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A B S T R A C T   

The present study was conducted to evaluate the in vitro antimicrobial effect of three essential oils (cinnamon, 
white thyme, and clove) on selected intestinal pathogen bacteria, probiotic strains, and commensal bacteria. 
Additionally, their effects on inflammatory gene expression were also evaluated in a well-known intestinal 
human cellular model (Caco-2 cells). Cinnamon showed the highest antipathogenic microbial activity, followed 
by white thyme and clove. In the case of the probiotic strains, the inhibitory effect was observed at 0.1% (v/v), 
although growth recovery was seen after 24 h of incubation. Besides, cinnamon down-regulated the expression of 
genes related to the Toll-like receptor, nitric oxide, and apoptosis pathways. Similarly, secretion of interleukin 2 
was inhibited by cinnamon. Results support the potential use of essential oils in the food industry for their 
antimicrobial and immunomodulatory effects; however, the underlying mechanisms are unknown and warrant 
further research.   

1. Introduction 

The World Health Organization (WHO) has estimated that 1 in 10 
people fall ill every year due to eating contaminated food (WHO, 2015). 
Food contamination with pathogenic microorganisms is one of the main 
factors in developing foodborne disease (Valdivieso-Ugarte, Gomez- 
Llorente, Plaza-Diaz, & Gil, 2019). The ingestion of contaminated food 
with pathogenic microorganisms can cause diarrhea, vomiting, or a 
more severe alteration such as hemorrhagic colitis (Munekata et al., 
2020). In this sense, Escherichia coli and Salmonella strains are two 
common pathogens associated with foodborne disease. To avoid food 

contamination with these or other pathogenic microorganisms, food 
industry use preservative agents for some foodstuffs. In recent years, the 
demand for the development of new, safe, and natural preservatives 
agents has grown. In this regard, special attention has been paid to the 
use of plant-derived essential oils (EOs), or their mains components, as 
natural, safe, and biodegradable food preservative agents (Valdivieso- 
Ugarte et al., 2019). Several authors have worked on developing suc
cessful strategies for the bio-preservation by using EOs in different types 
of food, such as meat products, milk, dairy products, salad dressing, 
mayonnaise, bread, and baked foods (Teneva et al., 2020). 

EOs are responsible for the odor of aromatic plants, although they 
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have other important plant functions such as attracting beneficial insects 
and pollinators or protecting plants from microorganisms (Falleh, Ben 
Jemaa, Saada, & Ksouri, 2020). EOs exhibit important biological func
tions that make them suitable in cosmetics, sanitary products, and 
agriculture. According to this, many EOs or specific components are 
classified as Generally Recognized As Safe (GRAS) by the U.S Food and 
Drug Administration (FDA). Among them, cinnamon, clove, and thyme 
are considered GRAS. It must be noted that EO effects, as preservative 
agents, depend on their sources and composition (Falleh et al., 2020). 
The antimicrobial activity of EOs have been tested in several foodborne 
pathogens (Valdivieso-Ugarte et al., 2019). In this regards, cinnamon EO 
has been shown to exert the highest antimicrobial activity against 
saprophytic and pathogenic microorganism (Denkova-Kostova et al., 
2020). 

EOs are volatile secondary metabolites synthesized by aromatic and 
medicinal plants, and in general, they are poorly soluble in water. 
Chemically, they are a mixture of numerous bioactive components such 
as terpenes, terpenoids, and phenolic compounds. These bioactive 
compounds are responsible for their biological antimicrobial, antioxi
dant, and immunomodulatory properties (Falleh et al., 2020; 
Valdivieso-Ugarte et al., 2019). Some of the proposed mechanisms for 
their activity compromise the irreversible damage of the bacterial cell 
wall and membrane, together with their capacity to modulate the 
secretion of important cytokines in a cell culture challenged with lipo
polysaccharide (LPS). EOs have shown to exert an effect on tumor ne
crosis factor (TNF-α), interleukins (ILs), thromboxane and leukotriene 
production (Valdivieso-Ugarte et al., 2019). These activities make EOs 
suitable for their use as bio-preservative agents and ingredients in 
functional foods. 

The current study was conducted to determine the antibacterial ac
tivities of tree selected EOs (cinnamon, clove, and white thyme) out of 
ten screened EOs, against common intestinal pathogens, intestinal 
commensal bacteria, and probiotics. The effect of EOs on the three 
different kinds of intestinal bacteria will add new information of their 
possible influence on intestinal growth bacteria that will be useful in the 
food industry for the design of new bio-preservative agents. Addition
ally, to their well-known antibacterial activity, the EOs have also been 
shown to possess immunomodulatory properties. For that, we studied its 
antibacterial effect and we determined its immunomodulatory effect on 
a well-known in vitro cellular model (human intestinal cells -Caco-2 
cells) to understand their possible mechanisms of action and support its 
use in the food industry. 

2. Materials and methods 

2.1. Evaluation of the antimicrobial activity of the essential oils 

2.1.1. Bacterial strains 
Gram-negative and Gram-positive bacteria were tested. Four recog

nized pathogen species commonly involved in intestinal diseases, four 
commensal strains belonging to each of the described enterotypes 
(Arumugam et al., 2011), and four probiotics were selected. The path
ogen strains E. coli CECT 729, E. coli CECT 501, Salmonella typhi CECT 
725, and Salmonella typhimurium CECT4594) were obtained from the 
Spanish Type Culture Collection (CECT). The probiotic strains Lactoba
cillus paracasei CNCM I-4034, Bifidobacterium breve CNCM I-4035, and 
Lactobacillus rhamnosus CNCM I-4036 have been characterized and are 
described elsewhere (Munoz-Quezada et al., 2013) and are available 
from the Collection of Bacteria of the Institut Pasteur (CIP), together 
with the Lactobacillus plantarum Lp3547 strain provided by Preparados 
Aditivos y Materias Primas S.A. (PAYMSA). The commensal species 
Bacteroides spp. DSM 107544 (Enterotype 1), Prevotella bryantii DSM 
11371 (Enterotype 2), and Trichococcus pasteurii DSM 2381 (Enterotype 
3) were obtained from the German Collection of Microorganisms and 
Cell Cultures GmbH (DSMZ). 

Regarding the growth media, Salmonella and E. coli were grown in 

tryptic soy broth (TSB) medium (Sigma-Aldrich, St. Louis, MO) aerobi
cally; probiotics were grown anaerobically in the de Man, Rogosa and 
Sharpe (MRS) agar medium (Oxoid, Hampshire, United Kingdom) 
whereas MRS broth medium was used for preparing the inoculate 
anaerobically; and the commensal species Bacteroides spp., Prevotella 
bryantii, and Trichococcus pasteurii were grown in Cooked Meat Medium 
and Muller Hinton (Oxoid, Hampshire, United Kingdom) anaerobically 
using a Whitley DG250 Anaerobic workstation (Don Whitley Scientific, 
Yorkshire, United Kingdom). 

2.1.2. Determination of antibacterial growth activity of the essential oils by 
disc diffusion assay 

Ten common EOs were initially tested and screened for their anti
bacterial properties by disc diffusion: Garlic, onion, clove, cinnamon, 
black pepper, bay leaf, nutmeg, cardamom, rosemary, and white thyme. 
The screened EOs were purchased from LLUCH ESSENCE (Barcelona, 
Spain) (Cinnamon, onion and white thyme), INDUKERN F&F IN
GREDIENTS (Barcelona, Spain) (Clove and cardamom,) and from 
VENTOS (Barcelona, Spain) (Garlic, rosemary, bay leaf, black pepper, 
and nutmeg). All oils were obtained from steam distillation. The corre
sponding information about the main chemical components has been 
included as a supplementary Table S1 for the three selected oils and as 
supplementary Table S2 for the rest of the EOs studied (Table S1 and 
Table S2). 

We selected three EOs (cinnamon, white thyme, and clove) out of 10 
screened EOs, based on their antibacterial growth effect measured by 
disk diffusion. The latter is a good approximation method; however, for 
a better determination of the antibacterial growth, a microdilution 
method was performed only in the tree selected EOs. 

The disc diffusion method was conducted to evaluate the antibac
terial activity of the 10 EOs according to the method previously 
described by Bauer et al. (1966). The suspension was prepared from an 
overnight culture for each microorganism. TSB agar plates (Sigma- 
Aldrich, St. Louis, MO), MRS agar plates (Oxoid, Hampshire, United 
Kingdom), and Columbia CNA agar with 5% sheep blood plates (Sigma- 
Aldrich, St. Louis, MO) were swabbed with 100 mL of the bacterial 
suspension in the case of pathogenic, probiotic, and commensal bacteria, 
respectively. Subsequently, sterile paper discs (d = 6 mm) were soaked 
with 10 μL of crude EO and placed on the inoculated surface of Petri 
dishes. Plates were incubated at 37 ◦C for 24 h for E. coli and Salmonella, 
and for 48 h in anaerobiosis (Oxoid, Hampshire, United Kingdom) for 
the probiotics and the commensal bacteria. After incubation, the di
ameters of the inhibition zones were measured. Disk impregnated with 
sterile distilled water served as a negative control. 

2.1.3. Determination of the antibacterial growth activity of the essential oils 
by the microdilution method 

The microdilution broth method was used to determine the Mini
mum Inhibitory Concentration (MIC) for the cinnamon, white thyme, 
and clove EOs. This EOs were selected based on the disc diffusion results. 
Three serial dilutions of EOs (0.1%, 0.01%, and 0.001%) (v/v) were 
prepared with dimethylsulfoxide (DMSO) (Sigma-Aldrich, St. Louis, 
MO). The E. coli and Salmonella strains were grown in TSB and incubated 
aerobically for 24 h at 37 ◦C. The Lactobacillus and Bifidobacterium 
strains were grown in MRS and MRS broth (Oxoid, Hampshire, United 
Kingdom), supplemented with 0.05% (w/v) cysteine (Sigma-Aldrich, St. 
Louis, MO), respectively, and incubated anaerobically for 24 h at 37 ◦C. 
These assays were performed in polystyrene 96-well (volume, 200 mL/ 
well) plates (Maxisorp, Sigma-Aldrich, St. Louis, MO). Tryptone soy 
(E. coli and Salmonella) or MRS and MRS supplemented with 0.05% (w/ 
v) cysteine (Oxoid, Hampshire, United Kingdom), (Lactobacillus and 
Bifidobacterium) broth was inoculated at 5% (v/v) with a concentrated 
microbial cell solution grown overnight. The inhibition of bacterial 
growth was evaluated by monitoring bacterial growth at 37 ◦C in tryp
tone soy (Oxoid, Hampshire, United Kingdom), or nutrient medium 
(Oxoid, Hampshire, United Kingdom), in 96-well plates according to the 
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methodology of Chenoll (Chenoll et al., 2011). Bacterial growth was 
determined using optical density data (O.D) at 620 nm using a Multiskan 
microplate reader (Thermo Fisher Scientific). For each EO and condi
tion, three independent experiments were performed. In each case, the 
percentage of resistance was calculated by comparing the final optical 
densities at 620 nm obtained with different concentrations of EOs with 
those of the corresponding control samples. An estimated concentration 
of each bacteria utilized in the present study were, E. coli CECT 729 
(6.5 × 1010 colony-forming units (CFU)), E. coli CECT 501 (4.5 × 109 

CFU), Salmonella typhi CECT 725 (3.6 × 1010 CFU), Salmonella typhi
murium CECT4594 (2.6 × 1010 CFU), Lactobacillus paracasei CNCM I- 
4034 (8.0 × 108 CFU), Bifidobacterium breve CNCM I-4035 (1.8 × 109 

CFU), and Lactobacillus rhamnosus CNCM I-4036 (2.6 × 108 CFU). 

2.1.4. Determination of the antibacterial growth activity of the EOs against 
the commensal bacteria 

Because of the insufficient bacterial growth in small volumes, the 
commensal bacteria, Bacteroides spp., Prevotella bryantii, and Tricho
coccus pasteurii, were grown in 10 mL of Cooked Meat medium using a 
Whitley DG250 Anaerobic workstation (Don Whitley Scientific, York
shire, United Kingdom) and incubated anaerobically for 72 h at 37 ◦C 
(Bacteroides spp. DSM 107544, Prevotella bryantii DSM 11371) and at 
30 ◦C Trichococcus pasteurii DSM 2381. Tubes of 15 mL of Cooked Meat 
Medium broth (Oxoid, Hampshire, United Kingdom) with selected EOs 
at different concentrations (0.1%, 0.01% and 0.001%) were inoculated 
with a concentrated microbial cell solution. Paraffin was added to each 
tube to favor the anaerobic conditions. Tubes were placed in anaerobic 
jars and incubated at the appropriate temperature for each strain. After 
5 days of incubation, the O.D. was measured at 620 nm. Before 5 days, 
no growth was observed. 

2.2. Evaluation of the immunomodulatory activity of the essential oils 

For the evaluation of the immunomodulatory effect of the three 
selected EOs, a well-known intestinal human cell line was used (Caco-2 
cells). Many studies have described the Caco-2 cell line (derived from 
human colon adenocarcinoma) as a reliable and high-throughput in vitro 
model of human intestinal colonocytes. Differentiated Caco-2 cells ex
press functional tight junctions, brush border characteristics, biotrans
formation enzymes (Pinto et al., 1983; Van de Walle et al., 2010), and 
secrete many immunomodulatory molecules such as TNF-α and IL-8 
(Perez del Palacio et al., 2016). 

2.2.1. CaCo-2 cells culture and incubation conditions 
CaCo-2 cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% inac
tivated fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO), 1% 
glutamine (Sigma-Aldrich, St. Louis, MO), penicillin G (0.1 U/mL) 
(Sigma-Aldrich, St. Louis, MO), and streptomycin (0.1 mg/mL) (Sigma- 
Aldrich, St. Louis, MO). Cells were cultured at 37 ◦C in an atmosphere of 
5% CO2 and 95% air. Caco-2 cells were incubated for 15–21 days. Cells 
were grown to confluence (until the transepithelial resistance (TER) 
reached 300 Ω.cm2). 

In order to test the appropriate EO concentration, the cells were 
treated with different EO concentrations (0.1, 0.01 and 0.001%) and the 
cellular viability was determined by Trypan blue staining (Perry, 
Epstein, & Gelbard, 1997). Based on these results, the EO concentration 
selected was 0.01% in DMSO (v/v) (Sigma-Aldrich, St. Louis, MO). As a 
negative control, the cells were incubated with 0.01% of DMSO (Sigma- 
Aldrich, St. Louis, MO). Caco-2 cells were cultured separately with the 
three selected EOs (cinnamon, white thyme, and, clove) in the presence 
and absence of 20 ng/µL of LPS (a potent inflammatory agent of 

Fig. 1. Evaluation of the antimicrobial effect by disk diffusion of crude essential oils on the growth of the pathogenic strains Escherichia coli CECT 501 (A), Escherichia 
coli CECT 729 (B), Salmonella typhimurium CECT4594 (C), and Salmonella typhi CECT 725 (D). 
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bacterial origin). Cells were incubated for 4 h at 37 ◦C in an atmosphere 
of 5% CO2 and 95% air. For each EO three independent experiments 
were performed. 

2.2.2. Gene expression assay 
CaCo-2 cells incubated in the presence of 0.01% of each selected EO 

were lysed and total RNA was extracted using the RNeasy Mini Kit 
(Qiagen, Barcelona, Spain) according to the manufacturer’s recom
mendations. Isolated RNA was then treated with the RNase-Free DNase 
Set (Qiagen, Barcelona, Spain). Final RNA concentration and quality 
were determined spectrophotometrically using a NanoDrop 2000 spec
trophotometer (NanoDrop Technologies, Winooski, Vermont, USA). The 
cDNA was synthesized from total RNA with an RT2 First-Strand Kit 
(SABiosciences, Barcelona, Spain). The cDNA was then subjected to real- 
time PCR with an RT2 Real-time PCR SYBR Green/ROX Kit (SABio
sciences) on an ABI Prism 7900 sequence detector (Applied Biosystems, 
Foster City, CA). The PCR conditions were 1 cycle of 95 ◦C for 10 min 
followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Real-time 
qRT-PCR analysis of the samples was performed using a PCR array 
(SABiosciences), including primer pairs specific for 19 genes involved in 
TLR-mediated signaling pathways: toll-like receptor (TLR)-1, TLR2, 
TLR4, TLR5, TLR6, myeloid differentiation primary response 88 
(MYD88), interleukin-1 receptor-associated kinase 4 (IRAK-4), toll 
interacting protein (TOLLIP), nuclear factor-kappa-B inhibitor alpha 
(NFKBIA), nuclear factor-kappa-B subunit 1 (NFKB-1), TANK-binding 
kinase 1 (TBK-1), translocation associated membrane protein 1 
(TRAM1), and interferon regulatory factor 3 (IRF-3); the nitric oxide 
synthase (NOS) pathway: NOS1, NOS2, and NOS3; and genes involved in 
the inflammatory pathway: prostaglandin G/H synthase and cyclo
oxygenase (PTGS2), and the apoptosis pathway: B-cell lymphoma 2 
(BCL2) and caspase 8 (CASP8). The housekeeping genes were hypo
xanthine phosphoribosyltransferase 1 (HPRT1) and heat shock protein 
90 (HSP90) used as controls. 

The expression level of each gene was analyzed with RT2 Profiler 
PCR Array Data Analysis software (version 3.4; SABiosciences). The 
changes in expression or activity levels were expressed as fold changes 
(Fc). 

2.2.3. Cytokine and chemokine quantification assay 
IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, and TNF-α concentrations in the cell 

supernatant were measured by immunoassay with a MILLIplex™ kit 
HSTCMAG-28SK (Linco Research Inc, Missouri, USA) using the Luminex 
200 system according to the manufacturer’s instructions. 

2.3. Statistical analysis 

All results are expressed as the mean ± SEM of three independent 
experiments unless otherwise indicated. A two-sided Mann–Whitney U 
test was used to determine changes in the inhibitory growth effect as 
well as for the gene expression differences between treatments and their 
respective control. The cytokine release’s significant differences were 
analyzed using one-factor ANOVA, which was corrected by an a poste
riori test (least significant difference). Statistical calculations were per
formed using IBM SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, 
USA). Differences between treated cells and controls were considered 
statistically significant when the P values were less than 0.05. 

3. Results 

3.1. Antibacterial effect of essential oils 

To determine the antibacterial effect of the EOs (garlic, onion, clove, 
cinnamon, pepper, bay leaf, nutmeg, cardamom, rosemary, and white 
thyme), first, a disc diffusion assay was performed as a screening 
method. Fig. 1 shows that cinnamon, white thyme, and clove showed the 
highest growth inhibitory effect of the pathogenic strains. In the case of 
probiotic bacteria, cinnamon, white thyme, and clove also showed the 
highest growth inhibitory effect. However, in the case of the commensal 
bacterial, no growth was observed in Petri dishes. Based on these results, 
the three EOs selected for the antibacterial and immunomodulatory 
study were cinnamon, white thyme, and clove. 

The antibacterial effect of the three selected EOs was confirmed by 
the microdilution method. Fig. S1 shows the cinnamon, white thyme, 
and clove EOs growth curves for each bacterial group (pathogenic and 
probiotic strains). Tables 1 and 2 depict the inhibitory effect of each EO 
at the different tested concentrations. In the case of the pathogenic in
testinal bacteria, the three studies EOs were able to inhibit bacterial 
growth (probiotic and pathogenic) at the 0.1% concentration. Cinnamon 
is the EOs with the highest antibacterial effect, followed by clove and 
white thyme. Indeed, cinnamon inhibited E. coli CECT 729 and S. thyphi 
CECT725 growth at all studied concentrations. 

In the case of the probiotic bacteria, no inhibitory effect was 
observed at 0.01 and 0.001% concentrations. At 0.1% concentration, 
cinnamon and white thyme presented antibacterial effect in all tested 
probiotic bacteria. However, this observed effect was attenuated after 
10–15 h of incubation. In the case of clove EO, we only found a signif
icant inhibition of the L. paracasei and L. rhamnosus growth, although 
this inhibition was attenuated after 5–10 h of incubation. 

Table 1 
Effect of essential oils on the growth of Escherichia coli CECT 729, Escherichia coli CECT 501, Salmonella typhi CECT 725, and Salmonella typhimurium CECT4594 tested 
by the microdilution method. (+) Growth inhibition of pathogenic bacteria with significant difference P < 0.05; (− ) no inhibitory effects or growth inhibition of 
pathogenic bacteria with no significant difference p < 0.05 (cc = concentration).  

Essential Oil E. coli CECT 501 E. coli CECT 729 S. typhi CECT 725 S. typhimurium CECT 4594 

cc (%) 0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001 

Cinnamon þ ¡ ¡ þ þ þ þ þ þ þ ¡ ¡

Clove þ þ ¡ þ þ ¡ þ þ ¡ þ ¡ ¡

White thyme þ ¡ ¡ þ þ ¡ þ þ þ þ ¡ ¡

Table 2 
Effect of essential oils on the growth of Lactobacillus. plantarum 3547, Lactobacillus. paracasei CNCM I-4034, Bifidobacterium breve CNCM I-4035, and Lactobacillus. 
rhamnosus CNCM I-4036 tested by the microdilution method. (+) Growth inhibition of probiotic bacteria with significant difference p < 0.05; (− ) no inhibitory effects 
or growth inhibition of pathogenic bacteria with no significant difference P < 0.05 (cc = concentration).  

Eos L. plantarum 3547 L. paracasei CNCM I-4034 B. breve CNCM I-4035 L. rhamnosus CNCM I-4036 

cc (%) 0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001 

Cinnamon þ ¡ ¡ þ ¡ ¡ þ ¡ ¡ þ ¡ ¡

Clove ¡ ¡ ¡ þ ¡ ¡ ¡ ¡ ¡ þ ¡ ¡

White thyme þ ¡ ¡ þ ¡ ¡ ¡ ¡ ¡ þ ¡ ¡
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Table 3 
Effect of essential oils on the growth of Bacteroides spp. DSM 107544, Prevotella bryantii DSM 11371, and Trichococcus pasteurii DSM 2381. (+) Growth inhibition of 
commensal bacteria with significant difference p < 0.05; (− ) no inhibitory effects or growth inhibition of pathogenic bacteria with no significant difference P < 0.05 
(cc = concentration).  

EOs Bacteroides spp. DSM 107544 Prevotella bryantii DSM 11371 Trichococcus pasteurii DSM 2381 

cc (%) 0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001 

Cinnamon þ þ ¡ þ ¡ ¡ þ þ ¡

Clove þ þ ¡ þ þ ¡ þ þ ¡

White thyme þ ¡ ¡ þ ¡ ¡ þ ¡ ¡

Table 4 
Differential gene expression mediated by cinnamon, clove, and white thyme essential oils in CaCo-2 cells. Control was CaCo-2 cells with the presence of 0.01% DMSO. 
Data are expressed as fold change. Abbreviations: toll-like receptor (TLR)-1, TLR2, TLR4, TLR5, TLR6, myeloid differentiation primary response 88 (MYD88), 
interleukin-1 receptor-associated kinase 4 (IRAK-4), toll interacting protein (TOLLIP), nuclear factor-kappa-B inhibitor alpha (NFKBIA), nuclear factor-kappa-B subunit 
1 (NFKB-1), TANK-binding kinase 1 (TBK-1), translocation associated membrane protein 1 (TRAM1), and interferon regulatory factor 3 (IRF-3); nitric oxide synthase 
(NOS) pathway: NOS1, NOS2, and NOS3; and genes involved in the inflammatory pathway: prostaglandin G/H synthase and cyclooxygenase (PTGS2), and the 
apoptosis pathway: B-cell lymphoma 2 (BCL2) and caspase 8 (CASP8). DMSO, Dimethylsulfoxide.  

Gen symbol CaCo-2 cells P- 
value 

CaCo-2 cells + Cinnamon 0.01% P- 
value 

CaCo-2 cells + Clove 0.01% P- 
value 

CaCo-2 cells + White Thyme 0.01% P- 
value 

MYD88 1.3 0.27 1.10 0.31 1.09 0.57 − 1.08 0.37 
IRF3 1.53 0.04 1.57 0.09 1.44 0.22 1.03 0.90 
TLR2 − 1.09 0.45 − 1.58 0.10 − 1.01 0.64 − 1.14 0.36 
TLR6 1.76 0.12 − 1.04 0.79 8.79 0.13 − 1.09 0.80 
NOS2 − 1.02 0.82 − 9.09 0.01 − 1.04 0.94 − 2.12 0.09 
BCL2 − 1.35 0.14 1.04 0.82 5.57 0.14 − 1.47 0.05 
TRAM1 1.22 0.14 − 1.40 0.23 − 1.25 0.20 1.04 0.64 
NFKBIA − 1.13 0.84 1.33 0.18 − 1.37 0.61 1.28 0.28 
IRAK4 1.15 0.44 1.54 0.01 2.80 0.11 − 1.05 0.66 
TLR4 2.12 0.03 4.73 0.00 20.90 0.13 1.32 0.32 
TOLLIP − 1.81 0.17 − 4.26 0.00 − 2.22 0.02 − 1.33 0.09 
NOS3 1.07 0.64 2.96 0.01 16.45 0.13 1.25 0.32 
TBK1 1.64 0.11 1.59 0.01 4.24 0.15 1.00 0.90 
NFKB1 − 1.16 0.17 − 4.00 0.00 − 1.11 0.79 − 1.21 0.02 
TLR1 1.73 0.16 6.40 0.00 27.67 0.13 − 1.19 0.06 
TLR5 − 1.47 0.01 − 1.17 0.77 2.11 0.17 − 1.51 0.02 
NOS1 − 1.21 0.99 2.19 0.33 6.11 0.14 − 1.29 0.35 
PTGS2 − 1.2 0.94 − 1.08 0.41 1.86 0.00 − 1.14 0.27 
CASP8 1.17 0.083 − 1.47 0.0008 1.91 0.137 1.06 0.358  

Table 5 
Differential gene expression mediated by cinnamon, clove, and white thyme essential oils in CaCo-2 cells in the presence of lipopolysaccharides. Control was CaCo-2 
cells with the presence of 0.01% DMSO and LPS. Data are expressed as fold change. LPS, lipopolysaccharide. Abbreviations: toll-like receptor (TLR)-1, TLR2, TLR4, 
TLR5, TLR6, myeloid differentiation primary response 88 (MYD88), interleukin-1 receptor-associated kinase 4 (IRAK-4), toll interacting protein (TOLLIP), nuclear 
factor-kappa-B inhibitor alpha (NFKBIA), nuclear factor-kappa-B subunit 1 (NFKB-1), TANK-binding kinase 1 (TBK-1), translocation associated membrane protein 1 
(TRAM1), and interferon regulatory factor 3 (IRF-3); nitric oxide synthase (NOS) pathway: NOS1, NOS2, and NOS3; and genes involved in the inflammatory pathway: 
prostaglandin G/H synthase and cyclooxygenase (PTGS2), and the apoptosis pathway: B-cell lymphoma 2 (BCL2) and caspase 8 (CASP8). DMSO: Dimethylsulfoxide, 
LPS: lipopolysaccharide.  

Gen 
symbol 

CaCo-2 
cells 

P- 
value 

CaCo-2 cells + LPS + Cinnamon 
0.01% 

P- 
value 

CaCo-2 cells + LPS + Clove 
0.01% 

P- 
value 

CaCo-2 cells + LPS + White Thyme 
0.01% 

P- 
value 

MYD88 2.02 0.114 − 1.08 0.523 1 0.779 1.62 0.127 
IRF3 2.95 0.036 1.26 0.846 2.13 0.235 1.92 0.325 
TLR2 2.01 0.083 1.47 0.47 1.43 0.544 1.4 0.574 
TLR6 − 1.63 0.254 − 10 0.051 − 1.92 0.191 − 2.17 0.232 
NOS2 1.24 0.91 − 4.34 0.113 1.77 0.898 1.25 0.637 
BCL2 − 3.57 0.138 − 6.66 0.115 − 1.69 0.237 − 2.22 0.184 
TRAM1 2.53 0.02 1.34 0.606 1.71 0.156 1.8 0.109 
NFKBIA 1.03 0.469 2.21 0.718 3.68 0.109 3.03 0.276 
IRAK4 − 1.08 0.659 − 1.29 0.2 1.09 0.819 − 1.23 0.276 
TLR4 − 2.63 0.162 − 4.34 0.154 − 2.27 0.175 − 4.34 0.144 
TOLLIP 1.68 0.697 − 1.08 0.402 2.39 0.337 2.7 0.202 
NOS3 − 3.84 0.144 − 5.26 0.134 − 3.7 0.156 − 3.22 0.161 
TBK1 1.11 0.583 − 2.94 0.005 − 1.14 0.499 − 1.26 0.175 
NFKB1 1.42 0.903 − 1.25 0.323 1.52 0.968 2.08 0.428 
TLR1 − 3.33 0.156 − 7.1 0.136 − 2.78 0.172 − 3.22 0.153 
TLR5 − 1.36 0.283 1.58 0.589 − 2.43 0.115 − 1.49 0.224 
NOS1 − 2.22 0.217 − 5.26 0.104 − 2.08 0.176 − 1.99 0.218 
PTGS2 − 2.27 0.059 − 2.17 0.009 − 1.4 0.435 − 1.47 0.26 
CASP8 − 1.11 0.494 − 2.38 0.034 − 1.16 0.408 − 1.39 0.184  
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Finally, the inhibitory effect of the three EOs was also observed 
against the three commensal strains tested (Table 3). The inhibitory 
effects against the growth of Trichococcus pasteurii are shown in Fig. S2. 
In terms of concentration, the most significant inhibitory effect was that 
corresponding to 0.1% of EOs. However, in the case of 0.01% of cin
namon and clove, their inhibitory effect against the growth of Bacter
oides spp. and Trichococcus pasteurii was significant. 

3.2. Essential oils effects over gene expression and cytokine release in 
CaCo-2 cells 

The gene expression modulatory effects of cinnamon, white thyme, 
and clove EOs were tested on 19 genes involved in TLR-mediated 
signaling and NOS pathways, and inflammation and apoptosis. Cinna
mon significantly decreased NOS2, TOLLIP, NFKB1, and CASP8 gene 
expression and significantly increased the expression of IRAK4, TLR4, 

NOS3, and TLR1. Similarly, clove significantly decreased TOLLIP and 
significantly increased PTGS2 gene expression. Finally, white thyme 
significantly decreased the NFKB1 gene expression (Table 4). In the 
presence of LPS, only cinnamon EO significantly decreased PTGS2, 
CASP8, and TBK1 gene expression (Table 5). Although the gene 
expression of inflammatory genes was affected by the EOs, in the case of 
cytokine secretion, only cinnamon and clove EOs significantly decreased 
IL-2 in the absence of LPS (Fig. 2). However, in the presence of LPS no 
significant effect was observed for any of the studied EOs (Fig. 3). 

4. Discussion 

In recent years, there has been a growing interest in researching and 
developing new antimicrobial agents from EOs to use against foodborne 
bacterial pathogens. In this context, our study shows that cinnamon, 
white thyme, and clove EOs have significant antibacterial activity 

Fig. 2. Cytokine and chemokine release of Caco-2 cells in the presence of 0.01% cinnamon, 0.01% clove, and 0.01% white thyme essential oils. Values are expressed 
as mean and standard deviation percentage according to the CaCo-2 cells value; this value was used as 100%. The number of experiments were 3 per sample. A. 
Interleukin 1-beta (%), B. Interleukin-2 (%), C. Interleukin-6 (%), D. Interleukin-7 (%), E. Interleukin-8 (%), F. Tumor necrosis factor alpha (%). 
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against intestinal pathogenic strains, whereas this effect is less acute in 
probiotic strains. Regarding the commensal bacterial, an inhibitory 
growth effect was also observed in the presence of the EOs. These results 
indicate that the studied EOs could inhibit pathogenic bacteria without 
affecting gastrointestinal probiotics bacteria, although they have an 
inhibitory effect on commensal bacteria. Additionally, this study 
revealed that EOs have an immunomodulatory effect on intestinal Caco- 
2 cells. 

Cinnamon is known as one of the most common spices, with anti
emetic, anti-diarrheal, anti-flatulent, and stimulant properties (Nabavi 
et al., 2015), whereas clove and white thyme have been used tradi
tionally as savoring agents in food (Thosar, Basak, Bahadure, & Rajur
kar, 2013; Xu, Liu, Hu, & Cao, 2016). Different studies have described 
the activity of the EOs against important intestinal pathogenic bacteria 
such as E. coli and S. typhimurium (Man, Santacroce, Jacob, Mare, & Man, 

2019; Valdivieso-Ugarte et al., 2019). The antimicrobial effect of these 
oils was correlated to the occurrence of the major compounds such as 
cinnamic aldehyde, thymol, and eugenol (Swamy, Akhtar, & Sinniah, 
2016). In general terms, pathogenic species are more sensitive to EOs 
than most commensal bacteria; however, the sensitivity of bacterial 
species to EOs in the mixed intestinal population may differ from that of 
the pure culture (Thapa, Louis, Losa, Zweifel, & Wallace, 2015). 

Although different studies described that Gram-positive bacteria are 
more susceptible to EOs than Gram-negative bacteria, we did not find 
any differences between Gram-positive and Gram-negative bacteria. 
Numerous studies have shown the antibacterial activity of cinnamon, 
clove, and white thyme against Gram-negative and Gram-positive bac
teria (Nabavi et al., 2015; Valdivieso-Ugarte et al., 2019). This is also in 
agreement with previous results on the antibacterial activity of Cinna
momun verum, Thymus vulgaris, and Eugenia caryophyllata (Alibi et al., 

Fig. 3. Cytokine and chemokine release of the activated Caco-2 cells with lipopolysaccharides in the presence of the 0.01% cinnamon, 0.01% clove, and 0.01% white 
thyme essential oils. Values are expressed as mean and standard deviation percentage according to CaCo-2 cells plus DMSO and LPS values; this value was used as 
100%. The number of experiments was 3 per sample. A. Interleukin 2 (%), B. Interleukin-4 (%), C. Interleukin-6 (%), D. Interleukin-7 (%), E. Interleukin-8 (%), F. 
Tumor necrosis factor alpha (%). LPS, lipopolysaccharide; DMSO, Dimethylsulfoxide. 
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2020). 
In our study, cinnamon and clove EOs showed the highest activity 

against the pathogenic bacteria at almost all the tested concentrations, 
followed by thyme. This is in agreement with a recent study that re
ported that cinnamon EO showed the highest inhibitory activity, fol
lowed by grapefruit zest oil, tangerine zest oil and lemon zest oil (MIC 
ranging from 6 to 60 ppm) against saprophytic and pathogenic micro
organisms (E. coli, S. abony, S. aureus, P. aeruginosa and Candida albicans) 
(Denkova-Kostova et al., 2020). In the present study, variable suscep
tibility of different strains belonging to the same pathogenic species to 
the EOs has been observed. This effect could be explained by different 
antibacterial mechanisms, including selective pressure, cross-breeding, 
and adaptation of a strain to the ecological environment (Salas, Calvo, 
& Martinez-Martinez, 2008). Regarding the probiotic bacteria, the EOs 
could inhibit their growth, mainly at the highest tested concentration 
(0.1%). Cinnamon showed activity against all the probiotic strains, 
whereas clove and thyme showed activity against 3 and 2 out of the 4 
probiotic strains tested, respectively. Growth inhibition was observed in 
the first hours of incubation, while after 24 h a growth recovery was 
seen. 

Another result of the present study was the immunomodulatory ac
tivity of the EOs in Caco-2 cells. EOs are also of interest in the food in
dustry for their anti-inflammatory properties, which are potential 
sources for the development of functional foods. During a chronic 
inflammation response, different signaling pathways are activated and 
an overexpression of pro-inflammatory genes and proteins can be 
observed (Valdivieso-Ugarte et al., 2019; First of all, we showed that 
incubation with 0.01% of EOs did not produce any cytotoxic effect or 
cell growth inhibition. Cinnamon and white thyme were able to inhibit 
the secretion of IL-2 by the Caco-2 cells. Similarly, gene expression of the 
TLR, nitric oxide, and apoptosis pathways were affected mainly by 
cinnamon in Caco-2 cells. The transcription factor NF-κB may be a 
common center point for the immunomodulatory effect of different EOs, 
such as eucalyptol and camphor (Borges, Ortiz, Pereira, Keita, & Car
valho, 2019). In experimentally-induced inflammation models EOs have 
shown promising effects as agents against inflammation; however, we 
did not find any significant immunomodulatory effect on LPS-stimulated 
Caco-2 cells. 

Based on our results, it appears that the most promising EO is cin
namon. It is noteworthy to mention that cinnamon is safe to be used as a 
spice and/or flavoring agent; however, in large doses or when used over 
long periods, it could lead to adverse effects (Hajimonfarednejad et al., 
2019). Although EOs are a new promising strategy for the food industry, 
the organoleptic impact of these EOs in foodstuffs needs to be evaluated. 

5. Conclusions 

Considering the results of the present study, cinnamon, clove, and 
white thyme EOs could be potential candidates to be used as natural 
alternatives for application in food preservation to retard or inhibit 
bacterial growth, and to extend the shelf life of the food products. 
Furthermore, at a 0.01% concentration, these EOs appear to be safe for 
the intestinal enterocytes and seem to exert some immunomodulatory 
effects. However, the underlying mechanisms are unknown and warrant 
further research. 
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