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Abstract
Context and objective: Zerumbone has been reported to exert anti-microbial effects, but the mechanism by which the compound exerts 
its action is not known. Thus, this study aimed to investigate the mechanism of action of zerumbone against methicillin-resistance 
Staphylococcus aureus (MRSA), using the atomic force microscopy (AFM), scanning electron microscopy (SEM), and flow cytometry 
techniques.
Methods: MRSA (NCTC 13277) cell viability was determined using the microplate AlamarBlue assay. AFM and SEM were used to determine 
the morphology of zerumbone-treated MRSA cells. Flow cytometric analysis was used to determine the effect of zerumbone on bacterial 
membrane permeability and membrane potential, using the propidium iodide (PI) staining method, membrane potential-sensitive 
fluorescence probe, and DiBAC4(3) dye. DCFDA dye was used to determine the generation of reactive oxygen species (ROS) by MRSA.
Results: Zerumbone significantly inhibited MRSA growth with a minimum inhibitory concentration (MIC) of 125 µg/ml. The AFM analysis 
showed that zerumbone caused leakage of cytoplasmic content from the bacterial cells. Ultrastructure analysis showed small colonies 
of the bacteria with pores on the membrane surface. There were increases in zerumbone-treated MRSA PI and DiBAC4(3) fluorescence, 
indicating an increase in cell membrane permeability and a decrease in membrane potential that culminated in the loss of membrane 
structural integrity and bacterial death. Based on DCFDA dye analysis, zerumbone also reduced ROS production by MRSA.
Conclusions: Zerumbone exerts anti-MRSA effects by causing membrane depolarization, increasing membrane permeability, and finally 
disrupting cell membrane and bacterial killing.
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Highlights:
•	 Our	study	evaluated	the	mechanism	of	action	of	zerumbone	against	Staphylococcus aureus (MRSA).
•	 Zerumbone	inhibited	MRSA	by	membrane	disrupting	mechanism.
•	 This	work	showed	the	potential	of	zerumbone	for	the	topical	treatment	of	topical	bacterial	infections.
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Introduction

The emergence of antibiotic-resistant bacteria has been one of 
the causes of the increase in the rate of mortality of patients 
under	 intensive	 care	 (Ibraheem	 and	 Al-Mathkhury,	 2018).	
One of the main factors contributing to the increase in anti-
biotic-resistant bacteria is the rampant use of antibiotics as 
growth enhancers in livestock feed (Mudzengi et al., 2017). 
Consequently, much research is being conducted to discov-
er new and more efficacious antibacterial therapeutics that 
would not develop-resistant strains. Researchers are targeting 
natural products of plant, animals, and marine sources, for 
the discovery of compounds with anti-microbial property with 

minimal adverse effects (Albaayit, 2020; Albaayit et al., 2020a; 
Dhama et al., 2014). It has been suggested that the antibacte-
rial activities of natural compounds are associated with sev-
eral mechanisms, including damaging cell membrane, altering 
the membrane depolarization potential, and increasing mem-
brane permeability (Wu et al., 2016).

Zerumbone, a natural sesquiterpene from edible ginger 
Zingiber zerumbet Smith, has antimicrobial, anti-inflammato-
ry, immunomodulatory, anticancer, antinociceptive, and anti-
oxidant activities (Albaayit et al., 2021a; Zhang et al., 2012). 
However, the mechanism of the antibacterial effect of zerum-
bone is still not clear. In this study, we determined the effect of 
zerumbone on the methicillin-resistant Staphylococcus aureus 
(MRSA).
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Materials and methods

Material
The zerumbone crystals were prepared, purified, and charac-
terized according to a previous method (Albaayit et al., 2020a). 
Slices of Z. zerumbet were subjected to steam distillation and 
volatile oil was extracted. The volatile oil was treated with 
pure hexane with gradual evaporation of solvent in a fuming 
hood to facilitate crystallization of zerumbone. The process 
was repeated three times to obtain pure zerumbone crystals, 
which	were	stored	at	2–8	°C	before	use.	For	each	experiment,	
the zerumbone crystals were diluted with dimethyl sulfoxide 
(DMSO) to obtain a stock solution of 20 mg/ml zerumbone. 
This study was conducted at the Dr. Panjwani Center for Mo-
lecular Medicine and Drug Research, International Center for 
Chemical and Biological Sciences, University of Karachi, Paki-
stan	(June	to	August,	2018).

Assessment of zerumbone against MRSA
A broth dilution method for zerumbone as described in the 
CLSI guidelines (Albaayit, 2021a)  was used to determine the 
antibacterial effect of zerumbone. The stock zerumbone solu-
tion was diluted in Mueller Hinton Broth (MHB) medium to 
obtain concentrations of 15, 31.25, 62.5, 125, 250, 500, and 
1000 µg/ml zerumbone. Full-grown S. aureus cultures (NCTC 
13277, MRSA 252) (MRSA) were diluted 1000× in MHB me-
dium and 100 µl of the bacterial suspension was dispensed to 
each well containing 100 µl diluted zerumbone solution to a 
final concentration of 0.5 × 106 CFU/ml MRSA. The negative 
control wells contained untreated MRSA. The experiments 
were conducted in triplicates. The plate was sealed and incu-
bated	at	37	°C	for	18	to	20	h.	The	next	day,	all	wells	were	vis-
ually checked for turbidity, 20 µl of AlamarBlue dye was added, 
and	the	plate	was	incubated	with	shaking	for	2	h	at	37	°C	in	an	
incubator. The absorbance was recorded at 570 and 600 nm in 
a spectrophotometer (ThermoScientific) and the % inhibition 
of bacteria by zerumbone was calculated using the formula de-
scribed	in	Lancaster	and	Fields	(1996).

Surface morphology by the atomic force microscopy 
(AFM)
The effect of zerumbone on the MRSA was determined using 
AFM. Bacterial inoculum of 2.5 × 107 CFU/ml in Eppendorf 
tubes was treated with 200 µg/ml zerumbone. The negative 
(nontreated) control tubes contained medium and bacteria 
only. After incubation for 2 h, the tubes were centrifuged at 
5000 rpm for 5 min, washed twice with double-distilled water, 
and the supernatant discarded. Pellets formed were dispersed 
in a small quantity of remaining water in the tube and 10 µl of 
suspension were placed on the poly-L-lysine (0.01%) pre-coat-
ed silicon wafer slides and allowed to dry (Albaayit, 2021a). 
The samples were subjected to scanning using AFM (Agilent 
Technologies-5500, AZ, USA) in the tapping mode. All the top-
ographical images were analyzed using PicoView 1.2 imaging 
analysis software to get 2D and 3D images of bacteria.

Surface morphology by the scanning electron 
microscopy (SEM)
The protocol described by Fischer et al. (2012) was adopted 
for the study. Mid-exponential grown MRSA at a density of  
2.5 × 107 CFU/ml in sterile Eppendorf tube were treated with 
200	μg/ml	zerumbone	for	2	h	at	37	°C.	This	tube	was	centri-
fuged at 5000 rpm for 3 min and the pellet washed with PBS. 

The pellet was fixed with 2% glutaraldehyde for 1 h. The glu-
taraldehyde was discarded and the pellet again washed with 
PBS,	followed	by	50,	70,	80,	90,	and	100%	ethanol.	The	ethanol	
was allowed to evaporate at room temperature. The pellet was 
coated with gold in an ion sputtering device (Jeol JFC-1500, 
Japan)	 up	 to	 280–300	Å.	 Scanning	 electron	microscopy	was	
performed	with	Jeol	(JSM	6380A,	Japan)	to	obtain	images	at	
8000×	and	12000×	magnifications.

 
Determination of cells viability using propidium iodide 
(PI) dye
The viability of MRSA treated with 200 µg/ml zerumbone  
was determined using the PI dye uptake and the BD FACSCE-
LESTATM flow cytometer (Becton, Dickinson and Company) 
and the protocol described by Clementi et al., (2014) with mi-
nor modification. 1 × 107 CFU/ml of bacterial suspension in 
PBS was treated with zerumbone for 2 h before incubating at 
37	°C.	The	negative	(nontreated)	control	MRSA	received	PBS	
only. Cells treated with 20 µg/ml Gramicidin were the positive 
control. The sample in 1 ml phosphate buffer saline (PBS) was 
then centrifuged twice at 5000 rpm for 5 min. 5 µl of PI dye 
(Sigma Aldrich) from 1 mg/ml stock solution was added and 
the	cells	were	incubated	at	37	°C	in	darkness	for	30	min	to	al-
low for dye uptake. The samples were analyzed immediately 
after	 incubation,	using	PI-A	filter	 (EX-535	nm,	EM-617	nm)	
at	 X-axis,	 and	 side-scattered	 count	 at	 Y-axis.	 Border	 P3	 and	
P4 represent live and dead cells, respectively. Dead cells with 
compromised cell membrane showed PI dye staining and fluo- 
rescence shifting to the right that is presented by border P4. 
10,000 cells in each sample were counted in triplicates.

Membrane potential by the bis-(1,3-dibutylbarbituric 
acid) trimethine oxonol DiBAC4(3) dye
DiBAC4(3) dye was used to determine changes in bacterial cell 
membrane potential (Farooq et al., 2014). Briefly, active bac-
terial MRSA cells at 1 × 107 CFU/ml suspended in 1 ml PBS, 
were treated with 200 µg/ml zerumbone and incubated for 
2 h. Cells treated with 20 µg/ml Gramicidin were the positive 
control. The negative (nontreated) control received PBS only. 
Then, 5 µl of 1.0 mM DiBAC4(3) was added and the cells were 
incubated for 20 min at room temperature. The fluorescence 
was recorded at the excitation and emission wavelengths of 
490	and	516 nm,	respectively,	using	the	BD	FACSCELESTATM 
flow cytometer. Data were analyzed using BD CellQuestpro 
software. Border P1 and P2 represent intact and decreased 
membrane potential cells, respectively. Border P2 showed high 
fluorescence, indicating the membrane potential of the cells 
had decreased as the result of zerumbone treatment.

Reactive oxygen species (ROS)
2’, 7’-dichlorofluorescein diacetate (DCFDA) dye was used to 
determine reactive oxygen species (ROS) generated by zerum-
bone-treated	MRSA	(Fang	et	al.,	2019).	1	×	107 CFU/ml MRSA 
in PBS were incubated with 10 µM DCFDA dye for 30 min be-
fore treatment with 300, 200 or 100 µg/ml of zerumbone for 
2 h. Then, 200 µl of the MRSA suspension were transferred 
in	 triplicates	 to	 a	 96-well	white	 plate	 for	 the	 determination	
of fluorescence by fluorometry (Tecan, Austria) at excitation/
emission	of	485/520	nm.

Statistical analysis
One-way analysis of variance (ANOVA) was used to determine 
the significance differences between means of treated and 
nontreated groups at p < 0.05 (GraphPad Prism software).
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Results
Anti-MRSA activity of zerumbone
Change in color of AlamarBlue dye of the bacterial suspension 
from blue to pink indicated reduction of dye. Blue colored bac-
terial suspension indicates a reduction in the number of live 
bacteria. The study showed that zerumbone inhibited MRSA 
growth	 (65.0	 ±	 5.8%)	 with	 MIC	 values	 of	 125	 μg/ml.	 Full	
bacterial growth was observed after treatment with zerum-
bone at concentrations <110 µg/ml. At 200 µg/ml, there was  
(80	±	5%)	bacterial	inhibition.	In	mechanistic	studies,	the	bac-
terial count increased, thus, the dose of zerumbone was in-
creased to 200 µg/ml to ensure production of the antibacterial 
effect.

Effect of zerumbone on the surface morphology of 
MRSA
The morphology of MRSA after treatment with zerumbone 
was visualized using the AFM (Fig. 1) and SEM (Fig. 2) tech-
niques. The AFM (Figs 1A, B) and SEM (Figs 2A, B) images of 
the nontreated MRSA cells showed clusters of compact cocci 
with mean diameter of 1 µm and typical round shape and in-
tact cell surfaces. However, distinct morphological changes 

were observed in the bacterial cells treated with zerumbone 
(Figs 1C, D and Figs 2C, D). The zerumbone-treated bacteria 
were irregular in shape, with rough surfaces. The cells tended 
toward loss cluster formation. The cell surface roughness of 
the bacteria was due to membrane rupture and loss of struc-
tural integrity. Fragments of treated cells were observed scat-
tered, the result of spillage of cytoplasmic content.

Membrane potential and membrane permeability of 
MRSA
DiBAC4(3) and propidium iodide dye were used to determine 
the effects of zerumbone on MRSA cell membrane potential 
and membrane permeability, respectively. Borders P1 and P2 
represent fluorescent data for DiBAC4(3) dye and border P3 
and P4 for PI dye. P2 and P4 showed higher fluorescence, indi-
cating an increase in the number of cells with decreased mem-
brane potential and increased membrane permeability, respec-
tively. The DiBAC4(3) dye analysis showed that nontreated 
MRSA	(Fig.	3A)	had	higher	P1	(96.2%)	and	lower	P2	(3.80%)	
values, representing a high number of viable cells and stabil-
ity of cell membrane potential. Upon treatment with grami-
cidin, a membrane disrupting peptide, the P1 (30.2%) and  
P2	(69.7%)	(Fig.	3C)	were	significantly	higher	(p < 0.001) than 
that for the nontreated control. The increase in P2 showed that 
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Fig. 1. Atomic force microscopy image of Staphylococcus aureus (NCTC 13277) morphology. (A, B) untreated control, (C, D) treatment with  
200 µg/ml zerumbone.
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Fig. 2. Scanning electron microscopy (SEM) image of Staphylococcus aureus (NCTC 13277) morphology. (A, B) nontreated control,  
(C, D) treatment with 200 µg/ml zerumbone.

 Fig. 3.	Alexa	Fluor	488-A	and	PI-A	filters	representing	DiBAC4(3) and propidium iodide (PI) dye flow cytometry data of MRSA, respectively.  
P1 and P2 gating represent the DiBAC4(3) and P3 and P4 gating represent the PI dye. (A, B) nontreated control, treatment with (C, D) 20 µg/ml 
Gramicidin and (E, F) 200 µg/ml zerumbone.
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DiBAC4(3) was absorbed by the cells after treatment due to the 
rapid decrease in membrane potential leading to higher fluo-
rescence. Most zerumbone-treated cells showed fluorescence 
of >10,000 RFU and Y-axis count reaching 150, showing that 
the compound had membrane-disrupting property. With ze-
rumbone treatment, there were similar increases in DiBAC4(3)  
P1	 (41.2%)	 and	 P2	 (58.6%)	 fluorescence	 (Fig.	 3E),	with	 two	
distinct peaks, one below 10,000 RFU and another above  
10,000 RFU fluorescence values. The Y-axis count reached 100, 
which is significantly higher (p < 0.001) than that of the non-
treated cells. This result showed zerumbone caused a rapid de-
cline in membrane potential and integrity of MRSA cells.

PI uptake assay was also employed to determine mem-
brane integrity of zerumbone-treated MRSA cells. Nontreat-
ed	control	cells	showed	P3	of	99.7%	and	P4	of	0.4%	(Fig. 3B),	
demonstrating that all cells were viable with intact cell mem-
brane. Upon treatment with gramicidin, the cells showed  
P3	of	31.6%	and	P4	of	68.4%	(Fig.	3D),	suggesting	significant	
(p < 0.001) increase in PI dye fluorescence of the cells. Gram-
icidin had disrupted the cell membranes and allowed for in-
creased PI dye penetration, which upon binding with DNA gave 
high fluorescence. Zerumbone (Fig. 3F) caused an increase in 
PI fluorescence in the treated cells, which was similar to that 
shown by the gramicidin treatment. The P3 value of 47.4% 
and P4 of 52.6% showed there was a significant (p < 0.001) 
increase in the zerumbone-treated cells membrane permeabil-
ity producing two distinct peaks. Thus, the study showed that 
zerumbone-treatment caused the MRSA to lose cell membrane 
integrity, confirming the findings from the DiBAC4(3) uptake 
assay.

Reactive oxygen species (ROS) generation by MRSA
DCFDA dye was used to determine the effect of zerumbone 
on ROS production by MRSA in culture. MRSA was incubat-
ed with DCFDA dye before treatment with various concen-
trations of zerumbone. The ROS production by the cells was 
determined after 2 h of incubation. As shown in Table 1, hy-
drogen peroxide treatment significantly increased MRSA ROS 
production. Zerumbone treatment dose-dependently reduced 
ROS production by the bacteria.

Table 1. DCFDA dye fluorescence of MRSA treated with 
zerumbone

Treatment MRSA relative 
fluorescence unit

Negative (nontreated) 66.39	±	1.46

Hydrogen peroxide (50 µM) 82.37*	±	0.99

Zerumbone (µg/ml)
100
200
300

47.08*	±	0.23
36.70* ± 0.25
34.85*	±	0.25

Values are mean ± Std. Dev. * Means are significantly different from 
nontreated control mean at p < 0.001.

 
Discussion

Multidrug resistant bacteria are now widespread, posing great 
danger to public health. Natural sources are being intensive-
ly studied to search for novel compounds that could serve as 
new and alternative agents in the treatment of microbial infec-
tions	(Al-Ani	et	al.,	2018;	Albaayit	and	Ozaslar,	2019;	Albaayit	 

et al., 2020b, 2021b; Al-Bahrani et al., 2020; Al-Naddawi et 
al.,	 2019;	 Benbelaïd	 et	 al.,	 2014).	 Among	 these	 compounds	
is zerumbone, known for its many pharmacological activities  
(Albaayit	and	Maharjan,	2018;	Zhang	et	al.,	2012).

Previous studies have shown that zerumbone inhib-
its growth of various bacteria, including Helicobacter pylori,  
Salmonella typhimurium, Bacillus cereus, Escherichia coli, Yersinia 
enterocolitica, Bacteroides fragilis, Streptococcus mutans (da Silva 
et	 al.,	 2018;	Hwang	et	 al.,	 2019;	Kalantari	 et	 al.,	 2017;	San-
tosh Kumar et al., 2013), Staphylococcus epidermidis, Aspergillus  
niger, Salmonella choleraesuis (Abdul	 et	 al.,	 2008,	 Vishwana-
tha et al., 2012), Enterococcus faecalis, Stapylococcus aureus, 
Pseudomonas aeruginosa, Proteus vulgaris, and Candida albicans 
(Tian et al., 2020).

Previous studies showed that zerumbone (Abdul et al., 
2008)	 or	 its	 open	 ring	 derivative	 2	 (Kitayama	 et	 al.,	 2007)	
did not inhibit MRSA growth while another study showed 
zerumbone	had	anti-MRSA	activity	(Siddique	et	al.,	2019).	It	
appears that the zerumbone analogues, namely azazerumbone 
1, azazerumbone 2, and zerumbol, also have potent antibac-
terial activities (Santosh Kumar et al., 2013). Although the 
anti-bacterial effect of zerumbone remains contentious, our 
study showed that the compound at 125 µg/ml inhibited the 
growth of MRSA.

Zerumbone was also reported for its anticancer activities 
against several cancer cell lines. The mechanism of action of 
anticancer activities reported includes the molecular modifi-
cation of different pathways, such as JAK2/STAT3, Akt, and  
NF-κB	 (Girisa	 et	 al.,	 2019).	 In	HeLa	 cancer	 cell	 line,	 zerum-
bone inhibits the cell proliferation by disrupting the microtu-
bule assembly during the cell division process and shows syn-
ergistic	effect	with	paclitaxel	(Ashraf	et	al.,	2019).	Zerumbone	
induces apoptosis process in human lymphoma cancer cell line 
by dysregulating the Bax/Bcl-2 protein system (Albaayit et 
al., 2021c). In the colorectal cancer cells, zerumbone exerted 
its antiproliferative effects by decreasing the mitochondrial 
membrane potential and activating the intrinsic pathway of 
apoptosis with the release of activated caspase 3 (Sithara et 
al.,	2018).

Zerumbone has three double bonds, one isolated and two 
conjugated to the carbonyl group. Previous works had demon-
strated the importance of the α,β-unsaturated carbonyl group 
in the biological effects of zerumbone (Albaayit, 2021b; Mu-
rakami et al., 2002). This group was responsible for its versa-
tile biological activities, including induction of apoptosis (Kim 
et	al.,	1996),	cytoprotective	activity	(Rodriguez	et	al.,	1997),	
glutathione	S-transferase	activity	(Tjalkens	et	al.,	1998),	reg-
ulation of the insulin-like growth factor-I, and Waf-1 gene ex-
pressions	(Bui	and	Straus,	1998).

Until now, no details for antibacterial mechanism of ac-
tions of zerumbone have been reported. The present study de-
termined the mechanism of anti-MRSA effects of zerumbone 
using the AFM, SEM and flow cytometry techniques. The ul-
tra-structural analyses of MRSA showed that treatment with 
zerumbone caused the scattering of the cytoplasmic content 
of dead cells as the result of cell membrane disruptions and 
loss of cellular integrity. The bacteria-killing effect of zerum-
bone was further confirmed by fluorescent DiBAC4(3) and PI 
dye uptake. Zerumbone increased intake of DiBAC4(3) and PI 
dye by MRSA by causing bacterial membrane depolarization 
and	increasing	membrane	permeability	(McAuley	et	al.,	2018).	
The α,β-unsaturated carbonyl group of zerumbone is suggest-
ed to be responsible for its cell membrane rupturing effect.  
Oritavancin, a glycopeptide antibiotic, is known to cause  
S. aureus membrane depolarization and increase cell mem-
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brane permeability, whereas cell wall synthesis inhibitor, 
vancomycin, has little effect on cell membrane potential and 
membrane permeability (Belley et al., 2010). To confirm this, 
more detailed studies related to membrane disruption mech-
anism need to be carried out, such as leakage of calcein-AM 
assay, lowering of zeta potential of bacteria, leakage of intra-
cellular potassium ions, etc.

Compounds with antioxidant properties are ideal candi-
dates for antibacterial drugs (Albaayit et al., 2014, 2015, 2016, 
2019).	In	our	study,	ROS	generation	by	MRSA	was	determined	
using the DCFDA fluorescence dye intake. Healthy nontreated 
bacterial cells produce ROS as a natural side effect of aerobic 
respiration	(Albaayit	et	al.,	2021d;	Imlay	and	Fridovich,	1991).	
ROS can damage RNA/DNA and oxidize lipids in cells. Bacte-
ria protect themselves against the effects of ROS by producing 
catalase and superoxide dismutase to detoxify the oxidant. 
Our study showed that zerumbone reduced ROS production 
by the MRSA. Apparently, the anti-MRSA activities of zerum-
bone are via mechanisms other than that causing bacterial 
self-destruction through the increased production of ROS. The 
scavenging effect of zerumbone toward the free radical was 
also	proved	by	(Albaayit	and	Maharjan,	2018).

The toxicity profile of zerumbone has been measured 
in sprague dawley rats, BALB/c mice, and imprinting con-
trol regions (ICR) mice, in which the lethal dose was found 
to be higher than 500 mg/kg with non-toxic effects on vital 
organs (Ibrahim et al., 2010, Jin et al., 2013). Zerumbone is 
also non-hemolytic to human red blood cells (Albaayit et al., 
2021a).

 
Conclusions

This study showed that zerumbone exerts its anti-MRSA ef-
fect by causing membrane depolarization and increasing mem-
brane permeability, which resulted in the disruption of bacte-
rial cell membrane.
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