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Abstract 

Berberine (BBR) is an isoquinoline plant alkaloid endowed with several pharmacological activities, including 

anti-microbial, glucose- and cholesterol-lowering, anti-tumoral and immunomodulatory properties. The 

main mechanism by which BBR exerts a protective role in atherosclerosis relates to its cholesterol-lowering 

activity. BBR significantly increases hepatic low density lipoprotein receptor (LDLR) expression and reduces 

the expression and secretion of the LDLR modulator proprotein convertase subtilisin/kexin type 9 (PCSK9). 

In addition to this, several other atheroprotective effects have been ascribed to BBR, including anti-

inflammatory and anti-oxidant properties, inhibition of vascular smooth muscle cell proliferation and 

improvement of endothelial dysfunction. BBR also increases glucose utilization in adipocytes and myocytes, 

while decreases glucose absorption in intestinal cells, resulting in a net hypoglycemic effect. In 

hypercholesterolemic animals, BBR significantly decreases LDL-C and total cholesterol (TC) levels and 

reduces aortic lesions, an effect similar to that of statins. In diabetic animals, BBR significantly reduces 

glucose levels, improves glucose tolerance, reduces body weight gain and adipose tissue mass. Several 

clinical studies have also tested the efficacy of BBR in humans. In hypercholesterolemic subjects, BBR 

induces a significant reduction of TC, triglycerides and LDL-C levels and a significant increase of HDL-C 

levels, without major adverse effects. BBR also reduces glycemia and plasma cholesterol in diabetic 

patients, improves lipid and glucose profile and decreases body mass index and waist circumference in 

subjects with metabolic syndrome. These findings, together with the good tolerability, suggest that BBR 

administration might be considered a potential therapeutic approach for the treatment of 

hypercholesterolemia or diabetes. Given the level of evidence available to date well-designed randomized 

controlled trials to test safety and efficacy of BBR are warranted. 

 

Keywords: berberine; LDL receptor; lipid-lowering; glucose-lowering; AMP-activated protein kinase 
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Introduction 

Berberine (BBR) is an isoquinoline plant alkaloid belonging to the class of protoberberines present in 

several plants such as Berberis vulgaris, Coptis chinensis, Berberis aristata [1]. BBR has several 

pharmacological properties, including anti-microbial, glucose- and cholesterol-lowering, anti-tumoral and 

immune-modulatory activities [1]. Several studies have shown that BBR has beneficial effects on the 

cardiovascular system, due to vasorelaxant and hypotensive effects and to the ability to prevent congestive 

heart failure, cardiac hypertrophy, and arrhythmia [1]. 

Berberine absorption and metabolism 

Four major metabolites of BBR have been identified, namely berberrubine (M1), thalifendine (M2), 

demethyleneberberine (M3) and jatrorrhizine (M4) (Figure 1) [2]. Biotransformation of BBR is strictly 

dependent on BBR dosing route; after an oral intake, the first-pass elimination of BBR takes place mainly in 

the small intestine, while liver is the main accumulating organ, followed by kidney, muscle, heart and 

pancreas [3; 4]. Oxidative demethylation (generating M1) and the subsequent glucuronidation are the main 

pathways after the oral intake [3], while oxidative demethylenation (generating M3) and glucuronidation of 

M3 are prevalent after intravenous dosing [5].  

Absorption rate of BBR in the small intestine is very low (<5%) [6]; in fact, BBR is a substrate of some 

ATP-binding cassette (ABC) transporters including P-glycoprotein (P-gp) and multidrug resistance-

associated protein-1 (MRP1), which transport BBR out of cells thus reducing BBR absorption [6; 7]. In 

addition, BBR upregulates P-gp expression and function in vitro in intestinal cells [6], suggesting that BBR 

might reduce its own absorption as well as the absorption of other P-gp substrates; on the contrary, the co-

administration of BBR with a P-gp inhibitor results in an increased absorption of BBR [8]. BBR is also a high-

affinity substrate for organic cation transporters 1 (OCT1) and 2 (OCT2), responsible for the transport of 

metformin, the most used anti-diabetic drug [9]. This might translate into a possible drug-drug interaction 

in the case of co-administration of BBR with metformin: in rats, BBR increases the plasma concentration 

and area under the curve (AUC) of metformin and reduces its systemic clearance and volume of distribution 

[9]. 

The cytochrome P450 (CYP) superfamily plays a crucial role in the metabolism of endogenous 

compounds, drugs, hormones and xenobiotics; thus, modulation of cytochrome P450 enzymes by specific 

natural compounds increases the chance of metabolic interaction with other drugs administered 

simultaneously and may have clinical consequences. BBR modulates the expression/activity of some CYP 

isoenzymes both in vitro and in vivo [10; 11], and this may translate into clinically relevant interactions with 

some drugs (Table 1): in renal-transplant recipients, BBR markedly increases the blood concentration of 

cyclosporine A, due to the inhibition of CYP3A4 and P-gp [12]. An interaction between tacrolimus and BBR, 
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both substrates of CYP3A4-A5, has been reported, resulting in a rapid increase of tacrolimus blood 

concentration [13]. These observations suggest that potential interactions should be taken into account 

when BBR is administered concurrently with other drugs, and dose adjustment based on drug monitoring is 

recommended. 

IN VITRO EFFECTS OF BBR 

A high number of studies have identified the mechanisms of action of BBR at cellular level, particularly in 

hepatic cells, cells of the arterial wall, pancreatic ß-cells, adipocytes and myocytes (Table 2, Figure 2). 

Among the pathways through which BBR modulates cellular processes, AMP-activated protein kinase 

(AMPK) plays a central role [14]. AMPK is a cellular energy sensor that, upon activation, stimulates catabolic 

processes (such as fatty acid oxidation, glucose uptake, lipolysis) while inhibits anabolic processes (such as 

gluconeogenesis, fatty acid synthesis, cholesterol synthesis) [14]. 

Hepatic cells 

The main mechanism by which BBR exerts its protective role in atherosclerosis is by acting as a 

cholesterol-lowering drug [15]. In fact, BBR significantly increases hepatic low density lipoprotein receptor 

(LDLR) expression, due to increased LDLR mRNA stability, thus resulting in a higher LDL uptake in BBR-

treated cells [15]. BBR upregulates LDLR receptor expression through the activation of the signaling cascade 

AMPK/Raf-1/MEK/ERK [15; 16], although JNK pathway plays a role as well [17]. 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease mainly expressed in 

hepatocytes and enterocytes; after secretion, circulating PCSK9 binds the extracellular domain of LDLR to 

induce its internalization and degradation, resulting in increased plasma LDL-C levels [18]. Statins, the 

leading cholesterol-lowering drugs, act by increasing the expression of hepatic LDLR; however, they also 

increase PCSK9 expression [19], suggesting that the statin therapeutic effect might be reduced by their 

effect on PCSK9. On the contrary, BBR reduces PCSK9 mRNA expression and the amount of PCSK9 secreted 

by HepG2 cells [20]; this effect does not appear to be due to changes in the PCSK9 mRNA stability but 

rather to a reduced cellular abundance of two critical trans-activators, hepatocytes nuclear factor 1α 

(HNF1α) and sterol regulatory element-binding protein 2 (SREBP2), resulting in PCSK9 transcriptional 

repression [21]. When added to cells in combination with a statin, BBR counteracts the inducing effects of 

statin on PCSK9 transcription [21]. Although SREBP2 is essential for LDLR transcription, its suppression by 

BBR does not result in LDLR transcription repression [21], suggesting that the overall effect of BBR is in 

favor of LDLR expression. 

BBR also inhibits cholesterol and triglyceride (TG) synthesis and secretion in HepG2 through the 

activation of AMPK, resulting in reduced lipid and fatty acid content in the liver of fat-fed hamsters [22]. 

Additionally, BBR and its metabolites increase lipolysis gene expression while reducing lipogenesis genes 
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through the activation of AMPK, thus resulting in a reduction of lipid synthesis and increase of fatty acid 

oxidation [23]. These findings indicate that BBR acts as lipid-lowering drug through several mechanisms. 

Paraoxonase 1 (PON1) is an enzyme synthesized mainly in the liver, carried by plasma HDL and known to 

play an anti-atherogenic role: PON1 protects lipoproteins from oxidation and its activity is lower in subjects 

with atherosclerosis-related diseases, while its overexpression in animal models results in reduced 

atherosclerotic lesions [24]. BBR significantly increases PON1 mRNA and protein expression in HepG2 cells 

through the activation of JNK and c-Jun signaling pathway [24]; this finding suggests that the induction of 

PON1 by BBR treatment could be one of the multiple mechanisms by which this compound exerts its 

cardioprotective effects. 

Macrophages 

Abnormal macrophage recruitment by activated endothelium followed by the release of pro-

inflammatory cytokines represent key processes in atherosclerosis; BBR is able to control macrophage 

trafficking as well as the expression and secretion of pro-inflammatory cytokines and the increase of 

oxidative stress in activated macrophages [25; 26; 27] through the activation of several signaling pathways 

[28; 29; 30]. 

BBR influences also several other processes in which macrophages are involved. As an example, BBR 

might contribute to atherosclerotic plaque stabilization; in fact, the pretreatment of macrophages with BBR 

before the exposure to stimuli that upregulate the expression of matrix metalloproteinases (MMPs), 

enzymes that have a causative role in plaque vulnerability, leads to a reduced expression of MMPs and 

extracellular MMP inducer (EMMPRIN) [31; 32]. BBR significantly affects the expression of scavenger 

receptors in activated macrophages: it decreases lectin-like oxidized low density lipoprotein receptor-1 

(LOX-1) expression and decreases scavenger receptor class B type I (SR-BI) [33]. Furthermore, BBR increases 

ABCA1 expression by activating liver X receptor α (LXRα), thus resulting in an increased cholesterol efflux 

[34]. BBR also inhibits macropinocytosis, a receptor-independent process of LDL internalization, thus 

inhibiting cholesterol accumulation and negative responses induced by excess cholesterol [35].  

Vascular smooth muscle cells  

Vascular smooth muscle cell (VSMC) proliferation and migration initiate the intimal thickening in 

atherosclerosis and restenosis; in vitro, BBR inhibits VSMC proliferation and migration by interfering with 

several cellular pathways, including Akt and ERK pathways and by reducing intracellular reactive oxygen 

species (ROS) [36; 37]. In vivo, chronic BBR treatment improves neointimal formation in a rat carotid artery 

injury model [37]. Altogether these findings suggest that BBR might be able to control restenosis. 

Endothelial cells 
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Endothelial dysfunction is one of the early events in the atherosclerotic process; thus, restoring or 

correcting the functionality of endothelium may have several beneficial effects [38]. The exposure of 

dysfunctional endothelial cells (ECs) to BBR results in an improved cell function: BBR inhibits the expression 

and secretion of MCP-1 vascular cell adhesion molecule-1 (VCAM-1) in activated ECs and reduces MCP-1 

receptor expression in monocytes, resulting in a reduced adhesion of monocytes to ECs [39; 40]. 

High oxidative stress and reduced nitric oxide (NO) availability contribute to the onset of endothelial 

dysfunction. These two conditions may be induced by several factors, including high glucose levels and free 

fatty acids [41]. BBR reduces ROS production, increases endothelial nitric oxide synthase (eNOS) expression 

and activation, resulting in increased NO generation and reduces monocyte adhesion in ECs exposed to 

palmitate or high glucose [41; 42]. The physiological relevance of these findings is supported by the ex vivo 

observation that BBR improves vasodilatation in isolated aorta rings exposed to high glucose [42]. In 

diabetic subjects, retinopathy represents one of the most severe complications, due to increased oxidative 

stress and inflammation in the retina; some observations have suggested that leukocytes play a key role in 

the development of diabetic retinopathy, by inducing apoptosis following the direct contact with retinal ECs 

[43]. In vitro, BBR inhibits leukocyte adhesion and, as a consequence, leukocyte-induced apoptosis of 

human retinal endothelial cells cultured in high glucose, and leukocytes from diabetic patients treated with 

BBR have a reduced ability to induce EC apoptosis [43]. These observations suggest a therapeutic potential 

for BBR against diabetes-related vascular complications. 

High levels of endothelial-derived microparticles (CD31
+
/CD42

-
 EMPs) represent a marker of endothelial 

dysfunction, as they are strictly related to vascular dysfunction in subjects with cardiovascular disorders 

[44]. In ECs exposed to microparticles, BBR inhibits microparticle-induced eNOS downregulation and 

maintains NO formation, while reducing oxidative stress [26]. In healthy subjects treated for 1 month with 

BBR, circulating CD31
+
/CD42

-
 EMPs are reduced compared with controls and endothelium-dependent 

vasodilatation is improved, while endothelium-independent is not [26], suggesting that the effect of BBR is 

largely related to an improved endothelial function. 

Circulating endothelial progenitor cells (EPCs) play a relevant role in the maintenance of normal 

endothelial function; BBR administration for 1 month increases the number of EPCs in healthy subjects and 

improves small artery elasticity index, a marker of endothelial function, with a positive correlation between 

these two parameters [45]. This suggests that BBR may increase EPC mobilization, as well as the number 

and function of circulating EPCs and the levels of plasma NO, with a linear regression relationship between 

these two parameters [46]. Furthermore, in the presence of high levels of inflammatory cytokines, EPCs 

may reduce their proliferative capacity, and BBR improves the proliferation of EPCs exposed to an 

inflammatory stimulus [47]. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

 

Other cell types 

Pancreatic ß-cells. Inflammation and apoptosis contribute to ß-cell failure in diabetes; in vitro, the 

exposure of ß-cells to LPS results in an inflammatory response that is attenuated by BBR through a TLR4-

independent JNK/NF-kB pathway [26]. In addition, BBR inhibits oxidative stress and restores insulin 

secretion in ß-cells exposed to high glucose by stimulating AMPK activity, that in turn upregulates the 

expression of uncoupling protein-2 (UCP2), a modulator of mitochondria-derived ROS [48]. BBR increases 

insulin receptor (InsR) expression and enhances insulin signaling in several human cell lines; accordingly, a 

2-month therapy with BBR lowers blood glucose and insulin levels in type 2 diabetes patients, due to an 

increased expression of InsR in peripheral cells [49]. BBR also inhibits insulin protein expression in vitro in a 

mouse ß-cell line, reduces insulin content in islet of high-fat fed mice and improves insulin resistance and 

glucose intolerance [50]. 

Adipocytes and myocytes. BBR increases glucose consumption and uptake in adipocytes and myocytes 

[51]; the increased glucose uptake is due to an enhanced expression and activity of glucose transporter 

(GLUT) 1 and 4 through the activation of AMPK and ERK pathways [52; 53]. In the presence of insulin, 

glucose consumption is further increased by BBR, suggesting an additive action of BBR and insulin [51]. The 

enhanced glucose metabolism is due to the stimulation of glycolysis [51]. On the other hand, BBR decreases 

glucose absorption in intestinal cells by inhibiting α-glucosidases, the enzymes involved in the digestion of 

dietary carbohydrates, and by decreasing glucose transport through the intestinal epithelium [54]. 

BBR reduces the expression of pro-inflammatory genes in the white adipose tissue of obese mice as well 

as in LPS- and TNFα-treated adipocytes, similarly to metformin or rosiglitazone [55]. In addition, 

conditioned media from BBR-treated macrophages improves the insulin response of adipocytes; this might 

be due to a BBR-induced secretion of cytokines and chemokines from macrophages that can improve the 

response of surrounding cells [55]. BBR exerts an anti-lipolytic effect in adipocytes independently of AMPK 

pathway, contrarily to the effect described in hepatic cells [56]. 

Another relevant effect of BBR is its anti-adipogenic effect, due to its ability to modulate the expression 

of transcription factors and other genes involved in adipogenesis, resulting in the inhibition of adipocyte 

differentiation and contributing to the proposed anti-obesity activity of BBR [57; 58; 59; 60]. 

Cardiomyocytes. High glucose and insulin levels may induce cardiomyocyte hypertrophy in diabetes; BBR 

prevents this effect and restores NOS activity and NO levels through the activation of PPARα signaling 

pathway [61]. In addition, BBR increases glucose consumption and uptake in cardiomyocytes, and 

attenuates the reduction of these two processes in insulin-resistant cardiomyocytes through the activation 

of AMPK [62]. Myocardial apoptosis is a process that occurs following an ischemia/reperfusion injury and 

may lead to cardiac injury and heart failure; BBR reduces the apoptosis of cardiomyocytes induced by 

hypoxia/reoxygenation by modulating several processes [63; 64]. 
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Mesangial cells. Dysfunction of mesangial cells is a hallmark of diabetic nephropathy and includes cell 

proliferation, increased production of extracellular matrix and inflammation. BBR inhibits glucose-induced 

mesangial cell proliferation, oxidative stress as well as the expression and activity of aldose reductase, a key 

enzyme in the development of diabetic nephropathy and reduces collagen and fibronectin accumulation 

[65; 66], leading to the hypothesis that BBR may improve diabetes-induced renal dysfunction. 

Bone cells. Diabetic osteopathy is a diabetes complication that results in reduced bone mineral density 

and bone formation due to increased osteoclastogenesis and reduced osteoblastogenesis [67]. BBR reduces 

osteoclast differentiation and activity [68] and increases osteoblast differentiation and activity [69], 

suggesting a potential role in the treatment of this pathological condition, likely through the activation of 

AMPK signaling pathway [70]. 

BBR EFFECTS IN ANIMAL MODELS 

Hypercholesterolemic animals 

The first in vivo demonstration that BBR reduces LDL-C levels by increasing LDLR expression has been 

obtained in hamsters fed a high-fat high-cholesterol diet: the oral administration of BBR for 10 days 

reduced total cholesterol (TC) and LDL-C levels [15] (Table 3); this effect was due to a 3.5-fold increase of 

hepatic LDLR mRNA and 2.6-fold increase of LDLR protein [15]. Since then, several other studies have been 

performed in animal models showing beneficial effects of BBR (Table 3). Chronic treatment with BBR 

significantly reduces aortic lesions in apoE
-/-

 mice fed a pro-atherogenic diet, reduces oxidative stress and 

vascular inflammation through an AMPK-dependent mechanism [71]. (Table 3). In hypercholesterolemic 

rats, BBR decreases blood cholesterol levels also by reducing intestinal cholesterol absorption [72], 

suggesting multiple mechanisms of action for this compound. Besides, BBR shows positive effects also on 

other cardiovascular risk factors (Table 3), including serum homocysteine levels and inflammation [73; 74].  

When BBR was compared with simvastatin in high-fat high-cholesterol (HFHC) fed rats, similar LDL-C 

reductions were observed (-26.8% and -28.3%, respectively), and the combination of the two drugs 

resulted in a greater reduction of LDL-C levels (-46.2%) [75], suggesting that BBR and simvastatin act in an 

additive manner. Similar results have been observed for TC and hepatic LDLR mRNA expression [75]. Both 

BBR and simvastatin reduce steatosis induced by HFHC diet, due to reduction of hepatic TC and TG content, 

and improves liver tissue morphology and hepatic enzyme levels; the improvement was even higher with 

the combination therapy [75].  

BBR also ameliorates kidney injury in hypercholesterolemic rats by reducing blood pressure, LDL-C 

levels, urinary albumin as well as inflammation and the oxidative stress status by inhibiting the NF-kB 

signaling pathway [76], suggesting that BBR, beside its significant effect on hypercholesterolemia, may also 

protect against the worsening of atherosclerosis-induced renal dysfunction (Table 3). 
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Type 1 diabetes 

Type 1 diabetes (T1D), an autoimmune disease, is caused by T-lymphocyte-induced injury and disruption 

of insulin secreting ß-cells [77]. Th1 and Th17 lymphocytes play a role in the development of T1D [26]. In 

non-obese diabetic (NOD) mice, that spontaneously develop T1D, the administration of BBR for 14 weeks 

significantly reduces fasting serum glucose levels [78], improves serum lipids and insulin levels, and 

increases islet cell number, suggesting a protective effect on pancreatic islet [79] (Table 3). One mechanism 

proposed to explain the beneficial effect of BBR on T1D is through its ability to reduce Th17 and Th1 

cytokine secretion, thus inhibiting the differentiation of Th17 and Th1 lymphocytes [26]. The observed 

effects on these T cell subpopulations also provide new information on the anti-inflammatory properties of 

BBR. 

Type 2 diabetes 

Berberine efficacy has been evaluated in several models of diabetes (Table 3). In streptozotocin-treated, 

high-fat fed rats, a 4-week treatment with BBR significantly decreases blood glucose levels after oral 

glucose tolerance test and reduces the onset of diabetes [80]. In addition, BBR reduces fasting levels of 

glucose, cholesterol, TG and free fatty acids, while increases HDL and apoA-I [80]. In alloxan-induced 

diabetic Wistar rats fed a high-cholesterol diet, BBR improves glucose and lipid levels, increases the levels 

of antioxidant enzymes in heart tissue and restores the injured pancreatic tissues [26]. In high glucose and 

high fat diet-induced diabetic hamsters, BBR significantly reduces TC, TG, FFA, LDL-C plasma levels as well 

as TBARS and 8-isoprostane levels, while increases plasma superoxide dismutase activity [81]. In addition, 

BBR modulates glucose tolerance in diabetic animals [81]. One mechanism by which BBR exerts its effect on 

glucose metabolism might be through the induction of glucagon-like peptide 1 (GLP-1), a gut-derived 

hormone secreted from intestinal cells in response to glucose load and involved in the glucose-dependent 

stimulation of insulin secretion and ß-cell proliferation [82]. BBR lowers blood glucose in type 2 diabetes 

rats by increasing liver and muscle InsR expression [83]. BBR also improves glucose metabolism through an 

insulin-independent pathway by inhibiting gluconeogenic genes [84]. BBR may also favor insulin secretion, 

as shown both in vitro, in a model of insulin-secreting cell line cultured in the presence of glucose, and in 

vivo in BALB/c mice [80].  

In db/db mice, that exhibit marked obesity, dyslipidemia and glucose intolerance, BBR, beside the 

reduction of fasting blood glucose levels and the improvement of glucose tolerance [85], also lowers body 

weight and adipose tissue mass by reducing the size of adipocytes [85]. BBR also increases energy 

expenditure, limits weight gain, improves cold tolerance and increases brown adipose tissue activity in 

mice, suggesting a possible role for BBR in the treatment of obesity [86]. In agreement with these findings, 

BBR reduces body weight, plasma TG levels and insulin resistance in diabetic rats [85; 87]. These effects are, 
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at least in part, mediated by the activation of AMPK in several tissues, including adipose tissue and muscle 

[85; 86]. BBR also stimulates AMPK activity in the liver of obese mice, increases fatty acid oxidation and 

modulates the expression of genes involved in lipid metabolism, thus resulting in improved liver function, 

and decreases the expression of hepatic pro-inflammatory genes that may play a role in the development 

of steatohepatitis [88].  

BBR also improves the oxidative stress status in diabetic animals [26; 81], and may positively affect some 

complications of diabetes. For example, BBR improves myocardial dysfunction induced by 

hyperglycemia/hypercholesterolemia by increasing the expression of cardiac fatty acid transport proteins, 

fatty acid ß-oxidase, GLUT-4 and PPARγ, while decreasing PPARα expression [89], and treatment of diabetic 

rats with BBR improves the recovery of cardiac systolic/diastolic function and myocardial apoptosis after 

myocardial ischemia/reperfusion [63]. Due to its various pharmacological actions, BBR is also believed to 

have a potential therapeutic action on diabetic nephropathy through several mechanisms [90]. BBR 

improves fasting blood glucose and lipid metabolism, restores renal functional parameters, prevents 

structural alterations of kidney tissues and increases the levels of E prostanoid receptor 4 (EP4), reduces 

inflammation and the deposition of extracellular matrix in diabetic rats [90; 91]. BBR also prevents 

hyperglycemia-induced kidney dysfunction, including glomerulosclerosis formation, blood urea nitrogen 

increase, creatinine clearance decrease, urinary albumin excretion increase and oxidative stress in diabetic 

mice through AMPK activation [91].  

Obesity 

Obesity, characterized by a prolonged imbalance between energy intake and expenditure, can lead to 

insulin resistance and impaired glucose control, thus resulting in type 2 diabetes [92]. BBR has positive 

effects on several factors involved in obesity and insulin resistance (Table 3): it reduces weight gain and 

food intake in diet-induced obese mice and lowers glucose, TG and TC levels and controls adipogenesis by 

modulating the expression of adipogenic transcription factors [93]; similarly, BBR prevents body weight 

increase and changes in the expression of InsR, insulin receptor substrate-1 (IRS-1) and glucagon in rats fed 

a high-fat diet [94], suggesting a possible role of BBR in the control of insulin resistance. 

In KK-Ay mice, a model of diabetes with obesity, BBR treatment reduces fasting blood glucose, fasting 

serum insulin levels and HOMA-IR, improves glucose tolerance and reduces TC and TG by modulating 

several pathways [53]. In addition, BBR inhibits the expression of pro-inflammatory genes in the adipose 

tissue of obese mice, indicating that BBR may attenuate both the acute inflammatory response and the 

low-grade inflammatory status typical of obesity [55]. 

Another mechanism by which BBR may inhibit the development of diabetes might be related to its anti-

microbial properties and to the ability to modulate gut microbiota (whose composition may impact the 
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predisposition to diabetes) [95]. BBR is poorly adsorbed and thus acts topically in the gastrointestinal tract, 

resulting in the modification of gut microbiota [95]. Thus, the treatment of obese rats with BBR prevents 

the body weight increase observed in non-treated animals and reduces the adiposity index, prevents the 

development of insulin resistance and reduces systemic inflammation [96]. The analysis of gut microbiota 

reveals that BBR markedly changes its composition, with several intestinal microbes that are eliminated or 

inhibited and other selectively enriched [96; 97], leading to the alleviation of systemic inflammation and 

contributing to the beneficial effects of BBR against insulin resistance, obesity and diabetes. 

CLINICAL STUDIES 

BBR in the treatment of hypercholesterolemia 

The first study that evaluated the effect of BBR in Chinese hypercholesterolemic subjects (TC>201 

mg/dL) reported a significant cholesterol lowering-property accompanied by a TG-lowering effect (Table 4) 

[15]. These effects are even more marked in subjects not taking other medications before or during BBR 

treatment [15]. A recent meta-analysis of randomized controlled trials shows that treatment with BBR 

induces a significant reduction of TC, TG and LDL-C levels and a significant increase of HDL-C levels, without 

serious adverse effects [98]. When BBR has been evaluated in a Caucasian hypercholesterolemic population 

at low cardiovascular risk, significant decreases of lipid parameters have been observed with a relevant 

increase of HDL-C (Table 4) [99]. No significant adverse reactions are reported during the study [99].  

BBR effects have also been compared with those of simvastatin: a 2-month therapy using BBR, 

simvastatin or both in hypercholesterolemic patients results in significant reductions of LDL-C, TC and TG 

[75]. In particular, a significant beneficial effect has been obtained with the combined therapy on all lipid 

parameters; BBR and simvastatin in fact seem to reduce LDL-C levels in an additive manner; moreover, 

while simvastatin alone induces only a moderate TG decrease, when administered in combination with BBR 

results in a significant decrease of TG levels (Table 4) [75], suggesting that this combination may be 

beneficial for the treatment of hypercholesterolemic subjects with high TG levels. 

A nutraceutical combination containing BBR and other cholesterol-lowering compounds such as 

policosanol and red yeast rice (RYR) has been tested in hypercholesterolemic patients in a double blind, 

placebo-controlled study [100] (Table 4). TC and LDL-C decrease and endothelial-mediated flow dilation 

significantly increases after treatment [100]. In addition, in patients with insulin resistance at baseline, the 

treatment with the nutraceutical combination reduces HOMA and increases insulin sensitivity [100]. The 

nutraceutical combination is effective also in elderly (>75 years) hypercholesterolemic patients intolerant 

to statins, with a high tolerability and compliance [101]. When compared with ezetimibe in 

hypercholesterolemic subjects intolerant to or refusing statin therapy, the nutraceutical combination is 

more effective in reducing TC (-24.2% vs -19.0% p<0.001), LDL-C (-31.7% vs -25.4%, p<0.001) and non-HDL-C 
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(-30.3% vs -24.2%, p<0.001), with a tendency to lower TG more than ezetimibe (-19.5% vs -14.9%) [102]. 

The reduction obtained with this combination therapy is similar to that obtained with statin therapy 

(simvastatin 20, atorvastatin 10, rosuvastatin 5 mg/day) [103], and thus may represent a safe alternative 

for patients intolerant to statins. In patients with heterozygous familial hypercholesterolemia on stable 

treatment with statins or statin+ezetimibe, adding BBR leads to a further reduction of LDL-C (-42.6% on 

statin or statin+ezetimibe vs -53.2% after BBR/P/RYR addition, p<0.001) [102]. 

As postmenopausal women present an increased cardiometabolic risk, a nutraceutical combination 

containing BBR and isoflavones has been tested versus placebo in healthy, mildly dyslipidemic 

postmenopausal women, showing an improvement of plasma lipid levels and serum levels of 

metalloproteinases [104]. 

BBR in the treatment of diabetes and metabolic syndrome 

BBR has a proved hypoglycemic activity; it appears that the main hypoglycemic mechanism of BBR is 

through the upregulation of InsR, thus resulting in the increase of glucose uptake and the glucose-lowering 

effect [49]. However, additional mechanisms have been established, including the anti-microbial activity of 

BBR that may contribute to modulate the gut microbiota composition [26], whose alterations have been 

associated with obesity and diabetes. In a pilot study assessing the efficacy of BBR as anti-diabetic in 

humans, newly diagnosed subjects treated with BBR showed reduced levels of fasting and postprandial 

glucose, HbA1c, TG and TC [105]; the reductions of parameters involved in glucose metabolism are 

comparable to that induced by metformin, but BBR has also effects on lipid levels [105] (Table 4). 

A meta-analysis confirms the hypoglycemic efficacy of BBR [106] (Table 4). When BBR treatment is 

combined with lifestyle modification, fasting and postprandial glucose levels, HbA1c and plasma lipid show 

a higher improvement compared with simple lifestyle modification [106]. When compared with oral 

hypoglycemics, a similar efficacy in reducing fasting plasma glucose and HbA1c is observed, but BBR also 

improves lipid profile [106]. The combination of BBR with oral hypoglycemics significantly improves fasting 

and postprandial glucose levels as well as HbA1c levels compared with the oral hypoglycemics alone [106]. 

No significant differences in the incidence of adverse effects are observed between BBR group and 

controls, and no serious adverse events are reported [106]. 

In subjects with metabolic syndrome, BBR administration induces a 36% remission of the presence of 

metabolic syndrome, decreases waist circumference, systolic blood pressure, TG, glucose levels and insulin 

secretion, and increases insulin sensitivity [107]. BBR also reduces BMI, leptin levels and leptin/adiponectin 

ratio (Table 4), suggesting an adjustment of adipokine profile, as indicated by the in vitro finding that 

treatment of pre-adipocytes with BBR inhibits the differentiation to mature adipocytes as well as leptin and 

adiponectin expression and secretion [108]. BBR in combination with policosanol and RYR for 18 weeks 
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significantly reduces HOMA-IR, TC and LDL-C, while no significant effects on TG and HDL-C are observed 

[109]. 

Clinical studies limitations 

Despite the positive results of a large number of clinical trials evaluating the effects of BBR in the 

treatment of human dyslipidemia or diabetes, limitations of these studies must be acknowledged. First, 

most of the studies have been performed in Chinese subjects [15; 75; 105; 106; 108], raising the possibility 

of a high risk of selection bias and the need to confirm the validity of these results also in subjects of other 

ethnic origins. The few studies performed in Caucasians are, however, in agreement with the results 

reported in those studies [99; 100; 109]. Second, these trials are usually short-term studies; on one hand 

this may led to an underestimation of the possible effects of BBR on some metabolic pathways that may 

require a longer interventions to show beneficial effects, as well as to establish a possible beneficial effect 

on clinical outcomes. On the other hand, they may overestimate the safety and tolerability of BBR. Third, 

these studies have been performed in low number of subjects, thus suggesting the need to replicate the 

findings in larger populations. Finally, additional limitations have been reported, such as the heterogeneity 

of baseline characteristics of the participants or the inadequate clinical design [106]. Altogether, these 

observations suggest that long-term studies in large populations are warranted to establish the possible 

clinical beneficial effects of BBR as well as its long-term safety. 

APPROACHES TO IMPROVE THE BIOAVAILABILITY OF BBR  

The maximum concentration (Cmax) of BBR in plasma is 4 ng/ml after an oral administration of 100 

mg/kg BBR in rats [5], and a Cmax of 0.4 ng/ml after a single oral dose of 400 mg of BBR has been reported 

in humans [110]. Due to its low bioavailability (<5%) [6], in humans BBR is generally used at high dose (0.9-

1.5 g/day) that, despite a good safety profile, may cause gastrointestinal side effects [98; 105; 106; 111], 

thus limiting its clinical application. For this reason, several approaches have been evaluated to improve the 

bioavailability of BBR. The two main approaches are the co-administration of BBR with an absorption 

enhancer and the generation of BBR derivatives or analogues retaining the drug properties but with 

improved bioavailability.  

Co-administration with absorption enhancers 

BBR is a substrate of P-gp and its bioavailability is greatly limited by the activity of this membrane 

transporter [6; 7]. Thus, the absorption of BBR in the presence of P-gp inhibitors significantly increases both 

in in vivo and in vitro models, resulting in a markedly increased hypoglycemic effect [26]. To increase BBR 

bioavailability in humans, a combination of BBR with Silybum marianum extract, a P-gp inhibitor, has been 

tested in dyslipidemic patients, resulting in an improved lipid profile and insulin secretion (Table 5) [112]. 
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Similar effects have been observed in overweight dyslipidemic patients at low cardiovascular risk, as well as 

in diabetic or hypercholesterolemic patients intolerant to statins either as monotherapy or add-on therapy 

to ezetimibe or low-dose statins [111; 113; 114] (Table 5). When compared with BBR alone, both 

treatments similarly reduce fasting glucose, TC, LDL-C, TG and hepatic enzymes, but the combination 

BBR/silymarin lowers HbA1c to a greater extent than BBR alone [115], suggesting that blocking P-gp 

function may increase BBR bioavailability and its hypoglycemic effect. 

Sodium caprate is a medium chain fatty acid that promotes the absorption of poorly absorbable drugs 

by increasing the permeability of intestinal epithelium and by inhibiting the function of P-gp [116]. In the 

presence of sodium caprate, the absorption rate of BBR in the small intestine increases, leading to higher 

plasma levels of BBR and to a stronger hypoglycemic effect in diabetic rats (Table 5) [116; 117]. An 

amorphous solid dispersion of BBR with sodium caprate increases BBR bioavailability and improved glucose 

and lipid metabolism compared with BBR or metformin in diabetic rats [118]. These findings suggest that 

sodium caprate may be potentially effective in increasing BBR bioavailability (Table 5), thus reducing the 

BBR dose required for a therapeutic effect. 

Chitosan is a permeability enhancer that, due to its high molecular weight, is not absorbed and does not 

induce systemic side effects and improves the absorption profile of BBR in rats [119]. Similarly, D-α-

tocopheryl polyethylene glycol 100 succinate (TPGS), a water-soluble form of vitamin E that inhibits the 

biological activity of P-gp, increases BBR absorption in rats [120]. A nanosuspension composed of BBR and 

TPGS shows a superior capacity to reduce glucose, TC and body weight compared with an equivalent dose 

of metformin or BBR in diabetic C57BL/6 mice [121].. The co-administration of BBR with lysergol, a natural 

bioenhancer, increases BBR oral bioavailability of BBR in rats [122], and complexation with ß-cyclodextrin 

improves the intestinal absorption of BBR, due to the reduction of P-gp activity and expression [123] (Table 

5). These findings suggest that several compounds might be considered if an enhancement of  BBR 

absorption is requested 

To improve BBR absorption, alternative delivery systems to traditional oral formulations have also been 

tested (Table 5). For example, an oral microemulsion formulation of BBR shows a higher bioavailability 

compared with BBR tablet suspension in rats [124]. Similarly, an anhydrous reverse micelle delivery system 

increases bioavailability of BBR and results in a higher reduction of blood glucose levels in diabetic mice 

compared with free BBR solution [125], and a self-microemulsifying drug delivery system of BBR 

significantly increases the plasma concentration of BBR compared with the commercial tablets in rats [126]. 

Finally, BBR solid lipid nanoparticles shows increased bioavailability and improved anti-diabetic effects 

compared with an equivalent dose of BBR in diabetic mice [127]. Altogether these observations suggest 

that alternative delivery systems may be a promising strategy to increase BBR bioavailability and its 

therapeutic efficacy. 
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Development of BBR analogues or derivatives with increased bioavailability 

Several BBR analogues or derivatives have been developed and tested for their bioavailability and 

cholesterol- and glucose-lowering activities in comparison with BBR (Table 5). In a study, 19 BBR analogues 

have been obtained with substituents on the benzene ring D; among them, pseudoberberine (pseudoBBR) 

is an isomer of BBR with an increased capacity to upregulate LDLR mRNA and protein in HepG2 cells 

compared with BBR, while retaining the ability to increase InsR expression and to activate AMPK [128; 129]. 

PseudoBBR has a lower affinity for P-gp compared with BBR resulting in an increased retention within cells, 

and upregulates P-gp expression to a lesser extent [129]. The higher bioavailability of pseudoBBR translates 

into a higher lipid- and glucose-lowering efficacy compared with BBR [128; 129]. As this compound does not 

show toxicity in vivo [128], it merits further investigation as a promising cholesterol- and glucose-lowering 

drug candidate. 

Another interesting derivative of BBR is 8-hydroxy-dihydroBBR (Hdber) that shows a significantly greater 

intestinal absorption compared with BBR [130]. Both compounds inhibit the intestinal absorption of 

glucose and sucrose, but Hdber shows a stronger activity [130]. In hyperlipidemic rats, Hdber significantly 

reduces the serum levels of TC, LDL-C, TG, free fatty acids and apoB, increases the expression of LDLR and 

decreases the expression of SREBP2 and PCSK9 in the liver [131]. All these effects are equivalent to those 

obtained by the treatment with BBR, but with a dose that was only a quarter of the original dose of BBR 

used [131]; the mechanism of action seems to be the same and due to an increased expression of LDLR and 

a decreased expression of PCSK9. 

Dihydroberberine (dhBBR) is another BBR derivative with increased bioavailability and improved in vivo 

efficacy compared with BBR [132]. In L6 cells, dhBBR stimulates AMPK activation and glucose uptake 

similarly to BBR; however, in mice fed a high-fat diet, dhBBR significantly reduces adiposity and improves 

glucose tolerance at a dose (100 mg/kg per day) at which BBR has no effect [132]. The pharmacokinetic 

analysis shows a rapid appearance of dhBBR in the plasma compared with BBR [132]; once absorbed, 

dhBBR is converted back to BBR [132], as suggested by the presence of BBR in the plasma of animals 

treated with dhBBR, suggesting that BBR is likely the active moiety and that dhBBR might be considered as 

a mean to efficiently deliver BBR to the circulation, thus allowing the reduction of the oral dose required for 

a beneficial effect. 

8,8-dimethyldihydro-berberine (Di-MeBBR) has an improved aqueous solubility and acid stability, a 

higher bioavailability and is not converted back to BBR in vivo [133]. Di-MeBBR activates AMPK and 

enhances glucose uptake in L6 myotubes [133]; in diet-induced obese mice, Di-MeBBR exhibits a greater 

efficacy compared with dhBBR in reducing plasma and liver TG, subcutaneous fat proportion and plasma 

insulin level [133]; in db/db mice, Di-MeBBR significantly reduces fasting blood glucose, improves glucose 

tolerance and reduces plasma TG and insulin [133]; these effects are more marked compared with those 
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observed with the same dose of dhBBR, and the dose is much lower than that of BBR previously used in 

db/db mice (50 mg/kg vs 560 mg/kg) [133]. 

DhBBR and Di-MeBBR have been shown to be superior to BBR in inhibiting inflammatory processes in 

vitro and reducing plaque size and vulnerability in apoE
-/-

 mice [134]. In addition, they reduce several 

inflammatory markers within atherosclerotic plaque areas, and while Di-MeBBR increases collagen 

deposition, dhBBR increases the content of α-smooth muscle actin and the thickness of fibrous cap, 

whereas BBR has no effect on these markers [134]. Thus, the higher bioavailability of BBR derivatives seems 

to translate into a higher benefit. 

CONCLUSIONS 

BBR is a promising hypocholesterolemic and hypoglycemic agent, as established by several studies 

conducted in animal models and in humans. BBR inhibits PCSK9 transcription, which makes BBR an 

attractive candidate for enhancing statin efficacy owing the fact that statins increase PCSK9 plasma levels; 

similarly, BBR shows beneficial effects in the treatment of diabetic patients and its efficacy seems to be 

comparable to that of conventional antidiabetic drugs, suggesting also the possibility of combination 

therapy to obtain a better control of diabetes. However, due to the affinity of BBR for the same 

transporters involved in metformin pharmacokinetics, and to the possibility that metformin and its 

metabolites may alter the pharmacokinetic of BBR, a potentially harmful drug-drug interaction must be 

carefully evaluated to design the best pharmacological approach. It is reasonable that the development of 

BBR analogues or derivatives with improved bioavailability may allow the use of lower doses with the same 

pharmacological efficacy but with reduced chance of pharmacokinetic interactions with other co-existing 

therapies. To date, no serious adverse effects have been reported for BBR, apart from gastrointestinal side 

effects; however, the long-term safety of this compound remains to be addressed. As well, clinical studies 

on the real efficacy of BBR in the prevention of cardiovascular events are still lacking. 
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Legends to the Figures 

 

Figure 1. Structure of berberine and its metabolites. 

 

Figure 2. Main mechanisms of action of berberine. 
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Table 1. Mechanisms of BBR-drug interactions 

Drug CYPs/transporters involved 

Metformin 

Tacrolimus 

Cyclosporine A 

HIV protease inhibitors 

Verapamil 

Tolbutamide 

Midazolam 

Dextromethorphan 

Losartan 

Phenacetin 

Digoxin 

Quinidine  

OCT1/OCT2 

CYP3A4 

P-gp/CYP3A4 

P-gp 

P-gp 

CYP2C9 

CYP3A4 

CYP2D6 

CYP2C9 

CYP1A2 

P-gp 

OCT/P-gp 
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Table 2. In vitro effects of berberine 

Cell type Effect Ref. 

Hepatic cells • ↑LDLR 

• ↓PCSK9 

• ↓lipid synthesis 

• ↑PON1 

[15] 

[20; 21] 

[22; 23] 

[24] 

Macrophages  • ↓Macrophage migration 

• ↓Pro-inflammatory mediators 

• ↑Anti-oxidant enzymes 

• ↓Oxidative stress 

• ↓MMP expression 

• ↓LOX-1 expression 

• ↑ABCA1 expression and cholesterol efflux 

[25] 

[26] 

[26] 

[27] 

[31; 32] 

[33] 

[34] 

Smooth muscle cells • ↓Proliferation and migration [36; 37] 

Endothelial cells • ↓Pro-inflammatory mediators 

• ↓Leukocyte adhesion 

• ↑eNOS activation 

• ↓ROS production 

• ↓EMPs and EMP-induced eNOS downregulation 

• ↑EPC number, mobilization and function 

[39] 

[39; 40] 

[41; 42] 

[41; 42] 

[26] 

[45; 46; 47] 

ß-cells • ↑Anti-inflammatory 

• ↓Oxidative stress 

• ↑Insulin secretion 

• ↑InsR 

• ↓Insulin gene transcription 

[26] 

[48] 

[48] 

[49] 

[50] 

Adipocytes  • ↑Glucose consumption and uptake 

• ↓Pro-inflammatory genes 

• ↓Adipocyte differentiation 

[51] 

[55] 

[57; 58; 59; 60] 

Myocytes  • ↑Glucose consumption and uptake [51] 

Cardiomyocytes  • ↓Insulin-induced hyperthrophy 

• ↑Glucose consumption and uptake 

• ↓Ischemia/reperfusion-induced apoptosis 

[61] 

[62] 

[63; 64] 

Mesangial cells • ↓Proliferation 

• ↓Oxidative stress 

• ↓Matrix accumulation 

[65; 66] 

[65; 66] 

[65; 66] 

Bone cells • ↓Osteoclast differentiation and activity 

• ↑Osteoblast differentiation and activity 

[68] 

[69] 

Abbreviations: LDLR, low density lipoprotein receptor; PCSK9, proprotein convertase subtilisin/kexin type 9; PON1, 

paraoxonase 1; MMP, matrix metalloproteinase; LOX-1, lectine-like oxidized low density lipoprotein receptor 1; 

OxLDL, oxidized low density lipoprotein; ABCA1, ATP-binding cassette transporter 1; eNOS, endothelial nitric oxide 

synthase; ROS, reactive oxygen species; EMP, endothelial microparticles; EPC, endothelial progenitor cells; InsR, 

insulin receptor. 
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Table 3. Effects of berberine in animal models 

Animal model  Effect Ref. 

Hypercholesterolemia   

Hamsters • ↓TC, LDL-C [15] 

Mice  • ↓Aortic lesions 

• ↓Oxidative stress 

• ↓Vascular inflammation 

[71] 

[71] 

[71] 

Rats • ↓TC, LDL-C, TG, non-HDL-C 

• ↓Fractional dietary cholesterol absorption 

• ↓Hepatic cholesterol and steatosis 

• Improvement of liver tissue morphology 

• ↓Blood pressure 

• ↓Urinary albumin 

• ↓Homocysteine 

• ↓Inflammation and oxidative stress 

[72; 73; 75; 76] 

[72] 

[75] 

[75] 

[76] 

[76] 

[73 

[76] 

Type 1 diabetes   

Non-obese diabetic mice • ↓Fasting glucose levels 

• Improvement of serum lipid and insulin levels 

• ↑Islet cell number 

• ↓Th1 and Th17 cytokine secretion 

[78] 

[79] 

[79] 

[26] 

Type 2 diabetes   

Mice • ↓Fasting blood glucose; ↑glucose tolerance 

• ↓Body weight 

• ↓Adipose tissue mass; ↓ adipocyte size 

• ↑Energy expenditure 

• Improvement of cold tolerance 

• ↑Brown adipose tissue activity 

• ↑Liver function 

• Prevention of hyperglycemia-induced renal 

dysfunction 

[85] 

[85] 

[85] 

[86] 

[86] 

[86] 

[88] 

[91] 

Rats • ↓Blood glucose levels, ↑glucose tolerance 

• ↑Insulin secretion; ↓insulin resistance 

• ↓Lipid (cholesterol, TG, FFA) levels; ↑HDL and apoA-I  

• ↓Body weight 

• ↓Onset of diabetes 

• ↑Myocardial antioxidant enzyme activity  

• Improvement of cardiac function 

• Restored the injured pancreatic tissue 

• Restored renal functional parameters 

• Prevented renal structural alterations 

[80; 81; 83; 84] 

[80; 85; 87] 

[80; 81; 85; 87; 90; 91] 

[85; 87] 

[80] 

[26] 

[63; 80; 89]  

[26] 

[90; 91] 

[90; 91]  

Hamsters • ↓TC, TG, FFA, LDL-C  

• ↓TBARS and 8-isoprostane 

• ↑Superoxide dismutase activity 

• ↑Glucose tolerance 

[81] 

[81] 

[81] 

[81]  

Obesity    
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Mice • ↓TC, TG, glucose 

• ↑Glucose tolerance 

• ↓Fasting serum insulin and HOMA-IR 

• ↓Pro-inflammatory genes 

[53; 93] 

[93] 

[53] 

[55] 

Rats • Prevented body weight increase 

• Prevented changes of IR, IRS-1 and glucagon 

expression 

• Changes in gut microbiota composition 

[94; 96] 

[94]  

 

[96; 97] 

TC: total cholesterol; LDL-C: low density lipoprotein cholesterol; TG: triglycerides; non-HDL-C: non-high 

density lipoprotein cholesterol; Hcy: homocysteine; TBARS: thiobarbituric acid reactive substances; NF-kB: 

nuclear factor kappa-light-chain-enhancer of activated B cells; SOD: superoxide dismutase; CAT: catalase; 

MDA: malondialdehyde; FFA: free fatty acids; I/R: ischemia/reperfusion; HOMA-IR: homeostasis model 

assessment-estimated insulin resistance; IR: insulin receptor; IRS-1: insulin receptor substrate 1 
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Table 4: Effects of berberine in clinical studies 

 BBR treatment Number of subjects  BBR effects 

Hypercholesterolemia 

[Ref.] 

  
 

Kong et al., 2004 

[15] 

0.5g twice a day, 3 months 63 BBR 

28 Placebo 

• ↓TC (-18%), LDL-C (-20%), TG (-28%) 

Derosa et al., 2013 

[99] 

0.5 g twice a day, 3 months 71 BBR 

70 Placebo 

• ↓TC (-11.6%), LDL-C (-16.4%), TG (-21.2%) 

• ↑HDL-C (+9.1%) 

Kong et al., 2008 

[75] 

BBR 1g/day, 2 months 

Simva 20mg/day 

BBR+Simva 

24 BBR 

16 Simvastatin 

23 BBR+Simvastatin 

• ↓TC (-21.8%), LDL-C (-23.8%), TG (-22.1%) 

• ↓TC (-9.1%), LDL-C (-14.3%), TG (-11.4%) 

• ↓TC (-29.1%), LDL-C (-31.8%), TG (-38.9%) 

Affuso et al., 2010 

[100] 

0.5 g/day BBR (in combination 

with RYR and policosanol)  

6 weeks  

25 BBR+RYR+Pol 

25 Placebo 

• ↓TC (-17.4%) ,LDL-C (-23.3%) 

• ↑FMD (+3%) 

 

Diabetes/MetS    

Yin et al., 2008 

[105] 

0.5 g thrice a day, 3 months 15 BBR,  

16 Metformin 

• ↓Fasting glucose levels (-35.5%) 

• ↓Postprandial glucose levels (-44%) 

• ↓TC (-13%), TG (-21.2%) 

• ↓HbA1c (-2%) 

Dong et al., 2012 

[106] 

0.5-1.5 g/day, 8-12 weeks 138 BBR 

133 Placebo 

• ↓Fasting glucose levels (-12%) 

• ↓Postprandial glucose levels (-16%) 

• ↓HbA1c (-0.9%) 

• ↓TC (-11%), LDL-C (-16%), TG (-21%) 

• ↑HDL-C (+5%) 

Perez-Rubio et al., 

2013 [107] 

0.5 g thrice a day, 3 months 12 BBR 

12 Placebo 

• ↓ 36% MetS 

• ↓Waist circumference (-2.8%) 

• ↓Systolic blood pressure (-6.5%) 

• ↓TG (-42%) 

• ↓Glucose levels (-10%) 

• ↓Insulin secretion (-27%) 

• ↑Insulin sensitivity (+48%) 

Yang et al., 2012 

[108] 

0.3g thrice a day, 3 months 37 BBR • ↓TC (-14%), LDL-C (-22%), TG (-39%) 

• ↓BMI (-13%) 

• ↓Leptin levels (-36%) 

•  ↓Leptin/adiponectin ratio (-24%) 

• ↓HOMA-IR (-41%) 

Affuso et al., 2012 

[109] 

0.5 g/day (in combination 

with RYR and policosanol) 

18 weeks 

29 BBR+RYR+Pol 

30 Placebo 

• ↓HOMA-IR (-19%) 

• ↓TC (-15%), LDL-C (-23%) 

TC: total cholesterol; LDL-C: low density lipoprotein cholesterol; TG: triglycerides; HDL-C: high density lipoprotein 

cholesterol; FMD, flow-mediated dilation; HOMA-IR: homeostasis model assessment-estimated insulin resistance; 

HbA1c: glycated albumin; MetS: metabolic syndrome; BMI: body mass index. 
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Table 5. Strategies to increase BBR bioavailability 

Co-administration with absorption enhancers Observed effects [Ref. ] 

Silymarin  

 

 

 

• ↓TC, TG, LDL-C [111; 112; 114] 

• ↑HDL-C [112] 

• ↑Insulin release [112] 

• ↓Fasting plasma insulin [111; 113] 

• ↓HOMA-IR [111; 113] 

• ↓Fasting blood glucose [114] 

• ↓Glycosylated haemoglobin [111; 114] 

Sodium caprate  

 

 

• ↑BBR intestinal absorption, bioavailability and AUC [116; 118] 

• ↑Hypoglycemic effect of BBR [116; 117; 118]  

• Improvement of lipid metabolism [118] 

Chitosan; TPGS; Lysergol; ß-cyclodextrin • ↑BBR absorption [119; 120; 122; 123] 

• ↓Glucose, TC, body weight [121] 

Alternative delivery systems  

Microemulsion  

Anhydrous reverse micelle  

Self-microemulsifying drug delivery system  

BBR-loaded solid lipid nanoparticles  

• ↑BBR bioavailability [124] 

• ↓Blood glucose levels (vs free BBR solution) [125] 

• ↑BBR plasma concentration[126] 

• ↑BBR bioavailability [127] 

• ↑Fasting blood insulin (vs BBR) [127] 

• ↓Fasting blood glucose [127] 

BBR analogues or derivatives  

PseudoBBR  

 

 

Hdber 

 

dhBBR 

 

 

 

Di-MeBBR 

• ↑LDLR mRNA and protein (vs BBR) [128] 

• ↓TC and LDL-C (vs BBR) in hyperlipidemic rats and mice [128] 

• ↓Blood glucose levels (vs BBR) [129] 

• ↑Intestinal absorption [130] 

• ↓TC, LDL-C, TG, FFA (vs BBR) in hyperlipidemic rats [131] 

• ↑LDLR, ↓PCSK9 (vs BBR) [131] 

• ↑Bioavailability [132] 

• ↓Adiposity [132] 

• ↑Glucose tolerance (vs BBR) [132] 

• ↓Inflammation [134] 

• ↓Atherosclerotic plaque size and vulnerability (vs BBR) [134] 

• ↑Bioavailability [133] 

• ↓Plasma and liver TG [133] 

• ↓Subcutaneous fat proportion [133] 

• ↓Plasma insulin levels [133] 

• ↓Inflammation [134] 

• ↓Atherosclerotic plaque size and vulnerability (vs BBR) [134] 

PseudoBBR: pseudoberberine; Hdber: 8-hydroxy-dihydroBBR; dhBBR: dihydroberberine; Di-MeBBR: 8,8-

dimethyldihydro-berberine. 
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Hihglights 

• The natural alkaloid berberine has hypocholesterolemic and hypoglycemic activities 

• Berberine induce LDL receptor and inhibits PCSK9 transcription 

• Berberine exerts its effects through multiple pathways 

• Berberine has beneficial effects in hypercholesterolemic subjects and diabetic patients 

 


