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Abstract 

Background Starting primarily as an inflammation of the mammary gland, mastitis is frequently driven by infec-
tious agents such as Staphylococcus aureus. Mastitis has a large economic impact globally, which includes diagnostic, 
treatment, and the production costs not to mention the potential milk contamination with antimicrobial residues. 
Currently, mastitis prevention and cure depends on intramammary infusion of antimicrobials, yet, their overuse risks 
engendering resistant pathogens, posing further threats to livestock.

Methods In our study we aimed to investigate, in vitro, using bovine mammary epithelial cells (MAC-T), the efficacy 
of the AuraShield an antimicrobial mixture (As) in preventing S. aureus attachment, internalisation, and inflammation. 
The antimicrobial mixture (As) included: 5% maltodextrin, 1% sodium chloride, 42% citric acid, 18% sodium citrate, 
10% silica, 12% malic acid, 9% citrus extract and 3% olive extract (w/w).

Results and discussion Herein we show that As can significantly reduce both adherence and invasion of MAC-T cells 
by S. aureus, with no impact on cell viability at all concentrations tested (0.1, 0.2, 0.5, 1%) compared with untreated 
controls. The anti-apoptotic effect of As was achieved by significantly reducing cellular caspase 1, 3 and 8 activities 
in the infected MAC-T cells. All As concentrations were proven to be subinhibitory, suggesting that Ac can reduce 
S. aureus virulence without bacterial killing and that the effect could be dual including a host modulation effect. In 
this context, we show that As can reduce the expression of S. aureus clumping factor (ClfB) and block its interaction 
with the host Annexin A2 (AnxA2), resulting in decreased bacterial adherence in infection of MAC-T cells. Moreover, 
the ability of As to block AnxA2 had a significant decreasing effect on the levels of pro inflammatory cytokine released 
upon S. aureus interaction with MAC-T cells.

Conclusion The results presented in this study indicate that mixtures of natural antimicrobials could potentially be 
considered an efficient alternative to antibiotics in treating S. aureus induced mastitis.
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Background
Maintaining optimal udder health in dairy farming 
requires a strong emphasis on hygiene practices, with 
the disinfection of teats emerging as a predominant pre-
ventive measure against mastitis, method commonly 
referred to as “post-dipping” [1]. Bovine mastitis (BM) 
continues to challenge the dairy sector as it’s a lead-
ing communicable health condition, causing substan-
tial economic consequences for farmers worldwide [2]. 
Commercial disinfectants typically incorporate a range 
of antimicrobial agents, such as chlorhexidine, iodine, 
hydrogen peroxide, lactic acid, sodium hypochlorite, and 
triclosan. However, the widespread use of these chemi-
cals poses several concerns. Not only do they have the 
potential to compromise the integrity of dairy products 
by leaving residues in milk, but they can also introduce 
environmental contaminants [1]. Microorganisms such 
as Staphylococcus aureus, Escherichia coli, Streptococ-
cus dysgalactiae, Streptococcus agalactiae, Streptococ-
cus uberis, Pseudomonas aeruginosa and Klebsiella are 
notorious for their prevalence in BM which collectively 
complicate therapeutic strategies [3–5]. Out of the 
approximately 250 infectious agents implicated in bovine 
mastitis, Staphylococcus spp., in particular, is the pre-
dominant causative agent, linked with a myriad of symp-
toms [2].

Alarmingly, a significant fraction of Staphylococcus spp. 
derived from mastitis cases have been reported to dis-
play antimicrobial resistance. The notorious pathogen, S. 
aureus, has earned its reputation for its persistent infec-
tions with low recovery rates, largely due to its ability to 
form biofilms, evade host immune responses, and reside 
within micro-abscesses [2]. Recent trends have also wit-
nessed a surge in mastitis cases associated with coagu-
lase-negative Staphylococci (CNS), capable of producing 
toxins and interacting with fibronectin-binding proteins 
(FnbA) [2, 6]. FnbA and ClfA are adhesive proteins facili-
tating the pathogen’s engagement with bovine mammary 
epithelial cells, playing a pivotal role in biofilm genesis 
[7]. Concurrently, SigB is instrumental in modulating 
stress-responsive and survival genes. It also steers biofilm 
development via the SigB regulon, a crucial factor for per-
petuating chronic infections [7]. Additionally, ArlR is an 
integral part of the ArlRS signaling pathway, influencing 
both virulence determinants and antibiotic resistance by 
directly modulating subsequent gene expression [7]. The 
transmission of staphylococci frequently occurs between 
animals and humans with both populations exhibiting a 
significant presence of staphylococcus spp [6].

Bovine mastitis’s etiology can be attributed to an 
array of factors, ranging from contagious pathogens, 
nutritional inadequacies to inadequate farm manage-
ment practices. Clinically, this disease is marked by 

conspicuous milk alterations like elevated coagulant 
levels, often accompanied by other prominent symp-
toms in the animal, including fever, clear signs of infec-
tion and inflammation, discernible upon inspection [4]. 
In contrast, subclinical mastitis (SCM) poses diagnostic 
challenges; cows typically seem unaffected and neither 
the udder nor the milk displays noticeable changes [8]. 
A particular subset of bovine mastitis induced by envi-
ronmental pathogens exhibits a spike in the somatic cell 
count (SCC), which carries its own economic burdens 
owing to the enhanced cell counts in milk [8]. Notably, 
SCM, despite its covert nature, is the more common form 
and incurs greater economic losses than its clinical coun-
terpart [4]. However, the implications of Staphylococci 
extend beyond the realm of bovine health as they are 
prominent nosocomial pathogens, with over 50 Staphy-
lococcus spp and subspecies being implicated in bovine 
staphylococcal mastitis [6]. The transmission dynamics 
of resistance genes and direct zoonotic transmission raise 
public health concerns [9]. Additionally, some strains 
of S. aureus are recognized as potent foodborne patho-
gens, causing food poisoning [10]. The interplay between 
human and animal environments further elevates the 
risks, given the high prevalence and propensity of Staph-
ylococci to transition between these domains.

Given the increasing antibiotic resistance exhibited 
by S. aureus and the formidable challenges posed by its 
biofilm production, recent scientific endeavors are veer-
ing towards more novel, natural remedies. There is an 
escalating trend towards harnessing the antimicrobial 
properties of certain natural antimicrobials, herbal sub-
stances, peptides and probiotics that exhibit potent activ-
ity against a spectrum of pathogens, including not just S. 
aureus, but also the likes of Campylobacter spp., Salmo-
nella spp., E. coli, and Clostridium spp among others [5, 
6, 10–15]. The aim of the current study was to bring fur-
ther clarity regarding the mechanisms by which natural 
antimicrobials can reduce S. aureus infection of bovine 
mammary cells. More specifically, we have examined the 
molecular mechanisms by which natural antimicrobials 
can block the interaction between the pathogen and host.

Methods
Microbiology and cell culture and antimicrobial mixture
Staphylococcus aureus (S. aureus DSM1104)—clinical 
isolate (laboratory stock), was grown in TSAYE (Tryp-
tone Soya Yeast Extract) at 37  °C. Cultures were sus-
pended in phosphate buffered saline (PBS; Gibco, UK) to 
an optical density  (OD600) of 1 prior to dilution in appro-
priate culture medium (FLUOstar Omega, BMG Labtech, 
U.K.). Colony forming units were enumerated by man-
ual count following serial dilution in PBS, spreading 
onto tryptic soy agar and overnight incubation at 37 °C. 
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MAC-T cells, a bovine mammary epithelial cell line 
(ATCC CRL-10,274) was cultured in Dulbeccos’ Mod-
ifed Eagle medium (DMEM; Sigma, UK) with 10% foetal 
bovine serum (FBS; Sigma) at 37 °C, 5%  CO2. AuraShield 
(As) included: 5% maltodextrin, 1% sodium chloride, 42% 
citric acid, 18% sodium citrate, 10% silica, 12% malic acid, 
9% citrus extract and 3% olive extract (w/w). Bioscience 
Nutrition, Fedamore, Ireland supplied the raw materials.

Growth curves
S. aureus cultures (2.0 log CFU/ml in TSAYE) were trans-
ferred into 96 well microtiter plates with final concentra-
tions of the natural antimicrobial of 0, 0.1, 0.2, 0.5, 1 and 
2% As (v/v). The inoculum level was determined after 
plating out onto TSAYE plates and incubation at 37  °C 
for 24  h. Cultures were incubated at 37  °C, and optical 
density was monitored at 600 nm at intervals of 4 h, over 
20 h, using an automatic plate reader (FLUOstar Omega, 
BMG Labtech, U.K.). The concentrations of the antimi-
crobial that did not inhibit bacterial growth were chosen 
as the sub-inhibitory concentrations and used for the 
subsequent phenotypic virulence assays.

Cell infections
Firstly, for S. aureus infection studies, the MAC-T cells 
were seeded in 6-well plates at  104 cells/well in 2  ml 
DMEM containing 10% FBS. Cells were then incubated at 
37 °C in 5%  CO2 until 80% confluent. Cells were washed 
(2X) with pre-warmed DMEM containing 1% FBS before 
inoculation with S. aureus at a multiplicity of infection 
(MOI) of 10. As controls uninoculated wells were used. 
Cells were infected for 6 h of incubation at 37  °C in 5% 
 CO2 in the presence of 0, 0.1, 0.2, 0.5% and 1% AuraSh-
ield (As) for 2–3 h. Post infection the supernatant, con-
taining un-attached bacteria was removed and wells 
were washed with 1  ml pre-warmed PBS. The cytotox-
icity of As was determined as previously described [13] 
using the MTT assay (Sigma-Aldrich, Gillingham, Eng-
land, UK). To quantify the number of cell-associated 
bacteria, infected monolayers were washed three times 
with PBS and treated with 0.1% Triton X-100 in PBS at 
41.5  °C and 37  °C for 15  min. Ten-fold dilutions from 
each well were plated onto TSAYE agar and the colo-
nies were enumerated after 2 days of incubation at 37 °C. 
The infected monolayers were washed with tissue cul-
ture medium to quantify the number of bacteria that 
invaded MAC-T cells. Fresh medium (2  ml) contain-
ing gentamicin (400  µg/ml) was added to kill bacteria 
that were not internalized. Medium without gentamicin 
was introduced to quantify the number of bacteria that 
adhered to the epithelial cells. Next, the tissue culture 
plates were incubated for a further 3 h at 41.5 °C or 37 °C 

and washed with fresh DMEM + 10% FBS. MAC-T cells 
were lysed by the addition of 1 ml of 0.1% Triton X-100 
in PBS and incubated for 15 min at 41.5 °C or 37 °C. Ten-
fold dilution of each well content was plated onto TSAYE 
agar, and colonies were enumerated after 1–2 days of 
incubation. Invasion efficiency was calculated as the per-
centage of the total number of CFU/total initial inocu-
lum. Secondly, we have set up infections to investigate 
the impact on ClfB expression. In this case the bacteria 
grown in the presence of 0, 0.1, 0.2, 0.5 and 1% As, the 
bacteria present in the supernatant of the infected cells 
and the bacteria attached and internalised were investi-
gated. Thirdly, to study the implication of Annexin A2 
(AnxA2) we have pre-incubated MAC-T cells with anti-
AnxA2 antibody (17.5 µg/ml) or human IgG (17.5 µg/ml) 
(Themo Fisher Scientific, UK) for 3 h prior to infection to 
block AnxA2 function as previously described [16]. For 
this latest experiment only the 1% As concentration was 
used, versus 0% as a control. All assays were conducted in 
triplicate on three separate days. The significance of dif-
ferences in adhesion and invasion between samples was 
determined using the Student’s t-test. A P-value of < 0.05 
was defined as significant (n = 3).

Gene expression analysis
The quantification of IL6, IL-1β, IL-8 and TNFα gene 
expression was conducted as previously described 
[17]. Briefly, the infected MAC-T cells were frozen in 
liquid nitrogen until use. The RNeasy Plus Mini Kit 
(Qiagen, Manchester, UK) kit was used for RNA iso-
lation. Reverse-transcribed RNA was obtained by 
using the Transcriptor First Strand cDNA Synthe-
sis Kit (Roche, Dublin, Ireland). The primers used. 
cDNA (1  µl) was added to duplicate wells with 7  µl 
of DNase-free water, 10  µl of Taqman Fast Advanced 
master mix (Applied Biosystems) and 1  µl of each 
of 2 Taqman gene expression assays (Applied Bio-
systems) (IL-6 NM_173923.2 Bt03211903_m1 FAM 
69, IL-8 NM_173925.2 Bt03211907_g1 FAM 105, 
TNFα NM_173966.3 Bt03259155_g1 VIC 66, IL-1β 
NM_174093.1 Bt03212744_m1 FAM 69). Samples were 
incubated at 50 °C for 2 min followed by 95 °C for 20 s 
then cycled 40 times at 95 °C for 3 s and 60 °C for 30 s 
in a LightCycler 96 (Roche). ClfB gene expression was 
analysed as previously described [18]. The extraction 
of RNA was performed with chloroform and purified 
using the RNeasy minikit (Qiagen, UK). Fold change 
in gene expression level was calculated by comparing 
to Cq values in the absence of the natural antimicro-
bials. The purified RNA was reverse transcribed into 
cDNA by using Transcriptor First Strand cDNA Syn-
thesis Kit (Roche, Dublin, Ireland) according to the 
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manufacturer’s protocol. TaqMan primers (F-aatgt-
gttaccactttgattagggtcaa, R-gctgctgatgctaaaggtacaaatg 
and probe-acggcaagtaatttc containing a 6-carboxyfluo-
rescein reporter and nonfluorescent quencher were 
designed using the TaqMan design tool (Life Technolo-
gies). cDNA samples were assayed in triplicate using 
16  S rRNA as a control. The  2–ΔΔCT method was used 
to analyse the relative expression (fold changes), cal-
culated relative to the control group. The expression of 
GAPDH gene was used as a control for MAC-T inter-
nalised S. aureus.

H2O2 production in infected MAC‑T cells
The production of intracellular ROS was measured 
using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) 
as previously described [19]. Briefly, a 10 mM DCFH-
DA stock solution (in methanol) was diluted 500-fold 
in PBS to obtain a 20 µM working solution. After infec-
tion, with or without As, the cells in a 12-well plate were 
washed twice with PBS and then incubated in a 100-µL 
working solution of DCFH-DA at 37  °C for 30  min. 
NADPH inhibitors including diphenyleneiodonium 
chloride (DPI, Sigma; 15 µM, 45 min preincubation and 
wash out) and bovine liver catalase (Sigma-Aldrich, 
Gillingham, England, UK; 300 U/ml) were used dur-
ing the 6  h measuring interval. Fluorescence was then 
determined with an excitation wavelength of 485  nm 
and an emission wavelength of 520 nm using a micro-
plate reader (FLUOstar Omega from Premier Scien-
tific, Belfast, UK). The ROS levels are expressed as fold 
change over the infected and treated control.

Caspase activity
Caspase 1, 8, and 3 enzymatic activities were measured 
in infected MAC-T cells as previously [20]. Cells were 
infected for 6  h, in the presence of 0, 0.1, 0.2, 0.5 and 
1% As described above. Briefly, the infected monolay-
ers were washed 3X with sterile phosphate-buffered 
saline (PBS at pH 7.2), scraped of the flask surface and 
collected by centrifugation at 450 ×g for 5 min at 4 °C. 
The resulting pellets were washed again with sterile 
PBS and resuspended in 10 ml of clean sterile PBS. Fol-
lowing enumeration with a hemacytometer cells were 
resuspended at a concentration of  108 cells/ml in cell 
lysis buffer (25 mM HEPES [pH 7.5], 5 mM MgCl2, 5 
mM EDTA, 5 mM dithiothreitol, 2 mM phenylmethyl-
sulfonyl fluoride, 10  µg of leupeptin per ml; all rea-
gents from Thermo-Fisher Scientific, UK) centrifuged 
and the supernatants were retained. Caspase 1 activ-
ity was measured using the Caspase-Glo 1 (Promega, 
UK), Caspase 3 using the EnzChek kit (Thermo-Fisher 

Scientific, UK) and Caspase 8 was measured using the 
CaspGlow kit (Thermo-Fisher Scientific, UK) according 
to the manufacturer’s recommendations.

Results
S. aureus infection of MAC‑T cells is reduced 
by the antimicrobial mixture (As)
Bovine mammary gland epithelial cells (MAC-T cells) 
were used to test the effect of AuraShield concen-
trations (0, 0.1, 0.2, 0.5 and 1% As) on to ability of S. 
aureus to cause infection. In our study we have looked 
at the impact on total bacterial adhesion and on the 
numbers of bacteria which have penetrated the cell 
membrane and internalised into MAC-T cells. Our 
data shows a decreasing trend on the total bacterial 
adhesion in the presence of 0.1 and 0.2% As (Fig. 1A), 
however, adhesion was reduced (P < 0.05) at 0.5 and 
1% As (Fig.  1A). The impact on bacterial internaliza-
tion was nonetheless significant at all concentrations 
(Fig. 1B). All the above results were achieved with no 
impact on cell viability (Fig.  1C), suggesting that As 
impacts bacterial growth and their virulence mecha-
nisms to diminished infective ability. To test this 
hypothesis, we have performed growth curves at all the 
above concentrations and observed a slower growth 
rate but with no growth inhibition at all the concentra-
tions tested (Fig.  1D). This result indicated that con-
centrations between 0.1 and 1% As can be further used 
to investigate the mechanisms involved in reduced S. 
aureus infection of MAC-T cells.

AuraShield blocks S. aureus ClfB expression and reduces 
the release of pro‑inflammatory cytokines in infected 
MAC‑T cells
With this experiment we aimed to gain an insight into the 
mechanism involved in anti-inflammatory and inflection 
blocking role of As during S. aureus infection of MAC-T 
cells (Fig.  2A). Our first observation indicated that the 
presence As during the 6 h infection of S. aureus infec-
tion of MAC-T cells led to a dose dependent and signifi-
cant reduction in IL6, IL1β, IL8 and TNFα produced by 
the infected cells (Fig. 2B). To further deepen our inves-
tigation, we have assessed the impact on the S. aureus 
gene, ClfB, a clamping factor involved in adhesion. Our 
results show that in the absence of MAC-T cells there 
was no significant difference in S. aureus ClfB expression 
(Fig.  2C) indicating that the presence of MAC-T cells 
acts as a trigger that stimulates ClfB expression. The ClfB 
expression in the un-attached S. aureus to MAC-T cells 
upon infection started to increase and was significantly 
downregulated especially at 0.5 and 1% As (Fig.  2D). 
The vital role of As was further emphasized when the 
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ClfB expression was analysed in attached and infected of 
MAC-T cells (Fig.  2E). The downregulation was signifi-
cant at As concentration investigated. Taken together our 
results showed that the presence of As during MAC-T 
cell infection of S. aureus led to reduced proinflamma-
tory cytokine release and has an expression blocking 
effect against the S. aureus ClfB clamping factor gene.

AuraShield inactivation of AnxA2 contributes 
to the reduction in S. aureus internalization in MAC‑T cells
Next, we have investigated if As has a role in the inhibi-
tion of cellular Annexin A2 activity, a protein known 
for interacting with the bacterial ClfB clamping factor 
(AnxA2) during S. aureus adhesion/invasion of MAC-
T. To achieve this, we have pre-treated MAC-T cells 

Fig. 1 Impact of As on S. aureus adhesion (A) and infection (B) of MAC-T cells. The MAC-T cell viability after exposure to different concentrations 
of As by MTT assay is presented in panels (C) and the S. aureus growth curves are presented in panel D. Cell viability is expressed as a percentage 
of control cells (assigned as 100%). All experiments were performed in triplicate and the results are represented as means ± standard deviation (SD). 
Student’s t test was performed to assess significance with the P values being indicated on graphs

Fig. 2 The impact of As on S. aureus ClfB expression and MAC-T cells inflammatory response. A describes the experimental design (1-exposure 
of S. aureus to MAC-T cells; 2-adhesion/infection of MAC-T cells with S. aureus to; 3-As inclusion during infection and inhibition of ClfB; 4-MAC-T 
cells pro-inflammatory response). B shows the impact of As on IL6, IL1β, IL8 and TNFα expression in infected MAC-T cells. C indicates the effect 
of As on ClfB expression in S. aureus without the presence of MAC-T cells; the expression ClfB in S-aureus co-cocultured with MAC-T cells and As 
is presented in panel D, E indicates the expression of ClfB in S. aureus MAC-T cells attached or internalised after 6 h of exposure to 0.1, 0.2, 0.5 
and 1% As. All experiments were performed in triplicate and the results are represented as means ± SD. Student’s t test was performed to assess 
significance with the P values being indicated on graphs. The ClfB gene expression is presented as fold change over the infected and As unexposed 
control. Panel A was created using Biorender

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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with AnxA2 antibody for 3  h prior infection with S. 
aureus and the inclusion of As. The total adhesion assay 
(Fig. 3A) clearly shows that the pre-treatment of MAC-T 
cells with AnxA2 antibody leads to a further reduction in 
the total S. aureus adhesion (P < 0.0001) when compared 
to As treatment only. Figure  3A also confirms that the 
adherence levels of S. aureus to AnxA2 treated MAC-T 
cells were similar to the 1% As only experiment, sug-
gesting that they both use a similar adherence-blocking 
mechanism. As a control, the IgG antibody treatment of 
MAC-T cells did not affect the bacterial adherence sig-
nificantly when compared to the un-treated infected con-
trol. Similar effects were observed on the numbers of S. 
aureus internalised in the MAC-T cells (Fig.  4B). Taken 
together, our observations suggest that As blocked the 
AnxA2 MAC-T cells receptor and prevents its interac-
tion with and combined with the bacterial ClfB receptor 
resulting decreased infection levels.

Natural antimicrobial mixture reduces oxidation 
and caspase activity in S. aureus infected MAC‑T cells
Our next aim was to investigate if the reduced bacterial 
invasion is associated with reduced oxidative and apop-
totic stress in the infected MAC-T cells. As shown in 
Fig.  4A approximatively 28 nmol  H2O2 was released by 
the infected MAC-T cells in the absence of As. A sig-
nificant decrease was recorded (P < 0.0001) when the 
infected cells were treated with either 0.5% As, DPI or 
CAT. These results clearly show that upon infection S. 

aureus triggers the host NADPH oxidases to produce 
and release  H2O2 by the MAC-T cells, however, this oxi-
dative burst is significantly attenuated in the presence of 
As. Furthermore, we have investigated if the onset of the 
oxidative inflammation is also associated with induction 
of or reduction of caspase 1, 3 and 8 activities in S. aureus 
infected MAC-T cells and in the presence of the antimi-
crobial mixture. Our results show that all 3 caspases are 
significantly reduced (Fig. 3B) in a dose dependent man-
ner. Overall, these results show that the natural antimi-
crobial mixture, As, protects against cellular oxidative 
damage prevents induction of apoptosis by de-activation 
of caspase 1, 3 and 8 in the infected MAC-T cells.

Discussion
The strategy of utilizing natural antimicrobial mixtures 
fortified with organic acids and botanical extracts offers 
significant promise for effective pathogen management 
[21]. Ajose et al. 2023, have recently reviewed ethnovet-
erinary medicinal plants and ethnoveterinary medicinal 
products utilised in dairy and livestock farming to combat 
mastitis, with the most prominent plants as Becium obo-
vatum, Malva parviflora, Brucea antidysenterica, Acorus 
calamus L., Triticum sp, Arachis hypogeam, Peganum 
harmala, Citrus limon, Withania somnifera and others 
[8]. Among plant extracts, Sorghum phenol extract [5], 
sweet orange peel (Citrus sinensis), pomegranate (Punica 
granatum) [22, 23], indian screw tree (Helicteres isora) 
[24], lemon balm (Melissa officinalis), a specie of laurel 

Fig. 3 As inactivates AnxA2 and contributes to the reduction in the MAC-T cell invasion of S. aureus. A adhesion, B invasion. All experiments were 
performed in triplicate and the results are represented as means ± standard deviation (SD). Student’s t test was performed to assess significance 
with the P values being indicated on graphs
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wood (Knema retusa) [25] and olive [13] extracts dem-
onstrated strong antimicrobial activity against different S. 
aureus strains including other BM-associated pathogens. 
After in  vitro disc diffusion assays from recent studies, 
the authors have reported the inhibitory zones against 
S. aureus significant average zones ranging from 22 to 
31 mm [24, 26]. The Knema retusa extract (KRe) showed 
significant antibacterial effects at observed MIC between 
32 and 256 ug/mL and MBC between 64 and 512 ug/mL 
against S. aureus and S. haemolyticus, inhibiting biofilm 
formation and bacterial surface adherence [25]. In an 
earlier investigation, a natural antimicrobial mixture of 
organic acids, citrus and olive extracts was assessed for 
its anti-staphylococcal activity [13]. This blend mani-
fested a multifaceted impact during the infection pro-
cess. Initially, it mitigated bacterial virulence attributes 
like exopolysaccharides (EPS) and biofilm while concur-
rently compromising bacterial membrane integrity. Fur-
ther, this mixture hindered the adhesion capability of the 
S. aureus DSM1104 to epithelial cells, bolstered epithelial 
tight junctions, and did so without compromising cellu-
lar viability. Moreover, it notably diminished inflamma-
tion and curbed oxidative stress in the infected cells. This 
antioxidative property can be attributed to its inhibition 
of externally regulated kinases (ERKs), relevant pathways 
governing cellular resilience during oxidative challenges 
and orchestrating the immune response via oxidative 
dephosphorylation [13].

Natural antimicrobial compounds from EOs could 
interfere with membrane integrity in bacterial pathogens 

[27]. Recent findings have showed the potent in  vitro 
antimicrobial and anti-virulent capacities of trans-cin-
namaldehyde, thymol, and carvacrol against these chal-
lenging pathogens [14]. These compounds reduced the 
growth of multi-virulent and MDR-MRSA isolates and 
the transcriptional activity of specific virulence genes. 
Investigations have further revealed the ubiquitous pres-
ence of virulence genes, namely icaA and cna, among the 
MRSA isolates studied, with a significant proportion pre-
senting as multi-virulent, potentially complicating their 
associated infections. Significantly, sub-inhibitory con-
centrations (SICs) of trans-cinnamaldehyde, thymol, and 
carvacrol have been found to induce substantial down-
regulation of genes such as sea, eta, tst, icaA, and cna in 
evaluated isolates. Given these insights, the study advo-
cates for the consideration of phytogenic compounds, 
including trans-cinnamaldehyde, thymol, and carvacrol, 
as potential alternative antimicrobials to address the 
growing challenge of MRSA infections [14].

The observed decrease in proinflammatory cytokines, 
following S. aureus infection of MAC-T cells in the pres-
ence of various concentrations of Ac, led us to believe 
that the positive effects might extend to a reduction in 
other cell survival mediators, such as caspases. For exam-
ple, Caspase-1 was shown to be involved in the secretion 
of proinflammatory cytokines, such as interleukin (IL)-1β 
and IL-18 [28] and known to be involved in apoptosis and 
inflammation, events which can be inhibited by the natu-
ral antimicrobial compounds such as the flavonoids (plant 
extracts) [29]. These effects were extended to caspases 

Fig. 4 The effect of As on  H2O2 (A) and caspases 1,3 and 8 activity (B) in S. aureus infected MAC-T cells. All experiments were performed in triplicate 
and the results are represented as means ± SD. A Two-tailed non-parametric t test was applied to compare against the 0% As, ****P < 0.0001, 
***P = 0.0002, **P ≤ 0.0001, *P < 0.05, n = 3
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3 and 8, known for their involvement in apoptosis and 
the expression of inflammatory cytokines in MAC-T 
cells with S. aureus [20]. The S. aureus surface located 
fibrinogen-binding protein (clumping factor; ClfB) [30] 
and the cell membrane binding protein Annexin A2 
(AnxA2) structurally interact to facilitate bacterial infec-
tion of MAC-T cells [31]. Their importance in S. aureus 
invasion of MAC-T cells was further emphasized for the 
clumping factor A (ClfA) [32]. Our data shows that As is 
capable of inhibiting ClfB and AnxA2 expression lead-
ing to decreased levels of proinflammatory cytokines and 
reduced bacterial invasion of MAC-T cells, with no need 
for direct S aureus killing. Other natural antimicrobials 
were also shown to inhibit S. aureus biofilm formation 
through direct binding to ClfB resulting in reduced bio-
film formation and cell adhesion [33]. Blocking the func-
tionality of ClfB by natural plant extracts can potentially 
have a significant impact on the S. aureus virulence as it 
has been previously shown that ClfB can bind to AnxA2 
and offer protection against mastitis [31]. Moreover, our 
study shows that the presence of As during S. aureus 
infection of MAC-T cells resulted in prevention of bac-
terial adhesion rather than bacterial killing. Previously, 
it has been shown that AnxA2 can interact with a bac-
terial receptor, mediating the adhesion to the host cells 
and ultimately promoting host infection [34]. It was con-
firmed further that by neutralising AnxA2, Pseudomonas 
aeruginosa infection of mammalian cells was prevented 
[35]. Similarly, the interaction between ClfB and AnxA2 
is vital in S. aureus virulence as it has been shown to 
facilitate bacterial internalisation into MAC-T cells [16].

Conclusions
In our study we show that As can inhibit AnxA2 activ-
ity and bacterial ClfB expression, leading to a significant 
reduction in the infection levels of S. aureus in MAC-T 
cells. This inhibition mechanism was previously attrib-
uted to other natural compounds, like ginseng (G-Rg5 
and G-Rk1), which can bind to Annexin A2 resulting 
in increased apoptosis in cancer cells [36]. We believe 
that this work will contribute significantly to developing 
anti-mastitis treatments free of antibiotics and with less 
impact on the animal or the consumer.

Abbreviations
TSAYE  Tryptone Soya Yeast Extract
DMEM  Dulbeccos’ Modifed Eagle medium
MAC-T  Bovine mammary gland epithelial cells
FBS  Foetal bovine serum
MOI  Multiplicity of infection
PBS  Phosphate buffer saline
AnxA2  Annexin A2

Authors’ contributions
NC and SM supervised this study. All authors contributed to study design. NC, 
SRFD, DM, IB, EP, DS, TI, IP, LS and SM analysed data and interpreted the results. 
NC drafted the manuscript. All authors contributed equally and read and 
approved the final manuscript.

Funding
We acknowledge Environtech, Dublin, Ireland, for funding. Grant number 
49650. The publication of this paper was supported by the University of Life 
Sciences King Mihai I from Timisoara doctoral grants.

Availability of data and materials
The datasets used and analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Consent for publication
Not applicable.

Competing interests
The authors of this study declare that they have no competing interests.

Author details
1 Faculty of Bioengineering of Animal Resources, University of Life Sciences 
King Mihai I from Timisoara, Timisoara 300645, Romania. 2 Bacteriology Branch, 
Veterinary Sciences Division, Agri-Food and Biosciences Institute, Northern 
Ireland, Belfast BT4 3SD, UK. 3 Faculty of Management and Rural Development, 
University of Life Sciences King Mihai I from Timisoara, Timisoara 300645, 
Romania. 4 Faculty of Food Engineering, University of Life Sciences King Mihai I 
from Timisoara, Timisoara 300645, Romania. 

Received: 8 February 2024   Accepted: 15 February 2024

References
 1. Barreiros Y, Meneses ACd, Alves JLF, Mumbach GD, Ferreira FA, Machado 

RAF, et al. Xanthan gum-based film-forming suspension containing 
essential oils: production and in vitro antimicrobial activity evaluation 
against mastitis-causing microorganisms. LWT. 2022;153:112470.

 2. Gutiérrez-Reinoso MA, Uquilla JB, Guamaní JL, Caiza ÁE, Carrera RP, Garcia-
Herreros M. Intramammary infusion of Micronised purified Flavonoid 
Fraction (MPFF) in Mastitis-diagnosed dairy cows naturally infected by 
Staphylococcus spp. in the late lactation. Veterinary Sci. 2023;10(5):335.

 3. Bennett S, Ben Said L, Lacasse P, Malouin F, Fliss I. Susceptibility to Nisin, 
Bactofencin, Pediocin and Reuterin of Multidrug Resistant Staphylococ-
cus aureus, Streptococcus dysgalactiae and Streptococcus uberis causing 
bovine Mastitis. Antibiotics. 2021;10(11):1418.

 4. Tomanić D, Samardžija M, Kovačević Z. Alternatives to Antimicrobial treat-
ment in bovine mastitis Therapy: a review. Antibiot (Basel). 2023;12(4):683.

 5. Schnur SE, Amachawadi RG, Baca G, Sexton-Bowser S, Rhodes DH, 
Smolensky D, et al. Antimicrobial activity of Sorghum Phenolic extract 
on bovine foodborne and mastitis-causing pathogens. Antibiotics. 
2021;10(5):594.

 6. Abed AH, Hegazy EF, Omar SA, Abd El-Baky RM, El-Beih AA, Al-Emam A, 
et al. Carvacrol essential oil: a natural antibiotic against zoonotic multid-
rug-resistant Staphylococcus species isolated from diseased livestock and 
humans. Antibiotics. 2021;10(11):1328.

 7. Lin W-C, Hsu K-C, You M-F, Lee K-H, Chi C-H, Chen J-Y. Octanoic acid 
promotes clearance of antibiotic-tolerant cells and eradicates biofilms of 
Staphylococcus aureus isolated from recurrent bovine mastitis. Biofilm. 
2023;6:100149.

 8. Ajose DJ, Oluwarinde BO, Abolarinwa TO, Fri J, Montso KP, Fayemi OE, 
et al. Combating bovine mastitis in the dairy Sector in an era of Antimi-
crobial Resistance: Ethno-veterinary Medicinal option as a viable Alterna-
tive Approach. Front Vet Sci. 2022;9:800322.



Page 10 of 10Balta et al. Irish Veterinary Journal            (2024) 77:3 

 9. Bunduruș IA, Balta I, Ștef L, Ahmadi M, Peț I, McCleery D, et al. Overview of 
virulence and Antibiotic Resistance in Campylobacter spp. Livest Isolates 
Antibiot. 2023;12(2):402.

 10. Balta I, Linton M, Pinkerton L, Kelly C, Stef L, Pet I, et al. The effect of 
natural antimicrobials against Campylobacter spp. and its similarities to 
Salmonella spp, Listeria spp., Escherichia coli, Vibrio spp., Clostridium spp. 
and Staphylococcus spp. Food Control. 2021;121:107745.

 11. Balta I, Marcu A, Linton M, Kelly C, Gundogdu O, Stef L, et al. Mixtures 
of natural antimicrobials can reduce Campylobacter jejuni, Salmonella 
enterica and Clostridium perfringens infections and cellular inflammatory 
response in MDCK cells. Gut Pathogens. 2021;13(1):37.

 12. Balta I, Linton M, Pinkerton L, Kelly C, Ward P, Stef L, et al. The effect of 
natural antimicrobials on the Campylobacter coli T6SS+/– during in vitro 
infection assays and on their ability to adhere to chicken skin and car-
casses. Int J Food Microbiol. 2021;338:108998.

 13. Butucel E, Balta I, Bundurus IA, Popescu CA, Iancu T, Venig A, et al. Natural 
antimicrobials promote the anti-oxidative inhibition of COX-2 mediated 
inflammatory response in primary oral cells infected with Staphylococcus 
aureus, Streptococcus pyogenes and Enterococcus faecalis. Antioxidants. 
2023;12(5):1017.

 14. Abdel-Raheem SM, Abd El-Hamid MI, Ibrahim D, El-Malt RMS, El-Ghareeb 
WR, Ismail HA, et al. Future scope of plant-derived bioactive compounds 
in the management of methicillin-resistant Staphylococcus aureus: 
in vitro antimicrobial and antivirulence prospects to combat MRSA. 
Microb Pathog. 2023;183:106301.

 15. Tomanić D, Božin B, Kladar N, Stanojević J, Čabarkapa I, Stilinović N, et al. 
Environmental bovine mastitis pathogens: Prevalence, Antimicrobial 
susceptibility, and sensitivity to Thymus vulgaris L., Thymus serpyllum L., 
and Origanum vulgare L. essential oils. Antibiotics. 2022;11(8):1077.

 16. Ying YT, Ren WJ, Tan X, Yang J, Liu R, Du AF. Annexin A2-Mediated 
internalization of Staphylococcus aureus into bovine mammary epithelial 
cells requires its Interaction with clumping factor B. Microorganisms. 
2021;9(10):2090.

 17. Murphy MP, Niedziela DA, Leonard FC, Keane OM. The in vitro host cell 
immune response to bovine-adapted Staphylococcus aureus varies 
according to bacterial lineage. Sci Rep. 2019;9(1):6134.

 18. Jenkins A, Diep BA, Mai TT, Vo NH, Warrener P, Suzich J, et al. Differential 
expression and roles of Staphylococcus aureus Virulence determinants 
during colonization and disease. mBio. 2015;6(1):e02272-14. https:// doi. 
org/ 10. 1128/ mbio. 02272- 14.

 19. Rani S, Verma S, Singh H, Ram C. Antibacterial activity and mecha-
nism of essential oils in combination with medium-chain fatty acids 
against predominant bovine mastitis pathogens. Lett Appl Microbiol. 
2022;74(6):959–69.

 20. Wesson CA, Deringer J, Liou LE, Bayles KW, Bohach GA, Trumble 
WR. Apoptosis induced by Staphylococcus aureus in epithelial cells 
utilizes a mechanism involving caspases 8 and 3. Infect Immun. 
2000;68(5):2998–3001.

 21. Vaou N, Stavropoulou E, Voidarou C, Tsigalou C, Bezirtzoglou E. Towards 
advances in Medicinal Plant Antimicrobial activity: a review study on 
challenges and Future perspectives. Microorganisms. 2021;9(10):2041.

 22. Sar T, Kiraz P, Braho V, Harirchi S, Akbas MY. Novel perspectives on Food-
based natural antimicrobials: a review of recent findings published since 
2020. Microorganisms. 2023;11(9):2234.

 23. Ökmen G, Giannetto D, Fazio F, Arslan K. Investigation of Pomegranate 
(Punica granatum L.) Flowers’ Antioxidant Properties and Antibacterial 
Activities against Different Staphylococcus Species Associated with 
Bovine Mastitis. Veterinary Sci. 2023;10(6):394.

 24. Sirimongkolvorakul S, Jasancheun A. Screening of in vitro antimicrobial 
effects of Helicteres Isora extract against Staphylococcus aureus. Vet 
World. 2021;14(9):2313–6.

 25. Chuprom J, Kidsin K, Sangkanu S, Nissapatorn V, Wiart C, de Lourdes 
Pereira M, et al. Knema retusa is antibacterial and antibiofilm against 
antibiotic resistant Staphylococcus aureus and S. Haemolyticus isolated 
in bovine mastitis. Vet Res Commun. 2023;47(2):523–38.

 26. Arbab S, Ullah H, Bano I, Li K, Ul Hassan I, Wang W, et al. Evaluation of 
in vitro antibacterial effect of essential oil and some herbal plant extract 
used against mastitis pathogens. Veterinary Med Sci. 2022;8(6):2655–61.

 27. Rani S, Singh H, Ram C. Efficacy and mechanism of carvacrol with 
octanoic acid against mastitis causing multi-drug-resistant pathogens. 
Brazilian J Microbiol. 2022;53(1):385–99.

 28. Lara-Tejero M, Sutterwala FS, Ogura Y, Grant EP, Bertin J, Coyle AJ, et al. 
Role of the caspase-1 inflammasome in Salmonella typhimurium patho-
genesis. J Exp Med. 2006;203(6):1407–12.

 29. White JB, Beckford J, Yadegarynia S, Ngo N, Lialiutska T, d’Alarcao M. Some 
natural flavonoids are competitive inhibitors of caspase-1, -3, and – 7 
despite their cellular toxicity. Food Chem. 2012;131(4):1453–9.

 30. D NE, Perkins S, Francois P, Vaudaux P, Höök M, Foster TJ. Clumping factor 
B (ClfB), a new surface-located fibrinogen-binding adhesin of Staphylo-
coccus aureus. Mol Microbiol. 1998;30(2):245–57.

 31. Ying Y-T, Ren W-J, Tan X, Yang J, Liu R, Du A-F. Annexin A2-Mediated 
internalization of Staphylococcus aureus into bovine mammary epithelial 
cells requires its Interaction with clumping factor B. Microorganisms. 
2021;9(10):2090.

 32. Ashraf S, Cheng J, Zhao X. Clumping factor A of Staphylococcus 
aureus interacts with AnnexinA2 on mammary epithelial cells. Sci Rep. 
2017;7:40608.

 33. Kang X, Ma Q, Wang G, Li N, Mao Y, Wang X, et al. Potential mechanisms 
of Quercetin Influence the ClfB protein during Biofilm formation of 
Staphylococcus aureus. Front Pharmacol. 2022;13:825489.

 34. Li C, Yu J, Liao D, Su X, Yi X, Yang X, et al. Annexin A2: the missing piece in 
the puzzle of pathogen-induced damage. Virulence. 2023;14(1):2237222.

 35. Kirschnek S, Adams C, Gulbins E. Annexin II is a novel receptor for Pseu-
domonas aeruginosa. Biochem Biophys Res Commun. 2005;327(3):900–6.

 36. Wang YS, Li H, Li Y, Zhu H, Jin YH. Identification of natural com-
pounds targeting annexin A2 with an anti-cancer effect. Protein Cell. 
2018;9(6):568–79.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1128/mbio.02272-14
https://doi.org/10.1128/mbio.02272-14

	The mechanistic role of natural antimicrobials in preventing Staphylococcus aureus invasion of MAC-T cells using an in vitro mastitis model
	Abstract 
	Background 
	Methods 
	Results and discussion 
	Conclusion 

	Background
	Methods
	Microbiology and cell culture and antimicrobial mixture
	Growth curves
	Cell infections
	Gene expression analysis
	H2O2 production in infected MAC-T cells
	Caspase activity

	Results
	S. aureus infection of MAC-T cells is reduced by the antimicrobial mixture (As)
	AuraShield blocks S. aureus ClfB expression and reduces the release of pro-inflammatory cytokines in infected MAC-T cells
	AuraShield inactivation of AnxA2 contributes to the reduction in S. aureus internalization in MAC-T cells
	Natural antimicrobial mixture reduces oxidation and caspase activity in S. aureus infected MAC-T cells

	Discussion
	Conclusions
	References


