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Abstract: Berberine is an isoquinoline alkaloid isolated from Chinese herbs such as Coptidis Rhizome. This paper is a 

systematic review of the structural modifications of berberine for different biological activities such as antitumor, 

antimicrobial, anti-Alzheimer’s disease, antihyperglycemic, anti-inflammatory and antimalaria. The current review would 

provide some useful information for further studies on structural modification of berberine for discovering new drug 

leads.  
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 Berberine (Fig. (1)), which is a major active compound in 
Coptidis Rhizoma, is commonly used in both China and 
other countries as antimicrobial drug. It widely exists in the 
plant kingdom: Papaveraceae, Ranunculaceae and 
Berberidaceae [1]. Due to its multiple pharmacological 
activities such as antimicrobial, antitumor, anti-
inflammatory, antihyperglycemic and so on, berberine 
becomes a leading compound for new drug discovery. The 
structural modifications of berberine have been done in 
different research groups which mainly focus on its C-8, C-
9, C-12, C-13 positions for different pharmaceutical 
purposes. However, there is no systematic review about 
structural modifications of berberine and associated 
biological activities of its derivatives up to now. This review 
assembles a collection of classic and current cases that 
illustrate and underscore the structure-activity relationship of 
them, which might provide useful information in the 
structural modification of active ingredient in traditional 
Chinese medicine and help for new drug discovery. 
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Fig. (1). Basic structure of berberine. 
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1. STRUCTURAL MODIFICATION FOR ANTI-

TUMOR ACTIVITY 

 The pharmacological studies of berberine for anticancer 
have been explored since the 1990s [2]. Berberine could 
induce DNA topoisomerase I poisoning and apoptotic cell 
death [3]. Recent findings, stapled into the antineoplastic 
story of berberine, were based on the knowledge of cell-
cycle regulation and the downstream effects or phenotypes 
related to cell-cycle inhibition, particularly the caspase(s)-
dependent apoptosis and associated cell signaling pathways 
[4]. In addition, some investigations showed that 
mitochondria might be the target of berberine, which was 
correlated with the concentration of this alkaloid [5]. At low 
concentration, berberine was accumulated in mitochondria 
and DNA synthesis was not markedly affected. However, at 
higher doses berberine was concentrated in cytoplasmic and 
nuclear. Meanwhile, DNA synthesis was considerably 
inhibitory. Berberine, accumulated by mitochondria, leaded 
to mitochondrial fragmentation and dysfunction [6]. 

 Iwasa and coauthors [7] had found that alkyl chain at 
position C-8 or C-13 strongly influenced the cytotoxic 
activity, and lipophilic function groups were preferred. 
Compounds 1 and 2 showed the highest cytotoxicity, with 
GI50 values of 0.83 and 0.41 μM, respectively. 

 It had been demonstrated that hydroxyl substituent at C-8 
and concomitant saturation of double bond between N-7 and 
C-8 of protoberberine would make a tremendous impact on 
their cytotoxicity [8]. Modifications on the A-ring of 
protoberberine alkaloids could significantly enhance the 
cleavable complex formation that occurred between DNA 
and topoisomerases [9]. Some berberine derivatives 
modified at these positions had been designed and 
synthesized, and all compounds were tested through the 
Epstein-Barr virus early antigen (EBV-EA) activation assay 
[10], an effective indicator for the evaluation of anti-tumor-
promoting activity. The inhibitory activity of 13-alkyl and 8-
alkyl-12-bromo derivatives decreased as the C-13 or C-8 
alkyl chain was extended by one carbon. The investigation 
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also indicated that the aromatic ring with methylenedioxyl 
group was required. 

 No matter in the presence or absence of metal cations, 
berberine and its derivatives would induce and stabilize the 
formation of anti-parallel G-quadruplex of telomeric DNA 
[11-13]. Among them, 9-O-substituted and 9-N-substituted 
berberine derivatives possessed higher affinity activity. 
Introducing a side chain with terminal amino group on 9-
position of berberine might markedly increase interaction 
between the derivatives and G-quadruplex, such as 
compounds 3, 4, and 5. 

 Berberine homodimers (6), berberine-jatrorrhizine 
heterodimers (7) and jatrorrhizine homodimers (8) showed 
much higher DNA-binding affinities than their monomeric 
components [14]. The systematic study of the optimal chain 
length suggested that ethylidene chain was the best linker. At 
the same time, berberine-containing dimers emerged higher 
binding affinities than jatrorrhizine homodimers with the 
same linker.  

2. STRUCTURAL MODIFICATION FOR ANTI-

MICROBIAL ACTIVITY 

 To investigate the mechanism of antimicrobial activity of 
berberine, LC/ESI-MS combined with principal component 
analysis was adopted to study metabolic profiles of 
Staphylococcus aureus, treated by berberine and nine 

antibacterial agents [15]. According to the result, the mode 
of antimicrobial activity of berberine should be similar with 
that of Rifampicin and Norfloxacin and its target was 
possibly on nucleic acid. Moreover, berberine was 
penetrating cations and substrate of an multidrug resistance 
pumps, which could be used for reversal of bacterial cells 
actively extruding these cations [16]. 

 It was strongly proved that the quaternary nitrogen atom 
was required for enhancing activity [17]. The 13-ethyl-9-
ethoxyl (9), 13-ethyl (10), and 13-methyl (11) homologs 
showed the increased antibacterial activity against 
Staphylococcus aureus by eight-, four- and two fold over the 
parent 13-alkyl-substituted and 13-unsubstituted protober-
berinium salts, respectively. Replacement of methoxyl group 
by a methylenedioxy group at the C-2 and the C-3 of ring A 
could also increase their antibacterial activity. Further 
investigation [18, 19] showed that introduction of 
hydrocarbon groups at position C-8 such as 8-alkyl and 8-
phenyl-substituted berberines and their 12-bromo derivatives 
could increase the antimicrobial activity. 

 A series of 9-O-acyl- and 9-O-alkyl- berberine 
derivatives were synthesized and evaluated for antimicrobial 
activity against Gram-positive, Gram-negative bacteria and 
fungi [20]. Octanoyl, decanoyl and lauroyl derivatives 
among the acyl analogs, and hexyl, heptyl, octyl, nonyl, 
decyl and undecyl derivatives among the alkyl analogs all 
exhibited strong antimicrobial activity against Gram-positive 

N

O

O

O

O

N

O

O

O

OBr

1 2
 

Fig. (2). Structures of compounds 1 and 2. 
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Fig. (3). Structures of compounds 3-5. 
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bacteria and fungi, but poor activity against Gram-negative 
bacteria. Too short or too long substituent length would 
decrease their activity. As a whole, alkyl analogs were more 
active than acyl analogs for antimicrobial activity. These 
results suggested that the presence of lipophilic substituents 
with moderate sizes might be crucial for the optimal 
antimicrobial activity, such as compounds 12 and 13. 

 The alkyl substituents at C-8 significantly increased the 
antimicrobial activity of berberine as the length of aliphatic 

chain was elongated, but gradually decreased its activity 
when the alkyl chain exceeded eight carbon atoms, 
especially for Gram-positive bacteria [21]. At the same time, 
the toxicity decreased gradually with the elongation of the 
aliphatic chain. In all compounds, 8-octylberberine (14) 
displayed the highest antimicrobial activity.  

 When the 9-O-methyl of 13-(4-isopropylbenzyl) ber-
berine was replaced by various acyl, alkyl, and benzyl 
groups, a novel series of 9-O-alkyl-13-(4-isopropylbenzyl) 
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Fig. (4). Structures of compounds 6-8. 
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Fig. (5). Structures of compounds 9-11. 
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Fig. (6). Structures of compounds 12-15. 
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berberine derivates were obtained, and showed the enhanced 
antifungal activities against various human pathogenic fungi. 
Among them, 9-O-butyl-13-(4-isopropylbenzyl)berberine 
(15) exhibited the most potent antifungal activities, with 
MIC against Cryptococcus neoformans, Candida species and 
Aspergillus species of 0.25–1 μg/ml, 2–4 μg/ml, respectively 
[22]. 

 A covalently linked combination of berberine at C-13 
position and 2-phenyl-5-nitro-1H-indole at the ortho position 
of the indolic 2-phenyl ring via a methylene linking group 
gave a high antibacterial hybrid (16) [23]. An increase of 
linker chain length by introduction of an oxygen atom 
produced a new hybrid (17) which had stronger antibacterial 
activity and MDR pump inhibitory potency than hybrid 16. 

3. STRUCTURAL MODIFICATION FOR ANTI-
ALZHEIMER’S DISEASE 

 Alzheimer’s disease (AD), the most frequent and 
predominant cause of dementia in the elder population, is a 
progressive neurodegenerative disorder. Growing evidences 
suggested that -amyloid (A ) deposits, oxidative stress, -
protein aggregation, and low levels of acetylcholine (ACh) 
played significant roles in the pathophysiology of the disease 
[24]. Based on these mechanisms, different treatment 

approaches and major therapeutic strategies could be 
adopted. 

 Berberine could reduce A  levels at the range of 
berberine concentration without cellular toxicity by 
modulating APP processing in human neuroglioma H4 cells 
which stably express Swedish-type of APP [25]. The IC50 for 
extracellular A  production was 5 μM.  

 Increasing the level of ACh through inhibition of the 
acetylcholinesterase (AChE) was another way for the 
therapeutics of AD. A new series of berberine derivatives 
were designed and synthesized as dual inhibitors of AChE 
and BuChE [26-28]. Through systematic studies of the 
optimal chain length at C-9 and the functions at the end of its 
chain, four potent inhibitors 18, 19, 20, 21 were obtained 
with the IC50 of 0.02, 0.048, 0.078, 0.097 μM, 
correspondingly. A kinetic study indicated that the berberine 
derivatives caused a mixed type of inhibition and could 
interact with both peripheral anionic site and catalytic active 
site. 

4. STRUCTURAL MODIFICATION FOR HYPOGLY-

CEMIC ACTIVITY 

 Clinical use of berberine for type 2 diabetes mellitus has 
been reported since 1988, although its mechanism of 
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Fig. (7). Structures of compounds 16 and 17. 
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antihyperglycemic effects is still uncertain. Basically, 
berberine inhibits -glucosidase to reduce intestinal 
absorption of monosaccharides. In addition, berberine 
regulates peroxisome proliferator-activated receptors and the 
expression of positive transcription elongation factor b in 
diabetic adipocytes [29]. 

 Due to its antibacterial activity, berberine cannot be used 
for the treatment of diabetes for an extended period. 
Fourteen berberine derivatives were synthesized and their 
antihyperglycemic effect was undertaken in alloxan-induced 
mice [30]. The results suggested that the methyllenedioxy 
function at C-2 and C-3 might be indispensable for binding 
activity of protoberberine to -cell membrane. Quaternary 
salts also played an important role in binding interaction. N-
hydrophobic group was found to possess higher affinity. 
Compound 22 is the most effective derivative in lowering 
blood glucose.  

 The 8,8-dimetheyldihydroberberine (23) was synthesized 
with better stability and bioavailability over berberine and 
dihydroberberine [31]. In diet-induced obese, 23 decreased 
tissue triglyceride accumulation and insulin resistance, as 
well as improved glucose tolerance.  

 Berberine was investigated to possess up-regulating 
activity not only on insulin receptor (InsR) but also low-
density-lipoprotein receptor (LDLR) [32]. According to 
structure-activity relationships analysis, some appropriate 
modifications on phenyl ring A or D of berberine might keep 
the up-regulatory activities. 10-hydroxylberberine (24) 
presented activities on the gene expression of either LDR or 
InsR. 
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Fig. (10). Structure of compound 24. 

5. STRUCTURAL MODIFICATION FOR ANTI-

INFLAMMATORY ACTIVITY 

 The definite mechanism that berberine repressed 
inflammatory responses remained unclear. But it had been 
reported that berberine could inhibit the expression of iNOS, 

COX-2, IL-1, IL-6 and NF- B activation. At the same time, 
it reduced the LPS-induced intestinal damage by elevating 
the activities of superoxide dismutase (SOD) and glutathione 
peroxidase (GSH-Px), and by suppressing the activation of 
toll-like receptor 4 (TLR4) [33-36] .  

 The investigation about the effects of 13-alkyl-
substituted berberine on the expression of iNOS showed that 
the concentration of 50% inhibition of NO production (IC50) 
by 13-methylberberine and 13-ethylberberine was 11.6 μM 
and 9.32 μM，respectively [37].  

 N,N-Diphenylcarbamoyl derivative (25) of 9-demethyl-
berberine and N, N-Diphenylcarbamoyl derivative (26) of 9-
demethylpalmatine showed ten times stronger inhibitory 
activities against the induction of edema on mouse ear by 
application of 12-O-tetradecanoylphorbol-31-acetate (TPA) 
than corresponding mother compounds had [38]. 
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Fig. (11). Structures of compounds 25 and 26. 

 The P2X7 receptor (P2X7R), a plasma membrane receptor 
for extracellular adenosine-5-triphosphate (ATP) dominantly 
expressed in inflammation-related cells, had been known as 
essential regulator of both IL-1 maturation and 
externalization [39, 40]. Therefore, blocking of IL-1 pathway 
through the inhibition of P2X7 had been investigated. 
Berberine bearing alkyl groups at the C-13 position, 
especially 2-nitro-4, 5-dimethoxy-benzyl group substituted at 
C-9 position, such as compound 27, exhibited potent 
inhibitory efficacy as P2X7 antagonists [41]. The IC50 of 27 
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Fig. (9). Structures of compounds 22 and 23. 
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on ethidium accumulation in hP2X7-expressing HEK293 
cells was 0.17 μM, and its inhibition (%) against BzATP-
stimulated IL-1  released by LPS/IFN -differentiated human 
THP-1 cells was 83%. 
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Fig. (12). Structure of compound 27. 

6. STRUCTURAL MODIFICATION FOR ANTIMALA-

RIAL ACTIVITY 

 In 1986, Elford [42] reported that berberine chloride at 
50 μM was found to completely block protein synthesis in 
Plasmodium falciparum. Although antimalarial effects had 
been ascribed to berberine, little quantitative experimental 
data supported this point of view. In 1988, ten 
protoberberine derivatives [43] were tested in vitro against 
two clones of human malaria, P. falciparum D-6 and W-2. In 
the vitro screen, a proportion of these derivatives exhibited 
potency comparable to that of quinine. However, none of 
them was active in vivo against P. berghei. This inves-
tigation suggested that a dihydro or quaternary protober-
berine structure is necessary for the potent compounds. 
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Fig. (13). Structures of compounds 28 and 29. 

 Thirty-nine protoberberine derivatives were evaluated for 
antimalarial activity in vitro against Plasmodium falciparum 
in 1988 [44]. The results demonstrated that the activity of the 
quaternary protoberberinium salts like berberine was higher 
than that quaternary salts such as the N-metho salts or N-
oxides. Meanwhile, the type of O-alkyl substituents on ring 
A and D as well as the nature and the bulk of the substituents 
at the C-13 position would influence the activity. Among the 
13-alkylberberines and 13-alkylpalmatines, 13-butylber-
berine (28) and 13-propylpalmatine (29) were the most 
active compounds. 

 Further exploration was done to find out the influence of 
the type of oxygen substituents on ring A, C and D and the 
position of the oxygen functions on ring D [45]. Shifting the 
oxygen functions at C-9 and C-10 to C-10 and C-11 would 
strongly increase the activity. Derivatives bearing a 
methylenedioxy function at ring A showed higher activity 
than those methoxy groups at the same positions. The most 
potent derivatives 30, 31 were shown in Fig. (14). 
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Fig. (14). Structures of compounds 30 and 31. 

7. OTHERS 

 The anti-human cytomegalovirus activity of berberine 
and its structurally related compounds had been tested and 
reported [46], which indicated the anti-HCMV activity (IC50 
0.68 μM ) of berberine was quivalent to ganciclovir (IC50 
0.91 M). The mechanism might be that berberine interfered 
with intracellular events after virus penetration into the host 
cells and before viral DNA synthesis. 

 A series of new protoberberine quaternary ammonium 
compounds were synthesized for the effect on ouabain-
induced arrhythmia [47]. Proportion of these compounds 
possessed the prophylaxis effect. Moreover, N-(4-chloro-
benzyl)tetrahydroberberrubine had the most significant 
action, with ED50(VF) of 1.0  10

-6
 mol/kg. 

 Tetrahydroprotoberberines are novel antagonists on 
dopamine receptors in the brain. To quantize the interaction 
between tetrahydroprotoberberine and dopamine D2 receptor, 
Free-Wilson method was used [48]. The result demonstrated 
that OH group at C-2 and Cl at C-12 were beneficial, the 
steric hinder at C-11 was unfavourable, and substituents at 
C-10 had little effect on the affinities. 

CONCLUSION 

 As illustrated in the above descriptions, the multiple 
activities of berberine are closely related to its structure. The 
quaternary salts and the nature of substituents at different 
position greatly influenced the activities. Although it 
possesses adverse pharmacological properties, modern 
medicinal chemistry-based molecular modification will play 
an important role in overcoming these disadvantages for new 
drug discovery. 
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