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Abstract

Berberine (BBR), a benzylisoquinoline alkaloid obtained from natural medicines such as coptidis rhizoma, has a wide range
of pharmacological activities such as protecting the nervous system, protecting the cardiovascular system, anti-inflammatory,
antidiabetic, antihyperlipidemic, antitumor, antibacterial, and antidiarrheal. However, factors such as poor solubility, low
permeability, P-glycoprotein (P-gp) efflux, and hepatic-intestinal metabolism result in BBR having a low bioavailability (<
1%), which restricts its application in clinical settings. Therefore, improving its bioavailability is a prerequisite for its clinical
applications. This review summarizes the various pharmacological effects of BBR and analyzes the main reasons for its poor
bioavailability. It introduces methods to improve the bioavailability of BBR through the use of absorption enhancers and
P-gp inhibitors, structural modification of BBR, and preparation of BBR salts and cocrystals as well as the development of
new formulations and focuses on the bioavailability study of the new formulations of BBR. The research of BBR was also

prospected in order to provide reference for the further research of BBR.
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Introduction

Natural products have been in the spotlight as an important
source of inspiration for drug research and development over
the past few decades, with remarkable success in the develop-
ment of new drugs, especially in the search for new chemical
structures. Natural products are characterized by their chemical
and biological diversity, efficiency, safety, accessibility, and
low cost, so they have significant advantages in modern drug
research and development. With further research, many natural
products have been shown to have a wide range of pharmaco-
logical activities and good therapeutic effects.

Berberine (BBR) is a natural benzylisoquinoline quater-
nary ammonium-type alkaloid, a yellow or orange crystal-
line powder with a weak special odor and characteristic bit-
terness (Singh et al. 2019), which is widely found in plants
of Ranunculaceae, Berberidaceae, Papaveraceae, Rutaceae,
Menispermaceae, and Rhamnaceae (Tillhon et al. 2012), and
the chemical structure is shown in Figure 1. The content of
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BBR is high in phellodendri chinensis cortex and coptidis
rhizoma, so coptidis rhizoma is often used as the main raw
material for extracting BBR. BBR was first mainly used
as an antimicrobial drug for the clinical treatment of gas-
trointestinal diseases, such as gastroenteritis and bacillary
dysentery (Rabbani et al. 1987), and the modern pharma-
cological studies have shown that BBR has a wider range
of pharmacological activities, such as anti-Alzheimer’s dis-
ease (AD), antidepressant, anti-Parkinson’s disease, antiar-
rhythmic, antihypertensive, treatment of heart failure, anti-
inflammatory, antidiabetic, antihyperlipidemic, antitumor,
and antidiarrheal. It is a drug with broad clinical applica-
tion potential. However, BBR has the characteristics of low
solubility and poor permeability, and it is also the substrate
of the efflux transporter P-gp (Zhang et al. 2011). These
factors make BBR difficult to be absorbed after oral admin-
istration, resulting in low bioavailability, which limits its
clinical application. Therefore, improving its bioavailability
is a prerequisite for its clinical role. This article provides a
review from three aspects: the pharmacological activity and
mechanism of BBR, the main obstacles to bioavailability,
and methods to improve bioavailability. It focuses on the
bioavailability research of various new formulations of BBR,
in order to provide reference for further research on BBR.
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Pharmacological activities
Protective effects on the nervous system
Anti-AD activity

AD is a common degenerative disease of the central nervous
system in the middle-aged and elderly population, and its
main clinical manifestation is memory and cognitive decline.
It has been shown that BBR can significantly inhibit the
pathogenesis of AD. p-Amyloid (Ap) deposition and neu-
ronal apoptosis are typical pathologic features in the patho-
genesis of AD. It has found that BBR was able to improve
the cognitive and learning abilities of AD model rats by
affecting the signaling pathways of f-secretase 1 (BACE1)
and eukaryotic translation initiation factor 2« (eIF2«), inhib-
iting the production of AP and promoting the clearance of
AP (Zhu et al. 2011; Wu et al. 2021; Ghareeb et al. 2015).
And BBR can also reduce Ap accumulation and inhibit
neuronal apoptosis by enhancing the expression of platelet-
endothelial cell adhesion molecules, vascular endothelial
growth factor (VEGF), and human angiopoietin-1 in the
brain, promoting cerebral microvessel formation and resto-
ration of cerebral blood flow, and ameliorating the cognitive
dysfunction in the transgenic mouse model of AD (Ye, et al.
2021). Researchers also found that BBR could attenuate
Ap-induced neuronal damage in AD models by modulating
the microRNA-188/nitric oxide (NO) synthase 1 pathway
(Chen et al. 2020). In addition, the pathogenetic process of
AD has been also related to the amyloid precursor protein
(APP); Durairajan et al. found that BBR was able to reduce
the high phosphorylation of APP, the C-terminal fragment
of APP, and tau proteins through the activation of the protein
kinase B (Akt)/glycogen synthase kinase 3 (GSK3) signal-
ing pathway and consequently inhibit the production of Af
(Durairajan et al. 2012). Neurofibrillary tangles (NFTs) are
another typical pathological change in the pathogenesis of

Fig.1 Chemical structure of BBR
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AD. Researchers have found that BBR is able to improve
the status of NFTs by reducing the phosphorylation level of
tau proteins, which in turn exerts its effect in preventing and
treating AD (Liu et al. 2014). Wang et al. found that BBR
was also able to restore D-ribose-induced mitochondrial
dysfunction, mitochondrial autophagy through the PTEN-
induced putative kinase 1 (PINK1)-Parkin pathway, thus
alleviating D-ribose-induced cognitive deficits and exerting
an anti-AD effect (Wang, et al. 2023). It has also been shown
that BBR is able to exert anti-AD effects indirectly by affect-
ing glucose metabolism, lipid metabolism, oxidative stress,
inflammation, and neurotransmitters (Ji and Shen 2011; Jia
et al. 2012; Lathe et al. 2014).

Antidepressant activity

Depression is a chronic mood disorder characterized by low
mood, anxiety, insomnia, and lack of energy. It has been
reported that BBR can exert its antidepressant effects by
affecting the transporters, receptors, and related enzymes of
noradrenaline (NE), serotonin (5-HT), and dopamine (DA)
to increase the levels of NE, 5-HT, and DA in the whole
brain of mice (Kulkarni and Dhir 2008; Hu et al. 2012;
Peng et al. 2007). Researchers found that BBR was able to
limit NOD-like receptor family pyrin domain-containing
3 (NLRP3) inflammasome activity by promoting the bind-
ing of tripartite motif-containing 65 to NLRP3 and the
ubiquitination of NLRP3, thereby alleviating depressive
symptoms in chronic unpredictable mild stress (CUMS)
mice (Yang et al. 2023). It was also reported that BBR was
able to promote brain-derived unpredictable mild stress
(BDNF) expression, which in turn reversed the effects of
miR-34b-5p and miR-470-5p on depressive behavior and
hippocampal neuronal growth in CUMS mice (Zhan et al.
2021). In addition, BBR can exert antidepressant effects
by inhibiting oxidative stress. However, there are fewer
studies validating the antidepressant effects of BBR from
the perspective of oxidative stress, and the relationship
between the two needs to be further explored in the future
(Liu et al. 2017a).

Anti-Parkinson’s disease

Parkinson’s disease is a neurodegenerative disorder charac-
terized by muscle stiffness, tremor, and changes in speech
and gait. Studies have shown that inflammatory processes in
Parkinson’s disease are closely related to NLPR3 inflamma-
some activation, and BBR can reduce the level of NLPR3
inflammasome activity by increasing autophagy activity
and can also inhibit inflammation and apoptosis by regu-
lating the long intergenic non-protein-coding RNA 00943
(LINC00943)/miR-142-5p/karyopherin alpha 4 (KPNA4)/
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nuclear factor-kappa B (NF-kB) pathway to inhibit inflam-
mation and cell apoptosis, reduce neuronal damage, and
ameliorate behavioral deficits in a mouse model of Parkin-
son’s disease (Li et al. 2021; Huang et al. 2020). Experts
have also found that BBR can rapidly penetrate the blood-
brain barrier and accumulate in the brain of the Parkinson’s
disease zebrafish model, which in turn inhibits the accumu-
lation of PINK1 protein and the overexpression of LC3 pro-
tein, thereby attenuating the loss of dopaminergic neurons
and Parkinson’s symptoms (Wang et al. 2021a). In addition,
BBR was able to significantly improve brain dopamine lev-
els in a mouse model of Parkinson’s by upregulating levo-
dopa synthesis in the intestinal flora, which in turn improved
Parkinson’s symptoms (Wang et al. 2021b).

Treatment of other neurodegenerative diseases

Huntington’s disease is a neurodegenerative disease caused
by misfolded proteins, and its main symptoms are chorea,
dystonia, and cognitive decline. It has been found that
BBR can promote the degradation of mutant huntingtin by
enhancing autophagic function, thereby reducing the accu-
mulation of mutant huntingtin, and BBR can also promote
the clearance of neurotoxic misfolded proteins to play a
therapeutic role in the treatment of neurodegenerative dis-
eases (Jiang et al. 2015a; Rusmini, et al. 2020). In addition,
BBR was able to improve dopamine levels by modulating
the BDNF-tropomyosin receptor kinase B (TrkB)-PI3K/Akt
signaling pathway and inhibiting NF-xB p65, tumor necro-
sis factor-o (TNF-ar), and interleukin-1p (IL-1f), which in
turn ameliorated 3-nitropropionic acid-induced Huntington’s
disease (Gendy et al. 2023).

Multiple sclerosis is a neurodegenerative disease char-
acterized by multiple demyelinating lesions (Manu et al.
2021). BBR has been reported as a potential drug for the
treatment of multiple sclerosis syndromes, and BBR is able
to inhibit demyelination and loss of neurophysiological
function by inhibiting the sphingosine kinase 1 (SPHK1)/
sphingosine-1-phosphate (S1P) signaling pathway (Luo
et al. 2017). In the mouse model of multiple sclerosis, BBR
can also effectively alleviate the symptoms of the model
by reducing the permeability of the blood-brain barrier and
decreasing the expression and activity of matrix metallopro-
teinase-9 (MMP-9) (Ma et al. 2010).

Protective effects on the cardiovascular system
Antiarrhythmic activity
BBR is capable of broad-spectrum and effective treatment

of cardiac arrhythmias. Researchers found that BBR had a
protective effect on myocardial ischemia/reperfusion (I/R)

injury. BBR was administered to rats at a dose of 100 mg/
kg for 14 consecutive days. The results showed that myocar-
dial I/R injury was reduced and the incidence of ventricu-
lar arrhythmias was decreased (Qin-Wei and Yong-Guang
2016). Wang et al. found that in the rat model of type 2
diabetic myocardial infarction, BBR can prevent and reduce
arrhythmia by increasing the expression level of Kir2.1,
restoring Ix,; potassium current, and keeping the stability
of resting membrane potential (Wang et al. 2011). In addi-
tion, BBR can also reduce ischemic arrhythmias by block-
ing adenosine triphosphate (ATP)-sensitive K (K atp) chan-
nels and shortening the action potential duration (APD) and
effective refractory period (ERP) during ischemia (Wang
et al. 1996).

Antihypertensive activity

BBR can improve endothelium-dependent vasodilation and
enhance vascular endothelial synthesis by increasing the
release of NO in endothelial cells, inhibiting the activity
of angiotensin-converting enzyme (ACE), reducing aortic
pulse wave velocity, and increasing the content of arterial
media elastin fiber in the aortic media to achieve the purpose
of dilating blood vessels and lowering blood pressure (Ko
et al. 2000; Kang et al. 2002; Zhang et al. 2020a). Ma et al.
found that BBR can improve vasodilation in diabetic rats
by activating large-conductance Ca®*-activated K* channel
(BKca) in smooth muscle cells, which in turn leads to a
reduction in blood pressure (Ma et al. 2017). Other studies
have shown that BBR can also play a role in lowering blood
pressure by inhibiting endothelium-dependent contraction,
renin-angiotensin system (RAS), and inflammatory factors
through activation of adenosine monophosphate-activated
protein kinase (AMPK) (Guo et al. 2015; Liu et al. 2015).
In addition, researchers found that BBR was able to improve
symptoms in a mouse model of hypertension by modulat-
ing intestinal flora and inhibiting the production of oxidized
trimethylamine (Wang et al. 2022a).

Treatment of heart failure

BBR is able to protect cardiac function by enhancing mito-
chondrial autophagy through upregulation of mitochondrial
autophagy regulators PINK1 and Parkin (Abudureyimu et al.
2020) and also inhibits apoptosis of post-infarction heart
failure cardiomyocytes through upregulation of Bcl-2/
Bax and downregulation of caspase-3 expression (Liao
et al. 2018), thus achieving the goal of treating heart fail-
ure. Other clinical studies have shown that BBR can reduce
the frequency of ventricular premature beats, increase left
ventricular ejection fraction, and improve heart failure in
patients (Zeng et al. 2003).
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Anti-inflammatory activity

The anti-inflammatory mechanism of BBR plays an active
therapeutic role in a variety of diseases. In a mouse model
of atherosclerosis, BBR can exert its anti-inflammatory
effects by inhibiting NF-xB inflammatory signaling path-
way and impeding the phosphorylation of IkB-a protein and
the nuclear translocation of p65 protein (Feng et al. 2017).
BBR also blocks injury-induced vascular smooth muscle cell
(SMC) regeneration in vitro by inactivating the extracel-
lular signal-regulated kinase (ERK)/early growth response
gene (Egr-1) signaling pathway, thereby preventing injury-
induced early signaling and attenuating inflammation to
mitigate atherogenesis and restenosis (Liang et al. 2006).

Li et al. induced mice with 2.2% dextrose sodium sul-
fate (DSS) to create a model of chronic recurrent colitis,
and after 30 days of administration, BBR was able to dose-
dependently reverse the upregulation of the helper T-cell
17 (Th17)-related cytokine IL-17 and was able to inhibit
Th17 differentiation through downregulation of signal trans-
ducer and activator of transcription 3 (STAT3), which in
turn reduced the severity of chronic recurrent colitis (Li
et al. 2016). Other studies have shown that BBR can also
reduce the levels of pro-inflammatory factors such as IL-6,
IL-1p, IL-2, IL-8, IL-22, and TNF-a in serum and colonic
tissue through the Keap1/Nrf2/NF-kB pathway, increase the
levels of anti-inflammatory factors such as IL-10, IL-13,
transforming growth factor-p (TGF-f), and IL-4, and restore
the balance of Th1/Th17/regulatory T cells (Treg), thereby
alleviating the symptoms of colitis (Li, et al. 2015; Li, et al.
2023; Jiang et al. 2021). In addition, Yu et al. found that
BBR was able to inhibit the PLA2-cyclooxygenase-2 (COX-
2)-PGE2-EP2 pathway by regulating the intestinal flora,
reducing the levels of inflammatory factors, and thus reduc-
ing colonic inflammation (Yu et al. 2024). Therefore, the
anti-inflammatory effect of BBR is of certain significance
for the treatment of colitis.

Researchers found that BBR was able to attenuate the
destruction of joint tissues by inflammatory cells by down-
regulating p-ERK, p-p38, and p-JNK activation, thus exhib-
iting antirheumatoid arthritis activity (Wang et al. 2014a).
Another study showed that BBR hydrochloride (BH) was
able to exert anti-inflammatory effects by inhibiting the infil-
tration of inflammatory cells, inhibiting the production of
IL-6, IL-1p, and TNF-a, and activating the Toll-like recep-
tor 4 (TLR4)/NF-xB signaling pathway, in an LPS-induced
mastitis mouse model (Wang et al. 2018). Furthermore, in a
dry eye mouse model, BBR was able to inhibit inflammatory
factors and ameliorate inflammation and cell apoptosis in
dry eye mice by regulating the PI3K/Akt/NF-xB and mito-
gen-activated protein kinase (MAPK) pathways (Han et al.
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2023). In summary, BBR can inhibit the secretion of inflam-
matory factors such as IL-17, IL-6, IL-1f, and TNF-a and
promote the production of anti-inflammatory factors such
as IL-10, IL-13, TGF-p, and IL-4 by regulating multiple
signaling pathways such as NF-kB, MAPK, and PPARy and
exert its anti-inflammatory effects to achieve the treatment
of various diseases.

Antidiabetic activity

Type 2 diabetes is a metabolic disease with endocrine system
disorders characterized by hyperglycemia. BBR can play a
hypoglycemic role by activating the AMPK signaling path-
way, improving insulin sensitivity, promoting insulin and
glucagon-like peptide-1 (GLP-1) secretion, and inhibiting
hepatic gluconeogenesis, which is an effective drug for the
treatment of type 2 diabetes.

BBR is able to improve insulin signaling by promoting
protein phosphorylation through activation of AMPK, which
in turn activates mitochondrial function to promote aerobic
oxidation of intracellular glucose and lipids (Turner et al.
2008; Lee et al. 2006). BBR is also able to enhance insulin-
induced glucose uptake and glucose transporter protein 4
(GLUT#4) translocation by promoting tyrosine phosphoryla-
tion of insulin receptor substrate 1 (IRS1), activating the Akt
and PI3K/Akt pathways, and inhibiting the MAPK pathway,
thereby ameliorating insulin resistance (Liu et al. 2010a;
Kong et al. 2009; Zhang et al. 2020b). In addition, BBR was
able to increase GLUT2 expression through activation of the
PPARy-fibroblast growth factor 21 (FGF21)/GLUT?2 sign-
aling pathway and reverse insulin resistance, which in turn
ameliorated the symptoms of type 2 diabetic mice (Chen
et al. 2023a).

GLP-1 is an incretin, which can increase insulin release
and reduce glucagon secretion in a glucose-dependent
manner to improve glucose balance in the body. BBR can
promote the biosynthesis of GLP-1 by upregulating the
expression of glucagon and hormone-converting enzyme 3
genes (Yu et al. 2010). It was found that BBR was able to
activate the p-catenin/TCF4 signaling pathway by decreas-
ing miR-106b levels, thereby promoting the production of
GLP-1 by intestinal L-cells and increasing the expression
of GLP-1 in mouse colon tissues, and that BBR metabo-
lites were also able to stimulate the secretion of GLP-1 by
alleviating oxidative stress and mitochondrial dysfunction
(Wang et al. 2021c; Yang et al. 2024). In addition, BBR can
promote GLP-1 secretion through PKC-dependent signaling
pathways and also stimulate GLP-1 secretion by activating
intestinally expressed bitter taste receptors in a phospholi-
pase C-dependent manner (Yu et al. 2015). Thus, BBR is
able to promote insulin secretion by promoting the synthesis
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and secretion of GLP-1, which in turn reduces blood glucose
levels (Lu et al. 2009).

It has been reported that BBR can inhibit hepatic glu-
coneogenesis and peripheral tissue gluconeogenesis by
regulating the liver kinase B1 (LKB1)/AMPK/transcrip-
tional coactivator 2 (TOROC?2) signaling pathway, thereby
improving blood glucose levels in diabetic rats (Jiang et al.
2015b; Xu et al. 2020). In a diabetic rat model, BBR was
able to block the translocation of TORC2 from the cyto-
plasm to the nucleus by inducing the activation of AMPK,
which in turn inhibited hepatic gluconeogenesis (Zhang
et al. 2012). It has also been reported (Xia et al. 2011) that
BBR was able to reduce ATP levels by inhibiting hepatocyte
mitochondrial function and directly inhibit the expression
of forkhead transcription factor O1 (FoxOl), sterol regu-
latory element-binding protein 1c (SREBP1) and carbohy-
drate responsive element-binding protein (ChREBP), and
hepatic gluconeogenesis-related enzymes in the liver tissue
of diabetic rats without relying on insulin, thereby inhibiting
hepatic gluconeogenesis.

In addition, BBR can exert antidiabetic effects by reduc-
ing intestinal glucose absorption through modulation of oxi-
dative stress, inflammatory responses, and enzyme activities
(Pan and Kong 2018; Liu et al. 2010b).

Antihyperlipidemic activity

BBR is able to exert its hypolipidemic pharmacological
effects by regulating cholesterol metabolism, inhibiting
cholesterol absorption, and promoting cholesterol excre-
tion in various ways. Studies have shown that BBR has a
similar effect to statins in hyperlipidemic animals, which
can significantly reduce low-density lipoprotein cholesterol
(LDL-C), total cholesterol (TC), and triglyceride (TG) lev-
els and increase high-density lipoprotein cholesterol (HDL-
C) levels. The results of clinical trials showed that BBR
could significantly reduce cholesterol levels in patients with
hypercholesterolemia without adverse effects (Pirillo and
Catapano 2015; Chen et al. 2022a; Wei et al. 2024). In addi-
tion, BBR reduces blood glucose and plasma cholesterol
levels in diabetics, as well as body mass index and waist
circumference in patients with metabolic syndrome.

After 8 weeks of treatment with BBR in atherosclerotic
rats, dietary cholesterol absorption was reduced by 40-50%,
and plasma TC and non-high-density lipoprotein cholesterol
(nonHDL-C) levels were reduced by 29-33% and 31-41%,
respectively. As a result, plasma TC and nonHDL-C lev-
els are significantly correlated with the rate of cholesterol
absorption, whereas BBR is able to reduce plasma TC and
nonHDL-C levels by inhibiting intestinal cholesterol absorp-
tion (Wang et al. 2014b; Wang et al. 2010). In Jian’s study,

3T3-L1 cells were treated with BBR, and the level of TG
was significantly reduced. The results indicated that BBR
was able to accelerate lipid metabolism by increasing the
expression of adipose triglyceride lipase (ATGL) and hor-
mone-sensitive lipase (HSL) through the AMPK pathway
(Jiang et al. 2016). It has also been reported that BBR can
inhibit the activity of bile salt hydrolase (BSH) in the intes-
tinal microflora, increase the excretion of bile acids, activate
the intestinal farnesoid X receptor (FXR) signaling pathway,
inhibit the expression of liver fatty acid translocase CD36
and the absorption of TG in the intestine, reduce the uptake
of long-chain fatty acids by the liver, and exert its lipid-
lowering effect (Sun et al. 2017). In addition, researchers
also found that in hyperlipidemic hamsters, BBR can reduce
serum TC, TG, and LDL-C levels by promoting cholesterol
excretion from the liver into the bile, thereby exerting its
hypolipidemic effect (Li et al. 2015). Researchers found
that BBR was also able to upregulate hepatic low-density
lipoprotein receptor (LDLR) levels by regulating intestinal
flora, thereby promoting LDL uptake by hepatocytes and
inhibiting lipid accumulation and lowering cholesterol lev-
els, which then exerted a hypolipidemic effect (Yang et al.
2022; Wu et al. 2022; Wang et al. 2022b).

Antitumor activity

Malignant tumors are one of the common problems faced by
mankind in today’s world. It has been shown that BBR has
a wide range of antitumor effects and can be used to treat
many types of cancers such as liver and intestinal cancers. It
inhibits tumor cell proliferation, promotes tumor cell apop-
tosis, blocks the cell cycle, inhibits tumor cell invasion and
migration, inhibits tumor angiogenesis, and regulates tumor
cell autophagy, and BBR is able to target multiple signal-
ing pathways such as AP-1, AP-2/hTERT, NF-xB/COX-2,
HIF-1/VEGF, PI3K/Akt, and cytochrome-C/caspase to
exert antitumor effects (Fu et al. 2013).

It has been reported that BBR can effectively inhibit
the proliferation of tumor cells such as colon cancer, pros-
tate cancer, lung cancer, and gastric cancer by activating
autophagy protein expression, promoting tumor cell apop-
tosis, and blocking cell cycle (Katona et al. 2014; Huang
et al. 2015; Chen et al. 2022b; Zhang et al. 2020c). BBR
can interact with nucleic acids, especially DNA, to regulate
the transcription and expression of relevant genes during
tumor pathology and thus effectively induce apoptosis in
tumor cells such as hepatocellular carcinoma and colon can-
cer (Yang and Huang 2013; Shukla et al. 2016), and BBR
can also inhibit renal carcinogenesis by modulating the
production of reactive oxygen species and inducing DNA
breaks (Zhao et al. 2023a). In addition, BBR can also exert
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antitumor effects by interfering with microRNA expression,
and BBR is able to interfere with JAK1/STAT3 signaling
by upregulating miR-17-5p in bladder cancer cells, thereby
exerting antitumor effects (Xia et al. 2021). During endome-
trial cancer treatment, BBR can inhibit endometrial cancer
tumor growth via the circ_ZNF608/miR-377-3p/COX-2 axis
(Liang et al. 2022).

Urokinase-type plasminogen activator (u-PA) and MMPs
play important roles in tumor cell metastasis. BBR can
inhibit the migration of tumor cells such as breast cancer,
endometrial cancer, and human tongue squamous cell car-
cinoma by regulating the expression of u-PA and MMP-1,
MMP-2, and MMP-9 (Agnarelli et al. 2018; Wu et al. 2012;
Liu et al. 2017b; Ho et al. 2009; Kim et al. 2012; Kuo et al.
2012). The therapeutic effect of BBR is closely related to the
mediation of intestinal flora (Habtemariam 2020). Research-
ers found that in AOM/dss-induced colorectal cancer model
mice fed a high-fat diet, BBR was able to directly inhibit
high-fat diet-associated colorectal cancer by modulating gut
flora-mediated lysophosphatidylcholine levels (Chen et al.
2023b). In addition, BBR can also exert antitumor effects
by inhibiting the NF-kB pathway and reducing the mRNA
expression of IL-8, COX-2, inducible NO synthase (iNOS),
and VEGF (Hamsa and Kuttan 2012).

Antimicrobial activity

As a broad-spectrum antimicrobial, BBR has a wide range
of antimicrobial effects, and its efficacy and safety have been
generally recognized. BBR has different degrees of inhibi-
tory effects on Escherichia coli, Staphylococcus, Vibrio
cholerae, Shigella, and Salmonella. However, its inhibitory
mechanism is still unclear, and it may exert its inhibitory
effect by inhibiting bacterial enzyme activity, inhibiting bac-
terial division, inhibiting bacterial nucleic acid function, and
inhibiting bacterial adhesion.

It has been found that BBR can inhibit the adhesion of
Gram-positive and Gram-negative bacteria to the body by
reducing the number of pili on the bacterial surface, and
it can also inhibit bacterial growth by affecting bacterial
DNA synthesis through the inhibition of topoisomerase I and
topoisomerase II activities (Li et al. 2000; Krishnan and Bas-
tow 2000). In addition, BBR can also reduce the number of
type I fimbriae of S. typhimurium, inhibit the adhesion of S.
typhimurium, and prevent the formation of biofilm, thereby
inhibiting its growth and reproduction (Xu et al. 2021). BBR
can also exert its antistaphylococcal effects by increasing
the membrane permeability of staphylococcal cell and dis-
rupting their proton motive force (Zhao et al. 2023b; Zheng
et al. 2023). Wojtyczka et al. evaluated the bacteriostatic
activity of BH based on the inhibitory effects of commonly
used antibiotics against 14 reference strains of staphylococci
and assessed the degree of interaction of BBR with these
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antibiotics (Wojtyczka et al. 2014). The results showed that
BBR and antibiotics had synergistic inhibitory effects on the
coagulase-negative Staphylococcus reference strain, with the
most significant synergistic effect of BBR in combination
with linezolid, cefoxitin, and erythromycin. The synergistic
effect between BBR and antibiotics suggests the potential
application of compound combinations as effective novel
therapeutic tools for antibiotic-resistant bacterial infections.
Another study found that BBR is able to exert antimicrobial
effects by disrupting carbohydrate metabolism and produc-
ing ROS to disrupt DNA, protein, and lipid biosynthesis
(Du et al. 2020).

Antidiarrheal

BBR has been used over the counter as a treatment for diar-
rhea and is widely used in clinical practice. Clinical studies
have found that BBR-based nutritional supplements sig-
nificantly reduce diarrhea events by 50-70% even after 30
days of administration of the treatment, and after 90 days,
this reduction increases to 70—80%, with a reduction in the
number of bowel movements per week of more than 60%
and more than 50% of treated subjects behaving normally
(Pierro et al. 2020). Another clinical study showed that after
8 weeks of treatment with BBR and placebo, respectively,
the number of diarrhea, abdominal pain, and urgently needed
bowel movements were significantly reduced in BBR-treated
patients, resulting in a better therapeutic outcome compared
to placebo. In addition, BBR was well tolerated (Chen et al.
2015). The antidiarrheal effects of BBR may be related to
the following mechanisms: reversal of water and electrolyte
secretion stimulated by cholera toxin and related toxins of
Escherichia coli (Swabb et al. 1981), regulation of intestinal
motility by decreasing intestinal smooth muscle contraction
and delaying intestinal transit time, and increasing expres-
sion levels of Na*/H' exchanger 3 and water channel protein
4, which ameliorates damage to intestinal epithelial tight
junctions and restores intestinal barrier function (Li et al.
2010; Dubreuil 2013). However, researchers have found that
while BBR is widely used clinically as an antidiarrheal drug,
it can itself cause mild diarrhea by causing dysbiosis in the
gut flora (Yue et al. 2019). The pharmacological activities
of BBR are shown in Figure 2.

Barriers of bioavailability

Solubility and permeability

BBR has the characteristics of low solubility and poor per-
meability, which limits its absorption in the gastrointestinal

tract, thereby reducing its bioavailability. Under physiologi-
cal conditions, BBR exists mainly in an ionized form and is
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prone to self-aggregation in the acidic environment of the
gastrointestinal tract, which in turn reduces its solubility. In
a pH gradient test, the solubility of BBR in aqueous solution
at 37 °C changed with the change in pH. The maximum solu-
bility of BBR in phosphate buffer at pH 7.0 was 9.69 + 0.37
mM and decreased with the change in pH. The solubility at
pH 1.2 was only 5% of that at pH 7.0, and approximately
56% of BBR was not absorbed by the gastrointestinal tract
due to aggregation (Spinozzi et al. 2014; Battu et al. 2010).
Due to the lipophobic nature of BBR, passage through the
enterocytes is hindered and its effective permeability coef-
ficient in the rat intestinal mucosa is only 0.178 x 10~ cm/s,
thus confirming the low permeability of BBR (Chen et al.
2011; Liu et al. 2010c¢).

P-gp-mediated efflux of macromolecules

P-gp, also known as ABCB1 protein, is a transmembrane
protein with a molecular weight of approximately 170 kDa
encoded by the multidrug resistance gene 1 and belongs to
the family of energy-dependent ABC-transporting hyper-
proteins. It is expressed at high levels in tissues such as the
apical surface of mature intestinal epithelial cells, hepato-
cyte tubular membranes, and renal and cerebral vascular
endothelial cells. P-gp as a transporter protein that rapidly
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and non-specifically pumps a large number of drug mole-
cules out of the cell, thereby protecting the cell from harmful
external molecules. Also, P-gp actively translocates certain
compounds to blood-to-mucosa direction and restricts their
translocation in the direction of absorption, thus limiting
the absorption of these drugs and reducing their bioavail-
ability. BBR has been proved to be the substrate of P-gp
(Zhang et al. 2011); P-gp efflux has a great influence on
the transport of BBR and is considered to be an important
reason for the low bioavailability of BBR. Pan et al. found
that the P-gp inhibitor cyclosporine A can significantly
inhibit the efflux of BBR in the Ussing lumen in vitro (Pan
et al. 2002). In the in situ recirculation perfusion model, the
amount of BBR passing through the ileum was increased
by 14.8% and 17.2% in the presence of the P-gp inhibitor
cyclosporine A and verapamil, respectively, compared to
the BBR group. Researchers studied the intestinal absorp-
tion of BBR and found that in Caco-2 cells, the presence of
verapamil resulted in a 1.45-fold increase in BBR absorp-
tion and a 16.5% and 42.7% decrease in efflux and efflux
ratios, respectively (Xu et al. 2019). In the presence of P-gp
inhibitors, the efflux of BBR was significantly reduced and
the bioavailability was significantly improved. It can be con-
cluded that P-gp efflux is an important factor affecting the
bioavailability of BBR.
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Fig.2 Pharmacological activities of BBR. Red is upregulation or activation; blue is downregulation or inhibition
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Other factors

Re-excretion of BBR may also reduce its oral absorption due
to hepatic and intestinal circulatory processes. It was found
that only 7.8 x 107°% of BBR was excreted through the bile
within 24 h, and the amount of BBR entering the portal vein
was only 0.5%. However, hepatobiliary system excretion,
especially re-excretion, is still considered an important fac-
tor affecting the bioavailability of BBR (Liu et al. 2010c; Ma
et al. 2013; Tsai and Tsai 2004). Li et al. found through an
in vivo pharmacokinetic study in mice that, after injection
of radioiodinated BBR, the gallbladder concentration-time
curves appeared to have two peaks at 15 min and 2 h, respec-
tively, and their corresponding Cm were 0.10% and 0.71%,
which were in perfect agreement with the Cm of BBR in the
small intestine (Liu et al. 2016). Re-excretion by the hepa-
tobiliary system was thus found to be an important cause of
low bioavailability of BBR.

To study first-pass elimination in the stomach, intestine,
and liver, researchers administered BBR through four differ-
ent routes: intragastric, intraduodenal, intraportal, and intra-
venous. It was found that after intragastric administration,
approximately 50% of BBR was completely passed through
the gastrointestinal tract, and the other half was disposed of
by the small intestine, resulting in extremely low oral bio-
availability of BBR (Liu et al. 2010c). Researchers have also
found that rectal administration can significantly increase
the bioavailability of BBR compared to oral administration
(Mori et al. 2023). Therefore, the intestinal first-pass effect
of BBR is considered to be one of the major barriers to its
oral bioavailability.

Methods to improve BBR bioavailability
Absorption enhancer

Low permeability is a key factor affecting the oral bioavaila-
bility of BBR, and the use of intestinal absorption enhancers
is an important approach to improve the oral bioavailability
of low-permeability drugs. A large number of well-known
substances have been shown to alter intestinal permeability
including spices, peptide-based promoters, surfactants, and
polymers.

Sodium caprate is an anionic surfactant and has been
shown to be a safe and effective absorption enhancer
(Anderberg et al. 1993). Sodium caprate can improve the
permeability of BBR in the intestine by increasing its lipid
solubility and expanding the tight junctions of the intestinal
epithelium, thereby improving its bioavailability. In a study
by Lv, it was suggested that an oral formulation of BBR
supplemented with sodium caprate at a dose of 100 mg/kg
increased the AUC of BBR by 28% and decreased the area
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under the glycemic curve by 22.5% compared to an oral
formulation of BBR without sodium caprate, suggesting that
sodium caprate can significantly increase the bioavailability
of BBR and contribute to improve its antidiabetic effect (Lv
et al. 2010).

Chitosan is a cationic polysaccharide, and its enhanced
absorption effect is dose dependent. Chitosan facilitates
BBR uptake by two pathways. First, it interacts with the
anionic component of epithelial cell surface glycoproteins,
altering the relative concentration of ions within the tightly
juxtaposed hydrated internal channels, leading to relaxation
and opening of the tight junctions and improving the BBR
paracellular pathway in the intestinal tract. Second, chitosan
is a high molecular polymer with adhesive properties that
increase the retention of the drug on the mucosal surface,
thus facilitating the absorption and improving the bioavail-
ability of BBR. The AUC values of orally administered BBR
in rats were reported to increase by 1.9, 2.2, and 2.5-fold
when 0.5%, 1.5%, and 3.0% chitosan was added to the for-
mulation, and the best enhancement was observed when the
concentration of chitosan was 3%, with an AUC of 91.13 +
51.29 ngeh/mL (Chen et al. 2012). Researchers have also
prepared BBR spray-dried preparations containing chitosan
using a dual-channel spray gun technology. In vitro Caco-2
cell permeability experiments showed that the permeability
of BBR was significantly enhanced (Godugu et al. 2014).

Absorption enhancers such as glycerol and menthone
also played an important role in improving the permeability
of BBR, with a 6-fold increase in AUC values and a 2.46-
fold increase in C,,,, compared to free BBR (Godugu et al.
2014). Gao et al. used an in situ closed-loop method to study
the effect of DSPE-PEG polymers on the absorption of BBR
in the rat small intestine, and the results showed that DSPE-
PEG polymers were able to loosen the tight junctions of the
intestinal epithelial cells, which increased the paracellular
absorption of BBR in rats. Therefore, DSPE-PEG polymer is
a very promising absorption enhancer, especially in improv-
ing the oral bioavailability of BBR (Gao et al. 2023). The
above studies have shown that absorption enhancers are able
to improve drug permeability and thus oral bioavailability of
drugs by modulating tight junctions, increasing drug reten-
tion time and improving drug solubility in various ways.

P-gp inhibitors

As mentioned previously, P-gp expressed in the stomach
and intestine can efflux its substrates, thereby limiting the
absorption of these substrates and reducing their bioavail-
ability. BBR has been shown to be a substrate for P-gp, and
P-gp-mediated molecular efflux is a major factor in the low
bioavailability of BBR (Maeng et al. 2002); therefore, the
addition of P-gp inhibitors is a common strategy to improve
the oral bioavailability of BBR. Common P-gp inhibitors
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include tocopheryl polyethylene glycol succinate (TPGS),
polyoxyethylenated castor oil, poloxamer, cyclodextrin, and
polyethylene glycol. In addition, natural compounds such as
silymarin, tetrandrine, and curcumin also have P-gp inhibi-
tory function (Dewanjee, et al. 2017).

Zhang et al. combined TPGS with BBR phospholipid
complex and the results showed that the relative oral bio-
availability of BBR in this formulation was 322.66% of
that of BBR alone in rats. After oral administration of BBR
containing 2.5% TPGS, the C,,,, and AUC of BBR in rats
increased by 1.9-fold and 2.9-fold, respectively, without
damaging the epithelium and intact villus structure (Zhang
et al. 2014). In a study by Shan, tetrandrine, a P-gp inhibitor,
was used to improve the bioavailability of BBR. Tetrandrine
significantly inhibited the efflux of Caco-2 intestinal cells
(from 74.6 to 46.5%) and increased the uptake of BBR by
Caco-2 intestinal cells. The C,,,, and AUC values of BBR
increased by 0.62-fold and 0.61-fold, respectively. Compared
with BBR alone, the hypoglycemic effect of tetrandrine was
more significant (Shan et al. 2013a). In addition, silymarin
and gelatin are also potential P-gp inhibitors, both of which
were able to inhibit P-gp-mediated efflux and promote BBR
absorption when used in combination with BBR, and gelatin
showed better hypoglycemic effects when used in combina-
tion with BBR (Pierro et al. 2015; Sun et al. 2018).

Fig.3 Chemical structures of some BBR derivatives

Structural modification

BBR has a unique structure of methylenedioxy ring and aro-
matic quaternary ammonium isoquinoline alkaloid structure
with multiple structural modification sites, and modification
of its structure can change its physicochemical properties
and improve its pharmacological activity. Thus, many modi-
fied BBR derivatives or analogs have better pharmacological
activity and bioavailability compared to BBR.

Shan et al. synthesized the BBR analog pseudoberberine
(IMB-Y53) (Figure 3A) and proved that it has low affinity
for P-gp. In Caco-2 cells, the retention time of IMB-Y53 was
significantly longer than that of BBR and was not affected
by the P-gp inhibitor tetrandrine. Pharmacokinetic studies
showed that the C,,, and AUC of IMB-Y53 in Wistar rats
were 1.61-fold and 2.27-fold higher than those of BBR,
respectively (Shan et al. 2013b). Ge et al. synthesized novel
tetrahydroprotoberberine derivatives (Figure 3B), which
showed a bioavailability of 65.1% in SD rats, which is a
great improvement compared to BBR, and it also showed
a significant therapeutic effect for the treatment of high-fat
diet in an obese mouse model (Ge et al. 2021). The bio-
availability of 8,8-dimethyldihydroberberine (Figure 3C),
a dihydroberberine derivative synthesized by Cheng et al.
was 10.03% in obese and diabetic mouse models, which was
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significantly higher than that of dihydroberberine (2.65%).
At the same dose, its effects of improving glucose tolerance,
reducing insulin resistance, and reducing plasma glycerol
were also better than those of dihydroberberine (Cheng et al.
2010). The researchers also designed and synthesized new
BBR-type NO donor derivatives, which were found to have
improved gastrointestinal absorption, blood-brain barrier
permeability, and bioavailability and exhibited some glyc-
erol inhibitory activity compared to BH (Wang et al. 2024).

To improve the bioavailability of BBR, researchers syn-
thesized hydrophilic BBR derivatives such as 9-O-glucosyl
berberine (Figure 3D), which showed a 10.1-fold increase in
the AUC value of 9-O-glucosyl berberine compared to BBR,
thus suggesting that hydrophilic modification can improve
the bioavailability of BBR (Han et al. 2019). On this basis,
carbohydrate-modified berberine derivatives synthesized by
Han et al. showed higher bioavailability and better antidia-
betic effect than BBR, among which the solubility of man-
nose-modified berberine derivative (Figure 3E) was 5.1-fold
higher than that of BBR, and it showed better antidiabetic
activity and lower cytotoxicity in HepG2 cells (Han et al.
2019). In addition, the researchers also used some disaccha-
ride groups to modify the structure of BBR. Among them,
the diglucose-modified berberine derivative (Figure 3F) also
showed strong antidiabetic activity in the zebrafish model,
and it can significantly improve the uptake of zebrafish even
at very low concentrations (Wang et al. 2020).

In summary, the structural modification of BBR can
significantly improve the bioavailability of BBR, which
in turn makes the modified BBR derivatives have stronger
pharmacological activity. Therefore, BBR derivatives are

candidates for BBR-specific treatment strategies, but they
still need to be compared with BBR in terms of bioavail-
ability and distribution.

Salt formation modifications

Salt-forming modification can keep the parent structure of
BBR unchanged and only change the anion, thus changing
the physicochemical properties of BBR, which is an effec-
tive way to improve the bioavailability and pharmacological
activity of BBR.

Xu et al. prepared four BBR fatty acid salts from BH, and
the chemical structures are shown in Figure 4. The equilib-
rium solubility of the four BBR fatty acid salts was improved
compared with that of BH, among which the equilibrium
solubility of berberine caproate was increased 2-fold, and
all of them showed high anticancer activity (Xu et al. 2022).
In addition, the researchers also prepared berberine fuma-
rate, berberine malate, berberine succinate, and berberine
citrate, four kinds of berberine organic acid salts (BOAs),
and their pharmacokinetics were studied, which showed that
the bioavailability of BOAs was higher than that of BH, and
the bioavailability of berberine fumarate and berberine suc-
cinate increased by 1.278-fold and 1.313-fold, respectively,
and showed good pharmacological effects on type 2 diabetes
(Cui, et al. 2018). BBR-silymarin salt has been reported to
improve the permeability of BBR and silymarin and enhance
the absorption of both components, resulting in a significant
increase in the bioavailability of BBR and silymarin, which
in turn demonstrated better hypolipidemic activity (Ma et al.
2024). The above studies demonstrated that salt-forming

Berberine caprylate

Fig.4 Chemical structures of four BBR fatty acid salts
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modifications could effectively improve the bioavailability
of BBR and enhance its therapeutic effects in anticancer,
antidiabetic, and hypolipidemic areas by increasing drug
solubility and permeability and facilitating drug absorption.

Intestinal microbiota

The human intestinal microbiota consists of thousands of
bacteria and archaea. It is considered an “invisible organ”
associated with the pathogenesis of cardiovascular disease,
obesity, and diabetes (Feng et al. 2015) and plays a key role
in the absorption and metabolism of oral drugs. Intestinal
microbiota can influence the metabolism, first-pass effect,
and hepatic and intestinal recirculation of orally adminis-
tered drugs by altering intestinal permeability, which in
turn affects the bioavailability of orally administered drugs
(Mujtaba et al. 2022). It has been reported that nitroreduc-
tase in the intestinal flora can convert BBR to an absorbable
dihydroberberine. Compared to BBR, dihydroberberine has
a lower efflux ratio. The intestinal absorption rate in animals
is 5-fold that of BBR, and its bioavailability in humans is
also significantly higher than that of BBR. However, dihy-
droberberine is unstable in solution and is oxidized to BBR
in the intestinal tissue and enters the blood. It was found that
intestinal flora promoted the intestinal absorption of BBR
and improved its oral bioavailability (Feng et al. 2015; Moon
et al. 2021).

Eutectic

Eutectic refers to a new crystalline form formed by the com-
bination of the active ingredient of the drug and the eutectic
formers in non-covalent bonds such as hydrogen bond, van
der Waals force, and ionic bond. The formation of eutectic
can change the physicochemical properties of the drug, such
as solubility, dissolution rate, and stability, thus improving
the bioavailability and efficacy of the drug. Lu et al. pre-
pared BH-citric acid eutectic using citric acid as a eutectic
former and showed that the eutectic improved the solubility,
dissolution rate, and physical stability of BH while reduc-
ing its hygroscopicity (Lu et al. 2019). BBR-fumaric acid
eutectic was prepared by combining BBR and fumaric acid
in a stoichiometric ratio of 2:1, and the solubility and dis-
solution rate of BBR were also improved (Yang et al. 2020).
The researchers also prepared BH-emodin eutectic and BH-
2-emodin-ethanol eutectic, and it was found that after the
formation of the eutectic, BH could achieve sustained release
in water, and the AUC and C_,, of emodin in the eutectic
were improved (Yanping et al. 2018). In addition, research-
ers have also synthesized a new BH cocrystal with signifi-
cantly improved solubility compared to BH. The cocrystal
exhibits good stability and overall excellent performance,
making it a suitable solid form for the development of BBR

oral tablets (Guo et al. 2023). In summary, BBR improves
its solubility and dissolution rate by forming eutectics with
eutectic formers, which in turn improves the bioavailability
of BBR.

New formulations
Natural deep eutectic solvents (NADES)

NADES is an important environmentally friendly solvent
consisting of primary metabolites of plants that are non-
toxic and safe for humans and can be used in the food and
pharmaceutical sectors. NADES has great potential as a
solubilizer to improve the bioavailability of poor solubility
drugs (Li and Lee 2016; Faggian et al. 2017).

Sut et al. prepared different NADES using food-grade
ingredients as the main raw material, and three NADES/
BBR solutions and an aqueous suspension were adminis-
tered at a dose of 50 mg/kg, respectively, and it was found
that there was a significant increase in the solubility of
NADES/BBR as compared to BBR, and the blood concen-
tration of BBR was determined by LC-MS/MS method. The
results showed that the AUC of NADES/BBR increased by
2-20-fold (Sut, et al. 2017). Zhao et al. first demonstrated
the presence of NADES in coptidis rhizoma extract and sys-
tematically investigated its effect on the pharmacokinetics
of orally administered BH. The results showed that NADES
mainly affected the absorption process of orally administered
BH and that NADES was able to promote intestinal absorp-
tion in mice in vivo in a concentration-dependent manner,
which was manifested by a significant increase in the AUC
and C,,, of BH in the portal vein of mice (Zhao et al. 2021).
This study demonstrated that the primary metabolites of
coptidis rhizoma extract can form “endogenous” NADES,
confirming for the first time that NADES can be extracted
and prepared from herbal extracts and can improve the phar-
macokinetic properties of coexisting active ingredient.

Microsphere system

Microspheres refer to the skeletal, tiny spherical entities
formed by the drug dispersed or dissolved in carrier excipi-
ents. Microspheres, as the carriers for drug encapsulation,
slow release, controlled release, and targeted release, are
characterized by a high encapsulation rate, a high load-
ing capacity, and an improved drug stability (Sokolik et al.
2018). As a drug carrier, it also has a good application in
improving the bioavailability of drugs.

In order to increase the effective concentration of BH
in the gastrointestinal tract, researchers prepared novel pH-
responsive composite hydrogel microspheres. It was found
that at pH 7.4, the novel composite hydrogel microspheres
showed the highest dissolution rate and cumulative release,
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which significantly increased the effective concentra-
tion of BH in the gastrointestinal tract (Gao et al. 2020).
The researchers also developed microspheres containing
sodium N-[8-(2-hydroxybenzoyl)amino]caprylate (SNAC)
to improve the bioavailability of BH, and the results showed
that SNAC significantly increased the intestinal permeability
of BH, with a 9.87-fold increase in the AUC of the mixture
of BH and SNAC and a 14.14-fold increase in the AUC of
the microspheres loaded with BH-SNAC, compared with
BH alone (Li and Zhu 2020). Another study found that lipid
microspheres loaded with BBR showed a significant increase
in half-life and an 8.3-fold increase in bioavailability relative
to BBR injection in rats and exhibited good pharmacological
activity with a tumor inhibition rate of 91.55% (Qi and Liu
2021). In addition, researchers found that microspheres can
make BBR achieve sustained release, effectively improving
its bioavailability, so that it can better play anti-inflamma-
tory, antibacterial, and other pharmacological effects (Sang
et al. 2023; Chen et al. 2023c¢). Studies have shown that
microspheres as drug carriers can improve the intestinal
permeability of BBR and further improve its bioavailability
and pharmacological activity by prolonging its release time.

Microemulsion, nanoemulsion, and self-emulsifying
systems

Microemulsion, nanoemulsion, and self-emulsifying sys-
tems are thermodynamically stable systems composed of
surfactants, cosurfactants, and oil and water phases. Due to
its low surface tension, it can increase the solubility of the
drug and promote the absorption of the drug in the human
intestinal lining, so it shows a good effect in improving the
bioavailability of poorly soluble drugs.

Gui et al. developed an oral BBR microemulsion and
performed a pharmacokinetic study on it and found that
the bioavailability of oral BBR microemulsion was 6.47-
fold higher than that of BBR suspension (Gui et al. 2008).
Another study found that the microemulsions loaded with
BBR and decorated with cannabidiol, prepared by a one-step
emulsion method, were also able to significantly enhance
the bioavailability and pharmacological effects of BBR
(Fan et al. 2023). In order to improve the stability and oral
bioavailability of BH, researchers developed a water-in-oil
nanoemulsion system of BH, and monolayer assessment of
Caco-2 cells showed a significant increase in intestinal per-
meability and a significant decrease in efflux of BH, and
the relative bioavailability of this formulation was 440.40%
compared to unencapsulated BH, and it had good stability
(Li et al. 2017). Xu et al. developed a new nanoemulsion
with a particle size of 30.56 + 0.35 nm and good stability.
Cell transport and intestinal perfusion studies showed that,
compared with the BBR control group, the P-gp efflux of
the preparation was reduced by 50%, the permeability was
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increased by 5.5-fold, and the bioavailability in rats was
increased by 212.02% and that the preparation reduced the
blood glucose level of diabetic mice by 1/3 (Xu et al. 2019).

Pund et al. developed BBR self-nanoemulsifying drug
delivery systems in both solid and liquid forms and found
that the systems had the effect of enhancing drug solubil-
ity, dissolution, and in vivo pharmacological activity (Pund
et al. 2014). Li et al. developed a novel water-in-oil self-
nanoemulsifying drug delivery system by low-energy emul-
sification methods, and the relative oral bioavailability of
this formulation in rabbits was 3.41-fold higher than that of
BBR; moreover, the Caco-2 cell monolayer transport study
showed that the formulation could enhance the permeabil-
ity of BBR and inhibit its efflux, and in the MV4-11 trans-
planted leukemia mouse model, the survival time of mice
treated with the formulation was significantly longer than
that of the BBR treatment group (Li et al. 2018). In a study
by Zhu, rats were orally administered BBR self-microemul-
sion formulation and BBR commercial tablets at a dose of
25 mgekg ™!, respectively; the C,,,, and AUC in rats orally
administered BBR self-microemulsion formulation were
163.4% and 154.2% of those of BBR tablets administered
orally, respectively, with a relative bioavailability of 242%
(Zhu et al. 2013).

Therefore, microemulsion, nanoemulsion, and self-emul-
sifying drug delivery systems are able to improve the bio-
availability and pharmacological effects of BBR by reducing
P-gp efflux and increasing the solubility and permeability of
BBR and are an effective delivery mode for BBR.

Nanoparticles

Nanoparticles are solid colloidal particles with a particle
size on the order of nanometers (0.1-100 nm) made of natu-
ral or synthetic polymeric materials. With the development
of nanotechnology, nanoparticles have shown significant
application in the field of drug delivery. The reduction of
BBR particles to the nanometer range is conducive to the
improvement of their bioavailability and better performance
of their pharmacological effects.

To improve the solubility of BBR, Kohli et al. prepared
BBR-loaded chitosan-alginate nanoparticles by ion gela-
tion methods, and pharmacokinetic studies showed a 4.1-
fold increase in the bioavailability of BBR in this formu-
lation compared to BBR (Zhang et al. 2021). In addition,
BBR nanoparticles prepared by antisolvent precipitation
method also significantly improved the solubility of BBR,
and the C,,, and AUC of BBR nanoparticles were 3.97-
fold and 3.88-fold higher than those of BBR, respectively,
and showed better hepatoprotective effects (Sahibzada et al.
2021). Khan et al. co-delivered BBR and doxorubicin by
poly(lactic-co-glycolic acid) nanoparticles using a conju-
gation/encapsulation strategy. The excretion of BBR in the
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urine of patients was significantly reduced, and its retention
time in the body was also significantly prolonged. Compared
with BBR, the AUC of BBR in plasma increased 2-fold
after nanoparticle administration, and its toxicity to breast
cancer cells increased 14-fold (Khan et al. 2019). Protein
nanoparticles are naturally present in the extract of coptidis
rhizoma, which can act as concentration-dependent carriers
to promote the absorption of BBR and enhance the plasma
exposure of BBR. Therefore, the aqueous solubility, in vitro
absorption, and plasma exposure of BBR in coptidis rhizoma
extract were significantly better than those of pure BBR (Ma
et al. 2016). The researchers also prepared biodegradable
nanoparticles loaded with BBR, which showed better phar-
macological activity with a 4.4-fold increase in bioavailabil-
ity and a 2-fold increase in antioxidant capacity compared to
BBR (Mir et al. 2023).

Therefore, shrinking BBR particles to the nanoscale can
improve the solubility and permeability of BBR, prolong its
retention time in the body, promote its absorption, and then
improve its bioavailability so that it can better perform its
pharmacological effects.

Solid lipid nanoparticles (SLNs)

SLNs are a certain proportion of solid lipids as the struc-
tural core and solid structured carriers accompanied by sur-
factants, which is characterized by low toxicity, high bio-
degradability, and high biocompatibility and is suitable for
a wide range of administration routes, with great potential
for application in the pharmaceutical field (Santonocito and
Puglia 2022; Ghasemiyeh and Mohammadi-Samani 2018).

BBR-SLNs prepared by Xue et al. showed significantly
higher bioavailability in rats compared to BBR, and the AUC
and C,,,, of BBR-SLNs could be up to 2-fold and 4-fold of
those of BBR, respectively, and BBR-SLNs showed better
effects in inhibiting body weight gain and fasting blood glu-
cose levels in db/db diabetic mice (Xue et al. 2013). In addi-
tion, BBR-SLNSs also have some slow release effects, and
BBR can enter the bloodstream rapidly after release from
BBR-SLNGs, thus preventing the reaggregation and precipita-
tion of BBR in the gastrointestinal tract, so the slow release
property of BBR-SLNs can improve the uptake of BBR in
the circulatory system, thus improving the bioavailability of
BBR (Van et al. 2023). In addition, BBR-SLNs were able to
increase the bioavailability of BBR by improving its solubil-
ity and were better able to exert anti-inflammatory effects
and attenuate Adriamycin-induced inflammation in H9¢?2 rat
cardiomyocytes in vitro (Rawal et al. 2022). It can be seen
that SLNs can be used as an effective carrier for slow release
BBR formulations, which provides a reference for achieving
long-term release of BBR in vivo, prolonging the retention
time within the drug carrier, and improving the bioavail-
ability and pharmacological activity of BBR.

Liposomes

Liposome is a kind of ultra-micro-spherical carrier prepara-
tion encapsulated by single or multilayer lipid bilayer in the
form of concentric circles. It is a typical representative of
nanodrug delivery system. Liposomal materials resemble
the cell membranes of living organisms and are character-
ized by biocompatibility, degradability, targeting, enhanced
drug solubility, and low toxicity (Wang et al. 2017; Uma
Maheswari et al. 2023). Liposomes have been evaluated as
potential delivery vehicles for drugs with poor oral bioavail-
ability, and nanostructured lipid carriers (NLCs) are also
included (Zhuang et al. 2010).

Kutbi et al. prepared BBR hyaluronate-based liposomes
by film hydration methods, which provided better sustained
release and higher stability compared to BBR. Pharma-
cokinetic studies revealed that the C,, and AUC of orally
administered BBR were 21.5 + 4.71 ngemL~! and 194.8
minengemL !, respectively, whereas those of BBR hyalu-
ronate-based liposomes were 67.79 + 1.12 ngemL~" and
854 minengemL ™!, respectively, which were significantly
higher compared to BBR. The relative bioavailability of
BBR hyaluronate-based liposomes was increased approxi-
mately 4.38-fold compared to BBR (Kutbi, et al. 2021). The
researchers also prepared liposomes loaded with BBR by
an air-suspension coating (layering) method, and the oral
bioavailability of this formulation in rats was increased by
628% compared to BBR, and it had the effect of prolonging
the release time of BBR, and the oral administration of this
BBR liposome at a dose of 100 mg/kg reduced the TC, TG,
and LDL-C of hyperlipidemic mice by 15.8%, 38.2%, and
57.0% respectively, indicating its potential for the treatment
of hyperlipidemia (Duong et al. 2022).

Yin et al. prepared selenium coatings on the surface of
NLCs by in situ reduction technique and then prepared BBR-
loaded selenium NLCs (BBR-SeNLCs) with a particle size
of about 160 nm by hot-melt dispersion/homogenization
methods. BBR solution, BBR-NLCs, and BBR-SeNLCs
were administered to rats by gavage, and pharmacokinetic
studies were performed. The results showed that the BBR-
SeNLCs exhibited better sustained release compared with
the normal NLCs, and the bioavailability of BBR was
increased by 6.63-fold. The sustained release and good intes-
tinal absorption of the drug, coupled with the synergistic
effect of selenium, resulted in a significantly better hypo-
glycemic effect of BBR-SeNLCs than that of BBR-NLCs
and BBR solution (Yin et al. 2017). The researchers also
prepared BBR-NLCs (BBR-CTS-NLCs) overlaid with chi-
tosan. Pharmacokinetic and brain accumulation experiments
showed that the drug level of BBR-CTS-NLCs in animal
brain was significantly improved. Compared with BBR,
the AUC and C,,,, of BBR-CTS-NLCs were significantly

max
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improved, and BBR-CTS-NLCs had stronger targeting abil-
ity (Abo El-Enin, et al. 2022).

The above studies have shown that liposomes, as a typical
nanodrug delivery system, are able to improve the absorp-
tion of BBR and enhance its bioavailability by prolonging
the drug release time, which in turn enables it to better per-
form its pharmacological effects such as hypolipidemic and
antidiabetic effects.

Phospholipid complexes

Phospholipid complexes are a new technology that can
improve drug bioavailability and pharmacological activ-
ity by increasing the solubility and permeability of drugs
(Kuche et al. 2019). The BBR complex bound to phospho-
lipids has shown great improvement in drug dissolution and
absorption, so phospholipid complexes are an ideal choice
to improve the oral bioavailability of drugs.

For the first time, researchers have prepared a BBR-phos-
pholipid complex (P-BBR) using a rapid solvent evapora-
tion method and self-assembly technique. In vivo pharma-
cokinetic studies showed that the oral bioavailability of
P-BBR was increased approximately 3-fold compared to
oral BBR. In a db/db diabetic mouse model, after 4 weeks
of treatment with P-BBR, the fasting blood glucose of the
mice was significantly reduced and the antidiabetic effect
was significantly enhanced (Yu et al. 2016). On this basis,
P-BBR-loaded polymer-lipid hybrid nanoparticles (PEG-
lipid-PLGA NPs) were developed to improve the oral bio-
availability of BBR. Pharmacokinetic studies showed that
the relative oral bioavailability and C,,, of PEG-lipid-
PLGA NPs/BBR-soybean phosphatidylcholine complex
(BBR-SPC) were 3.4-fold and 3.2-fold higher, respectively,
than those of BBR in rats (Yu et al. 2017). Zhang et al. pre-
pared a solid dispersion (BPTS-SD) consisting of P-BBR,
TPGS1000, and silicon dioxide (SiO,) by solvent evapora-
tion technique, and intestinal perfusion studies showed that
the absorption of P-BBR was increased 1.4-2.0-fold com-
pared to BBR, while the absorption of BPTS-SD was fur-
ther increased compared to P-BBR. Pharmacokinetic stud-
ies showed a significant increase in C,,, and AUC for both
P-BBR and BPTS-SD and a 322.66% increase in relative
bioavailability of BPTS-SD compared to BBR (Zhang et al.
2014). In addition, researchers have prepared BPC nanoag-
gregate-embedded thiolated chitosan hydrogels, which are
formulations with long drug release time and appropriate
residence time, which can further improve the bioavailability
of BBR (Hashtrodylar et al. 2023). The above studies have
shown that P-BBR can enhance the intestinal absorption of
BBR by improving its lipid solubility, and at the same time,
it can be administered with the help of a variety of new drug
delivery systems to further enhance the bioavailability of
BBR by taking advantage of the dual strengths of P-BBR

@ Springer

and drug delivery systems to better utilize the pharmacologi-
cal effects of BBR.

Solid dispersions

Solid dispersions, as an intermediate for pharmaceutical for-
mulations that can improve the dissolution and solubility of
insoluble drugs by increasing the effective contact area with
the dissolution medium (Han et al. 2011), are an effective
way to improve drug bioavailability, delay drug release, and
increase drug stability.

Meng et al. prepared an amorphous solid dispersion of
BBR with sodium citrate as an absorption enhancer by sol-
vent evaporation method, which was used to improve the dis-
solution and oral bioavailability of BBR. Pharmacokinetic
studies showed that compared with BBR, the permeability
of the solid dispersion was increased 3-fold, the in situ intes-
tinal perfusion was increased 4-fold, the in vivo bioavail-
ability was increased 5-fold, and it also had a good effect on
glucose and lipid metabolism in type 2 diabetic rats (Zhaojie
et al. 2014). In addition, the amorphous solid dispersion of
BBR prepared by hydrogenated phosphatidylcholine also has
the effect of improving permeability and intestinal absorp-
tion, and the AUC and C,,, of this formulation in rats were
3.62-fold and 4.32-fold higher than those of BBR, respec-
tively, and the bioavailability was significantly improved
(Shi et al. 2015a). Mishra et al. prepared solid dispersions
of BH using different ratios of hydrophilic carriers glycerol
ester 44/14 and glycerol ester 50/13, the solubility of BH
in this formulation was significantly improved compared to
free BH, the 2 h drug release was increased from 24.39 to
98.59%, and the oral bioavailability was increased 2.32-fold
(Mishra and Dhole 2019). In summary, solid dispersions
can improve the bioavailability of BBR by increasing its
solubility and permeability and then make it better play the
pharmacological effects.

Micelles

Micelles are amphiphilic colloidal structures whose core
consists of amphiphilic hydrophobic fragments while their
shell consists of hydrophilic fragments (Parikh et al. 2018).
Because micelles have a unique structure capable of solu-
bilizing hydrophobic drugs, they are able to improve the
bioavailability and efficacy of drugs without disrupting the
drug formulation (Jin et al. 2017; Patra et al. 2018). There-
fore, micelles are well suited to improve oral drug delivery
(Tian and Mao 2012).

Kwon et al. prepared a BBR-loaded mixed micelle formu-
lation with ratios of BBR:pluronic P85:tween-80 of 1:5:0.5
(w/w/w). This formulation increased the solubility, permea-
bility, and AUC of BBR by 8-fold, 3.64-fold, and 14.58-fold,
respectively, and significantly inhibited P-gp-mediated BBR
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efflux, resulting in a decrease in the efflux ratio from 7.54 to
1.05, and the formulation had no apparent cytotoxicity in the
range of 100 pm (Kwon, et al. 2020). Shen et al. prepared
polymeric micelles containing TPGS, which improved the
delivery of BBR to tumors, resulting in a 3-fold increase in
the solubility of BBR and a 37-fold increase in its AUC in
a healthy canine model compared to free BBR (Shen et al.
2016).

Kang et al. prepared BBR-loaded hybrid micelles by a
solvent diffusion method and found that the mixed micelles
had good intestinal permeability and cellular uptake, which
significantly improved the pharmacokinetic profile of BBR,
and its bioavailability was increased by 317.17% and effi-
cacy was increased by 3.44-fold compared with BBR. The
results showed that the micellar formulations loaded with
BBR could significantly improve the solubility and perme-
ability of BBR and also had a certain inhibitory effect on
P-gp efflux (Kang et al. 2020). In addition, researchers also
developed a new food-grade BBR delivery system, namely,
BBR-LipoMicel. The study found that compared with BBR,
the aqueous solubility of the preparation increased by 1.4-
fold and AUC and C,,,, increased by 5.84-fold and 9.46-
fold, respectively, which can effectively promote the absorp-
tion of BBR and improve its bioavailability (Solnier, et al.
2023). Therefore, micellar formulations are an effective way
to improve the bioavailability and pharmacological activity
of BBR.

Dendrimers

Dendrimers, also known as highly branched polymers, are
macromolecules with a high density of surface functional
groups that are highly branched and monodisperse. It con-
sists of three main parts: molecular center core, branched
unit inner layer, and functional group outer layer (Choudhary
et al. 2017). It has become a widely concerned structure
because of its solubilization performance.

Cupta et al. covalently coupled BBR to a terminal amine
G4 PAMAM dendrimer and compared it with free BBR and
found that BBR-conjugated dimer had smaller particle size
and better solubility, and in vivo pharmacokinetic studies
using adult female albino rats as a model showed that the
AUC of BBR-conjugated dimer was increased by 73% com-
pared to free BBR, and in addition, an in vitro anticancer
study showed that BBR-conjugated dimer had better antican-
cer activity and potential (Gupta et al. 2017). The research-
ers also prepared PEGylated PAMAM dendrimers loaded
with BBR, and the results of the study showed significant
cellular uptake and the ability to control the release of the
drug, with a significant inhibitory effect on breast cancer cell
line (Yadav et al. 2023). The above studies have shown that
dendrimers are able to improve the bioavailability of BBR
by increasing the solubility of the drug as well as controlling

the release of the drug, which in turn leads to a better per-
formance of its pharmacological effects.

Nanocrystals

Drug nanocrystals, also known as nanosuspensions, are
nanoscale carrier-free colloidal systems with a theoretical
drug loading capacity of 100%. Drug nanocrystals are easy
to prepare and have strong adhesion, which can effectively
solve the problems of short retention time, slow release,
and low bioavailability of water-insoluble drugs (Shi et al.
2015b).

Sahibzada et al. prepared BBR semicrystalline nano-
particles by using antisolvent precipitation with a syringe
pump and evaporative precipitation of nanosuspension and
performed histopathological studies and blood biochemical
analyses in rabbits, which showed a 3.88-fold increase in
AUC and 3.97-fold increase in C,,,, of BBR semicrystalline
nanoparticles compared to BBR. And the animals treated
with BBR nanoparticles achieved significant improvement
in liver function test enzyme levels and liver histopathology
(Sahibzada et al. 2021; Sahibzada et al. 2018). Wang et al.
prepared BBR nanocrystal suspensions with a mean particle
size of 73.1 nm using high-pressure homogenization tech-
nique; the solubility and efficacy of this formulation were
significantly improved compared to BBR, and the formu-
lation showed significant antidiabetic activity in a diabetic
mouse model with fewer side effects (Wang et al. 2015).
In order to improve the intestinal absorption of BBR, the
researchers also developed a Brij-S20-modified nanocrys-
talline formulation, which further improved the absorption
of BBR by increasing the solubility of BBR and inhibiting
P-gp-mediated efflux, and a pharmacokinetic study dem-
onstrated a 404.1% increase in the relative bioavailability
of BBR in the formulation compared to BBR alone (Xiong
et al. 2018). It was reported that Li et al. prepared baicalin-
BBR (BA-BBR) complex nanocrystals by high-pressure
homogenization, and the BA-BBR complex nanocrystals
improved the bioavailability of BA and BBR by increasing
their dissolution rate and degree of dissolution. In vitro dis-
solution evaluation showed that the dissolution of BA and
BBR in BA-BBR complex nanocrystals was 3.30-fold and
2.35-fold higher than that in BA-BBR complex, respectively.
The pharmacokinetic results showed that the AUC of BA
and BBR in BA-BBR complex nanocrystals was 7.49-fold
and 2.64-fold that in BA-BBR complex, respectively (Li
et al. 2022).

The above studies have shown that drug nanocrystals
are able to enhance the bioavailability and pharmacological
activity of BBR by improving its solubility and dissolution
as well as inhibiting the efflux of P-gp, which makes them a
good choice for improving the bioavailability of BBR.
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Table 1 (continued)
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Dose range/concentration Pathway

Staphylococcus epidermidis 30-45 g/mL

Testing subjects/model

In vitro

Pharmacological effects Types

Antimicrobial

Springer

biofilms |

(Li et al. 2000; Krishnan and
Bastow 2000)

Topoisomerase I |, topoi-

Topoisomerase I, topoi-

In vitro

somerase I |, synthesis of

bacterial DNA |

somerase II

(Xu et al. 2021)

Typhimurium type I fim-

S. typhimurium wild-type

In vitro

briae |

strain CMCC50115
S. aureus ATCC®25923™,

(Zhao et al. 2023b)

Bacterial cell membrane

10, 20, 30 pg/mL

In vitro

permeability |,
proton motive force |

S. aureus

ATCC®25923™

Nanogels

Nanogels are three-dimensional hydrogel materials in
the nanoscale size range formed by crosslinked swellable
polymer networks with high water-holding capacity, high
biocompatibility, high mechanical stability, and ease of
modification, which have broad application prospects in
biomedicine and other fields (Soni et al. 2016).

Fread et al. developed BBR oleate liquid crystal nano-
particle (BBR-OL-LCNP) hydrogel, which showed a 3-fold
increase in drug accumulation and approximately a 10-fold
increase in drug penetration in rats compared to BBR, and
in vivo studies revealed that topical application of BBR-OL-
LCNP hydrogel significantly alleviated psoriasis symptoms
and reduced the levels of psoriatic inflammatory cytokines
(Freag et al. 2019). In addition, the researchers also found
that the manganese-doped albumin-gelatin composite nano-
gel loaded with BBR has good dispersibility and sustained
release effect, and its sustained release effect can signifi-
cantly improve the bioavailability of BBR and enhance its
role in relieving oxidative stress and inhibiting inflamma-
tion (Sun et al. 2023). It has been reported that BBR-loaded
chitosan-alginate nanocomposite gel can effectively control
the release of BBR, prolong the release time, enhance its
cellular uptake, improve the bioavailability of BBR, and
effectively improve the antitumor and anti-inflammatory
activities of BBR (Singh et al. 2024; Akhter et al. 2023).
Therefore, nanogel encapsulated BBR can improve its bio-
availability by improving its permeability and prolonging its
release time, thereby improving its pharmacological activi-
ties, which is an effective drug delivery method.

Summary and prospect

There are many unknown active ingredients in natural medi-
cines, and in-depth excavation of monomeric components in
natural medicines is an effective way for drug development.
BBR, as a natural extract, has a wide range of pharmaco-
logical activities (Table 1), such as protecting the nervous
system, protecting the cardiovascular system, anti-inflam-
matory, antidiabetic, antihypolipidemic, antitumor, antibac-
terial, and antidiarrheal. The main reasons for the low bio-
availability of BBR include poor solubility, low permeability,
P-gp-mediated macromolecular efflux, and hepatic-intestinal
metabolism. In order to solve this problem, researchers have
proposed a variety of methods, including the use of absorp-
tion enhancers and P-gp inhibitors, structural modification
of BBR, preparation of BBR salts and cocrystals, and devel-
opment of new formulations to improve its bioavailability
(Table 2). The results showed that the various methods were
useful in improving the pharmacological activities and bio-
availability of BBR, thus it is highly promising to convert
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Table 2 Pharmacokinetic parameters of some new BBR formulations

Formulations

Mode of adminis-
tration

Mechanism Detection objects  Dosages

Parameters

Ref.

NADES/BBR

BBR lipid micro-

spheres

BBR microemulsion

BH nanoemulsion

BBR nanoparticles

Oral administration

Intravenous injec-

tion

Oral administration

Oral administration

Oral administration

Balb/c mouse
plasma

Increase drug solu-
bility

Rat plasma

Improve stability,
reduce particle
size, improve
permeability

Rat plasma 50 mg/kg

Improve permeabil-
ity, increase intes-
tinal absorption,
reduce excretion

Rat plasma 62.5 mg/kg

Deduce particle
size and increase
solubility

Rabbit plasma 50 mg/kg

T ax: 30 min
Chax: 51.2 ng/mL
1yt 265 min
AUC,,: 8640
ngemin/mL
AUC: 14,129
ngemin/mL
AUC,, 1 4735 +
85.4 ug/Leh
AUC, ,: 482.8 +
92.3 ug/Leh
CLz: 6.6 + 2.8 L/h/

kg
C. . :285+78

max*

pg/L

fip: 18.6 £3.8 h

Tpae: 0.50 £0.12 h

Vy:32.5 £ 6.7 L/
kg

Clax: 4169 mg/L

max*
Tax: 7.333 h

max-*

AUC () 34.879
mg/Leh

AUC g oy 64.647
mg/Leh

MRT,: 10.693 h

MRT gy, 32.655 h

tipe: 98.175h

typp: 58.521h

CL/F: 0.856 L/h/kg

V1/F: 2.685 L/kg

AUC g 4y 4.963 £
2.952 mg/Leh

AUC g : 9.790
8.410 mg/Leh

MRT ;54 10.188 +
2391 h

MRT g, 21.020 £
10950 h

ty ), (10.737 &
7.027)h

Tha: (4778 =
5.645)h

Chax: (0404 +0.13)
mg/L

Tha 1.5£0.28 1

Crax: 1633 £0.11
pg/mL

AUC ) 7458 +
0.18 pgeh/mL

(Sut, et al. 2017)

(Qi and Liu 2021)

(Gui et al. 2008)

(Lietal. 2017)

(Zhang et al.
2021)

@ Springer
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Table 2 (continued)

Formulations Mode of adminis- Mechanism Detection objects  Dosages Parameters Ref.
tration
BBR solid lipid Intragastric adminis- Prolong the drug Male SD rat plasma 50 mg/kg  AUC,: 113.57 = (Xue et al. 2013)
nanoparticles tration release time and 72.927 pg/Leh
promote drug AUC . 179.384
absorption + 160.07 pg/Leh
MRT ,: 8.222 +
243h
MRT g, 18.307 £
12.80 h

Tax: 0.381 £ 0.71 h

max-*

t: 11.504 + 10.78

h
Crax: 44.651 +4.77
ug/L
BBR hyaluronic acid Intragastric adminis- Improve lipophilic- Male Wistar rat 50mg/kg  Cp.:67.79 £1.12  (Kutbi, et al.
liposomes tration ity, increase intes- plasma ng/mL 2021)
tinal absorption Thax: 8h
AUC: 854 +23.69
P-BBR Oral administration  Drug size decreases, Wistar rat plasma 50mg/kg  Cp. 228.14 + (Yu et al. 2016)
hydrophobic modi- 15.03 ng/mL
fication improves Thax: 2h
fat solubility, and AUC: 1116.07 =
intestinal absorp- 209.55 ngeh/mL
tion increases
BBR amorphous Oral administration  Increased perme- Male SD rat plasma 100 mg/kg  C, ., 65.15 +£5.20  (Shi et al. 2015a)
solid dispersion ability leads to ng/L
increased intestinal Tha: 1.08 £0.20 h
absorption AUC(,: 515.11

31.47 ngeh/L
AUCj oy 597.52 +
123.42 ngeh/L
MRT,,: 7.43 +
0.24h
tp: 777476 h

BBR mixed micelles Oral administration  The particle size of ~ SD rat plasma 50mg/kg  Cpac: 2.381 £ 0.436  (Kang et al. 2020)
the drug decreases ug/mL
and the permeabil- Thax: 20
ity increases AUC(,: 14.13
0.721 pgeh/mL
MRT: 5.671 +

0.643 h

G4 PAMAM den- Intravenous injec- Increase solubility ~ Plasma of female — Conjugation (Gupta et al.
drimer tion Wistar albino rats tip: 1433 h 2017)
AUC: 2471.17 pg/
mL/h
Encapsulation
t;p: 10341
AUC: 2005.38 pg/
mL/h

Brij-S20-modified Oral administration  Increase drug solu-  Male Sprague Daw- 65 mg/kg C, . 1442 +43.6 (Xiongetal.
nanocrystalline bility and inhibit ley rat plasma ng/mL 2018)
drug efflux Thax: 1.2 +£0.4h
110239+ 158h
AUC (. : 1081.0 +
191.5 ngeh/mL
AUC oy 21302 +
1082.9 ngeh/mL
MRT,:92+1.3h

@ Springer
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BBR and its derivatives, which have a wide range of pharma-
cological activities and therapeutic potentials, into a product
that can be widely used in clinical treatments.

BBR can exert a wide range of pharmacological effects
by affecting specific enzymes, receptors, and signaling
pathways and can produce synergistic effects when used
in combination with other drugs with different pharma-
cological effects, and BBR can also be used for the treat-
ment of metabolic diseases by regulating disorders of the
intestinal microbiota, which shows that BBR has a complex
mechanism of action. However, its biomolecular targets and
molecular mechanisms in the human body are still unclear,
which seriously limits its development in the pharmaceuti-
cal field. Therefore, further research is needed to support
the clinical application of BBR.

The long-term safety of BBR is based on low bioavail-
ability, and toxicological studies have shown that BBR is
toxic to gastrointestinal function, immune function, and
the heart. Therefore, its safety must be emphasized when
it is widely absorbed and used over a long period of time.
To date, various methods to increase the bioavailability of
BBR have only been validated at the animal and cellular
level without clinical trials. Therefore, large-scale clinical
trials are needed to assess the safety and clinical value of
BBR and to validate the clinical feasibility of methods to
enhance its bioavailability.
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