups in liver and kidney function markers. ALT and AST
remained in the normal low range for all groups, indicating that neither SCU nor SCE
caused hepatocellular injury in normal mice. Similarly, triglyceride (TG) levels were not
elevated; in fact, they were similar across groups, suggesting the lipid-based nanoemulsion
did not disrupt lipid metabolism. Renal function markers, including blood urea nitrogen
(UREA) and creatinine (Cre) levels, were also comparable among the groups, implying that
renal function was unaffected and there was no nephrotoxicity. These results suggest that
SCE does not produce adverse effects on critical organ functions at the given dose.

Histopathological examination supported the safety profile of SCE (Figure 9G). H&E
staining of major organs—including the heart, liver, spleen, lungs, and kidneys—revealed
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no pathological changes in SCE-treated mice. Specifically, liver sections displayed normal
lobular architecture with no signs of inflammation or degeneration; kidney glomeruli and
tubules were intact; cardiac myocytes, pulmonary alveoli, and splenic white pulp/red pulp
were all unremarkable and similar to controls. We observed no signs of organ toxicity,
such as cellular infiltration, tissue damage, or lipid accumulation, after SCE administration.
Notably, although some nanoemulsion components (e.g., Cremophor EL) can occasionally
provoke systemic reactions, we detected no such adverse effects at the administered dose.

In summary, both SCU and its SCE demonstrated excellent safety and tolerabil-
ity in vitro and in vivo. The nanoemulsion did not introduce any detectable toxicity.
These findings indicate a favorable therapeutic index for SCE, meaning we can achieve
efficacious concentrations in the target organ (liver) without causing harm to normal
cells or other organs. This is a key requirement for advancing such a therapy towards
clinical consideration.

3. Discussion

Liver fibrosis is characterized by excessive deposition of extracellular matrix com-
ponents, particularly collagen, leading to distortion of liver architecture and function. If
unresolved, fibrosis progresses to cirrhosis and eventually hepatocellular carcinoma [38].
Although researchers have extensively elucidated the mechanisms of fibrogenesis, clinically
approved anti-fibrotic therapies remain scarce. Current treatment strategies primarily tar-
get underlying etiologies (e.g., antiviral therapy for viral hepatitis) and provide supportive
care, but they show limited efficacy in reversing established fibrosis.

SCU has emerged as a potential multi-target agent due to its broad pharmacological
activities. Prior studies have documented its anti-fibrotic properties in non-hepatic tissues.
In this context, multi-target approaches that simultaneously address different aspects of
fibrogenesis are highly desirable. Our study focused on scutellarin (SCU) because of
its well-documented pharmacological profile and its critical limitation of poor solubility
and bioavailability, which made it an ideal candidate to demonstrate the utility of our
nanoemulsion platform. Other flavonoids such as silybin and quercetin are also promising
anti-fibrotic candidates, and the nanoemulsion strategy described here could, in principle,
be extended to these compounds in future work.

Scutellarin (SCU) has emerged as a promising candidate due to its multitarget phar-
macological profile. Previous studies have shown that SCU reduces fibrosis in non-hepatic
organs [16,17] and protects the liver [9,10]. Other researchers demonstrated that SCU re-
shapes gut microbiota in liver disease models [5], matters because gut-derived factors drive
liver inflammation. In this study, we showed that SCU treatment altered both intestinal and
hepatic microbiota under fibrotic conditions to some extent. SCU reduced the abundance of
several potentially pathogenic taxa (such as Actinobacteriota and Desulfobacterota in the gut),
which BDL had elevated. Elevated Actinobacteriota abundance worsens liver pathology in
steatosis and cancer models [19,20], whereas elevated Desulfobacterota abundance is linked
to hepatic inflammation [21]. Although the nanoemulsion primarily facilitated efficient
hepatic targeting, its oral route of administration also allowed for transient interaction
with the gut microbiota. This was associated with partial normalization of dysbiotic taxa,
which—while not the principal mechanism of action—may have contributed additively to
the observed therapeutic benefits. By attenuating these dysbiotic shifts, SCU likely blocked
the translocation of pro-fibrogenic microbial products such as endotoxins from the gut
to the liver. SCU also restored normal levels of Erysipelotrichales and Oscillibacter in the
hepatic microbiota, which indicates that SCU directly or indirectly regulates bacteria that
colonize or translocate to the liver during fibrogenesis. The liver microbiome is a relatively
new research frontier. We observed that SCU shifted microbial abundance, but we have
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not yet determined how these changes drive anti-fibrotic outcomes. The liver microbiota
results were obtained from low-biomass samples and should therefore be regarded as
highly exploratory and inherently prone to contamination—a well-recognized limitation
in this field. Although we implemented stringent precautions, including processing all
samples under a biosafety cabinet with sterile, DNA-free reagents, the absence of dedi-
cated negative controls and formal bioinformatic decontamination necessitates cautious
interpretation. Accordingly, we do not present these findings as definitive evidence of a
resident liver microbiota, but rather as preliminary, hypothesis-generating observations
that are consistent with the emerging concept of a gut-liver axis in fibrosis. We classify our
hepatic microbiota findings as exploratory. Future studies using germ-free or microbiota-
depleted models containing adequate mice must establish whether microbiome modulation
directly improves fibrosis. Despite this limitation, our results strengthen the concept of a
gut-liver axis in fibrosis and show that SCU restores microbial balance to improve this axis.
Furthermore, we acknowledge that microbiota abundance data may not follow a normal
distribution, which limits the robustness of parametric comparisons.

SCU shows poor water solubility and low oral bioavailability, which likely hinders its
therapeutic effectiveness in vivo [12,18]. In this study, we overcame this barrier by devel-
oping the scutellarin-phospholipid complex (SPC). Characterization techniques, including
FTIR, DSC, and XRD, confirmed that SCU was present in an amorphous state within the
lipid matrix, likely at least partially molecularly dispersed. Amorphization is known to
enhance the dissolution of hydrophobic drugs [39]. By incorporating SPC into a nanoemul-
sion (SCE), we formulated SCU at therapeutically relevant concentrations with greater
solubility and absorption. Nanoemulsions commonly increase the oral bioavailability of
lipophilic compounds by promoting lymphatic transport and preventing precipitation or
metabolism [40]. Our findings support this mechanism: the SCE nanoemulsion likely pro-
moted intestinal absorption via lymphatic transport pathways, thereby enhancing hepatic
delivery of SCU, as corroborated by fluorescence imaging.

SCE significantly enhanced the pharmacokinetic and tissue distribution profiles of
SCU. In vivo imaging results showed that SCE achieved higher and more sustained liver
concentrations than free SCU. This liver-targeting effect benefits anti-fibrotic therapy by
concentrating the drug at the site of action and reducing systemic exposure, thereby
lowering the risk of off-target effects. SCE also prolonged hepatic retention, maintaining
significant levels even 24 h after treatment. This sustained presence may extend drug action
and permit less frequent dosing in clinical applications.

At the cellular level, the nanoemulsion also proved advantageous. Our results showed
that SCE is readily taken up by liver cells (stellate cells, hepatocytes, and possibly liver
macrophages) once it reaches the liver. The mechanism involved caveolae-mediated endo-
cytosis, a pathway that nanoparticles often exploit to enter cells efficiently. Through this
process, the nanoemulsion allowed SCU to cross the cellular barriers of fibrotic tissue more
effectively. In fibrotic livers, the dense extracellular matrix typically impedes drug diffusion.
However, nanoemulsions of suitable size can exploit disrupted sinusoidal endothelium
and increased vascular permeability to access activated HSCs, which overexpress endocytic
receptors. This mechanism likely explains why SCE suppressed HSC activation more
effectively than free SCU in vivo—greater intracellular delivery enabled the drug to exert
its pharmacological effect.

Therapeutically, SCE treatment produced certain outcomes in the BDL-induced fibrosis
model. SCE improved the progression of fibrosis, as indicated by the lower collagen content
and improved histology compared to untreated fibrotic mice. In contrast, free SCU exhibited
only minimal effects, underscoring the critical role of the nanoemulsion delivery system in
unlocking the therapeutic potential of SCU. The limited efficacy of free SCU at a dose of
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10 mg/kg is consistent with previous reports that its poor bioavailability hinders in vivo
activity [12,41,42]. Using SCE, we effectively increased the bioavailability and hepatic
concentration of SCU, thereby achieving the desired anti-fibrotic action.

Mechanistically, SCU exerts anti-fibrotic effects through several interconnected path-
ways. Known for its antioxidant and anti-inflammatory properties [10], SCU disrupts
TGF-3 /SMAD signaling, the central fibrogenic pathway, and downregulates key fibrotic
markers such as x-SMA and collagen I. SCU also modulates inflammatory cascades, likely
through NF-«B signaling, as evidenced by the pronounced reduction in hepatic IL-6 expres-
sion in SCE-treated mice. The downregulation is particularly significant, since IL-6 not only
signals inflammation but also drives fibrosis and carcinogenesis in chronic liver disease.
By suppressing IL-6, SCU helps dampen the inflammatory milieu that fuels fibrogenesis.
We also found that SCU reduced MMP2 expression in HSCs in vitro. This modulation
of MMP2 suggests that SCU influences matrix remodeling dynamics, promoting a more
balanced environment where collagen deposition and degradation can proceed toward the
resolution of fibrosis.

Our study also highlights the favorable safety of the SCE system. We were careful
to demonstrate that the formulation components (lipid, surfactant, and COS polymer)
did not introduce toxicity. COS is generally regarded as biocompatible and has been
reported to confer additional biological benefits, such as promoting intestinal health and
enhancing mucosal permeability. The surfactant (Cremophor EL), while sometimes causing
hypersensitivity at high doses in intravenous formulations, is in a relatively low dose
orally and was well-tolerated. Furthermore, the negative surface charge and nanoscale
size of SCE contributed to its stability and low immune recognition, preventing unwanted
immune responses.

From a translational perspective, SCE shows promise as a therapy for liver fibrosis.
Nevertheless, several considerations and future directions must be addressed. First, al-
though our results in the BDL model were compelling, liver fibrosis is a heterogeneous
condition with diverse etiologies. Future work should evaluate the efficacy of SCE in
additional models, such as those induced by carbon tetrachloride or NASH, to confirm
its broader applicability. Second, the observed microbiome-modulating effects of SCU
raise the possibility of combining SCU with specific probiotics or prebiotics to enhance
therapeutic outcomes via synergistic modulation of the gut-liver axis. Third, while na-
noemulsions are relatively straightforward to scale up, we must confirm long-term stability
beyond seven days. Transforming the nanoemulsion into a solid dosage form, such as a
freeze-dried powder for reconstitution, could improve practicality for clinical use. Fourthly,
another limitation of this study is the use of a single dose of SCE. While this dose was effec-
tive and informed by previous studies [41,42], future work will include a comprehensive
dose-response evaluation to determine the optimal therapeutic window and maximize the
potential of this formulation. Finally, another limitation of this study is the absence of a
blank nanoemulsion control in the in vitro experiments. Although our primary objective
was to evaluate the therapeutic potential of SCU when formulated into a nanoemulsion, we
acknowledge that vehicle-only controls would have further strengthened the interpretation
of these findings. Without this control, we cannot fully exclude the possibility that some of
the observed effects may be partially attributable to the components of the vehicle rather
than SCU itself. Future studies will incorporate such vehicle controls to rigorously confirm
the specificity of the nanoemulsion-mediated effects.

In addition, we acknowledge that effect sizes and confidence intervals were not
provided, which limits the interpretability of some results.

The strategy of targeting both fibrotic processes and the microbiome is still relatively
novel. Our work provides proof-of-concept that a single agent, when properly formulated,

61



Int. ]. Mol. Sci. 2025, 26, 9746

may simultaneously modulate HSC activity and the gut-liver axis. SCU exerts a dual
mechanism of action by directly suppressing fibrotic processes and simultaneously ancillary
modulating the microbiota, thereby exemplifying a polypharmacological strategy [7]. In
complex diseases such as liver fibrosis, where inflammation, cell activation, and gut-liver
signaling interact through tightly linked pathways, multi-pronged agents like SCU achieve
greater therapeutic effectiveness.

In conclusion, this work demonstrates that formulating SCU into a nanoemulsion
markedly enhances its therapeutic efficacy against liver fibrosis. SCE improves pharma-
cokinetics and liver targeting, which increases anti-fibrotic effects by reducing collagen
deposition and HSC activation. Additionally, SCE preserves the ability of SCU to modulate
the gut-liver axis through microbiota changes. These results highlight the critical role of
drug delivery systems in unlocking the clinical potential of poorly soluble natural products
like SCU. The nanoemulsion approach described herein may apply to other phytochemi-
cals or therapeutic agents facing similar solubility and bioavailability challenges. Overall,
our findings contribute to the development of an effective, multi-target therapy for liver
fibrosis and highlight the innovative angle of targeting the microbiome as part of the
therapeutic mechanism.

4. Materials and Methods
4.1. Materials

Scutellarin (SCU, >98% purity, CAS No. 27740-01-8) was purchased from J&K Scientific
(Wuhan, China). Soybean phospholipid (lecithin) served as the excipient for phospholipid
complex preparation. Caprylic/capric triglycerides (medium-chain triglycerides) and
Cremophor EL (polyoxyethylated castor oil) were used as the oil phase and surfactant,
respectively, in the nanoemulsion. Chitosan oligosaccharide (COS) was used as a stabilizer.
Recombinant human TGF-1 (transforming growth factor beta 1) was purchased from
R&D Systems (Minneapolis, MN, USA) for HSC activation in vitro. The human HSC line
LX-2 was purchased from Shanghai Mingjin Biotechnology Co., Ltd. (Shanghai, China)
(RRID:CVCL_5792) on 16 May 2023. The human normal liver cell line LO2 was kindly
provided by Professor He (Institute of Medicinal Biotechnology, Chinese Academy of
Medical Sciences & Peking Union Medical College). Antibodies against «-SMA (o-smooth
muscle actin, Cat# 14395-1-AP), MMP2 (matrix metalloproteinase-2, Cat# 66366-1-1g), and
collagen type I (COL1A1, Cat# 14695-1-AP) were purchased from Proteintech (Wuhan,
China). GAPDH antibody (Cat# ABL-1021) was purchased from Abbkine (Wuhan, China).
All other reagents and chemicals were of analytical reagent grade and were used as received
without further purification.

4.2. Preparation of Scutellarin—-Phospholipid Complex (SPC)

A scutellarin-phospholipid complex (SPC) was prepared to enhance the lipophilicity
of SCU, following a previously reported method with slight modifications [39]. Briefly,
SCU and soybean phospholipid (mass ratio 1:5) were co-dissolved in absolute ethanol to
obtain a solution containing 0.5 mg/mL of SCU. The solvent was subsequently removed
by rotary evaporation under reduced pressure at approximately 40 °C. During evapora-
tion, the mixture was sonicated to facilitate molecular interaction between SCU and the
phospholipid. The resulting solid residue was dried to constant weight to yield the SPC.
For comparison, a physical mixture of SCU and phospholipid was prepared by manually
blending the two components at the same 1:5 mass ratio using a mortar and pestle, without
the use of any solvent.
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4.3. Preparation of SCU-Loaded Nanoemulsion (SCE)

The SCU-loaded nanoemulsion (SCE) was prepared using the previously prepared
SPC. First, a primary coarse emulsion was prepared using the phase inversion method.
Caprylic/ capric triglyceride (1 mL) was mixed with an equal mass of Cremophor EL to form
the oil-surfactant phase. Subsequently, 48 mg of SPC (containing SCU) was added to the oil-
surfactant phase and dissolved with gentle heating and sonication until a clear solution was
obtained. Separately, chitosan oligosaccharide (15 mg) was dissolved in 3 mL of deionized
water to prepare the aqueous phase. The oil phase was added dropwise into the aqueous
phase under magnetic stirring at approximately 1500 rpm at room temperature, resulting
in a crude oil-in-water emulsion. This primary emulsion was then subjected to high-energy
ultrasonication to reduce droplet size, using an ultrasonic cell disruptor (Xinzhi, Ningbo,
China) (200 Hz) in an ice-water bath with pulse cycles of 10 s on and 5 s off for a total of
15 min. The resulting nanoemulsion was equilibrated to room temperature and stored at
4 °C until use.

4.4. Characterization of SPC and SCE

To confirm SPC formation, differential scanning calorimetry (DSC), Fourier-transform
infrared spectroscopy (FTIR), and X-ray powder diffraction (XRD) analyses were conducted
on SCU, phospholipid, their physical mixture, and the SPC product. DSC thermograms
were acquired using a DSC analyzer (Mettler-Toledo, Switzerland) by heating samples
from 30 °C to 400 °C at a programmed rate to detect alterations in melting or crystallization
behavior indicative of complex formation. FTIR spectra were recorded using a Nicolet 5700
FTIR spectrometer (Thermo, Waltham, MA, USA) over the range 4000-400 cm ! to identify
chemical interactions, such as hydrogen bonding, between SCU and the phospholipid.
XRD patterns were recorded using a Bruker D8 Advance diffractometer (Billerica, MA,
USA) (Cu Ko radiation, A = 1.5406 A, 40 kV, 40 mA) to assess the crystallinity of SCU in
each sample; the disappearance of SCU’s characteristic crystalline peaks in the SPC would
suggest an amorphous or molecularly dispersed state.

SCE was characterized in terms of particle size, size distribution, zeta potential, mor-
phology, and drug content. The hydrodynamic particle size (mean diameter) and polydis-
persity index (PDI) were measured by dynamic light scattering (DLS) using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK) at 25 °C. Zeta potential, indicating the sur-
face charge of nanoemulsion droplets, was determined by electrophoretic light scattering
with the same instrument. The morphology of SCE was observed using transmission
electron microscopy (TEM). A drop of diluted SCE was placed on a carbon-coated copper
grid, allowed to sit for 1 min, and excess fluid was removed by blotting. The grid was then
air-dried and examined under a TEM (JEM-2100, JEOL, Akishima, Japan) operated at an
accelerating voltage of 200 kV. The TEM images provided visual confirmation of particle
size and morphology. The SCU concentration in the nanoemulsion was determined using a
validated high-performance liquid chromatography (HPLC) method (Shimadzu, Kyoto,
Japan) with UV detection at 335 nm. Briefly, SCE samples were diluted in methanol and
analyzed on a C18 column. The mobile phase consisted of methanol and 0.5% acetic acid
(4:6, v/v) and was delivered at a flow rate of 1 mL/min. The column temperature was
maintained at 30 °C. Quantification was achieved using a standard calibration curve.

4.5. Storage Stability Study

The short-term physical and chemical stability of SCE was assessed over 7 days at 4 °C.
Aliquots were stored in sealed vials and sampled on days 0 (initial), 1, 3, 5, and 7. At each
time point, mean particle size, PDI, and zeta potential were measured by DLS as described
in Section 4.4. Additionally, the SCU concentration within the formulation was analyzed
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by HPLC to monitor any potential drug degradation or precipitation. All measurements
were performed in triplicate. Stability was considered acceptable if no significant particle
growth or aggregation occurred and if the SCU content remained above 90% of the initial
drug content over the storage period.

4.6. Cell Culture and Cytotoxicity Assay

LX-2 and LO2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, Waltham, MA, USA) and Roswell Park Memorial Institute (RPMI) 1640 (Gibco,
USA), respectively. Both media were supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. Cells were maintained at 37 °C in a humidified atmosphere
with 5% CO;. The culture medium was replaced every 2-3 days, and cells were subcultured
using trypsin-EDTA upon reaching 80-90% confluence.

The cytotoxicity of SCE was evaluated in vitro using the Cell Counting Kit-8 (CCK-8,
Meilunbio, Dalian, China) assay in both LX-2 and LO2 cell lines. Cells were seeded into 96-
well plates at a density of 5 x 103 cells per well and allowed to adhere for 12 h. Subsequently,
the medium was replaced with 100 pL of fresh medium containing either free SCU or SCE
at various concentrations (ranging from 5 uM to 30 pM SCU equivalent). Control wells
received only drug-free medium. After 24 h of treatment, 10 pL of CCK-8 reagent was
added to each well, followed by an additional 4 h incubation period. Absorbance was
measured at 450 nm using a microplate reader (Synergy H1, BioTek, Winooski, VT, USA).
Cell viability was expressed as a percentage of the untreated control. Each concentration
was tested in quadruplicate, and data are presented as mean & SD. For all cell-based
assays (cytotoxicity, cellular uptake, gene/protein expression, and migration), at least
three independent experiments were performed on different days, and each experiment
contained multiple technical replicates.

4.7. Cellular Uptake Study in LX-2 Cells

The cellular uptake of SCU delivered via SCE versus free drug was examined in LX-2
cells using a fluorescent probe. Nile Red (NR), a hydrophobic fluorescent dye, was used as
a surrogate to visualize and quantify uptake. NR-loaded SCE was prepared by adding a
small amount of NR to the SPC (at 10% w/w of SCU) during the nanoemulsion preparation
process (Section 4.3). A solution of free NR in PBS (containing a small amount of DMSO to
aid solubilization) was used as a control corresponding to free SCU.

For qualitative uptake visualization, LX-2 cells were seeded in glass-bottomed confocal
dishes at 2 x 10 cells per dish and cultured for 24 h. Cells were then treated with either
free NR (in PBS) or NR-loaded SCE (NR/SCE) at an equivalent NR concentration. After
incubation for predetermined periods (5 min, 15 min, 30 min, 1 h, 2 h, and 4 h) at 37 °C,
the cells were washed three times with PBS to remove extracellular NR, fixed with 4%
paraformaldehyde for 15 min, and stained with DAPI (4’,6-diamidino-2-phenylindole) to
label nuclei. Fluorescent images were acquired using a laser scanning confocal microscope
(Zeiss LSM 710, Oberkochen, Germany). NR (red) and DAPI (blue) signals were visualized
to evaluate intracellular localization and uptake intensity.

For quantitative analysis, cellular uptake was evaluated by flow cytometry. LX-2 cells
were seeded in 6-well plates (3 x 10° cells/well) and treated with free NR or NR-loaded
SCE as described above. At selected time points (up to 4 h), cells were washed with ice-
cold PBS, detached with trypsin, and resuspended in PBS. Intracellular fluorescence was
measured using a flow cytometer (BD FACSCalibur, Franklin Lakes, NJ, USA) in the FL2
channel. At least 10,000 events were recorded per sample. The mean fluorescence intensity
(MFI) was calculated to compare the cellular uptake efficiency of NR/SCE versus free NR.
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To elucidate the cellular internalization pathways of SCE, LX-2 cells were pre-treated
for 15 min with one of several pharmacological endocytosis inhibitors before exposure
to NR-loaded SCE (NR/SCE). The inhibitors included: chlorpromazine (10 pg/mL, in-
hibitor of clathrin-mediated endocytosis), nystatin (25 ng/mL, inhibits caveolae-mediated
endocytosis by cholesterol sequestration), methyl-3-cyclodextrin (MBCD, 5 mM, depletes
membrane cholesterol and disrupts caveolae), genistein (100 1M, tyrosine kinase inhibitor
that also disrupts caveolae-mediated endocytosis), imipramine (10 ug/mL, reported to
inhibit caveolae pathway), and 5-(N-ethyl-N-isopropyl) amiloride (EIPA, 50 1M, inhibitor
of macropinocytosis). Following inhibitor pretreatment, cells were washed with PBS and in-
cubated with NR/SCE for 2 h at a concentration previously determined to produce intense
fluorescence. Cells were then processed for flow cytometry as described in the cellular
uptake section. A significant reduction in MFI in the presence of a specific inhibitor, relative
to the untreated control, was interpreted as indicative of that pathway’s involvement in
SCE internalization.

4.8. In Vitro Anti-Fibrotic Activity in LX-2 Cells

LX-2 cells were employed as an in vitro model to assess HSC activation and evaluate
the anti-fibrotic potential of SCU formulations. Cells were seeded in 6-well plates at a
density of approximately 1 x 10° cells per well and cultured to 80-90% confluence. To
induce a fibrogenic phenotype, the cells were serum-starved in DMEM containing 2%
FBS for 24 h, followed by stimulation with TGF-1 (2 ng/mL) for an additional 24 h.
This treatment activates LX-2 cells, resulting in upregulation of fibrotic markers. After
activation, the medium was replaced, and SCE was added. The cells were then incubated
for 12 h. Subsequently, the cells were harvested for analysis of fibrogenic gene and protein
expression by quantitative real-time PCR (qPCR) and Western blot.

Total RNA was isolated using the RaPure Total RNA Kit (Magen, Guangzhou, China)
according to the manufacturer’s protocol. RNA concentration and purity were verified by
spectrophotometry. cDNA was synthesized and amplified using a one-step RT-qPCR SYBR
Green kit (Vazyme, Nanjing, China) on a 7500 Fast Real-Time PCR System (Applied Biosys-
tems, Waltham, MA, USA). The primer sequences for target genes (collagen I [COL1A1],
«-SMA [ACTA?2], and (3-actin [ACTB] as a housekeeping gene) were as follows: COL1A1:
forward 5-TGACCTTCCTGCGCCTAATG-3, reverse 5'-GCTACGCTGTTCTTGCAGTG-3/;
ACTA2 (x-SMA): forward 5 -CTCTGTCTGGATCGGTGGC-3/, reverse 5'-TTCGTCGTATTC-

CTGTTTGCT-3'; ACTB: forward 5-CCTGGACTTCGAGCAAGAGATGG-3/, reverse 5'-
GTGGTTTCGCTCGGCACATT-3'. The thermal cycling conditions were set according to
kit protocols. The relative gene expression was calculated using the 2(~24) method, with
normalization to ACTB and comparison to the untreated control group.

For Western blot analysis, we lysed LX-2 cells using radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease and phosphatase inhibitors to extract total
protein. We measured protein concentrations and loaded equal amounts (20 pg per sample)
onto SDS-PAGE gels, then transferred the separated proteins onto polyvinylidene difluoride
(PVDF) membranes. We blocked the membranes with 5% non-fat milk for 1 h, followed
by overnight incubation at 4 °C with primary antibodies against key fibrogenic proteins:
collagen I (1:2000 dilution) and MMP2 (1:2000). GAPDH (1:5000) was used as an internal
loading control. After washing, we incubated the membranes with horseradish peroxidase-
conjugated secondary antibodies (1:10,000) for 1 h at room temperature. We visualized
protein bands using enhanced chemiluminescence (ECL) substrate and captured images
with a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA). We quantified band
intensities using Image] software (1.54) and normalized target protein levels to GAPDH.
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4.9. Cell Migration Assay

We evaluated the effect of SCU on HSC migration, a characteristic of activated HSCs
that contributes to fibrotic tissue remodeling, using a wound healing (scratch) assay. LX-2
cells were seeded in 6-well plates and cultured until they formed a nearly confluent mono-
layer. We created a linear scratch approximately 1 mm wide through the cell monolayer
using a sterile pipette tip. After gently washing the wells with PBS to remove detached cells
and debris, we treated the remaining cells in serum-reduced medium containing TGF-31
and SCU. We captured images of the wound area at 0 h (immediately after scratching),
12 h, and 24 h post-treatment using an inverted phase-contrast microscope. We quantified
cell migration by measuring the remaining wound width or calculating the wound area at
each time point relative to the initial wound area at 0 h.

4.10. In Vivo Tissue Distribution and Liver Targeting

We assessed the liver-targeting efficiency of SCE using a near-infrared fluorescent
probe, DIR (1,1’-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide), which is
lipophilic and suitable for tracking nanoemulsion distribution via fluorescence imaging.
We prepared DIR-loaded SCE similarly to NR/SCE by dissolving DIR in the oil phase
before emulsification. As a control, we prepared free DIR by dissolving the dye in a
Cremophor/ethanol mixture and subsequently diluting it with saline to mimic the free
drug formulation.

Male ICR mice (6-8 weeks old, approximately 25 g) were obtained from Beijing Vital
River Labs (Beijing, China) and acclimatized for one week under standard laboratory
conditions. All animal experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Institute of Medicinal Biotechnology, CAMS & PUMC
(Approval No. IMB-20231109D102), and conducted per national ethical guidelines. The
mice were fasted for 12 h before the experiment and randomly divided into two treatment
groups (n = 3 per group per time point): free DIR and DIR-loaded SCE groups. Each
mouse received a single oral gavage of DIR (0.5 mg/kg). At1, 3, 6,12, and 24 h post-
administration, we anesthetized and euthanized three mice from each group and excised
their major organs (heart, liver, spleen, lung, and kidneys). We immediately performed
ex vivo fluorescence imaging using the IVIS system (PerkinElmer, Waltham, MA, USA)
with DIR-appropriate filter settings. We drew regions of interest (ROI) over each organ
to quantify fluorescence intensity (radiant efficiency), with particular focus on the liver to
assess targeting efficiency. The mean fluorescence intensity of the liver at each time point
was calculated and compared between the two groups to evaluate the extent and duration
of hepatic accumulation under the appropriate excitation/emission filter settings for DIR.

4.11. Bile Duct Ligation-Induced Liver Fibrosis Model and Treatment Protocol

We employed a bile duct ligation (BDL) mouse model to induce liver fibrosis and
evaluate the therapeutic effects of SCU formulations. Male ICR mice (6-8 weeks old)
were randomly divided into four groups (n = 5-6 per group): sham (sham operation +
vehicle treatment), BDL model (BDL + vehicle), free SCU (BDL + free SCU treatment), and
SCE (BDL + SCU nanoemulsion treatment). The BDL procedure was performed under
anesthesia (isoflurane, gas anesthesia) by double ligation and transection of the common
bile duct using sterile technique. In the sham-operated group, we exposed the bile duct
but left it intact. Following surgery, we administered buprenorphine for postoperative
analgesia and monitored all animals closely until full recovery. Each experimental group
included 5 animals (biological replicates). For each endpoint, the exact number of samples
analyzed is indicated in the figure legends. All data are presented as mean + SD, and
statistical analyses were performed using the full dataset (n = 5), unless otherwise specified.
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We began treatment on postoperative day 2. Free SCU was freshly prepared by
dissolving scutellarin in saline containing a minimal amount of NaOH to enhance solubility.
This solution was then administered at a dose of 10 mg/kg. We formulated SCE to deliver
an equivalent SCU dose. The Sham and BDL control groups received an equivalent
volume of normal saline. We administered all treatments once daily by oral gavage for 14
consecutive days, recorded body weights regularly, and noted any signs of distress.

At the end of the treatment period, we anesthetized the mice and collected blood
samples via the orbital sinus. Serum was separated by centrifugation at 3500 rpm for 10 min
at 4 °C and stored at —80 °C for subsequent biochemical analyses. We then euthanized the
mice and harvested liver tissues. Portions of the liver were fixed in 10% neutral-buffered
formalin for histological and immunofluorescence analysis, whereas other portions were
snap-frozen in liquid nitrogen and stored at —80 °C for biochemical assays, including
Western blotting and hydroxyproline quantification. Additionally, we aseptically collected
50 mg of fresh liver tissue and fecal pellets from the colon and immediately frozen for
microbiome analysis via 16S rTRNA gene sequencing.

We performed quantitative real-time PCR (qPCR) and Western blot analyses to
assess the expression of fibrogenic genes and proteins in liver tissues, following the
procedures described in Section 4.8. Notably, the primer sequences used for liver
tissue qPCR differed from those used for cellular analysis. The primer sequences
were as follows: COL1A1: forward 5-CATGTTCAGCTTTGTGGACCT-3/, reverse 5'-
GCAGCTGACTTCAGGGATGT-3; ACTA2: 5'-TTCCTTCGTGACTACTGCCG-3/, reverse
5-TATAGGTGGTTTCGTGGATGCC-3'; ACTB: forward 5-CGTTCAATACCCCAGCCATG-
3/, reverse 5-GACCCCGTCACCAGAGTCC-3'.

4.12. Serum Biochemistry Analysis

To evaluate liver injury and systemic responses to treatment, we quantified serum lev-
els of key liver function markers. We measured alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP) activities using an automated
biochemical analyzer or colorimetric assay kits (Nanjing Jiancheng Bioengineering, Nanjing,
China) following the manufacturer’s protocols. We also assessed serum total bile acids
(TBA) as an indicator of BDL-induced cholestasis. We performed all assays in duplicate,
and results were reported as mean + SD for each group.

4.13. Histological Analysis

For histopathological examination, liver and other major organs—including the heart,
spleen, lungs, and kidneys—were fixed in formalin, embedded in paraffin, and sectioned
at a thickness of 4 um. We stained liver sections with hematoxylin and eosin (H&E) to
evaluate general liver architecture and injury. To visualize collagen deposition and fibrosis,
we performed Masson’s trichrome and Sirius Red staining. Masson'’s stain renders collagen
fibers blue, whereas Sirius Red binds specifically to collagen, appearing red under light
microscopy and exhibiting birefringence under polarized light.

To evaluate potential off-target toxicity, we stained heart, lung, spleen, and kidney
sections from mice treated with saline, free SCU, or SCE (without BDL surgery) with
H&E. A pathologist blinded to the treatment groups examined all tissues for signs of
inflammation, necrosis, or other histological abnormalities.

4.14. Hydroxyproline Assay

We quantified hepatic hydroxyproline content as a surrogate marker for collagen
accumulation and liver fibrosis. For each mouse, we assayed ~50 mg of liver tissue using a
commercial hydroxyproline assay kit (Nanjing Jiancheng Bioengineering Institute, China),
following the manufacturer’s instructions. Briefly, liver samples were hydrolyzed in
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concentrated hydrochloric acid at 110 °C for several hours to release free hydroxyproline
from collagen. After hydrolysis, the samples were neutralized and treated with, followed by
reaction with Ehrlich’s reagent (p-dimethylaminobenzaldehyde) to generate a chromogenic
complex. The absorbance of the resulting solution was then measured at 550 nm and
compared to a standard hydroxyproline calibration curve. Hydroxyproline content was
expressed as micrograms per gram of liver tissue. All measurements were performed
in duplicate.

4.15. 16S rRNA Gene Sequencing for Microbiota Analysis

We assessed the impact of SCU on gut and liver microbiota composition by per-
forming 16S rRNA gene sequencing on fecal and liver samples from the Sham, BDL, and
SCU-treated groups [43,44]. Genomic DNA was extracted from 100 mg of fecal material
using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) and from ap-
proximately 25 mg of liver tissue using the DNeasy Blood & Tissue Kit (Qiagen) per the
respective manufacturer’s protocols. We amplified the hypervariable V3-V4 regions of
the bacterial 165 rRNA gene by PCR using universal primers (338F/806R) with Illumina
adapter overhangs. After purification with the AxyPrep DNA Gel Extraction Kit (Axygen,
Corning, NY, USA), we quantified the PCR products. Equimolar amounts of each sample’s
PCR product were pooled to construct sequencing libraries using the TruSeq DNA Sample
Prep Kit (Illumina, San Diego, CA, USA). High-throughput sequencing was performed on
an [llumina HiSeq 2500 platform, generating paired-end reads of 2 x 250 bp.

We processed raw sequencing reads using the QIIME pipeline. After quality filtering
and merging, we removed chimeric sequences to obtain high-quality reads. We clustered
the reads into operational taxonomic units (OTUs) at 97% sequence similarity and assigned
taxonomic identities to representative sequences using the Greengenes or Silva reference
database with the RDP classifier algorithm. To standardize sequencing depth across sam-
ples, we normalized the OTU abundance table before downstream analyses. We assessed
within-sample microbial diversity using alpha diversity metrics, including Chaol richness
and Shannon diversity indices. To evaluate between-group variation, we analyzed beta
diversity by principal coordinates analysis (PCoA) and partial least squares discriminant
analysis (PLS-DA) based on Bray—Curtis distances. Finally, we identified differentially
abundant taxa at the phylum, family, and genus levels and correlated them with disease
status or treatment.

All liver samples were collected under aseptic conditions. DNA extraction and PCR
reagents were handled in a sterile environment to minimize contamination. Although no
dedicated blank extraction controls were included, all experimental groups were processed
in parallel under identical conditions. Data interpretation was based on relative differences
between treatment and control groups rather than absolute abundance. Notably, due to
the relatively low bacterial biomass in liver tissue, the liver microbiome analysis required
careful contamination control and validation, and the results from liver 16S sequencing
should be considered exploratory.

4.16. Immunofluorescence Staining of Liver Sections

Immunofluorescence was performed to visualize key fibrosis markers (collagen I and
«-SMA) in liver tissue sections. Paraffin-embedded liver sections (4 pm) were deparaf-
finized, rehydrated, and subjected to antigen retrieval (heating in citrate buffer, pH 6.0).
After blocking with 5% bovine serum albumin and 0.3% Triton X-100 in PBS for 1 h, sections
were incubated overnight at 4 °C with primary antibodies against collagen I (rabbit poly-
clonal, 1:200 dilution) and «-SMA (mouse monoclonal, 1:200). The next day, sections were
washed and incubated for 1 h at room temperature in the dark with species-specific sec-
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ondary antibodies (Alexa Fluor 594—conjugated goat anti-rabbit for collagen I, Alexa Fluor
488-conjugated goat anti-mouse for x-SMA). Nuclei were counterstained with DAPI, and
Slides were mounted with antifade medium before fluorescence microscopy.

4.17. Statistical Analysis

For normally distributed data, results are expressed as mean + SD and analyzed using
one-way ANOVA with Tukey’s post hoc test. For data not following a normal distribution
(e.g., microbiota abundances), values are presented as median with interquartile range
(IQR), and non-parametric tests were applied as appropriate. p < 0.05 (corrected with q
value if necessary) was considered statistically significant.

5. Conclusions

In summary, we developed SCE to overcome the bioavailability limitations of SCU,
achieve targeted hepatic delivery, and produce pronounced anti-fibrotic effects. This
nanocarrier system enabled SCU to directly inhibit HSC activation and fibrogenic pathways.
In vitro, SCE markedly improved SCU uptake by HSCs and suppressed the expression of
fibrotic markers, including collagen I and MMP2. In vivo, SCE treatment in BDL-induced fi-
brotic mice improved histological and biochemical outcomes, reducing collagen deposition,
lowering hydroxyproline content, and restoring liver function. The oral administration
of SCU also allowed transient interaction with gut microbiota and liver microbiota, par-
tially normalizing dysbiotic taxa. While this effect was not the main mechanism, it likely
contributed additively to therapeutic outcomes. Thus, SCE exerts dual-site activity by
modulating both hepatic fibrogenesis and gut microbiota imbalance. Collectively, our
findings indicate that SCE is a safe and effective nanomedicine with dual activity: targeting
both hepatic fibrogenesis and microbiota imbalance. This strategy exemplifies the potential
of oral nanoformulations for multi-target treatment of chronic liver diseases, particularly
liver fibrosis.
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Abbreviations

SCU Scutellarin

SCE SCU-loaded nanoemulsion

SPC SCU-phospholipid complex

HSCs Hepatic stellate cells

TGE-31 Transforming growth factor-f31

BDL bile duct ligation

NASH Nonalcoholic steatohepatitis

COSs Chitosan oligosaccharide

aSMA a-smooth muscle actin

MMP2 Matrix metalloproteinase-2

Coll Collagen type I

DSC Differential scanning calorimetry

FTIR Fourier-transform infrared spectroscopy
XRD X-ray powder diffraction

PDI Polydispersity index

DLS Dynamic light scattering

TEM Transmission electron microscopy
HPLC High-performance liquid chromatography
DMEM Dulbecco’s Modified Eagle Medium
RPMI Roswell Park Memorial Institute

FBS Fetal bovine serum

CCK-8 Cell Counting Kit-8

NR Nile Red

NR/SCE NR-loaded SCE

DAPI 4/ 6-diamidino-2-phenylindole

MFI Mean fluorescence intensity

Ccrz Chlorpromazine

NYS Nystatin

MBCD Methyl-f-cyclodextrin

Gen Genistein

IMI Imipramine

EIPA 5-(N-ethyl-N-isopropyl) amiloride
qPCR Quantitative real-time PCR

RIPA Radioimmunoprecipitation assay
SDS-PAGE  Sulfate-polyacrylamide gel electrophoresis
PVDF Polyvinylidene difluoride

ECL Enhanced chemiluminescence

DIR 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindotricarbocyanine iodide
IACUC Institutional Animal Care and Use Committee
ROI Regions of interest

ALT Alanine aminotransferase

AST Aspartate aminotransferase

ALP Alkaline phosphatase

TBA Total bile acids

H&E Hematoxylin and eosin
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OTUs Operational taxonomic units

PCoA Principal coordinates analysis

PLS-DA Partial least squares discriminant analysis
ANOVA One-way analysis of variance

TG Triglyceride

UREA Blood urea nitrogen

Cre Creatinine
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Abstract

Diabetic wounds are a devastating complication that cause chronic pain, recurrent infec-
tions, and limb amputations due to impaired healing. Despite advances in wound care,
existing therapies often fail to address the underlying molecular dysregulation, highlighting
the need for innovative and safe therapeutic approaches. Among these, D-amino acids such
as D-tryptophan (D-Trp) have emerged as key regulators of cellular processes; however,
their therapeutic potential in diabetic wounds remains largely unexplored. Here, we inves-
tigate the therapeutic potential of D-Trp in streptozotocin (STZ)-induced diabetic mice, com-
paring it with phosphate-buffered saline (PBS) controls and vascular endothelial growth
factor (VEGEF) as a positive control. Wound healing, inflammation, and histopathology were
assessed. Protein and gene expression were analyzed via Western blot and RT-qPCR, respec-
tively. Biolayer interferometry (BLI) measured the binding of D-Trp to hypoxia-inducible
factor-1x (HIF-1ot). D-Trp accelerated wound healing by modulating extracellular matrix
(ECM) remodeling, signaling, and apoptosis. It upregulated matrix metalloproteinases
(MMP1, MMP3, MMP-9), Janus kinase 2 (JAK2), and mitogen-activated protein kinase
(MAPK) proteins while reducing pro-inflammatory cytokines (tumor necrosis factor-o
[TNF-«], interleukin-1p [IL-18], IL-6). D-Trp also suppressed caspase-3 and enhanced an-
giogenesis through HIF-1« activation. These findings suggest that D-Trp promotes healing
by boosting ECM turnover, reducing inflammation, and activating MAPK/JAK pathways.
Thus, D-Trp is a promising therapeutic for diabetic wounds.

Keywords: D-tryptophan; diabetic wound healing; hypoxia-inducible factor 1-alpha;
extracellular matrix; inflammation

1. Introduction

Wound healing is an intricate and dynamic process crucial for restoring tissue integrity
and function following injury or skin damage [1]. This complex biological process involves
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a meticulously coordinated sequence of steps that aim to repair injured tissue, restore the
skin barrier, and achieve complete tissue regeneration [2]. Rapid and efficient wound heal-
ing of skin is critical for homeostasis, preventing infections, and restoring the structural and
functional integrity of the skin, the largest organ of body [1]. There are several discrete but
interrelated phases of wound healing, including hemostasis, inflammation, proliferation,
and remodeling [3]. Each phase is defined by distinct cellular and molecular occurrences
controlled by several signaling pathways, growth factors, cytokines, and immune cells [4].
Impaired wound healing, especially in individuals with chronic diseases such as type 2
diabetes, poses a significant clinical challenge [5,6], resulting in delayed closure [7], in-
creased risk of infection [8], and prolonged consequences [9]. Comprehending the complex
principles of wound healing is crucial for formulating efficient therapeutic techniques to
improve the healing process and increase tissue restoration results.

Diabetic wounds, a common and serious complication of diabetes mellitus (DM), can
cause serious problems such as amputation and infection-related death, primarily due
to poor circulation and sensory loss on the feet [10]. Refractory diabetic foot unclears
(DFUs) are particularly concerning, as they frequently cause non-traumatic amputations
and are a major health risk for diabetics [11,12]. Delayed wound healing is often due to
chemokine deficiency, abnormal inflammation, and insufficient angiogenesis and epithelial
regeneration [13,14]. Current treatments, such as wound debridement, anti-inflammatory
medications, and topical antibiotics or growth factors, offer limited effectiveness [2]. Ex-
amining diabetic wounds from various perspectives could help identify new targets and
strategies for treating refractory diabetic wounds [15-21]. Likewise, advances in wound
healing research, including stem cell therapies, tissue engineering methods, and per-
sonalized medicine strategies, have significant potential to transform the wound care
domain [22]. Researchers seek to develop innovative therapies that enhance healing speed,
minimize scarring, and improve patient quality of life by elucidating the molecular mecha-
nisms underlying wound healing, identifying novel therapeutic targets, and leveraging the
regenerative capabilities of stem cells [23-25].

D-amino acids, the enantiomers of L-amino acids, were historically considered to be
non-functional. However, recent studies have demonstrated that certain D-amino acids
present in mammalian tissues play a significant role in various physiological processes [26].
Among these, D-Trp has gained attention for its diverse metabolic functions and potential
therapeutic applications. A separate study reports that D-Trp suppresses colitis progression
by reducing specific intestinal microorganisms. Moreover, D-Trp augments intracellular
levels of indole acrylic acid (IA), a critical molecule that modulates the susceptibility of
enteric microorganisms to D-trp. Administration of IA has been shown to improve the
survival rates of mice infected with C. rodentium [27]. Moreover, research has demonstrated
that D-Trp can reduce the initial adhesion of pathogenic cells and alter the extracellular
environment, leading to a notable decrease in pathogen viability [28]. Additionally, D-
Trp inhibits the formation of biofilms through similar mechanisms and acts as an auto-
inhibitory compound that prevents the germination of spores and the growth of harmful
microorganisms [27-30]. Extensive studies have been conducted on the interaction between
signaling pathways and important proteins in wound healing [31]; however, the potential
therapeutic role of D-Trp, as an amino acid, remains largely unexplored. Thus, we aimed
to evaluate the therapeutic efficacy of D-Trp in improving extracellular matrix (ECM)
remodeling and facilitating wound closure in both normal and diabetic models. The
findings underscore D-Trp as a potentially effective metabolite-based therapeutic agent for
the promotion of wound healing. This research lays the foundation for the advancement of
innovative metabolite-driven treatments that offer not only enhanced efficacy, but also a
favorable safety profile, representing a significant advancement in wound care.
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2. Results
2.1. D-Trp Promotes the Migration of HaCaT Cells

To investigate the role of D-Trp in wound healing, we performed a wound healing
assay using HaCaT cells, a well-established human keratinocyte cell line that is frequently
used in wound healing research [32]. Figure 1A illustrates the cell migration process,
detailing the key steps involved in the movement of cells from one location to another.
This assay replicated a wound environment by introducing a linear scratch into a confluent
monolayer of cells and subsequently monitoring the capacity of the cells to migrate and
bridge the gap. The findings revealed that D-Trp treatment markedly augmented the
migratory capacity of HaCaT cells compared to the control group (Figure 1B,C). Specifically,
a marked increase in the rate at which D-Trp-treated cells migrated across the wound area
was observed, effectively closing the gap more quickly than control cells, while amino acid
treatment significantly accelerated wound closure, suggesting that D-Trp played a crucial
role in promoting cell migration, a critical process for wound closure.
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Figure 1. Effects of D-tryptophan on HaCaT cell migration. (A) Schematic figure of wound healing
assay measurements. (B) The impact of D-Trp on HaCaT cell migration is illustrated at various time
points, with a scale bar of 650 um. (C) Quantification of the number of HaCaT cells that migrated
after treatment (D) % hemolytic activity in human blood (E) % cell viability. Data are presented as
mean =+ standard error (SE) with a sample size of n = 3. Statistical significance is denoted as follows:
*p<0.05*p<0.01
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These findings strongly validated that D-Trp actively promoted cell migration, a key
aspect of wound healing, further highlighting its potential therapeutic value in accelerating
tissue repair. As illustrated in Figure 1D, the hemolysis rate of D-Trp at a concentration
of 100 pg/mL was found to be less than 2%, indicating that D-Trp exhibited minimal
hemolytic activity and is unlikely to induce rupture or lysis of human red blood cells under
these conditions. Furthermore, Figure 1E confirmed that the cytotoxicity of D-Trp at the
same concentration (100 png/mL) was less than 1%, suggesting its negligible toxic effect on
HaCaT cells at this concentration.

2.2. D-Trp Accelerates Wound Healing in a Non-Diabetic Model

Wound healing is a dynamic and multi-phase process that involves inflammation,
tissue regeneration, and remodeling to restore skin integrity [33]. Effective wound healing
depends on adequate epithelialization, granulation tissue formation, and a well-regulated
inflammatory response [34]. In this study, we used a C57BL/6] mouse model with severe
skin wounds. Figure 2A provides a schematic representation of the key processes involved
in wound healing. The findings indicated that the D-Trp treatment group showed a notably
faster wound healing rate compared to the control group (Figure 2B). Figure 2C illustrates
the percentage of wounds that achieved complete closure over time, with the D-Trp group
demonstrating a significantly higher proportion of fully healed wounds compared to
controls. All experimental groups showed typical wound healing responses, including
wound contraction and the formation of neo-tissue-supported wound beds. However, on
days 3 and 7, the D-Trp group demonstrated a faster reduction in the wound area and an
increase in tissue thickness compared to the control, as assessed by measuring the area
of the injury (Figure 2D). In particular, on day 3, the D-Trp group exhibited substantial
epithelial turnover and keratinization tissue, along with the appearance of new white hair,
suggesting elevated epithelialization and hair follicle regeneration. On day 7, the D-Trp
group was the first to develop a newly formed epidermis and surrounding hair growth,
indicating more complete and accelerated wound closure. Histological analysis of skin
sections using H&E staining revealed significant improvements in wound healing for the
group treated with D-Trp relative to the control (Figure 2E).

Specifically, D-Trp treatment led to an increase in granulation tissue formation and
epithelialization, along with a marked reduction in inflammatory cell infiltration at the
wound site, as evidenced by H&E staining. These findings are consistent with previous
studies that have demonstrated the role of tryptophan metabolites in improving wound
healing, promoting tissue regeneration, and modulating the inflammatory response [35-37].

2.3. D-Trp Modulates Key Protein Expression Involved in Non-Wound Healing

The administration of D-Trp exerted significant modulatory effects on the expression
of proteins implicated in wound healing (Figure 3). As shown in the representative Western
blot images (Figure 3A), D-Trp treatment notably enhanced the levels of MMP1 and MMP3
(Figure 3B,C), indicative of improved extracellular matrix (ECM) remodeling through in-
creased proteolytic activity [38]. Furthermore, D-Trp significantly elevated the expression of
total MAPK and phosphorylated MAPK (p-MAPK) compared to control and VEGF-treated
groups (Figure 3D,E). While p-MAPK is often normalized to total MAPK to evaluate path-
way activation, in this analysis, both MAPK and p-MAPK were independently quantified
relative to GAPDH. The observed parallel increase in both forms supports MAPK pathway
involvement in promoting keratinocyte proliferation and tissue regeneration.

Additional Western blot analyses revealed marked upregulation of JAK2 (Figure 3G),
highlighting potential activation of the JAK/STAT signaling pathway, which is central
to inflammatory modulation and tissue repair [39]. Similarly, the expression of SMAD2
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(Figure 3H) was increased in D-Trp-treated wounds, suggesting participation of the TGF-
3 /SMAD pathway in enhancing ECM deposition and wound contraction. Notably, caspase-
3 levels were significantly reduced (Figure 3I), indicating a potent anti-apoptotic effect that
may contribute to enhanced cellular survival in the wound bed [40]. Collectively, these
results suggest that D-Trp promotes wound healing by modulating multiple molecular
pathways involved in matrix remodeling, proliferation, and cell survival.

A D-Trp =5 pg/mL
VEGF =5 pg/mL
Once a day
’ C57BL/6J mice
= ‘ subjected to wound m Wound area measurement
— ; :
200V surgery and treatment  mDay0 ®Day3 mmmDay?7 = wgﬂﬂg C\llsetgtlggnytﬁg?g:éslysis
B C
Day 0 Day 3 Day 7 =31 Control
% ] 1507 e vEGF
;\? = D-Trp * %
T 100 K —
Control o
2 50 * x* ﬂ
S
£ o '%'
-50 T T T
Day 0 Day 3 Day 7
VEGF D
Wound healing Time Non-Diabetic
Control
0
g2 1
D-Ti 26T
p 3 1
10
0
E

Control

Figure 2. An evaluation of non-diabetic wound healing in vivo. (A) A schematic illustration of the
treatment process alongside the progression of wound healing. (B) Quantification of wound healing
processes on days 0, 3 and 7. (C) Representative images of chronic diabetic wounds that were treated
with PBS, VEGF, and D-Trp. A schematic diagram in panel (D) further illustrates the percentage of
wound closure for each group across the three time points. (E) Representative images of hematoxylin
and eosin staining (H&E), which emphasize blood vessels, with blue arrows denoting newly formed
vessels and hair follicles (scale bars: 100 pm and 20 um). Data are expressed as mean =+ standard
error (SE) with a sample size of n = 5, and statistical significance is indicated as follows: * p < 0.05;
**p<0.01.
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Figure 3. D-Trp regulates the expression of proteins associated with impaired wound healing.
(A) Representative Western blot images of key proteins in skin wound tissues. (B-E) Quantita-
tive analysis of MMP1, MMP3, MAPK, and phosphorylated MAPK (p-MAPK) expression levels,
respectively. (F) Additional Western blot images of wound tissue samples. (G-I) Densitometric
quantification of JAK2, SMAD2, and Caspase-3 protein levels in skin and tissues, respectively, from
mice treated with phosphate-buffered saline (PBS), vascular endothelial growth factor (VEGF), or D-
tryptophan (D-Trp). Data are presented as mean =+ standard error (SE) (1 = 4). Statistical significance
is indicated as follows: ns (p > 0.05), * p < 0.05, *** p < 0.001, **** p < 0.0001.

2.4. D-Trp Accelerates Wound Healing Diabetic Model

In an experimental framework of 14 days employing streptozotocin (STZ)-induced
diabetic mice (Figure 4A), it was discovered that D-Trp significantly enhanced wound
healing in this diabetic model at a concentration of 5 ug/mL, surpassing the efficacy
observed in the control groups (Figure 4B). While all groups exhibited wound contraction
and new tissue formation, the D-Trp group demonstrated a notably faster reduction in
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wound area and developed thicker, more robust tissue (Figure 4B), indicative of a more
effective and comprehensive healing process. Furthermore, D-Trp-treated mice exhibited
early signs of advanced epithelialization and tissue regeneration, marked by the collapse
of newly formed tissue and the emergence of new hair growth (Figure 4C).
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Figure 4. An evaluation of diabetic wound healing in vivo. (A) A schematic illustration of the
treatment process alongside the progression of wound healing. (B) Wound healing processes at
days 0, 7, and 14. (C) Representative images of chronic diabetic wounds that were treated with
PBS, VEGEF, and D-trp. (D) Schematic diagram illustrating the percentage of wound closure for each
group at three different time points. (E) Representative images of hematoxylin and eosin (H&E)
staining, highlighting blood vessels with blue arrows indicating newly formed vessels and hair
follicles (scale bars: 100 pm and 20 um). Analysis of biochemical plasma parameters following
14 days of intervention, (F) glucose levels, (G) aspartate aminotransferase (AST), (H) triglycerides
(TG), and (I) total cholesterol (TC). Data are expressed as mean =+ standard error (SE) with a sample
size of n = 5, and statistical significance is indicated as follows: ns, p > 0.05; * p < 0.05; ** p < 0.01;
% p < 0.0001.
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After 14 days, the D-Trp group showed the most significant healing response, with
a fully restored epidermis and complete hair regrowth. These findings were consistent
with existing research suggesting that tryptophan metabolites, including D-Trp, may play
a role in promoting tissue repair and accelerating wound healing, particularly in diabetic
conditions. Similar studies have demonstrated that amino acids like tryptophan enhance
collagen deposition, fibroblast activity, and keratinocyte proliferation, all of which are
crucial for effective wound closure and regeneration [41]. Moreover, the accelerated ep-
ithelialization and tissue regeneration observed in our study aligned with the findings of
previous work on amino acid-based therapies that underscore their potential to improve
wound healing in diabetic models [42,43]. Collectively, our results underscore the thera-
peutic potential of D-Trp as a promising candidate for enhancing wound healing outcomes
in diabetic conditions.

2.5. D-Trp Modulates Key Protein Expression Involved in Diabetic Wound Healing

D-Trp treatment markedly improved wound healing in diabetic mice through coordi-
nated activation of critical molecular pathways. Western blot analysis revealed a 2.39-fold
upregulation of TGF-3 (Figure 5B), indicating robust activation of this master regulator of fi-
brogenesis that stimulates fibroblast differentiation and collagen production. Concurrently,
we observed a 1.18-fold increase in MMP1 and a 1.29-fold elevation in MMP2 (Figure 5C,D),
demonstrating enhanced proteolytic capacity for ECM degradation and tissue remodeling
essential for keratinocyte migration. Treatment also induced 1.63-fold-higher total MAPK
levels with 1.35-fold-increased phosphorylation (Figure 5E,F), confirming activation of this
central signaling cascade that coordinates cellular proliferation and migration through
ERK1/2-dependent mechanisms [44].

Further analysis identified additional therapeutic mechanisms through which D-Trp
enhances diabetic wound repair. The treated groups showed pronounced upregulation of
collagen I (Figure 5H), reinforcing ECM stabilization through enhanced structural protein
deposition, consistent with the observed TGF-3-mediated fibrogenic response. The con-
current elevation of PI3K (Figure 5I) and SMAD2 phosphorylation (Figure 5J,K) revealed
dual activation of both immediate pro-survivals signaling and sustained TGF-f3/SMAD
transcriptional regulation [45], creating an optimal microenvironment for fibroblast prolif-
eration and matrix production. Particularly significant was the dramatic suppression of
Caspase-3 (Figure 5L), demonstrating D-Trp’s ability to counteract the excessive apoptosis
that characterizes diabetic wounds [46].

These molecular changes work synergistically with D-Trp’s previously demonstrated
upregulation of TGF-, MMPs, and MAPK pathways, creating a comprehensive therapeu-
tic effect that enhances wound healing through multiple coordinated mechanisms. The
combined action of increased collagen I production and MMP-mediated ECM degradation
establishes balanced tissue remodeling, while concurrent activation of PI3K, MAPK, and
SMAD?2 signaling pathways drives cellular repair processes. Furthermore, the significant
reduction in Caspase-3 levels demonstrates potent inhibition of pathological apoptosis,
preserving cellular viability in the wound environment. Together, these effects address the
key pathological deficits in diabetic wound healing by simultaneously promoting ECM
restructuring, activating cellular repair programs, and maintaining tissue viability through
integrated molecular pathways.

2.6. D-Tryptophan Boosts Gene Expression to Promote Diabetic Wound Healing

Our investigation demonstrated that D-Trp administration significantly modulates
gene expression profiles in diabetic wound models, exerting a potent anti-inflammatory
effect. Notably, D-Trp treatment markedly downregulated key pro-inflammatory cytokines,
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including IL-18 (Figure 6A), IL-6 (Figure 6B), TNF-« (Figure 6C), and MCP-1 (Figure 6D).
This suppression of inflammatory mediators highlights the therapeutic potential of D-Trp in

attenuating excessive inflammation, a critical factor in facilitating efficient diabetic wound

healing [47]. Concurrently, D-Trp treatment significantly upregulated MMP-9 expression

(Figure 6E), a critical mediator of extracellular matrix (ECM) degradation and remodeling,

thereby promoting enhanced cellular migration and tissue regeneration [48].
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Figure 5. Western blotting analysis conducted in the diabetic wound model, 14 days post-surgery.

(A) The intensity of Western blotting in skin wound samples. (B-L) A quantification of the results
of Western blotting for various proteins, including TGF-3, MMP2, MAPK, phosphorylated MAPK
(p-MAPK), JAK1, Collagen I, PI3K, phosphorylated SMAD2 (p-SMAD2), SMAD2, and Caspase-
3, in skin samples from mice treated with PBS, VEGEF, and D-Trp. The data are expressed as the

mean =+ standard error (SE) with a sample size of n = 4, and statistical significance is indicated as
follows: ns, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Figure 6. D-Trp stimulates the production of essential growth factors and ECM components, pro-
moting fibroblast activity and ECM synthesis. (A-L) mRNA expression levels of IL-18, IL-6, TNF-a,
MCP-1, MMP-9, VEGF, TGF-B, PDGF, FGF2, collagen I, collagen 11l and elastin, respectively, in wound
tissues were determined by RT-PCR. (M) Molecular docking analysis predicted a favorable binding
interaction between D-Trp and hypoxia-inducible factor 1-alpha (HIF-1¢). (N) The binding affinity
between D-Trp and HIF-1a was assessed using the Octet® BLI system. The data are expressed as the
mean =+ standard error (SE) with a sample size of n = 6, and statistical significance is indicated as
follows: ns, p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Furthermore, D-Trp administration induced a marked increase in VEGF levels
(Figure 6F), suggesting a robust pro-angiogenic response. This upregulation of VEGF
underscores the potential of D-Trp to enhance neovascularization, a vital process for restor-
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ing nutrient and oxygen supply to the wound microenvironment and supporting effective
tissue repair [49,50]. The significant upregulation of TGF-p (Figure 6G), PDGF (Figure 6H),
and FGF?2 (Figure 61), along with increased expression of collagen I (Figure 6]), collagen 111
(Figure 6K), and elastin (Figure 6L), demonstrates that D-Trp enhances the production of key
growth factors and extracellular matrix (ECM) components. This coordinated upregulation
suggests D-Trp promotes fibroblast activation, stimulates ECM synthesis, and drives tissue
remodeling, ultimately accelerating wound closure and improving regenerative outcomes
in diabetic wounds [51,52].

To elucidate the mechanistic basis of D-Trp-mediated wound healing, we investi-
gated its interaction with hypoxia-inducible factor 1-alpha (HIF-1«x), a master regulator
of cellular responses to hypoxia [53]. Molecular docking analysis revealed a strong bind-
ing affinity between D-Trp and HIF-1« (Figure 6M), a finding subsequently validated by
Bio-Layer Interferometry (BLI) using the Octet® system (Figure 6N), which measured a
binding affinity of 5.49 uM. Given HIF-1«’s pivotal role in orchestrating angiogenesis, cell
proliferation, and tissue regeneration under hypoxic conditions, a hall-mark of wound
microenvironments, these results suggest that D-Trp exerts its therapeutic effects through
direct modulation of HIF-1«x activity [54,55]. This mechanistic framework is further sup-
ported by our observation of upregulated VEGF expression and other wound-healing
genes, collectively indicating that D-Trp enhances tissue repair, at least partially, via HIF-
lx-dependent pathways.

3. Discussion

This study establishes D-Trp as a promising therapeutic candidate for diabetic wound
healing by addressing multiple pathological deficits characteristic of impaired healing.
Diabetic wounds typically demonstrate compromised repair due to diminished fibroblast
activity, insufficient collagen production, and chronic inflammation [10,56]. The enhanced
wound healing observed in the D-Trp group suggested a multifaceted role for D-Trp in pro-
moting tissue repair. The faster wound area shrinkage and thicker wound tissue observed
in the D-Trp group pointed towards increased fibroblast activity and collagen deposition.
This was further supported by the early development of a newborn epidermis and struc-
tures resembling hair follicles in the D-Trp group, suggesting that D-Trp may promote
epithelial cell proliferation and differentiation, thereby contributing to re-epithelialization
and the restoration of skin integrity. Although hair follicle regeneration on mature scars is
generally limited, the presence of hair follicle-like structures in our model highlights the
potential of D-Trp to stimulate aspects of skin repair beyond simple wound closure. Further
studies are needed to confirm whether these structures can fully mature and restore hair
growth in scar tissue.

The coordinated upregulation of MMP1 and MMP3 demonstrates D-Trp’s capacity to
enhance ECM proteolytic activity, facilitating the tissue remodeling essential for proper
wound regeneration [57-60]. The concurrent activation of MAPK signaling is critical in
modulating cellular processes, including proliferation, differentiation, and inflammatory
responses, all of which are vital for tissue repair [44], suggesting that D-Trp may contribute
to enhanced cell signaling and potentially improved tissue repair. The upregulation of
SMAD?2, a key transcription factor involved in TGF-3 signaling, supports the notion that
D-Trp may enhance TGF-f signaling, a crucial pathway for wound healing and ECM
synthesis [61]. The downregulation of caspase-3, a critical executioner caspase in apoptosis,
indicated that D-Trp may protect cells from programmed cell death, contributing to a more
favorable healing environment [62].

The intricate relationship between gene expression and wound healing is pivotal
in understanding the mechanisms that govern tissue repair [63]. The observed gene ex-
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pression changes, combined with our binding affinity data, provide compelling evidence
for the complicated influence of D-Trp on wound healing, highlighting its potential as a
therapeutic agent. The downregulation of pro-inflammatory cytokines indicated a potent
anti-inflammatory effect of D-Trp, mitigating the detrimental effects of excessive inflam-
mation that can hinder tissue repair and increase infection susceptibility. Furthermore,
the upregulation of MMP-9 and VEGF, coupled with the direct interaction between D-
Trp and HIF-1«, suggested that D-Trp promoted efficient ECM remodeling, angiogenesis,
and likely played a role in activating HIF-1«, enhancing its pro-angiogenic effects. The
increased expression of key growth factors and ECM components further supported its
ability to stimulate fibroblast activity, enhance ECM synthesis, and ultimately contribute
to improved tissue regeneration and wound closure. These findings, particularly the ob-
served effects in both diabetic and non-diabetic models, suggest that D-Trp might offer
a promising therapeutic strategy for promoting wound healing, especially in individuals
with impaired healing, such as those with diabetes, who often experience delayed healing
and complications.

While VEGF is a well-characterized pro-angiogenic factor that directly stimulates vas-
cular endothelial cell proliferation and new blood vessel formation, D-Trp also modulates
epithelial cell proliferation and inflammatory responses, potentially enhancing multiple
facets of tissue repair. Moreover, as a small molecule amino acid, D-Trp offers advantages
in stability, ease of synthesis, and cost-effectiveness compared to protein-based therapeu-
tics like VEGF, which require complex production and storage. These features suggest
that D-Trp could serve as a more practical and accessible therapeutic agent for wound
healing applications.

In conclusion, D-Trp influences protein expression related to wound healing by upreg-
ulating matrix metalloproteinases (MMPs), activating MAPK and JAK signaling pathways,
and downregulating caspase-3. Additionally, it reduces inflammation, enhances extracellu-
lar matrix (ECM) turnover, stimulated angiogenesis via HIF-1« activation, and promoted
ECM synthesis. Our study offers a promising strategy, especially in diabetic wound care, as
well as enlarging the clinical approaches and documental research on amino acid biology
in chronic diseases.

Limitation of This Study

One limitation of this study is the absence of pharmacokinetic or tissue distribution
data to evaluate the local retention and potential systemic absorption of D-Trp following
topical application. Although no overt signs of local irritation or adverse skin reactions
were observed during treatment, a formal assessment of skin tolerance particularly in
diabetic models was not performed. Additionally, only a single concentration of D-Trp
was tested, selected for comparison with VEGF, and a dose-response evaluation was not
conducted in order to minimize animal use. Moreover, the study focused on early to mid-
stage wound healing and did not assess long-term outcomes such as scar formation, tissue
remodeling, or mechanical integrity of the regenerated skin. Future studies should address
these aspects to comprehensively evaluate the safety, efficacy, and clinical translational
potential of D-Trp in wound healing.

4. Materials and Methods
4.1. In Vitro Wound Healing Assay

We carried out a wound healing assay as previously described [64]. Briefly, HaCaT
human keratinocyte cells (catalog number M-C1056) were obtained from the Kunming Cell
Bank, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, Yunnan,
China, and were seeded in 12-well plates at a density of 2 x 10° cells/well. Once the
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cells reached 80-90% confluency, the medium (DMEM, Corning, Corning, NY, USA; #10-
092-CVRC) was replaced with fresh medium containing either no supplement (Control),
VEGF (20 ng/mL, MedChemExpress LLC, Monmouth Junction, NJ, USA, HY-P70458A),
or D-tryptophan (D-Trp, 20 ng/mL, MedChemExpress LLC, Monmouth Junction, NJ,
USA; #HY-W012479). Two hours after treatment, a scratch wound was introduced by
scraping the cell monolayer with the tip of a sterile pipette. Cell migration was assessed
by measuring wound closure distances using Image] software (version 1.47v; National
Institutes of Health, Bethesda, MD, USA). Images were captured at 6, 12, 24, and 36 h using
an Olympus CX41 microscope (Olympus, Tokyo, Japan). All experiments were performed
in triplicate.

4.2. Hemolysis Analysis

Whole blood was collected from healthy mice and immediately mixed with an antico-
agulant solution. The anticoagulated blood was subsequently washed twice with sterile
normal saline (0.9% NaCl) under aseptic conditions. Following centrifugation (300x g,
10 min), the cell pellet was resuspended in the appropriate buffer to achieve a final con-
centration of 1 x 107 to 1 x 108 cells/mL. The diluted red blood cell suspension is mixed
with a D-Trp sample dissolved in normal saline. The mixture was incubated at 37 °C for
a duration of 30 min, subsequent to which it was subjected to centrifugation at 1000 rpm
for 5 min. The resultant supernatant was then analyzed at a wavelength of 540 nm. The
negative control was treated with normal saline, and the positive control was treated with
Triton X-100, and the percentage of hemolysis was calculated as follows: percentage of
hemolysis H% = (sample A — negative control)/100% x positive control.

4.3. Cytotoxicity Analysis

The cell counting kit 8 (CCK-8 MedChemExpress LLC, Monmouth Junction, NJ, USA;
#HY-KO301) assay was used to determine cytotoxicity on the HaCaT cell line (Kunming cell
bank). The cells were maintained in an appropriate growth medium until they reached 70%
to 80% confluency within the tissue culture flask. Subsequently, the cells were detached
using trypsin and enumerated with a hemocytometer. There were approximately 1 x 10*
to 1 x 10° cells per well. After 24 h of incubation to allow cell adherence, the culture
medium was replaced with serial dilutions of D-Trp prepared in growth medium, ranging
from 0.195 to 100 ug/mL. After cell adhesion, D-Trp-treated serial dilutions in growth
medium were prepared and the medium in the wells was replaced with these dilutions.
Control wells containing untreated cells were set up for comparison with control wells
containing known cytotoxic agents. The plates were incubated at 37 °C for 24 h, with 5%
CO;. Following the incubation period, the CCK-8 solution was introduced to each well
according to the manufacturer’s guidelines and further incubated for 1~4 h to promote
the colorimetric reaction. Subsequently, the absorbance at the wavelength of 450 nm
was determined utilizing a microplate reader. Cell viability is quantified as a percentage,
employing the following formula: cell viability (%) = (A sample/A control) x 100%, where
sample A represents the absorbance of treated cells and control A represents the absorbance
of untreated control cells. The cytotoxic effect of D-Trp on HaCaT cells was evaluated by
the analysis results.

4.4. Binding Affinity

We used the Octet® Bio-Layer Interferometry (BLI) system (Sartorius AG, Géttingen,
Germany) to detect the binding affinity of D-Trp to HIF-1« protein, MCE #HY-P74888. We
prepared the assay buffer and the reference buffer. Initially, D-Trp solutions were prepared
at concentrations ranging from 2.5 mM to 0.15625 mM. Subsequently, recombinant HIF-
lx protein (MedChemExpress, Monmouth Junction, NJ, USA) was biotinylated using a
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reagent from Thermo Fisher Scientific (Waltham, MA, USA) and diluted to a concentration
of 10 pug/mL to facilitate its immobilization. The biosensors were then loaded with strep-
tavidin (Sartorius AG, Gottingen, Germany). Subsequently, the Octet® BLI system was
utilized to load streptavidin onto SA biosensors according to the manufacturer’s protocol.
The biosensors, loaded with streptavidin, were then allowed to incubate in the HIF-1o
solution for a sufficient duration to facilitate receptor binding to streptavidin. Following
binding, the biosensors were rinsed using assay buffer. Subsequently, the biosensors were
placed in the reference buffer for a predetermined duration to establish a baseline signal.
Thereafter, the biosensors were transferred to solutions containing varying concentrations
of D-Trp to facilitate binding of the ligand to the immobilized HIF-1« for a period of 300 s.
The biosensors were then returned to the reference buffer to observe the dissociation of
D-Trp from the HIF-1x over a span of 150 s. The experiment incorporated appropriate con-
trols, including biosensors containing only streptavidin (without the receptor) or biosensors
with a receptor but without the ligand.

4.5. Molecular Docking

Molecular docking simulations were conducted using AutoDock Vina (version 1.1.2).
The three-dimensional structure of human HIF-1x was retrieved from the Protein Data
Bank (PDB ID: 4H6]J), while the 3D structure of D-Trp was obtained from the PubChem
database (CID: 9060). Docking was performed to predict the binding interactions between
HIF-1a and D-Trp, and the corresponding binding energies were calculated by AutoDock
Vina. Visualization and structural analysis of the docking results were carried out using
PyMOL (version 2.5).

4.6. Ethical Considerations

This study adhered to regulatory compliance that involved ethical regulations and
guidelines related to human and animal research. This included protecting the confidential-
ity of the subjects, obtaining informed consent, and ensuring ethical and humane treatment
of the animals throughout the study.

4.7. Animal Subjects

The experimental animal protocols received approval from the Institutional Animal
Care and Use Committee (IACUC) of the Kunming Institute of Zoology, Chinese Academy
of Sciences, under the approval number IACUC-RE-2024-08-013. The handling and housing
of the animals adhered to the guidelines established by the Animal Experimental Center of
the Kunming Institute of Zoology. Mice were purchased at the age of 8 weeks from Charles
River Laboratory Animal Technology Co., Ltd. (Wuhan, China), and were subsequently
housed in groups under controlled environmental conditions. The mice were kept on a
12 h light-dark cycle in a temperature range of 22 °C to 24 °C. They received ad libitum
access to standard laboratory food and water, except during specified periods for glucose
level testing, during which their food access was restricted.

4.8. Induction of Diabetes

Experimental diabetes was established in mice via a single intraperitoneal injection of
streptozotocin (STZ, YEASEN Biotechnology, Shanghai, China; #60256ES80) at 80 mg/kg
body weight. Glycemic status was assessed hourly using a glucometer. Mice were classified
as diabetic if their blood glucose concentrations consistently exceeded 11.1 mmol/L for at
least 3 consecutive days.
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4.9. Treatment Groups and Administrations

To evaluate the therapeutic potential of D-Trp in promoting wound healing, full-
thickness dorsal wounds of 6 mm diameter were created in C57BL /6] mice. A total of
30 male mice aged 10 to 12 weeks were used, including 15 healthy controls and 15 with
experimentally induced diabetes. The mice were randomly assigned into three groups of
five animals each: control (topical PBS, Corning #21-040-CV), VEGEF, or D-Trp treatment.
Following a one-week acclimatization period, the mice were anesthetized by intraperitoneal
injection of 2% pentobarbital (Cayman Chemical Company, Ann Arbor, MI, USA; #76-74-4)
at a dose of 4 to 4.5 puL per 20 g of body weight. The fur on the dorsal region, specifically
between the tail and back, was removed using Veet® Pure Hair Removal Cream (Reckitt
Benckiser, Rueil-Malmaison, France) to prepare the surgical site under aseptic conditions.
Full-thickness wounds were then generated using a 6 mm biopsy punch. After wounding,
treatments were applied topically once daily using a pipette. The control group received
30 uL of PBS, while the VEGF and D-Trp groups each received 30 uL of their respective
treatments at a concentration of 5 ug/mL. No occlusive dressing was applied to the wounds.
Wound area measurements and tissue sample collections were conducted at different time
points to account for the distinct healing rates in the two mouse models. For normal mice,
wounds were assessed on days 1, 3, and 7 post-wounding, with tissue samples collected
on day 7. For diabetic mice, wounds were evaluated on days 1, 7, and 14, with tissue
harvested on day 14. This extended timeline for diabetic mice reflects their delayed wound
healing compared to normal mice, allowing for a more accurate assessment of treatment
effects. Throughout the study, wounds were monitored daily for signs of infection or other
complications. Wound sites were photographed using an Olympus E-M10 digital camera,
and wound boundaries were traced and measured using Image]J software.

4.10. Wound Healing Assessment

The percentage of wound closure was calculated at each time point using the following
formula: wound closure (%) = [(baseline wound area — current wound area)/baseline
wound area] x 100.

4.11. Sample Collection for Histology, Western Blot, and RNA Analysis

At the designated endpoints, skin tissue surrounding the wound site was collected
from five mice per group. Approximately 5-10 mm? of full-thickness skin was harvested
from each mouse. The collected tissue was divided into three portions for downstream
analysis. One portion was fixed in 4% paraformaldehyde and processed for histological
evaluation. A second portion was snap-frozen in liquid nitrogen and stored at —80 °C
for subsequent protein extraction and Western blot analysis. The remaining portion was
immediately processed for total RNA extraction and gene expression analysis.

4.12. Histological Analysis

At the experimental endpoint, the mice were euthanized and wound tissues collected
for histological examination. Standard tissue processing included fixation in 4% neutral-
buffered formalin, paraffin embedding, and sectioning at 5 um thickness. Hematoxylin
and eosin (H&E) staining was performed to assess general tissue morphology.

4.13. Western Blot

Western blot analysis was used to assess protein expression in wound tissues. Proteins
were extracted from the wound sites, separated on 12% SDS-PAGE gels, and transferred
onto polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5%
bovine serum albumin (BSA) for 1 h at room temperature, followed by overnight incu-
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bation at 4 °C with primary antibodies against collagen I abcam #ab6586, TGF- Zen-
Bio.cn #R22797, MMP1 abcam #ab51074, MMP2 abcam #ab92536, MMP3 abcam #ab52915,
MAPK Zen-Bio.cn #R10024, phosphorylated MAPK (P-MAPK) Zen-Bio.cn #310289, JAK2
Zen-Bio.cn #R24775, PI3K abcam #ab283852, phosphorylated SMAD2 (P-SMAD2) abcam
#ab2808888, SMAD2 abcam #ab63176, and Caspase-3 abcam (all at 1:1000 dilution), while
GAPDH affinity #AF7021 and f-actin Zen-Bio.cn #250132, 1:10,000. After washing, mem-
branes were incubated with HRP-conjugated secondary antibodies for 1 h at room tempera-
ture. Immunoreactive bands were detected using the ImageQuant LAS 4000 mini-imaging
system (GE Healthcare, Little Chalfont, Buckinghamshire, UK).

4.14. RNA Extraction and Quantitative Real-Time PCR Analysis

Total RNA was extracted from wound tissues using the TRIzol™ Reagent (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA; Cat# 15596018) according to the manufac-
turer’s protocol. To quantify the expression levels of genes such as TNF-«, IL-1§3, IL-6,
MCP-1, MMP-9, VEGEF, TGF-§3, PDGEF, FGF 2, collagen I, collagen III, and elastin, quantita-
tive real-time PCR (qPCR) was performed. A total of 500 ng of RNA was reverse transcribed
into cDNA using the 5x All-in-One MasterMix Kit (ABM, Applied Biological Materials Inc.,
Richmond, BC, Canada; Cat# G492), following the manufacturer’s instructions. The qPCR
reactions were carried out in 20 pL volume using the BlasTaq 2x qPCR MasterMix (Abm,
Canada; q#G892) in conjunction with the Step One Plus Real-Time PCR system (Thermo,
Waltham, MA, USA). The expression levels of the target genes were normalized to those of
GAPDH mRNA, which served as an internal control. The primer sequences used for gPCR
are provided in Table 1.

Table 1. Primer sequences devised for RT-PCR analysis.

Gene Forward (5" — 3') Reverse (5’ — 3)

GAPDH GAAGGTCGGTGTGAACGGAT AATCTCCACTTTGCCACTGC
TNF-« TCTTCTCATTCCTGCTTGTGG GGTCTGGGCCATAGAACTGA
IL-18 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT

IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

MMP-9 CGTCGTGATCCCCACTTACT AACACACAGGGTTTGCCTTC
VEGF GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT
TGF-p CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
PDGF CGGCCTGTGACTAGAAGAGG GGGTCACTTCACACTTGCAT
FGF 2 CACCCTCACATCAAGCTACAACTTCA TCAGCTCTTAGCAGACATTGGAAGA

Collagen I GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

Collagen 111 CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC
Elastin TGCCTGGAGACATTTCCCTAG GGTGCTCCAACATTTCCCAT

4.15. Statistical Analysis

Data were analyzed using GraphPad Prism version 10.1.2. All results are expressed as
mean =+ standard deviation (SD). Sample sizes varied between assays due to differences
in tissue availability and specific methodological requirements; however, all sample sizes
were sufficient to ensure robust statistical analysis. For comparisons between two groups,
an unpaired two-tailed Student’s t-test was used. For comparisons involving more than
two groups, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was
performed. A p-value of <0.05 was considered statistically significant.
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Abbreviations

The following abbreviations are used in this manuscript:

DFUs diabetic foot ulcers

PBS phosphate-buffered Saline

VEGF vascular endothelial growth factor

SMAD2  mothers against decapentaplegic homolog 2
MMP matrix metalloproteinases

ECM extracellular matrix

MAPK mitogen-activated protein kinase

HIF-l«  hypoxia-inducible factor 1-alpha

RT-PCR  reverse transcription-polymerase chain reaction
GAPDH  glyceraldehyde 3-phosphate dehydrogenase
TNF-o tumor necrosis factor-alpha

IL-1B3 interleukin-1 beta
IL-6 interleukin-6
MCP-1 monocyte chemoattractant protein-1

TGEF-3 transforming growth factor-beta
PDGF platelet-derived growth factor
FGF 2 fibroblast growth factor
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Abstract: The identification of exogenous ligands from natural products is an alternative
strategy to explore the unrevealed physiological functions of orphan G-protein-coupled
receptors (GPCRs). In this study, we have successfully identified and pharmacologically
characterized licoisoflavone A (LIA) as a novel selective antagonist of BRS-3, an orphan
GPCR. Functional studies showed that pretreatment with LIA ameliorated hydrogen per-
oxide (HyO,)-induced cardiomyocyte injury. Furthermore, LIA pretreatment significantly
restored the activities of malondialdehyde (MDA), superoxide dismutase (SOD), and cata-
lase (CAT), as well as lactate dehydrogenase (LDH) levels, in H9¢2 cells following H,O,
exposure. The protective effect of LIA was also evident in primary cardiomyocytes from rats
and mice against HyO,-induced cell injury but was absent in primary cardiomyocytes de-
rived from bombesin receptor subtype-3 knockout (Brs3~/Y) mice, strongly confirming the
mechanism of LIA’s action through BRS-3 antagonism. Proteomics studies further revealed
that LIA exerted its protective effects via activating the integrin /ILK/AKT and ERK/MAPK
signaling pathways. Complementary findings from Bantag-1, a well-recognized antagonist
of BRS-3, in human embryonic kidney 293 mBRS-3 (HEK293-mBRS-3) stable cells and B16
cell lines, which demonstrated resistance to HyO;-induced damage, further supported the
pivotal role of BRS-3 in oxidative stress-induced cell injury. Our study contributes to ex-
panding our understanding of the potential pharmacological functions of BRS-3, unveiling
previously unknown pharmacological functionality of this orphan receptor.

Keywords: BRS-3; orphan GPCR; licoisoflavone A; antagonist; cardiomyocyte

1. Introduction

G protein-coupled receptors (GPCRs), known as seven transmembrane receptors, are
the therapeutic targets of approximately 40% of modern medicinal drugs [1]. Of all the
validated GPCRs, 25% have no known endogenous ligands and are, thus, classified as
orphan receptors [2]. The orphan receptor bombesin receptor subtype-3 (BRS-3, BB3) was
identified based on its high degree of homology to neuromedin B receptor (NMBR, BB)
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and the gastrin-releasing peptide receptor (GRPR, BB;), both of which are recognized as
mammalian bombesin receptors [3].

BRS-3 couples with a guanine nucleotide-binding protein (Gq), decomposing the
4,5-diphosphatidylinositol biphosphate (PIP2) into inositol triphosphate (IP3) and diacyl-
glycerol. This process leads to an elevation of cytosolic calcium (Ca?") and the subsequent
activation of protein kinase C (PKC) [4]. Given its implications for energy homeostasis,
feeding behavior, and insulin regulation [5], BRS-3 continues to attract interest in both
academia and industry. With its broad expression in both central and peripheral tissues,
the role of BRS-3 in various human diseases is gradually being elucidated [6]. However,
the exploration of BRS-3’s physiological and pathological roles is hindered not only by
the absence of endogenous ligands, but also by the scarcity of specific pharmacological
tools. Currently, there are only a few exogenous ligands available, notably the agonist
MK-5046 and the antagonist Bantag-1 [7], with antagonists being particularly scarce and in
limited supply.

As part of our ongoing project to identify new ligands capable of interacting with
BRS-3, this study has successfully unveiled a novel antagonist, licoisoflavone A (LIA),
derived from natural products. LIA is a natural flavonoid and the main component of Gly-
cyrrhiza [8]. LIA is also an effective ingredient in numerous traditional Chinese medicine
prescriptions, notably the Tongmaiyangxin pill [9] and Baoyuan decoction [10]. Previous
studies have shown the therapeutic efficacy of the Tongmaiyangxin pill and Baoyuan
decoction in treating cardiovascular diseases, particularly myocardial injury [9,10]. LIA has
also been reported to exhibit anti-myocardial hypertrophy activity [9]. We have, for the first
time, demonstrated that LIA exerts a protective effect against HyO,-induced cardiomyocyte
injury in a BRS-3-dependent manner. This study holds significant importance as it marks
the novel pharmacological functionality of the orphan receptor BRS-3, paving the way for
potential therapeutic applications.

2. Results
2.1. LIA Is a Novel Antagonist with a High Selectivity of BRS-3

For Gg-coupled GPCRs, intracellular Ca?* signaling is initiated upon agonist binding
by converting Gxq-GDP to G«q-GTP, which triggers phospholipase C (PLC)-dependent
IP3 generation and CaZ* release. As shown in Figure 1A, LIA, as well as Bantag-1, a
well-characterized BRS-3 antagonist, dose-dependently reversed 50 nM MK-5046-induced
intracellular Ca%* mobilization in HEK293-mBRS-3 stable cells. The ICs; value of LIA was
7.063 x 1077 M (4.250 x 10~7 M to 1.167 x 10~° M, 95% CI), while that of Bantag-1 was
2.316 x 107 M (1.301 x 1072 M to 4.172 x 1077 M, 95% CI).

To further verify the antagonistic effect of LIA, we examined the IP1 accumulation, i.e.,
the stable degradation product of IP3, in H1299-hBRS-3 stable cells. As shown in Figure 1B,
the accumulation caused by 50 nM MK-5046 could be inhibited by LIA with an IC5( value
of 8.410 x 1077 M (1.564 x 10~7 M to 3.482 x 10~% M, 95% CI). We also established the
dynamic mass redistribution (DMR) assay in HEK293-mBRS-3 and found that LIA reversed
the DMR response of 50 nM MK-5046 in a dose-dependent manner with an ICsy value of
1.185 x 107° M (8.387 x 1077 M to 1.674 x 10~® M, 95% CI) (Figure 1C).

In docking studies, the calculated binding energy was —53.38 k] /mol and the docking
score was —7.847, indicating the tight binding between LIA and the receptor. The amino
acid residues Thr!%, Arg®, and Trp!!® contributed to the binding interactions. The

predicted binding site Arg3!®

is the same as for the previously studied agonists [11,12]. The
binding between LIA and BRS-3 was visualized in Figure 1D.
To assess the receptor subtype selectivity of LIA, HEK293 cells were transiently trans-

fected with either BB; and BB,. [D-Phe®, 3-Alall, Phe!®, Nle!4] Bombesin (6-14) (Bomb), a
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full agonist capable of activating both BB; and BB,, substantially triggered Ca?" mobiliza-
tion. Notably, LIA, even at a concentration of 50 M (Figure 1E), failed to reverse this CaZ*
mobilization, therefore highlighting the subtype selectivity of LIA.

Collectively, these results indicate that LIA, a natural product, is a novel selective
antagonist of BRS-3.
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Figure 1. Pharmacological characterization of LIA as a novel antagonist of BRS-3. Dose—inhibition
curves of LIA for 50 nM MK-5046-induced calcium mobilization in HEK293-mBRS-3 cells (A), IP-1
accumulation in H1299-hBRS-3 cell (B), and DMR responses in HEK293-mBRS-3 cells (C). The
predicted binding model of LIA with human BRS-3 (D). The ability of LIA to reverse 1 nM Bomb-
induced calcium mobilization in HEK293 expressing GRPR and NMBR cells (E). Data shown are
means £ SD, n = 3. Dose-response curves were fitted using the log(agonist) vs. response using
GraphPad Prism 8.0 software.

2.2. LIA Protects Cardiomyocytes Against Hy O-Induced Injury in H9c2 Cells

H9c2 cells were incubated with various concentrations of H>O, for 24 h to mimic
myocardial injury in vitro. HpO, caused a dose-dependent decrease in cell viability
(Figure 2A). It was found that when 200 uM H, O, was used, the inhibition rate of H9c2 cells
reached approximately 50%. Subsequently, 200 uM H,O, was applied for modeling. As
shown in Figure 2B, the HyO,-induced decrease in cell viability was significantly increased
after 20 and 50 uM LIA treatment. Since 50 uM LIA was observed to affect cell viability
(Figure 2B), 20 uM LIA was used as the highest concentration in the following experiments.
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Figure 2. The protective effects of LIA on HyOp-induced injury in H9c2 cells. Cell viability at
different concentrations of HyO; (A). Protective effect of LIA on 200 uM H,O,-induced cell injury (B).
Protective effect of LIA on the activities of SOD (C), CAT (D), and the levels of MDA (E) and LDH (F).
The values are represented as means + SD, n = 3. * p < 0.05, ** p < 0.01, **** p < 0.001. “ns” stands for
“not significant”, indicating p > 0.05.

As shown in Figure 2C,D, exposure of H9¢2 cells to HyO, induced oxidative damage,
and resulted in a marked decrease in superoxide dismutase (SOD) activities compared to the
control group. These reductions were effectively reversed by LIA treatment. Furthermore,
as depicted in Figure 2E,F, the levels of malondialdehyde (MDA) and lactate dehydrogenase
(LDH) were increased by HyO; stimulation; however, these increases were significantly
counteracted following LIA treatment.

Taken together, the above results suggest that LIA confers a protective effect against
H,Os-induced cellular damage in H9c2 cells.

2.3. Proteomics Analysis of the Effect of LIA in H9c2 Cells Induced by Hy,O;

Quantitative proteomics analysis was performed to further explore the mechanism of
the protective effect of LIA in H9¢2 cells. LC-MS/MS was used to analyze three biological
repeats for each group (C: Control, H: H,O,, LH: LIA + H,0O,), and the Pearson correlation
of these raw data was calculated (Figure 3A). In total, 1853 proteins were identified. Volcano
plots (Figure 3B) showed that 140 proteins were downregulated and 10 were upregulated
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after HyO, stimulation. Moreover, compared with solvent control, LIA pretreatment
resulted in 55 proteins being upregulated and 22 being downregulated.

To obtain a deep insight into LIA-induced signaling pathways, the canonical pathway
enrichment was analyzed by IPA (Figure S1). Several major pathways, including integrin
signaling, PI3K/AKT signaling, ERK/MAPK signaling, ILK signaling, and p70S6K signal-
ing, were revealed (Figure 3C) based on their —log(p-value). Interestingly, these pathways
are closely related to cardiac biology and pathophysiology. Therefore, we focused on these
pathways during subsequent pathway verification.

Western blot analysis showed that in H9c2 cells, ILK, p-AKT (Ser*”?), and p-ERK1/2
were downregulated in the H,O, group, although this downregulation was reversed upon
LIA treatment (Figure 3D). However, treatment with LIA alone exhibited no significant
impact on the levels of ILK, p-AKT (Ser*’?), and p-ERK1/2 levels in normal control cells.
Furthermore, MK-5046 has the trend to diminish the protective effects of LIA against
H,0,-induced cell damage. In addition, the phosphorylation of p70S6K1 at Thr3¥° showed
no significant change with LIA treatment (Figure S3). These findings were in line with the
proteomics analysis results.
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Figure 3. Proteomics analysis of the effect of LIA in H9¢2 cells induced by HyO,. Pearson correlation
(A) and Volcano plots (B). The red dots represent proteins that were upregulated (p < 0.05), and the
blue dots represent proteins that were downregulated (p < 0.05). The black dots represent proteins
with fold change < 1.5 or without significant changes (p > 0.05). “Canonical pathway” enrichment
(C), the dash line represents p = 0.05. The effects of LIA on the protein expressions of ILK, p-P70S6K,
p-ERK1/2, and p-AKT (Ser*”3) were detected by Western blot (D). The values are represented as
means + SD, n =3. *p <0.05.
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2.4. LIA Protects HyO»-Induced H9c2 Cell Injury via ILK/AKT and ILK/ERK Signaling Pathways

The roles of ILK, PI3K/AKT, and ERK/MAPK signaling pathways in the protec-
tive effects of LIA were further investigated. HyO»-induced H9c2 cells were pretreated
with specific inhibitors of ILK (OSU-T315, 0.6 uM), AKT (Capivasertib, 0.75 uM), and
ERK1/2 (FR 180204, 1 uM), respectively, before LIA treatment. The results showed that
the three inhibitors—OSU, CAP, and FR—each significantly diminished the protective
effects of LIA, as illustrated in Figure 4A. Interestingly, OSU, an ILK inhibitor, was
observed to counteract the LIA-induced elevation of p-AKT (Ser*’3) and p-ERK1/2, as
shown in Figure 4B. This finding implies that ILK may be upstream in the PI3K/AKT and
ERK/MAPK signaling cascades.
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Figure 4. Roles of ILK/AKT and ILK/ERK signaling pathways in the protective effects of LIA against
H,0O;-induced H9c2 cell injury. Effects of LIA on cell viability in H9¢2 cells pretreated with specific
inhibitors (A). The protein expressions of p-ERK1/2 and p-AKT (Ser*’?) after treatment with ILK
inhibitor (B). The values are represented as means + SD, n = 3. * p < 0.05, *** p < 0.005, **** p < 0.001.
“ns” stands for “not significant”, indicating p > 0.05.

2.5. LIA Exerts Protective Effects Against HyO,-Induced Injury in Primary Rat and Mouse
Cardiomyocytes

To substantiate the protective effects of LIA against HyO,-induced cellular damage,
we isolated and cultured primary cardiomyocytes from rats and mice. Due to the limited
proliferative capacity of primary cardiomyocytes [13], a concentration of 50 uM LIA was
chosen in the experiment to achieve a better signal. Notably, LIA exhibited pronounced
protective effects in both primary rat and mouse cardiomyocytes compared to the solvent
control group (Figure 5A).
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Figure 5. The protective effects of LIA against H,O;-induced injury in primary rat and mouse
cardiomyocytes. The effect of LIA on cell viability in primary rat and mouse cardiomyocytes (A). LIA
alters the protein expressions of ILK, p-P70S6K, p-ERK1/2, and p-AKT (Ser73) against HyO,-induced
injury in primary rat cardiomyocytes (B). The comparative analysis of the effects of LIA on cell
viability against HyO,-induced injury in primary cardiomyocytes from wild-type (WT) and Brs3~=/Y
(KO) mice (C). The values are represented as means + SD, n = 6 for (A), n = 3 for (B), and n = 5 for (C).
*p <0.05, *** p < 0.001. “ns” stands for “not significant”, indicating p > 0.05.
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Consistent with the observations in H9¢2 cells, treatment with LIA effectively activated
the ILK, AKT (Ser*”®), and ERK1/2 signaling pathways in primary rat cardiomyocytes
subjected to HyO,-induced injury, as depicted in Figure 5B.

To further validate the target, we acquired primary cardiomyocytes from Brs3~/Y
mice along with their littermates, for a comparative analysis. As shown in Figure 5C, our
results demonstrated that 50 uM LIA specifically increased the viability of cardiomyocytes
derived from wild-type mice, whereas it had no such effect on those from Brs3~/Y mice.
This distinct response provides compelling evidence that the protective effect of LIA is
mediated by its interaction with BRS-3.

2.6. BRS-3 Inhibition Regulates HyO)-Induced Cell Injury

Our findings demonstrate that LIA, a novel selective antagonist of BRS-3, effectively
protects against HyO,-induced cardiomyocyte injury. This strongly suggests the role of
BRS-3 in the pathogenesis of oxidative stress-induced cell injury. To validate our hypothesis,
we performed quantitative real-time reverse transcription polymerase chain reaction (qRT-
PCR) tests to detect and quantify the expression of BRS-3 in cardiomyocytes as shown in
Figure S4A. The data confirm that BRS-3 is endogenously expressed in both H9¢2 and rat
primary cardiomyocytes. Furthermore, we assessed the phosphorylation of ERK in H9¢2
cells in response to MK-5046, a well-characterized BRS-3 agonist. The results revealed
that MK-5046 promoted ERK phosphorylation, while both Bantag-1 and LIA inhibited
this agonist-induced phosphorylation, indicating that BRS-3 is not only expressed but also
functional in H9¢2 cells, as depicted in Figure S4B.

We then proceeded to investigate the impact of Bantag-1, a recognized antagonist of
BRS-3 on H9¢2 cells, instead of LIA. Interestingly, our observations revealed that Bantag-1
had no influence on cell viability in the control group; however, in the presence of H,O,,
Bantag-1, but not MK-5046 (Figure S2), significantly increased cell viability (Figure 6A),
demonstrating a protective effect similar to that of LIA.

To rule out the potential influence of cell line specificity and for target validation,
we conducted a comparative analysis of the HyO,-induced response in both HEK293 and
HEK293-mBRS-3 stable cells. Our findings indicated that 250 uM H,O, reduced the cell
viability of HEK293-mBRS-3 cells to 47.86%, whereas a higher concentration of 300 uM
H,0O, was required to achieve a comparable reduction in HEK293 cells (Figure 6B). In
addition, when pretreated with 10 uM Bantag-1, the cell viability of HEK293-mBRS-3 cells
was markedly improved compared to the H,O, model group (Figure 6C). However, such
enhancements were absent in HEK293 cells.

We recently found that BRS-3 was endogenously expressed in B16 cells, the murine
melanoma cell line, and generated BRS-3 knockout B16 cells (B16-KO) using CRISPR-Cas9
techniques [12]. A comparison of cell viability between HyO,-induced B16 cells and B16-KO
cells (Figure 6D) revealed that BRS-3 may be involved in the cellular tolerance to hydrogen
peroxide-induced injury. Additionally, Bantag-1 demonstrated efficacy in mitigating injury
in B16 cells but not in B16-KO cells (Figure 6E), further supporting the role of BRS-3 in the
process of cell injury.

Taken together, these findings indicated a prominent role of BRS-3 against oxidative
stress-induced cell injury.
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Figure 6. Validation of target for the BRS-3 regulation of HyO,-induced cell injury. Effect of Bantag-1
on cell viability in H9c2 cells (A). Cell viability in different concentrations of HyO, in HEK293 and
HEK293-mBRS-3 stable cells (B). Effect of Bantag-1 and LIA on cell viability against H,O,-induced
injury in HEK293 and HEK293-mBRS-3 stable cells (C). Cell viability in different concentrations of
H,0O, in B16 (B16-PX459) cells and B16-KO cells (D). Comparative analysis of the effects of Bantag-
1 on cell viability against HyO,-induced injury in B16 cells and B16-KO cells (E). The values are
represented as means + SD, n = 3 for (A-D) and n = 4 for (E). * p < 0.05, ** p < 0.01, *** p < 0.005,
#*** p < 0.001. “ns” stands for “not significant”, indicating p > 0.05.

3. Discussion

In this study, we have identified a novel antagonist of the orphan receptor BRS-3.
Our studies on BRS-3 overexpression in HEK293 and H1299 cells revealed that LIA was
able to specifically inhibit MK-5046, a specific agonist of BRS-3, and induced calcium
mobilization and IP1 accumulation with a sub-micromolar concentration range. To the best
of our knowledge, LIA represents the first natural compound recognized as an antagonist
for BRS-3.

Our team has been dedicated to the identification of exogenous ligands for GPCRs
from natural products and their derivatives [11,12,14,15]. The screening of potential target
compounds from natural products offers unique advantages. The vast diversity inherent
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in the structures of natural products is expected to significantly enhance the probability
of identifying receptor ligands that possess high affinity and selectivity. Moreover, the
well-documented pharmacological activities of natural product ligands facilitate the estab-
lishment of possible correlations with their corresponding receptors. This, in turn, provides
invaluable insights and clues for exploring the unknown biological functions of receptors.

Despite numerous studies highlighting the important roles of BRS-3 in various physio-
logical processes [5], thus far, no therapeutic agents have yet been developed for clinical use.
This can largely be attributed to the limited research on BRS-3’s function and the lack of
druggable ligands. MK-5046, for instance, has been demonstrated to cause cardiovascular
complications, thereby restricting its clinical applicability [16]. Bantag-1, a high affinity
and specific peptide antagonist of BRS-3, faces challenges in in vivo studies due to its
short half-life [17]. ML-18, the first non-peptide BRS-3 antagonist, exhibited a moderate
affinity for BRS-3, with an ICs, value of 4.8 uM, while maintain an affinity for GRPR (BB,),
with an ICs value of 16 uM [18]. The identification of the natural compound LIA as an
antagonist of BRS-3 has significantly enhanced the feasibility of in vivo studies of BRS-3
and have improved its specificity. Given the known pharmacological effects, it may provide
valuable insights into the novel function of BRS-3. Future work will focus on structural
modifications of LIA to enhance its activity.

In our current study, we induced myocardial injury in vitro by treating cardiac cells
with H,O; and found that LIA exerted a protective effect on the injured cardiac cells.
Furthermore, LIA was found to enhance the expression of the antioxidant enzymes SOD
and CAT in H9c2 cells, while simultaneously inhibiting the production of lipid peroxidation
end products, i.e., MDA and LDH. LIA also demonstrated protective properties in primary
cardiomyocytes derived from rats and mice against HyO,-induced cell injury. Importantly,
the protective effect of LIA was absent in primary cardiomyocytes from Brs3~/Y mice,
strongly confirming that LIA acts by antagonizing BRS-3.

ILK is highly expressed in cardiac muscle, where it plays a key role in cell migration
and the progression of cardiac diseases related to integrin function [19]. ILK binds to inte-
grins and links integrins and receptor tyrosine kinases to the actin cytoskeleton, facilitating
downstream signaling cascades, in particular the activation of AKT [20]. Additionally, the
ERK/MAPK signaling pathway is recognized for its critical role in cardiac cell migration,
survival, and cardiac repair [21]. Our proteomics studies illuminated the significance of
ILK, AKT, and ERK in the protective mechanism of LIA against oxidative stress-induced
cardiac injury. Subsequent immunoblotting analyses support that LIA reversed the H,O,-
induced down-regulation of ILK, p-ERK1/2, and p-AKT (Ser*”3) in both H9¢2 cells and
primary rat cardiomyocytes. In H9¢c2 cells, all these beneficial effects of LIA were abolished
when co-treated with the inhibitors targeting ILK, AKT, and ERK, respectively, further
reinforcing the notion that LIA acts through these three pathways. Furthermore, ILK
inhibitors reversed LIA-induced upregulation of p-AKT and p-ERK1/2, indicating that
ILK is located upstream of AKT and ERK1/2. Taken together, by blocking BRS-3, LIA
activates ILK, which in turn induces AKT and ERK1/2 phosphorylation, thereby exerting a
protective effect against oxidative stress-induced cardiomyocyte injury.

The pharmacological profile of LIA points to the possibility that BRS-3 may play a
crucial role in oxidative stress-induced cell injury, a previously unrecognized biological
function of this orphan receptor. Therefore, to obtain further insight into the novel aspect
of this receptor function, we utilized a variety of cell lines, as previously established in our
research. HEK293 cells were stably transfected with murine-derived BRS-3 to facilitate high
expression levels and functional studied in a well-characterized system. H1299 cells were
stably transfected with human-derived BRS-3 to model the human receptor in a human
cellular context, which is important for translational relevance. Additionally, B16 cells
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naturally expressed high levels of BRS-3 and were used to assess antagonizing effects
in an endogenous receptor setting, mimicking physiological conditions. Our findings
demonstrated that cell lines with elevated BRS-3 expression exhibited greater sensitivity
to HyO,, rendering them more vulnerable to HyO,-induced cellular injury. Furthermore,
Bantag-1, a well-known specific antagonist of BRS-3, also showed protective effects in
both HEK293-BRS-3 and B16 cell lines exposed to HyO,. These results provide additional
evidence supporting the involvement of BRS-3 in oxidative stress-induced cell injury.

4. Materials and Methods
4.1. Chemicals and Materials

LIA (cat#66056-19-7, purity > 98%) was supplied by ChemFaces (Wuhan, China). MK-
5046 was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). Bantag-1 was purchased from Sigma-Aldrich (St. Louis, MO, USA). OSU-T315,
Capivasertib, FR 180,204 were purchased from MedChemExpress (Shanghai, China).

4.2. Cell Culture and Experiment Design

The H9¢2 rat cardiomyocyte cell line was purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultivated in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS, Gibco, Waltham, MA, USA) and 1% antibiotic penicillin/streptomycin solution
(x100; Gibco, Waltham, MA, USA). Human embryonic kidney 293 mBRS-3 stable cell
samples were kindly provided by Professor Olivier Civelli from the University of California,
Irvine. All cells were placed in a humid incubator with 5% CO, at 37 °C. B16 cells with BRS-
3 knockout and H1299 stably expressing human BRS-3 cells were cultivated as described
previously [8]. Primary cardiomyocytes were obtained by isolations from the ventricles of
1-day-old Wistar rats or C57BL/6] mice (SLAC Laboratory Animal Company, Shanghai,
China). All animal experiments protocols were approved by the Animal Ethics Committee
of SJTU (The registration number: O_A2021020-3).

Hydrogen peroxide (H,O,, Adamas, Shanghai, China) was used to induce oxidative
injury in H9¢2 cells. Cells were divided into four groups, namely the vehicle control group
(Control), HyO, treated group (H,0O»), drug and HyO,-treated group (Drug + H,O;), and
drug-treated group (Drug + Control). Cells were pretreated with tested compounds for one
hour prior to exposure to HyO,. All experiments were repeated at least three times.

4.3. Calcium Mobilization

Intracellular Ca?* mobilization was detected by fluorometric imaging plate reader
(FLIPR) assay (Molecular Devices, Sunnyvale, CA, USA). HEK293-mBRS-3 stable cells
were seeded into a black 96-well plate (Corning, Corning, NY, USA) with 8 x 10* cells per
well. For antagonist assays, antagonists were preincubated with the cells for 10 min before
the addition of agonists. Calcium mobilization was monitored from the addition of the
antagonist until 5 min after the addition of agonists. The maximum calcium response was
determined by the peak calcium level elicited by the agonist. Normalization was performed
by calculating the average calcium concentration over 20 s before agonist addition, which
was set as the baseline (0%). The assay was conducted in a buffer solution containing
20 mM HEPES and 1x Hank’s balanced salt solution (HBSS) (Gibco, Waltham, MA, USA),
pH 7.4, as the manual. The intracellular Ca?* concentration was measured by FLIPR assay
(Molecular Devices, Sunnyvale, CA, USA).
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4.4. Dynamic Mass Redistribution (DMR) Assay

The DMR assay was performed using the Epic BT system (Corning, New York, NY,
USA) as previously described [11]. HEK293-mBRS-3 stable cells were seeded into Epic 384-
well biosensor microplates overnight; after 2 min baseline, compounds were added, and
the DMR signals were recorded for 1 h. In the antagonistic assay, cells were incubated with
LIA for 1 h before adding 25 nM of MK-5046, and then the DMR signals were monitored
for1h.

4.5. Measurement of Inositol Phosphates (IP1) Accumulation

Following the IP-One-Gq KIT manufacturer’s protocol (Molecular Devices, Sunnyvale,
CA, USA), IP1 accumulation was detected in H1299 and H1299-hBRS-3 stable cells based
on the manufacturer’s protocol [22]. Briefly, cells were diluted in stimulation buffer at
5 x 10° cells/mL in 384-well plates and were immediately treated with tested compounds
for 1 h. Then, the IP1 d2 reagent (acceptor) was added to each well followed by the IP1
Tb cryptate antibody (donor), and the plate was sealed and incubated for another 1 h
at room temperature. A Tecan Spark multimode microplate reader (Tecan, Mdnnedorf,
Switzerland) was used to determine the IP1 accumulation by using a homogeneous time-
resolved fluorescence (HTRF) protocol (Ex 350 nm, Em 665/620 nm HTRF). Data were
expressed as the percentage of the non-stimulation group.

4.6. Cell Viability Analysis

Cell viability was assessed by MTT assay. Cells were seeded into a 96-well plate at a
density of 3 x 10° cells per well, and the marginal wells were filled with PBS. Cells were
incubated with various concentrations of LIA or Bantag-1 1 h before exposure to HyO,. For
signaling pathway inhibitors, cells were pretreated 15 min before adding LIA or Bantag-1.
Twenty-four hours after the H,O, treatment, MTT solution (0.5 mg/mL, Sigma-Aldrich,
St. Louis, MO, USA) was added to each well for another 4 h at 37 °C. After the incubation,
the MTT reagent was removed and replaced with 100 uL of DMSO to dissolve the formazan
for 15 min. Cell viability was analyzed by measuring the optical density at 570 nm with a
microplate reader. All experiments were repeated in triplicate.

4.7. Malondialdehyde (MDA), Superoxide Dismutase (SOD), Lactate Dehydrogenase (LDH), and
Catalase (CAT) Determination

The LDH level in the culture medium was tested using the LDH assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The intracellular MDA, SOD, and CAT
activities were determined by using commercial kits (Nanjing Jiancheng Bioengineering In-
stitute). Briefly, cells were lysed via the freeze—thaw method and the reagents were mixed
according to the manufacturer’s instructions. Protein concentrations were determined by
using a Pierce™ BCA protein Assay kit (BCA, Thermo Scientific, Waltham, MA, USA).

4.8. Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells by using TRIzol reagent (Beyotime, Shanghai,
China), following the manufacturer’s instructions. Reverse transcription was performed
by Rever Tra Ace® gPCR RT Kit (Toroivd, Shanghai, China) and the fluorescence real-
time PCR was performed using Bestar® Sybr Green qPCR Master Mix (DBI® Bioscience,
Ludwigshafen, Germany). The sequences of the oligonucleotide primers are listed in Table 1.
The parameter crossing point (Cp) values were normalized to those of glyceraldehyde
3-phosphate dehydrogenase (GAPDH), which was applied as the internal reference.
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Table 1. Primer sequences for qRT-PCR.

Brs3 Forward 5-GAAACATCAAGCTCTGCCGTCT-3’
Reverse 5-CCACTGAAATGATCACAGCAT-3

Acth Forward 5-CGAGTACAACCTTCTTGCAGC-3'
Reverse 5-TATCGTCATCCATGGCGAACTG-3'

4.9. Proteomics Analysis by LC-MS/MS

HO9c2 cells were seeded in 6-well plates at a density of 3 x 10° per well. After 20 uM of
LIA treatment for 1 h, cells were incubated for an additional hour with H,O,. The cells were
harvested, and the proteins were extracted and measured by BCA. Then, cellular proteins
(30 pg/each sample) were digested in trypsin (Promega, Madison, WI, USA) at 37 °C
overnight. After desalting, digested peptides were dissolved in 10 pL of buffer A (0.1%
formic acid in water), and equivalent peptides measured by Nanodrop were analyzed with
EasynanoLC1000 coupled with a TripleTOF™ 5600+ system Mass spectrometer (AB Sciex,
Framingham, MA, USA). Peptides were separated by a 150 x 0.3 mm reverse-phase column
(ChromXP C18, 3 um 120 A, AB Sciex, Framingham, MA, USA). Buffer A and buffer B (80%
acetonitrile with 0.1% formic acid) were applied as the mobile phases. The flow rate was
300 nL/min and the gradient was listed as follows: 2-20% buffer B (98 min), 20-30% buffer
B (10 min), 30-95% buffer B (2 min), 95% buffer B (8 min), 95-2% buffer B (1 min), and
kept in 2% buffer B for 1 min. The MS scan with a resolution of 70,000 ranged from 350 to
1500 m/z, and the scan for MS/MS ranged from 200 to 2000 m/z with a resolution of 17,500.
MaxQuant (version 1.6.1.0, Martinsried, Germany) software was used for database search,
and label-free quantification was performed using intensity-based absolute quantification
(iBAQ). Differently expressed proteins were screened following the criteria of at least two
unique peptides, 1.5-fold change (FC), and p value < 0.05.

4.10. Western Blot Assay

Protein preparation was the same as described in Section 4.8, and cells were pre-
treated with signaling inhibitors 15 min before the addition of LIA or Bantag-1. After
10 min of denaturing at 99 °C, proteins were loaded and separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), then transferred to nitrocellulose
membranes. The membranes were blocked for 1 h in 5% BSA dissolved in Tris-buffered
saline with 0.1% Tween (TBST) and incubated with primary antibodies with a dilution
of 1:1000. The primary antibodies targeting phospho (p)-AKT, p-ERK, p-P70S6K, and f3-
Tubulin were purchased from cell signaling technology (Danvers, MA, USA), while the
anti-ILK was purchased from Servicebio® (Wuhan, China). The membranes were washed
with TBST, incubated with secondary antibodies (Teyebio, Shanghai, China) for 1 h, then
detected with a Tanon 5200 multi-imaging system (Tanon, Shanghai, China).

4.11. Molecular Docking

The predicted 3D structure of human BRS-3 was downloaded from the AlphaFold
Protein Structure Database (P32247). The human BRS-3 structure was prepared in Protein
Preparation Wizard of Maestro (Schrodinger LLC, New York, NY, USA): hydrogen atoms
were added; bond orders were assigned; H-bond assignment was optimized at pH 7.0
using PROPKA. All atoms were energy-minimized to reach the convergent RMSD of 0.3 A
with the OPLS4 force field. The three-dimensional conformation of LIA was prepared
in LigPrep with the OPLS4 force field. The Induced Fit Docking module was used to
fine-tune the receptor structure. The centroid of residues Arg127, His?™*, and His'" was
defined as the box center. Then, a protein grid box for docking was generated by enclosing
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the residues in the box at a size of 10 A x 10 A x 10 A centered on the LIA using the
receptor grid generation module with no constraints. To probe the possible binding mode
of LIA with the BRS-3 prepared structure, we conducted molecular docking using the
Extra Precision (XP) Glide module. The docking parameters were set to default. Molecular
mechanics/generalized Born and surface area solvation (MM-GBSA) were calculated using
the Prime module.

4.12. Statistical Analysis

All values were displayed as mean =+ standard deviation (SD), and the statistical
analysis was performed by using GraphPad Prism 8.0 software. Statistical difference was
analyzed by one-way analysis of variance followed by the Dunnett post hoc test. The
difference was significant if p < 0.05.

5. Conclusions

The present study elucidates that the natural compound LIA serves as an exogenous
antagonist of BRS-3. LIA was effective in preventing H,O,-induced cell injury in both H9¢2
cells and primary cardiomyocytes. This protective effect was associated with the activation
of integrin/ILK/AKT and ERK/MAPK signaling pathways. This study also contributes
significantly to expanding the understanding of the potential roles of BRS-3, uncovering
previously unknown pharmacological functionality of this orphan receptor. These findings
provide promising insights into potential therapeutic interventions for cardiac injuries and
may pave the way for future drug development in this area.
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Abstract

To improve the bioavailability of yak by-products, novel antioxidant peptides were pre-
pared and identified from yak skin hydrolysate. The results showed that the ultrafiltration
fraction of a molecular weight of less than 1 kDa had the strongest free radical scavenging
activity. A total of 219 novel peptides were identified by mass spectrometry and five
antioxidant peptides were screened based on molecular docking with Keap1 (LMGPR,
GFDGD, FGFDGDF, GHNGLDGL, and GPAGPQGPR). These peptides may bind with
Keapl competitively and exert antioxidant effects by activating the Nrf2/ARE pathway.
After synthesis, FGFDGDF showed a better free radical scavenging ability and protective
effect on HyO,-induced oxidative damage of HepG2 cells among these peptides. The
pretreatment of peptides could enhance the activity of intracellular antioxidant enzymes
and reduce the level of malondialdehyde and IL-8. This study provides a scientific basis
for the application of yak skin peptide as a novel antioxidant in functional food.

Keywords: yak skin; antioxidant peptide; molecular docking; oxidative stress;
Keap1-Nrf2/ARE pathway

1. Introduction

Free radicals are inevitable products of metabolism and are usually eliminated by
the antioxidant defense system, which is an ongoing balancing process. When stimulated
by external factors, this balance might be disrupted, leading to an excessive production
of free radicals and initiating oxidative stress to damage health [1]. Although synthetic
antioxidants such as butylated hydroxyanisole, tert-butylhydroquinone, and propyl gallate
have the ability to reduce free radicals, their potential toxicity and carcinogenicity limit
their use in food application [2]. Therefore, the development of natural and non-toxic
antioxidants has emerged as a key research focus. In recent years, an increasing number of
antioxidant peptides have been identified and derived primarily from legumes, animal-
based foods, and marine proteins, which were typically released from proteins through
enzymatic hydrolysis [3-5]. Protease hydrolysis is the preferred technique for producing
antioxidant peptides due to its high selectivity, mild reaction conditions, minimal side
reactions and high efficiency selectivity [6]. Studies have shown that the antioxidant

Int. J. Mol. Sci. 2025, 26, 5976

110

https://doi.org/10.3390/ijms26135976



Int. ]. Mol. Sci. 2025, 26, 5976

activity of peptides is affected by molecular weight, the type of amino acid, and their
sequence. It was found that the molecular weight of the optimal antioxidant activity
of rice, walnut, and other protein hydrolysates prepared by enzymatic hydrolysis was
concentrated below 1 kDa [7,8]. Overall, a reasonable combination of molecular weight
and amino acid sequence is crucial for enhancing the activity of antioxidant peptides.
Therefore, the extensive use of different food resources and high-efficiency preparation
progress on antioxidant peptides with strong antioxidant activity and stability still need to
be investigated.

Yak (Bos grunniens) is a rare breed mainly found in the Qinghai-Tibet Plateau. China
harbors the largest population and diversity of yaks accounting for more than 94% world-
wide [9]. Because of the harsh environment of extreme coldness, hypoxia, and strong
radiation, yak products may have unique properties regarding nutrition, sensory character-
istics, and processing properties [10]. As the main by-product of yak processing in meat
and milk, yak skin (YS) is rich in protein, accounting for 30-40%, which can be a good
resource of bioactive peptides [11]. Nowadays, YS is usually discarded or is traditionally
utilized in low-quality leather production, leading to a wastage of this valuable resource.
Studies show that YS gelatin has great potential to replace commercial gelatin because of its
superior properties including oxidation resistance, emulsification, and heat resistance [12].
Its collagen has whitening, moisturizing, and wrinkle-eliminating effects, and is easy to
absorb, with good biocompatibility and degradability. Xiaotong Ma et al. [13] identified
three novel antifreeze peptides from YS hydrolysates which could increase the survival
rate of probiotics. Moreover, YS boasts outstanding nutritional values, which may apply in
the mitigation of myocardial ischemia-reperfusion injury [14]. The potential angiotensin I-
converting enzyme (ACE)-inhibitory activities of YS gelatin peptides were also investigated,
but the sequences were not clarified [15]. Only two novel peptides (GADGAPGKDGVRG
and GPRGDQGPVGR) with a good ability for iron-chelating were identified and studied
from YS [16]. Overall, current research mainly focuses on gelatin, while the development
of bioactive peptides derived from YS is limited. Further research on the preparation,
identification, and healthy functions of yak skin peptides (YSP) needs to be clarified, as
well as the specific mechanism of its bioactivity.

The molecular docking techniques based on machine learning and artificial intelligence
are widely used in the area of functional food and drug development [17]. Molecular dock-
ing is derived from Fisher E’s lock and key model, which posits that the spatial alignment of
receptors and ligands is crucial for their recognition [18]. The interaction between peptides
and biological targets can be directly observed through molecular docking to elucidate the
biological mechanism of food-derived peptides [19]. Nuclear factor erythrocyte-associated
factor 2 (Nrf2) is recognized as a neurotherapeutic target, and the Keap1-Nrf2/ARE path-
way serves as a pivotal signaling pathway for endogenous oxidant damage [20]. In recent
years, research has focused on exploring the mechanism of antioxidant peptides through
Keap1-Nrf2/ARE pathway [21], such as the milk-derived peptide KVLPVPEK (K-8-K),
which inhibits lipid peroxidation and prevents the interaction between Nrf2 and Keap1 [22].
These comprehensive methods offer robust support for the research and application of
antioxidant peptides.

Therefore, in this study, antioxidant peptides were prepared from YS through en-
zymatic hydrolysis and ultrafiltration separation, identified by mass spectrometry and
screened based on molecular docking with Keapl. Then the cell protection effect of YSP
was determined by using the H,O,-induced oxidative damage model of HepG2 cells. This
study provides a theoretical foundation for the development and application of YSP, aiming
to improve the high-value utilization of YS and broaden the source of antioxidants.
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2. Results and Discussion
2.1. Structural Characterization of YSP

The structural characterization on YS and YSP are shown in Figure 1A. Both YS and
YSP had a special absorption peak in the range of 3500-3300 cm~!, which was mainly
associated with N-H and O-H stretching. It reflected the presence of hydrogen bonds in
the peptide chain skeleton [23]. Both samples exhibited an absorption peak at 2926 cm ™!,
which was caused by asymmetric C-H stretching vibration, indicating that both samples
contained aliphatic amino acids side chain [24]. In addition, absorption was observed at
1641 cm ! in the range of amide I band (1600-1700 cm '), indicating that the protein had

I'and

a more complete triple helix structure. Moreover, the absorption peak at 1453 cm™
1081 cm ™! also appeared in both YS and YSP. It indicated that the secondary structures
of both samples were relatively stable. Notably, YSP showed several different groups
compared with YS, including C=0 bond vibration in carboxylic acid (1404 cm’l) and
C-H bond stretching vibration (1335 cm~!). These differences indicated that the protein
structure was unfolded, and its secondary structure might be destroyed by enzymatic
hydrolysis. These changes might expose the originally tightly wrapped active groups,
making the enzyme hydrolysis product more likely to capture electrons, thereby exhibiting
improved antioxidant capacity.

A
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Figure 1. Fourier transform infrared spectroscopy of YS and YSP (A) and the SEM images of YS (B-a)
and YSP (B-b) (1000x).
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In addition, the microstructure of YS and YSP had great differences, as shown in
Figure 1B. YS was observed to be a dense block with an irregular concave surface. After
enzymatic hydrolysis, YSP exhibited a large number of porous and fracture microstructures
with a relatively loose texture. This may be due to the enzymatic hydrolysis-induced
destruction of hydrogen bonds and van der Waals forces between protein molecules, which
weaken the intermolecular interaction, resulting in a certain degree of stretching of protein
molecules [25]. This result was consistent with previous reports indicating that proteins
were broken down into small fragments, and they adopt a loosely structured conformation
after enzyme treatment [26,27]. These structural changes might result in more hydrophobic
amino acids being exposed to the surface, which could enhance the antioxidant capacity of
the sample.

2.2. Free Radical Scavenging Activities of Ultrafiltrate Fractions

To accurately screen and identify its components, YSP was separated by ultrafiltration
membranes. The free radical scavenging activities of four fractions are shown in Figure 2.
Obviously, the components with a molecular weight of less than 1 kDa (YSP-I) exhibited the
highest scavenging rate on the DPPH radical (75.80 = 0.76%), ABTS radical (77.42 £ 2.77%),
and hydroxyl radical (41.96 & 0.67%) compared to other fractions, with no significant differ-
ence from YSP. It indicated that the components with lower molecular weight might have a
stronger antioxidant ability. Similarly, Yawen Kong et al. [28] reported that the molecular
weight of less than 3 kDa demonstrated excellent antioxidant activity. Long He et al. [29] re-
ported that the radical scavenging ability of DPPH and the ABTS scavenging activity of yak
skin gelatin hydrolysates were significantly increased after ultrasonic treatment. Overall,
the components with a molecular weight of <1 kDa were selected for further analysis.

100 B YsP
9 Bl YSPI
< 80— a A 2 & Bl YSP-II
E = b b B YSP-II
=1)] Cc b c -
5 60 ' N YSP-IV
=
[
>
«
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G c
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[}
s 20-
&
[

0-

DPPH ABTS Hydroxyl

Figure 2. Free radical scavenging activity of YSP and ultrafiltration fractions, including YSP-I (<1 kDa),
YSP-II (1-3 kDa), YSP-III (3-10 kDa), and YSP-IV (>1 kDa). Different letters represent significant
differences (p < 0.05).

2.3. Identification and Screening of Antioxidant Peptide from YSP by LC-MS/MS

YSP-I samples were further analyzed by LC-MC/MC, and 219 peptides were identified
(Supplementary Table S1). This showed that YSP-I was mainly composed of short peptides,
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where 138 peptides were tripeptides and the molecular weight of peptides were mainly
concentrated between 200 and 600 Da, accounting for 86% (Figure 3). It indicated that
YS protein was effectively hydrolyzed by trypsin. Furthermore, an online bioinformatics
analysis was performed to predict the potential biological activities of these peptides. The
peptides with a probability threshold where the peptide ranker exceeded 0.5 were selected
for further analysis [30]. Meanwhile, non-toxicity, non-hypersusceptibility, and good water
solubility were the key factors for screening highly specific peptides [31-33]. The good
solubility of small molecular weight peptides could react with lipid free radicals, and they
had strong antioxidant activity [4]. Based on these, 29 peptides with potential antioxidant
activity, good water solubility, and non-toxicity were selected as shown in Table 1. The
molecular weight of these peptides ranged from 259.11682 to 950.40937 Da, and the number
of amino acid residues ranged from 3 to 11. Meanwhile, the 29 novel peptides have not
been reported before.
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Figure 3. Total ion diagram of mass spectrum (A) and the peptides distribution (B) by LC-MS/MS.
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Table 1. A total of 29 antioxidant peptides screened with good water solubility and non-toxicity and

their binding energy of interaction with Keap1.

Peptide CDockerenergy
NO. Sequence Length Mass Score Ranker (kcal/mol)
1 FGFDGDF 7 803.31262 187.48 0.93535 —141.445
2 GHNGLDGL 8 781.37187 114.54 0.534861 —136.723
3 GFDGDF 6 656.24421 148.12 0.913215 —119.541
4 FDGDF 5 599.22274 78.156 0.94884 —116.697
5 GFDGD 5 509.17579 118.96 0.637708 —115.582
6 GPSGPPGPDGN 11 950.40937 206.38 0.839787 —90.731
7 FEL 3 407.20564 18.31 0.566207 —84.218
8 GPAGPQGPR 9 835.43005 183.43 0.846699 —83.766
9 GFE 3 351.14304 12.647 0.720069 —83.496
10 GPAGPAGRPG 10 835.43005 131.04 0.873123 —82.544
11 FGE 3 351.14304 65.815 0.675338 —82.025
12 GEGGPQGPR 9 853.40423 142.64 0.536924 —81.513
13 WDT 3 420.1645 25.115 0.593031 —81.295
14 DML 3 377.16206 25.115 0.667515 —80.952
15 MDL 3 377.16206 47.364 0.679551 —78.408
16 WAD 3 390.15393 20.412 0.721933 —77.465
17 GPAGPAGRP 9 778.40859 155.73 0.846699 —71.902
18 PGPAGPAGRP 10 875.46135 107.32 0.871669 —71.298
19 DWP 3 416.16958 20.675 0.948036 —69.084
20 LMGPR 5 572.31045 85.518 0.767987 —68.852
21 PAGPAGPR 8 721.38712 109.7 0.813961 —68.468
22 DPC 3 333.09946 5.9869 0.819965 —68.046
23 FSGLD 5 537.24348 41.717 0.692962 —67.018
24 FCK 3 396.18313 11.715 0.907916 —62.174
25 GPK 3 300.17976 40.566 0.567438 —45.198
26 PQPPQ 5 565.28601 104.03 0.631168 —42.868
27 PAGRP 5 496.27578 91.004 0.74837 —42.160
28 PGS 3 259.11682 11.355 0.526816 —38.120
29 PGR 3 328.1859 32.689 0.839926 —34.945

2.4. Molecular Docking Simulation of Antioxidant Peptides Interacting with Keap1l

The Keap1-Nrf2 signaling pathway was recognized as an important mechanism, in

which bioactive compounds exerted antioxidant effects [34]. When oxidative damage
occurred, excessive free radicals interacted with Keap1, and then Nrf2 was released and
up-regulated the antioxidant response element (ARE) to reduce oxidative damage [20]. A
large number of studies have shown that peptides might change the Keap1/Nrf2-ARE
signaling pathway and thereby affect the activity of antioxidant enzymes in cells [35].
In this study, YSP has exhibited good free radical scavenging activity, but its molecular
mechanisms remained unclear. Therefore, the molecular docking analysis was conducted
to explore the molecular mechanism of antioxidant peptides by interacting with Keap1.

It was found that peptides with lower binding energy exhibited stronger binding
affinity with Keap1 protein [36]. In the present study, the binding energy values of 29 pep-
tides were ranked (Table 1) and five novel peptides were selected, including Phe-Gly-
Phe-Asp-Gly-Asp-Phe (FGFDGDF), Gly-His-Asn-Gly-Leu-Asp-Gly-Leu (GHNGLDGL),
Gly-Phe-Asp-Gly-Asp (GFDGD), Gly-Pro-Ala-Gly Pro-GIn-Gly-Pro-Arg (GPAGPQGPR),
Leu-Met-Gly-Pro-Arg(LMGPR) (secondary mass spectrum shown in Figure 4), where
the CDocker energy binding with Keapl were —141.445 kcal/mol, —136.723 kcal/mol,
—115.582 kcal/mol, —83.766 kcal/mol and —68.852 kcal/mol, respectively. FGFDGDF
showed the strongest affinity with Keap1 protein. Studies showed that hydrophobic amino
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acids (such as Leu, Val, Ala, Pro, and Phe), aromatic amino acids, and basic amino acids
contributed to the antioxidant activity of peptides [37]. Hydrophobic amino acids at the
N-terminal or C-terminal could enhance the interaction of peptides with lipid compo-
nents to promote their antioxidant function in vivo [38]. Pro, Ala, and Tyr were the key
amino acids for free radical scavenging, while His exhibited strong antioxidant activity
due to its imidazole group structure with a closed 7 bond arrangement and unpaired
electrons [39]. These amino acids existed in the five screened peptides; it can be inferred
that these peptides may possess good antioxidant activities.
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Figure 4. Secondary mass spectrum of five peptides, FGFDGDF (A), GHNGLDGL (B), GFDGD (C),

GPAGPQGPR (D), and LMGPR (E).

According to the crystal structure of the Keap1-Nrf2 complex, the binding pocket
can be divided into six bags, namely P1-P6 [40]. The interaction sites of peptides binding
with Keapl are shown in Figure 5. GFDGD was a part of FGFDGDE, and they shared the

117



Int. ]. Mol. Sci. 2025, 26, 5976

same active sites to bind with Keap1 (Figure 5A,C), including ASN-382, ARG-380, and
ARG-415, which was basically consistent with the previous study [41]. Both FGFDGDEF and
GFDGD were bound to the P1, P2, P3, and P5 pockets of Keapl. Additionally, the GFDGD
peptide was bound to the P4 and P6 active pockets because of its shorter chain. Considering
the strong binding energy of FGFDGDF, further research is needed to in order to clarify
whether adding or removing a specific amino acid could improve the antioxidant activity of
the small peptide. As for the other three peptides, LMGPR was bound to the TYR-572 and
ARG-483 residues in the P1 and P4 pockets of the Keapl protein, GHNGLDGL was bound
at the ARG-380, ASN-382 in P1-P4 and P6 pockets; and GPAGPQGPR interacted with
SER-431, ASN-414, and other residues in the P1, P2, P4, and P6 pockets to form varieties
of interactions. Keapl mainly recognizes Nrf2 through ETGE and DLG motifs, which
mainly binds to ARG-380, ARG-483, and other sites [42], which overlaps with the binding
sites of identified peptides. Meanwhile, intermolecular hydrogen bonds, electrostatic
interactions, and hydrophobic interactions were the main interactions observed between
the five peptides and Keap1, which were previously reported [43]. These results showed
that the five peptides could form novel and stable complexes with Keapl. In a word, all
five peptides interacted with the six active pockets where Keap1 interacted with ligand
Nrf2, and they were in contact with the key residues of Keap1-Nrf2 interactions. The
results suggested that these peptides might induce Nrf2 release by competitively binding
to Keapl, and they may exert antioxidant activity through activating the Keap1-Nrf2/ARE
pathway. These peptides potentially facilitate the release of Nrf2 by competitively binding
to Keapl. Subsequently, the activated Nrf2 is translocated into the nucleus, where it forms
a heterodimer that binds to the antioxidant response element (ARE), thereby initiating the
expression of target genes and exerting antioxidative effects [44]. Pei et al. [45]. also found
that antioxidant peptides CRPCGPTP and ANSCNEPCVR, derived from feather keratin,
could bind well to key amino acids in the Keap1 Kelch domain and directly disrupt the
Keap1-Nrf2 interaction.
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Figure 5. The 2D and 3D simulation diagrams of five antioxidant peptides binding with Keap1 (PDB
ID:2FLU) by molecular docking, FGFDGDF (A), GHNGLDGL (B), GFDGD (C), GPAGPQGPR (D),
and LMGPR (E), respectively.

2.5. Free Radical Scavenging Activities of Peptides

The above five screened peptides were synthesized, and their free radical scaveng-
ing activities are shown in Figure 6. FGFDGDF and LMGPR showed relatively better
DPPH radical scavenging activities compared to the other three peptides, with significant
differences (p < 0.05). The scavenging rates were 25.80% =+ 1.82% and 23.56% =+ 2.68%,
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respectively. FGFDGDF also demonstrated a better ABTS free radical scavenging activity
than the other four peptides, with a significant difference (p < 0.05), and its clearance rate
was 19.15% = 1.59%. FGFDGDF and GFDGD showed higher hydroxyl radical scavenging
activity than the remaining three peptides, with significant differences (p < 0.05), and
their clearance rates were 44.44% =+ 1.94% and 41.61% =+ 1.73%, respectively. It can be ob-
served that all five peptides reflected scavenging activity on the free radical. Among them,
FGFDGDF had the best free radical scavenging activity, which was coincident with the
results of molecular docking. However, the antioxidant activity of peptides may be limited
due to the insufficient density of amino acid groups containing phenolic hydroxyl/indole
groups such as tyrosine (Tyr) and tryptophan (Trp). Liu et al. [46] believed that the phenolic
hydroxyl group of Tyr in the peptide chain was active. The antioxidant activity increased
when Tyr was between DD (Asp-Asp) or DQ (GIn-Asp).
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Figure 6. The free radical scavenging activities of synthetic peptides, including the DPPH (A),
ABTS (B), and hydroxyl radical (C) scavenging rate of five peptides, respectively. Different letters
represent significant differences (p < 0.05).

2.6. Protective Effect of Peptides on the Oxidative Damage of HepG2 Cells Induced by H,O,

To further verify the biological antioxidant activities of peptides, the protective effect
on the oxidative damage of HepG2 cells was investigated. As a hepatotoxic chemical with
a long half-life, HyO, can be converted into hydroxyl free radicals and oxygen free radicals,
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directly causing the oxidative stress damage of cells [47]. As shown in Figure 7A, with
the increase of HyO, concentration from 0.8 uM to 1.6 mM, the cell viability significantly
decreased from 91.77 &+ 4.53% to 37.01 £ 3.20% (p < 0.05). Under the treatment with
1.4 mM H,O,, the cell survival rate was 51.29 =+ 3.06%, which was selected to establish the
cell oxidative damage model for subsequent experiments. Meanwhile, the cytotoxicity of
peptides was also determined (Figure 7B). With the peptides concentration ranging from
0.1 mg/mL to 2.5 mg/mL, the cell viability was over 90% for all, which indicated that
the five peptides had no toxic effect on the normal proliferation of HepG2 cells. When
pretreated with antioxidant peptides, the cellular oxidative damage by H,O, was reduced
(Figure 7C). Compared with the model group, the survival rate of HepG2 cells significantly
increased with the pretreatment concentration of five peptides. It indicated that the five
peptides had a good protective effect on the oxidative damage of HepG2 cells.
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Figure 7. Effect of different concentrations of HO, (A) and five peptides (B) on the cell viability of
HepG2 cells and the protective effect of peptides against oxidative stress induced by HyO, (C).

2.7. Effects of Antioxidant Peptides on Antioxidant Enzymes, Malondialdehyde (MDA), and IL-8
Contents in HyO,-Induced HepG2 Cells

As shown in Figure 8A,B, the activities of CAT and SOD in HepG2 cells decreased
to 26.01 + 1.78 U/mg prot and 6.17 & 0.41 U/mg pro, which were significantly lower
than those in the control group (60.80 £ 1.10 U/mg prot, 14.35 &= 0.06 U/mg prot). Under
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the pretreatment of peptides (LMGPR, GFDGD, FGFDGDE, GHNGLDGL, GPAGPQGPR),
the activities of SOD and CAT were significantly more improved than those in the model
group (p < 0.05). The regulation of endogenous antioxidant enzymes SOD and CAT in
cells is one of the main mechanisms of antioxidant peptides [48]. The results indicated
that LMGPR, GFDGD, FGFDGDF, GHNGLDGL, and GPAGPQGPR could regulate the
activity of antioxidant enzymes and protect the cells from oxidation damage. Specifically,
FGFDGDF exhibited the best protective effect, where the activities of SOD and CAT in
cells improved, ebing 11.83 £ 0.16 U/mg prot and 47.49 + 1.14 U/mg prot, which were
consistent with the above results.
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Figure 8. Effects of different peptides on the content of CAT (A), SOD (B), MDA (C), and IL—8 (D) in
H,0;—induced HepG2 cells. Different letters represent significant differences (p < 0.05).

Moreover, MDA is one of the key products of cell membrane lipid peroxidation under
oxidative stress [49]. Studies have shown that the higher the MDA content, the more

123



Int. ]. Mol. Sci. 2025, 26, 5976

serious the cell damage [28]. As shown in Figure 8C, compared with the control group, the
MDA content in HepG2 cells of the group significantly increased (10.31 £ 0.23 nmol/mg
prot) (p < 0.05). It indicated that lipid peroxidation occurred in the HepG2 cells, induced by
H,0O,. After pretreatment with LMGPR, GFDGD, FGFDGDF, GHNGLDGL, and GPAG-
PQGPR, the MDA contents were significantly decreased to 5.91 £ 0.27 nmol/mg prot,
5.55 & 0.16 nmol/mg prot, 3.945 £ 0.21 nmol/mg prot, 4.65 £+ 0.39 nmol/mg prot, and
5.96 & 0.30 nmol/mg prot, respectively (p < 0.05).

In addition, IL-8 is a pro-inflammatory cytokine, and H,O,-induced oxidative stress
can trigger a cellular inflammatory response [50]. After the induction of 1.4 mM H,0O,, the
IL-8 content in cells significantly increased to 154.02 4 2.80 pg/mL (p < 0.05), compared
with that in the control group (110.92 + 2.52 pg/mL) (Figure 8D). Under the pretreatment of
five peptides (LMGPR, GFDGD, FGFDGDFE, GHNGLDGL, GPAGPQGPR), the intracellular
IL-8 content significantly reduced (p < 0.05), which indicated potential anti-inflammatory
and antioxidant effects.

In general, the five peptides exhibited good cellular antioxidant activities by up-
regulating the activity of intracellular antioxidant enzymes in reaction to hydrogen
peroxide-induced oxidative stress and decreasing the levels of MDA and IL-8, especially
FGFDGDE. The antioxidant peptides screened from YS could reduce oxidative damage
and inflammation, further exerting a certain protective effect on cells. However, in vitro
cell culture is usually carried out in a highly controlled environment, lacking a complex
physiological environment in the body, and cannot accurately simulate the absorption and
distribution of drugs in the body. So, further animal experiments and cellular markers
needed to be conducted to validate the antioxidant effects and specific mechanism of these
synthetic antioxidant peptides.

3. Materials and Methods
3.1. Materials and Reagents

Yak (Maiwa Yak) skins were collected and supplied from Plateau Song Food Co. Ltd.
in Hongyuan County, Aba Prefecture, Sichuan Province of China, and transported to the
laboratory through refrigeration under 20 °C. Trypsin (100,000 U/g) was purchased from
Nanning Donghenghuadao Biotechnology Co., Ltd. (Guangxi, China). 1,1-diphenyl-2-
trinitrophenylhydrazine (DPPH) was purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). 2,2'-diazo-bis (3-ethylbenzothiazolin-6-sulfonic acid) diammonium salt
(ABTS) was purchased from Keyuan Biochemical Co., Ltd. (Jinan, China). The HepG2 cell
was donated by the laboratory of Tianjin University of Science and Technology (Tianjin,
China). DMEM medium, fetal bovine serum (FBS), cell counting kit-8 (CCK-8), penicillin,
and streptomycin were purchased from Dalian Meilun Biotechnology Co., Ltd. (Dalian,
China). Phosphate-buffer saline (PBS) was purchased from Beijing Lanjieke Biotechnology
Co., Ltd. (Beijing, China). The superoxide dismutase (SOD) test kit, hydrogen peroxide
(CAT) test kit, malondialdehyde (MDA) test kit, and human interleukin 8 (IL-8) enzyme-
linked immunosorbent test kits were all purchased from Nanjing Jiancheng Co., Ltd.
(Nanjing, China). All other chemicals used were analytical grade.

3.2. Preparation of YSP by Enzymatic Hydrolysis

Enzymatic hydrolysis was adopted for the preparation of yak skin peptides (YSP).
After being thawed at 4 °C, the yak skin (YS) was removed from the hair and subcutaneous
connective tissue and cut into small pieces. After homogenization with water, YS powder
was prepared under 80 °C, drying for 3 h and then sifted through 60 mesh. Then the YS was
hydrolyzed at a ratio of powder-to-water of 1:30 (g/mL) using trypsin at a concentration
of 7200 U/g in a water bath at 54 °C for 3.2 h. Subsequently, the enzyme was deactivated
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under 100 °C for 10 min and the supernatant was collected by centrifugation at 3500 r/min
for 20 min. After being freeze-dried, the YSP was obtained and stored at —20 °C for use.

3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The secondary structure of YS and YSP was analyzed by Fourier transform infrared
spectroscopy (FTIR) with some modifications according to the previous scheme [51]. The
transparent film was prepared by mixing a 1 mg sample with 150 mg potassium bromide
and pressing the tablet. Then the infrared spectrum of the sample was recorded by 32 scans
at a resolution of cm~! in the range of 4000-500 cm~!. The data was analyzed using
OMNIC 8.2 software.

3.4. Scanning Electron Microscopy Analysis

Solid samples of YS and YSP were fixed on the slide with conductive adhesive. After
being coated with gold, the samples were observed using an emission scanning electron
microscope at a magnification of 1000x and an acceleration voltage of 20 kV.

3.5. Ultrafiltration Separation

The YSPs were separated by ultrafiltration membranes with molecular weight cutoffs
of 1 kDa, 3 kDa, and 10 kDa (TG 16.6, Lu Xiangyi Centrifuge Instrument Co., Ltd., Shanghai,
China). Four fractions with different molecular weight were obtained, including YSP-I
(<1 kDa), YSP-II (1-3 kDa), YSP-III (3-10 kDa), and YSP-IV (>1 kDa). Each fraction was
gathered separately and freeze-dried for further analysis (MODULYOD-230, Thermo Fisher
Technology Co. Ltd., Waltham, MA, USA).

3.6. Evaluation on the Free Radical Scavenging Activity
3.6.1. DPPH Radical Scavenging Activity

Slightly modified according to the previous method [52], the 100 uL sample solution
was mixed with 100 pL 0.1 mmol/L DPPH anhydrous ethanol solution and reacted in the
dark at room temperature for 30 min. Then the absorbance was measured at 517 nm. The
DPPH free radical scavenging rate of the sample was calculated by the formula below.

Ay — A,

DPPH radical scavenging rate(%) = <1 -
0

> x 100, 1)
where Al represented the absorbance value the sample reaction with DPPH anhydrous
ethanol solution; A2 represented the absorbance value of the sample’s reaction with an-
hydrous ethanol solution; AQ represented the absorbance of the reaction mixture solution
without the sample.

3.6.2. ABTS Radical Scavenging Activity

Slightly modified according to the previous method [53], 7.4 mmol/L ABTS solution
was mixed with the 2.6 mmol/L K;5,0g solution in equal volume, and then was kept in the
dark for 16 h. The ABTS working solution was obtained when the mixture was subsequently
diluted with anhydrous ethanol to adjust the absorbance to a range of 0.70 £ 0.02 at 734 nm.
Then, the sample solution of 40 pL was mixed with 160 pL. ABTS working solution and
reacted at room temperature for 10 min in the dark on 96 microporous plates. Meanwhile,
the sample was replaced with distilled water as the blank. The absorbance was measured
at 734 nm, and the ABTS radical scavenging rate of samples was calculated using the
formula below.

Ao — A
1

ABTS radical scavenging rate(%) = x 100, ()
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where A and A; represented the absorbance values of the blank and sample groups.

3.6.3. Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging activities of samples were performed as in the pre-
vious method with slight modifications [54]. Briefly, 6.0 mmol/L salicylic acid solution
and FeSOy solution were prepared, and 0.5 mL of each solution was added into a reaction
tube, followed by the addition of a 0.5 mL sample solution and a 0.5 mL HyO, solution of
6.0 mmol/L. After mixing, the reaction was conducted in a 37 °C water bath for 0.5 h, and
then the absorbance was measured at 510 nm. Meanwhile, the sample was replaced with
distilled water and used as the blank group, and H,O, was replaced with distilled water
and used as the control group. The hydroxyl radical scavenging rate of the sample was
calculated according to the formula below.

hydroxyl radical scavenging rate(%) = (1—AOAAl> x 100, 3)

where Ag, A1 and A represented the absorbance values of the sample group, blank group,
and control group, respectively.

3.7. Sequence Identification of YSP

The amino acid sequence of an ultrafiltration fraction with relatively high antioxidant
activity was identified by LC-MS/MS. The samples were uploaded by an autosampler
to Zorbax 300SB-C18 peptide traps (Agilent Technologies, Wilmington, DE, USA) and
separated on a liquid chromatography column (0.15 mm x 150 mm, RP-C18, Column
Technology luc., Lombard, IL, USA). The mobile phases consisted of phase A (water with
0.1% formic acid) and phase B (84% acetonitrile in water with 0.1% formic acid). The elution
gradient of phase B was increased linearly from 4% to 50% in 0-50 min, increased from
50% to 100% in 50-54 min, and then kept at 100% in 54-60 min. Subsequently, the samples
and their fragments were analyzed using a Q Exactive HF-X mass spectrometer (Thermo
Fisher, USA) with a positive ion for 60 min. The m/z of peptides and their fragments
were collected according to the 10 fragmentation profiles after each full scan. The amino
acid sequences of peptides were identified and quantified by searching the corresponding
database with MaxQuant 1.5.5.1.

3.8. Online Informatics Screening of Potential Antioxidant Peptides

Peptide sequences with high activity, non-toxicity, and good water solubility were
screened. The Peptide Ranker (http://distilldeep.ucd.ie/PeptideRanker/) (accessed on 18
November 2023) and ToxinPred (http://crdd.osdd.net/raghava/toxinpred/index.html)
(accessed on 18 November 2023) online programs were used to predict peptide bioactivity
probability and the toxicity of the peptides [55,56]. In addition, the water solubility of
peptides was also determined using the online computational tool Innovagen (http://
www.innovagen.com/proteomics-tools) (accessed on 18 November 2023) [31].

3.9. Molecular Docking of YSP with Keap1 Protein

The interactions between peptides and Keap1 protein were investigated by molecular
docking. Firstly, the 2D structural formula of peptides were drawn using Kingdraw Offical
4.0 software, and transformed into 3D structures by Kingdraw Offical 4.0 software. MM2
in the calculation function was selected for the energy minimization of peptides, then,
the small ligand molecules of peptides were obtained. The crystal structure of the Keap1-
Nrf2 complex (PDB ID: 2FLU) was obtained from the PDB protein database. Afterwards,
the molecular docking was performed using Autodock 4.2.3. Water molecules, small
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solvent molecules, Nrf2 16-mer peptides, and other ligands were removed from the protein
structure, and the protein was hydrogenated. The molecular docking mode was performed
based on semi-flexible molecular docking (CDOCKER), with the receptor protein set to rigid
and the ligand small molecule set to flexible [20]. The active pocket center coordinates were
x: 5,y:9,and z: 1, and the radius was 15 A. The CDOCKER_ENERGY value, interaction
sites, and intermolecular action forces were used to analyze the molecular docking results.
The 3D and 2D interactions between the peptides and Keapl were visualized using PyMol
2.5 software.

3.10. Synthesis of Antioxidant Peptides

The screened peptides with potential antioxidant activity were further synthesized
with purity over 90%, as in the solid phase method explored by Nanjing Yuan-Peptide
Biotechnology Co., Ltd. (Nanjing, China). Then the free radical scavenging activities and
cellular antioxidant activities of the synthesized peptides were evaluated.

3.11. Evaluation on the Cellular Antioxidant Activity of YSP
3.11.1. Cell Culture

HepG2 cells were cultured in DMEM growth medium supplemented with 10% FBS
and 50 U/mL penicillin-streptomycin in a culture flask. The flask was incubated in an
incubator of 5% CO, and kept at 37 °C. The culture medium was refreshed every 2-3 days.
Once the HepG2 cells adhered to the flask wall and achieved a coverage rate of over 85%,
the cells were digested using a 0.25% trypsin solution for passage.

3.11.2. Determination of Cell Viability

Cell viability was determined by the CCK-8 method. The synthesized peptides were
dissolved in DMEM growth medium containing 10% FBS with concentrations of 0.1, 0.2,
0.5,1.0, and 2.5 mg/mL. HepG2 cell suspensions were seeded in 96-well plates at a density
of 5 x 10* cells/mL with 200 pL in each well, and cultured for 24 h until the cell fusion
reached about 85%. After washing twice with PBS, 100 uL of each peptide solution was
added to the cells and incubated for 24 h. Finally, 90 uL of culture medium along with
10 puL of CCK-8 reagent were added to each well for a further 2 h incubation. Then the
absorbance of each well was measured at 450 nm using a microplate reader. Meanwhile, a
blank group without cells and a control group without peptides were established. The cell
viability was calculated using the formula below.

AS—AO

x 100 @)
As represented the absorbance of sample treatment, while Ay and Ac represented the
absorbances of the blank and control groups.

3.11.3. Establishment of Oxidative Stress Model in HepG2 Cells

HepG2 cells were cultured in 96-well plates at a density of 5 x 10* cells/mL for
24 h. After the medium was removed, 100 puL of complete medium containing different
concentrations of H,O, (800, 1000, 1200, 1400, 1600 uM) was added and incubated for 2 h.
After the medium was discarded, cell viability was determined using the CCK-8 assay to
establish the optimal H,O, concentration for inducing an oxidative stress model. The cells
without H,O, treatment were used as control group.

3.11.4. Treatment of Peptides on HyO,-Induced HepG2 Cells

HepG2 cells were cultured in 96-well plates at a density of 5 x 10% cells/mL for 24 h
until the cell confluence reached about 85%. After the medium was discarded, 100 pL
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peptides of different concentrations were added to the wells and cultured for an additional
24 h. After discarding the medium and then being washed, the cells were incubated with
100 pL of an appropriate concentration of HyO,. After incubation for 2 h, the supernatant
was collected, and the content of IL-8 was determined strictly, according to the kit instruc-
tions. Afterwards, the cells were washed twice with PBS, and then the cell viability was
measured. Alternatively, the cells were disrupted with 300 uL of cell lysate and centrifuged
at 6000x g at 4 °C for 15 min. The supernatant was collected and stored at —80 °C. The
protein concentration was determined using the Bio-Rad DC analysis with BSA as the
standard curve. In addition, the contents of SOD, CAT, and MDA in cell lysates were
determined in strict accordance with the kit instructions.

3.12. Statistical Analysis

All experiments were repeated at least three times, and the data were expressed as
mean =+ standard deviation. Prism 9 and PyMol 2.5 were used for statistical analysis and
data plotting. One way ANOVA was performed for significance difference analysis and
multiple comparison, where p < 0.05 represented a significant difference between the data.

4. Conclusions

In conclusion, YSP was prepared and analyzed using the LC-MS/MS technique in
this study. A total of 219 peptides were identified and five peptides with high scores
(LMGPR, GFDGD, FGFDGDF, GHNGLDGL, and GPAGPQGPR) were selected for ver-
ification through molecular docking prediction with Keapl. Through a HyO;-induced
oxidative HepG2 cell model, these five antioxidant peptides demonstrated a significant
protective effect by increasing the activity of intracellular antioxidant enzymes and reduc-
ing the levels of MDA and IL-8. Among them, FGFDGDF exhibited relatively strong free
radical scavenging activities and protective effects. These findings provide support for the
application of YSP as a new antioxidant in functional foods or in the treatment of diseases
related to oxidative stress. Future research may explore the application of YSP as a food
additive to enhance the taste, color, and nutritional value of food products. In the cosmetics
industry, YSP could serve as an active ingredient to augment the moisturizing, sunscreen,
and antioxidant properties of cosmetic formulations.
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Abstract: Neuropathic pain (NP) is a type of chronic pain resulting from injury or dys-
function of the nerves or spinal cord. Previous studies have shown that the combination
of ligustrazine (LGZ) and sinomenine (SIN) exerts a synergistic antinociceptive effect in
peripheral and central NP models. On this basis, a comprehensive analgesic evaluation
was performed in a chronic constriction injury (CCI)-induced NP model in rats. Sciatic
nerve histopathological changes were observed, and 22 cytokines and chemokines levels
were analyzed. We also combined network pharmacology and metabolomics to explore
their molecular mechanisms. Results showed that the combination of LGZ and SIN sig-
nificantly alleviated the pain-like behaviors in CCI rats in a time- and dose-dependent
manner, demonstrating superior therapeutic effects compared to LGZ or SIN alone. It
also improved pathological damage to sciatic nerves and regulated inflammatory cytokine
levels. Network pharmacology identified shared and distinct pain-related targets for LGZ
and SIN, while metabolomics revealed 54 differential metabolites in plasma, and 17 dif-
ferential metabolites in CSF were associated with the combined intervention of LGZ and
SIN. Finally, through an integrated analysis of the core targets and differential metabolites,
tyrosine metabolism, phenylalanine metabolism, and arginine and proline metabolism
were identified as potential key metabolic pathways underlying the therapeutic effects of
LGZ and SIN in CCI treatment. In conclusion, our study provides evidence to support the
clinical application of LGZ and SIN in the treatment of NP.

Keywords: neuropathic pain; ligustrazine; sinomenine; tyrosine metabolism; phenylalanine
metabolism

1. Introduction

Neuropathic pain (NP) is a chronic condition that is characterized by spontaneous
and evoked pain, including cold and mechanical allodynia. NP arises from injury or mal-
function of the nerves or the spinal cord, and is prevalent in clinical practice. It often occurs
secondary to conditions such as trauma, stroke, infection, diabetes, multiple sclerosis, and
cancer [1,2]. Globally, the incidence of NP accounts for 6.9% to 10% of the total popula-
tion [3]. NP leads to significant reductions in both quality of life and behavioral function,
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placing a heavy physical and psychological burden on patients [4]. The pathophysiology
of NP is complex and multifactorial. Despite the availability of various interventions based
on different mechanisms, the results of NP treatment are still unsatisfactory [5]. Commonly
used medications for NP, such as non-steroidal anti-inflammatory drugs and opioids, often
cause adverse effects, including dizziness, drowsiness, arrhythmias, and issues related to
tolerance when used alone [6]. Consequently, the development of combination therapies
targeting multiple analgesic mechanisms has become a promising strategy in the treatment
of NP. Indeed, clinical approaches to chronic pain often evolve from initial monotherapy to
combination therapy as a more effective means of addressing the complex nature of NP [7].

Traditional Chinese medicine (TCM) boasts an extensive history in the treatment of
NP, with many herbal medicines and their active compounds demonstrating analgesic
effects [8]. These therapies represent a rich source for the screening of potential combination
drugs for NP treatment. As reported, ligustrazine (LGZ) has exhibited therapeutic effects,
such as alleviating migraine [9] and spinal cord injury-induced NP [10], in various pain
animal models. Sinomenine (SIN) has demonstrated analgesic effects on inflammatory
pain [11], spared nerve injury-induced NP [12], and diabetic peripheral NP [13], exerting
both anti-inflammatory and analgesic mechanisms. Our previous studies have shown that
the combination of LGZ and SIN effectively alleviates pain in NP models, including sciatic
nerve injury, trigeminal neuralgia, and spinal cord injury [14]. Moreover, the combination
of LGZ and SIN exhibits a synergistic analgesic effect, allowing for a reduction in the
individual dosages of each compound. Both LGZ and SIN have been reported to have
numerous potential targets and pathways, but the specific mechanisms underlying their
analgesic effects in NP remain unclear.

Network pharmacology is used to analyze the relationships between drugs, targets,
and diseases through network-based approaches, making it particularly well-suited for
elucidating core targets and pathways in treating complex diseases via TCM, which has
“multi-target” and “multi-pathway” characteristics [15]. Through offering a systems-level
perspective, network pharmacology uncovers the potential molecular mechanisms of
TCM, shedding light on its holistic therapeutic effects [16,17]. Metabolomics, an essential
component of systems biology, utilizes high-throughput and highly sensitive instruments to
conduct comprehensive profiling of the endogenous components within biological samples.
Through integrating multivariate statistical methods, metabolomics can reveal changes
in endogenous metabolites under various physiological, pathological, or toxicological
conditions [18], enabling the identification of the key metabolic pathways within the
organism [19]. Therefore, the integration of metabolomics with network pharmacology
can provide a more comprehensive understanding of the metabolic pathways and network
regulatory mechanisms of the combined therapy in treating complex diseases.

In this study, we employed network pharmacology to predict the potential targets
of LGZ and SIN in treating pain-related diseases, systematically analyzing both their
shared and distinct targets. Subsequently, the analgesic effects of LGZ, SIN, and their
combination at different time points and dosages were evaluated in a chronic constriction
injury (CCI)-induced NP model in rats. Furthermore, the key metabolites in the plasma
and cerebrospinal fluid (CSF) were identified and quantified using LC-MS metabolomics
technology. Finally, a joint analysis of the potential targets and key metabolites was
performed to determine the critical metabolic pathways through which LGZ and SIN exert
their therapeutic effects in NP. This study aimed to elucidate the molecular mechanisms
underlying the combined use of LGZ and SIN in treating NP. Additionally, this research
aimed to offer new experimental evidence to support the clinical combined application of
LGZ and SIN in treating NP.
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2. Results

2.1. The Combination of LGZ and SIN Pharmacological Effects on CCI Rats
2.1.1. General Animal Condition

Following CCI surgery and treatment, all of the rat groups exhibited an upward trend
in body weight (Figure 1A). After administration, the model group had a slower weight
gain than the sham group. Conversely, all treated groups exhibited greater body weight
gain compared to the model group, with the LGZ+SIN high-dose group showing the most
significant increase. These findings suggested that the combined treatment of LGZ and SIN
has a restorative effect on the overall status of CCI rats. No significant toxic effects were
observed in any of the groups throughout the experiment.
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Figure 1. The analgesic effects of different doses of SIN + LGZ (LGZ 25 mg-kg_1 .d~1 + SIN
25 mg-kg~!-d~!; LGZ 50 mg-kg~!'-d~! + SIN 50 mg-kg~!-d~!; and LGZ 100 mg-kg~!-d~! + SIN
100 mg-kg~!-d~1), SIN (100 mg-kg~'-d~!), and LGZ (100 mg-kg~!-d~!) in CCI rats following in-
tragastric administration on days 1, 2, and 3. (A) Body weight gain percentages. (B) Mechanical
withdrawal threshold (MWT) values after administration over 3 days of treatment. (C) The AUC
of the MWT values on the third day of treatment. (D) The AUC of the MWT values per day over 3
days of treatment. (E) The cold allodynia score over 3 days of treatment. (F) The incapacitance score
over 3 days of treatment. * p < 0.05, * p < 0.01, ¥ p < 0.001 and *# p < 0.001 (compared to the sham
group). * p < 0.05, ** p < 0.01, and *** p < 0.001 (compared to the model group).
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2.1.2. The Combination of LGZ and SIN Improve the Pain-Related Behaviors in CCI Rats

The mechanical withdrawal threshold (MWT) results indicated that, as early as 0.5 h
post-administration, the LGZ+SIN, LGZ, and SIN groups significantly increased MWT,
peaking at 4 h, with statistically significant differences. The pain-relieving trend remained
consistent across all treatment groups on days 1, 2, and 3 post-treatment (Figure 1B). To
further quantify the effects, we calculated the area under the curve (AUC) of the MWT
values at 0, 0.5, 2, 4, and 6 h post-treatment. The MWT values were measured on the first,
second, and third days after administration, and they were used to calculate the AUC for
the LGZ+SIN high-dose, LGZ, and SIN groups. The results showed that the AUC for the
MWT values in the LGZ+SIN groups was consistently superior to that of either the LGZ or
SIN groups alone on all days of administration (Figure 1C). Furthermore, the LGZ+SIN
high-dose group increased the AUC for MWT more than LGZ+SIN medium- or low-dose
group on the third day of treatment (Figure 1D). These results suggest that the combined
use of LGZ and SIN effectively alleviated mechanical pain in CCl rats, delivering a superior
effect compared to the individual use of LGZ or SIN.

The cold allodynia test results (Figure 1E) revealed that, during the administration
period, the cold pain scores of the model group were significantly higher than those of the
Sham group (p < 0.001), indicating hypersensitivity to cold pain in the CCI rats. Over the
3-day treatment period, the cold pain sensitivity scores in the LGZ+SIN and SIN groups
showed a decreasing trend compared to the model group. On the third day of adminis-
tration, the cold pain score in the LGZ+SIN high-dose group was significantly reduced
(p < 0.05). These results suggest that the combined use of LGZ and SIN has a significant
effect in alleviating the cold pain sensitivity in CCI rats. As shown in Supplementary
Figure S1, the cold allodynia score in the LGZ+SIN groups decreased significantly at 4 h
post-administration, especially in the LGZ+SIN high-dose group. The results indicate that
the combination of LGZ and SIN has the best effect after 4 h of administration.

The results of the incapacitance test (Figure 1F) showed that, compared to the sham
group, the model group had a significantly reduced incapacitance score (p < 0.01), indicating
the presence of spontaneous pain in the CCI rats. Compared to the model group, the
incapacitance score in the LGZ+SIN, LGZ, and SIN groups showed an increasing trend
following treatment, with more pronounced improvements on the second and third days
of administration. These results suggested that the combined use of LGZ and SIN might
alleviate spontaneous pain in CCI rats.

2.1.3. The Combination of LGZ and SIN Alleviates the Pathological Structure of the
Sciatic Nerves

H&E staining of the sciatic nerves revealed that the sciatic nerve fibers in the sham
group rats had a regular, evenly distributed structure, with tightly arranged, intact myelin
sheaths. In contrast, the model group rats showed a loose, sparse arrangement of sciatic
nerve fibers, with deformed myelin sheaths and a significant infiltration of inflammatory
cells. The sciatic nerve structure in the LGZ group was closer to normal, with a more
orderly arrangement. Although demyelination was present, it was less severe than in the
model group, indicating a degree of pathological recovery. Both the LGZ+SIN and SIN
groups exhibited varying degrees of disorganized nerve fiber arrangement, demyelination,
and inflammatory cell infiltration, but the extent of these changes was milder than in the
model group (Figure 2A). These results suggest that the combined use of LGZ and SIN,
LGZ, and SIN has a beneficial effect on the pathological repair of the sciatic nerves in
CCI rats.
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Figure 2. LGZ+SIN-attenuated, CCl-induced sciatic nerve injury. (A) Representative images of HE
staining of sciatic nerves. The red frame in the left images are enlarged and displayed on the right
side. (B) Correlation coefficient chart between MWT values and 22 cytokines and chemokines. The
size of the dots represents the strength of the association between the MWT values and 22 cytokines
and chemokines; a larger dot indicates a stronger correlation. The color represents the p-value,
with redder colors indicating larger p-values. (C) Inflammatory factor changes in a plasma sample.
(D) Inflammatory factor changes in a sciatic nerve sample. # p < 0.05, and # p < 0.01 (compared to the
sham group).

2.1.4. The Combination of LGZ+SIN Alter the Plasma and Sciatic Nerve Inflammatory
Cytokine and Chemokine Levels in CCI Rats

As shown in Figure 2B, we performed a correlation analysis of 22 cytokines and
chemokines with MWT. The results indicate that MIP-1¢, IL-13, IL-13, IP-10, IL-2, MCP-3,
rates are negatively correlated with MWT, while IL-6, IL-5, IL-12p70, GRO«, IL-4, IL-17A,
IL-10, MIP-2, and others are positively correlated with MWT.

The concentrations of TNF-¢, IL-1f3, IL-2, and MIP-2 in the plasma of each group
(Figure 2C) showed that, compared to the sham group, the model group had higher levels.
After three days of treatment, the LGZ+SIN group exhibited a decreased level compared to
the model group. Additionally, the concentrations of IL-10 in the model group decreased
compared with the sham group. After treatment, the LGZ+SIN group decreased. These
results suggest that the combined use of LGZ and SIN has a beneficial effect in alleviating
plasma inflammation in CCI rats.
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The concentrations of IL-1f3, IL-6, and TNF-« in the sciatic nerves of each group
(Figure 2D) showed that, compared to the sham group, the model group had higher levels
of IL-1p3, IL-6, and TNF-«. After three days of treatment, the LGZ+SIN group exhibited a
decreased level in the sciatic nerves compared to the model group. These results suggest
that the combined use of LGZ and SIN has a beneficial effect in alleviating sciatic nerve
inflammation in CClI rats.

2.2. Results of Network Pharmacology Analysis
2.2.1. Potential Targets of LGZ and SIN in Pain Treatment

A compound target database search and screening identified 29 targets for LGZ
and 100 targets for SIN. The GeneCards database revealed a total of 12,990 pain-related
targets, with relevance scores ranging from a maximum of 100.27 to a minimum of 0.08.
Targets with scores above the median were screened, resulting in 3303 pain-related targets.
After merging the results from multiple databases and removing duplicates, a final set of
3303 disease-related targets was obtained.

The target information of the compounds was intersected with disease-related target
genes on the GeneCards database, and a Venn diagram was constructed (Figure 3A). This
intersection revealed 22 pain-related targets for LGZ, 58 pain-related targets for SIN, and
8 common targets shared by both compounds. Among these, 16 specific targets were
identified for LGZ, and 52 unique targets were identified for SIN. These intersected genes
were then entered into the STRING 11.0 platform to construct interaction networks based
on protein—protein interactions (Figure 3B).

This analysis revealed that LGZ and SIN exerted their analgesic effects through six key
targets: CA2, MPO, HTR6, MAOA, GSK3B, and BDKRB2. Additionally, both compounds
exhibited analgesic effects through their respective specific targets.

2.2.2. Pain-Relieving Pathways and Biological Function Differences Between LGZ and SIN

LGZ and SIN exhibited certain differences in their pain-relieving pathways and bi-
ological functions. The core targets of both compounds were analyzed using Metascape,
and KEGG and GO functional enrichment analyses were performed (p < 0.01). The top 30
GO terms were selected for the bar chart, and the top 20 KEGG pathways were visualized
in a bubble chart (Supplementary Figure S2A,B).

According to the KEGG analysis, the primary targets of LGZ are related to the nervous
system (dopaminergic), signaling pathways (synapse neuroactive ligand-receptor inter-
action, hedgehog signaling pathway, and ErbB signaling pathway), the immune system
(B cell receptor signaling pathway), and the endocrine system (prolactin signaling path-
way). It also modulated the amino acid metabolism pathways such as tyrosine metabolism
and tryptophan metabolism to exert its analgesic effect. Additionally, SIN exerted its
analgesic effects by modulating signaling pathways (PI3K-Akt signaling pathway, TNF
signaling pathway, sphingolipid signaling pathway, and ErbB signaling pathway), the
nervous system (dopaminergic), the immune system (IL-17 signaling pathway and T cell re-
ceptor signaling pathway), and the endocrine system (prolactin signaling pathway, insulin
signaling pathway, growth hormone synthesis, secretion, and action).

Venn diagram analysis revealed that LGZ and SIN share six common analgesic tar-
gets. By integrating these targets with the KEGG analysis, their intersecting genes pri-
marily exerted analgesic effects by influencing the nervous system (serotonergic synapse
and dopaminergic synapse), signaling pathways (calcium signaling pathway, neuroactive
ligand-receptor interaction, and hedgehog signaling pathway), and the endocrine system
(prolactin signaling pathway). These pathways, along with energy metabolism and amino
acid metabolism pathways, were key to their analgesic effects.
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Figure 3. Exploring the effects of LGZ and SIN on pain based on network pharmacology. (A) Venn
diagram. (B) Protein—-protein network diagram. (C) Target-pathway networks of LGZ and SIN
through KEGG enrichment analysis of the targets.

To further clarify the combination pathways of LGZ and SIN for treating NP, all of the
targets were mapped onto KEGG pathways to identify the pathways with p < 0.05. The
pathways were selected, resulting in a target-pathway network (Figure 3C). The results
showed that LGZ and SIN shared eight signaling pathways. These results demonstrated
that the combined treatment of LGZ and SIN for NP was a form of combination therapy.

In summary, LGZ and SIN share six common pain-relieving target genes: CA2, HTR6,
MAOA, GSK3B, BDKRB2, and MPO. An analysis of the core targets revealed that both
compounds primarily affect the nervous system, immune system, and signaling pathways
to exert their analgesic effects. However, a closer examination of the intersecting genes
reveals that HTR6 and BDKRB2 are highly expressed in signaling pathways, while CA2
shows strong expression in the neuroactive ligand-receptor interaction pathway. Further-
more, the biological processes of these common genes suggest that they mainly influence
neurotransmitter breakdown and ion transport processes. This indicates that the combined
use of LGZ and SIN might, to some extent, enhance the neuroprotective and signaling
function of the system.
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2.3. Metabolomic Analysis

A widely targeted metabolomics approach was employed to investigate the therapeu-
tic mechanism of the combined use of LGZ and SIN, as well as their individual applications
on CCI rats. To gain more detailed insights, plasma and CSF samples were analyzed
separately, in both positive and negative ion modes. The results from the positive and
negative ion detection were subsequently merged and further analyzed to explore the
underlying therapeutic mechanisms of treatment.

2.3.1. Differential Metabolites Analysis

Principal component analysis (PCA) was performed on the data from each group. The
PCA score plot revealed that the QC samples exhibited excellent stability, indicating that
the analytical system had strong reliability, and that the experimental data were of high
quality. This suggests that the data met the criteria for metabolomics analysis. The details
can be found in Supplementary Figure S3.

Orthogonal partial least squares discriminant analysis (OPLS-DA) was used to further
identify the potential biomarkers between the groups in the plasma and CSF samples,
respectively (Figure 4A,B). The OPLS-DA score plots clearly distinguished between the
groups, indicating significant differences in metabolic profiles and suggesting that endoge-
nous metabolites underwent noticeable changes among the groups.

107
Group — Gi - Groul
Group roup ° P
h ~ 2 3
: hsmad':‘ < @LGZSIN & ® L6z BN ® SN
51 © ® Model ~ 5 ® wodel o 57 @ Model
L s A -
., ~ g S c . :
. o o 3 i * £ . °
i € 5] °
0 0 5 o ° [ 2o . L] 2o [} c
2 5] o o .
oo 1] Y a . a
o £ . £ .
-5 3 8 3
- . .
o ® 5 -5
=0 0 5 10 -10 = 3 : o % 3 T ) 3 3
Component 1 ( 49.89 Y )
P (49.8%) Component 1 (50.5% ) Component 1 (46.6% ) Component 1 (47.7% )
6+
Group . Grow —~ Group = Group
@ Sham o & B ® LGz 2 @ SIN
44 R @LGZ+SIN & &
@ Model & : Model > 5y Model
& . @ Model o 8 ® Model 2 ® Model
21 - - NS
- ~ o~ o
e o2 N € o ° z . e
0+ L . = . o, @ ® L 5] e
N g 4 . . 2 o 2 c o (Y Y
s . ¢ < . ) < . L
£ -2 o E £ o
8 © o
-4 -5 -5
T T T T T -6
-4 -2 0 2 4 o 5 3 3 " % 4 2 0 3 a 6 4 2 0 p) 4
9 o o
Component 1 (46.2% ) Component 1 (51.7% ) Component 1 (51.8% ) Component 1 (47.7% )
Model vs Sham LGZ+SIN vs Model LGZ vs Model SIN vs Model
s Statistics s | sttistics . Statistics 3 Statistics
Le © Down:6 © Up:35 w0 ° Up23 28 o o Up:tt
o ° Up:26. * Down:19 _  Down:17 © Down:12
® e Insignificant:382 & 4+ . Insignificant:360 g 5.5+ Insignificant:374 g, . Insignificant:391
E] s 3
. x . VIP g ¢ e vIP i . viP g Nl e viP
o - 00 4 - 00 > . <00 s X 200
PC 08 > 06 S5 . : 215 o w e .
Bde o ° g o g e o 0 06 g 006
012 g, -~ 7.' 012 7 20] Wit 013 3 012
018 ) P 018 8] o i o 019 10 017
023 wY Rer 024 : ) 025 023
14 104 05
054
-25-20-15-10-05 00 05 10 15 20 25 U z 3 -25-20-15-10-05 00 05 10 15 20 25 30 -20-15-10-05 00 05 10 15 20 25 30
Log,FC Log,FC Log,FC Log,FC
Model vs Sham LGZ+SIN vs Model LGZ vs Model SIN vs Model
. Statistics 2] ® Statistics s . Statistics . Statistics
© Down:7 o Upit3 o Up:16 o Up:9
° Up3 el © Down:4 __ 4o o o Down:5 20 « Down5
Insignificant:304 g Insignificant:297 g Insignificant:203 g Insignificant:300
E] E] 22
. viP £ vIP [ o o vp 2 vIP
LI . .00 <., . o 500 < .00 20 . . .00
. . 007 Lg‘ ° 0.8 é“ﬁ © 2 0.7 2 ovue 2 0.7
013 T 4l ° 16 T 20 . o ° 14 T s - ° % o 14
© 20 024 o 022 022
026 24 . 033 5 e 029 10 029
10
] 05
05
B S I T B R T B B 5% o8 1 3 3 4 3 A
Log,FC Log,FC Log,FC Log,FC

Figure 4. Cont.
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Figure 4. The metabolite changes in CCI rats following LGZ+SIN intervention. (A) Results of the
OPLS-DA scores’ scatter plot of the plasma samples. (B) Results of the OPLS-DA scores’ scatter plot
of the CSF samples. (C) Volcano plot of the metabolites in the plasma samples. (D) Volcano plot of
the metabolites in the CSF samples. (E) Top 15 enriched pathways for differential metabolites upon
plasma samples. (F) Top 15 enriched pathways for differential metabolites upon CSF samples. Data
were analyzed by MetaboAnalyst 6.0 using KEGG metabolite sets library.

To assess the robustness and validity of the OPLS-DA models, a random permutation
test (n = 200) was performed (Supplementary Figure S4). The results indicate that none
of the models were overfitted, confirming that the modeling outcomes were reliable. A
model is considered valid when both the R?Y and Q? values are greater than 0.5, which
demonstrates good predictive power and confirms that the data are reliable.

To further validate the results, a t-test was conducted to examine whether significant
differences existed between the groups. Differential metabolites between the sham and
model groups, as well as between the treatment groups and the model group, were identi-
fied. As shown in Figure 4C,D, the metabolites that increased significantly (p < 0.05) with
a FC > 1.2 are marked in red, and metabolites that decreased significantly (p < 0.05) and
exhibited a FC < 0.83 are marked in green.

In the plasma samples, a total of 32 differential metabolites were identified between
the model and sham groups, with 26 metabolites upregulated and 6 downregulated. Com-
pared to the model group, 54 differential metabolites were identified in the LGZ+SIN
group, including 35 upregulated and 19 downregulated. In the LGZ group, 40 differential
metabolites were detected compared to the model group, with 23 upregulated and 17 down-
regulated. In the SIN group, 23 differential metabolites were identified compared to the
model group, with 11 upregulated and 12 downregulated. From the perspective of the
number of differential metabolites, the LGZ+SIN group exhibited a total of 54 differential
metabolites, which was 14 more than those in the LGZ group and 31 more than those in
the SIN group. In the CSF samples, 10 differential metabolites were identified between
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the model and sham groups, with 3 metabolites upregulated and 7 downregulated. In the
LGZ+SIN group, compared to the model group, 17 differential metabolites were identified,
with 13 upregulated and 4 downregulated. In the LGZ group compared to the model group,
21 differential metabolites were identified, with 16 upregulated and 5 downregulated. In
the SIN group, 14 differential metabolites were identified, with 9 upregulated and 5 down-
regulated. From the perspective of the number of differential metabolites, the LGZ+SIN
group had a greater effect on the changes in the metabolic profile in CSE.

We performed correlation analysis between differential metabolites and MWT in
plasma and CSF of the LGZ+SIN group, respectively (Supplementary Figure S5A,B). As
shown in the figure, the differential metabolites in plasma, including phenylacetaldehyde,
L-Ornithine, and 5-hydroxytryptophan, were significantly correlated with MWT (Mantel’s
r > 0.4, p <0.01). Similarly, the differential metabolites in CSF, including N, N-dimethyl-1,4-
phenylenediamine, L-gulose, dethiobiotin, and phenylpyruvate, also showed significant
correlations with MWT (Mantel’s r > 0.4, p < 0.01). Additionally, we performed corre-
lation analysis between the differential metabolites and 22 cytokines and chemokines in
the plasma and CSF of the LGZ+SIN group (Supplementary Figure S5C,D). Differential
metabolites in plasma, including 1-aminocyclopropanecarboxylate, succinate semialde-
hyde, pentanoate and cortexolone, were correlated with cytokines and chemokines (Man-
tel'sr > 0.4, p < 0.05). And riboflavin in CSF was correlated with cytokines and chemokines
(Mantel’s r > 0.4, p < 0.01). These results suggest that changes in differential metabolites
are closely associated with pain-like behavior and inflammatory factors in plasma.

2.3.2. Metabolomic Pathway Analysis

To identify the metabolic pathways most relevant to the pain-relieving effect of the
combined use of LGZ and SIN in CCI rats, MetaboAnalyst 6.0 software was used to analyze
the metabolic pathways. Pathways with an impact value (impact > 0) were selected as the
screening criterion.

In the plasma samples, the model group primarily interfered with 28 metabolic path-
ways, including tyrosine metabolism; phenylalanine, tyrosine and tryptophan biosynthesis;
and beta-alanine metabolism, which contribute to the development of neuropathic pain
and related symptoms. The LGZ+SIN group primarily modulated 29 metabolic pathways,
including arginine and proline metabolism, phenylalanine metabolism, phenylalanine, ty-
rosine and tryptophan biosynthesis, arginine biosynthesis, alanine, aspartate and glutamate
metabolism, beta-alanine metabolism, and tyrosine metabolism. The LGZ group primarily
modulated 28 pathways, including arginine biosynthesis, arginine and proline metabolism,
and phenylalanine metabolism. The SIN group primarily regulated 14 pathways, including
cysteine and methionine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis,
phenylalanine metabolism, and arginine biosynthesis. From the perspective of the number
of metabolic pathways regulated, the LGZ+SIN group influenced one more pathway than
LGZ and fourteen more than SIN. Moreover, LGZ+SIN regulated several metabolic path-
ways that involved four or more differential metabolites, facilitating the identification of
key metabolic pathways (Figure 4E).

In the CSF samples, the model group primarily modified three pathways, including
tyrosine metabolism and purine metabolism, contributing to the occurrence of neuropathic
pain-related symptoms. The LGZ+SIN group primarily modulated 12 pathways, including
tyrosine metabolism, riboflavin metabolism, and phenylalanine metabolism. The LGZ
group regulated 11 pathways, including tyrosine metabolism, riboflavin metabolism, and
tryptophan metabolism. The SIN group primarily affected five pathways, including purine
metabolism (Figure 4F).
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Based on these results and in conjunction with the KEGG database, the key metabolic
pathways involved in LGZ and SIN intervention in NP include the tyrosine metabolism
pathway and the phenylalanine metabolism pathway (Figure 5).
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Figure 5. LGZ and SIN intervened in the key metabolic pathways of the CCI rats. Orange circles
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not different.

2.3.3. The Combination of LGZ and SIN Altered the Metabolic Profile of CCI Rats

In the plasma samples, LGZ+SIN significantly increased the levels of 5-hydroxytryptophan,
normetanephrine, anserine, and carnosine, while significantly reducing the levels of
phenylpyruvate and N-methylaspartate. Additionally, LGZ+SIN significantly increased
the levels of epinephrine, tryptophan, and spermine, while decreasing the levels of 3-
methoxy-4-hydroxymandelate and N-acetylphenylalanine. LGZ significantly increased the
levels of 5-hydroxytryptophan and notably decreased the levels of 5-hydroxytryptophol
and 3-methoxy-4-hydroxymandelate. LGZ also increased the levels of epinephrine,
normetanephrine, tryptophan, spermine, anserine, and carnosine, while decreasing the
levels of phenylpyruvate, N-acetylphenylalanine, and N-methylaspartate. SIN significantly
elevated the levels of 5-hydroxytryptophan, epinephrine, tryptophan, spermine, anserine,
and carnosine, while notably decreasing the levels of 3-methoxy-4-hydroxymandelate, N-
acetylphenylalanine, and N-methylaspartate. In the targeted analysis of neurotransmitter-
related metabolites in plasma samples, LGZ+SIN significantly decreased the levels of 4-
aminobutyric acid and serotonin, while notably improving the levels of 3-methoxytyramine,
5-hydroxytryptophan, choline, dopamine, glutamine, picolinic acid, and quinolinic acid.
LGZ and SIN both significantly decreased the levels of 4-aminobutyric acid. LGZ also sig-
nificantly reduced the level of dopamine, while improving the levels of 3-methoxytyramine,
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aspartate, choline, glutamine, norepinephrine, picolinic acid, quinolinic acid, serine, and

serotonin. SIN notably improved the levels of 3-methoxytyramine, aspartate, dopamine,

glutamate, glutamine, kynurenine, norepinephrine, phenylalanine, quinolinic acid, and

serotonin (Figure 6A).
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In the CSF samples, the combination of LGZ and SIN significantly rebalanced the
levels of 3-(4-hydroxyphenyl) pyruvate and normetanephrine, and notably adjusted the
levels of dopamine and L-dopa, while reducing the level of N-methyl-L-glutamic acid.
LGZ significantly reduced the level of N-methyl-L-glutamic acid, while also rebalancing
3-(4-hydroxyphenyl) pyruvate and reducing 3-nitrotyrosine, dopamine, and L-dopa levels.
SIN significantly rebalanced normetanephrine levels, and notably adjusted the levels of
L-dopa and N-methyl-L-glutamic acid (Figure 6B).

2.4. Joint Pathway Analysis

Using the “Joint-Pathway Analysis” module in MetaboAnalyst 6.0, we conducted
an association analysis between the 34 core targets of LGZ and SIN, as predicted by net-
work pharmacology, and the differentially regulated metabolites identified in plasma
metabolomics following their combined administration (Figure 7A). The analysis identified
11 pathways with a p < 0.05, among which five pathways were enriched with both network
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pharmacology targets and differential metabolites from metabolomics. These pathways in-
cluded arginine and proline metabolism, phenylalanine metabolism, arginine biosynthesis,
histidine metabolism, and tyrosine metabolism. Further analysis of nine core targets of LGZ
with the plasma differential metabolites revealed five pathways with a p < 0.05, of which
two pathways—phenylalanine metabolism, and arginine and proline metabolism—were
enriched with both targets and metabolites. For SIN, the analysis of its 25 core targets
with plasma differential metabolites resulted in eight pathways with a p < 0.05, with three
pathways simultaneously enriched with network pharmacology targets and metabolomics
with differential metabolites. These included arginine and proline metabolism, arginine
biosynthesis, and tyrosine metabolism.

These combined findings suggest that the phenylalanine metabolism, tyrosine
metabolism, and arginine and proline metabolism pathways may be key metabolic path-
ways in the pain-relieving effects of LGZ and SIN. LGZ may primarily influence the tyrosine
metabolism in the cerebrospinal fluid and phenylalanine metabolism in the plasma, while
SIN appears to mainly regulate the tyrosine metabolism in the plasma.

The analysis of the number of pathways with a p < 0.05, enriched by both network
pharmacology and plasma metabolomics, showed that LGZ+SIN regulated six more path-
ways than ligustrazine and three more than SIN. Furthermore, LGZ+SIN enriched three
more pathways, with both network pharmacology targets and differential metabolites
compared to LGZ and two more than SIN.

An association analysis of the 34 core targets of LGZ and SIN, as predicted by net-
work pharmacology, with the differentially regulated metabolites in CSF metabolomics
following LGZ+SIN treatment was conducted (Figure 7B). The results revealed eight
pathways with a p < 0.05, of which three pathways—tyrosine metabolism; phenylalanine
metabolism; and glycine, serine, and threonine metabolism—were significantly enriched
with both network pharmacology targets and differential metabolites. These three
pathways were considered the primary metabolic pathways through which LGZ+SIN
regulates pain. Among these, tyrosine metabolism contained the highest number of
targets and differential metabolites, indicating its pivotal role. For LGZ, the association
analysis with the CSF metabolites revealed three pathways with a p < 0.05, with only
one pathway (tyrosine metabolism) being enriched with both network pharmacology
targets and differential metabolites. For SIN, the analysis showed five pathways with a
p < 0.05, but none of these pathways were enriched with both network pharmacology
targets and CSF differential metabolites.

Overall, pathway enrichment analysis demonstrated that LGZ+SIN regulated more
pathways with a p < 0.05 than either LGZ (by five pathways) or SIN (by three pathways).
Additionally, pathways enriched with both network pharmacology targets and differential
metabolites were more abundant in LGZ+SIN, with three more pathways than LGZ and
two more pathways than SIN.
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Figure 7. Joint pathway analysis: matched targets and metabolites. (A) Joint pathway analysis
of the plasma samples. (B) Joint pathway analysis of the CSF samples. The size of the bubbles
represents the number of enriched metabolites—the larger the bubble, the greater the number of
enriched metabolites. The color of the bubbles indicates enrichment significance, where a darker

color represents a smaller p-value and higher significance.
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3. Discussion

NP is a secondary condition associated with various clinical disorders which signif-
icantly impacts the quality of life of patients. However, the precise pathogenesis of NP
remains poorly understood and involves complex interactions between multiple signaling
pathways. Currently, several widely accepted mechanisms are believed to contribute to
the development of NP, including inflammation, peripheral sensitization, central sensi-
tization, dysfunction of the descending inhibitory system, and changes in ion channels.
Clinical metabolomics studies have recently reported significant alterations in the plasma
metabolite profiles of patients with NP, particularly in the levels of amino acid analogs
such as histidine, asparagine, glutamine, tyrosine, phenylalanine, proline, and choline [20].
Furthermore, phenylalanine and tyrosine levels in the CSF of patients with localized pain
syndromes have been shown to be markedly elevated [21]. Some important metabolites,
such as tyrosine, purine, asparagine, histidine, serine, and glutamate, have been shown
to be involved in the onset and development of neuropathic pain [22]. Therefore, explor-
ing pathological mechanisms from the perspective of metabolomics, identifying clinical
biomarkers, and further developing therapeutic drugs are highly necessary.

Multi-drug combination therapies, encompassing both combined pharmaceutical
agents and multi-target TCM, can partially address clinical treatment needs. Chuanxiong
Rhizoma, derived from the rhizome of Ligusticum chuanxiong Hort., has been widely used
in traditional medicine since the Han dynasty (~1800 years ago), though it is typically
employed as an adjunctive or supporting medicine according to TCM theory. Its formu-
lations, such as ligustrazine injection and salvia miltiorrhiza ligustrazine injection, are
primarily used in China for the treatment of occlusive cerebrovascular diseases [23,24].
Sinomenii Caulis, sourced from the stems of Sinomenium acutum (Thunb.) Rehd. et Wils.,
is used clinically for the treatment of rheumatism, rheumatoid arthritis, and related pain
symptoms [25,26]. Chuanxiong Rhizoma and Sinomenii Caulis, widely used in clinical
practice as TCM, have long been recognized for their substantial efficacy in treating various
pain-related conditions. Based on these findings, we selected their active components, LGZ
and SIN, for combined application, to explore their potential therapeutic effects on NP.
These natural products, or TCM, frequently exhibit multi-target properties, complicating
the precise identification of their therapeutic effects [27]. However, for drugs with unclear
mechanisms of action, identifying their key therapeutic targets is essential.

In previous studies, we investigated the analgesic effects of the combined use of
LGZ and SIN in models of inflammatory pain, sciatic nerve injury, and spinal cord in-
jury NP [14]. Given that the CCI model simulated both neuropathic and inflammatory
pain characteristics, we examined the analgesic effects of LGZ and SIN, both in combi-
nation and individually, in the CCI model rats to comprehensively assess the benefits
of their combined use. In previous research, LGZ and SIN have been administered via
intraperitoneal injection [12], even though both have established oral administration pro-
tocols [28,29]. Therefore, in this study, we evaluated the analgesic effects of the oral
administration of LGZ and SIN in combination. Additionally, the experimental design
evaluated the analgesic effects of different time points (0, 0.5, 2, 4, and 6 h), dosages
(LGZ 25 mg-kg~1-d~! + SIN 25 mg-kg~!-d~1; LGZ 50 mg-kg~'-d ! + SIN 50 mg-kg~'-d~!;
and LGZ 100 mg-kg~!'-d~! + SIN 100 mg-kg~'-d~!) and days (1, 2, and 3 days) for both
combined and single-drug treatments to comprehensively characterize the analgesic prop-
erties of the LGZ-SIN combination. Results from the MWT test, cold allodynia test, and
incapacitance test demonstrated that both the combined and individual treatments of LGZ
and SIN effectively alleviated mechanical allodynia, cold pain sensitivity, and spontaneous
pain in CCl-induced NP. Furthermore, the combination of LGZ and SIN exhibited signifi-
cant greater analgesic effects than single-drug treatments, reinforcing the rationale for their
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combined use. We also found a dose dependence of the combination of LGZ and SIN in
the MWT test. Moreover, the results suggested that the combined use of LGZ and SIN also
had beneficial effects on plasma inflammation, sciatic nerve inflammation and repair in
CClI rats. Clinical studies have shown that IL-6 levels are elevated in the plasma of NP
patients, which is consistent with the trend observed in our CCI rat model, where IL-6
levels were detected in both the sciatic nerve and plasma. However, we did not observe a
significant change in IL-6 levels, which may be attributed to the relatively short treatment
duration, which may not have allowed sufficient time for the drug’s regulatory effects to
fully manifest [30].

Following the evaluation of LGZ, SIN, and their combination, we conducted network
pharmacology and metabolomics studies to explore their potential mechanisms in treating
NP. The network pharmacology approach elucidated the analgesic mechanism of LGZ and
SIN by examining their individual contributions. First, both LGZ and SIN demonstrated
multi-target properties. Second, pathway analysis confirmed that both LGZ and SIN
could regulate multiple signaling pathways to exert their synergistic effects. Based on
network pharmacology results, modulation of the tyrosine metabolism and phenylalanine
metabolism pathways may be the key mechanisms through which the combined use of
LGZ and SIN exerted its analgesic effects. In addition, the combination of LGZ and SIN
regulate arginine and proline metabolism, as well as histidine metabolism.

As NP affects both the peripheral and central systems, this study analyzed plasma
and CSF samples to investigate the metabolic regulatory effects of LGZ and SIN, both
in combination and individually, on CCI rats. The results of metabolic pathway analysis
showed that the combined treatment of LGZ and SIN regulated more metabolic pathways
in both CSF and plasma samples compared to either LGZ or SIN used alone, exhibiting
a synergistic effect. Finally, joint pathway analysis revealed that tyrosine metabolism
and phenylalanine metabolism were the key pathways enriched in both CSF and plasma
samples. These pathways were considered the most critical. Among these, LGZ had a
greater impact on tyrosine metabolism in CSF, while SIN exhibited a stronger effect on the
tyrosine metabolism in plasma. The arginine and proline metabolism pathways contained
the most targets and differential metabolites enriched by the combined treatment of LGZ
and SIN in plasma samples. Therefore, the combined treatment of LGZ and SIN may
alleviate pain in CCI model rats by co-regulating tyrosine metabolism and phenylalanine
metabolism in both the CSF and plasma, as well as by modulating the arginine and proline
metabolism in the plasma. Moreover, the number of differential metabolites in the metabolic
pathways regulated by the combination of LGZ and SIN was much higher than that of LGZ
and SIN alone, and interestingly, some of the differential metabolites were not present in
LGZ or SIN alone, which were new differential metabolites generated by the combination.
The enhanced effect of combining the two also suggests that we may be able to achieve
the same effect of LGZ and SIN alone at a lower dose when they are combined. Thus, the
combination of LGZ and SIN may produce a synergistic effect.

Tyrosine is an essential amino acid, and phenylalanine serves as its precursor. Both ty-
rosine and phenylalanine serve as precursors for monoamine neurotransmitters, including
dopamine, norepinephrine, and epinephrine. The descending monoaminergic pathways,
particularly those involving norepinephrine and serotonin transmission, play a crucial
role in the endogenous pain modulation system, a mechanism that is well documented in
NP [31]. Studies have shown that CCI leads to a reduction in the neurotransmitters crucial
for descending pain regulation pathways, such as serotonin and norepinephrine [32]. Sero-
tonin and dopamine potentiate noradrenergic effects to inhibit neuropathic pain. Moreover,
antidepressants that inhibit the reuptake of norepinephrine and serotonin have been shown
to be effective in chronic neuropathic pain [5]. The metabolomics results showed that
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serotonin and its precursor, tryptophan, increased in the plasma of the model group, but
were restored after treatment. The LGZ+SIN group exhibited a more pronounced recov-
ery compared to the individual treatments. Arginine, a non-essential amino acid, serves
as a precursor for nitric oxide, proline, and glutamate. Studies have demonstrated that
arginine could increase pain sensitivity in animal models [33]. Small-scale patient studies
have suggested that L-arginine might have an analgesic effect on chronic pain [34]. The
central glutamatergic system plays a critical role in the onset and persistence of persistent
pain, including both neuropathic and inflammatory pain [35]. Following nerve injury,
the downregulation of GABA and opioid receptors in the spinal cord leads to increased
glutamate release, which may contribute to the development of neuropathic pain [36].
Studies have shown that CCI-induced NP reduces the GABA levels and neuronal activity
in the dorsal horn [37]. Furthermore, the glutamatergic system could exacerbate chronic
neuropathic pain by activating N-methyl-D-aspartate receptors (NMDARs) [38]. Studies
have demonstrated that NMDARSs play a crucial role in modulating both peripheral and
central sensitization in NP [39]. The metabolomics analysis revealed a decrease in glu-
tamine levels in the model group, which was subsequently restored following treatment,
potentially contributing to this effect. In addition, reduced arginine levels may lead to
neurotransmitter depletion, contributing to inflammatory pain [40]. Meanwhile, histidine
plays a crucial role in the inflammatory process by regulating the synthesis of histamine
neurotransmitters [41]. Therefore, arginine and histidine metabolism may be closely linked
to the anti-inflammatory effects of the LGZ and SIN combination. In our experiment, the
improvement of inflammatory factors in the sciatic nerve and plasma of CCI rats after
treatment might be related to this.

To the best of our knowledge, this is the first report on the therapeutic effects and
potential mechanisms of combining LGZ and SIN for the treatment of neuropathic pain
induced by CCI using metabolomics and network pharmacology approaches. The combina-
tion of two drugs, LGZ and SIN, also offers a new combination of clinical treatment options
for neuropathic pain. On one hand, special attention should be given to their specific
targets and related metabolic signaling pathways to uncover the molecular-level regulatory
mechanisms. On the other hand, extending the treatment duration and integrating in-depth
studies at the cytokine level could provide a more comprehensive assessment of their anti-
inflammatory, analgesic, and other potential effects. This multi-layered research approach
will contribute to a more thorough understanding of the pharmacological mechanisms of
LGZ and SIN combination therapy, thereby providing a stronger scientific foundation for
its clinical application.

4. Materials and Methods
4.1. Chemicals and Materials

The Easyflow independent ventilation cage was purchased from Tecniplast, Italy. The
Von Frey filaments were obtained from Ugo Basile Biological Apparatus Company. The
Incapacitance Meter (BIO-SWB-TOUCH-R) was purchased from Bioseb, French. The pain
testing frame was made in our laboratory.

AB Sciex HPLC-MS/MS system (Framingham, MA, USA) comprised an ExionL.C-
20AC high-performance liquid chromatography (HPLC) system, Ion Drive™ Turbo V
ion source, Sciex 65007 triple quadrupole mass spectrometer, Analyst 1.7 data acquisition
software, and MultiQuant 3.0.3 data processing software. The Targin VX-III multi-tube
vortexer was purchased from Beijing Targin Technology Co., Ltd. (Beijing, China). The
Forma 88,000 Series —86 °C ultra-low temperature freezer was obtained from Thermo
Scientific (Waltham, MA, USA). The Rotanta 460R high-speed refrigerated centrifuge was
acquired from Hettich (Kirchlengern, Germany). The MC-8 integrated cryogenic centrifuge
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concentrator was obtained from Beijing JM Technology Co., Ltd. (Beijing, China). The
Synergy?2 multifunctional microplate reader was purchased from Bio Tek (Winooski, VT,
USA). The desktop anesthetic machine was supplied by Harvard Apparatus (Cambridge,
MA, USA). The ThermoStar body temperature maintenance device was purchased from
RWD Life Science Co., Ltd, (Shenzhen, China). The optical microscope (Olympus BX50)
was purchased from Olympus Optical Co. (Tokyo, Japan).

Ligustrazine (ligustrazine hydrochloride, lot number: DT201803-19) and sinomenine
(sinomenine hydrochloride, lot number: DT201806-22), both with a purity of >98%, were
provided by Shanxi Datian Biotechnology Ltd. (Xi’an, China). Pregabalin (lot number:
295422) was provided by Beijing J&K Scientific Ltd. (Beijing, China). The isoflurane (lot
number: 217180801) was purchased from RWD Life Science Co., Ltd.

IL-6, IL-13, and TNF-« ELISA kits were purchased from Raybiotech (Peachtree Cor-
ners, GA, USA). The tissue lysis buffer (EL-lysis) was obtained from Raybiotech. The
BCA protein assay kit was purchased from Thermo Fisher (Waltham, MA, USA) and used
to calibrate the content of inflammatory factors. The ProcartaPlex™ Rat Cytokine and
Chemokine Panel was purchased from Thermo Fisher. The 4-0 chromic gut sutures were
obtained from Shandong Boda Medical Products Co., Ltd. (Heze, China).

Mass spectrometry library kits and reference standards for glucose metabolism, amino
acids, bile acids, and others were purchased from Sigma for the establishment of a widely
targeted metabolomics analysis platform in our laboratory. Internal standards, includ-
ing d-3 norepinephrine, d-4 dopamine, d-5 serotonin, and MSK-A2, were obtained from
Cambridge Isotope Laboratories. Reference standards for metabolic pathways, including
tyrosine, sodium borate, benzoyl chloride, and d-5 benzoyl chloride were purchased from
Sigma. All reference and internal standards had a purity greater than 99%. LC/MS-grade
acetonitrile, methanol, formic acid, and ammonium formate were obtained from Beijing
Dikma Technologies Inc. (Beijing, China).

4.2. Animals and Treatment

Adult male Sprague Dawley rats (180200 g, 6-7 weeks) were obtained from Beijing
HFK Bioscience Co., Ltd. (Beijing, China). A total of 3 rats were housed per cage in an
SPF-grade lab at a constantly maintained temperature (22 4 2 °C) with a 12 h light/dark
cycle and free access to food and water.

Following the successful establishment of the model, 42 rats were randomly as-
signed into 7 groups, with 6 animals per group. The groups were as follows: the model
group (model, 10 mL-kg~!-d~! saline); LGZ+SIN low-dose group (LGZ 25 mg-kg~'-d ! +
SIN 25 mgkg !-d™!); LGZ+SIN medium-dose group (LGZ 50 mgkg !-d~' +
SIN 50 mg-kg~!'-d™'); LGZ+SIN high-dose group (LGZ 100 mgkg '-d~! +
SIN 100 mg-kg~!-d!); Ligustrazine group (LGZ, 100 mg-kg~!-d~1); Sinomenine group
(SIN, 100 mg-kg~!-d~1); and Pregabalin-positive control group (Pgb, 30 mg-kg~!-d~1).
In addition, 6 healthy rats were set as the sham operation group (sham, 20 mL-kg~!-d~!
saline). All animals were orally administered their respective treatments twice daily (morn-
ing and evening) for a period of three consecutive days.

4.3. CCI Model Establishment

The CCI model in rats was established following the method described by Bennett [42].
After anesthetizing the rats with isoflurane, they were placed on a heating pad to maintain
a body temperature of approximately 37 °C. The skin below the left femur was incised and
the left sciatic nerve was exposed following blunt dissection of the surrounding tissue. The
nerve was then ligated with 4-0 chromic gut sutures tied in four knots, each approximately
1 mm apart. The degree of ligation was adjusted to induce slight twitching of the calf
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muscles without compromising the blood supply to the nerve epineurium. In the sham
group, the sciatic nerve was exposed but left unligated. The MWT test was conducted both
prior to surgery and on day 7 post-surgery to evaluate the success of the model.

4.4. Pharmacodynamic Research

The body weight of the rats was recorded daily. Behavioral tests were conducted on
days 1, 2, and 3 following drug administration. The behavioral tests included the MWT
test, cold allodynia test, and incapacitance test. The MWT and cold allodynia tests were
conducted at 0, 0.5, 2, 4, and 6 h after drug administration each day. The incapacitance
test was conducted 4 h after drug administration each day. After the final behavioral
test, samples of the affected sciatic nerve were collected for hematoxylin and eosin (H&E)
staining and enzyme-linked immunosorbent assay (ELISA) analysis. Plasma and CSF
samples were also collected for subsequent metabolomic analysis.

The MWT test was assessed using Von Frey filaments [43]. The rats were placed in
a plastic chamber (20 cm x 20 cm x 15 cm) with a transparent acrylic lid, and they were
allowed to acclimate for 30 min. Von Frey filaments, ranging from 4 g to 26 g, were used
during the test. The “up-and-down” method was employed to determine the MWT value
of each rat [44].

The cold allodynia test was performed by spraying 0.1 mL of acetone on the affected
hind paw of the rat. The responses of the rats, including paw withdrawal and licking
behavior, were observed, and these were then scored based on the degree of reaction:
0 points for no response, 1 point for mild reaction or rapid withdrawal of the hind paw,
2 points for repeated paw shaking, and 3 points for sustained or repeated lifting and licking
of the hind paw [45].

The incapacitance test was conducted by placing the rats in a transparent box with an
inclined platform, on which the rats stood on their hind feet. The left and right hind feet
were positioned on separate sensor panels. Care was taken to ensure that the rats main-
tained an exploratory posture without leaning against the sides of the box. A capacimeter
was used to measure the weight (in grams) on each panel over a 3 s period. Each rat
underwent three measurements, with a minimum of 1 min between readings. The average
of the readings for each hind foot was used to calculate the weight distribution. The bipedal
balance bearing value was recorded as the percentage of total body weight supported by
each hind foot. In normal rats, the weight distribution is nearly symmetrical (50:50%),
whereas pain resulting from injury leads to a reduction in the load-bearing capacity of the
injured hind foot. The incapacitance test result was calculated using the following formula:
result = weight on the affected hind foot/(weight on the left hind foot + weight on the right
hind foot) x 100% [46].

The sciatic nerve tissue was fixed in 4% paraformaldehyde and subsequently embed-
ded in paraffin to prepare 5 um thick sections. The sections were stained with hematoxylin
for 5 min, followed by eosin for 3 min. Changes in the sciatic nerve were observed under
an optical microscope.

The concentrations of IL-13, IL-6, and TNF-« in the sciatic nerve were measured by
ELISA. The experimental procedure was strictly followed according to the instructions
provided with the kits. The assay of 22 cytokines and chemokines in plasma was per-
formed and analyzed independently by Laizee Biotech (Shanghai, China) via a Luminex200
instrument and ProcartaPlex Analyst 1.0 software.

4.5. Network Pharmacology Analysis

First, the potential targets of LGZ and SIN were identified using the SWISS Target
Prediction database (http://swisstargetprediction.ch/, accessed on 11 April 2024). These
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targets were then verified and refined using the UniProt database to obtain accurate target
names for each compound. Subsequently, pain-related target information was retrieved
from the Genecards database (https://www.genecards.org/, accessed on 11 April 2024)
and the OMIM database (https://omim.org/, accessed on 15 April 2024). After removing
duplicates, the remaining targets were considered pain-related targets for further analysis.
The intersection of LGZ and SIN alkaloid targets with those associated with pain was
identified using the Bioinformatics platform (http://www.bioinformatics.com.cn, accessed
on 15 April 2024), yielding common genes across the different compounds. This gene set
was then analyzed based on the uniqueness of the drug-target interactions.

Next, the intersecting target genes were entered into the STRING database to con-
struct a protein—protein interaction (PPI) network. The network was visualized using
Cytoscape 3.8.2, and the CytoHubba plugin was used to identify the core targets for further
differential analysis.

Finally, the core target genes underwent Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis using the Metascape database. A
significance threshold of p < 0.01 was established for all analyses. The GO analysis covered
three subcategories: biological process (BP), molecular function (MF), and cellular compo-
nent (CC). Furthermore, based on the relationships between protein targets and signaling
pathways, a compound-target—pathway association network was built.

4.6. Plasma and CSF Metabolomics Analysis
4.6.1. Plasma and CSF Sample Preparation

For sample preparation, 50 uL of the test sample was mixed with 450 uL of ice-cold
extraction solvent containing internal standards (methanol: acetonitrile: water = 2:2:1). The
mixture was vortexed for 3 min and then placed at —20 °C for 2 h. The samples were then
centrifuged at 20,000 x g for 15 min at 4 °C. The supernatant was carefully transferred to a
1.5 mL Eppendorf tube and subjected to vacuum concentration at 35 °C and 1500 rpm for
2 h. The residue was reconstituted with 100 uL of extraction solvent that was devoid of
internal standards. The sample was centrifuged again at 20,000x g for 15 min at 4 °C, and
80 puL of the supernatant was collected for analysis. Additionally, 10 uL of each sample was
pipetted to pool a quality control (QC) sample.

4.6.2. Widely Targeted Metabolomics Analysis

The metabolites were identified using an in-house reference database. An ACQUITY
UPLC BEH Amide column (2.1 x 50 mm, 1.7 pum, Waters, Milford, MA, USA) and a pre-
column (2.1 mm x 5 mm, 1.7 um, Waters, USA) were used for sample separation. The
mobile phase consisted of Solvent A (95% water: 5% acetonitrile, with 5 mM of ammonium
formate and 0.01% formic acid) and Solvent B (95% acetonitrile: 5% water, containing
5 mM of ammonium formate and 0.01% formic acid). The gradient elution program was
as follows: 0-2 min, 95-95% B; 2—4 min, 95-90% B; 4—6 min, 90-90% B; 6-9 min, 90-85%
B; 9-12 min, 85-85% B; 12-15 min, 85-75% B; 15-16 min, 75-75% B; 16-18 min, 75-50% B;
18-20 min, 50-50% B; 20-22 min, 50-25% B; 22-24 min, 25-25% B; 24-25 min, 25-95% B;
and 25-30 min, 95-95% B. Flow rate: 0.3 mL/min; column temperature: 35 °C; temperature:
4 °C; and injection volume: 5 pL.

Electrospray ionization (ESI) was used as the ionization source. The curtain gas (Ny)
was set to 40 psi, the collision gas (N) to 9 psi, and the spray voltage was set at +5500 V
and —4500 V for positive and negative ion modes, respectively. The nebulizer temperature
was set to 550 °C, with ion source gas (Ion Source Gasl, N,) and auxiliary gas (Ion Source
Gas2, Ny) both maintained at 55 psi. Scanning was performed in both positive and negative
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ion modes. Optimized ion pairs and mass spectrometry parameters were applied for
each metabolite.

4.6.3. Targeted Metabolomics Analysis

The method for measuring the tyrosine pathway was adapted from previously pub-
lished protocols [47], with the necessary modifications outlined below.

Sample preparation: a 50 pL aliquot of the sample was mixed with 150 pL of acetoni-
trile (1:3, v/v). The mixture was vortexed at 8000 rpm for 5 min, followed by centrifugation
at 20,000 g for 10 min. Subsequently, 10 pL of the supernatant was transferred and added
to 10 pL of 100 mM sodium borate and 10 pL of 1% benzoyl chloride. The mixture was vor-
texed for 5 min, incubated at 25 °C for 5 min, and then centrifuged at 20,000 x g for 10 min.
The resulting supernatant (24 uL) was mixed with 6 uL of an internal standard solution (a
mixture of tyrosine pathway standards and d-5 benzoyl chloride for derivatization). The
mixture was then vortexed and prepared for injection.

A PFP C18 column (2.1 x 50 mm, 1.8 um, Waters, Milford, MA, USA) was used to
separate the samples. Water with 0.1% formic acid and 5 mM of ammonium formate served
as Mobile Phase A and acetonitrile served as Mobile Phase B. The gradient programs
were as follows: 0-1 min, 20-20% B; 1-2 min, 20-50% B; 2—6 min, 50-70% B, 6—6.5 min,
70-95% B; 8-8.1 min, 95-20% B; and 8.1-10 min, 20-20% B. Flow rate: 0.3 mL /min; column
temperature: 35 °C; sample temperature: 4 °C; and injection volume: 2 pL.

Electrospray ionization (ESI) was used as the ionization source. The curtain gas
(N2) was set to 35 psi, collision gas (N7) to 9 psi, and the spray voltage was set at 5500.
The nebulizer temperature was set to 550 °C, with ion source gas (Ion Source Gasl, Njy)
and auxiliary gas (Ion Source Gas2, Ny) both at 55 psi. The analysis was performed in
multiple reaction monitoring (MRM) mode with positive ion scanning. The specific ion
pair parameters used for the analysis are provided in Supplementary Table S1.

4.6.4. Metabolomics Analysis

To ensure QC for the metabolomics analysis, a QC sample was injected after every ten
experimental sample during the chromatography run. All LC-MS data were meticulous
preprocessing using MultiQuant 3.0.3 software, including key steps such as peak detection,
peak identification, peak area calculation, and calibration.

PCA was initially performed to identify the major variability patterns within the
dataset. OPLS-DA was then applied to identify metabolites that might differentiate between
groups. The quality of the OPLS-DA model was evaluated using the parameters R?Y and Q2.
Additionally, permutation testing was conducted to assess the risk of false positives in the
OPLS-DA model. Potential biomarkers with significant statistical and biological relevance
were selected based on the following criteria: VIP > 1, t-test (p) < 0.05, and fold change
(FC) > 1.2 or <0.83. Finally, metabolic pathways associated with the differentially expressed
metabolites were determined using a significance threshold of p < 0.05. Metabolomics data
were analyzed using the Metware Metabolomics Cloud Platform (https://cloud.metware.
cn/, accessed on 20 December 2024) and MetaboAnalyst 6.0 (https:/ /www.metaboanalyst.
ca/, accessed on 27 December 2024).

4.7. Joint Pathway Analysis

A joint pathway analysis was performed using the “Joint-Pathway Analysis” mod-
ule in MetaboAnalyst 6.0, in order to correlate the key targets predicted by network
pharmacology with the differential metabolites identified in the metabolomics analy-
sis. Pathways exhibiting the highest enrichment of both targets and metabolites were
considered key pathways.
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4.8. Statistical Analysis

Statistical analyses were performed using SPSS 20.0 and GraphPad Prism 8.0. All data
are presented as the mean + standard error of the mean (SEM). The significance analysis of
differences between two groups was assessed using a t-test, while multiple comparison
was conducted using one-way or two-way analysis of variance (ANOVA). A p value < 0.05
indicated statistical significance, and p < 0.01 indicated highly statistical significance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms26062604/s1.
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Abstract: Liver fibrosis, caused by chronic hepatic injury, is a major threat to human health
worldwide, as there are no specific drugs available for its treatment. Natural compounds,
such as berberine (BBR) and quercetin (QR), have shown the ability to regulate energy
metabolism and protect the liver without significant adverse effects. Additionally, combi-
nation therapy (the cocktail therapy approach), using multiple drugs, has shown promise
in treating complicated conditions, including liver injury. In this study, we prepared a
salt formulation of BBR and QR (BQS) to enhance their combined effect on liver fibrosis.
The formation of BQS was confirmed using various analytical techniques, including nu-
clear magnetic resonance spectroscopy (NMR), differential scanning calorimetry (DSC),
Fourier-transform infrared spectroscopy (FTIR), powder X-ray diffractometry (PXRD),
and scanning electron microscopy (SEM). The results demonstrated that the dissolution
efficiency and bioavailability of QR significantly increased in the BQS form, aligning with
that of BBR, compared to the physically mixed (BQP) form. Moreover, BQS exhibited a
superior inhibitory effect on fibrosis compared to BQP in the human hepatic stellate cell
line LX-2 by modulating lipid accumulation, inflammation, apoptosis, and the cell cycle.
Furthermore, in a mouse model of hepatic fibrosis induced by methionine and choline-
deficient (MCD) diets, BQS demonstrated enhanced anti-fibrotic activities compared to
BQP. These findings suggest that BQS holds promise as a potential alternative treatment for
liver fibrosis. Importantly, this study provides novel insights into achieving a cocktail effect
through the salt formation of two or more drugs. The results highlight the potential of salt
formulations in enhancing the therapeutic efficacy and consistent biological processes of
drug combinations.

Keywords: liver fibrosis; berberine; quercetin; cocktail therapy

1. Introduction

Liver diseases, which result from a multitude of factors, including unhealthy lifestyles,
viral infections, genetic susceptibility, and drug-induced injury, pose a significant global
health threat. These diseases commonly progress through various stages, starting with
the accumulation of lipids, known as nonalcoholic fatty liver disease (NAFLD). Chronic
NAFLD can then lead to nonalcoholic steatohepatitis (NASH), cirrhosis, hepatocellular
carcinoma (HCC), and ultimately, mortality [1,2]. Liver fibrosis, a reversible progression of
cirrhosis, represents a promising target for therapeutic intervention in cirrhosis. However,
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currently, there is no specific therapy available for liver fibrosis [3]; hence, the search for
safe and effective drugs to treat it is of utmost importance.

In recent decades, there has been a growing focus on natural compounds due to their
potential for liver protection and low toxicity. Furthermore, the synergistic effects of com-
bining herbs with similar pharmacological properties, often referred to as the cocktail effect,
have shown promising outcomes. Historically, cocktail treatments have demonstrated
improved efficacy, not only in infectious diseases such as Sudan virus infection [4], human
immunodeficiency virus infection [5], Staphylococcus Aureus infection [6] and COVID-19
infection [7], but also in chronic diseases like chronic asthma [8] and Alzheimer’s disease [9].
By reducing side effects and drug resistance, cocktail treatment offers a favorable approach
to enhance therapeutic outcomes through the combined effects of multiple drugs.

Berberine (BBR) is an isoquinoline alkaloid extracted from Coptidis rhizoma, which
is used in traditional Chinese medicine. It possesses diverse biological activities, includ-
ing anticancer [10], metabolic improvement [11], and antibacterial effects [12]. Recent
studies have highlighted the potential of BBR in treating liver fibrosis through various
direct and indirect mechanisms. From the direct perspective, BBR can modulate the apop-
tosis, proliferation, and activation of hepatic stellate cells (HSCs). It induces ferroptosis
through ROS-mediated activation of HSCs [13] and promotes HSCs apoptosis by reducing
mitochondrial membrane potential [14]. BBR also arrests HSCs in the G1 phase [15] and
reduces the expression of matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs
(TIMPs), thereby facilitating collagen degradation [16]. Indirectly, BBR improves lipid
metabolism [17], reduces endoplasmic reticulum stress [18], modulates gut microbiota [19],
inhibits oxidative stress [20] and suppresses inflammation [21], all of which contribute to
its anti-fibrotic effect. However, the low intestinal permeability and aqueous solubility of
BBR limit its oral bioavailability.

Quercetin (QR), a flavonoid compound widely found in plants and fruits, has limited
bioavailability due to its poor solubility, permeability, and stability. Despite these chal-
lenges, QR exhibits a wide range of pharmacological actions, including anticancer [22],
neuroprotection [23] and liver protection [24]. In the context of liver fibrosis, QR regulates
MMP-9 and TIMP-1 to inhibit extracellular matrix formation. It also inhibits autophagy
through modulation of the HMGB1-TLRs-NF-kB signaling pathways [25], activates the
PI3K/ Akt signaling pathway, and suppresses the TGF-31/Smads signaling pathway [26].
Additionally, QR exhibits liver-protective functions, such as oxidation resistance and anti-
inflammatory action, which contribute to its effectiveness in improving liver fibrosis [27].

BBR and QR, derived from natural sources, have demonstrated the potential to im-
prove liver fibrosis through various mechanisms. Moreover, they exhibit a favorable safety
profile with minimal adverse effects at standard doses. Interestingly, clinical studies have
shown that combining flavonoids with BBR can enhance their pharmaceutical effects [28,29].
A meta-analysis revealed that the combination of BBR and QR improved lipid and glucose
levels in patients. Traditional prescriptions incorporating both BBR and QR further support
the feasibility and effectiveness of a cocktail therapy approach [30-32].

However, the efficacy of BBR and QR is hindered by their disparate dissolution and
absorption characteristics. To address this issue and enhance their combined effects, we
synthesized a BBR-OR salt (BQS). This formulation aims to improve the bioavailability
of both compounds, thereby facilitating their simultaneous absorption. We evaluated its
efficacy in treating liver fibrosis through both in vitro and in vivo experiments, anticipating
enhanced therapeutic outcomes.
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2. Results
2.1. Synthesis and Characterization of BBR-QR Salt

As shown in Figure 1A, BQS was successfully synthesized using BBR and QR. The
BBR acts as the cation, and the QR as the anion, forming the BQS salt through acid-base
interactions. The obtained BQS was 7.4 g, and the yield was 87%. The 'H NMR, FTIR,
PXRD, DSC and SEM were used to prove the formation of BQS.
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Figure 1. Synthesis and characterization of BQS (Berberine-quercetin salt). (A) The synthetic route of
BQS. (B) The 'H NMR spectra of the BBR (Berberine), QR (Quercetin) and BQS. (C) The DSC spectra
of BBR, QR, BQP (Berberine-quercetin physically mixed), and BQS. (D) The PXRD of BBR, QR, BQP,

and BQS. (E) The FTIR of BBR, QR, BQP, and BQS.
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2.1.1. Hydrogen-1 Nuclear Magnetic Resonance (‘\H NMR) Results

As seen in Figure 1B, the synthesized compound BQS was characterized as a mono-
substituted product of BBR and QR based on 'H NMR analysis. The molecular formula of
BQS is C35Hy7NO14, and its 'TH NMR spectrum indicates the presence of 27 hydrogen atoms,
consistent with this structure. When comparing the IH NMR spectra of BQS, BBR, and QR,
it is observed that the chemical shifts in BQS include signals corresponding to both BBR
and QR, indicating the combination of these two compounds. Importantly, the I'H NMR
spectrum of BQS lacks one specific proton signal near 6 9.33, which corresponds to one
of the hydroxyl groups of QR. This absence is indicative of the formation of salt between
the protonated nitrogen of BBR and a single hydroxyl group of QR, which conclusively
supports the formation of a 1:1 mono-substituted quercetin-berberine salt (Supplementary
Figure S1).

2.1.2. Differential Scanning Calorimetry (DSC) Results

We can conclude, from the DSC results shown in Figure 1C, that the curve of BQS
is different from BQP, BBR, and QR, respectively. To be specific, BBR had three peaks at
different temperatures: 98.37 °C (free water), 139.48 °C (crystal water), and 196.20 °C (the
melting point peak). There was an endothermic peak at 278.42 °C in the QR curve, which
was similar to its melting point. As for the curve of BQP, it appeared to be a superposition
of two respective curves. Three exothermic peaks were observed at 94.91 °C, 139.09 °C,
and 150.08 °C. However, there were no characteristic peaks in the curve of BQS, which was
another piece of evidence for the formation of the amorphous substance.

2.1.3. Powder X-Ray Diffraction (PXRD) Results

Figure 1D represents the PXRD results. The diffractogram of BBR and QR showed
sharp peaks of crystals. The spectrum of BQP consisted of the superposition of BBR and QR.
The diffraction spectra of BQS had no sharp peaks, displaying a typical diffuse diffraction
halo of the crystalline state, indicating the formation of an amorphous substance, which
may have contributed to the improvement of the solubility and bioavailability.

2.1.4. Fourier-Transform Infrared Spectroscopy (FTIR) Evaluation

Figure 1E represents the FTIR spectra of BBR, QR, BQP, and BQS. As illustrated in
the picture, the infrared spectrum of BQS had no characteristic absorption peaks of BBR
and QR at 3200-3600 cm ™!, indicating that the O-H stretching vibration disappeared.
The spectrum of BQP had the infrared signatures of the two pure drugs. This difference
between the spectra of BQS and BQP supports the hypothesis that BQS is a novel compound

1

resulting from the synthesis of the two drugs. A deviation of £2 cm™" was allowed in the

infrared spectra.

2.1.5. Scanning Electron Microscopy (SEM) Results

The appearance of BQS is deep yellow, which is obviously different from the appear-
ance of BQP, BBR, and QR (Figure 2). As shown in Figure 2, both BBR and QR are presented
as elongated rod-shaped crystals. BQP is also presented as elongated rod-shaped crystals.
In comparison, BQS was distinctive in form, showing no features identical to BBR and QR
at all.

To sum up, these characterization means have proved that we synthesized BQS
successfully.
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Figure 2. SEM image and appearance of BBR, QR, BQP, and BQS. (A) BBR, (B) QR, (C) BQP, (D) BQS.

2.2. BQS Improved the Dissolution and Bioavailability of QR

The dissolution studies showed that (Figure 3A) BBR in BQP dissolved well with rapid
release within 2 h, while a sustained release of BBR was found in BQS. The dissolution of
QR was markedly promoted after the formation of salt by combining it with BBR. It was
noteworthy that the salt formation realized synchronous release of BBR and QR.

LC-MS/MS was used to determine the concentration of BBR and QR in the livers of
mice who were given the drugs via intragastric administration. Figure 3B represents the
concentrations of BBR and QR, respectively. As shown in the Figure 3B, the concentration
of BBR remains higher in the BQS group than in the BQP group, which may lead to a
long-lasting therapeutic effect. The area under the curve for the BQS group was 17% higher
than that for the BQP group. Furthermore, the concentration of QR was markedly promoted
after salt formation with BBR (approximately 2.2-fold higher than that observed in the
BQP group).

The dissolution and pharmacokinetic properties of QR were improved by salt
formation.

2.3. BQS Ameliorated Liver Fibrosis In Vitro

The activation of HSCs plays a vital role in liver fibrosis. After liver injury, HSCs
were activated and produced extracellular matrix (ECM) and pro-inflammatory mediators,
triggering progressive liver fibrosis [33]. Both BBR and QR can suppress inflammation [34]
in parenchymal cells. Furthermore, numerous studies have proven that BBR is able to
induce apoptosis and inhibit proliferation in HSCs [14,35]. It is possible to combine BBR
and QR for a better therapeutic effect [28,29].
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Figure 3. The dissolution and bioavailability of BBR and QR. (A) The dissolution of BBR and the
dissolution of QR. (B) BBR content in the liver, QR content in the liver, Mean 4+ SEM, n = 5.

2.3.1. BQS Inhibited Lipid Accumulation and Inflammation

In the process of liver fibrosis, the undue accumulation of lipids and inflammation are
two risk factors. Thus, we established a HepG2 hepatic steatosis model by treating the cells
with 0.5 mmol/L sodium oleate to investigate the effects of BQS on lipid accumulation and
inflammation.

As shown in Figure 4A, there are a few lipid droplets in the NC group; however, the
lipid droplets in the MC (model control) group are much more frequent than those of the
NC group. This phenomenon was attenuated not by BQP (10 pug/mL of BBR and 9.0 ug/mL
of QR) but by BQS (19 pug/mL). Excessive lipid accumulation may trigger the development
of NAFLD, which may eventually progress to liver fibrosis [36]. Thus, inhibiting lipid
accumulation is a promising method for the prevention and treatment of liver fibrosis. BQS
exhibited a remarkable effect in this area.

Inflammation plays an imperative role in the progress of liver fibrosis [37]. Modulating
inflammation is a promising method for the treatment of liver fibrosis. TNF-«, IL-13, and
IL-6 are common inflammation factors, and they were therefore used to study the anti-
inflammatory effects of the drugs (Figure 4B). TNF-« was dyed red, IL-13 was dyed green,
and IL-6 was dyed pink. Compared to the NC group, the intensity of fluorescence of the
MC group was much higher, indicating the success of our model. BQP attenuated the
inflammation to some extent. BQS improved inflammation by a large margin to almost the
same level as the NC group. The qPCR and ELISA results further confirmed the consistent
trend observed in the treatment outcomes (Figure 4C,D).

Given the favorable effects of BQS on inhibiting lipid accumulation and inflammation,
it may become a curative strategy for liver fibrosis.
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) < 0.001; # p < 0.01, ¥ p < 0.001.

2.3.2. BQS Alleviated Extra Collagen Formation

As downstream proteins of the TGE-3 signaling pathway [38,39], x-SMA and collagen
I are markers of the occurrence of fibrosis. In this study, we measured the expression of -
SMA and collagen I in LX-2 cells (Figure 5A). x-SMA was dyed red, and collagen I was dyed
green. As the picture shows, little «-SMA and collagen I were expressed in the NC group.
While inducing the TGF-3 pathway, the expression of x-SMA and collagen I evidently
increased in the MC group, indicating that our model was successful. When we came to
BQP and BQS, the intensity of fluorescence in BQP and BQS was lower than that in the
MC group. The difference was that the intensity of fluorescence in BQP only attenuated a
little, while the intensity of fluorescence in BQS reduced a lot. This phenomenon enlightens
us that BQS had a much better anti-fibrosis effect than BQP. The PCR and Western blot
analyses showed similar results (Figure 5B,C).
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2.3.3. BQS Modulated Proliferation and Apoptosis

As an important cell in the development of liver fibrosis, activated LX-2 is an important
target for treatment. Managing the number of activated HSCs is an ideal treatment strategy.
In this experiment, we investigated the pro-apoptotic and anti-proliferative effects of BQS.

Previous studies have shown that inducing the apoptosis of activated HSCs is benefi-
cial to the amelioration of liver fibrosis [40,41]. Flow cytometry was used to explore the
apoptosis and cell cycle of the LX-2 cells incubating with BQP and BQS. The percentage
of apoptotic cells in each group is 2.37 £+ 0.61, 2.09 £+ 1.27, 7.98 £+ 0.76 and 11.34 £ 2.4
(Figure 5C). The pro-apoptotic effect of BQS was obviously stronger than BQP, which may
lead to better therapeutic effects for liver fibrosis.

Moreover, besides promoting apoptosis, the BQS was also capable of inhibiting the
proliferation of LX-2 cells. Cells in the synthesis (S) phase of cell division have the strongest
division potential. The more cells in this phase, the more likely they are to divide. As
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displayed in Figure 5D, the cells in the S phase accounted for 18.73%, 46.79%, 35.76%, and
25.83% of the NC group, MC group, BQP group, and BQS group, respectively. The BQP
demonstrated a small inhibition effect on the proliferation of LX-2 cells, while BQS showed
a significant effect. Overall, BQS was capable of inducing the apoptosis of LX-2 cells and
inhibiting their proliferation. BQP, however, did not have these capabilities. In the process
of liver fibrosis, HSCs are activated by TGF-3 secreted by Kuffer cells, and then they secrete
large amounts of TGF-f3 themselves and transform into myofibroblasts to secrete collagen
and other proteins to form the ECM [42]. By inducing the apoptosis of HSCs and inhibiting
their proliferation, the progression of liver fibrosis can be alleviated. Thus, we speculate
that our BQS exhibits an excellent anti-fibrosis effect in vivo, which lays the foundation for
our following research.

2.4. BQS Improved Liver Fibrosis In Vivo

Encouraged by the results of in vitro studies, the potential therapeutic effect of BQS
on liver fibrosis was next investigated in a mice model. Methionine and Choline Deficit
(MCD) diets are recognized methods for modeling liver fibrosis. We took photographs of
livers from typical samples from four groups of animals (Figure 6A). The appearance of the
BQP group was somewhere between the NC and MC groups. The appearance of the BQS
group was similar to the NC group, indicating a better effect of BQS than BQP, which was
also proven by other results displayed in the following sections.

2.4.1. BQS Protected Liver Function

H and E staining (Figure 6B) showed that the histological structure of the liver was
severely damaged in the MC group, significantly improved in the BQS group, and slightly
improved in the BQP group. The indicators ALP and TBA were improved for the BQS
group only (Figure 6C,D), meaning that BQS alleviated liver damage. Moreover, BQS
also improved the levels of ALT, AST, and GGT, which means that BQS can contribute to
liver function, indicating that BQS has an improvement effect on liver fibrosis, while BQP
showed influence only on AST and GGT (Figure 6E,F). Lipid accumulation is another risk
factor for liver fibrosis [43]. We compared the lipid accumulation in the liver of different
groups (Figure 6G,H). The results showed that BOP and BQS reduced the TG levels, while
the CHO level was only reduced by BQS. These changes remind us that BQS can inhibit
lipid accumulation, which is beneficial for anti-inflammation and anti-fibrosis purposes.

2.4.2. BQS Ameliorated Liver Fibrosis

The result of Masson staining is shown in Figure 7A. After staining, the collagenous
fiber became blue, enabling its visualization. Sirius Red staining was also used to visualize
collagenous fiber and evaluate the degree of fibrosis. It is obvious that BQS reduced the
accumulation of collagen in the liver; however, BQP showed nearly no effect. Meanwhile,
we can draw the same conclusion from Figure 7B, where the TGF-f3 was dyed red, collagen
I was dyed green, and a-SMA was dyed gray. These three markers, which are closely
related to fibrosis, were significantly inhibited by BQS. The PCR analysis showed a similar
result (Figure 7C). Western blot further confirmed these findings, and BQS exhibits a more
potent anti-fibrotic effect (Figure 7D). These results are highly similar to the in vitro results.
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Figure 6. The hepatoprotective effects of BQS in mice model of liver fibrosis. (A) The appearances of
mice liver tissue in different groups. (B) H and E staining of mouse liver in each group. (C-F) Blood
biochemical results (ALP, TBA, AST and GGT). (G,H) The TG and CHO content in mice liver. Mean
+ standard error of the mean (SEM), n = 6, *: vs. MC group; #: vs. NC group. * p < 0.05; ** p < 0.01;
% < 0.001; *** p < 0.0001. ## p < 0.001.

2.4.3. BQS Alleviated Inflammation in Liver Tissue

The results of the immunohistochemistry analysis (Figure 8A) showed that inflam-
mation was suppressed by BQS. TNF-« was dyed red, and IL-13 was dyed green. After
modeling, there were significant differences between the MC group and the NC group.
Both BQP and BQS improved the inflammation, but BQS had a more dramatic effect. The
PCR and ELISA analyses showed similar results (Figure 8B,C).

Taken together, the in vivo experiments showed the same results as the in vitro exper-
iments, implying that our BQS could exert anti-fibrotic pharmacological effects in vivo.

In every aspect we investigated, BQS had better effects than BQP.
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Figure 7. The antifibrotic effects of BQS in mice model of liver fibrosis. (A) Masson and Sirius Red
staining of mice liver in each group. (B) Immunofluorescence analysis showing DAPI (blue), collagen
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group. * p < 0.05, ** p < 0.01; ** p < 0.001; # p < 0.01, #* p < 0.001.

2.5. Network Pharmacology Analysis and Mechanism Validation

In the current investigation, a network pharmacological approach was employed
to delineate the molecular mechanisms underpinning the therapeutic effects of BQS on
liver fibrosis. A comprehensive intersectional target analysis identified a set of 96 potential
targets associated with both BQS components and liver fibrosis (Figure 9A). The subsequent
construction of a protein—protein interaction (PPI) network using the STRING database,
and analysis with Cytoscape 3.10.1, identified 87 nodes and 472 edges, representing a
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complex interaction landscape (Figure 9B). Core targets were extracted using Centiscape
2.2, with visual analytics further refining these to 18 pivotal nodes within the network
(Figure 9C). Gene ontology (GO) functional annotations indicated the significant modula-
tion of molecular functions following BQS treatment, particularly noting enhancements in
protein kinase activity, receptor binding, and oxidoreductase activity, which are crucial for
cellular signaling and metabolic regulation (Figure 9D, top panel). Moreover, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis highlighted the importance
of the 'Pathways in Cancer’ and "PI3K-Akt signaling pathway”’ in the mechanistic action of
BQS, suggesting its central role in the amelioration of hepatic fibrosis (Figure 9E).
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Figure 8. The image of two inflammatory factors of animals. (A) Immunofluorescence analysis
showing DAPI (blue), IL-13 (green), TNF-« (red) of mouse liver in each group. (B) The relative
mRNA level of the inflammatory marker IL-13, TNF-« in mice liver tissue. (C) The productions of
IL-1p and TNF-« in supernatants of indicated cells were measured by ELISA. Mean =+ standard error
of the mean (SEM), n = 6. *: vs. MC group; *: vs. NC group. Significant differences are indicated as
1 < 0.001; ## p < 0.001.

Protein expression levels of phospho-Akt (p-Akt) and phospho-FoxO1 (p-FoxO1) in
hepatic tissues were quantified using Western blotting assays. As shown in Figure 9F,
comparative analysis revealed that in contrast to the NC group, the phosphorylation of
both Akt and FoxO1 was significantly elevated in the MC group, indicating enhanced
activity within this signaling axis. Notably, treatment with BQS markedly attenuated
these phosphorylation levels. These findings suggest that the therapeutic effect of BQS
on liver fibrosis can be attributed to the inhibition of the Akt/FoxO1 signaling pathway.
Furthermore, BQS demonstrated superior efficacy in modulating these pathways compared
to BQP.
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Figure 9. Network pharmacological analysis and protein pathway validation of BQS in fibrosis.
(A) Acquisition of drug—disease intersection targets. (B) Construction of protein interaction network
(PPI). (C) Core target screening and visualization analysis. (D) Enrichment analysis of gene ontology
(GO). (E) Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG). (F) The protein
expression of p-Akt/Akt and p-FoxO1/FoxO1 in mouse liver tissue was evaluated by Western
blotting, with -actin used as the control. Mean £ SEM, n = 5. *: vs. MC group; #. vs. NC group.
Significant differences are indicated as * p < 0.05, *** p < 0.001; * p < 0.01, ¥ p < 0.001.

3. Discussion

Liver fibrosis is a progressive medical condition characterized by the excessive ac-
cumulation of ECM proteins, notably collagen [44]. This pathological buildup disrupts
liver architecture and impairs its function. The condition commonly arises from chronic
liver damage due to factors such as hepatitis infections, alcohol abuse, NAFLD, and other
metabolic disorders. As fibrosis advances, it may progress to cirrhosis—a severe form of
liver scarring that significantly impairs liver function and escalates the risk of liver failure
and liver cancer. Globally, the incidence of liver fibrosis is increasing, primarily due to
escalating rates of obesity, diabetes, and metabolic syndrome, which are key contributors
to NAFLD, now recognized as one of the most prevalent causes of liver disease world-
wide [45]. Consequently, the rising prevalence and severity of liver fibrosis underscore the
urgent need for the development of more effective treatments.
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BBR, an isoquinoline alkaloid, has been increasingly recognized for its hepatopro-
tective effects, including its efficacy against liver fibrosis. Research has shown that BBR
ameliorates liver fibrosis through multiple mechanisms. It possesses anti-inflammatory
properties and counteracts oxidative stress, which are crucial steps in halting the progres-
sion of the disease. Additionally, BBR inhibits the activation of HSCs, which is central
to the deposition of fibrotic tissue [14,46]. Furthermore, it regulates metabolic pathways,
notably by improving insulin resistance and modulating lipid metabolism, thus offering a
protective effect on the liver [19]. This multifaceted strategy highlights the potential of BBR
as a therapeutic agent in the management of liver fibrosis.

QR has been demonstrated to possess potent anti-inflammatory properties. Studies
suggest that in liver fibrosis, QR significantly reduces the expression of pro-inflammatory
cytokines, including TNF-« and IL-6. Moreover, it inhibits the activation of HSCs and
promotes their apoptosis. QR exerts its therapeutic effects by modulating several critical
signaling pathways associated with liver fibrosis, notably the TGF-f3 pathway [47]. Such
modulation results in the downregulation of a-SMA and collagen expression, effectively
impeding the progression of liver fibrosis. Recognizing the established hepatoprotective
effects of BBR and QR, which operate via distinct mechanisms and are inspired by the
principles of principal-assistant synergy and cocktail therapy from traditional Chinese
medicine, we proposed a combination of these two compounds to enhance therapeutic
outcomes. This strategic combination aims to harness the complementary mechanisms of
BBR and QR, potentially offering a more effective therapeutic profile for liver protection.

The formation of salts from two different compounds, termed pharmaceutical salt
preparation, offers numerous advantages, particularly within the pharmaceutical sector.
This technique is widely used to enhance the physicochemical properties and biological
efficacy of drugs. In this study, we initially focused on the synthesis and characteriza-
tion of BQS. The synthesis yielded 7.4 g of BQS at an efficiency of 87%, as confirmed by
various analytical techniques, including 'H NMR, FTIR, PXRD, DSC, and SEM. The 'H
NMR data confirmed the successful synthesis, evidenced by a reduction in the number
of hydrogen peaks from 28 in BQP to 27 in BQS, with peak shifts and shape alterations
indicating interactions between BBR and QR in the salt form. DSC analysis revealed distinct
thermal behavior of BQS, differing from BQP and individual components by showing no
characteristic peaks, indicative of the formation of an amorphous substance. This finding
was corroborated by PXRD results, which displayed diffuse diffraction patterns typical
of amorphous materials, likely enhancing solubility and bioavailability. The FTIR spectra
further validated the synthesis, with the absence of characteristic O-H stretch vibrations
in BQS, suggesting interactions that alter typical absorption peaks of the individual com-
ponents. The distinct deep yellow color of BQS, different from either component or their
physical mixture, visually confirms these findings.

OR is renowned for its potent antioxidant and anti-inflammatory properties. It may
reduce inflammatory responses, thereby minimizing damage to the intestinal barrier and
enhancing the absorption of BQS. BBR, known for its synergistic pharmacological effects
with QR, is a substrate for various efflux transporters, such as P-glycoprotein (P-gp), which
expels BBR from cells, reducing its absorption and bioavailability. QR has been shown to
inhibit the activity of these transporters, thereby increasing the retention and intestinal
absorption of BBR [48,49]. Additionally, QR is known to inhibit certain enzymes in the
CYP450 family, particularly CYP3A4 and CYP2D6, which are essential for metabolizing
many drugs, and BBR is also a substrate for these enzymes [50]. By inhibiting these en-
zymes, QR can slow the metabolism of BBR, resulting in elevated plasma concentrations.
LC-MS/MS analysis has demonstrated that BQS achieves higher and more sustained con-
centrations in liver tissue, suggesting improved pharmacokinetic properties compared
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to BQP. This improvement is reflected in both accelerated peak times and higher AUC
values for BQS, indicating a more prolonged therapeutic effect. Overall, the successful
synthesis and enhanced characteristics of BQS underscore its potential as a more effec-
tive therapeutic formulation, combining the benefits of BBR and QR through advanced
pharmaceutical techniques.

In the in vitro experiment assessing the anti-hepatic fibrosis effects of BQS, pharmaco-
logical evaluations demonstrated that BQS modulates lipid accumulation, inflammatory
responses, collagen formation, and cell proliferation. Experimental results showed a sig-
nificant reduction in lipid droplets and the expression of inflammatory cytokines (TNF-«,
IL-1$3, and IL-6) in HepG2 cells, as confirmed by fluorescence staining and qPCR analysis.
These findings are particularly significant considering the pivotal roles of lipid accumula-
tion and inflammation in the progression of NAFLD and fibrosis. Additionally, BQS was
effective in reducing collagen and «-SMA expression in LX-2 cells, thereby attenuating
ECM formation, which is crucial in fibrogenesis. BQS not only demonstrated superior
anti-inflammatory effects compared to BQP but also significantly inhibited LX-2 cell pro-
liferation and induced apoptosis. Cell cycle analysis indicated a notable reduction in the
proportion of cells in the S phase after BQS treatment, underscoring its potent effect on in-
hibiting cell division. Furthermore, BQS significantly increased the proportion of apoptotic
cells compared to either individual compounds or BQP. By targeting multiple biological
pathways and modulating the activation of HSCs and fibrosis, BQS shows promise as a
potent anti-fibrotic compound. Therefore, further in vivo studies are warranted to validate
its efficacy and elucidate its mechanism of action in the treatment of liver fibrosis.

In vivo experiments utilizing a MCD diets-induced mouse model of liver fibrosis
demonstrated that BQS exhibits potent therapeutic effects. Results, including liver pho-
tographs and histological stains (Masson and Sirius Red), indicated that BQS significantly
reduced collagen accumulation and improved the histological architecture of the liver
compared to the BOP group and the MC group. Furthermore, BQS notably decreased key
fibrotic markers, such as TGF-f3, collagen I, and «-SMA, underscoring its robust anti-fibrotic
properties. Additional analyses confirmed that BQS preserved liver function, evidenced by
improved biochemical markers, including ALP, TBA, ALT, AST, and GGT. Remarkably, BQS
outperformed BQP, which exhibited limited efficacy. Moreover, BQS effectively inhibited
lipid accumulation—a critical risk factor for liver fibrosis—and demonstrated superior
efficacy in reducing TG and CHO levels in liver tissue compared to BQP. The immunohis-
tochemical findings and qPCR analysis further validated that BQS significantly reduced
inflammation in liver tissues, evidenced by the marked suppression of inflammatory cy-
tokines such as TNF-« and IL-13. The in vivo results closely mirrored those observed
in vitro, suggesting consistent anti-fibrotic effects of BQS across both experimental settings.

The compounding of Chinese medicines follows the complex traditional principles
of "four qi and five flavors” alongside the roles of ‘ruler, minister, auxiliary, and envoy.’
These principles guide the alteration of medicinal properties and toxicity in herbal combi-
nations. Considering the crucial role of herb pairing in formulations, this article introduces
a novel method that refines herb preparation and decoction to potentially enhance the
efficacy of the resulting compounds. Specifically, we propose a salt form of BBR and QR,
termed BBR-QR salt. A bioinformatics approach was employed to identify disease-related
targets and pathways to substantiate the rationality of this drug pairing. Liver fibrosis,
characterized by chronic inflammatory damage, currently lacks specific pharmacological
treatments, with general strategies focusing on addressing the underlying cause. Previous
studies have indicated that reducing lipid droplet aggregation, alleviating inflammation,
and promoting apoptosis could positively affect the progression of liver fibrosis. Our
bioinformatics analysis underscores the therapeutic potential of BQS, identifying 96 po-

170



Int. ]. Mol. Sci. 2025, 26, 2193

tential targets associated with the components of BQS and liver fibrosis. Subsequent PPI
network construction revealed a complex interaction landscape with 18 pivotal nodes.
Functional annotations and pathway analysis, especially targeting the "Pathways in cancer’
and 'PI3K-Akt signaling pathway’, suggest that BQS primarily mitigates hepatic fibrosis
through these pathways.

The Akt/FoxOl1 signaling pathway critically influences liver fibrosis by modulating
cell survival and proliferation [51]. Phosphorylation of FoxO1 by Akt promotes fibrogene-
sis, allowing fibrogenic cells, such as HSCs, to survive and proliferate, thereby contributing
to the accumulation of scar tissue. This progression can lead to severe hepatic conditions,
including cirrhosis and liver failure. Under normal conditions, FoxO1 regulates the cell
cycle and inflammation; however, its inactivation through phosphorylation triggers uncon-
trolled cell growth and heightened inflammation, further exacerbating liver damage [52].
Moreover, FoxOl1 is involved in metabolic regulation, and its dysfunction is linked to
metabolic disorders associated with liver diseases, such as steatosis and NAFLD, thereby
increasing the risk of fibrosis [53,54]. Therapeutically targeting this pathway with inhibitors
that block FoxO1 phosphorylation or restore its function may effectively reduce liver fi-
brosis by diminishing HSC activation, enhancing apoptosis, and alleviating inflammation.
Such an approach holds potential for the development of new treatments for liver fibrosis.
Western blot analysis has confirmed that BQS modulates the Akt/FoxO1 signaling pathway,
demonstrating enhanced efficacy in regulating this pathway compared to BQP.

4. Materials and Methods
4.1. Materials

Berberine hydrochloride (BBR, MW: 371.81) was purchased from Nanjing Zelang Bio-
logical Technology Co., Ltd. (Nanjing, China); quercetin (QR, MW: 302.24) was purchased
from Aladdin (Shanghai, China); the HepG2 cell line was obtained from the Cell Resource
Center, Peking Union Medical College (Beijing, China). The human HSC line LX-2 was
obtained from the Shanghai Institutes for Biological Sciences (Shanghai, China). Trypsin
EDTA (0.25%), cell culture media, penicillin/streptomycin, and FBS were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). All other reagents were of analytical grade.

Male 6-week-old specific-pathogen-free (SPF) C57BL/6N mice were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All experi-
mental procedures were approved by the ethics committee of the Institute of Medicinal
Biotechnology, Chinese Academy of Medical Sciences and Peking Union Medical College
(Beijing, China; No. IMB-20231016D1).

4.2. Preparation and Characterization of BBR-QR Samples

First, we dissolved 5 g BBR hydrochloride in 300 mL of water at a temperature of
80 °C until we obtained a clear and transparent light yellow solution. Second, 4.06 g QR
was added to a mixed solution of water and ethanol (150 mL: 450 mL); 15 mL of sodium
hydroxide aqueous solution containing 0.54 g of sodium hydroxide was also added to
this system. Finally, the BBR solution was added, drop by drop, to the system prepared
in the previous step while stirring at room temperature. This resulted in the formation
of deep yellow precipitation. We continued stirring the mixture at room temperature for
one hour after the dropwise addition was complete. Next, we let the sample stand for two
hours, then filtered it to obtain the deep yellow precipitation. We left the precipitation at
room temperature for two days and then dried it at 50 °C for five hours. This yielded the
BBR-QR sample.
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Additionally, a physical mixture of BBR and QR was prepared by grinding 9.2 g of
BBR hydrochloride with 7.5 g of QR in a mortar until they were thoroughly mixed. The
resulting solid, weighing 16.4 g, represented the physical mixture of BBR and QR.

4.2.1. NMR Analysis

A Bruker ASCEND 300 spectrometer was used to record the 'HNMR of BBR, QR,
BQP, and BQS. The instrument was set to standard mode, 500 MHz, and the sample was
dissolved in DMSO.

4.2.2. DSC Analysis

A differential scanning calorimeter (DSC1, Mettler Toledo Zurich, Switzerland) was
used to measure the thermodynamic characteristics of the obtained samples. The samples
were accurately weighted. The instrument was heated from 30 °C to 800 °C at 10 °C/min
in a nitrogen atmosphere of 50 mL/min.

4.2.3. FTIR Analysis

We accurately weighed 10 mg each of BBR, QR, BQP, and BQS for Fourier-transform
infrared spectra (Nicolet 5700, Waltham, MA, USA) measurement in the spectral range of
4000-400 cm~!. All samples were mixed with KBr at a 1/100 ratio (w/w) and formed in
the KBr disks.

4.2.4. PXRD Analysis

We accurately weighed BBR, QR, BQP, and BQS, which were placed on a vitreous
sample holder in a D8 advance X-ray diffractometer with Cu/Ka radiation (A 0.154 nm)
operating at 40 kV, 30 mA while monitoring the reflection angle 20 from 3° to 40° at a scan
speed of 10°/min.

4.2.5. SEM Analysis

Material microscopic morphology characterization was obtained by using a scanning
electron microscope (AKASHI SX-40, Akashi, Japan). BBR, QR, BQP, and BQS were, respec-
tively, placed on the platinum tape, and then images were obtained under an excitation
voltage of 20 kV under vacuum.

4.2.6. Dissolution Experiment

The powder of QR (18 mg), BBR (20 mg), BQP (20 mg BBR + 18 mg QR) and BQS
(38 mg) were respectively placed in 900 mL water and stirred at 50 rpm at 37 £ 0.5 °C
through paddle-rotating method. A volume of 3 mL of the medium was withdrawn
through a 0.45 um membrane at time points of 15, 30, 60, 90, 120, 180, 240, 360 and 480 min
and immediately added with 3 mL of fresh dissolution medium. There were 6 repeats
under each point. The amount of dissolved BBR or QR was determined using the method
described in Section 4.3.

4.3. Bioavailability Analysis

All animals were allowed to acclimatize for a week. Ninety healthy male C57BL/6N
mice were stratified into eighteen groups (n = 5 per group) based on body weight to ensure
a similar average weight across groups. Then, the animals fasted for 12 h. Mice in each
group were intragastrically administered BQP or BQS (equivalent to 100 mg/kg BBR and
90 mg/kg QR) dissolved in water. Approximately 50 mg of liver tissue was obtained from
each mouse at different time points (0.5, 1, 1.5, 2, 3, 6,9, 12, and 24 h). Liver tissues collected
were stored at —80 °C until analysis. The concentration of BBR and QR in the liver tissues
was determined using the UHPLC-MS/MS method, as described below.
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In this study, we established a mathematical model-assisted UHPLC-MS/MS method
for the targeted quantification of BBR or QR in liver samples of normal C57BL/6N mice.
The internal standard solution, containing Palmatine, was added to 50 mg liver tissue for
homogenization. After centrifugation at 12,000 rpm for 10 min, 300 pL of the supernatant
was transferred into 675 puL of methanol. After vortexing them for 30 s, the samples were
centrifuged at 12,000 rpm for 10 min. The supernatant was taken as the final sample.

The LC-MS analysis was performed using a TripleTOF 4600 analyzer (AB SCIEX,
Framingham, MA, USA). A C18 column was used for separation. The mobile phase com-
prised water (mobile phase A) and acetonitrile (mobile phase B). The gradient program was
0.00—0.50 min (10% B), 0.50—4.00 min (10—95% B), 4.00—6.00 min (95% B), 6.00—6.10 min
(95-10% B), and 6.10—9.00 min (10% B). The experiment was performed in a negative mode
of ionization. The quantitative ion pair of BBR, QR, and the internal standard (Palmatine)
quantitative were m/z = 336.0/292.1, m/z = 303.1/229.1, and m/z = 352.1/308.1, respec-
tively. The qualitative ion pair of BBR, QR, and the internal standard qualitative were
m/z=336.0/321.1, m/z =303.1/153.1, and m/z = 352.1/322.1, respectively.

4.4. In Vitro Anti-Fibrosis Activity in LX-2 Cells

Lx-2 cells were cultured in DMEM at 37 °C in an atmosphere of 5% CO;. Once the cells
reached 90-95% confluence, they were starved by incubating them in DMEM containing
2% FBS for 12 h. To create a liver fibrosis model, 2 ng/mL of TGF-1 (R&D Systems,
Minneapolis, MN, USA) was added to the cell culture. Additionally, the BQP and BQS
(equivalent to a concentration of 10 pg/mL of BBR and 9.0 ng/mL of QR) were also added
to the culture.

4.4.1. Apoptosis

As described by Crowley et al. [55], the harvested cells were co-stained with fluo-
rescein isothiocyanate (FITC) labeled Annexin V and propidium iodide (PI) (Beyotime
Biotechnology, Shanghai, China) for 15 min at room temperature in the dark. Then, flow
cytometric analysis was carried out on a flow cytometer (BD Biosciences, Franklin Lake,
New Jersey, USA) and the results were analyzed using Flow]Jo_V10 software.

4.4.2. Cell Cycle

The harvested cells were co-stained with propidium iodide (PI) (Beyotime Biotech-
nology, Shanghai, China) for 30 min at room temperature in the dark. The results were
analyzed using Flow]Jo_V10 software.

4.4.3. Immunofluorescence (IF) Analysis

The tyramide signal amplification (TSA) method was used for «-SMA (Affinity Bio-
sciences, Liyang, Jiangsu, China) and collagen I (Affinity Biosciences, Liyang, Jiangsu,
China) double staining. In brief, the samples were treated successively with rabbit pri-
mary antibodies and HRP-conjugated goat anti-rabbit secondary antibodies. A fluorescent
reagent was incubated with the samples after washing to develop the color. The antibodies
used are shown in Table S1.

4.5. In Vitro Analysis of HepG2 Cells

HepG2 (ATCC) cells were cultured in DMEM at 37 °C in an atmosphere of 5% CO;.
The cells were seeded into six-well plants. We did not stimulate the cells until they reached
90-95% confluence. HepG2 cells were incubated with 0.5 mmol/L sodium oleate (SO,
Sigma-Aldrich, St. Louis, MO, USA), together with the BQP and BQS (equivalent to
10 pg/mL of BBR and 9.0 pg/mL of QR). We harvested the cells after 12 h.
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4.5.1. Oil Red O Staining

After being fixed in paraformaldehyde, HepG2 cells were stained with 0.1% Oil Red
O to detect lipid droplets. The results were analyzed using Fiji (Image] 1.53c) software.

4.5.2. IF Analysis

The tyramide signal amplification (TSA) method was used for TNFx (Novus Bi-
ologicals, Littleton, CO, USA). IL-1$ (ProteinTech Group, Chicago, IL, USA) and IL-6
(ProteinTech Group, Chicago, IL, USA) triple staining. The operation refers to the method
mentioned in Section 4.4.3.

4.6. In Vivo Study

Six-week-old male C57BL/6N mice were purchased from the Vital River Laboratory
Animal Technology (Beijing, China). All experimental procedures mentioned below were
approved by the ethics committee of the Institute of Medicinal Biotechnology, Academy
of Medical Sciences, and Peking Union Medical College (Beijing, China). The mice were
allowed to acclimate in the specific-pathogen-free (SPF) grade animal facility (20 £ 1 °C
on a 12 h light/dark cycle) for 7 days, with ad libitum access to water and food. The
mice were randomly categorized into four groups (n = 10): a model group (MC, fed with
Methionine and Choline-Deficient Diets, diet research, for six weeks) [56], a normal control
group (NC, fed with a standard chow diet, for six weeks), a physical mixture group (BQP,
fed with Methionine and Choline-Deficient Diets, diet research, for six weeks), and a salt
group (BQS, fed with Methionine and Choline-Deficient Diets, diet research, for six weeks).
Additionally, during the induction process, mice in the two drug administration groups
were administered BQP (100 mg/kg/day of BBR and 90 mg/kg/day of QR) and BQS
(190 mg/kg/day) by gavage, respectively. Both groups received a dosage equivalent to
100 mg/kg/day of BBR [57]; the mice in the MC and NC groups were administered a
commensurable control vehicle intragastrically. The trial was conducted for two weeks.

At the end of the experiment, the mice were fasted for 12 h. Plasma was collected for
biochemical analyses. The livers were harvested and weighed. We divided the liver into
two parts; one was fixed with polyethylene, and the other was frozen at —80 °C.

4.6.1. Biochemical Analysis

Plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bile
acid (TBA), alkaline phosphatase (ALP), and gamma-glutamyltransferase (GGT) were
measured using a TOSHIBA automatic biochemical analyzer (Toshiba, Tokyo, Japan),
according to the manufacturer’s protocol and using commercially available kits (Biosino
Biotechnology, Beijing, China).

4.6.2. Tissue Staining

Liver samples were embedded in paraffin and then were sectioned into 4 um thick
sections. Hematoxylin—eosin, Sirius Red and Masson were used to stain the samples for
microscopic observation.

4.6.3. Immunohistochemistry (IHC) Analysis

The tyramide signal amplification (TSA) method was used for TNF-«, IL-13 double
staining and for TGF-f3, x-SMA, and collagen I triple staining. The operation refers to the
method mentioned in Section 4.4.3.

4.6.4. Enzyme-Linked Immunosorbent Assay

TG and CHO levels in mouse liver tissues were quantified using the TG assay kit and
the CHO Assay Kit, respectively, both from Nanjing Jiancheng Bioengineering Institute
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(A110-1-1, A111-1-1, Nanjing, China). The liver tissue was accurately weighed and treated
with the T-PER™ tissue protein extraction reagent at a ratio of 1:20 (g:mL). The samples
were then centrifuged at 2500 rpm at 4 °C for 10 min. The supernatant obtained was used
for subsequent analysis according to the manufacturer’s instructions.

4.7. ELISA Measurement

Levels of IL-13 and TNF-o from mouse liver tissue extracts or cultured supernatants
of LX-2 cells were measured using ELISA kits for mouse or human IL-13 and TNF-«,
respectively (MeilunBio, Dalian, China) according to the manufacturer’s protocols.

4.8. Quantitative Real-Time PCR (qPCR) Analysis

Total RNA was extracted from tissues or cells utilizing the RaPure Total RNA Kit
(R4011, Magen, Guangzhou, China), strictly adhering to the manufacturer’s instructions.
The quantitative polymerase chain reaction (qPCR) assays were conducted on the 7500 Fast
Real-time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) employing the
HiScript® II One Step gRT-PCR SYBR® Green Kit (Q22101, Vazyme, Nanjing, China).
The assays were performed under thermal cycling conditions as specified in the kit’s
protocol. The sequences of primers used are listed in Table 1. Glyceraldehyde-3-phosphate
dehydrogenase served as the internal reference gene. The qPCR data were analyzed using
the comparative cycle threshold (Ct) method, and details regarding the qRT-PCR primers
are provided in the accompanying table.

Table 1. Primer sequence information used for qRT-PCR.

Origin Name Forward (5'-3") Reverse (5'-3')
Human IL-18 TATCATCTTTCAACACGCAGGACAG TATCATCTTITCAACACGCAGGACAG
TNF-o GCCGTCTCCTACCAGACCAAG ATGGGCTCATACCAGGGCTTG
IL-6 ACAGACAGCCACTCACCTCTTC AGTGCCTCTTTGCTGCTTTCAC
COL1A1 AGGGCGACAGAGGCATAAAGG AGGACCAGAGGCTCCAGAGG
x-SMA CCGGGAGAAAATGACTCAAA GCAAGGCATAGCCCTCATAG
GAPDH GAACATCATCCCTGCCTCTACTGG CCTCCGACGCCTGCTTCAC
Murine TgfB1 CCGCTTCTGCTCCCACTCC CATGTCGATGGTCTTGCAGGTG
Collal GGTCCTGCTGGTCCTGCTG GAGAAGCCACGATGACCCTTTATG
II-1B CAAACCTTTGACCTGGGCTGTC GCCTGCCTGAAGCTCTTGTTG
Tnf-a GCCTCTTCTCATTCCTGCTTGTG GTGTGAGGGTCTGGGCCATAG
a-SMA CTTCGTGACTACTGCCGAGC AGGTGGTTTCGTGGATGCC
Gapdh CTCCCACTCTTCCACCTTCG TAGGGCCTCTCTTGCTCAGT

4.9. Network Pharmacology-Based Analysis

Initially, drug targets for BBR and QR were collected using keywords “berberine” and
“quercetin” from databases like Drugbank, Swiss TargetPrediction, Targetnet, and batman-
TCM. After removing duplicates, a substantial number of potential targets for both drugs
were established. Targets related to hepatic fibrosis were then collected from the DisGenet
and Gene Cards databases, utilizing criteria based on protein-coding relevance and scoring
to refine the target list. Venn diagrams were employed to ascertain the intersection of drug
targets with those associated with hepatic fibrosis, identifying crucial targets for further
analysis. The intersecting genes were analyzed using the String database to construct a
protein interaction network, which was then examined in Cytoscape to determine network
dynamics. Core targets were identified using CentiScape, based on specific criteria for
closeness, degree, and betweenness, and subsequently visualized. Enrichment analyses of
these core targets were performed in the Metascape database for gene ontology (GO) and
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Kyoto Encyclopedia of Genes and Genomes (KEGG), elucidating their biological functions
and pathways, with a focus on processes related to hepatic fibrosis.

4.10. Western Blot Analysis

Total liver proteins were extracted using RIPA lysis buffer, supplemented with pro-
tease and phosphatase inhibitors. Protein concentrations were determined using the BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Twenty micrograms
of total protein were subjected to electrophoresis on a 12% SDS-polyacrylamide gel and
subsequently transferred to a polyvinylidene fluoride (PVDF) membrane. Following the
transfer, the membrane was blocked with 5% non-fat milk and then incubated overnight at
4 °C with primary antibodies against phospho-Akt (1:1000, CST, Danvers, MA, USA), Akt
(1:1000, Cell Signaling Technology Inc., Danvers, MA, USA), phospho-FoxO1 (1:1000, Cell
Signaling Technology Inc., Danvers, MA, USA), Foxo-1 (1:1000, Cell Signaling Technology
Inc., Danvers, MA, USA), Collagen I (1:3000, ProteinTech Group, Chicago, IL, USA), «-SMA
(1:1000, Cell Signaling Technology Inc., Danvers, MA, USA) and (-actin (1:5000). After
washing with TBST, the membrane was incubated with horseradish peroxidase-conjugated
secondary antibodies (1:5000) at room temperature for one hour. The protein bands were
visualized using a chemiluminescent detection reagent and an imaging system.

4.11. Statistical Analysis

All data are presented as mean =+ standard error of mean with respect to the number
of samples in each group. One-way ANOVA was used for comparisons among multiple
groups, followed by Student’s t-test for independent group comparisons. Statistical sig-
nificance was determined as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001;
#p <0.05; % p < 0.01; #* p < 0.001. A p-value of <0.05 was considered statistically significant.

5. Conclusions

Liver fibrosis, a prevalent pathological condition associated with chronic liver diseases,
currently lacks effective therapeutic options. Without timely and effective intervention, this
condition may progress to several irreversible complications that significantly endanger hu-
man life. In this study, we successfully synthesized a novel compound, BBR-OR salt, which
demonstrates outstanding biological and chemical properties. Comprehensive in vitro and
in vivo studies have demonstrated that BQS possesses enhanced anti-inflammatory, anti-
lipid accumulation, and anti-fibrotic capabilities compared to both the individual drugs
and their physical mixture. This increased efficacy is likely mediated through complex
molecular interactions and the modulation of critical biochemical pathways, particularly
the Akt/FoxO1 pathway. Our results suggest that BQS interferes with the signaling cas-
cade that promotes fibrogenesis, thus attenuating the pathological process at multiple
levels. These findings underscore the potential of BQS as a potent therapeutic agent for
liver fibrosis, highlighting its ability to act on key mechanistic pathways involved in the
disease process. Given the promising results observed, further clinical trials are warranted
to validate BQS’s efficacy and safety in human subjects. This could potentially lead to
the development of a new, more effective treatment strategy for managing liver fibrosis,
offering hope to millions affected by this debilitating condition.
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Abstract: Novel strategies to prevent the “storage lesions” of red blood cells (RBCs) are
needed to prevent the risk of adverse effects after blood transfusion. One option could
be the supplementation of stored blood bags with natural compounds that may increase
the basal load of antioxidant protection and the shelf life of RBCs. In this pilot study,
we investigated for the first time potential synergistic effects of a triple combination of
well-known anti-oxidant compounds curcumin (curc), vitamin E (vit E), and vitamin C
(vit C). Briefly, we established an ex vivo model of H,O,-induced oxidative stress and
measured the hemolysis ratio (HR) (%) and thiobarbituric acid reactive substances (TBARS)
levels in RBCs with or without pre-exposure for 30 min with increasing concentrations of
curg, vit E, and vit C and then exposed to 10 mM H;O; for 60 min. Exposure of RBCs to a
triple combination of curc, vit E, and vit C at the highest concentration (100 uM) completely
prevented HyO;-induced hemolysis. Surprisingly, we found that pre-treatment of RBCs
with curc 100 uM alone completely prevented hemolysis as compared to vit E and vit C
alone or in combination at the same concentration. On the other hand, pre-treatment with
the triple combination of curc, vit E, and vit C 100 pM was required to totally prevent lipid
peroxidation, as compared to curc 100 uM alone, supporting their synergistic effects in
preventing RBCs membrane peroxidation. Further experiments are ongoing to investigate
the anti-aging effects of the triple combination of curc, vit E, and vit C on cold-stored bags.

Keywords: red blood cells; hydrogen peroxide; oxidative stress; natural compounds

1. Introduction

The transfusion of red blood cells (RBCs) is a lifesaving treatment for severe anemia,
trauma, or major surgery [1,2]. RBC-related “storage lesions” represent morphological,
functional, and metabolic changes that RBCs progressively undergo upon collection, pro-
cessing, and refrigerated storage in blood banks for clinical use [3-5]. Often, adverse events
are caused by the transfusion of aged RBCs that are closer to their expiration date (42 days),
wherein the effects of RBC storage lesions can contribute to poorer outcomes as compared
to outcomes using fresher RBCs [6]. In order to address this unsolved clinical need, novel
options to prevent storage lesions and extend the shelf life of RBCs are required.

One approach to prevent storage lesions could be the supplementation of stored blood
bags with natural compounds that may increase the basal load of antioxidant protection and
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shelf life of RBCs. Well-known anti-oxidant natural compounds, including vitamins [7-9],
curcumin [7], quercetin [10,11], L-carnitine [12], agai extract [13], and anthocyanin-rich
extract (Callistemon citrinus) [14], have been widely investigated in accelerated aging models
on human RBCs. However, there is a paucity of data about possible synergistic effects of
specific combinations of natural compounds that may prevent oxidative stress better than
one compound alone.

Here, we evaluated for the first time the possible synergistic effects of a triple combina-
tion of well-known anti-oxidant natural compounds including curcumin (curc), L-ascorbic
acid (vit C), and alpha-tocopherol (vit E) entering cells via related transmembrane porters.
To this aim, we used an accelerated aging model of RBCs based on HyO,-induced oxidative
stress and measured two markers of aging, the hemolysis ratio (HR) (%) and thiobarbituric
acid reactive substances (TBARS) levels, which are basic biological toxicity tests widely
used to evaluate the activity of natural compounds because they are rapid, reproducible,
and less expensive than other tests, such as cell culturing. Due to the lack of methodologi-
cal standardization in the literature, we also offer an original framework useful for easily
establishing an HyO;-induced oxidative stress model in human RBCs.

2. Results
2.1. Optimal Concentration of HyO;-Induced Oxidative Stress

In order to establish the optimal conditions of H,O,-induced oxidative stress, hemol-
ysis assays were conducted upon exposure of RBCs to six increasing concentrations of
peroxide. Data showed that hemolysis occurred in a concentration-dependent manner.
In detail, we show a representative original plate in which we could observe the color
change from red to dark brown in each well after incubation with increasing concentra-
tions of HyO; (from 4 to 50 mM) (Figure 1A). Moreover, a representative original picture
shows the colour of supernatants that were collected after centrifuge that progressively
changed from red towards dark brown in a direct proportional manner to increasing
H,O; concentration (Figure 1B). Except for 4 mM H,O,, RBC suspensions exposed to 6,
8, 10, 20, and 50 mM H;O; had significantly increased HRs (%) as compared to that of
the negative control (PBS) (p < 0.05) (Figure 1C). For the next experiments, we chose 10
mM H,O; as a hemolysis-inducing low dose of peroxide to test the synergistic effects of
natural compounds.

A c H,0,

100 = =

80—

30 -

HR (%)

oot M A

Figure 1. Selection of the HyO, hemolysing dose. (A) A representative original image of a plate
containing suspensions of RBCs without (red wells) or with (dark brown) H,O,. (B) A representative
original image of cuvettes containing supernatants that were used to measure absorbance (A) at
540 nm after exposure to increasing concentrations of HyO,. From right to left in the image, contents
of these cuvettes correspond to the bar graph in (C). (C) A bar graph showing the hemolysis ratios
(HRs) (%) of RBCs obtained at increasing concentrations of HyO,. Values are the mean of independent
experiments using RBCs from n = 3 blood donors assayed in triplicate (repeated-measures one-way
ANOVA). ** p < 0.01; ** p < 0.001; **** p < 0.0001; n.d., not detectable; n.s., not significant.
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2.2. Evaluation of Synergistic Anti-Oxidant Effects of Curc, Vit E, and Vit C

In order to exclude any possibility of hemolysis upon exposure to the triple combi-
nation of natural compounds, we preliminarily evaluated the response of RBCs towards
incubation with curc, vit E, and vit C ranging from 1 to 100 uM. As shown in Figure 2, we
did not observe any sign of hemolysis as proven by the fact that the colour of supernatants
in the cuvettes remained light yellow (no oxidative stress) after 1 h and 30 min of incubation
at 37 °C in both lower (1-20 uM) and higher (50-70 uM) concentrations.

CTRL+ CTRL- 1uM  10uM  20pM 50uM  70pM 100 uM

Figure 2. Preliminary evaluation of potential hemolytic effects. A representative original image
of cuvettes containing supernatants from RBCs exposed to increasing concentrations of a triple
combination of curg, vit E, and vit C.

After it was proven that the triple combination of curc, vit E, and vit C did not
provoke hemolysis, we evaluated its ability to counteract the oxidative stress induced by
peroxide. Therefore, we incubated RBCs with a triple combination of curc, vit E, and vit C
at increasing concentrations (1-100 uM) for 30 min, and successively co-incubated 10 mM
of HyO, for 60 min. As the final step, we measured the HRs (%) of RBCs. The experimental
workflow is shown in Figure 3.
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Figure 3. Experimental flowchart. Major details are provided in the Section 4.
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In our experimental conditions, we observed that the HR (%) significantly decreased
in a concentration-dependent manner. The ability to prevent hemolysis is observable in
Figure 4A, which shows the colour of supernatants in cuvettes that progressively changed
from dark brown (proven oxidative stress) towards light yellow (no oxidative stress). In
detail, the triple combination of curc, vit E, and vit C at 20 uM (1-way ANOVA, p < 0.001),
50 uM (1-way ANOVA, p < 0.001), 70 uM (1-way ANOVA, p < 0.001), and 100 uM (1-way
ANOVA, p < 0.001) significantly decreased the HR (%) of RBCs as compared to the HyO;-
negative control (Figure 4B), whereas the triple combination of curc, vit E, and vit C at 1 uM
and 10 uM did not prevent hemolysis as compared to the HyO,-negative control (1-way
ANOVA, p > 0.05).

A

=3
CTRL+ CTRL- CTRL- 1pyM 10pM  20uM 50pM 100 uM
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n.s.
L ' '
e fis TG 8
[
T =
10
. - ﬂ H M
T T T T T T T T
= ] o S S
& & &3 PP R S ¢
< ‘Q_'V Qy N
5 o

Figure 4. Synergistic anti-hemolytic effects of the triple combination of natural compounds at
increasing concentrations. (A) A representative original image of cuvettes containing supernatants
that were used to measure absorbance (A) at 540 nm after exposure to increasing concentrations
of HyO,. (B) A bar graph showing relative hemolysis ratios (HRs) (%). Values are the mean of
independent experiments using blood from 7 = 3 donors assayed in triplicate (repeated-measures
1-way ANOVA). ** p < 0.001; n.s., not significant.

Interestingly, we noted that the highest concentration of triple combination solution
(100 uM) completely prevented oxidative stress as demonstrated by the fact that there was
no significant difference between the HR (%) of RBCs pre-treated with the triple solution
and that of the PBS negative control (1-way ANOVA, p > 0.05). Taken together, these data
showed that starting from a concentration of 20 uM, a solution of curc, vit E, and vit C
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can prevent oxidative stress on RBCs in a dose-dependent manner, with total prevention
reached at the highest concentration tested (100 uM).

Starting from previous evidence on the use of higher concentrations of vitamins to
evaluate their anti-aging effects in a model of cold-stored blood bags [8,9], we did not
further consider 20 pM and 50 uM concentrations, but performed the following experiments
using only pre-treatments at the highest concentration (100 uM). This choice is explained
by our interest in evaluating the anti-aging effects of triple combinations of curc, vit E, and
vit C using a model of cold-stored blood bags in future experimental workflows.

Therefore, we measured the anti-hemolytic effects of RBCs pre-treatments with a
double combination of vit C and vit E (100 pM) or single natural compounds of vit C
or vit E (100 pM). We observed that pre-treatment with a combination of vit C and vit
E significantly reduced the HR (%) compared to the negative control (1-way ANOVA,
p < 0.0001), but did not totally prevent hemolysis (Figure 5A). Interestingly, pre-treatment
of RBCs with curc alone was able to completely prevent hemolysis as compared to vit
C and vit E alone (Figure 5B). This was proven by the fact that there was no significant
difference between the HR (%) of RBCs pre-treated with curc 100 tM and that of the PBS
negative control (1-way ANOVA, p > 0.05). These data support previous evidence that curc
pre-treatment may be useful in maintaining the integrity of the RBC membrane [7].
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Figure 5. Evaluation of hemolysis and lipid peroxidation at the highest concentration of natural
compounds. Bar graphs (A,B) show the hemolysis ratios (HRs) (%) of RBCs. Values are the mean of
independent experiments using blood from n = 3 donors assayed in triplicate (repeated-measures
1-way ANOVA). (C) A bar graph showing MDA levels (ng/mL) obtained by pre-treatment with curc,
vit E, and vit C in combination as compared to that of curc alone. Values are the mean of independent
experiments using blood from n = 3 donors assayed in duplicate (repeated-measures 1-way ANOVA).
*** p < 0.001; **** p < 0.0001. n.s., not significant.

Next, we chose to evaluate the triple combination of natural compounds versus curc
alone in preventing lipid peroxidation of RBCs. In contrast to hemolysis, pre-treatment
with curc 100 pM alone did not completely prevent lipid peroxidation. Indeed, MDA levels
were statistically higher than those of the PBS negative control (1-way ANOVA, p < 0.001)
(Figure 5C). Interestingly, the triple combination completely prevented lipid peroxidation,
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as shown by the fact that MDA levels were statistically similar to that of the negative
control (PBS) (1-way ANOVA, p > 0.05) (Figure 5C). These data support that curc, vit E,
and vit C may cooperate to prevent lipid peroxidation of RBC membranes with beneficial
effects that are superior to those of curcumin alone.

3. Discussion

Storage lesions are heterogeneous metabolic changes that occur in cold-stored blood
bags leading to unavoidable aging-induced RBC membrane loss. In turn, loss of RBC
integrity results in hemolysis and the formation of microparticles, which may contribute
to complications associated with transfusion. As blood transfusion is one of the most
common life-saving medical therapies, it is of paramount importance to better understand
storage lesion-associated mechanisms and identify novel anti-aging treatments that may
advance the current paradigm of transfusion medicine. In this context, we designed a
preliminary study in order to evaluate for the first time the anti-oxidant effects of a triple
combination of well-known anti-oxidant natural compounds, curc, vit E, and vit C, on RBCs
by measuring hemolysis and lipid peroxidation as the main biomarkers of RBC-related
membrane damages. Indeed, this pilot study was based on an accelerated model of aging
and is part of our ongoing experiments directly on cold-stored blood bags.

The major findings of the present pilot study are as follows. (1) The exposure of
RBCs to the triple combination of curc, vit E, and vit C at the highest concentration tested
(100 uM) completely prevented hemolysis induced by HyO; treatment. (2) The exposure
of RBCs to curc alone accounted for the highest anti-hemolytic effects as compared to
pre-treatment with a combination of vit C and vit E or pre-treatment with a single natural
compound. (3) The exposure of RBCs to the triple combination of curc, vit E, and vit C
at the highest concentration tested (100 uM) completely prevented lipid peroxidation as
compared to the exposure of RBCs to curc alone. Taken together, these data support the
possible synergistic effects of curc, vit E, and vit C in preventing storage lesions in RBCs.
Our focus on the highest concentration of the triple combination of natural compounds
arose from our ongoing experiments evaluating its possible anti-aging effects in a model of
cold-stored blood bags (about 450 mL), and therefore required higher concentrations of
natural compounds. The use of higher concentrations of natural compounds in a long-term
experimental model is also supported by previous studies highlighting that vit C and an
analogue of vitamin E (Trolox) had lasting anti-oxidant effects starting from a concentration
of 125 uM (until 3125 uM) [8,9]. In detail, previous long-term studies showed that exposure
to Trolox, a water-soluble analogue of vit E, significantly prevented hemolysis and lipid
peroxidation in RBCs alone [8] or in combination with vit C [9]. However, a complete
prevention of oxidative stress was not observed at the tested concentrations. Moreover,
pre-treatment of RBCs with curc mitigated oxidative injury, membrane deformability, and
elasticity better than vit C alone did [7].

Although many studies have evaluated the antioxidant effects of vitamins [7-9],
curcumin [7], quercetin [10,11], L-carnitine [12], acai extract [13], and Callistemon citrinus [14]
for preventing storage lesions in RBCs or additional detrimental insults to human
health [15-17], there is a paucity of data about the effects of such natural compounds
in specific combinations that may yield synergistic anti-oxidant effects. This is the first ex
vivo study evaluating the synergistic effects of a triple combination of curc, vit E, and vit C
in preventing oxidative stress in RBCs using a range of both lower and higher concentra-
tions. In this pilot study, we were surprised that the exposure of RBCs to curcumin alone
had the ability to completely prevent hemolysis in the same manner the triple combination
did, and that it had a higher anti-hemolytic effect as compared to vit C and vit E, alone or
in combination. Curcumin, a yellow pigment commonly used as a spice and food coloring,
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is widely used as a nutraceutical compound owing to its anti-inflammatory properties [18].
One explanation could be that curcumin is effective in protecting RBCs from oxidative
stress events at the level of cell membrane transport. Specifically, band 3 protein, which
consists of a membrane domain-mediating anion exchange and a cytoplasmic domain,
mainly contributes to protein—protein interactions by coupling the lipid bilayer to the
underlying cytoskeleton through cysteine -SH groups [19]. On the other hand, the exposure
of RBCs to curcumin alone was not able to completely prevent lipid peroxidation compared
to exposure to the triple combination of natural compounds supporting synergistic effects
among them. Vitamins C and E are both naturally occurring free radical scavengers. It is
well known that vit C can protect membranes against peroxidative damage and enhances
the effects of vit E by reducing tocopheroxyl radicals in human RBCs [8].

Although this study was not aimed at identifying the underlying mechanisms of
this synergy, we hypothesize that the simultaneous presence of curc, vit E, and vit C
amplifies the antioxidant effects of each individual compound forming a synergistic bar-
rier for the lipid bilayer via neutralizing free radicals through the donation of electrons
or hydrogen atoms and iron (II) chelating ability. Natural compounds act via complex
molecular networks regulating cell senescence, inflammation, and the structural integrity
of the membrane, which are key contributors to aging [7,18,20]. Among the potential
molecular players regulating synergistic circuits in blood bags, we may hypothesize a role
for the nuclear erythroid-2-related factor (NRF2), which is a key transcription factor during
erythroid development affecting the expression of several antioxidant proteins, delaying
cell senescence and preventing age-related diseases [21]. Additionally, the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) transcription factor is vital for
promoting the survival of RBCs by delaying their apoptosis [22]. It is evident that more
efforts should be made to evaluate which specific mechanisms of action can have anti-aging
effects on RBCs in long-term models of storage lesions.

Although this was an explorative study of small size, our results warrant further
evaluation of the antioxidant effects of the triple combination of natural compounds
directly in bags stored in blood biobanks [8,9]. Moreover, we provide an easy standardized
methodological workflow aimed at helping researchers explore these novel beneficial
anti-oxidants’ effects on RBCs or other hemoderivatives using a wide range of natural
compounds.

4. Materials and Methods
4.1. Study Population

As previously described [1,23-26], we enrolled periodic blood donors including
non-smoker young males (30-35 years) at the Clinical Immunology, Inmunohematology
and Transfusion Medicine department of the University of Campania, “Luigi Vanvitelli”
(Naples, Italy). RBCs were drawn from donor volunteers in accordance with guidelines

from the Italian National Blood Centre (Blood Transfusion Service for donated blood).

4.2. Isolation of RBCs

Peripheral blood (5 mL) was collected in heparinised tubes and used immediately.
It was centrifuged at 1500 g for 10 min at 4 °C in a clinical centrifuge, and then both the
supernatant and buffy coat were gently removed. The erythrocyte pellet was washed two
times with phosphate-buffered saline (PBS) (0.9% NaCl in 10 mM sodium phosphate bulffer,
pH 7.4). After the second wash, packed erythrocytes were gently resuspended with PBS to
give a 5% hematocrit. Importantly, suspensions of RBCs were pre-incubated at 37 °C for
10 min in the presence of 1 mM of sodium azide (NaN3) to inhibit catalase activity. This was
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a crucial step in establishing the oxidative stress model, as proven by the change in colour
of RBCs from red to dark brown (Figure 1A), as clearly reported in previous protocols [27].

4.3. Establishment of the HyO;-Induced Oxidative Stress Model
4.3.1. Reagents

Curcumin (#HY-NO0005), vitamin E (#HY-W020044), and vitamin C (HY-B0166) were
purchased from MCE Med Chem Express (Princeton, NJ, USA) and 30% HyO, was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) (#BCCD8661).

4.3.2. Selection of the Suitable H,O, Concentration

RBCs and enzymes are susceptible to oxidative damage, resulting in the peroxidation
of membrane lipids and the release of hemoglobin (hemolysis). We chose H,O, as the
water-soluble oxidant because it can quickly permeate the membrane and partition in
the cytosol leading to lipid membrane and enzyme oxidation [7,28]. Hemolysis assays
were conducted as previously reported [7]. First, each 5% hematocrit was divided into
ten aliquots: nine aliquots (after pre-exposure to NaN3) were treated with increasing
concentrations of HyO, (4 mM, 6 mM, 8 mM, 10 mM, 20 mM, and 50 mM) and one aliquot
(without pre-exposure to NaN3) was treated with PBS (normal control). After 60 min at
37 °C, RBCs were immersed for 60 s in an ice bath and then centrifuged at 1500 g for
5 min at 4 °C. Supernatants were saved and their absorbance (A) was recorded at 540 nm
to determine the release of hemoglobin. The hemolysis percentage was calculated using
the formula:

Hemolysis Ratio (HR) (%) = A of sample — A of normal control (PBS)/A of positive control (Triton 1X) x 100

4.3.3. Pre-Exposure to Natural Compounds and H,O,.Induced Oxidative Stress

RBC suspensions (5% hematocrit in PBS, 300 uL) were divided into three groups: the
normal group (treated with PBS), the treatment group (triple combination of curc, vit E,
and vit C) and the negative control group (treated with an HyO,-related hemolysing dose
of 10 mM). For both the normal and negative control groups, suspensions of RBCs were
pre-incubated with 100 uL PBS and 6 pL. DMSO. In the treatment group, suspensions of
RBCs were pre-incubated with 100 pL of a solution containing the triple combination of
curg, vit E, and vit C at increasing concentrations (1 pM, 10 uM, 20 uM, 50 uM, 70 uM and
100 puM as the final concentration). In a subsequent experimental set, suspensions of RBCs
were pre-incubated with 100 pL of a solution containing a single natural compound or
specific double combinations at selected concentrations. Plates were incubated at 37 °C
for 30 min. Subsequently, 400 puL of PBS was added to the normal group and 400 pL Hy,O,
solutions (pH 7.4) were added to the treatment and negative control groups. RBCs were
then incubated at 37 °C for 1 h. After incubation, cell pellets were collected, immersed for
60 s in an ice bath, and then centrifuged at 1500 g for 5 min at 4 °C. Supernatants were saved
and their A was recorded at 540 nm to determine the HR (%), as previously described.

4.3.4. Lipid Peroxidation

Thiobarbituric acid reactive substances (TBARS) known as malondialdehyde (MDA)
were measured using the Malondialdehyde (MDA) Colorimetric Assay Kit (Cell Samples)
Elabscience (Houston, TX, USA) (#E-BC-K028-M), according to the manufacturer’s instruc-
tions. MDA is a widely used marker of lipid peroxidation [29]. The absorbance of pink
chromophore produced during the reaction of thiobarbituric acid with malondialdehyde
was measured at 535 nm.
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4.3.5. Statistical Analysis

Statistical procedures were performed with SPSS (version 20). Analysis of the de-
pendent variable (absorbance at 540 nm) was performed with a repeated-measures 1-way
ANOVA with “treatment” as a within-subject factor. The normality distribution of residuals
was determined with Kolmogorov-Smirnov and Shapiro-Wilk tests. Sphericity was tested
with the Mauchly test. If sphericity was violated (Mauchly test < 0.05) the Greenhouse—
Geisser correction was applied. The alpha was 0.05. Post-hoc comparisons were performed
with dependent t-tests corrected with the Bonferroni procedure.
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Abstract

Moringa oleifera, widely recognized as the horseradish tree or drumstick tree, is classified
within the Moringaceae family, which comprises 13 species predominantly distributed across
tropical and subtropical regions. The plant possesses a variety of therapeutic, nutritional,
and beneficial health properties, including its potential to enhance the immune system.
The present work provides extensive bibliographic research addressing the chemical com-
position of Moringa oleifera and its immunomodulatory properties with a focus on the
cellular and molecular mechanisms involved in the regulation of immune function, which
is crucial in unchecked cell proliferation and metastasis. The chemical composition of
Moringa oleifera, including kaempferol, chlorogenic acid, quercetin, and niazimicin, varies
between different biological parts of the plant (seeds, leaves, roots, and stems). The pres-
ence of these various chemical compounds contributes to the plant’s effect on the immune
response via different pathways. Several studies indicate that Moringa oleifera mitigates
inflammation by suppressing key pro-inflammatory mediators, such as TNF-«, IL-13,
inducible nitric oxide synthase (iNOS), prostaglandin E2 (PGE-2), and cyclooxygenase-2
(COX-2), while simultaneously enhancing anti-inflammatory mediators through activation
of PPAR-y. Furthermore, the immunomodulatory properties and possible application
in health promotion and disease prevention, especially in cancer therapy, are discussed.
Studies indicate that Moringa oleifera can modulate the tumor microenvironment (TME) by
reducing Treg polarization, enhancing NK cell cytotoxicity, and prompting the proliferation
and clonal expansion of CD8* and CD4* T lymphocytes. Together, Moringa oleifera could be
considered for the treatment of conditions related to immune dysregulation, such as cancer.

Keywords: Moringa oleifera; chemical composition; immune system; cancer; immunomodulation;
molecular mechanisms

1. Introduction

The treatment of immune-mediated inflammatory diseases, such as asthma, allergies
and autoimmune diseases due to disorders of the immune system requires the modula-
tion of the innate and adaptive immune responses [1]. Inmunomodulation refers to the
regulation or alteration of the immune system’s activity in response to a given internal or
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external stimulus, often achieved through the administration of specific compounds or
drugs [2]. There are numerous chemical immunomodulators, including immunosuppres-
sive and immunostimulatory agents such as dexamethasone, fluticasone, prednisolone,
prednisone, and hydrocortisone, which have been used to treat and modulate various
inflammatory diseases.

Recombinant therapeutic proteins have gained increasing importance as promising
treatments for immunodeficiency, infectious diseases, and cancer [3-5]. Cyclosporin A is an
example of a fungal cyclic peptide widely used as an immunosuppressant drug to prevent
rejection in organ-transplant recipients and to treat patients with autoimmune diseases.
Nevertheless, most of these conventional drugs have been associated with several adverse
effects [6,7]. Duodenal mucosa and gastric mucosal epithelium damage are the commonest
adverse effects caused by non-steroidal anti-inflammatory drugs [8-11]. Other side effects,
notably increased skin fragility and reduced bone marrow function, have been linked to
the use of immunosuppressive drugs such as corticosteroids [12-15].

Cyclosporin A is known to cause a variety of adverse metabolic side effects and
toxicities, including hypomagnesemia, hypertension, hypercalciuria, hyperkalemia, hepa-
totoxicity, nephrotoxicity, and gingival hypertrophy [16]. Therefore, new, safer, and more
effective drugs are required as alternatives to current treatments.

Natural products are still a significant source of leads for new immunomodulatory
drugs. Many plants were reported to exhibit immunomodulatory activities and to modulate
immune functions. The present work provides extensive bibliographic research addressing
the chemical composition of Moringa oleifera and its effect on the immune system, exploring
its cellular activities and its molecular impacts on immunoglobulins, regulatory pathways,
and cytokines.

2. Methods/Literature Search Strategy

This comprehensive narrative review was conducted to explore the immunomod-
ulatory and therapeutic potential of Moringa oleifera, especially on cancer therapy, with
an emphasis on molecular mechanisms, and the phytochemical composition of its vari-
ous parts (leaves, seeds, pods, flowers, and roots). Relevant studies published primarily
between 2020 and 2025 were conducted across databases of PubMed /Medline, Scopus,
Web of Science, Google Scholar, and Cochrane Library to identify pertinent articles. The

7 oan

chemical composition” “immune system”

7o

search terms used included “Moringa oleifera
ant-inflammatory

7o s ”oan: i

“immune modulation cytokines” “immunotherapy” “cancer” and
“molecular mechanism”. Boolean operators (AND, OR) were used to effectively optimize
the combination of these keywords for the literature research.

Studies were selected based on their relevance to preclinical, mechanistic, and clinical
evidence, prioritizing peer-reviewed reports. Articles lacking methodological rigor, suffi-
cient experimental detail, or unrelated to the topic were excluded. Although a formal risk-
of-bias assessment was not conducted, priority was given to high-quality experimental and

clinical studies to ensure the robustness, reliability, and validity of the synthesized findings.

3. Chemical Composition of Moringa oleifera

Each component of the plant, the leaf, root, bark, seed, flower, and pod, contains
important nutritional resources [17]. Over 100 chemical constituents have been identified
in Moringa oleifera, including proteins, fats, vitamins, minerals, carbohydrates, and dietary
fibers [18]. Moreover, a multitude of phytochemicals have been identified in various parts
of this plant, each offering diverse health-promoting properties [19,20].
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3.1. Seeds

The seeds are spherical and enclosed within a semi-permeable brown seed coat,
characterized by three papery white wings. A single tree can produce approximately 15,000
to 25,000 seeds per year [21,22], each with an average mass of 0.3 g, of which about 25%
is attributed to the seed coat [23]. The oil extracted from Moringa oleifera seeds, globally
known as Ben oil, has a yield of approximately 40% [24]. According to Corbett et al.,
the seed oil of Moringa oleifera is of the oleic type with a high content of oleic acid [25].
This characteristic is particularly advantageous in the context of growing preference for
replacing polyunsaturated vegetable oils with those rich in monounsaturated fatty acids,
which exhibit high oxidative and thermal stability, even under high-temperature conditions
such as frying. Moringa oleifera seed oil contains all the major fatty acids present in olive
oil and is also distinguished by its notable concentration of behenic acid (C22:0), ranging
from 5 to 6%. In addition, it contains small amounts of gadoleic acid (C20:1) and lignoceric
acid (C24:0), along with trace levels of erucic acid (C22:1) and cerotic acid (C26:0). Figure 1
illustrates the main fatty acids found in the oil of Moringa oleifera seeds [26]. A study has
shown that Moringa oil is rich in tocopherols, which are fat-soluble vitamins and powerful
natural antioxidants [27].

0.66
0.44. 3.26 2.21 15
1.01 \\ / 5.7
73.36
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m Linolenic m Arachidic m Gadoleic = Behenic m Lignoceric

Figure 1. Major fatty acids identified in Moringa oleifera seeds.

3.2. Leaves

Nutritional analyses have shown that Moringa oleifera leaves are rich in vitamins,
minerals, and proteins [28]. Through the process of hydrodistillation, the leaves of Moringa
oleifera yielded a pale-yellow oil, accounting for 0.05% of the dry mass [29]. The first
studies on Moringa oleifera date back to the 1970s. Recent comprehensive phytochemical
analyses have identified more than 90 to over 100 compounds in Moringa oleifera leaves,
including phenols, flavonoids, amino acids, and sugars, highlighting its diverse bioac-
tive profile [20,30]. In 1982, several sugars such as L-arabinose, D-galactose, glucuronic
acid, L-thamnose, D-mannose, and D-xylose were identified in the following proportions:
14.5:11.3:3:2:1:1 [31]. Subsequently, in 1994, two nitrile glycosides, niazirin and niazirinin,
were isolated by Shaheen Faizi et al. [32]. The same authors successfully identified glucosi-
nolates, which, upon enzymatic hydrolysis by myrosianse, can produce isothiocyanates
such as 4-[(«x-L-rhamnosyloxy) benzyl]isothiocyanate, known for their various biological
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activities [33-36]. Moringa oleifera is known for its antioxidant activities, which are at-
tributed to the presence of several flavonoids such as rutin, kaempferol, and quercetin [37]
(Figure 2).

R= —OH OH
R;= —OH

Myricetin Kaempferol
N " N 4©70H
OH o

HO 0 R,
R;= ——OH OH
Quercetin
Ry= OH Ry= OH

Figure 2. Chemical structures of representative flavonoids from Moringa oleifera leaves.

Recent investigations suggest that isothiocyanate and astragalin serve as key chemical
markers for standardizing Moringa oleifera extracts [38], given their well-documented
anti-inflammatory and antioxidant properties [39]. To quantify isothiocyanate, a specific
HPLC-based cyclocondensation method was developed and applied to analyze extracts
from various plant parts, such as leaves, immature seeds, mature seeds, and pods. The
leaves of Moringa oleifera are particularly abundant in bioactive compounds, among which
phenolic acids represent a prominent class [40]. Several studies have been conducted to
identify and quantify these compounds with Moringa oleifera leaf extract. Among the most
frequently reported phenolic acids are gallic acid, ferulic acid, and o-coumaric acid [41].
Figure 3 illustrates the major phenolic acids identified in Moringa oleifera leaves.
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Figure 3. Structures of key phenolic acids present in Moringa oleifera leaves.

3.3. Roots

While the leaves of Moringa oleifera are the most commonly utilized, the roots also
exhibit notable nutritional and therapeutic properties [19,42]. The root composition in-
cludes carbohydrates, proteins, minerals, and dietary fiber, along with important levels of
antioxidant compounds such as phenolics and flavonoids [43]. Although these bioactive
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constituents are present in smaller concentrations compared to the leaves, the roots still
provide essential vitamins, notably vitamin C, vitamin E, and multiple B-complex vitamins.

3.4. Stems

In addition to the roots, other parts of Moringa oleifera, including the stem, bark, and
flowers, also exhibit a rich profile of bioactive phytochemicals [44]. While their chemical
composition largely overlaps with that of leaves, these plant components represent signif-
icant sources of alkaloids, flavonoids, and glycosides. Moreover, compounds including
steroids, terpenoids, and phenolic acids have also been identified [45]. It is worth noting
that the chemical composition may be influenced by several factors, such as the plant’s geo-
graphical origin, age, genetic variability, and the extraction techniques employed [46—49].

4. The Impact of Moringa oleifera on the Immune System
4.1. Moringa oleifera Effect on Innate and Adaptive Immunity

Moringa oleifera is a widely known medicinal plant indigenous to the Indian subcon-
tinent. It has been used for centuries in Ayurvedic medicine for its healing, nutritional,
rejuvenating, and preventive properties [30,50,51]. Recent investigations have underscored
its potential in modulating immune system activities [52-56]. The plant harbors vari-
ous bioactive compounds, including flavonoids, polyphenols, and ascorbic acid, which
contribute to its immunomodulatory effects [56,57].

Evidence suggests that Moringa oleifera extracts can increase the production of immune
cells such as lymphocytes and macrophages [58-61]. This is important, as these cells play a
critical role in fighting infections within the body. Notably, Moringa oleifera exhibits anti-
inflammatory activity that reduces inflammation, thereby promoting improved immune
function [62]. Overall, the research indicates that Moringa oleifera exerts beneficial effects
on both innate and adaptive immune systems (Tables 1 and 2). To better elucidate the
mechanisms by which Moringa oleifera modulates immunity, we investigated the associated
cellular responses and cytokine signaling in both innate and adaptive immunity.

Table 1. Effect of Moringa oleifera on innate immunity.

Plant Part Used Form of Application Model/System Key Mechanistic Insights Ref
Lewis lung caremoma Activation of macrophage through toll-like
f pol harid (C57BL/6 mice, oral). AMs f
Leaves Leaf polysaccharide In vitro bone receptor reprograms TAMs from M2 to M1 [58,63]
fraction . through TLR4, 1 CXCL9/10, 1 T-cell !
marrow-derived e )
infiltration
macrophages
o . Rabbits exposed to heat Enhancemen.t of NK cell activity through
Leaves Oral administration stress up-regulation of perforin/granzyme [64-66]
secretion
Activation and maturation of DCs via
Murine BMSCs (In vitro), upregulation of cq—stlmulatory molecules

followed by allogenic and the secretion of cytokines and
Leaves Purified protein fraction S chemokines: T CD80/CD86/MHCIL; 1 IL12 [60,67,68]

MLR and in vivo IgE .

" rement in mi and TNF-« secretion;

castreme « OX40L-TIM-4-CCL17/22 axis drives Th2
polarization; enhanced T-cell proliferation
. . Diabetic-induced damage = Reduction in pro-inflammatory cytokines
Leaves Oral administration in male Wistar rats (TNF-e, IL6) and oxidative stress [68]
Topical ethar;ohc extract Wlst.ar rats with Modulation of neutrophil
(10%) experimental burn . . . .
Leaves . s migration/chemotaxis and enhancing [59,69]
Moringa tea (oral drinking wounds hagocytosis
water) Restraint-stressed mice phagocy

194
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Table 1. Cont.

Plant Part Used Form of Application Model/System Key Mechanistic Insights Ref
Oral administration of Staphylococcus
Leaves ethanolic leaf extract at  aureus-challenged mice 1 Macrophage phagocytic activity and [70]
10, 30 and 100 mg/Kg (mouse peritoneal capacity; T Neutrophile percentage
for 7 days macrophage)
Enhances the gene expression of
Leaves Purified polysaccharide RAW 264.7 antimicrobial peptides such as Mop3 [71]
fraction macrophages (in vitro) through 1 pinocytosis; T ROS/NO; 1
IL6; TNF-« and iNOS expression
Inhibits pro-inflammatory cytokines
. RAW 264.7 murine (IL6, TNF-«); suppresses iNOS and
Pods Boiled extract macrophage cell line COX-2 expression; decreases NO (721
production
Regulation of genes encoding
. LPS-stimulated RAW pro-inflammatory cytokines through
Leaves Ethyl acetate fraction 264.7 macrophages the regulation of MAPK and NF-kB 73]
signaling cascades
Purified peptide Dextran Sulfate Eﬁgi‘ggfgfﬁ:t ;E}E:fgfﬁigﬁg
Seeds (sequence KETTTIVR)  Sodium-induced colitis . .p g [74]
- S JAK-STAT signaling, and protects the
administered orally in mice . . .
intestinal barrier
Swiss albino mice Increase pha tosis activity through
Ethanolic extract; oral peritoneal crease phagocytosis activity firoug
Leaves L activation of phagocytic receptors and [70]
and in vitro exposure macrophages; RAW -
engulfment efficiency
264.7
LPS-induced RAW
Roots Hot water extract, 264.7 macrophages Inhibits NO and TNF-« production; (75]
ethanolic extract murine macrophage decreases iNOS mRNA production
cell line
Freeze-dried pod RAW264.7 {1 NO, | TNF-«, strong
Pods olyphenol extract macrophages anti-inflammatory effect [76]
POlyp (LPS-stimulation) y
Ethyl acetate extract RAW 264.7 .Inhlblts NE-«B, suppresses
Leaves (oral and in vitro) macrophages pro-inflammatory cytokines (TNF-«, [77]
phag IL6); | NO production
Digested boiled pod Caco-2 cells (intestinal Suppressed mﬂam mat.ory mediators;
Pods o promoted epithelial anti-inflammatory [78]
extract epithelial)
defense
Various animal models Anti-inflammatory and antioxidant
Leaves (aqueous Oral administration (Wistar rats and activities via free radical scavenging
and ethanolic BALB/c mice) and the and inhibition of pro-inflammatory [68,77,79,80]

extracts)

and in vitro exposure

RAW 264.7
macrophage cell line

cytokines such as IL-1f3, IL-6 and
TNF-«

BMSCs, Bone marrow-derived mesenchymal stem cells; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif
chemokine ligand; DCs, Denderitic cells; iNOS, Inducible nitric oxide synthase; JAK, Janus kinase; LPS, Lipopolysac-
charide; MAPK, Mitogen-activated protein Kinase; NF-kB, Nuclear factor kappa-light-chain-enhancer of activated
B cells; OX40, OX40 ligand; STAT, Signal transducer and activator of transcription; TIM, T cell immunoglobulin
and mucin domain containing protein 4. 1 upregulate/increase expression; | downregulate/decrease expression.
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Table 2. Effect of Moringa oleifera on adaptive immunity.

Plant Part Used  Form of Application Model/System Key Mechanistic Insights Ref
In vitro, Human Modulation of T cell activation and
Leaves Purified leaf protein T-lymphoblastic proliferation through the regulation of T [60,81,82]
leukemia (Jurkat cells) cell receptor signaling cascades
Leaves Aqueous extract In vitro, murine B-cell activation [73]
splenocyte culture
Leaves Methanolic extract SRBC.lmmumzecl Antibody produ.ctlon via B cell receptor 83-85]
Wistar rats stimulation
. Breast cancer cells 1 of NF-«B and p65; Transcription factor
Leaves Ethanolic extract (MD-MA-231) modulation; | cancer cell viability [86]
Atonic dermatitis Promote T-helper cell differentiation
Leaves Topical application p through modulation of Th1, Th2, Th17 [61,67,87-89]
mouse model
and Treg cells responses
Leaves Oral administration Rabbits e;(tl:; gss;:d to heat Induction of Foxp3 expression and [60,64]
Leaf proteins Protein extract Murine BMDCs promotion of Treg cells
Pods Pod.meal .(chetary Broiler chickens . Enhanced growth. perfc?rmanc?; [90]
inclusion) improved cell-mediated immunity
BALB/c mice
(intraperitoneal
sensitization + oral
Leaves Leaf protein fraction or exposure, allergy Regulation of antlgen.presentahon and [60,88,91]
extract model); BMDCs processing
(in vitro) and IgE
induction after DCs
transfer (in vivo)
Stimulates neutrophil and lymphocyte
Leaves Methanolic extract Wistar albino rats fupchon; Enhar}ces humc.ntal mm unity; [85]
increases antigen-specific antibody
secretion and WBC levels
. . Modulates T-cell differentiation and
Seeds MlcrORijﬁ;?nChed Human PBMCs (HIV*) memory T-cell subsets; reduces HIV [92]
replication
Induces IgE production and Th2
Lea Protein extract (oral BALB/c mice; Murine EOIEfliiilpnrlﬁ ci:atis Drcﬂflgoitﬂifs [60,93-95]
caves and in vitro) BMDCs umorat1 unity by € cmg the !

production of antigen-specific
antibodies

BMDCs, Bone marrow-derived dendritic cells; DCs, Dendritic cells; Foxp3, Forkhead box P3 gene;
PBMCs, Peripheral blood mononuclear cells; SRBC, Sheep red blood cells; WBC, White blood cells.
| downregulate/decrease expression.

4.2. Cellular Responses and Cytokine Pathways in Innate and Adaptive Immunity

Recent evidence identifies Moringa oleifera as a source of bioactive compounds with
immunomodulatory effect [54,58,60,81]. In vivo, Moringa oleifera leaf extract enhanced
natural killer cell activity and stimulated cytokine production [64], highlighting its potential
to modulate innate immune surveillance with potential translational relevance for immune-
based therapies.

The modulatory properties of Moringa oleifera on immune cell activation were con-
firmed by Zhuping Dong et al. [96]. The result shows through an in vitro experiment
that the polysaccharide MOP-1 (glucose, galactose, and arabinose) enhances the prolifera-
tion and activation of immune cells through increasing the production of reactive oxygen
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species, nitric oxide, along with pro-inflammatory mediators IL-6 and TNF-o« through
upregulation of their mRNA expression in RAW 264.7 cells (Figure 4) [96].
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Figure 4. Moringa oleifera regulates diverse factors to modulate immune responses. Moringa oleifera
modulates immunity through interconnected cellular and molecular pathways. Innate immunity
is enhanced via neutrophile chemotaxis, macrophage phagocytic and secretory functions, NK cell-
mediated cytotoxicity and the activation of bone marrow-derived mesenchymal stem cells that
contribute to immune repair and cytokine balance. Upregulation of GM-CSF and NO further
amplifies myeloid and effector cell activity. Adaptive immunity is regulated through CD4" T-cell
differentiation, balancing Treg/Th17 ratios, enhancing Th2 functions via RORYT, leading to increased
IL-10 and TGF-f and reduced IL-6, IL-1beta and TNF-«. Key signaling pathways, including NF-«B,
MAPK, PI3K/Akt, PDK1, STAT, TSLP, and PD-1 are modulated to maintain immune homeostasis,
suppression of chronic inflammation and regulation of programmed cell death. AKT, Protein Kinase
B; DC, Dendritic cell; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor; IFN, interferon;
MAPK, Mitogen-activated protein Kinase; NF«B, Nuclear factor kappa-light-chain-enhancer of
activated B cells; NK, Natural killer; NO, Nitric oxide; PD-1, Programmed cell death protein 1;
PDKI1, 3-Phosphoinositide-dependent protein kinase-1; PI3K, Phosphoinositide 3-Kinase; RORYT,
Retinoic acid receptor-related orphan receptor gamma t; STAT, Signal transducer and activator of
transcription; TNF, Tumor necrosis factor; TSLP, Thymic stromal lymphopoietin. — Promote/lead
to; 1 upregulate/increase expression; | downregulate /decrease expression. L inhibition.

The Moringa oleifera roots polysaccharide MRP-1 was also reported to significantly
potentiate anti-inflammatory effects observed in both in vitro and in vivo models via attenu-
ating the release of nitric oxide and iNOS mRNA expression induced by TNF-c, suggesting
its potential use as a natural treatment for inflammatory diseases (Figure 4) [97]. Building
on the characterization of cellular responses and cytokine pathways, we next explored how
these mechanisms orchestrate multilevel modulation of innate and adaptive immunity.

4.3. Multilevel Modulation of Innate and Adaptive Immunity
4.3.1. Gut Microbiota Modulation

Moringa oleifera promotes a balanced gut microbiota, enhancing immune homeostasis,
reducing inflammation, and improving immune function [56]. It has also been demon-
strated in animal experimental models that Moringa oleifera polysaccharides participate
in the homeostasis of the gut microbiota by enhancing the proliferation of beneficial bac-
terial populations in the human gut, including Lactobacillus species, and a decrease in
the abundance of pathogenic bacteria in C57BL /6 mice. Moringa oleifera polysaccharides
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(MOPs) modulate gut microbiota through prebiotic activity, selectively enriching benefi-
cial bacteria, including Bacteroides and Lactobacillus, while inhibiting pathogenic bacteria,
thereby enhancing microbial diversity and homeostasis [98-100]. Fermentation of MOPs
by gut microbiota produces short-chain fatty acids (SCFAs) such as butyrate, acetate and
propionate, which act via G-protein-coupled receptors (GPR41/43) to strengthen intesti-
nal barrier integrity, regulate mucosal immunity, and suppress pro-inflammatory NF-«B
signaling pathways [101-103]. Furthermore, MOPs influence the gut-associated lymphoid
tissue (GALT), enhancing a balanced Treg/Th17 cell ratio and promoting anti-inflammatory
cytokines production (e.g., IL-10, TGF-f3 and IL-35) while decreasing pro-inflammatory
cytokines (e.g., IL-6, TNF-«) [104-107].

Together, these mechanisms form an integrated bidirectional gut-immune network,
linking microbial communities to systemic immune homeostasis and highlighting the
therapeutic potential of MOPs in managing inflammatory and immune-related disor-
ders [98,106-108]. The composition of gut microbiota plays a central role in shaping
immune responses and preserving systemic homeostasis. Moringa oleifera supports this
balance through promoting beneficial microbes, which in turn enhances anti-inflammatory
signaling and immune homeostasis.

4.3.2. Immune Modulation and Anti-Inflammatory Balance

Moringa oleifera promotes immune homeostasis through enhancing anti-inflammatory
cytokines while suppressing proinflammatory mediators. Its bioactive compounds act via
key signaling pathways, including MAPK, NF-kB and PI3K/AKT/mTOR [35,109-111],
thereby mitigating tissue damage and improving outcomes in inflammatory disorders.
Additionally, Moringa oleifera polysaccharides were found to modulate the immune sys-
tem, to increase the levels of anti-inflammatory cytokines, and reduce the inflammatory
bowel disease [102]. Moreover, administration of Moringa leaf extract at a concentration of
100 mg/kg to mice enhances the production of eosinophil cells, immature neutrophils, and
lymphocytes while reducing the amount of segmented neutrophils and monocytes [70].
Another study investigates the impact of Moringa oleifera leaf extract on proliferation capac-
ity, physiological parameters, immune responses, and the expression of immunity-related
genes in prawns exposed to both Vibrio anguillarum and ammonia stress [112]. The results
showed that administration of 0.5% Moringa oleifera in prawns -after being exposed to am-
monia stress- increases the levels of haemolymph SOD, glutathione peroxidase, NO, iNOS,
and HSP70 upregulation in hepatopancreas while reducing the levels of haemolymph
catalase, peroxiredoxin 5 in hepatopancreas, and nuclear factor-kappa-B-inhibitor alpha
(IkB-x) expression compared to the control group. These findings indicate that Moringa
oleifera leaf extract has a protective effect against ammonia-induced stress [112]. Similarly,
Z Abidin et al. demonstrated that feeding whiteleg shrimp with 2.5 g of Moringa oleifera
leaves’ extract significantly enhanced the innate immunity of the shrimp by increasing
the production of total hemocyte count, phenoloxidase, phagocytic rate, phagocytic index,
and superoxide anion. Also, the extract improved the shrimp’s resistance against Vibrio
alginolyticus, a common pathogen in shrimp farming [113]. These findings suggest that con-
sumption of moringa in the diet may increase the upregulation of certain genes associated
with the immune system involved in catalytic activity, antimicrobial defense, antioxidant
enzyme activity, and blood clotting protein production.

In agreement with the previous studies, Moringa oleifera leaves ethanolic extract ex-
hibits immunomodulatory effects in broiler chicks at a dose of 200 mg/L in drinking water
by increasing differential and total leukocyte counts, enhancing both the phagocytic in-
dex and phagocytic activity, elevating serum hemagglutination inhibition antibody levels
against Newcastle disease virus, and reducing the mortality rate. In addition, it promotes
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the immune system function of the Bursa of Fabricius, spleen, and thymus indices, and
stimulates lymphocytes proliferation induced by the Moringa oleifera leaves ethanolic ex-
tract [114]. These findings into multilevel immune regulation provide a foundation for
assessing how Moringa oleifera engages these mechanisms to exert immunomodulatory and
anti-inflammatory effects.

4.4. Immunomodulatory and Anti-Inflammatory Role of Moringa oleifera

Moringa oleifera has gained increasing attention as a bioactive plant for its promising
immunomodulatory and anti-inflammatory properties [79,80,102,115,116], with accumu-
lating evidence demonstrating its ability to regulate essential cytokine-mediated path-
ways [79,102,116-118], modulate inflammatory signaling cascades [74,102,116,119,120], re-
store immune homeostasis, and improve overall immune functions [50,56,82,102,107,116,121,122].
These effects have been observed across various experimental models and clinical set-
tings [123-127], underscoring its promise as a natural therapeutic intervention for the
prevention and management of chronic inflammatory and immune-mediated conditions.

The protective effects of Moringa oleifera are mediated through multiple molecular
pathways. Recent studies have elucidated that its phytoconstituents exhibit multifaceted
mechanisms, including the suppression of pro-inflammatory mediators such as TNF-c, IL-
1B, iNOS, PGE-2, and COX-2 [76,79,111,128], alongside the activation of anti-inflammatory
signaling pathways through PPAR-y, NF-«B and MAPK [107,119,129-131]. Beyond innate
immune regulation, Moringa oleifera influences adaptive immunity by enhancing antibody
responses and modulation the PI3K/AKT/mTOR axis [34,81,119,132,133], an important
regulator of cellular homeostasis and immune metabolism. Supported by these mechanistic
observations, an important in vivo study examined the potential protective properties of
Moringa oleifera ethanolic leaf extract (MOE) in Oreochromis niloticus to mitigate oxidative
stress and immune dysfunction [72] caused by abamectin, an insecticide and acaricide
known for its toxic activities on aquatic organisms, also shown to have immunosuppressive
activity on Oreochromis niloticus by reducing the levels of lysozyme, nitric oxide, and IgM.
The study demonstrated that the consumption of MOE dietary supplements ameliorated the
adverse impact of Agaricus blazei Murrill (ABM), a mushroom known for its immunomod-
ulatory activities, on lysozyme, nitric oxide, and IgM levels in the ABM + MOE-treated
Oreochromis niloticus group [72].

The immunomodulatory effect of MOE could be attributed to cinnamic acid, narin-
genin, as well as additional phenolic and flavonoid compounds [72]. Importantly, admin-
istration of MOE in the treated group with ABM has been demonstrated to suppress the
release of pro-inflammatory cytokines, including TNF-« and IL-1f3, while upregulating the
expression of genes involved in anti-inflammatory pathways, such as TGF-{3 and IL-10f3.
Additionally, Moringa oleifera pod extract inhibits the activation of mitogen-activated pro-
tein kinases (MAPKS) signaling cascades, thereby further contributing to the attenuation of
inflammatory responses [72].

The protective effect of MOE on liver diseases [134-137] is probably due to the pres-
ence of quercetin [138], which plays a pivotal role in the prevention of liver inflammation
through inhibiting NF-kB/TLR/NLRP3, inactivation of autophagy-mediated cell apoptosis
(under ER stress) through the mTOR pathway [139-143] (Figure 5). Alterations in the
mTOR signaling pathway have been associated with various human pathologies, notably
liver diseases, and have also been correlated with the inhibition of cancer cell growth
through suppression of the AKT/PI3K/mTOR axis [110,144] (Figure 5). Another recent
study conducted by Adewale et al. demonstrates that the ethanolic extract of Moringa
oleifera leaves exhibits an immunomodulatory effect by triggering programmed cell death
pathway (apoptosis) in Jurkat cancer cells through up-regulation of CCR?7, especially when
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those cancer cells were stimulated with CD3 and CD54 or CD28 [145]. Oral administration
of aqueous extract of red Moringa oleifera leaves at 42 mg/kg body weight (BW) increased
the number of CD4*CD62L* and CD8*CD62L™" T cells in Salmonella typhimurium-infected
BABL/c mice [145]. In a related study, the anti-inflammatory and immunostimulant ef-
fects of Moringa oleifera ethanolic extract were determined. The extract leads to a decrease
in TNF-o on benzene-induced leukemia in Wistar rats, demonstrating its promising im-
munotherapy for leukemia. It has been reported that the reduction in serum levels of tumor
necrosis factor alpha (TNF-«) following systemic chemotherapy in lymphoproliferative
malignancies (leukemia and lymphoma) in patients is linked with response rates [146,147].
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Figure 5. Moringa oleifera and its role in the modulation of cancer immunity. Moringa oleifera enhances
innate immunity through stimulating neutrophil activation and macrophage functions, driving TNF-
v, HyO; and NO; release, and enhancing phagocytosis with IL-2, IEN-y and GM-CSF release, thereby
leading to tumor elimination. In parallel, Moringa oleifera modulates mast cell activity, upregulating
TNF-¢, IL-1 and IL-2, which contribute to antitumor responses. Furthermore, Moringa oleifera pro-
motes DC maturation, T and B cell activation, contributing to antibody production, IL-12 release, and
NK cell-mediated cytotoxicity via perforin and granzyme secretion. In addition, HyO, suppresses pro-
tumorigenic cyclooxygenase activity and modulate PI3K/AKT/mTOR signaling cascades through
p-AKT, p-AMPK, and TSC2, and engages p53 and Beclin-1 to trigger, apoptosis, autophagolysosome
through inhibition of autophagosome formation, and inhibition of carcinogenesis, with concomitant
downregulation of Bcl-2 and Bcl-xL. Antioxidant and redox regulation through H,O, and NO,
balance reduces oxidative stress, while modulation of NF-«B, STAT, and MAPK pathways limits
chronic inflammation and supports cytotoxic T-cell and antibody-mediated responses against cancer
cells. Overall, HyO, orchestrates innate and adaptive immunity, modulates signaling pathways
and balances oxidative stress to promote effective tumor elimination. COX, Cyclooxygenase; DC,
Denderitic cell; GM-CSFE, Granulocyte-Macrophage Colony-Stimulating Factor; IFN, interferon; mTOR,
Mechanistic Target of Rapamycin; NF-«kB, Nuclear factor kappa-light-chain-enhancer of activated B
cells; NK, Natural killer; P-AMPK, Phosphorylated AMP-Activated protein Kinase; PAKT, Phosphory-
lated protein kinase B (Akt); PI3K, Phosphoinositide 3-Kinase; STAT, Signal transducer and activator
of transcription; TNF, Tumor necrosis factor; TSC2, Tuberous sclerosis complex 2. — Promote/lead
to; 1 upregulate/increase expression; | downregulate/decrease expression. L inhibition.
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Similarly, MOEs have been shown to exert immunostimulatory effects in cyclophosphamide—
induced immunosuppressed Swiss albino mice [148], supporting their potential to modulate
immune responses under immunosuppressive conditions. This study found that gavage
with seed and root extracts at a dose of 2 g/kg BW for seven consecutive days increased the
levels of white blood cells, relative spleen and thymus weights, and enhanced immunity by
supporting the proliferation and activation of lymphocytes [148]. The study indicated that
the extracts decrease the delayed type of hypersensitivity response, enhance the concentra-
tion of serum IgM, and increase relative spleen weight, which was associated with a higher
increase in white blood cells. Also, it was demonstrated that TNF-o and IL-2 concentrations
were up-regulated (Figure 5) in the treated group with Moringa oleifera extracts. The study
concluded that Moringa oleifera extracts could improve patients with common variable
prognosis with immunodeficiency disorders through the stimulation of the activity of
hematopoietic cells, bone marrow, lymphocytes, cellular and humoral immunity [148].
These immunomodulatory and anti-inflammatory properties form the basis for investigat-
ing the molecular mechanisms by which Moringa oleifera impacts cancer progression.

5. Moringa oleifera and Cancer Progression: Molecular Mechanisms and
Therapeutic Potential

Moringa oleifera exhibits broad cytotoxic and antitumor activities through multiple
mechanisms, including induction of apoptosis, cell-cycle arrest, modulation of oxida-
tive stress via Nrf2 activation, and suppression of pro-oncogenic signaling pathways
NF-kB/MAPK and inhibition of oncogenic kinases like CDK2 and Src [34,81,149,150].
Furthermore, its bioactive compounds, especially moringa isothiocyanate (MIC-1; also
called moringin) and niazimicin, modulate the tumor microenvironment (TME) by in-
creasing cytotoxic T lymphocyte and NK cell activity while decreasing Treg-mediated
immunosuppression [34,110,120,151,152].

5.1. Apoptosis, Proliferation, and Cell-Cycle Control in Moringa oleifera-Mediated
Cancer Progression

Moringa oleifera extract from leaves, seeds, and oils along with the purified MIC-1 have
been shown to reduce tumor cell viability and clonogenicity through triggering caspase-
dependent apoptosis and arresting cells at the G1/S checkpoint. In renal cancer cells, MIC-1
suppresses growth and migration by inhibiting PTP1B-dependent Src/Ras/Raf/ERK sig-
naling, enhances the pro-apoptotic Bax/Bcl-2 ratio in xenograft models while inhibiting
ERK phosphorylation (Figure 5), establishing a mechanistic bridge between upstream
phosphatase targeting and downstream caspase-driven apoptosis [34]. Furthermore, phe-
nolic fractions from Moringa oleifera leaves induce activation of caspases 3/7/9, alongside
mitochondrial ROS production and AIF translocation in melanoma cancer cells, suggesting
simultaneous caspase-dependent and independent apoptosis signaling pathways [153].

In liver cancer, more particularly hepatocellular carcinoma (HepG2), phenolic com-
pounds from Moringa oleifera fruit and leaves initiate ROS-mediated cellular signaling
cascade, trigger caspase-3 activity and drive mitochondrial pathway-dependent apopto-
sis [152]. Concurrently, another study combining in-silico CDK2 docking with in vitro
validation in ER-positive breast cancer reported that Moringa oleifera phytochemicals, in-
cluding chlorogenic acid, niazirin, kaempferol, quercetin and ellagic acid act as putative
CDK?2 inhibitors, supporting the inhibition of cell growth through promoting cell cycle
arrest at G1/S in hormone-receptor-positive disease [154]. Beyond its role in epithelial can-
cers, Moringa oleifera leaf protein decreases proliferation, induces apoptosis and promotes
cell-cycle arrest in Jurkat T-ALL cells via MAPK/AKT pathway modulation (Figure 5),
underscoring its relevance in hematologic malignancies [81].

https://doi.org/10.3390/ijms27010263
201



Int. ]. Mol. Sci. 2026, 27, 263

The antiproliferative and pro-apoptotic signature is consistently observed across
additional cancer cell lines, with A549 (NSCLC) cells displaying caspase 9/3 activation and
Bax/Bcl-2 shifts in response to Moringa oleifera-based extracts [155]. Similarly, colon cancer
cells respond to glucosinolate-rich lead fractions with decreased proliferation [35,156], and
Dalton’s lymphoma cells demonstrate both in vitro and in vivo growth inhibition with
upregulated Bax, cytochrome-c release and cleaved caspase 3 along with decreased Bcl-2
expression, accompanied by cell cycle arrest at G2/M, apoptosis induction, and importantly,
significant improvement in hematological parameters in mice bearing Dalton’s Lymphoma
tumors [157]. Collectively, these studies converge on (1) caspase cascade engagement,
(2) suppression of pro-survival signals such as ERK, and (3) CDK-axis inhibition at G1/8S,
providing a mechanistic basis for Moringa oleifera constituents as adjuncts to cytotoxic
antitumor or targeted therapies, while emphasizing the need for standardized preparations
to ensure reproducibility across experimental models.

5.2. Moringa oleifera in Cancer: Dual Regulation of Oncogenic Signaling and Oxidative Stress

Recent investigations have highlighted the dual modulatory effects of Moringa oleifera
constituents on oncologic signaling and redox homeostasis, elucidating their potential as
adjuncts in cancer therapy. Notably, the MIC-1 has been shown to inhibit migration and pro-
liferation in renal cancer cells through modulation of PTP1B-dependent Src/Ras/Raf/ERK
signaling [34]. This inhibition leads to reduced phosphorylation of Src (Tyr416), K-Rad,
Raf and ERK1/2 [34], thus impairing tumor cell growth and migration. Concurrently,
MIC-1 triggers the Nrf2/ARE pathway, upregulating the expression of cytoprotective
genes such as NQO1 and enhancing cellular defense against oxidative stress [34]. This
dual activity may potentially modulate tumor cell adaptation under stress conditions. In
addition, in vivo studies further support these findings, showing that MIC-1 treatment
results in increased Bax/Bcl-2 ratios in tumor tissues, a pivotal indicator of the induction
of apoptosis [34]. Also, it has been reported that Moringa oleifera extracts modulate key
oncogenic and stress-related signaling pathways implicated in multiple cancer types, such
as breast, hepatocellular, melanoma, colon, NSCLC (Non-Small Cell Lung Cancer) and
hematologic malignancies. These effects are mediated through the coordinated regulation
of Nrf2-Keap1, TLR4/NF-kB and Wnt/ 3-catenin, thereby orchestrating oxidative stress
and inflammatory responses, processes that are crucial to tumor growth, survival and
therapy resistance [152].

5.3. Inhibition of Angiogenesis and Metastasis Progression

Recent studies have elucidated the potential role of Moringa oleifera extracts to mod-
ulate angiogenesis and metastasis processes (Figure 5), which are essential for tumor
progression [158-160]. Although direct evidence of anti-angiogenic effect remains limited,
several in vitro and in vivo investigations have demonstrated inhibition of cell migration
and downregulation of metastasis-associated pathways. In a recent study, Raju and Kei
(2022) reported that Moringa oleifera leaf extract exhibits significant anti-angiogenic activ-
ity, with the 100% aqueous extract showing an 81.33% reduction in vascular formation
in the chick chorioallantoic membrane assay [161], suggesting the presence of bioactive
compounds capable of inhibiting angiogenesis, a key process in tumor growth and metas-
tasis. Furthermore, studies on Moringa oleifera-silver nanoparticles (MO-AgNPs) have been
shown to inhibit metastasis through modulating pathways involving Snail and TGF-{3.
These findings suggest that MO-AgNPs may serve as a promising and effective targeted
strategy to inhibit tumor metastasis [162].

Emerging evidence suggests that Moringa oleifera possesses significant capacity to mod-
ulate immune-regulatory networks within the TME. Notably, a recent study demonstrated

https://doi.org/10.3390/ijms27010263
202



Int. ]. Mol. Sci. 2026, 27, 263

that Moringa oleifera leaf protein inhibited the proliferation of T-lymphoblastic leukemia
cells by modulating immune-related signaling pathways, specifically the MAPK (p38 and
ERK) and AKT axis (Figure 5), while simultaneously inducing apoptosis, cell-cycle arrest,
and autophagy [81]. Additionally, recent investigations have further revealed the abil-
ity of Moringa oleifera-derived polysaccharides to reprogram the TME through targeting
innate immune cells. In a Lewis lung carcinoma model, Moringa oleifera leat polysac-
charides were shown to remodel tumor-associated macrophages from a pro-tumoral M2
phenotype toward an antitumoral M1 phenotype. This repolarization was mediated via
TLR4 signaling, leading to upregulated chemokine expression CXCL9 and CXCL10 and
increased intra-tumoral T-cell infiltration, thereby exerting powerful immune-activating
effects [58]. In parallel, Moringa oleifera seed oil extract has demonstrated antioxidant, anti-
inflammatory, and antitumor activities in Ehrlich ascites carcinoma-bearing Swiss albino
mice treated at a dose of 500 mg/Kg [80], where treatment improved systemic oxidative
stress markers through reducing malondialdehyde levels while elevating the activities
of essential antioxidant enzymes, superoxide dismutase and catalase, indicating signifi-
cant oxidative homeostasis amelioration. Furthermore, Moringa oleifera seed oil extract
attenuated proinflammatory responses in tumor-bearing mice; collectively, these findings
underscore its therapeutic potential to restore redox balance and mitigate the inflammatory
reactions within the TME [80]. Nevertheless, caution must be taken regarding the use
of Moringa oleifera preparations in combination with standard chemotherapy regimens,
as it has been shown that in an obesity-associated triple-negative breast cancer model
(MDA-MB-231 xenografts in C57BL/6]), the concomitant oral administration of Moringa
oleifera seed extract concentrate (high-fat diet supplemented with 0.6% w/w Moringa con-
centrate) with conventional chemotherapy drug—comprising doxorubicin (2 mg/kg) and
cyclophosphamide (100 mg/kg)—not only negated its angiogenesis-reducing benefit but
also aggravated tumor progression, underscoring possible context-specific pro-tumor ef-
fects or adverse reactions [163]. These outcomes highlight the need for mechanistic and
pharmacokinetic/pharmacodynamic clarity when exploring Moringa oleifera in combination
with chemotherapy.

5.4. From Bench to Bedside: Addressing Translation Challenges in Moringa oleifera-Based
Cancer Therapy

To advance Moringa oleifera as a reliable adjunct in cancer therapy, critical translational
gaps must first be addressed. (i) Standardization and characterization of Moringa oleifera
preparations. Defining Good Manufacturing Practice (GMP)-grade materials with rigor-
ously quantified active constituents such as MIC-1, niazimicin, and principal flavonoids,
alongside comprehensive impurity profiling and batch-level certificates to ensure validity
and reproducibility in both preclinical and clinical investigations. Recent studies have high-
lighted variability in bioactive compounds across different Moringa oleifera sources, empha-
sizing the urgent need for standardized preparations [152]. (ii) A thorough understanding
of pharmacodynamic, pharmacokinetic and target engagement is required. Determining
human-relevant exposure levels of MIC-1 (both free and conjugated forms), evaluating
tissue distribution, and confirming interaction with key molecular targets, including PTP1B
and Nrf2, are crucial for predicting therapeutic outcomes and clinical efficacy [164-166].
Computational and experimental studies indicate that Moringa oleifera phytochemicals may
modulate oncogenic and pro-survival proteins, such as Bcl-2 [81,144,167-170], providing
mechanistic avenues that support translational potential. (iii) Context specificity should be
rigorously addressed. The effect of Moringa oleifera can vary depending on tumor subtype,
metabolic status (e.g., obesity), and concomitant treatments. Preclinical evidence demon-
strates that Moringa oleifera modulates important signaling pathways, including YAP/TAZ,
Wnt/ -catenin, Nrf2-Keapl and TLR4/NF-«B, which play divergent roles depending
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on the tumor cellular context, microenvironment, and cancer-related immune-metabolic
axis [152]. Consequently, tailoring interventions to the specific disease context is crucial to
minimize adverse and prevent counterproductive outcomes, thereby enhancing therapeutic
efficacy and advancing the development of targeted cancer therapies. (iv) Assessment
of immuno-oncology endpoints should extend beyond conventional chemotherapeutic
regimens. Evaluating Moringa oleifera’s impact on the TME, including Treg/CD8" balance,
NK activity and M1/M2 macrophage polarization in immunocompetent models, with
or without checkpoint blockade, is essential to define its immunomodulatory potential.
Emerging evidence shows that Moringa oleifera extracts can enhance immune activation, sug-
gesting promising opportunities for combination with immunotherapeutic strategies [81].
(v) Early-phase clinical studies are essential to translate Moringa oleifera findings to humans.
Phase 0 or early pharmacokinetic trials, using biomarkers such as NQOT1 activation, ERK
signaling and cytokine profiles can guide dosing, pharmacodynamic response, and safety
before disease-focused randomized controlled trials. Despite limited clinical data on cancer
research, pharmacokinetics, antioxidant and anti-inflammatory activities provide a strong
rationale for systemic investigation in oncology [20].

Together, addressing these translational priorities, including standardized Moringa
oleifera preparations, rigorous pharmacological characterization, context-specific evaluation,
and early clinical investigation, will enable the rational incorporation of Moringa oleifera
into cancer therapy while ensuring mechanistic understanding, reproducibility, and safety.

6. Clinical Trials on the Immunomodulatory Properties of Moringa
oleifera in Disease Prevention and Cancer Therapy

Moringa oleifera has emerged as a promising candidate due to its rich phytochemical
composition and demonstrated ability to modulate both innate and adaptive immune
responses through interconnected mechanisms. Recent clinical studies have begun to pro-
vide evidence supporting its immunostimulatory effects in humans, reflected by improved
immune biomarkers, hematological parameters, and disease-specific outcomes [123-127].
These trials provide a translational perspective, bridging preclinical research findings
with potential clinical applications for immune enhancement, disease prevention and
management. Extending on its systemic immunomodulatory properties, clinical studies
have demonstrated that Moringa oleifera improved immune responses in patients with
gum disease [171] (CTRI/2022/02/040594), increases CD4 levels and nutritional status in
HIV-positive patients [127,172], and improves immunological and hematological parame-
ters in patients undergoing highly active antiretroviral therapy [173]. Moreover, clinical
investigations have highlighted the potential of Moringa oleifera as an adjunct in cancer
immunotherapy. In particular, an aqueous leaf extract exhibited significant anticancer
activities by inducing apoptosis and inhibiting tumor progression without affecting normal
physiological functions [174].

Another important study showed that Moringa oleifera leaf polysaccharides possess
the ability to modulate the TME through inducing a phenotypic switch from immunosup-
pressive M2 macrophages to pro-inflammatory M1 phenotypes via TLR4 targeting [58],
suggesting their promising role in cancer immunomodulation. In addition, the combi-
nation of Moringa oleifera with other phytochemicals, including saffron or green tea, has
been demonstrated to enhance both anticancer efficacy and immunomodulatory activ-
ity, highlighting the therapeutic potential of synergistic strategies in cancer prevention
and therapy [54].

Overall, these clinical findings underscore the translational potential of Moringa
oleifera for disease prevention, immune modulation, and as an adjunct in cancer im-
munotherapy. While clinical trials demonstrate the therapeutic benefits of Moringa oleifera,
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investigating its long-term safety and toxicity remains critical to support its sustained
therapeutic application.

7. Long-Term Safety and Toxicity of Moringa oleifera

The long-term safety and toxicity profile of Moringa oleifera has been extensively
investigated in both preclinical and clinical studies, with most evidence supporting its
well-established tolerability. A consolidated overview of these findings is presented in
Table 3, which summarizes the available evidence across plant parts, experimental models,
dosing regimens, and key safety outcomes.

Table 3. Long-term safety and toxicity profile of Moringa oleifera: insights from preclinical and clinical

studies.
Plant Part Study Model Dose/Duration Key Findings/Safety Outcomes Ref
. .. No significant toxicological
Seeds (hydroalcoholic Rats (14-day toxicity 100-2000 mg/kg/day effects; normal hematological [175]
extract) study) : .
and biochemical parameters
Well tolerated; no hypoglycemia;
Leaf capsules in T2DM Humans: adults with Nutritional dose, renal (BUN, creatinine) and [176]
patients T2DM (therapy naive) 4 weeks hepatic (AST, ALT) markers
remained normal
Acute: LDsj > 2000 mg/kg;
signs of liver and kidney
damage (increased AST, CK and
Acute: 2000 mg /kg, creatinine; hepatlc dggeneratlon;
. single dose. renal necrosis).
Leaves (hydroethanolic Female ICR mice Sub-acute: Sub-acute: m'Ofierate ' [177]
extract) . hepato-nephrotoxicity (hepatic
125-1000 mg/kg daily . .
for 28 davs and renal necrosis, sinusoidal
ye: dilatation; glomerulonephritis).
Lower doses (125-500 mg/kg):
relatively safe with minimal
adverse effects.
Well tolerated; no adverse effects;
kidney parameters (creatinine,
0mgcapsles o T neymes T AL,
Leaf powder Humans: adults daily (2.4 g/day); . & [124]
12 weeks remained normal; decreased
inflammatory parameters (CRP)
and improved lipid profile
(LDL-C, total cholesterol)
o Daily supplementation:
Leaf powder (added to Humans.. children <5 5 weeks for the Moringa No renal/hepatic toxicity
years with moderate ) [178]
RUSF) o group and 4 weeks for reported; well tolerated
malnutrition
the placebo group.
No serious adverse reactions or
Leaf powder (10% Humans (observational increased morbidity; improved
for tifi d porri dge; study): children with ~ Daily intake (3 months) nutritional (vitamin A and [179]

cerebral palsy

protein status) and immune
markers

ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; CK, Creatine Kinase;
CRP, C-reactive protein; ICR mice, Institute of Cancer Research (mouse strain); LDL-C, Low-density lipoprotein
cholesterol; RUSE, Ready-to-use supplementary food; T2DM, Type 2 Diabetes Mellitus.

Preclinical studies on animal models have provided insights into the safety profile
of Moringa oleifera. For instance, a 13-week repeated-dose study of an optimized aqueous
leaf extract revealed no serious toxicity but recommended caution with long-term doses
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above 500 mg/kg in rodents, establishing a no-observed-adverse-effect level (NOAEL)
close to 500 mg/kg [180]. In parallel, a 28-day repeated-dose toxicity study in rats ad-
ministered orally with aqueous leaf extract exhibited no mortality or organ toxicity at
100-500 mg/kg/day, although a minor reduction in body weight was observed at the
highest doses, findings that align with an acute safety margin up to 2000 mg/kg [181,182].
Moreover, disease-model studies, notably in gout, also produced favorable outcomes, fur-
ther strengthening the evidence for systemic safety [183]. Reproductive and developmental
toxicity assessments likewise have shown an absence of adverse effects at nutritionally rele-
vant doses, thereby supporting its long-term safety [184-186]. Evidence on Moringa oleifera
seeds and roots suggests a more restricted safety compared to leaves. A 14-day oral toxicity
evaluation of a hydro-alcoholic seed extract did not report any significant toxicological
effects, supporting its short-term tolerability [62,175]. In contrast, seed o0il administered at
200-800 mg/kg in murine malaria models not only reduced parasitemia but also induced
renal and hepatic lesions at higher doses, indicating a narrower therapeutic window for
seed oils compared to Moringa oleifera leaf preparations [187]. Likewise, a 21-day oral
administration of ethanol extract (150-600 mg/kg/day) in rats showed no nephrotoxic or
hepatotoxicity on standard biochemical parameters, although the authors recommended
longer-term evaluations due to the generally higher caution warranted for roots compared
with leaves [188]. These findings emphasize the critical role of plant-part specificity, with
leaves demonstrating broadly safer, whereas seed and root derivatives may require more
cautious dosing and further long-term evaluation. Additional preclinical studies on re-
lated species, including Moringa stenopetala herbal tea blends, also support low toxicity in
rats [189], though direct extrapolation to Moringa oleifera should be approached cautiously.
Clinical trials further corroborate these findings, indicating that oral supplementation
with whole leaf powders or extracts is generally safe, well-tolerated and without consis-
tent adverse effects in humans, while highlighting the need for standardized products
and longer follow-up [62,190]. Both randomized controlled and observational studies
have consistently reported no significant adverse effects, even at relatively high doses
over extended periods. These observations are further supported by systematic reviews
indicating that Moringa oleifera is well-tolerated, does not produce significant adverse ef-
fects, and serious toxicity [190-193]. Importantly, Moringa oleifera supplementation did not
compromise hematological, renal, or hepatic functions, highlighting its favorable systemic
safety profile [194-196]. Nevertheless, caution is warranted with Moringa oleifera parts
consumption, especially the bark and roots. Overuse of these parts may carry toxicity risk
due to the presence of potentially toxic bioactive compounds such as alkaloids [197-200].
Moreover, pharmacokinetic evidence indicates the possible interaction of Moringa oleifera
with drugs metabolized by cytochrome P450 enzymes, including antihyperglycemic drugs,
necessitating the need for careful use in patients receiving such therapies [192]. Rare clinical
case reports have identified cutaneous reactions and potential renal/hepatic perturbations,
as well as possible drug interactions, emphasizing the necessity for cautious dosing and
pharmacovigilance, particularly in vulnerable populations [201]. Taken together, although
Moringa oleifera demonstrates a generally favorable safety profile in both preclinical and
clinical studies, its long-term use should be approached with consideration of potential
drug-nutrient interactions, doses, and the specific parts of the plant employed.

8. Conclusions and Future Directions

Moringa oleifera has long been known to exhibit medicinal properties, and recent sci-
entific investigations have shown its efficacy in modulating the immune system. These
research findings suggest that Moringa oleifera plays an essential role in maintaining home-
ostasis between pro-inflammatory and anti-inflammatory cytokine responses and regu-
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lating the functions of CD4" T-cells subsets by targeting transcription factors and their
signal transducers. These results highlight its promise in managing T cell-mediated au-
toimmune disorders and coordinating innate and adaptive immune responses. Its extracts
also enhance hematopoietic activity and strengthen both cellular and humoral immunity,
suggesting benefits for immunodeficiency disorders, while supporting gut microbial bal-
ance to reinforce immune homeostasis and anti-inflammatory signaling. Beyond immune
regulation, Moringa oleifera exhibits potent anticancer activity through inducing apoptosis,
cell-cycle arrest, activation of antioxidant pathways such as Nrf2, and suppressing onco-
genic signaling. Evidence also indicates its capacity to inhibit angiogenesis, metastasis, and
modulate immune networks within the tumor microenvironment.

To meet accepted standards, it is important to conduct high-throughput screening,
analyses of the bioactive compounds, and identify the chemical targets when studying the
immunomodulatory and anti-cancer activities of Moringa oleifera extracts. Those extracts
should be subject to qualitative and quantitative analysis through validated analytical
procedures to define phytochemical levels in Moringa oleifera extracts.

Several bioactive compounds from Moringa oleifera, such as isothiocyanate, flavonoids
and polysaccharides (e.g., MOP-2, MRP-1) have been shown to modulate immune signaling
pathways and exhibit immunomodulatory and anti-cancer effects. Nevertheless, it is neces-
sary to conduct further mechanistic investigations with a comprehensive update on the
current state of research, through multi-scale approaches spanning cellular and molecular
mechanisms, host-microbiome interactions, and systemic physiology, to better understand
how these compounds regulate innate, adaptive immune system responses and tumor
biology. A deeper understanding of how Moringa oleifera modulates Ad T cells, natural killer
T cells, mucosal-associated invariant T cells, and their roles in immune-regulatory circuits
within the TME will be critical to advance Moringa oleifera from traditional medicine toward
evidence-based immunotherapy and cancer interventions.

Despite the promising therapeutic effects of Moringa oleifera, critical gaps remain
regarding its long-term safety, potential drug-nutrient interactions, optimal dosing, and
the specific plant parts employed. Accordingly, rigorous standardized preclinical testing,
encompassing toxicological, pharmacokinetic, and bioavailability studies, will be essential
to ensure both safety and effective translation into clinical use.
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CCR7  C-C Chemokine Receptor Type 7
ER Endoplasmic Reticulum

HSP70  Heat Shock Protein 70

iNOS  Inducible Nitric Oxide Synthase
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MOP Moringa oleifera Polysaccharide

Mop3 Motif 3 Protein

MRP-1  Moringa Root Polysaccharide 1

NLRP3  NOD (Nucleotide-binding Oligomerization) LRR (Leucine-Rich Repeat) Pyrin Domain-
containing Protein 3

NQO1 NAD(P)H: Quinone Oxidoreductase 1

PGE-2  Prostaglandin E2

PTP1B  Protein Tyrosine Phosphatase 1B

SOD Superoxide Dismutase

TLR Toll-Like Receptor

TME Tumor Microenvironment
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