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ABSTRACT: Widespread use of antibiotics has resulted in the emergence of antibiotic-resistant bacteria strains, increas-
ing the necessity in research towards the identification of novel antibiotic agents. Berberine, a natural alkaloid that is ex-
tracted from the roots and stems of plants in the genus Berberis, has been documented to have medicinal potential since 
3000 BC, where it was used as an antibacterial agent in ancient Chinese medicine. Since then, berberine and synthesized 
analogs have been studied for a wide range of medicinal properties, including antimicrobial activity. Based on berberine’s 
history, we hypothesize that berberine has broad-spectrum antibacterial properties, along with potency that is compara-
ble to current broad-spectrum antibiotics that are commercially available. Here, we screened berberine against four 
strains of bacteria and evaluated its antimicrobial activity against five broad-spectrum antibiotics from different classes to 
better quantify berberine’s antibacterial activity and compare its efficacy as an antibacterial agent to the broad-spectrum 
antibiotics. Our results indicated that berberine had strain-selective cytotoxic effects and was significantly less potent 
than most of the broad-spectrum antibiotics. A better understanding of the antimicrobial activity of the berberine may 
inform the design of future antimicrobial therapies.      

INTRODUCTION 

Bacterial resistance against antibiotics through evolu-
tion and selection has presented a global health epidemic 
that has created an urgency for the development of new 
antibiotics (1). The emergence of antibiotic-resistant bac-
teria can be attributed to the increasing use of antibiotics, 
including overuse and misuse. Every year, tens of thou-
sands of people in America die from infections related to 
antibiotic-resistant  bacteria (2). The issue of antibiotic 
resistance is one that concerns all parts of the world and 
presents the need for research towards the identification 
of novel antibacterial agents, including their strain speci-
ficity and dose dependency.      

The start of the current age of antibiotic development is 
generally associated with Ehrlich, who developed the 
methodology behind systematic screening of drugs while 
trying to find a drug to treat syphilis in 1904, and 
Flemming, who accidentally discovered penicillin in 1929. 

Since then, hundreds of antimicrobial agents have been 
developed and clinically screened, the majority of which 
are derived from natural products (3). Current antibiotics 
lack diversity in their targets, with almost all antibiotics 
inhibiting DNA, RNA, protein synthesis, or cell wall syn-
thesis. In fact, around half of all antibiotics target the cell 
wall. Antibiotics also lack diversity in scaffold design , 
with most of the novel antibiotics within the past forty 
years coming from five structural classes (4).              

Berberine, an isoquinoline alkaloid extracted from 
plants in the genus Berberis, is of medicinal interest due 
to its long history in various ancient cultures, most nota-
bly Chinese and Ayurvedic medicine, where it was first 
documented  as a therapeutic agent in 3000 BC (5). 
Berberine is now a supplement that is marketed to indi-
viduals with type II diabetes, high blood pressure, high 
cholesterol, or gastrointestinal infections. Studies on 
berberine suggest that it is effective against a wide range 
of diseases such as diabetes, metabolic syndrome, poly-



 

 

cystic ovary syndrome, cardiovascular diseases, bacterial 
infections, and cancer, serving as an indication of 
berberine’s pharmaceutical potential (6-8). Alkaloids, the 
largest class of natural products, have also demonstrated 
remarkable biological activities. Berberine is classified as 
an isoquinoline alkaloid because of its biosynthetic route 
starting with tyrosine and its isoquinoline skeleton (9). 

We are interested in the antibacterial effects of 
berberine due to its long history of use in ancient medi-
cine and recent studies on berberine’s antibacterial activi-
ty, including reports of berberine having cytotoxic effects 
against methicillin-resistant Staphylococcus aureus 
(MRSA) alone and in synergy with other antibiotics (10, 
11). Many of these studies focused on one specific strain of 
bacteria, therefore focusing on one specific class of anti-
bacterial agents. This led us to ask the question: is 
berberine’s antibacterial effect consistent throughout all 
strains of bacteria, and how effective is berberine com-
pared to other broad-spectrum antibiotics different struc-
tural classes? Based on previous studies and its reported 
use in ancient medicine, we hypothesized that berberine 
would result in cytotoxic effects against all strains of bac-
teria and have comparable potencies to the broad-
spectrum antibiotics screened.        

The antibiotics screened in this study are representative 
of five different structural classes, resulting in different 
biological targets within cells and interactions with bacte-
ria (Table 1). Structural differences between the different 
classes of antibiotic agents can be seen in Table 1.       

Ampicillin is semi-synthetic, beta-lactam penicillin; be-
ta-lactams bind to penicillin-binding proteins (PBPs) lo-
cated on the inner membrane of the bacterial cell wall 
(12). This binding inactivates PBP, interfering with the 
cross-linkage of peptidoglycan chains, which is essential 
to maintaining the shape of bacteria and allowing them to 
withstand osmotic pressure changes (13). The bacterial 
cell walls become weaker and less rigid, eventually lead-
ing to cell lysis.  

Sulfanilamide is a sulfonamide antibiotic, which works 
by competing with para-aminobenzoic acid (PABA) for 
the enzyme dihydropteroate synthase, thus preventing 
PABA from being incorporated into dihydrofolic acid, 
which prevents the creation of folic acid (14). Within bac-
teria, folic acid is necessary for synthesizing DNA and 
bacterial growth, and a lack of folic acid results in bacteri-
al death (15).    

Enrofloxacin is a fluoroquinolone antibiotic that inhib-
its the A subunit of bacterial DNA gyrase, thus preventing 
the negative supercoiling of bacterial DNA, and DNA syn-
thesis (16). DNA gyrase is an essential enzyme, a topoiso-
merase, that catalyzes the negative coiling of double-
stranded DNA (17, 18). Without DNA gyrase, DNA replica-
tion isn’t able to occur and cells are unable to replicate.            

Nalidixic acid is a synthetic quinolone antibiotic, with a 
similar quinoline ring structure as enrofloxacin. Nalidixic 
acid binds to both DNA gyrase and Topo IV, both en-
zymes that affect the coiling of double-stranded DNA 
(19). While gyrase catalyzes the negative coiling of DNA, 

Topo IV relaxes positive supercoils (20). Topo IV is re-
sponsible for untangling daughter chromosomes by re-
moving positive intertwinings and relaxing supercoils 
created during transcription (21).  Binding to these targets 
inhibits DNA replication, affecting cell replication and 
growth. Though the targets and mechanisms of action 
between enrofloxacin and nalidixic acid are similar, 
nalidixic acid is only active against gram-negative strains 
of bacteria. The introduction of the fluorine into the 
structure of enrofloxacin increases its antibiotic spectrum 
to include some gram-positive strains of bacteria (22).        

Kanamycin is an aminoglycoside bactericidal antibiotic, 
and it  inhibits ribosomal proteins, thus inhibiting protein 
synthesis. Kanamycin binds to the A site of 16S rRNA in 
the 30S ribosomal subunit of bacteria (23). The binding of 
kanamycin into rRNA interferes with the interactions and 
translation of mRNA into tRNA, resulting in incorrect 
tRNA fragments (24). The peptide that is then synthe-
sized contains incorrect amino acids, therefore inhibiting 
bacterial activity.         

Berberine’s mechanism of action within cells remains 
unknown, however putative methods of action have been 
studied. Berberine has intercalates into DNA and forms a 
complex with DNA (25). Upon photo-irradiation of the 
berberine-DNA complex, berberine oxidizes guanines, 
causing DNA damage and inhibiting cell replication (26).             

 
Table 1. An introduction into the antibiotics used in this study, in-
cluding the class, year they went into commercial use, their struc-



 

 

tures, and biological target. Each biological target includes a descrip-
tion of the role they play (27-32).      

Our selection of bacterial strains includes Bacillus cere-
us, Escherichia coli, Neisseria sicca, and Staphylococcus 
epidermidis, a combination of gram-positive and negative 
strains. Gram-positive bacteria have a thick peptidoglycan 
layer and no outer lipid membrane, while gram-negative 
bacteria have a thin peptidoglycan layer and an outer li-
pid membrane (33). The difference can help researchers 
determine selectivity within antibacterial agents. There 
are strains that belong to all four species that have been 
shown to be pathogenic. Details in Table 2 provide a bet-
ter understanding of the differences between the strains 
of bacteria screened.     

 
Table 2. A comparison of the four strains of bacteria used in this 
study, including gram positive versus gram negative, illnesses that 
they cause, where they can typically be found, and some other prop-
erties essential to the bacteria’s survival or pathogenic nature.   

 

RESULTS  

This work is important to understand the specificity of 
antibiotics which can help to address the globally press-
ing issue of antibiotic resistance. The average radius of 
inhibition (ROI) from the four duplicate experiments 
theand standard error were graphed (Figure 1A-D).  



 

 

 

Figure 1. Radius of inhibition of different antibiotics compared to berberine against four strains of bacteria, reported in mm. (A) ROI against B. 
cereus (B) ROI against E. coli (C) ROI against N. sicca (D) ROI against S. Epidermidis. The * indicates that the p value is less than 0.05 compared 
to the control, and the ⧫ indicates that the p value is less than 0.05 compared to the ROI of berberine. A p value of less than 0.05 indicates statis-
tical significance. 

Inhibition curves were then created to evaluate the ef-
fectiveness of the antibiotics and understand how concen-
tration was related to inhibition. We observed dose-
dependent cytotoxic effects of the various antibiotics, 
including berberine. A ten-fold increase in the concentra-
tion of the antibiotic solution resulted in a constant in-
crease in the ROI of bacteria growth. R2 v alues from the 
linear fit of the data points throughout all four strains of 
bacteria for all the screened compounds indicate that the 
antibiotics and berberine were  dose-dependent. Sulfanil-
amide consistently had R2 values that were significantly 
lower  than the other screened compounds, with the low-
est R2 against B. cereus (Figure 2A). Berberine had high 
R2 values when screened against E. coli (Figure 2B) and S. 
epidermidis (Figure 2D), but that trend did not hold 
against B. cereus (Figure 2A). All other broad-spectrum 
antibiotics consistently had high R2 values throughout all 
four strains of bacteria.                 



 

 

 

Figure 2. Inhibition curves for four strains of bacteria. All graphs are fit to a linear curve, with the equation of the line and R2 values reported. 
(A) Inhibition curve for B. cereus (B) Inhibition curves for E. coli (C) Inhibition curve for N. sicca (D) Inhibition curve for S. Epidermidis    

B. cereus Berberine was ineffective against B. cereus 
compared to the other, broad-spectrum antibiotics 
screened. Enrofloxacin had the most potent effects 
against B. cereus, and ampicillin, kanamycin, and 
nalidixic acid had similar effects against B. cereus (Figure 
__ ). Results from unpaired t-testing, indicated that the 
ROI as a result of berberine was statistically insignificant 
compared to the control  (Figure 1A). The ROI of bacteria 
growth from enrofloxacin, ampicillin, kanamycin, and 
nalidixic acid at a high concentration were significant 
compared to the control, however the ROI of nalidixic 
acid was not significant compared to berberine’s ROI. 
Enrofloxacin, ampicillin, and kanamycin all have radii of 
inhibition that are statistically significant compared to 
berberine .    

E. coli In the study with E. coli, berberine was not as 
potent as other antibiotics. Enrofloxacin, kanamycin, and 
ampicillin demonstrated inhibition against bacterial 
growth, with enrofloxacin being the most potent (Figure 
1B). Unpaired t-testing revealed that the ROI from 
berberine and sulfanilamide are statistically insignificant  
compared to the control, while all other broad-spectrum 
antibiotics had radii of inhibition that were significant. 
Only enrofloxacin and kanamycin have ROI that are sta-
tistically significant compared to berberine, with 
enrofloxacin’s ROI being significant at all concentrations.   

N. sicca Berberine has no inhibition against the growth 
of N. sicca, demonstrating that berberine has strain-
specific antibacterial effects. All broad-spectrum antibiot-

ics except sulfanilamide have ROI that are nonzero, but 
the ROI from nalidixic acid are statistically insignificant 
compared to the control (Figure 1C). Sulfanilamide has an 
outlier at the lowest concentration, where the ROI is posi-
tive, however the value falls within the standard error. 
Enrofloxacin, ampicillin, and kanamycin have radii of 
inhibition that are statistically significant compared to 
berberine’s ROI at higher concentrations, with ampicillin 
and enrofloxacin having the similar and the most potent 
effects.  

S. epidermidis All broad-spectrum antibiotics except 
sulfanilamide have radii of inhibition that are statistically 
significant compared to the control, while the radii of 
inhibition as a result of berberine and sulfanilamide are 
statistically insignificant compared to the control (Figure 
1D). Enrofloxacin had the most potent antibacterial ef-
fects, with all concentrations resulting in ROI that are 
statistically significant compared to berberine. At higher 
concentrations, kanamycin had ROI that are statistically 
significant compared to berberine, however both ampicil-
lin and nalidixic acid are insignificant compared to 
berberine.     

Enrofloxacin consistently had the most potent effects 
against all bacteria strains, with ampicillin possessing 
similar inhibitions against N. sicca and S. epidermidis. 
Against all strains of bacteria except N. sicca, kanamycin 
and nalidixic acid had comparable potencies, however 
they were less potent than enrofloxacin. The controls in 
our Kirby Bauer assay, a solution containing 5% DMSO, 



 

 

all demonstrated no cytotoxic effects. The trends ob-
served in our results, with antibiotic solutions at 10 mM 
concentrations having the greatest inhibition and the 
antibiotic solutions of 0.1 mM demonstrating the least 
inhibition, are expected.             

Compared to the broad-spectrum antibiotics that were 
screened in this study, berberine consistently demon-
strated less potent effects. Berberine and sulfanilamide 
had similar results with unpaired t-tests determining that 
the difference in inhibition compared to the control was 
insignificant. However, unlike the broad-spectrum antibi-
otics, berberine demonstrates strain-selective cytotoxic 
effects. Berberine presents no inhibition of bacterial 
growth in N. sicca and the radii of inhibition for S. 
epidermidis all fall within the standard error, while re-
sults against E. coli and B. cereus all have positive radii of 
inhibition. All the broad-spectrum antibiotics except sul-
fanilamide had cytotoxic effects against all strains of bac-
teria. Our results demonstrate that berberine is not a po-
tent antibacterial agent compared to broad-spectrum an-
tibiotics, however it does have strain-specific cytotoxic 
effects .                  

 

DISCUSSION 

Although berberine has been used in ancient cultures 
as medicine for thousands of years, its antibacterial effects 
are not comparable to broad-spectrum antibiotics. The 
demand for new antibacterial agents as more and more 
drug-resistant bacteria  emerge has led to increasing re-
search in identifying novel antibacterial agents. Through 
screening berberine against four strains of bacteria, it was 
apparent that berberine had selective antibacterial effects, 
which demonstrates future pharmaceutical potential.        

 In order to further determine its effectiveness and its 
characteristics of selectivity as an antimicrobial com-
pound, the same screening of antibiotics could be con-
ducted against a larger variety of bacterial strains, allow-
ing for an effective comparative analysis. This will allow 
us to gain a better understanding of which strains of bac-
teria berberine has cytotoxic effects against, and whether 
there is a pattern that is present.   

Understanding the target in the cell of each antibacte-
rial agent and bacterial strain screened would also allow 
for better drug design in the future. In particular, mole-
cules like berberine that have already demonstrated bio-
logical activity can be synthetically modified to increase 
potency and cytotoxic effects. Though berberine’s mecha-
nism of action within cells is not well understood, 
berberine’s strain-selective cytotoxic effects may provide 
more insight into its mechanism of action.   

Using berberine as an antibacterial agent may also re-
sult in undesired side effects, as berberine has been previ-
ously demonstrated to affect eukaryotic cells. Berberine 
can bind to the G-quadruplex  structures of DNA, where 
it is can then inhibit telomerase (50). Cytotoxic effects of 
berberine have also been attributed to its activity within 
the MAPK signal pathway where it specifically targets 

p38. The MAPK signal pathway ultimately affects DNA 
replication (51). These processes, which do not directly 
impact the antibacterial activity of berberine, may have 
other implications in the future and should be consid-
ered.              

  

In this study, berberine’s antibacterial effects are 
against four strains of bacteria, both gram-positive and 
gram-negative strains, are compared to cytotoxic effects 
of five, broad-spectrum antibacterial agents. Berberine 
demonstrated strain-selective antibacterial effects but was 
found to be significantly less potent than all the broad-
spectrum antibiotics included in this study, except sul-
fanilamide. These results provide insight into the biologi-
cal activity of berberine and its potential as a pharmaceu-
tical agent.    

 

MATERIALS AND METHODS 

Berberine was compared to five broad-spectrum antibi-
otics: ampicillin, enrofloxacin, kanamycin, nalidixic acid, 
and sulfanilamide . Radius of inhibition (ROI) values were 
acquired through the Kirby Bauer assay (Figure 3).  

 
 Figure 3. Petri dishes inoculated with S. Epidermidis, with the radii 
of inhibition as the result of ampicillin (left) and berberine (right) at 
four different concentrations. Inhibition of bacterial growth can be 
seen surrounding the filter paper discs. Concentrations of the antibi-
otic solution of the filter paper discs are also shown.       

Bacteria  Live bacteria cultures of Bacillus cereus, Esche-
richia coli, Neisseria sicca, and Staphylococcus 
epidermidis were obtained from Carolina Biological. 
Overnight cultures of the bacteria were grown in falcon 
tubes of 10-15 mL of LB media (1% tryptone, 1% NaCl, 0.5% 
protein media, 97.5% water). The overnight cultures of 
the bacteria were incubated at 37°C for 12-14 hours.          

 

Antibiotic Solutions  Antibiotic solutions were made in 
four different concentrations (10 mM, 1 mM, 0.1 mM, 0.01 
mM) in deionized water with 5% DMSO. The antibiotics 
were acquired from ACTGene, Aquaculture Antibiotics, 
Fisher BioReagants, or HiMedia. A solution of 5% DMSO 
in deionized water was used as the control. The antibiotic 
solutions were administered through filter paper discs 
that were saturated with the solution.      

 



 

 

Inoculation  Bacteria from the overnight cultures were 
inoculated on petri dishes plated with Mueller Hinton 
Agar acquired from HiMedia. Each Petri dish was first 
inoculated with one strain of bacteria. Four filter paper 
discs with the same antibiotic solution of varying concen-
trations were placed on the same petri dish. Petri dishes 
were incubated at 37°C for 12-18 hours in the absence of 
light. This was done in four different trials, in which the 
cultures used were biological replicates.  

 

Statistical Analysis  ROI measurements were acquired 
in millimeters using an electronic caliper. Results from all 
four experiments were averaged, and standard error was 
calculated using the follow equation: σ/√n,where σis 
equal to the standard deviation and n is equal to the 
number of values. Inhibition curves were created by gra-
phing the logarithm of the concentrations of the antibiot-
ics against the average ROI. The graphs were fit to a linear 
curve and R2 values were obtained.  

Unpaired t-testing was completed using the following 

equation: t=(〖x 〗_1-〖x 〗   /√(s   ( /n   - /n     , 

where x  represents the population means, s2 represents 
the sample variances, and n the populations. The sample 
variance (s2) was calculated using the following equation: 

s  =(∑ (i=   (n   (x i-〖x 〗_1 )^2-∑ (i=   (n   ▒((x_i-

〖x 〗_2 )^2)/(n_1+n_2-2) , where the sum of the variances 
squared were subtracted and divided by the population. 
The t-distribution critical values table was then used to 
derive the statistic’s corresponding critical value at the 
95% confidence level, whereupon if the t-testing result 
was less than the critical value, the p-value was deter-
mined to be less than 0.05. Results with a p-value less 
than 0.05 were considered statistically significant.       
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