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ABSTRACT

Berberine (BBR) is a plant-derived alkaloid that has been traditionally used in Chinese medicine to treat diarrhea.
In recent years, accumulating evidence has highlighted its broad therapeutic potential across multiple organ sys-
tems. This review systematically examines the pharmacological mechanisms and therapeutic applications of BBR
in cancer, as well as in digestive, metabolic, cardiovascular, and neurological diseases. The effects of BBR on
endogenous factors—such as energy metabolism, immune responses, cellular homeostasis, and gene expression—
are discussed, along with its regulation of cellular functions and inflammatory responses. In addition, we explore
BBR’s actions on exogenous factors, particularly the gut microbiota. The review also summarizes emerging mo-
lecular targets of BBR and addresses current clinical applications, as well as novel strategies to improve its low
oral bioavailability. By integrating findings from basic, translational, and clinical research, this review provides a
comprehensive overview of BBR’s therapeutic potential and supports its integration into modern medical practice.
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Figure 1: Graphical abstract

INTRODUCTION

Berberine (BBR), a naturally occurring isoquinoline alkaloid of the protoberberine type de-
rived from medicinal plants such as Coptis chinensis (Singh and Mahajan, 2013) , has been
extensively utilized in traditional Chinese and Ayurvedic medicine for centuries, primarily
treating gastrointestinal infections and related disorders (Gao et al., 2020; Song et al., 2020).
Emerging preclinical and clinical evidence now reveals BBR’s broad therapeutic potential
across multiple organ systems (Harrison et al., 2021; Chen et al., 2022b; Hu et al., 2024c). This
multi-target activity suggests modulation of convergent molecular pathways in diverse pathol-
ogies. The present review systematically synthesizes current knowledge on BBR’s pharmaco-
logical effects against system-related diseases, with critical analysis of its molecular mecha-
nisms in cancer, digestive, metabolic, cardiovascular, and neurological disorders. Gaps in trans-
lational research and future directions are also discussed.

MECHANISTIC BASIS OF BBR’S SYSTEMIC EFFECTS: METABOLISM,
IMMUNITY, CELLULAR HOMEOSTASIS, AND GENE REGULATION

BBR exerts its therapeutic effects through a complex network of endogenous regulatory
mechanisms. Recent studies have increasingly focused on its roles in metabolic regulation, im-
mune modulation, cellular homeostasis, and gene transcription, aiming to elucidate its multi-
target pharmacological profile. These processes form the foundation of BBR’s systemic effects
and are key to understanding its broad therapeutic potential across a wide range of diseases.
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Metabolic regulation

BBR alleviates various diseases by improving glucose and lipid metabolic disorders, pri-
marily including diabetes, hyperlipidemia, and non-alcoholic fatty liver disease (NAFLD) (Fig-
ure 2).

. Hepatocyte
Liver Glycogen
@ /| synthesis

[P @y —  Activated

Hepatic {
gluconeogenesis | — Inhibited

Ll" i ——e Regulated
GLUT2 97nAChR

NAFLD

Hyperlipidemia
- Diabetes
Berberine % /

# I ] N

GLUT2 IGF-1R FXR Gut
microbiota

o ~I;'I’i e

Obesity

-~ ',,

-

Figure 2: BBR regulates systemic metabolism by modulating the gut microbiota, key receptors and
metabolic enzymes, gluconeogenesis, and glycogen synthesis. This figure was created by BioRen-
der.com.

Regulation of Glucose Metabolism

BBR regulates glucose metabolism through multiple mechanisms to maintain glycemic ho-
meostasis.

First, BBR modulates glucose metabolism through the gut-liver axis. It inhibits phosphor-
ylation of intestinal insulin-like growth factor 1 receptor (IGF-1R), reducing membrane locali-
zation of phospholipase C beta 2 (PLC-B2) and suppressing glucose transporter type 2 (GLUT2)
translocation in intestinal epithelial cells, thereby decreasing glucose absorption (Zhang et al.,
2021). BBR also activates intestinal farnesoid X receptor (FXR) and downregulates hepatic
glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) expres-
sion, reducing endogenous glucose production (Sun et al., 2021). In addition, BBR inhibits
mitochondrial respiration and pyruvate carboxylation, suppressing hepatic gluconeogenesis
(Moreira et al., 2022). Moreover, BBR upregulates hepatic glucokinase (GK) and phosphory-
lates protein phosphatase 2A (PP2A), promoting G6Pase production and phosphorylation of
glycogen synthase kinase 3a (GSK-3a), which enhances hepatic glucose uptake and glycogen
synthesis, increasing glycogen storage (Li et al., 2019a; Ren et al., 2020; He et al., 2022b).

Second, BBR improves insulin resistance (IR). It activates PI3K/AKT and PPARY signaling
pathways, and increases GLUT2 expression (Chen et al., 2023¢; Ma et al., 2024a). BBR also
inhibits thioredoxin-interacting protein (TXNIP) to improve hepatic glucose uptake and reduces
hypoxia-inducible factor 1-alpha (HIF-1a) expression to decrease ceramide accumulation in the
liver of high-fat diet (HFD)-fed mice, thereby ameliorating IR (He et al., 2022b; Xia et al.,
2022). Additionally, by activating a7 nicotinic acetylcholine receptor (a7nAChR) and
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inhibiting the NF-xB pathway, BBR lowers proinflammatory cytokines such as TNF-a and IL-
1B, alleviating inflammation-associated IR (Wang et al., 2022a).

BBR also affects glucose metabolism indirectly via modulation of gut microbiota (Sun et
al., 2021; Yang et al., 2022c¢) and lipid metabolism (Yang et al., 2024a), which will be discussed
in subsequent sections.

Regulation of Lipid Metabolism

BBR improves obesity, hyperlipidemia, and NAFLD by regulating lipid metabolism.

BBR directly modulates hepatic lipid metabolism, primarily by regulating key enzymes in-
volved in lipid metabolism. It binds to Aldo-keto reductase, reverses the abnormal expression
of hepatic microsomal triglyceride transfer protein (MTTP), apolipoprotein B, and low-density
lipoprotein receptor (LDLR), and inhibits fatty acid synthesis (Chen et al., 2021c; Yang et al.,
2024a). BBR also activates the AMPK signaling pathway to regulate sirtuin 1 (SIRT1), a key
enzyme in lipid metabolism, downregulates lipogenic genes, and upregulates fatty acid oxida-
tion genes, alleviating oxidative stress (Yang et al., 2022a; Chen et al., 2024a). In addition, it
mediates deacetylation of carnitine palmitoyl transferase 1A (CPT1A) at Lys675, reduces its
ubiquitination and degradation, promotes B-oxidation of fatty acids, and significantly lowers
hepatic triglyceride and cholesterol levels in NAFLD mice (Wang et al., 2022d). SIRT1 also
promotes hepatocyte autophagy and activates fibroblast growth factor 21 (FGF21) to regulate
hepatic lipid utilization (Sun et al., 2018). Activation of the AMPK signaling pathway also
inhibits stearoyl-CoA desaturase 1 (SCD1) expression, reducing hepatic triglyceride synthesis
(Zhu et al., 2019b). BBR further inhibits mitochondrial complex I in the liver, decreases oxygen
consumption rate and ATP production to suppress lipid synthesis, while promoting mitochon-
drial fusion, thereby alleviating obesity, hyperlipidemia, and NAFLD (Yu et al., 2021). In ad-
dition, BBR combined with bicyclol inhibits hepatic stellate cell activation via the p62—nuclear
factor erythroid 2 related factor 2 (Nrf2) -PPARa pathway, delaying liver fibrosis in the non-
alcoholic steatohepatitis (NASH) model (Li et al., 2022b).

BBR also affects lipid metabolism by reshaping the gut microbiota and reducing intestinal
lipid absorption. BBR increase beneficial bacteria such as Akkermansia and decrease patho-
genic bacteria such as Lactobacillus, improving bile acid metabolism and indirectly modulating
lipid metabolism (Yang et al., 2022c, 2022a). BBR inhibits key enzymes involved in intestinal
lipogenesis such as SCDI1 and the receptor CD36 involved in fatty acid uptake, and enhances
the “zippering” of lacteal tight junctions via the RhoA/ROCK signaling pathway, reducing fatty
acid uptake and absorption, ultimately improving obesity and lipid metabolic disorders (Yu et
al., 2021; Wang et al., 2024a).

Regulation of Immune Cells

BBR also modulates the functions of immune cells such as macrophages and T cells, exert-
ing anti-inflammatory, immunoregulatory, and disease-alleviating effects in various conditions
including tumors, digestive disorders, metabolic diseases, and neurological disorders (Figure
3).

Regulation of macrophage polarization

Macrophages, as key components of the immune system, activate other immune cells
through antigen presentation, initiating and regulating immune responses, and exerting roles in
immune defense and tissue repair. BBR modulates macrophage polarization and function, con-
tributing to the treatment of various tumors and inflammatory diseases. In colitis-associated
colorectal cancer (CRC), BBR inhibits macrophage IL-6/TNF-a expression, thereby blocking
epidermal growth factor receptor (EGFR)-ERK signaling-induced inflammation (Li et al.,
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2017). It also downregulates miR-155-5p to upregulate Suppressor of Cytokine Signaling 1
(SOCSTI) expression, reducing M1 polarization and suppressing colitis-associated CRC pro-
gression (Ling et al., 2023). In melanoma models, BBR promotes the conversion of M2 mac-
rophages into pro-inflammatory M1 macrophages, restoring T cell anti-tumor activity (Shah et
al., 2022). During lung cancer progression, BBR inhibits Peptidyl Arginine Deiminase Type IV
(PADI4), thereby reversing PADI4-mediated suppression of Interferon Regulatory Factor 5
(IRF5), enhancing M1 polarization and preventing lung tumorigenesis (Gu et al., 2022).
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Figure 3: BBR exerts anti-tumor and anti-inflammatory effects by regulating macrophage polarization
and modulating the functions of immune cells, including Treg cells, CD8" T cells, and NK cells. This
figure was created by BioRender.com.

In addition to its regulatory effects on macrophages in tumor-related diseases, BBR also
modulates macrophage polarization in inflammatory, metabolic and neurological disorders. In
chronic atrophic gastritis (CAG) induced by Helicobacter pylori (H. pylori) and Lipopolysac-
charide (LPS), BBR activates the IL-4-STAT6 pathway to inhibit M1 and promote M2 polari-
zation, facilitating H. pylori clearance and disease remission (Yang et al., 2021b). In chronic
colitis, BBR alleviates inflammation by inhibiting M1 polarization via the AKT1/SOCS1/NF-
kB pathway (Liu et al., 2018; Luo et al., 2022). Additionally, BBR competitively binds to the
His224 site of trp53inp1 to inhibit macrophage pyroptosis, alleviating T-2 toxin—induced sub-
acute liver injury (Xu et al., 2024b). BBR also reduces macrophage infiltration to ameliorate
NASH (Wang et al., 2021c). In metabolic and neurological disorders, BBR improves obesity-
related metabolic dysfunction by suppressing M1 polarization (Noh et al., 2022)and promotes
microglial M2 polarization through TYRO Protein Tyrosine Kinase Binding Protein (TY-
ROBP) activation and SOCS1 upregulation, enhancing amyloid-beta peptide (AB) clearance
and attenuating neuroinflammation and cognitive decline in Alzheimer's disease (AD) (Guo et
al., 2021; Yang et al., 2024b).
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Regulation of Other Types of Immune Cells

Regulatory T cells (Treg cells) are a subset of T lymphocytes with immunosuppressive
functions that prevent excessive immune responses and the development of autoimmune dis-
eases. BBR exerts therapeutic effects by modulating the function of Treg cells. It enhances Treg
cells activity, reduces inflammation, and improves intestinal injury and survival in septic mice.
BBR also suppresses macrophage activation via Cytotoxic T-Lymphocyte-Associated Protein
4 (CTLA-4) mediated cell—cell contact by Treg cells, thereby reducing pro-inflammatory cyto-
kine release and alleviating sepsis-induced liver injury (Qiu et al., 2022). In NASH, BBR alle-
viates hepatic inflammation by increasing the Treg/T helper cell 17 (Th17) ratio and regulating
the chemerin/Chemokine-Like Receptor 1 (CMKLR1) signaling pathway to reduce lipid accu-
mulation (Lu et al., 2021).

BBR also regulates other types of immune cells to exert therapeutic effects. In hepatocellu-
lar carcinoma (HCC), BBR decreases the proportion of effector CD8* T lymphocytes express-
ing high levels of inhibitory receptors while increasing central memory CD8" T cells with po-
tential antitumor activity. BBR regulates antitumor immunity by modulating cytokine-mediated
receptor—ligand interactions between immune cells (Hu et al., 2024c¢). In Helicobacter pylori—
induced chronic gastritis, BBR also reduces the production of B cell-activating factors from
DCs and CD4* T cells, inhibits IL-17 production, and lowers the proportion of Th17 cells, ex-
erting anti-inflammatory effects (Wu et al., 2018).

Additionally, BBR enhances the cytotoxicity of NK cells against HCC cells and reduces
immune evasion by inhibiting IFN-y—induced Programmed Death-Ligand 1 (PD-L1) expres-
sion, thereby exerting anti-HCC effects (Wang et al., 2022b).

Maintenance of Cellular Homeostasis

Regulation of Autophagy

Autophagy, as a critical biological process for maintaining cellular homeostasis and adapt-
ing to stress, plays a key role in the development of various diseases. Increasing evidence indi-
cates that BBR exerts therapeutic effects on multiple tumors and inflammation-related disorders
by modulating autophagic activity and influencing cellular functions (Figure 4).

In gastrointestinal tumors, BBR suppresses mitochondrial complex I activity and induces
mitophagy and ferroptosis via the parkin RBR E3 ubiquitin protein ligase (Parkin) / PTEN-
induced putative kinase 1 (PINK1) pathway, significantly inhibiting tumor cell proliferation,
invasion, and chemoresistance in vitro (Mori et al., 2023). Conversely, in HCC, BBR achieves
antitumor effects by inhibiting autophagy and inducing apoptosis and necrosis of cancer cells
(Tai et al., 2020). In ovarian cancer, BBR disrupts the interaction between LINC01123 and P65,
reducing P65 protein stability and subsequently downregulating MAPK transcription, thereby
modulating autophagy and inhibiting tumor cell proliferation and metastasis (Yan et al., 2024).
Moreover, combination therapy with BBR and erlotinib enhances antitumor efficacy by pro-
moting autophagy-dependent EGFR degradation, thereby suppressing the proliferation of
EGFR- tyrosine kinase inhibitor (TKI)-resistant non-small cell lung cancer (NSCLC) cells and
reducing tumor growth in vivo (Chen et al., 2021b).

BBR activates the AMPK/mTOR pathway to promote autophagy, inhibits lysozyme secre-
tion by Paneth cells, and attenuates colonic inflammation (Xu et al., 2022¢). Similarly, in hy-
perglycemia-induced liver injury, BBR enhances autophagy via activation of the AMPK/mTOR
pathway, alleviates lipid accumulation, suppresses inflammation and mitigates liver injury
(Khater et al., 2023). Meanwhile, BBR also induces hepatic stellate cells (HSCs) apoptosis by
upregulating miR-30a-5p to inhibit autophagy-related 5 (ATGS) mediated autophagy, thereby
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reducing collagen deposition and inflammatory responses in mouse hepatic fibrosis models
(Tan et al., 2023).
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Figure 4: BBR influences the homeostasis and function of key effector cells across various diseases
by regulating autophagy, oxidative stress, endoplasmic reticulum stress, and energy reprogramming,
as well as by inducing DNA damage and modulating epigenetic mechanisms and non-coding RNAs.
This figure was created by BioRender.com.

BBR alleviates hypoxia/reoxygenation (H/R)-induced excessive autophagy via the Rho
family GTPase E (RhoE) /AMPK pathway, improving mitochondrial function and redox ho-
meostasis in cardiomyocyte injury (Hu et al., 2024a). Additionally, BBR activates mitophagy
through the PINK1/Parkin pathway to ameliorate myocardial damage in heart failure models
(Abudureyimu et al., 2020), and enhances Bcl-2 nineteen kilodalton interacting protein 3
(BNIP3) expression via HIF-1o—mediated transcriptional regulation, thereby protecting cardi-
omyocytes through mitophagy activation in myocardial ischemia (Zhu et al., 2020).

In cerebral ischemia model, BBR promotes autophagic flux by inducing transcription factor
EB (TFEB) nuclear translocation for lysosome biogenesis and enhancing autophagosome—ly-
sosome fusion via activation of the membrane fusion protein N-ethylmaleimide-sensitive factor
(NSF), thus alleviating neuronal damage (Liu et al., 2024b; Zhuang et al., 2025). In contrast,
BBR also protects ischemia-reperfusion (I/R) induced neuronal injury by inhibiting autophagy
through the mTOR pathway (Xie et al., 2020). Additionally, in Parkinson’s disease (PD) mod-
els, BBR enhances autophagy to suppress neuroinflammation, protect dopaminergic neurons,
and improve behavioral impairments (Huang et al., 2021).

These bidirectional regulatory effects of BBR on autophagy may depend on cell type, tim-
ing of intervention, and disease stage.

Effects on Oxidative Stress

Oxidative stress plays a key role in the pathogenesis of numerous diseases. BBR exerts
bidirectional regulation of oxidative stress: it promotes reactive oxygen species (ROS) genera-
tion to enhance cytotoxicity against tumor cells, while concurrently reducing ROS accumula-
tion to alleviate inflammation-induced tissue damage (Figure 4).

In tumor models, BBR modulates the antioxidant response to promote ROS generation,
thereby inhibiting melanoma cell proliferation and inducing apoptosis in vitro (Palma et al.,
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2022). It also induces DNA damage in renal carcinoma cells via increased ROS accumulation,
suppressing tumor progression and epithelial-mesenchymal transition (EMT) (Zhao et al.,
2023).

BBR activates the AMPK and JNK signaling pathways and reduces ROS production by
modulating the Nrf2—Kelch Like ECH Associated Protein 1 (Keap1)—antioxidant response ele-
ment (ARE) antioxidant pathway and upregulating manganese superoxide dismutase (Mn-
SOD). This suppresses oxidative stress—induced inflammation, inhibits p53-mediated hepato-
cyte apoptosis, protects liver cells, and mitigates liver injury (Han et al., 2019; Gholampour et
al., 2022; Zhu et al., 2023; Cheng et al., 2024; Zhuang et al., 2024). Additionally, during liver
transplantation, the addition of BBR to the organ preservation solution has been shown to re-
duce I/R-induced lactate dehydrogenase (LDH) release, maintain the activity of mitochondrial
complexes I and III in hepatocytes, decrease oxidative stress, and protect the donor liver (Mar-
tins et al., 2018).

BBR attenuates oxidative damage and myocardial fibrosis by upregulating Nrf2 and acti-
vating the cytoprotective enzyme heme oxygenase-1 (HO-1) in doxorubicin (DOX)- and arse-
nic trioxide (ATO)-induced cardiotoxicity (Wang et al., 2023d; Hosseini et al., 2024). BBR also
induces the expression of miR-26b-5p, inhibits the activation of the MAPK signaling pathway,
reduces reactive oxygen species (ROS) levels, thereby alleviating ventricular arrhythmias and
infarct size caused by myocardial I/R injury, and improves cardiac function (Chen et al., 2021a;
Jia et al., 2022).

In the nervous system, BBR enhances antioxidant capacity, reduces oxidative stress and
neuronal apoptosis, suppresses neuroinflammation, and thereby ameliorates cognitive impair-
ment induced by HFD, AD, I/R injury, and hepatic encephalopathy (Hajipour et al., 2023; Me-
hboodi et al., 2024; Wu et al., 2024c¢).

Moreover, BBR helps preserve blood—brain barrier integrity by reducing oxidative stress,
decreases neuronal apoptosis in the hippocampal CA1 region, and mitigates I/R induced brain
injury (Mehboodi et al., 2024).

Ferroptosis is a critical consequence of oxidative stress, as excessive ROS production pro-
motes lipid peroxidation, driving cells into ferroptosis. BBR modulates ferroptosis by affecting
the balance between ROS generation and antioxidant defense, thereby influencing disease pro-
gression. In nasopharyngeal carcinoma, BBR induces ferroptosis by inhibiting the System
Xc/GSH/GPX4 axis, leading to increased ROS, lipid peroxidation, and Fe*" accumulation (Wu
et al., 2024d). In NSCLC, BBR synergizes with ferroptosis inducers to kill cancer cells via the
p53-dependent solute carrier family 7 member 11 (SLC7A11)-GPX4 pathway, an effect absent
in pS3-mutant cells (Liao et al., 2024). Additionally, BBR promotes ferritin degradation, result-
ing in Fe*" overload and activation of ferroptosis, selectively eliminating activated HSCs and
attenuating liver fibrosis (Y1 et al., 2021).

Conversely, BBR also exhibits cytoprotective effects in cardiovascular and neurodegener-
ative diseases by inhibiting ferroptosis. It activates the NRF2/SLC7A11/GPX4 pathway to sup-
press ferroptosis within atherosclerotic plaques, reducing lesion area and oxidative stress to
protect vascular endothelial integrity (Wang et al., 2024d). In AD models, BBR upregulates
GPX4 and SLC7A11 via NRF2, improves brain iron metabolism, inhibits neuronal ferroptosis,
and ameliorates cognitive dysfunction (Li et al., 2023c¢).

Endoplasmic reticulum stress

Endoplasmic reticulum (ER) stress plays a critical role in maintaining cellular homeostasis,
metabolic balance, and regulating inflammatory responses. Studies have shown that BBR alle-
viates protein misfolding and ER dysfunction by inhibiting ER stress and modulating the
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unfolded protein response (UPR), thereby exerting protective effects in inflammation-related
diseases (Yarmohammadi et al., 2022) (Figure 4).

BBR alleviates ER stress, suppresses inflammation, and improves liver injury induced by
I/R, LPS, cholestasis, and hyperglycemia through downregulation of C/EBP homologous pro-
tein (CHOP) and activation of transcription factor 4 (TCF4) and X-box binding protein 1
(XBP1) (Zhang et al., 2019; Wang et al., 2020c; Khater et al., 2023; Wang et al., 2024f).

In myocardial infarction, BBR alleviates ER stress in cardiac tissue by upregulating Bcl-
2/Bax expression and downregulating caspase-3, inhibiting cardiomyocyte apoptosis and im-
proving cardiac remodeling (Liao et al., 2018). It also suppresses the protein disulfide isomerase
(PDI)-mediated ER stress pathway to reduce endothelial cell apoptosis and abnormal prolifer-
ation induced by mechanical stretch, thereby ameliorating hypertension-related vascular re-
modeling (Wang et al., 2020a).

Additionally, BBR inhibits canopy FGF signaling regulator 2 (CNPY?2) and activates the
mTOR pathway to attenuate ER stress and mitigate neuronal I/R injury (Xie et al., 2020; Zhao
etal., 2021a). In AD models, BBR reduces beta-site amyloid precursor protein cleaving enzyme
1 (BACEL1) protein levels via the protein kinase RNA-like endoplasmic reticulum kinase
(PERK)/eukaryotic translation initiation factor 2 alpha (elF2a) axis, suppressing ER stress in
neurons, decreasing AB-induced neuronal apoptosis, and improving cognitive function (Xuan
et al., 2020; Liang et al., 2021).

Regulation of Cellular Energy Metabolism

BBR regulates metabolic reprogramming to inhibit the growth of various tumor cells. BBR
inhibits mitochondrial complex I activity, which leads to the blockade of the electron transport
chain, a reduction in ATP production, and suppression of energy metabolism in CRC cells,
consequently limiting cell proliferation and promoting apoptosis (Wu et al., 2023). In breast
cancer, BBR effectively suppresses cell migration by inhibiting glycolysis, demonstrating no-
table anti-metastatic potential (Qian et al., 2021; Du et al., 2022). Moreover, BBR impairs the
efflux function of ATP-binding cassette transporters and downregulates their expression, en-
hancing the sensitivity of breast cancer cells to DOX and reversing multidrug resistance (Qian
etal., 2021).

Furthermore, BBR restores mitochondrial energy homeostasis by activating PPARy-coac-
tivator-la (PGC-1a), thereby improving oxidative phosphorylation in renal tubular cells, re-
ducing the expression of mitochondrial fission protein dynamin-related protein 1 (Drpl), and
enhancing mitochondrial biogenesis, which alleviates proteinuria and renal fibrosis in diabetic
nephropathy (Qin et al., 2020) (Figure 4).

Regulation of DNA and Gene Expression by BBR

BBR-Induced DNA Damage

BBR exerts anti-tumor effects by inducing DNA damage or interfering with DNA repair
mechanisms, leading to the suppression of tumor cell proliferation and the promotion of apop-
tosis. In NSCLC cells, BBR downregulates key proteins involved in DNA replication and re-
pair, including ribonucleotide reductase regulatory subunit M1 (RRM1), RRM2, DNA ligase 1
(LIG1), and DNA polymerase epsilon subunit 2 (POLE2), thereby inhibiting cell proliferation
(Lietal.,2018b; Ni et al., 2022a). Additionally, BBR increases ROS generation to induce DNA
damage, reducing the viability of melanoma and renal cancer cells, resulting in triggering apop-
tosis (Palma et al., 2022; Zhao et al., 2023). BBR also enhances the efficacy of other therapies
that induce DNA damage. It sensitizes ovarian cancer cells to radiotherapy by amplifying oxi-
dative stress-induced DNA damage and apoptosis (Aleissa et al., 2023). Co-administration with
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andrographolide inhibits DNA replication-related genes, suppresses proliferation, and induces
cell cycle arrest in CRC cells (Zhao et al., 2022). Similarly, combination therapy with solid
lipid curcumin particles augments DNA damage and enhances glioblastoma cell death (Maiti
etal., 2019) (Figure 4).

Epigenetic Modulation by BBR

BBR exerts anti-tumor effects through epigenetic regulation, primarily by modulating DNA
methyltransferases (DNMTs) and histone deacetylases (HDACSs). BBR suppresses the prolifer-
ation of CRC cells by downregulating DNMT1 and DNMT3B, inhibiting the expression of the
oncogene c-Myc (Wang et al., 2024¢). In combination with evodiamine, BBR restores the ex-
pression of miR-152, miR-429, and miR-29a, affecting DNMTs activity and inhibiting the
growth of CRC (Huang et al., 2017). BBR acts similarly to a HDAC inhibitor, reactivating
tumor suppressor genes such as p21 and p53 by increasing histone acetylation and downregu-
lating oncogenes, ultimately inducing cell cycle arrest and apoptosis in NSCLC (Kalaiarasi et
al., 2016). Furthermore, combination BBR with metformin reduces the expression of specificity
protein 1 (SP1) and 3-phosphoinositide-dependent protein kinase-1 (PDPK1), inhibits DNMT1
activity, and suppresses proliferation and migration of NSCLC (Zheng et al., 2018).

In addition to its anti-tumor activity, BBR exerts systemic therapeutic benefits through ep-
igenetic regulation. It alleviates Staphylococcus aureus enterotoxin B (SEB)—induced acute
liver injury and inflammation by suppressing the expression of HDAC1 (Du et al., 2018). BBR
also promotes glucagon-like peptide-1 (GLP-1) secretion by intestinal L cells via activation of
B-catenin/TCF4 signaling, which is mediated by increased methylation and downregulation of
miR-106b, ultimately contributing to the improvement of metabolic disorders in HFD-fed mice
(Wang et al., 2021a). In AD models, BBR restores mitophagy and alleviates D-ribose-induced
cognitive deficits by inhibiting promoter methylation of PINK1 (Wang et al., 2023a). Further-
more, in stroke models, BBR enhances nuclear-enriched abundant transcript 1 (NEAT1) stabil-
ity via methyltransferase-like 3 (METTL3)-mediated m6A modification, modulating the
NEAT1/miR-377-3p/nicotinamide phosphoribosyl transferase (NAMPT) axis to exert neuro-
protective effects (Hu et al., 2024b) (Figure 4).

Regulation of non-coding RNAs by BBR

BBR regulates non-coding RNAs (ncRNAs) to interfere with the expression of key proteins
and influence cellular functions, exerting therapeutic effects in various tumors as well as cardi-
ovascular and neurological diseases (Figure 4).

BBR inhibits the proliferation, migration, and invasion of bladder cancer cells and induces
apoptosis by upregulating miR-17-5p and suppressing the JAK1-STAT3 signaling pathway
(Xia et al., 2021). It also inhibits the proliferation, migration, and invasion of ovarian cancer
cells by upregulating miR-145 and downregulating MMP16 expression (Li et al., 2021b). In
combination with curcumin, BBR regulates the miR-221/ SRY-box transcription factor 11
(SOX11) axis to activate pro-apoptotic proteins caspase-3/9, promoting apoptosis in HCC cells
and exerting anti-hepatocarcinoma effects (Li et al., 2023a).

In myocardial I/R injury, BBR alleviates myocardial cell apoptosis and inflammation by
downregulating miR-184 and inhibiting the NOTCH]1 signaling pathway, as well as upregulat-
ing miR-340-5p to inhibit high mobility group box 1 (HMGB1)-mediated TLR4/NF-«kB acti-
vation, which contributes to the improvement of cardiac function (Long et al., 2022; Yang et
al., 2025). In the nervous system, BBR protects neurons in AD by mitigating AB-induced neu-
ronal apoptosis via the miR-188/ nitric oxide synthase 1 (NOS1) axis (Chen et al., 2020b). It
also alleviates neuronal injury in PD by inhibiting the LINC00943/miR-142-5p/karyopherin
subunit alpha 4 (KPNA4) axis and suppressing the NF-kB pathway (Li et al., 2021c).

1234



EXCLI Journal 2025;24:1225-1261 — ISSN 1611-2156
Received: July 25, 2025, accepted: August 08, 2025, published: September 08, 2025

Additionally, BBR downregulates miR-34a, miR-34b-5p, and miR-470-5p in the mouse hippo-
campus, while significantly upregulating brain-derived neurotrophic factor (BDNF), synapto-
tagmin-1, and Bcl-2, improving dendritic spine morphology and promoting hippocampal neu-
ron growth to relieve depressive symptoms (Y1 et al., 2020; Zhan et al., 2021).

MODULATION OF CELLULAR FUNCTIONS BY BBR

The systemic regulatory effects of BBR lead to functional changes in key effector cells
across various diseases. In oncological conditions, BBR exerts anti-tumor effects by inhibiting
tumor cell proliferation, migration, and invasion, while promoting apoptosis (Sun et al., 2022a,
2023a). In inflammation-related disorders, BBR mitigates tissue damage and reduces apoptosis
in effector cells such as cardiomyocytes and neurons by attenuating inflammatory responses
(Huang et al., 2021; Tang et al., 2024b). Through modulation of key signaling pathways such
as PI3K/AKT, NF-kB, and Wnt/B-catenin, as well as regulation of the NOD-like receptor fam-
ily pyrin domain containing 3 (NLRP3) inflammasome, BBR contributes to functional remod-
eling of effector cells and underlies its therapeutic potential in cancer, digestive, metabolic,
neurological, and cardiovascular diseases (Figure 5).
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Figure 5: Key signaling pathways affected by BBR and their downstream effects. This figure was cre-
ated by BioRender.com.

PI3K/Akt/mTOR Signaling Pathway

BBR exerts anti-proliferative and pro-apoptotic effects on tumor cells in various cancers by
modulating the PI3K/AKT/mTOR signaling pathway. In NSCLC, BBR targets kinesin family
member 20A (KIF20A) and cyclin e2 to inhibit the PI3K/AKT pathway, thereby suppressing
cell proliferation, invasion, and glycolysis, while promoting apoptosis (Wang et al., 2023b).
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Similarly, BBR, in combination with low-temperature plasma (LTP), synergistically inhibits
PI3K/AKT signaling and enhances apoptosis in NSCLC cells (Lu et al., 2023).

In gastrointestinal malignancies, BBR enhances the sensitivity of CRC cells to heat shock
protein 90 (HSP90) and HDAC inhibitors via modulation of the PI3K/AKT pathway (Li et al.,
2021a). Moreover, co-administration of BBR and oligomeric proanthocyanidins (OPC) sup-
presses the MYB/PI3K-AKT pathway and upregulates apoptosis-related genes (Okuno et al.,
2022).

In other cancers, BBR downregulates RADS51 recombinase via the PI3K/AKT pathway,
enhancing gemcitabine cytotoxicity and improving its therapeutic efficacy against bladder can-
cer (Gao et al., 2021). BBR combined with solid lipid curcumin particles (SLCP) is more ef-
fective than monotherapy in reducing PI3K/AKT/mTOR pathway activity and inducing apop-
tosis in glioma cells (Maiti et al., 2019).

Beyond oncology, BBR also regulates cellular function and inflammatory response through
the PI3K/AKT/mTOR pathway. BBR, in combination with curcumin (CUR), alleviates aceta-
minophen (APAP)-induced hepatic inflammation in mice by inhibiting the PI3K/AKT signal-
ing pathway (Zhai et al., 2024). BBR also suppresses the PI3K/AKT pathway, downregulates
proinflammatory cytokines (such as IL-8 and TNF-a), and activates autophagy to ameliorate
gastric mucosal lesions in chronic atrophic gastritis (CAG) (Tong et al., 2021). Additionally,
in myocardial I/R injury, BBR pretreatment inhibits the PI3K/AKT pathway and its down-
stream inflammatory mediators (IL-6, IL-1p), thereby reducing the incidence of arrhythmia and
protecting cardiomyocytes (Qin-Wei and Yong-Guang 2016).

In cerebral I/R injury, BBR reduces neuronal apoptosis and attenuates brain injury via the
BDNF, tropomyosin receptor kinase B (TrkB) and PI3K/AKT pathway (Yang et al., 2018). It
also mitigates hippocampal neuronal apoptosis and damage through PI3K/AKT signaling, alle-
viating depressive symptoms and improving cognitive function in mice (Wei et al., 2023; Tang
et al., 2024b). Furthermore, BBR protects dopaminergic neurons through anti-apoptotic, anti-
inflammatory, and antioxidant mechanisms via the PI3K/AKT pathway, thereby ameliorating
behavioral deficits in a PD mouse model (Wen et al., 2022).

NF-kB Signaling Pathway

BBR suppresses NSCLC cell proliferation and promotes apoptosis by inhibiting the NF-kB
pathway and downregulating activator protein-1 (AP-1) expression (Li et al., 2018b). BBR also
alleviates ulcerative colitis (UC) by targeting the TLR4/NF-kB pathway to inhibit IL-6, AP-1,
and HIF-1a, while upregulating anti-inflammatory cytokines IL-4 and IL-10 to suppress the
inflammatory response (Zhu et al., 2019a; Li et al., 2020a; Xu et al., 2020; Li et al., 2024b). It
also relieves hippocampal neuronal pyroptosis in rats with cerebral I/R injury via upregulation
of PPAR-y and inhibition of NF-«xB signaling (Zhao et al., 2021b). In an in vitro AD model
induced by AP in HT22 cells, BBR reduces oxidative stress and apoptosis through NF-«xB in-
hibition (Zhang et al., 2023). Similarly, in a methamphetamine (METH) withdrawal model,
BBR alleviates anxiety-like behaviors and relapse while protecting hippocampal neurons by
modulating NF-«xB signaling (Rezaeian et al., 2020).

Whnt/B-Catenin Signaling Pathway

BBR regulates the proliferation, apoptosis, and biological behavior of various tumor cells
through modulation of the Wnt/B-catenin signaling pathway. In HCC, BBR promotes the bind-
ing of Eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP) to the translation
initiation complex, thereby inhibiting cap-dependent translation of B-catenin and reducing its
protein levels, ultimately inducing apoptosis and suppressing the survival of HCC cells
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(Vishnoi et al., 2021). In CRC, bioinformatics and experimental validation have shown that
BBR induces the translocation of B-catenin from the nucleus to the cytoplasm, thereby inhibit-
ing CRC cell proliferation—findings consistent with the elevated expression of catenin beta 1
mRNA in CRC patients and its association with advanced clinical stages (Nie et al., 2022).
Further studies revealed that BBR suppresses the epigenetic regulation of the Wnt/B-catenin
pathway by downregulating the long intergenic ncRNA regulator of reprogramming (lincROR),
leading to inhibited CRC growth both in vitro and in vivo (Li et al., 2023b). Additionally, BBR
inhibits breast cancer cell migration and invasion by suppressing Wnt/p-catenin signaling and
reversing EMT, while inducing cell cycle arrest at the GO/G1 or G2/M phase (Dian et al., 2022).

TGF-p/Smad Signaling Pathway

BBR inhibits tumor cell metastasis and EMT by modulating the transforming growth factor
beta (TGF-B) signaling pathway. In a cecal implantation mouse model, BBR significantly re-
duced the number of hepatic metastatic lesions from CRC by upregulating E-cadherin, down-
regulating vimentin and Snail, and decreasing serum inflammatory cytokine levels—an effect
comparable to that of TGF-P inhibitors (Kang et al., 2024). In the tumor microenvironment of
CRC, BBR also reverses tumor microenvironment-induced EMT-like phenotypic changes by
regulating the expression of TPRII, Smad2, and phosphorylated Smad3 (p-Smad3), with a
mechanism similar to that of TGF-f receptor antagonists (Huang et al., 2019). In glioma, BBR
suppresses cell migration and invasion by downregulating TGF-B1-mediated expression of col-
lagen type XI alpha 1 (COL11A1) and matrix metalloproteinases (MMPs) (Sun et al., 2022b).

AMPK Signaling Pathway

BBR plays a pivotal role in both oncological therapy and intestinal mucosal protection via
modulation of the AMPK pathway. Multi-omics analyses and xenograft studies demonstrated
that BBR downregulates RRM2 expression by inhibiting HIF-1a and AMPK signaling, thereby
blocking EMT and suppressing breast cancer cell migration and invasion (He et al., 2022a). In
a colitis-induced mucosal barrier injury model, BBR mitigates tight junction disruption by an
AMPK-dependent downregulation of swiprosin-1, which in turn inhibits myosin light chain
kinase (MLCK) -mediated cytoskeletal contraction in colonic epithelial cells (Wang et al.,
2024h).

BBR can also suppress inflammatory responses by inhibiting the AMPK signaling pathway,
downregulating inflammatory cytokines such as IL-6, IL-8, [FN-y and TNF-a and upregulating
IL-10, thereby suppressing inflammatory responses and alleviating liver injury (Wang et al.,
2017; Luo et al., 2019), and myocardial I/R injury (Chang et al., 2012, 2016).

NLRP3 inflammasome

The NLRP3 inflammasome is a multiprotein complex that plays a pivotal role in regulating
inflammatory signaling. In various inflammatory diseases, aberrant activation and oligomeri-
zation of NLRP3 lead to the activation of caspase-1 and the release of multiple cytokines
(Blevins et al., 2022). BBR exhibits significant anti-inflammatory effects in hepatic and neuro-
logical disease models by inhibiting NLRP3 activation. In liver injury models, BBR targets
NLRP3 to suppress caspase-1 activation, reduce ROS production and ECM accumulation,
thereby alleviating drug-induced and acute liver injury (Ali and Datusalia 2024; Zhuang et al.,
2024). In the nervous system, BBR enhances autophagic activity to inhibit 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) -induced NLRP3 inflammasome activation, protect dopa-
minergic neurons, mitigate neuroinflammation in PD models, and improve motor dysfunction
(Huang et al., 2021). BBR also promotes Trim65-mediated ubiquitination and degradation of
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NLRP3, alleviates hippocampal neuronal dysfunction, and restores synaptic plasticity and neu-
rogenesis (Qin et al., 2023; Yang et al., 2023). Moreover, in cerebral ischemia models, BBR
suppresses NLRP3 to reduce middle cerebral artery occlusion (MCAO) -induced neurological
deficits, neuroinflammation, and blood—brain barrier damage, exhibiting marked neuroprotec-
tive effects (Rahman et al., 2024).

Other Signaling Pathway

BBR exerts anti-CRC effects by modulating the Hedgehog signaling pathway. Specifically,
BBR suppresses malignant phenotypes and induces apoptosis in CRC cells through inhibition
of Hedgehog signaling, leading to cell cycle arrest and impaired tumor cell proliferation. Nota-
bly, these effects are selective to cancer cells, as BBR demonstrates no cytotoxicity toward
normal colonic epithelial cells (Sun et al., 2022a, 2023a).

In other organs, BBR suppresses the proliferation and metastasis of gastric cancer cells by
inhibiting the IL-6/JAK2/STAT3 pathway (Xu et al., 2022b). Moreover, co-administration of
BBR with erlotinib synergistically inhibits EGFR /AKT signaling, significantly enhancing cy-
totoxicity against EGFR-positive human epidermoid carcinoma cells in vitro, thereby offering
a potential strategy to overcome EGFR-TKI resistance (Cuan et al., 2023). Additionally, BBR
promotes intestinal epithelial regeneration in radiation enteritis by enhancing intestinal stem
cell (ISC) function via activation of the STAT3/ERK1/2 signaling axis (Tu et al., 2024).

Separately, Jiao-tai-wan, with BBR as its principal active component, protects neuronal
cells by activating the cyclic adenosine monophosphate (cAMP) / protein kinase A (PKA) /
cAMP response element-binding protein (CREB) signaling pathway, alleviating glucose and
lipid metabolic disturbances as well as depression-like behaviors in diabetic mice with comor-
bid depression (Tang et al., 2024a).

REGULATION OF GUT MICROBIOTA BY BBR

The gut microbiota serves as a key interface between the host and the environment. Beyond
the direct effects on the host, BBR modulates the gut microbiota and its metabolites to exert
systemic regulatory actions indirectly.

Community analysis based on 16S rRNA gene sequencing revealed that BBR increased the
abundance of Firmicutes, while decreasing the numbers of Bifidobacteria, Streptococci, and
Enterococci. BBR also affects the metabolism of short-chain fatty acids (SCFA) such as acetate,
propionate, and butyrate. Metabolomic analysis further indicated that BBR treatment regulated
multiple amino acid metabolic pathways in the gut microbiota, particularly those involving ty-
rosine, serine, and L-glutamate (Fu et al., 2022).

Modulating gut microbiota structure

BBR delays the progression of CRC by modulating gut microbiota composition. Deng
(Deng et al., 2022) and Chen (Chen et al., 2020a), using Azoxymethane (AOM)/DSS-induced
mouse models, found that berberine increased the Firmicutes-to-Bacteroidetes (F:B) ratio, pro-
moted the growth of SCFA-producing bacteria such as Alloprevotella, and reduced pro-inflam-
matory bacteria such as Alistipes, thereby significantly reducing colonic tumor numbers and
improving intestinal inflammation. Berberine also decreased the abundance of the pro-carcino-
genic bacterium Veillonella parvula, thereby weakening B cell immunoregulatory functions
such as the BLyS signaling pathway and delaying CRC development (Qian et al., 2023).

BBR exerts protective effects against colonic injury and colitis primarily through modula-
tion of the gut microbiota. It increases the abundance of beneficial bacteria such as lactic acid
bacteria, carbohydrate-hydrolyzing bacteria, Akkermansia, Lactobacillus spp., and Para-
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bacteroides, while reducing opportunistic pathogens including Bacteroides acidifaciens and
Bacteroides fragilis, which enhances the expression of epithelial tight junction proteins such as
zonula occludens-1 (ZO-1) and occluding, reduces the Th17/Treg ratio, maintains the structural
and functional integrity of the intestinal barrier, and regulates mucosal immune homeostasis,
thereby alleviating colonic inflammation and mucosal injury (Liao et al., 2020; Zheng et al.,
2021; Dong et al., 2022; Li et al., 2022d; Yu et al., 2024a; Du et al., 2025). Compound prepa-
rations containing berberine hydrochloride also ameliorate colitis by modulating the colonic
microbiota, particularly pathways related to bacterial DNA synthesis, replication, and repair
(Yan et al., 2022c¢; Xu et al., 2023; Zhou et al., 2023).

In metabolic diseases, BBR reshapes the gut microbiota structure, restores microbial diver-
sity, and upregulates intestinal GLP-2 secretion to slow the progression of diabetes (Wang et
al., 2021b). The combination of BBR and metformin enhances insulin sensitivity by altering
microbiota composition, such as enriching the phylum Verrucomicrobia (Lyu et al., 2022).
BBR also improves uric acid metabolism by increasing the abundance of Lactobacillus and
reducing Bacteroidetes (Chen et al., 2023a). Additionally, a randomized controlled trial showed
that 12-week BBR treatment significantly improved IR and dyslipidemia in patients treated
with olanzapine, and reduced the F:B ratio (Pu et al., 2021).

BBR improves the progression of cardiovascular diseases by modulating the gut microbiota.
BBR increases the Firmicutes / Verrucomicrobia ratio, reduces hepatic flavin-containing
monooxygenase 3 (FMO3) expression and serum trimethylamine N-oxide (TMAO) levels,
thereby alleviating atherosclerotic plaque formation in HFD-mice (Shi et al., 2018). Addition-
ally, BBR inhibits CutC/D enzyme activity in gut microbiota, reducing TMAO production and
subsequently mitigating endoplasmic reticulum stress-mediated endothelial cell apoptosis, im-
proving vascular dysfunction, and alleviating hypertension in mice (Wang et al., 2024g).

In neurological diseases, BBR improves gut microenvironment by increasing beneficial
bacteria such as Akkermansia, enhancing intestinal barrier repair and suppressing activation of
the gut-brain axis inflammatory pathway, reducing AP deposition and inhibiting BACEI ex-
pression, which significantly improves cognitive function in AD mouse models (Sun et al.,
2024a). BBR also enriches enterolignan-producing bacteria such as Bacteroides and Bifidobac-
terium, elevates serum enterolignan levels, and markedly alleviates anxiety-like behaviors
(Fang et al., 2021). Furthermore, BBR alters gut microbiota composition, reducing pro-inflam-
matory bacteria such as Muribaculaceae and increasing Bacteroidaceae to inhibit neuronal fer-
roptosis in mice with I/R injury and mitigate cerebral ischemic damage (Wang et al., 2023c).

Regulation of metabolic products

SCFA are the primary end-products of non-digestible carbohydrate (NDC) fermentation
and serve as key metabolites utilized by the gut microbiota. They represent a major flow of
carbon from diet to microbiota and then to the host, with major products including formate,
acetate, propionate, and butyrate (Morrison and Preston 2016). BBR promotes the production
of SCFAs such as butyrate and acetate by enhancing the growth of SCFA-producing bacteria
like Alloprevotella (Chen et al., 2020a), Blautia producta (Yang et al., 2022d) and Roseburia
(Wu et al., 2020a), facilitating mucosal barrier repair and suppressing inflammation (Li et al.,
2022c¢; Yan et al., 2022a). Specifically, butyrate inhibits CRC growth by suppressing HDACI
expression (Huang et al., 2022), attenuates HCC growth by reducing PPARS degradation (Shou
and Shaw 2023), and alleviates post-stroke neurological dysfunction by elevating serum butyr-
ate levels, thereby inhibiting microglial and astrocyte activation and reducing the release of pro-
inflammatory cytokines (Duan et al., 2023). Additionally, BBR-induced increase in SCFA pro-
duction can improve hyperlipidemia in HFD-induced mice (Yang et al., 2022d), and upregulate
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hippocampal neurotransmitters and BDNF expression, thereby alleviating depression-like be-
haviors in stress-exposed rats (Huang et al., 2023).

BBR influences the progression of various diseases by modulating specific amino acid me-
tabolites derived from the gut microbiota. It activates the aryl hydrocarbon receptor (AhR) via
microbial tryptophan metabolites, thereby restoring intestinal barrier integrity, reducing the in-
cidence of colorectal tumors (Wang et al., 2024b) and alleviating colitis (Jing et al., 2021; Chen
et al., 2023b). Additionally, BBR enhances the expression of tryptophan hydroxylase 1 (TPHI)
and indoleamine 2,3-dioxygenase 1 (IDO1) through microbiota-mediated metabolic regulation,
promoting the conversion of tryptophan to serotonin while inhibiting the kynurenine pathway,
thus improving depression-like behavior in chronically stressed mice (Ge et al., 2023). The
improvement of glucose and lipid metabolic disorders in mice by BBR is also associated with
reduced levels of isoleucine and phenylalanine derived from gut microbial metabolism (Fang
et al., 2022).

BBR alleviates the progression of UC, NASH, and hyperlipidemia by modulating bile acid
metabolism mediated by the gut microbiota. BBR restores microbial balance, increases gastro-
intestinal unconjugated and secondary bile acid levels, activates the FXR and G protein coupled
bile acid membrane receptor 5 (TGRS) signaling pathways to improve colonic inflammation
(Sun et al.,, 2023b), and promotes intestinal mucosal barrier repair by inhibiting the
S1PR2/RhoA/ROCK signaling pathway (Yu et al., 2024b). BBR also increases the abundance
of Clostridiales and Lactobacillaceae, suppresses Clostridium species, promotes bile acid de-
conjugation, reduces the hydrophobicity of secondary bile acids, activates the intestinal
FXR/FGF15 axis, and thereby decreases cholesterol absorption and hepatic lipid accumulation,
ultimately improving NASH and hyperlipidemia (Shu et al., 2021; Wang et al., 2024c).

BBR also regulates the progression of various diseases by modulating other microbiota-
derived metabolites. BBR directly targets the FtfL enzyme of the pathogenic bacterium Pepto-
streptococcus anaerobius, disrupting its tetrameric conformation and ATP binding, thereby in-
hibiting its pro-carcinogenic activity (Yan et al., 2023). Additionally, BBR acts as a non-com-
petitive inhibitor of bacterial B-glucuronidase (GUS), significantly reducing the intestinal ac-
cumulation of SN38, a toxic metabolite of irinotecan (CPT11), thus mitigating chemotherapy-
induced mucositis without compromising the anticancer efficacy of CPT11 (Yue et al., 2021).
BBR also upregulates specific microbial taxa and promotes the production of phenolic lipids,
thereby enhancing the intestinal barrier and alleviating colitis (Wu et al., 2025). In metabolic
diseases, BBR improves hepatic lipid accumulation and fibrosis in NAFLD mice by inhibiting
fatty acid synthase via modulation of Bacteroidaceae (Li et al., 2022b). In the nervous system,
BBR enhances dopamine levels in the brain and improves neurological function by promoting
L-DOPA synthesis through Enterococcus species (Wang et al., 2021d). It also promotes micro-
bial hydrogen sulfide (H2S) production, activating the vagal transient receptor potential cation
channel subfamily V member 1 (TRPV1) receptor and modulating microglial polarization,
thereby alleviating neuroinflammation following cerebral ischemia (Ni et al., 2022b).

POTENTIAL TOXICITY AND CLINICAL SAFETY OF BERBERINE

BBR exerts anti-tumor effects by inhibiting cell proliferation and inducing apoptosis (Singh
and Sharma 2018), and it also improves metabolic disorders such as diabetes by suppressing
gluconeogenesis (Moreira et al., 2022). However, these therapeutic effects have raised concerns
regarding the potential toxicity of BBR. Some studies have reported that high doses or pro-
longed exposure to BBR may induce DNA damage, mitochondrial dysfunction, and ion channel
abnormalities (Singh and Sharma 2018; Moreira et al., 2022; Liu et al., 2024a). Importantly,
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these toxic effects are typically observed at doses far exceeding the clinically recommended
range (0.5-1.5 g/day) (Ju et al., 2018; Nie et al., 2024).

As a traditional Chinese medicine widely used for treating intestinal infections, BBR has
been administered clinically for decades in China, and its safety profile has been extensively
validated through long-term use (Gao et al., 2020). Current clinical studies suggest that BBR is
generally well tolerated, with adverse effects mainly limited to mild gastrointestinal discomfort
(e.g., diarrhea, bloating), occurring in approximately 5%—10% of patients. No serious adverse
events have been reported (Ye et al., 2021; Nie et al., 2024). Nevertheless, BBR may inhibit
cytochrome P450 enzymes and thus affect the metabolism of other drugs. Therefore, caution
and close monitoring are advised in patients with hepatic or renal impairment or those on mul-
tiple medications (Ali et al., 2021; Shi et al., 2025).

POTENTIAL TARGETS OF BBR

To further elucidate the potential targets of BBR, we summarized key molecules identified
in the literature that interact with BBR, including ncRNAs, enzymes, cytokines, receptors, and
other types of proteins (see Table 1 for details). Subsequently, we conducted a protein-protein
interaction (PPI) network analysis of the protein targets using the STRING database and found
that most of them are functionally interconnected (Figure 6A). Degree ranking performed via
Cytoscape revealed IL-6, SIRT1, and nuclear factor erythroid 2-related factor 2 (NFE2L2) as
the top three hub proteins, suggesting they may serve as core mediators of BBR's pharmaco-
logical effects (Figure 6B).
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Figure 6: Potential Targets of BBR. (A) PPI network analysis on BBR protein targets. (B) The top 20
hub proteins in PPI network analyzed by Cytoscape.

CLINICAL APPLICATIONS OF BBR

Clinical studies have confirmed the therapeutic efficacy of BBR in NAFLD, diabetes, and
hyperlipidemia.

A meta-analysis (including 10 RCTs with 811 patients) demonstrated that BBR signifi-
cantly reduces liver enzymes (ALT, AST, GGT), blood lipids (TG, TC, LDL-C), and IR index,
with only mild gastrointestinal adverse effects (Nie et al., 2024). A double-blind RCT (n = 70)
further showed that 12-week treatment with BBR (1500 mg/day) significantly reduced ALT,
AST, and the ALT/AST ratio (p <0.01), although improvements in other metabolic parameters
were limited (Koperska et al., 2024). For prediabetic patients, BBR (500 mg TID) significantly
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decreased fasting plasma glucose (FPG), hemoglobin Alc (HbAlc), and IR index to normal
ranges (Panigrahi and Mohanty 2023). Interestingly, BBR’s lipid-regulating effects exhibited
sex differences: it increased HDL-C in females but showed no significant effect in males (Blais

etal., 2023).

Table 1: Potential targets of BBR

Type Target Dis- Research Downstream Interaction Evi-
ease/Con Model/Cell Pathways/Ef- dence
dition Line fects
miRNA/l  miR- Ischemic | Upregu- Human cardi- = Oxidative
ncRNA 26b-5p cardiomy- | lated omyocyte cell = stress, MAPK,
(Jia et opathy line/Wistar inflammatory
al., rats response
2022)
miR- Metabolic | Downreg- = Macrophages | Liver injury
155-5p disorders | ulated
(Lietal.,
2022a)
miR- Ischemic  Upregu- H9C2 HMGB1
340-5p cardiomy-  lated cells/Rats downregula-
(Long et  opathy tion
al.,
2022)
IncRNA | Cerebral Downreg- | Mice miR-181c¢-5p
MA- ischemia | ulated upregula-
LAT1 tion/HMGB1
(Cao et
al.,
2020)
miR- Cerebral Upregu- Primary astro- Rac1 down-
182-5p ischemia  lated cytes/Mice regulation
(Ding et
al.,
2023)
Lin- CRC Downreg- = Colon cancer | Wnt/B-catenin
cROR ulated cells signaling
(Lietal.,
2023b)
IncRNA  Mucosal Downreg- = Colon epithe- | Tight junctions
H19 (He  injury ulated lial cells
etal.,
2024)
miR-25- | Cognitive | Downreg- | Hippocampal | PTPRO up-
3p (Yao | function ulated cell line regulation
etal.,
2023)

Enzyme @ TNFAIP  Colitis Upregu- UC mice NF-«kB, TNF-a
3 (Hou lated
et al.,
2019)
IRGM Colitis Downreg- A RAW264.7/U | PISBK/AKT/mT | Identified as
(Meng ulated C mice OR BBR target via
etal., pull-down + shot-
2024) gun proteomics
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SIRT3 Metabolic = Upregu- Macrophages
(Lietal.,, disorders @ lated

2022a)

SIRT1 Neuro-in- | Upregu- Rats

(Shaker | jury lated

et al.,

2021)

DICER1 CRC Upregu- Colorectal
(Wu et lated mucosal cells
al.,

2020b)
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Abbreviations included in Table 1: Metastasis-associated lung adenocarcinoma transcript 1, MALAT1;
Tumor necrosis factor alpha-induced protein 3, TNFAIP3; Immunity-related GTPase family M protein 1,
IRGM1; Sirtuin 3, SIRTS3; Sirtuin 1, SIRT1; Endoribonuclease Dicer, Dicer; Adenosine kinase, ADK;
Tripartite motif-containing protein 65, TRIM65; Human carboxylesterase 2, hCE2; RAD51 recombinase,
RADS51; Pyruvate kinase isozyme M2, PKM2; Ribonucleotide reductase, RNR; Ribonucleotide reduc-
tase regulatory subunit M2, RRM2; Protein disulfide isomerase, PDI; Ribosomal protein S6 kinase beta-
1, S6K1; Xanthine oxidase, XOD; Oncostatin M, OSM; Interleukin-6, IL-6; Farnesoid X receptor, FXR;
Liver X receptor alpha, LXRa; Insulin-like growth factor 1 receptor, IGF-1R; Toll-like receptor 4, TLR4;
Myeloid differentiation primary response 88, MyD88; Vitamin D receptor, VDR, Cluster of differentiation
36, CD36; Peroxisome proliferator-activated receptor alpha, PPARa; Lipocalin-2, LCN2; High mobility
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group box 1, HMGB1; Nuclear factor erythroid 2—related factor 2, Nrf2; NOD-, LRR- and pyrin domain-
containing protein 3, NLRP3; Kinesin family member 20A, KIF20A; Cyclin E2, CCNEZ2; Promyelocytic
leukemia zinc finger protein, PLZF; A-kinase anchor protein 12, AKAP12; Partitioning defective 3 hom-
olog, PARD3; Spindle pole body component 25, SPC25; Laminin subunit beta-3, LAMB3.

Moreover, a phase II trial of HTD1801 (a berberine-ursodeoxycholic acid compound)
demonstrated significant reductions in liver fat content and improvements in glycemic control
in patients with NASH and diabetes (Harrison et al., 2021), and it also significantly decreased
ALP levels in patients with primary sclerosing cholangitis (PSC) (Kowdley et al., 2022). In H.
pylori eradication therapy, an open-label RCT (n = 612) revealed that a BBR-containing quad-
ruple regimen achieved a non-inferior eradication rate (90.1%) compared to a bismuth-based
regimen (86.4%), with similar incidence of adverse events (Zhang et al., 2017). However, a
meta-analysis on hypertension indicated that evidence for BBR’s blood pressure-lowering ef-
fect is limited and of low quality, and its combination with antihypertensive drugs (e.g., am-
lodipine) did not show additional benefit (Suadoni and Atherton 2021).

STRATEGIES TO IMPROVE BIOAVAILABILITY

Due to its low solubility, limited intestinal absorption, and first-pass metabolism, BBR ex-
hibits poor oral bioavailability. To overcome these limitations, various strategies have been
developed, primarily including nanotechnology-based delivery systems and structural modifi-
cations.

Nanotechnology-based delivery systems

Organic nanocarriers are commonly used in BBR delivery systems due to their good bio-
compatibility and biodegradability. Polymeric nanoparticles encapsulate BBR within polymer
matrices, protecting it from degradation in the gastrointestinal environment and enabling sus-
tained release to enhance absorption (Cui et al., 2018; Ghobadi-Oghaz et al., 2022; Gao et al.,
2023). In models of breast cancer (Ghobadi-Oghaz et al., 2022; Wu et al., 2024a), colitis (Yang
etal., 2022b; Li et al., 2024a), diabetes (Cui et al., 2018), and AD (Saleh et al., 2024), polymer-
encapsulated BBR microspheres have demonstrated superior bioavailability and targeting ca-
pability compared to free BBR, resulting in improved therapeutic efficacy.

Liposomes are also a common type of nanocarrier that can enhance the solubility of poorly
soluble herbal compounds and improve therapeutic efficacy in vivo (Jia et al., 2019). Liposome-
based BBR delivery systems (LipoNio.BBR) have demonstrated significantly improved organ-
targeting ability and therapeutic effects compared to free BBR in diseases such as CRC (Ibra-
him et al., 2023; Mianowska et al., 2023), liver cancer (Qi and Liu 2021), lung cancer (Al-
nuqaydan et al., 2022; Uma Maheswari et al., 2023), colitis (Sun et al., 2023b), NAFLD (Chen
etal., 2021d), and AD (Raju et al., 2021; Wang et al., 2022c).

Inorganic nanocarriers, composed of inorganic materials, offer excellent stability, biocom-
patibility, and low cytotoxicity (Javed Igbal et al., 2021). Janus gold mesoporous silica nanocar-
riers, silver nanoparticles, and selenium nanoparticles have been shown to induce apoptosis in
HCC more effectively than free BBR (Li et al., 2019b; Khaled et al., 2024). Moreover, in a
mouse model of Ehrlich solid tumors, selenium nanoparticles significantly reduced tumor vol-
ume and improved survival rates (Othman et al., 2022).
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Structural modifications

As an organic heterocyclic compound, BBR's pharmacokinetic properties and pharmaco-
logical activity can be improved through chemical modifications at specific carbon sites, with
the C-9 and C-13 positions being the most frequently targeted. For instance, 9/13-O-dodecyl
BBR improves the photocytotoxicity of BBR against HCC (Lin et al., 2020); 13-butoxyberber-
ine enhances its anti-migration and invasion effects on skin cancer cells (Laomethakorn et al.,
2023); 9-O-phenylsulfonyl-berberines exhibit stronger lipid-lowering effects than native BBR
(Kong et al., 2022); and 9-N-n-alkyl BBR demonstrates greater glucose-lowering activity
(Khvostov et al., 2022). Additionally, dual substitution at C-9 and C-13, such as in 9-O-substi-
tuted-13-octylberberine, improves lipophilicity and oncogene inhibition, showing stronger anti-
HCC activity via cell cycle arrest and mitochondrial apoptosis pathways (Chen et al., 2022a).

In addition to modifications at C-9 and C-13, BBR analogs such as 5d (with a hydroxyl
group at C-11) and 7b (featuring an oxygen atom introduced into ring B and altered methoxy
group positioning) enhance anti-breast cancer effects by inhibiting p300/CBP histone acetyl-
transferases (Zhong et al., 2023b; Lai et al., 2024).

Beyond carbon modifications, BBR can also be conjugated with short- or medium-chain
fatty acid salts (e.g., butyrate/decanoate) to enhance pro-apoptotic effects in melanoma (Xu et
al., 2022a). Its conversion into organic acid salts (such as fumarate and succinate) improves
glycemic control (Cui et al., 2018), and co-administration of salified BBR with silybin enhances
therapeutic efficacy against NAFLD (Ma et al., 2024b).

Thermo-sensitive hydrogels

Thermo-sensitive hydrogels can undergo a sol-gel phase transition at near-physiological
temperatures, making them effective drug carriers for improving targeting and minimizing sys-
temic toxicity (Fan et al., 2022; Chen et al., 2024b). When used as carriers for BBR or BBR
combined with evodiamine, these in situ thermo-sensitive hydrogels administered intranasally
have been shown to enhance brain targeting. This delivery system significantly alleviated de-
pressive-like behaviors in animals subjected to chronic unpredictable mild stress (CUMS) by
modulating monoamine neurotransmitter levels and mitochondrial function, outperforming
conventional administration routes (Wang et al., 2020b; Xu et al., 2021).

CONCLUSION

BBR exhibits significant therapeutic potential across diverse pathologies including cancer,
digestive disorders, metabolic syndrome, cardiovascular conditions, and neurological disorders,
primarily through pleiotropic mechanisms such as metabolic reprogramming, immune regula-
tion, cellular stress response coordination, gene expression, and gut microbiota modulation.

In basic research, current evidence suggests that the systemic pharmacological actions of
BBR are primarily mediated by its regulation of key receptors, enzymes, ncRNAs, and other
functional molecules. However, its direct molecular targets remain unclear. Future studies
should focus on identifying the core direct targets of BBR and elucidating the downstream sig-
naling mechanisms involved, in order to better characterize its pharmacological effects across
different disease models.

At the same time, BBR’s poor oral bioavailability remains a major barrier to clinical trans-
lation. To address this issue, interdisciplinary collaboration among pharmacology, materials
science, chemistry, and biomedical engineering is essential to develop more effective delivery
systems such as nano formulations or controlled-release preparations. The design of structurally
optimized BBR analogues may also improve its bioavailability and therapeutic potential.
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In clinical research, although numerous preclinical studies have confirmed BBR’s thera-
peutic potential in various diseases, high-quality randomized controlled trials (RCTs) remain
relatively limited. Future efforts should focus on conducting more rigorous clinical studies to
clarify its efficacy and safety. Moreover, given that BBR has demonstrated synergistic or pro-
tective effects when combined with other drugs in multiple studies, its role as a sensitizer or
protective agent in combination therapies holds promise as a more practical application strat-

cgy.

Collectively, addressing these barriers through interdisciplinary collaboration will acceler-
ate BBR's transition from traditional medicine to a broad-spectrum therapeutic agent in modern

precision medicine.
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