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Berberine disrupts staphylococcal proton motive force to cause potent 
anti-staphylococcal effects in vitro 
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A B S T R A C T   

The presence of antibiotic resistance has increased the urgency for more effective treatments of bacterial in-
fections. Biofilm formation has complicated this issue as biofilm bacteria become tolerant to antibiotics due to 
environmental factors such as nutrient deprivation and adhesion. In septic arthritis, a disease with an 11% 
mortality rate, bacteria in synovial fluid organize into floating, protein-rich, bacterial aggregates (mm-cm) that 
display depressed metabolism and antibiotic tolerance. In this study, Staphylococcus aureus (S. aureus), which is 
the most common pathogen in septic arthritis, was tested against different inhibitors that modulate bacterial 
surface protein availability and that should decrease bacterial aggregation. One of these, berberine, a quaternary 
ammonium compound, was found to reduce bacterial counts by 3–7 logs in human synovial fluid (aggregating 
medium) with no effect in tryptic soy broth (TSB, non-aggregating). Unlike traditional antibiotics, the bacteri-
cidal activity of berberine appeared to be independent of bacterial metabolism. To elucidate the mechanism, we 
used synovial fluid fractionation, targeted MRSA transposon insertion mutants, dyes to assess changes in 
membrane potential (DiSC3(5)) and membrane permeability (propidium iodide (PI)), colony counting, and 
fluorescence spectroscopy. We showed that berberine’s activity was dependent on an alkaline pH and berberine 
killed both methicillin-sensitive S. aureus and MRSA in alkaline media (pH 8.5–9.0; p < 0.0001 vs. same pH 
controls). Under these alkaline conditions, berberine localized to S. aureus where berberine was isolated in 
cytoplasmic (~95%) and DNA (~5%) fractions. Importantly, berberine increased bacterial cell membrane 
permeability, and disrupted the proton motive force, suggesting a mechanism whereby it may be able to syn-
ergize with other antibacterial compounds under less harsh conditions. We suggest that berberine, which is cheap 
and readily available, can be made into an effective treatment.   

1. Introduction 

The antibiotic age was ushered in by Alexander Fleming’s 1928 
discovery of penicillin, causing an almost 75% decrease in infectious 
disease mortality rates in the United States from 1937 to 1952 [1,2]. 
However, the utility of these antimicrobials was hampered by bacterial 
antibiotic resistance [3] and the tolerance of bacteria and their biofilms 
to antibiotic treatments [4], effectively narrowing the antibiotic’s 
therapeutic window. This antibiotic tolerance arose from several causes, 
including decreased bacterial metabolism, encasement in a biofilm 
slime, and ultimately evasion of immune surveillance, the critical 
partner of any clinical antimicrobial therapy. In the joint, bacteria 

cluster to form micro- and macroscopic proteinaceous bacterial aggre-
gates in synovial fluid, the viscous fluid that lubricates joints; these 
aggregates have characteristics of floating biofilms [5,6]. We have 
shown that Staphylococcus aureus (S. aureus) forms antibiotic tolerant 
aggregates in both human and equine synovial fluid, even in the pres-
ence of prophylactic antibiotics [7]. The antibiotic tolerance of these 
aggregates is thought to play a major role in septic arthritis, a disease 
with an 11% mortality rate and which is caused by S. aureus in 40–50% 
of cases [8]. New, effective strategies to overcome the antibiotic toler-
ance of bacterial aggregates are therefore crucial. 

Bacterial aggregation is dependent on interaction with serum pro-
teins, where fibrin[ogen] and albumin play important roles [9]. These 
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interactions are mediated by Microbial Surface Components Recog-
nizing Adhesive Matrix Molecules (MSCRAMM) [10], and we previously 
showed that the MSCRAMM clumping factor A (ClfA) has a major role in 
aggregation [5]. We reasoned that antibiotic sensitivity could be 
restored if we could prevent bacterial surface display of ClfA and other 
MSCRAMMs, a process mediated by the transpeptidase Sortase A (SrtA) 
[11]. 

Among other putative SrtA inhibitors, we examined berberine [12], a 
quaternary ammonium compound extracted from plants in the Berber-
idaceae family [13]. Berberine, an over-the-counter supplement, has 
been used for diarrheal diseases [14], inflammation and autoimmune 
diseases [15,16], and metabolic syndrome [17,18]. Berberine’s antimi-
crobial activity has been associated with modulation of SrtA [12] and its 
binding to phenol soluble modulins (PSMs) [19]; both would decrease 
virulence. Importantly, berberine’s mammalian cell toxicity was re-
ported to be minimal [20]. 

In this manuscript, we hypothesized that preventing display of 
MSCRAMMs responsible for aggregation would result in increased 
S. aureus antibiotic sensitivity and perhaps even be antimicrobial. We 
first examined srtA mutants and inhibitors of SrtA. Upon finding that the 
putative SrtA inhibitor berberine was antimicrobial, we asked whether a 
synovial fluid component responsible for aggregation was necessary for 
the antibacterial effect of berberine. Furthermore, using the innate 
fluorescence of berberine, we asked if localization to and into the target 
bacteria was required. Finally, using propidium iodide, which only 
fluoresces when localized to DNA, we asked if berberine caused 
increased membrane permeability and if this was accompanied by an 
alteration in proton motive force as detected by localization of DiSC3(5), 
an indicator of membrane potential [21]. 

2. Methods 

Study approval. Collection of equine synovial fluid was approved 
by the IACUC of the University of Pennsylvania, in accordance with 
ARRIVE guidelines. Human synovial fluid and other surgical waste were 
obtained from therapeutically necessary joint aspirations or operations. 
This material, designated as “waste” (no identifiers), was retrieved, and 
designated as “not human research” by the Thomas Jefferson University 
Office of Human Research Protections, in keeping with the revised 
Federal Policy for the Protection of Human Subjects (revised Common 
Rule, 2018). 

Bacteria and reagents. S. aureus ATCC®25923™, and community- 
acquired methicillin-resistant S. aureus (CA-MRSA) LAC/USA300 (gift 
from Dr. Michael Otto, NIH [5]) were cultured in tryptic soy broth (TSB; 
Becton-Dickinson, Sparks, MD), 37 ◦C, 180 rpm. USA300 transposon 
insertion mutants for sortase A (srtA) (NR48329), and norA (NR47577) 
(Nebraska Transposon Bank) [22] were cultured in TSB containing 5 
μg/ml erythromycin (Fisher, Waltham, MA). Overnight cultures were 
sub-cultured for 2 h and diluted in phosphate buffered saline, pH 7.4 
(PBS; MP Biomedicals, Irvine, CA) by comparison with a 0.5 McFarland 
standard. Experiments were performed in 24-well TrueLine cell culture 
plates (MedSupply Partners, Atlanta, GA) unless otherwise stated. 

Measurement of S. aureus aggregation. One hundred μL of 1 × 108 

colony forming units/mL (CFU/mL) of (1) S. aureus 25923, (2) USA300, 
(3) USA300 srtA mutant were incubated with 900 μL of TSB, a synthetic 
“pseudo-synovial fluid” (pSynF) [9], or human synovial fluid for 90 min, 
37 ◦C, 180 rpm. Potential aggregation inhibitors: 100 μM putrescine 
dihydrochloride (1 M stock in dH2O) (MP Biomedicals, Irvine, CA), 50 
mM calcium chloride (0.5 M stock in dH2O) (CaCl2; Sigma, St. Louis, 
MO). Compounds were added concomitantly with bacteria using the 
above conditions. Cultures were serially diluted and plated on 3M™ 
Petrifilm™ aerobic films (3 M, Saint Paul, MN). 

Trypsin dispersal of bacteria S. aureus 25923 (50 μL of 1 × 108 

CFU/mL) were pelleted for 4 min, 10,000×g and dispersed by incu-
bating with 0.25% trypsin, 2.21 mM ethylene diamine tetraacetic acid 
(EDTA, Corning, Corning, NY) for 20 min, 37 ◦C, 180 rpm. Samples were 

pelleted again for 4 min, 10,000×g, resuspended in PBS, serially diluted, 
and plated. 

Berberine in synovial fluid. S. aureus 25923, USA300, USA300 srtA 
mutant, or USA300 norA mutant (all 50 μL of 1 × 108 CFU/mL) were 
incubated in 450 μL of TSB, human, or equine synovial fluid in the 
presence of 0, 10, 20, or 30 μg/mL berberine chloride (15 mg/mL stock 
in dimethylsulfoxide (DMSO) (Fisher, Waltham, MA)). Harvested sam-
ples were pelleted for 4 min, 10,000×g, dispersed with trypsin, serially 
diluted, and plated. 

Fractionating synovial fluid. Human synovial fluid (500 μL) was 
filtered through a 10 kDa cutoff, 0.5 mL Pierce™ PES Protein Concen-
trator (Sigma, St. Louis, MO) for 60 min in 10 min intervals at 10,000×g 
and separated into filtrate (<10 kDa) and retentate (>10 kDa) fractions 
(reconstituted in 500 μL TSB or Dulbecco’s Modified Eagle Medium 
(DMEM; Corning, Corning, NY)). S. aureus 25923 (50 μL of 1 × 108 CFU/ 
mL) were incubated in 450 μL filtrate or retentate fractions with 0 or 30 
μg/mL berberine for 3 h, 37 ◦C, 180 rpm. Samples were pelleted for 4 
min, 10,000×g, dispersed with trypsin, serially diluted, and plated. 

DMEM conditions. S. aureus 25923 (50 μL of 1 × 108 CFU/mL) were 
incubated in 450 μL DMEM, custom DMEM formulations (US Biological, 
Salem, MA), PBS pH 7.4 with 0 or 30 μg/mL berberine or 0 or 3.7 mg/mL 
sodium bicarbonate (Fisher, Waltham, MA) for 3 h, 37 ◦C, 180 rpm. 
Samples were pelleted for 4 min, 10,000×g, dispersed with trypsin, 
serially diluted, and plated. 

pH dependence. S. aureus 25923 (50 μL of 1 × 108 CFU/mL) were 
incubated in 450 μL PBS (pH adjusted to 6.0–9.0 using 1 M HCl or 
NaOH) or equine synovial fluid in the presence of 0, 10, 20, or 30 μg/mL 
berberine or 0 or 30 μg/mL berberine ± 10X phosphate buffer (PB) 
(100X stock in dH2O) for 3 h, 37 ◦C, 180 rpm. PB stock (100X): 14.4 g 
Na2HPO4 (Alfa Aesar, Haverhill, MA), 2.4 g KH2PO4 (Fisher, Waltham, 
MA), 100 mL dH2O, pH adjusted to 7.0 with 1 M HCl or NaOH). Samples 
were pelleted for 4 min, 10,000×g, dispersed with trypsin, serially 
diluted, and plated. 

Berberine localization with membrane potential. DiSC3(5) (3,3- 
Dipropylthiadicarbocyanine iodide) fluorescence. Buffer solutions (pH 6.0, 
7.0, 8.0, 8.5, 9.0) composed of 0.15 M citric acid monohydrate (Fisher, 
Waltham, MA) and 0.15 M disodium phosphate (Alfa Aesar, Haverhill, 
MA) (CAP) were prepared. S. aureus 25923 (50 μL of 1 × 108 CFU/mL) 
were incubated in CAP buffers pH 6.0, 7.0, 8.0, 9.0 in a Thermo-
Scientific™ 96-well black/optical bottom plate (Fisher, Waltham, MA) 
with 1 μM DiSC3(5) (100 μM stock in DMSO) (TCI, Portland, OR) or PBS 
and incubated in the dark for 1 h, 37 ◦C, 180 rpm. A parallel setup was 
prepared with 20 μl PBS in place of S. aureus to serve as a control. 
Fluorescence (λex/em, 620/685 nm) was measured using an Infinite® 
M1000 plate reader (Tecan.com), excitation/emission bandwidth = 5 
nm. Percentage fluorescence for each pH level was calculated as follows: 
(fluorescence of bacteria sample/fluorescence of no bacteria sample) x 
100. Berberine fluorescence. S. aureus 25923 (50 μL of 1 × 109 CFU/mL) 
were incubated in PBS pH 7.0 or pH 9.0 (adjusted using 1 M HCl or 
NaOH) with 30 μg/mL berberine for 1 h, 37 ◦C, 180 rpm. A parallel setup 
was prepared without berberine to serve as a control. Samples were 
pelleted for 4 min, 10,000×g, washed once with PBS, and resuspended in 
500 μL PBS. One hundred μL of each sample was transferred to a 96-well 
black/optical bottom plate and fluorescence (λex/em, 355/517 nm) and 
optical density (λ = 600 nm) was measured using an Infinite® M1000 
plate reader, excitation/emission bandwidth = 5 nm, bandwidth = 5 
nm. Fluorescence was divided by the optical density to normalize the 
data. 

NorA. Berberine fluorescence. Fifty μL of 1 × 108 CFU/mL USA300 or 
USA 300 norA mutant were incubated in 450 μL PBS with 30 μg/mL 
berberine for 1 h, 37 ◦C, 180 rpm. Samples were pelleted for 4 min, 
10,000×g, washed once with PBS, and resuspended in 500 μL PBS. One 
hundred μL of each sample was transferred to a 96-well black/optical 
bottom plate and fluorescence (λex/em, 355/517 nm) and optical den-
sity (λ = 600 nm) was measured using an Infinite® M1000 plate reader, 
excitation/emission bandwidth = 5 nm. Fluorescence was divided by 
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the optical density to normalize the data. NorA inhibition. S. aureus 
25923 (50 μL of 1 × 108 CFU/mL) were incubated in 450 μL PBS with 30 
μg/mL berberine and/or 20 μg/mL reserpine (10 mg/mL stock in DMSO, 
for this and all reserpine experiments) (Alfa Aesar, Haverhill, MA) for 3 
h, 37 ◦C, 180 rpm. Samples were pelleted for 4 min, 10,000×g, dispersed 
with trypsin, serially diluted, and plated. 

Berberine DNA binding. Five mL of an overnight S. aureus 25923 
culture was pelleted for 10 min, 4700×g, and resuspended in 1 mL 
DMEM (Fisher, Waltham, MA) with carbonate-bicarbonate buffer added 
to maintain a pH of 9.0–9.5 (1 capsule/100 mL) (Sigma, St. Louis, MO). 
Two μL of the berberine stock solution, 3 μL of SYTO 9 LIVE/DEAD™ 
BacLight™ Bacterial Viability Kit (Invitrogen, Waltham, MA), or 100 μL 
of Alamar Blue™ Cell Viability Reagent (Invitrogen, Waltham, MA) was 
added to each sample. A parallel setup was prepared without treatment. 
All samples were incubated for 1 h, 37 ◦C, 180 rpm. Samples were 
washed 2x with PBS and resuspended in 1 mL PBS. One hundred μL was 
transferred to a 96-well black plate. Fluorescence was measured 
(berberine: λex/em 355/517 nm; SYTO 9: λex/em 483/503 nm; Alamar 
blue: λex/em 540/590 nm) using a Spark® plate reader (Tecan.com), 
excitation/emission bandwidth = 5 nm. Readings were multiplied by 10 
to account for the entire resuspended volume of 1 mL. DNA was 
extracted by cell lysis as follows: Samples were pelleted for 4 min, 
10,000×g, and resuspended in 350 μl PBS. Cells were lysed using zir-
conia beads from the Ribopure™ RNA Purification Kit (Invitrogen, 
Carlsbad, CA), following manufacturer’s instructions. The lysate was 
separated from the zirconia beads by centrifugation for 5 min, 
14,000×g, 4 ◦C and brought to ~600 μl using PBS. Proteins were 
precipitated with 200 μL of Protein Precipitation Solution from the 
Wizard® Genomic DNA Purification Kit (Promega, Madison, WI), and 
the supernatant was isolated using manufacturer’s instructions. DNA 
was then precipitated, washed, and resuspended using 200 μL (instead 
of 100 μL) DNA Rehydration Solution from the Wizard® Genomic DNA 
Purification Kit, following manufacturer’s instructions. Samples were 
vortexed and vigorously pipetted to facilitate resuspension. Each sample 
(200 μL) was transferred to a 96-well black/optical bottom plate and 
fluorescence was measured (λex/em, 355/517 nm) using a Spark® plate 
reader, excitation/emission bandwidth = 5 nm. 

Propidium iodide fluorescence. S. aureus 25923 (1 × 108 CFU/mL) 
were incubated in CAP buffers pH 7.0 or 8.5 in 96-well black/optical 
bottom plates with 10 μM propidium iodide (100 μM stock in dH2O) (PI; 
Alfa Aesar, Haverhill, MA). The suspension was incubated at 37 ◦C, 180 
rpm, and fluorescence (λex/em, 535/617 nm) was measured at 10 and 
20 min, excitation/emission bandwidth = 5 nm. Thirty μg/mL 
berberine, or 0 or 10 μg/ml daptomycin (100 μg/ml stock in PBS) with 
0 or 1.25 mM CaCl2 (12.5 mM stock in dH2O), respectively, was then 
added to each sample. A parallel setup was prepared without any 
S. aureus. Samples were incubated at 37 ◦C, 180 rpm, and fluorescence 
(λex/em, 535/617 nm) was measured at 10, 20, 30, 40, 50, 60, 120, 180, 
and 240 min. 

Concentration dependence of berberine’s effect on proton 
motive force. S. aureus 25923 (1 × 108 CFU/mL) was incubated in a 
buffer of 250 mM sucrose, 5 mM MgSO4, and 10 mM KH2PO4, brought to 
pH 7.0 with NaOH, and sterilized by filtering through a 0.2 μm nylon 
syringe filter. DiSC3(5) (1 μM) was added, followed by 0.3, 3.0, 30, or 
300 μg/mL berberine. Controls included S. aureus 25923 (1 × 108 CFU/ 
mL) incubated with 1 μM of DiSC3(5) in the presence of 10 μg/mL 
Daptomycin in PBS, 1% DMSO, or 5% DMSO. All samples were incu-
bated in a 96-well black/optical bottom plate for 45 min, 37 ◦C. Fluo-
rescence (λex/em 620/680 nm) was measured using a Spark® plate 
reader. 

Statistics. All results were assessed for normality using the 
Kolmogorov-Smirnov test. Normally distributed data was analyzed 
using ordinary one-way ANOVA with the Dunnett’s correction. Non- 
normally distributed data was analyzed using the non-parametric 
ANOVA Kruskal-Wallis test with the Dunn-Sidak correction or the 
Mann-Whitney U test set to a two-sided hypothesis test. In some cases, 

due to the presence of 0’s or 1’s in the data, the less powerful U or in 
some cases t-tests were used. In those cases, the comparisons were be-
tween independent sets and advice was taken from a statistician. All 
analysis was performed using MATLAB R2019a (MathWorks, Natick, 
MA) and GraphPad Prism 9.1.2 (GraphPad, La Jolla, CA). All graphs 
were generated using GraphPad Prism 9.1.2 or Excel for Microsoft 365 
(Microsoft, Albuquerque, NM). 

3. Results 

3.1. S. aureus aggregation is decreased via inhibition of clumping factor A 
(ClfA) 

S. aureus and other bacteria aggregate in synovial fluid [5,6], 
resulting in a range of aggregate sizes, including visible aggregates. By 
scanning electron microscopy (SEM), these aggregates are encased in a 
matrix as would be found in floating biofilms [5] (Fig. 1A). Previously 
we showed that fibrin[ogen] was critical for bacterial aggregation in 
synovial fluid [9] and that aggregation was dependent on Microbial 
Surface Components Recognizing Adhesive Matrix Molecules 
(MSCRAMMs) [5]. Because of aggregation, the apparent number of 
colonies is decreased when colony forming units are directly counted 
(shown with a synthetic synovial fluid, pSynF [9], Fig. 1B). However, if 
the bacterial culture is digested with trypsin at harvest and prior to 
plating, bacterial numbers are no longer significantly different from 
those measured in tryptic soy broth (TSB). A cartoon (Fig. 1C) illustrates 
how aggregation results in a net decrease in colony forming units (CFU), 
where protease digestion can restore bacterial number showing that 
viability is not affected. Using the decrease in apparent counts as an 
indication of aggregation, we characterized aggregation in three fluids: 
TSB, the synthetic synovial fluid pSynF that contains fibrin [ogen], al-
bumin, and hyaluronic acid [9], and human synovial fluid. Using TSB, a 
slight increase in bacterial number (~2X) was measured after 90 min, 
consistent with bacterial proliferation, whereas both the synthetic pSynF 
and synovial fluid showed decreased CFU/mL (~2 and ~1 log, respec-
tively), consistent with aggregation (Fig. 1D). To test if aggregation 
depended on fibrin[ogen] cross-linking, we used the diamine putrescine 
which competes with the cross-linking site on fibrin[ogen] [23]. After 
incubation for 90 min in the presence of putrescine, no change in 
recovered S. aureus CFU/mL was measured in TSB (Fig. 1E). Bacteria in 
synovial fluid showed the usual aggregation, resulting in lower CFU/mL 
at 90 min. Because putrescine did not change CFU/mL, fibrin[ogen] 
cross-linking via the coagulation cascade is unlikely to be central to 
bacterial aggregation. 

We then tested S. aureus aggregation during Ca2+ inhibition of ClfA. 
ClfA is one of the main cell wall-anchored adhesins involved in aggre-
gation [24]. In TSB, we observed a slight increase in CFU/mL in the 
presence of 50 mM Ca2+ (~25% increase, Fig. 1F). In the synthetic 
pSynF, 50 mM Ca2+ resulted in a 2–3 log increase in CFU/mL. In human 
synovial fluid, the presence of 50 mM Ca2+ resulted in an ~0.5 log in-
crease in CFU/mL. Overall, this experiment suggested that inhibition of 
ClfA resulted in fewer bacteria clustered in aggregates. 

3.2. Mutation of sortase A (SrtA) alters aggregation 

We had previously reasoned that Sortase A (SrtA), the enzyme that 
anchors ClfA (among other proteins) to the S. aureus cell wall [10,11], 
would be critical for aggregation. We switched to methicillin resistant 
S. aureus (MRSA) USA300 which we had previously used in our aggre-
gation studies [5,25] to enable us to test well-characterized USA300 
mutants. In TSB, USA300 and a USA300 srtA mutant [22] showed 
increased CFU/mL after a 90 min incubation (Fig. 2A, ~87% and ~60% 
increase, respectively), consistent with bacterial proliferation. In the 
synthetic pSynF, USA300 showed an ~2 log decrease in CFU/mL after 
90 min indicating aggregation, while the USA300 srtA mutant showed 
no significant change in counts, consistent with attenuated aggregation 
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and some proliferation (Fig. 2B). In human synovial fluid, USA300 
CFU/mL decreased by ~80% due to aggregation; this decrease was not 
significant for the USA300 srtA mutant (~25% decrease, Fig. 2C). 
Together, these data supported a role for SrtA-anchored proteins in 
bacterial aggregation. 

We then tested the effects of three putative SrtA inhibitors. Because 
ascribing decreased CFU/mL to aggregation would not be possible if 
toxicity was present, we first tested bacterial survival. The inhibitors 
morin [26] (Fig. 2D) and phenyl vinyl sulfone [27] (Fig. 2E) showed 
some mild toxicity in TSB at concentrations of >10 μg/mL. In equine 
synovial fluid, neither inhibitor showed toxicity as evidenced by no 
decrease in counts after aggregate dispersal. The putative SrtA inhibitor 
berberine (BBR) [12] only showed mild toxicity above 30 μg/mL in TSB 
(Fig. 2F). In contrast, in equine synovial fluid, berberine caused signif-
icant bacterial killing both at 20 μg/mL and 30 μg/mL (~3 logs, p <
0.0001). In human synovial fluid (Fig. 2G), berberine at 20 μg/mL and 
30 μg/mL resulted in large decreases in S. aureus CFU/mL (~3 logs, p <
0.0001; ~6 logs, p < 0.0001, respectively). Because berberine appeared 
to have bactericidal activity in synovial fluid (both human and equine 
synovial fluid, but not the synthetic pSynF, Supplementary Fig. S1), we 

further investigated its use as an antimicrobial against synovial fluid 
aggregates. Notably, berberine exhibited bactericidal effects that were 
not observed with the USA300 srtA mutant or with the SrtA inhibitors 
morin and phenyl vinyl sulfone. 

3.3. Berberine is bactericidal in alkaline pH 

To localize the host factor facilitating berberine’s anti- 
staphylococcal effect, we fractionated synovial fluid into a filtrate 
(<10 kDa) and a retentate (>10 kDa) (Fig. 3A). In the filtrate, 30 μg/mL 
berberine decreased S. aureus CFU/mL by 6–7 logs. When the retentate 
was restored to its original volume with TSB, 30 μg/mL berberine 
showed only a small, albeit significant (p < 0.0001) effect (Fig. 3B). 
However, when the retentate was restored with Dulbecco’s Modified 
Eagle Medium (DMEM), 30 μg/mL berberine caused a 6–7 log decrease 
in CFU/mL (p < 0.0001, Fig. 3C). Thus, berberine’s bactericidal effects 
were observed when S. aureus was cultured in retentate reconstituted 
with DMEM, but not with retentate reconstituted with TSB. 

We then asked if DMEM alone would support berberine’s bacteri-
cidal activity. In DMEM, 30 μg/mL berberine resulted in a 5–6 log 

Fig. 1. S. aureus aggregation in different media. (A) Scanning electron micrograph of S. aureus aggregate formed in human synovial fluid showing its ~1 mm size and 
the structure of the surface, with Staphylococci visible through the matrix on the higher magnification. (B) Comparison of CFU/mL recovered after incubation of 
bacteria in TSB or a synthetic pSynF without and with trypsin dispersion (n = 12; simple one-way ANOVA with Šídák’s multiple comparisons test) (C) Cartoon: 
changes in bacterial counts are used to indicate aggregation (CFU = colony forming units/mL). (D) S. aureus (SA) aggregation in tryptic soy broth (TSB), the synthetic 
synovial fluid pSynF, and synovial fluid (SynF); n = 12 for each point. Each media set was analyzed as independent pairs by a two-tailed Mann-Whitney U test. The 
effect of (E) putrescine and (F) calcium (Ca2+) on S. aureus aggregation in TSB, pSynF, and synovial fluid. n = 9–12; both using two-tailed Student’s t-test. ns = not 
significant; *≤0.05; ****p ≤ 0.0001. 
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decrease in S. aureus CFU/mL (Fig. 3D). To determine component(s) in 
DMEM that were fostering berberine’s activity, we used DMEM that 
lacked (i) amino acids and glucose, (ii) phenol red, pyruvate and vita-
mins, or (iii) inorganic salts. In all three DMEM formulations, berberine 
eradicated bacteria so that no CFU/mL were recovered (Fig. 3E; ~6-log 
decrease, p < 0.0001). Because all DMEM formulations contained so-
dium bicarbonate to buffer the medium, we tested berberine in sodium 
bicarbonate buffer alone. This combination caused a 5–6 log reduction 
in S. aureus CFU/mL (Fig. 3F). 

Sodium bicarbonate buffers blood, synovial fluid, and cell culture 
media. As is apparent in cell culture medium, sodium bicarbonate- 
buffered solutions become more alkaline in vitro over time. We there-
fore asked if berberine’s bactericidal activity was pH dependent. Syno-
vial fluid pH was measured at ~8.5 in the berberine/S. aureus 
experiment (Fig. 3G). When synovial fluid was forced to remain at pH 7 
by addition of 10X phosphate buffer (PB), berberine caused at most a 1 
log decrease in S. aureus CFU/mL which was not statistically significant. 
Collectively, these data showed berberine antimicrobial activity was 
dependent on pH such that by pH 8.5–9.0, a potent anti-Staphylococcal 
effect was measured. 

3.4. Berberine is associated with S. aureus 

We next used berberine’s innate fluorescence to probe its activity 

against S. aureus. We first asked if berberine associated with S. aureus 
and if any association increased in alkaline compared to neutral media 
(Fig. 4A). At pH 7, treatment of S. aureus with 30 μg/mL berberine 
caused slightly increased fluorescence of pelleted bacteria; at pH 9, 
bacterial fluorescence increased markedly (~2–3 fold). 

Because berberine association with S. aureus increased as the 
bactericidal effect increased, we asked if berberine internalization and 
subsequent DNA binding, as suggested by others [28], could account for 
its bactericidal activity. DNA extracted from S. aureus and then exposed 
to 30 μg/mL berberine in alkaline media exhibited ~3X greater fluo-
rescence than the innate fluorescence of the control (Fig. 4B). To test 
DNA binding, berberine-loaded bacteria were lysed and separated into a 
DNA fraction and a soluble fraction. In this setting, DNA localization was 
minor (~5%) compared to the total berberine contained within the 
S. aureus (Fig. 4C), suggesting that DNA-berberine interactions are not a 
major mechanism. For the negative control alamar blue, the DNA: 
cytoplasm ratio was ~0.03%; for the positive control SYTO 9, ~8% 
(Supplementary Fig. 2). 

We next asked if berberine caused membrane destabilization, either 
through pore formation or through more non-specific destabilization. 
We first tracked the effects of Daptomycin, an antibiotic with known 
pore forming capabilities. In the presence of Daptomycin, propidium 
iodide fluorescence steadily increased as a function of time (Fig. 4D). 
When berberine and propidium iodide were added to S. aureus in pH 8.5 

Fig. 2. Sortase A (SrtA) and S. aureus aggregation. USA300 and USA300 srtA mutant aggregation in (A) tryptic soy broth (TSB), (B) the synthetic pSynF, and (C) 
human synovial fluid (SynF); n = 12 for each condition. Columns were analyzed as independent pairs by a two-tailed Mann-Whitney U test. Effects of (D) morin and 
(E) phenylvinylsulfone on S. aureus survival in TSB and equine synovial fluid (EqSynF); n = 9 for each condition. The effect of purported SrtA inhibitor berberine 
(BBR) on S. aureus in (F) TSB and equine synovial fluid (n = 15) or (G) TSB and human synovial fluid (n = 9 for each condition). Comparisons for panel D were 
performed using a One-way ANOVA followed by Dunnett’s multiple comparisons test relative to the “0” dose control. Panel E, F, and G were analyzed by a Kruskal- 
Wallis ANOVA using Dunn’s multiple comparisons test. ns = not significant, *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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media, a slight but statistically significant increase in propidium iodide 
fluorescence was measured over the first 2 h (Fig. 4E). However, the 
propidium iodide fluorescence only began to increase more rapidly after 
60 min, suggesting a mechanism that was distinct from the pore for-
mation caused by Daptomycin. 

3.5. Berberine affects membrane potential 

While berberine localized to S. aureus, there were only mild effects 
on either DNA binding or membrane permeability. We next asked if 
perhaps S. aureus was altering drug efflux. We chose to first examine 
NorA, an S. aureus multidrug efflux pump that is well-characterized and 
exports dyes and quaternary ammonium compounds [29] (berberine is a 
quaternary amine [30], Fig. 5A). If berberine was internalized into 
S. aureus, an USA300 norA mutant should exhibit attenuated export and 
result in increased retention of the fluorescent berberine. After treat-
ment with berberine in phosphate buffered saline (PBS), pH 7.4, the 
USA300 norA mutant exhibited ~5X greater berberine fluo-
rescence/localization than that of USA300 (Fig. 5B). Furthermore, 
treatment with reserpine, a NorA inhibitor (Fig. 5C), increased the 
bactericidal effect of 30 μg/mL berberine in pH 7.4 PBS by 2–3 logs. 
Berberine or reserpine alone resulted in <1 log reduction in bacterial 
counts (Fig. 5C). Collectively, these results support an interplay between 

NorA efflux of berberine and its facilitated localization at alkaline pH. 
Efflux pumps and extracellular pH both interact with membrane 

potential to ultimately alter the electron transport chain. As electrons 
are shuttled down the electron transport chain, protons (H+) are trans-
ported extracellularly before passing back through the membrane- 
bound ATPase to generate ATP [31] (Fig. 5D). We thus reasoned that 
berberine in the alkaline medium would reduce the proton gradient 
while increasing membrane potential (ΔΨ). This increase in ΔΨ would 
exert an attractive force on positivecharges, such as the quaternary 
amine in berberine. 

To test this, we asked if ΔΨ of S. aureus increased as the medium 
became more alkaline, causing localization of berberine within 
S. aureus. We used DiSC3(5), a dye that associates with bacteria as a 
function of increasing ΔΨ, but due to self-quenching, yields an inverse 
correlation between ΔΨ and DiSC3(5) fluorescence [21]. With 
increasing pH, DiSC3(5) fluorescence decreased, showing an ~50% 
decrease in fluorescence at pH 9.0 (Fig. 5E). This increased permeability 
paralleled the bactericidal effect of berberine. Specifically, no significant 
decrease in CFU/mL (after trypsin dispersal) was seen in PBS buffered to 
pH 6.0, 6.5, and 7.0. Beginning at pH 7.5, berberine caused a 
pH-dependent decrease in S. aureus number, such that by pH 9.0, a 5–6 
log decrease in S. aureus CFU/mL was measured (Fig. 5F). 

These data suggested that berberine could act by dissipating ΔΨ. We 

Fig. 3. pH dependence of the antibacterial effect of berberine (BBR). (A) Cartoon: fractionation of synovial fluid (SynF) into a filtrate (<10 kDa) and a retentate 
(>10 kDa). S. aureus treated with berberine in filtrate and retentate dissolved with (B) Tryptic soy broth (TSB) and (C) Dulbecco’s Modified Eagle Medium (DMEM); 
n = 9 for each condition. S. aureus treated with berberine in (D) DMEM (n = 9 for each condition), (E) different formulations of DMEM (n = 18 for each condition), 
and (F) bicarbonate (n = 9 for each condition). (G) S. aureus treated with berberine in equine synovial fluid (EqSynF) and equine synovial fluid buffered to pH 7.0 
(EqSynF + 10XPB); n = 12 for each condition. All pairs were compared using two-tailed Mann Whitney U test. ****p ≤ 0.0001. 
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asked if increasing concentrations of berberine in pH 7.0 media could 
increase release of DiSC3(5) localized to S. aureus (Fig. 5F). Dye fluo-
rescence was unchanged with 0.3–30 μg/mL berberine. However, 300 
μg/mL berberine resulted in a 4X increase in fluorescence after 45 min, 
where again, fluorescence is inversely related to DiSC3(5) concentration. 
Neither 1% nor 10% DMSO, which was used as the solvent for berberine, 
resulted in a comparable level of DiSC3(5) fluorescence. The positive 
control, 10 μg/mL Daptomycin, showed dye fluorescence comparable to 
that measured at low concentrations of berberine. Thus, membrane 
destabilization appeared to factor into berberine’s bactericidal effects, 
perhaps amplified by the pH dependence of membrane potential and the 
activity of NorA and other efflux pumps. 

4. Discussion 

Bacterial aggregates exhibit tolerance to antibiotics that are similar 
to that of bacterial biofilms [5–7,9,25,32,33] so that successful treat-
ment of septic arthritis requires addressing the reservoir of S. aureus 
aggregates that form in synovial fluid [34]. The findings of this study 
demonstrated that berberine, a compound used for treatment of diar-
rheal diseases [14], inflammation [15,16,35], diabetes [36], and in-
fections [37–40], possesses a pH-dependent, metabolism-independent 
antibacterial effect that can be effective against these aggregated, 
antibiotic-tolerant bacteria. This is to our knowledge the first study 
describing such an effect in the context of antibiotic tolerant bacteria in 
synovial fluid. 

We have shown in previous work that aggregate dispersal can 

increase the antibiotic sensitivity of S. aureus in synovial fluid [5,6]. 
Therefore, in this manuscript, we initially sought to prevent bacterial 
aggregation to increase antibiotic susceptibility. We initially used the 
synthetic synovial fluid pSynF, a synovial fluid mimic our group 
developed to study bacterial aggregation and antibiotic susceptibility 
[9]. S. aureus showed greater aggregation in pSynF compared to synovial 
fluid. In both fluids, the competitive transglutaminase inhibitor pu-
trescine [41] did not alter aggregation and indicated fibrin[ogen] 
crosslinking was unlikely to be the cause of aggregation. The difference 
in aggregation between the two fluids could be related to their relative 
calcium content and calcium’s ability to inhibit clumping factor A (ClfA) 
binding to serum proteins [24]. The serum concentration of ionized 
calcium is 1.1–1.3 mM, which would also be found in synovial fluid due 
to the equilibration of low molecular weight molecules between serum 
and synovial fluid [42–44]; no calcium is added to pSynF [9]. This 
interpretation is supported by the inhibition of S. aureus aggregation by 
Ca2+ in the synthetic pSynF, but only a minimal inhibition in synovial 
fluid. Overall, the calcium data supported the importance of Microbial 
Surface Components Recognizing Adhesive Matrix Molecules 
(MSCRAMMs) in aggregation, 

In keeping with the critical role of the cell surface MSCRAMMs, we 
focused on the bacterial transpeptidase sortase A (SrtA), which mediates 
protein anchoring to the bacterial surface. Indeed, a USA300 srtA mutant 
resulted in less aggregation in synovial fluid and the synthetic pSynF. 
When we tested toxicity of SrtA inhibitors, we surprisingly found that 
berberine [12] caused bacterial death in synovial fluid but not in TSB. 
Based on our results, we asked if synovial fluid possessed a component 

Fig. 4. Mechanisms of berberine’s (BBR’s) bactericidal effect. I. (A) Berberine internalization into S. aureus as measured by fluorescence as a function of pH (n = 18). 
Comparisons were done using the Kruskal-Wallis test with the Dunn-Sidak correction. (B) Fluorescence of S. aureus lysate with no exposure and after exposure to 
berberine (n = 6; two-tailed Mann-Whitney U test). (C) Fluorescence that localizes to the supernatant vs the DNA fraction in berberine-loaded S. aureus (n = 4; two- 
tailed Mann-Whitney U test). (D) Propidium iodide fluorescence following addition of Daptomycin to S. aureus. (E) Propidium iodide fluorescence following exposure 
of S. aureus to berberine. Comparisons for D and E were done using the Kruskal-Wallis test with the Dunn-Sidak correction. ns = not significant; *p ≤ 0.05, **p ≤
0.01, ***p ≤ 0.001****p ≤ 0.0001. 
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that could potentiate berberine. Based on recapitulation of the activity 
in Dulbecco’s Modified Eagle Medium (DMEM), we identified alkaline 
pH as the factor that potentiates the bactericidal effect of berberine. As 
we attempted to clarify the bactericidal mechanism, we also questioned 
berberine’s effects on aggregation—any effects were minor compared to 
the antibacterial activity. These data integrate with previous observa-
tions that alkaline pH can decrease the minimum inhibitory concen-
tration of berberine against S. aureus [45]. 

In the joint, the absence of a synovial basement membrane allows 
near equal distribution of small molecular weight molecules [46] be-
tween serum and synovial fluid [42–44] so that bicarbonate will be 
present in synovial fluid. In vivo, this bicarbonate allows retention of 
physiological pH. Synovial fluid stored in vitro showed a drift towards 
higher pH, presumably because of bicarbonate breakdown. Bicarbonate 
in solution combines with H2O to form OH− and carbonic acid, which 
breaks down into H2O and CO2. In an open system, CO2 diffuses out, 
increasing production of OH− and alkalinization of the media. This 

alkaline pH is critical to berberine’s bactericidal effect, as further evi-
denced by decreased effects in equine synovial fluid buffered to ~pH 
7.0. 

Although we noted that berberine binds to bacterial DNA, membrane 
destabilization and collapsing of the proton motive force ΔΨ appears to 
explain its bactericidal activity. Membrane destabilization measured 
using propidium iodide fluorescence showed an ~2 h delay for 
berberine to exert its bactericidal effect; the membrane pore-forming 
antibiotic Daptomycin took effect within 20 min. This difference in 
activation time could be due to berberine destabilizing the membrane in 
a non-specific manner that is both time- and concentration-dependent or 
more likely due to the collapse of the proton motive force ΔΨ. 

In keeping with this effect, the USA300 norA mutant accumulated 
more berberine than wild type at neutral pH. Use of the NorA inhibitor 
reserpine [45] also augmented the bactericidal effect of berberine at 
neutral pH. Thus, berberine’s bactericidal effect appears to be tied to the 
alkaline environment, which reduces the activity of 4 of 5 multidrug 

Fig. 5. Mechanisms of berberine’s (BBR’s) bactericidal effect II. (A) Berberine structure. (B) Berberine localization to S. aureus as measured by fluorescence in a 
USA300 norA mutant (n = 18 for each point; unpaired t-test). (C) Berberine in combination with the NorA inhibitor reserpine effects on bacterial survival (right; n =
12 for each; Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test). (D) Cartoon: alkalinization reduces the proton gradient and increases the membrane 
potential across Gram-positive bacterial cell membranes (created with BioRender.com). (E) The effect of pH on DiSC3(5) localization as measured by fluorescence (n 
= 18 for each point; Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test). (F) The bactericidal effect of berberine with increasing pH (n = 9 for each; 
Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test). (G) The effect of increasing berberine concentration on DiSC3(5) localization as measured by 
fluorescence (n = 24 for each; two-tailed Mann-Whitney U test for independent comparisons with control). ns = not significant; *p ≤ 0.05, **p ≤ 0.01, ****p 
≤ 0.0001. 
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efflux pump families in S. aureus [47]. In keeping with these effects, we 
also measured disruption of the electron transport chain (ETC) and the 
proton motive force (PMF) in bacteria. 

In bacteria, the PMF is maintained by offsetting any change in proton 
gradient by a counteracting change in ΔΨ [48]. Alkalinization of the 
media would reduce the proton gradient and therefore induce a reac-
tionary increase in ΔΨ, as we observed through a decrease in DiSC3(5) 
fluorescence. This increase in ΔΨ would exert an attractive force on H+

and berberine, which is also cationic, causing localization to S. aureus, 
which we detected as increasing berberine fluorescence under alkaline 
media conditions. 

The ability of berberine treatment to reduce the bacterial burden in 
synovial fluid through a mechanism that appears largely independent of 
bacterial metabolism shows promise for clinical applicability, with the 
caveat that it requires inducing the infected environment to become 
alkaline. Inclusion of other frequent causative pathogens that can 
aggregate in synovial fluid, such as coagulase negative Staphylococcus 
and Escherichia coli [6], will be important to assess the scope of ber-
berine’s coverage. Additionally, the bactericidal efficacy of berberine 
needs to be tested against mature bacterial aggregates in synovial fluid, 
aggregates that have shown high levels of tolerance to standard first-line 
antibiotics. Ultimately, an in vivo model will be necessary to evaluate the 
ability of berberine to eradicate bacteria inside the joint and the effect of 
induction of an alkaline environment on joint physiology. 

Finally, the presence of antibiotic resistance has increased the ur-
gency for more effective treatments for bacterial infections. Biofilm 
formation has complicated this issue in that bacteria species can become 
tolerant to antibiotics through environmental factors rather than genetic 
alterations. Synovial fluid provides the necessary conditions for bacteria 
to quickly form aggregates that are essentially floating biofilms. In this 
manuscript, we have taken the first steps to show that berberine, which 
is cheap and readily available, can be effective against these antibiotic 
tolerant bacteria. 
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