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Abstract 

Coriander is a cultivated aromatic herb used as a culinary ingredient and in traditional 

medicinal treatments worldwide. Coriander essential oil contains various bioactive 

constituents with antibacterial, antioxidant, and anti-inflammatory effects. The oil also 

has antifungal activity against Candida albicans, the most common opportunistic 

fungal pathogen causing infections at various body sites. Furthermore, the oil can 

increase macrophage phagocytic activity. However, its effect on other macrophage 

functions during C. albicans infection is still unclear. This study aims to investigate 

the effect of coriander leaf essential oil on macrophage activity via the NF-κB gene 

expression during C. albicans infection. RAW264.7, a murine macrophage cell line, 

was cultured with viable C. albicans, either in the absence or presence of the oil 

(0 − 50 μg/mL). The fungal killing activity, pro- and anti-inflammatory cytokine produc-

tion, and NF-κB gene expression were assessed. Our results revealed the potential 

of coriander leaf essential oil as an immunomodulator that enhances macrophage 

responses to C. albicans via the activation of the NF-κB gene. These findings may 

help to further the development of coriander leaf essential oil as an adjuvant antifun-

gal and immunomodulatory medication.

Introduction

Coriander (Coriandrum sativum), also known as Chinese parsley, is an aromatic and 
therapeutic annual plant belonging to the Apiaceae family [1]. It is widely cultivated 
across a diverse range of climatic regions worldwide. In Thai cuisine, fresh corian-
der leaves are used as a garnish for rice dishes, soups, and curries. Coriander has 
been reported to have potential in the traditional medicinal therapies of several health 
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conditions, such as anxiety, constipation, diabetes mellitus, dyspepsia, parasitic 
infection, irritable bowel syndrome (IBS), and dermatological irritation [2,3]. Coriander 
essential oil, typically extracted from the dried seeds or leaves via steam distillation, 
has been reported to have antimicrobial properties that prevent bacterial contamina-
tion in food. Additionally, it contains bioactive compounds with antioxidant and anti-
inflammatory effects [4]. Previous studies have demonstrated that coriander essential 
oil exerts potent antifungal activity against Candida species, particularly C. albicans [5].

Approximately 50% of the population has C. albicans as a common commensal 
fungus that colonizes the skin, gastrointestinal tract, vaginal tract, and oral cavity. 
As an opportunistic pathogen that proliferates when host-microbe balance is dis-
rupted by immunological dysfunction, microbiota dysbiosis, or barrier degradation, 
Candida is an increasing global health concern, particularly in immunocompromised 
and critically ill patients [6,7]. Clinical manifestations range from superficial muco-
cutaneous infections to life-threatening invasive disease [8]. Virulence traits include 
yeast-to-hyphae transition, adhesion to host tissues and medical devices (adhesins, 
ALS family), secretion of hydrolytic enzymes (aspartyl proteinases, phospholipases, 
and lipases), evasion of host immune responses, and antifungal tolerance/resis-
tance [8–10]. Recently, Candida infections frequently resulted in therapeutic failure, 
especially with azole drugs, largely due to antifungal resistance mediated by multiple 
mechanisms, such as biofilm formation [11,12].

Interestingly, the coriander essential oil binds to ergosterol in the fungal cell mem-
brane, leading to increased ionic permeability, membrane disruption, and cell death. 
Moreover, it has been shown to inhibit Candida biofilm formation, thereby reducing 
fungal adherence and pathogenicity [13]. Additionally, coriander essential oil has 
been reported ability to modulate host immune responses, enhancing the phago-
cytic capacity of macrophages, the key innate immune cells responsible for the early 
recognition and elimination of fungal pathogens. However, the influence of the oil on 
other macrophage functions, such as fungal killing activity and cytokine-mediated 
inflammatory mechanisms during C. albicans infection remains unclear. Therefore, 
this study aims to investigate the effects of coriander essential oil on macrophage 
function and NF-κB gene expression during C. albicans infection. The results may 
offer novel insights into the potential use of coriander essential oil as a natural adju-
vant for fungal infection therapy.

Methods

Ethical approvement

The research protocol employed in this study was reviewed and approved by the 
Center for Ethics in Human Research, Khon Kaen University (ECKKU), Thailand. 
Ethical approval was granted under the reference number HE671565.

Cultivation of murine macrophage RAW264.7 cells

The RAW264.7 murine macrophage cell line was maintained in RPMI 1640 medium 
(Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% (v/v) 
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heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM L-glutamine. The cells were 
incubated at 37°C in a humidified atmosphere containing 5% CO₂ [14].

Cultivation of C. albicans

C. albicans strain ATCC90028 (Fisher Scientific, Waltham, MA, USA), obtained from the American Type Culture Collec-
tion, was cultured on Sabouraud dextrose agar (SDA; Oxoid, Basingstoke, Hampshire, UK) at 37°C for 48 h [15]. Then, 
the yeast cells were suspended in 1x phosphate-buffered saline (PBS) at pH 7.4, and the final concentration was adjusted 
to 1 × 10⁵ CFU/mL before experimentation.

Liquid chromatography-mass spectrometry of coriander leaf essential oil

Laboratory-grade coriander leaf essential oil was obtained from Nature in Bottle Co., Ltd. (New Delhi, India). The sepa-
ration and quantification of its constituents were performed using a liquid chromatography-mass spectrometry (LC-MS) 
system (U2Bio, Thailand) using a modified published protocol [16]. In brief, 150 µL of coriander leaf essential oil was 
mixed with 150 µL of 70% methanol (MeOH) containing 100 ng/mL sulfadimethoxine as an internal standard. The mixture 
was centrifuged at 14,000 rpm for 10 min, and the supernatant was transferred to an LC-MS vial for analysis. Chromato-
graphic separation was carried out using a Poroshell 120 EC-C18 column (2.1 × 100 mm, 2.7 µm) maintained at 50°C. The 
injection volume was 10 µL. The mobile phases consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in 
acetonitrile (solvent B), with a flow rate of 0.4 mL/min.

Evaluation of macrophage-associated parameters

Measurement of fungicidal activity.  To evaluate the candidacidal activity of the macrophages, RAW264.7 cells were 
seeded into a 96-well microplate at a density of 1 × 10⁴ cells/well. Following overnight incubation, the viable C. albicans 
was co-incubated with the macrophages at 37°C in a 5% CO₂ atmosphere for 0, 6, and 18 h, either in the absence or 
presence of coriander essential oil (0 − 50 μg/mL). After each incubation period, 100 µL of the co-culture was plated onto 
SDA and incubated at 37°C for 72 h. The Candida colonies were subsequently enumerated to assess macrophage-
mediated killing activity [17].

Measurement of pro- and anti-inflammatory cytokines

To investigate the cytokines secreted by the macrophages, RAW 264.7 cells were seeded into a 96-well microplate over-
night at a density of 1 × 10⁴ cells/well. Then, live Candida yeast cells were co-incubated at 37ºC under 5% CO

2
, incubated 

for 0, 6, and 18 h, with or without coriander extract oil (0 − 50 μg/mL). Next, the supernatant was collected to determine of 
the amount of pro-inflammatory cytokines (IL-6 and TNF-α) and anti-inflammatory cytokines (IL-10) using enzyme-linked 
immunosorbent assay (ELISA; Invitrogen, Massachusetts, USA). All the cytokines were quantified by spectrophotometry 
at excitation and emission wavelengths of 450 and 570 nm, respectively [18,19].

Measurement of gene-associated inflammatory pathway

To investigate the inflammatory signaling pathway in the RAW264.7 macrophages, the expression of NF-κB was evalu-
ated at the transcriptional level using quantitative reverse transcription polymerase chain reaction (qRT-PCR). RAW264.7 
cells were seeded into 96-well microplates at a density of 1 × 10⁴ cells per well and incubated overnight. Subsequently, via-
ble C. albicans cells were co-incubated with the macrophages at 37°C under humidified 5% CO₂, incubated for 0, 6, and 
18 h, either in the absence or presence of coriander leaf essential oil (0 − 50 μg/mL). Macrophages were collected from 
each condition for RNA extraction using TRIzol reagent (Invitrogen, Massachusetts, USA), following the manufacturer’s 
protocol [20]. Complementary DNA (cDNA) was synthesized using a high-capacity cDNA reverse transcription kit (Thermo 
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Fisher Scientific, Massachusetts, USA). The qRT-PCR was performed using Maxima SYBR Green qPCR Master Mix 
(Thermo Fisher Scientific) on a CFX96 touch real-time PCR detection system (Bio-Rad, California, US). Gene expression 
levels were analyzed using the ΔCt method, following a published method [21]. The following primers were used for NF-
κB: forward, 5’-AGCCAGCTTCCGTGTTTGTT-3’ and reverse, 5’-AGGGTTTCGGTTCACTAGTTTCC-3’ [21]. Experiments 
were repeated three times.

Statistical analysis

Data are presented as mean ± standard error (SE). Differences between groups were examined for statistical significance 
by one-way analysis of variance (ANOVA) followed by Tukey’s analysis. All statistical analyses were performed with 
GraphPad Prism version 9.0 software (Boston, USA). A p-value of ≤ 0.05 was considered statistically significant.

Results

Constituents of coriander leaf essential oil

Coriander leaf essential oil has been identified as a rich source of diverse phytochemical compounds, including both iden-
tified and unidentified compounds. The identified compounds included various mono-, di-, and triterpenoids, fatty acids, 
and naphthofuran derivatives (Table 1). Among the monoterpenoids detected were thymol, carveol, and chrysanthemic 
acid. The essential oil also contained several di- and triterpenoids, such as darutigenol, lagochilin, amyrin, darutigenol, 
sterebin E, sterebin G, and abietic acid, along with a range of labdane- and abietane-type diterpenoids. In addition to 
terpenoids, coriander leaf essential oil was found to contain a complex mixture of fatty acids. Saturated fatty acids, such 

Table 1.  Phytochemical profile of coriander leaf essential oil using the LC-MS method.

Mode Average m/z Metabolite name Ontology Total score S/N 
average

pos 409.38245 Amyrin Triterpenoids 1.06 1,993.61

pos 379.24524 Lagochilin Diterpenoids 1.22 1,442.98

pos 377.22992 Sterebin G Colensane and clerodane diterpenoids 0.90 53.72

neg 365.26691 Nervonic acid Very long-chain fatty acids 1.01 184.67

pos 361.23468 Sterebin E Naphthofurans 1.07 432.11

pos 347.22500 (13R,14R)-8-Labdene-13,14,15-triol Diterpenoids 1.00 55.84

pos 345.24039 Darutigenol Diterpenoids 1.32 1,319.91

neg 319.22714 11-HETE Hydroxyeicosatetraenoic acids 1.2 1,748.88

neg 317.21173 9-HEPE Hydroxyeicosapentaenoic acids 1.26 1,176.35

neg 317.2117 12-OxoETE Long-chain fatty acids 1.31 3,736.83

pos 303.23229 Abietic acid Diterpenoids 1.05 344.39

pos 291.26828 8alpha-13 [16],14-Labdadien-8-ol Diterpenoids 1.25 6,568.23

pos 287.23642 Copalic acid Diterpenoids 1.12 623.00

neg 215.16550 12-hydroxydodecanoic acid Medium-chain hydroxy acids and derivatives 1.47 2,593.90

neg 199.17056 Dodecanoic acid Medium-chain fatty acids 1.60 4,731.08

neg 185.15446 Undecanoic acid Medium-chain fatty acids 1.32 363.84

neg 171.13928 Decanoic acid Medium-chain fatty acids 1.46 5,471.94

pos/neg 167.10756 Chrysanthemic Acid Monocyclic monoterpenoids 1.53 4,858.84

pos 151.11201 Thymol Aromatic monoterpenoids 1.05 593.15

pos 135.11659 Carveol Menthane monoterpenoids 0.92 255.34

pos, positive mode and neg, negative mode.

https://doi.org/10.1371/journal.pone.0337300.t001
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as lauric acid, capric acid, decanoic acid, undecanoic acid, dodecanoic acid, and hydroxydodecanoic acid, were identi-
fied. Moreover, several bioactive oxylipins, including 3-oxo-dodecanoic acid, 11-hydroxyeicosatetraenoic acid (11-HETE), 
9-hydroxyeicosapentaenoic acid (9-HEPE), and 12-oxo-eicosatetraenoic acid (12-OxoETE), were detected (Fig 1A and 
Fig 1B).

The effects of coriander leaf essential oil on macrophage function and inflammatory signaling pathways during 
C. albicans infection

Due to their involvement in host defense mechanisms against fungal pathogens, the ability of macrophages to exert killing 
activity and cytokine production was evaluated. The results demonstrated that coriander leaf essential oil at concentra-
tions in the range 5–50 µg/mL significantly reduced the number of C. albicans colonies at both 6 and 18 h compared with 
the untreated C. albicans control group (p ≤ 0.05). Furthermore, when coriander leaf essential oil was administered in 
conjunction with RAW264.7 cells, a statistically significant reduction in C. albicans colony count was observed compared 
to the untreated co-culture group (RAW264.7 + C. albicans). This reduction displayed a dose-dependent trend. Notably, 
coriander leaf essential oil at a concentration of 50 µg/mL significantly enhanced the killing activity of RAW264.7 cells 
against C. albicans (p ≤ 0.05) (Fig 2A).

The production of pro-inflammatory cytokines indicates that coriander leaf essential oil induces an immune 
response with an additive effect, as evidenced by elevated levels of both TNF-α (Fig 3A) and IL-6 (Fig 3B) compared 
with the other conditions. Briefly, administration of coriander leaf essential oil (5–50 μg/mL) to RAW264.7 cells during 
C. albicans infection resulted in a significant increase in TNF-α production. Specifically, treatment with 5 μg/mL cori-
ander leaf essential oil significantly increased TNF-α levels at 0 h (32.90 ± 1.07 pg/mL; p < 0.0001), 6 h (41.33 ± 2.29 
pg/mL; p = 0.0009), and 18 h (43.57 ± 2.95 pg/mL; p = 0.0005). Similarly, treatment with 25 μg/mL coriander leaf 
essential oil led to significantly elevated TNF-α production at 0 h (33.83 ± 1.07 pg/mL; p < 0.0001), 6 h (41.80 ± 1.09 
pg/mL; p = 0.0013), and 18 h (50.32 ± 2.30 pg/mL; p < 0.0001). Treatment with 50 μg/mL coriander leaf essential oil 
also resulted in significant increases in TNF-α levels at 0 h (35.23 ± 1.51 pg/mL; p < 0.0001), 6 h (43.33 ± 2.29 pg/
mL; p = 0.0005), and 18 h (48.91 ± 5.98 pg/mL; p = 0.0022). These TNF-α levels were significantly higher than those 
observed in the untreated co-culture group, which showed TNF-α concentrations of 17.83 ± 1.39 pg/mL at 0 h, 
25.07 ± 4.57 pg/mL at 6 h, and 30.15 ± 0.59 pg/mL at 18 h.

The treatment also resulted in significant elevations in IL-6 levels. In brief, the treatment with 5 μg/mL coriander leaf 
essential oil significantly increased IL-6 production at 0 h (32.67 ± 0.66 pg/mL; p < 0.0001), 6 h (40.75 ± 1.11 pg/mL; 
p = 0.0003), and 18 h (46.20 ± 3.24 pg/mL; p < 0.0001). Similarly, treatment with 25 μg/mL coriander leaf essential oil led 
to significantly elevated IL-6 levels at 0 h (33.78 ± 1.10 pg/mL; p < 0.0001), 6 h (42.00 ± 1.48 pg/mL; p = 0.0001), and 18 h 
(50.17 ± 1.88 pg/mL; p < 0.0001). Treatment with 50 μg/mL coriander leaf essential oil also resulted in significant increases 
in IL-6 production at 0 h (34.92 ± 1.52 pg/mL; p < 0.0001), 6 h (42.91 ± 1.52 pg/mL; p = 0.0003), and 18 h (51.00 ± 1.48 pg/
mL; p < 0.0001). These IL-6 levels were significantly higher than those observed in the untreated co-culture group, which 
exhibited IL-6 concentrations of 17.83 ± 1.39 pg/mL at 0 h, 22.00 ± 3.52 pg/mL at 6 h, and 29.50 ± 1.26 pg/mL at 18 h. 
However, no significant differences were observed across the time points or coriander leaf essential oil concentrations 
between 5 and 50 μg/mL. Additionally, the levels of the anti-inflammatory cytokine IL-10 also showed no significant differ-
ences among the tested conditions (p ≤ 0.05) (Fig 3C).

Because immune cell activity is regulated through gene expression, NF-κB gene expression was analyzed. The results 
demonstrated an additive effect of coriander leaf essential oil, particularly at 18 h post-treatment. Treatment with 25 μg/
mL coriander leaf essential oil resulted in a 1.5-fold increase in NF-κB expression (p = 0.0106), as same as treatment with 
50 μg/mL also produced a 1.5-fold increase (p = 0.0067) compared with the untreated C. albicans control group (Fig 4A). 
However, no significant differences in NF-κB gene expression were observed among the different concentrations of cori-
ander leaf essential oil (5–50 μg/mL) or between the different exposure times.
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Discussion

Over the past decade, essential oils have attracted considerable interest as a rich source of bioactive compounds with 
numerous potential health benefits. The essential leaf oil extracted from coriander leaf has been found to contain diverse 
bioactive constituents. The major monoterpenoids identified include thymol, carveol, and chrysanthemic acid, all of which 

Fig 1.  A chromatography of coriander leaf essential oil analyzed by LC-MS, showing results in positive ion mode (upper panel) and negative 
ion mode (lower panel).

https://doi.org/10.1371/journal.pone.0337300.g001
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have demonstrated antimicrobial and antioxidant activities [22,23]. Additionally, coriander leaf oil also contains several 
diterpenoid and triterpenoid compounds, including darutigenol, lagochilin, amyrin, and abietic acid, classified within the 
labdane and abietane structural groups commonly found in plants [24]. While their molecular structures have been char-
acterized, common names and detailed bioactivities for many of these compounds are still lacking in current databases, 
so further studies are required. In terms of lipid composition, coriander leaf essential oil contains several saturated fatty 
acids, including lauric acid, capric acid, undecanoic acid, dodecanoic acid, and tridecanoic acid. In addition, hydroxydo-
decanoic acid, a hydroxylated saturated fatty acid, is also present. Notably, previous studies have reported that saturated 
fatty acids can modulate dendritic cells through Toll-like receptor 4 (TLR4) [25,26]. Furthermore, oxygenated derivatives 
of long-chain polyunsaturated fatty acids, such as 11-HETE, 9-HEPE, and 12-OxoETE, are associated with modulating 
inflammation and host immune response [27,28]. Our results demonstrated that coriander leaf essential oil supports mac-
rophages in reducing C. albicans colonies, in line with previous studies [13,29]. The coriander oil constituents might bind 
to ergosterol in the C. albicans cell membrane, increasing membrane permeability and causing membrane damage and 
cell death. Moreover, coriander leaf essential oil has been reported to disrupt Candida biofilm and adherence [13]. These 
findings highlight the direct antifungal potential of coriander leaf essential oil, and further studies should be conducted to 
confirm these mechanisms.

Additionally, the coriander oil can modulate host immunity. For example, treatment of murine RAW264.7 macro-
phages with coriander seed oil significantly modulates immune responses through increased phagocytic and killing 
activity [29], suggesting an enhanced innate immune response. The direct microscopic visualization of macrophage 
engagement with, and killing of, Candida yeast cells would provide more robust evidence; therefore, future studies 

Fig 2.  The characteristics of the RAW264.7 macrophage cell line after activation by C. albicans, either in the absence or presence of corian-
der essential oil (0 − 50 μg/mL), are demonstrated based on killing activity analysis. Data were collected in triplicate. The data are shown as the 
mean ± SE, *, **; p-value ≤ 0.05, #; p-value ≤ 0.05 vs. C. albicans alone or RAW264.7 + C. albicans, and ⌀; p-value ≤ 0.05 vs. RAW264.7 + C. albicans + 50 
μg/mL 18 h, between the indicated groups using ANOVA with Tukey’s analysis.

https://doi.org/10.1371/journal.pone.0337300.g002
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Fig 3.  The characteristics of the RAW264.7 macrophage cell line after activation by C. albicans, either in the absence or presence of corian-
der essential oil (0 − 50 μg/mL), are demonstrated based on cytokine levels of TNF-α (A), IL-6 (B), and IL-10 (C) in the supernatant. Data were 
collected in triplicate. The data are shown as the mean ± SE, *; p-value ≤ 0.05 vs. 0 h of other conditions, #; p-value ≤ 0.05 vs. 6 h of other conditions, &; 
p-value ≤ 0.05 vs. 18 h of other conditions, and ⌀; p-value ≤ 0.05 vs. others, between the indicated groups using ANOVA with Tukey’s analysis.

https://doi.org/10.1371/journal.pone.0337300.g003
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should incorporate such approaches. Aligning with these results, this study has shown that coriander leaf essential 
oil enhances macrophage immune responses, as evidenced by the enhanced production of pro-inflammatory cyto-
kines (TNF-α and IL-6). These cytokines play crucial roles in promoting immune responses against fungal pathogens, 
including C. albicans [30,31]. Our findings suggest that an immune upregulation is associated with the activation of 
the NF-κB signaling pathway, a key regulator of inflammatory gene expression [32,33]. Mechanistically, the interac-
tion between pathogen-associated molecular patterns (PAMPs), such as β-glucans in Candida cell walls, and pattern 
recognition receptors (PRRs) on macrophages initiates intracellular signaling cascades [34,35]. Among these recep-
tors, Dectin-1 is a well-characterized C-type lectin receptor that specifically binds to β-1,3-glucans [36]. Upon ligand 
engagement, Dectin-1 initiates downstream signaling through spleen tyrosine kinase (Syk), leading to the activation 
of the CARD9-BCL10-MALT1 complex [37]. Leading to the phosphorylation and nuclear translocation of NF-κB sub-
units, facilitating the transcription of pro-inflammatory cytokine genes, including TNF-α and IL-6 [38,39]. Our data 
suggest that coriander leaf essential oil enhances this process, either by increasing the sensitivity of macrophages 
to β-glucan stimulation or by directly modulating intracellular signaling pathways. However, in the present study, only 
a single primer pair was used to validate the data. To achieve a higher level of confidence and to provide additional 
mechanistic insight into Candida-induced immune responses, additional primer sets and other inflammation-related 
genes should be investigated in future studies. In addition, bioactive constituents of coriander leaf essential oil, such 
as thymol and carveol, have been reported to exert immunomodulatory effects, potentially through NF-κB transcription 
factors [40]. It is feasible that these active compounds act synergistically to promote macrophage activation during 
encounters with fungi. Future studies should investigate the functions of these specific active compounds in modulat-
ing immune cell responses during C. albicans infection.

Fig 4.  The characteristics of the RAW264.7 macrophage cell line after activation by C. albicans, either in the absence or presence of corian-
der essential oil (0 − 50 μg/mL), demonstrate the role of inflammatory responses based on NF-κB gene expression levels. The experiment was 
conducted in triplicate. The data are shown as the mean ± SE, #; p-value 0.05 vs. RAW264.7 + C. albicans 18 h.

https://doi.org/10.1371/journal.pone.0337300.g004
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Interestingly, despite the enhanced pro- and anti-inflammatory cytokine productions and gene expression, no significant 
differences were observed across varying concentrations of coriander leaf essential oil (5–50 μg/mL) or between different 
exposure times. These results may indicate a saturation threshold in Dectin-1/NF-κB axis activation [39], suggesting that 
even low doses of coriander essential oil are sufficient to trigger maximal response. Furthermore, the observed immune 
stimulation might have additive effects when combined with fungal β-glucans [18,41]. Coriander leaf essential oil could 
function as a priming agent, sensitizing macrophages to fungal PAMPs, thereby amplifying Dectin-1-mediated NF-κB acti-
vation. Collectively, these findings support the potential of coriander leaf essential oil as a natural immunomodulator that 
enhances macrophage responses via the NF-κB pathway. This mechanism may be relevant not only for fungal clearance 
but also for broader applications in immunotherapy and inflammation regulation, warranting further in vivo investigation to 
clarify its mechanisms and therapeutic potential.

Conclusion

This study highlights the potential of coriander leaf essential oil as a natural immunomodulatory agent with antifungal 
activity against C. albicans. The findings demonstrate that coriander leaf oil had an additive effect that can increase mac-
rophage responses, particularly through modulation of killing activity, cytokine production, and the NF-κB gene expression. 
These results suggest that coriander essential oil may serve as a promising adjuvant in antifungal therapy, supporting host 
immune defense while exerting direct antifungal effects.

Supporting information

S1 File. Cytokines. 
(XLSX)

S2 File. LC-MS_Coriander Leaf Oil. 
(XLSX)

S3 File. NF-kB gene. 
(XLSX)

Author contributions

Conceptualization: Pratsanee Hiengrach.

Data curation: Pratsanee Hiengrach, Kittipan Samerpitak.

Formal analysis: Pratsanee Hiengrach.

Investigation: Pratsanee Hiengrach, Pasinee Sangsiwarit, Waewta Kuwatjanakul, Pitchaya Luksanawilas.

Methodology: Pratsanee Hiengrach, Pasinee Sangsiwarit, Waewta Kuwatjanakul.

Project administration: Pratsanee Hiengrach, Waewta Kuwatjanakul, Kittipan Samerpitak, Pitchaya Luksanawilas.

Software: Pratsanee Hiengrach.

Supervision: Kittipan Samerpitak.

Validation: Pratsanee Hiengrach.

Visualization: Pratsanee Hiengrach.

Writing – original draft: Pratsanee Hiengrach.

Writing – review & editing: Pratsanee Hiengrach, Pasinee Sangsiwarit, Waewta Kuwatjanakul, Kittipan Samerpitak, 
Pitchaya Luksanawilas.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337300.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337300.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0337300.s003


PLOS One | https://doi.org/10.1371/journal.pone.0337300  April 17, 2026 11 / 12

References
	 1.	 Tripathy B, Sahoo N, Sahoo SK. Trends in diabetes care with special emphasis to medicinal plants: Advancement and treatment. Biocatal Agric 

Biotechnol. 2021;33:102014. https://doi.org/10.1016/j.bcab.2021.102014 PMID: 35342487

	 2.	 Prachayasittikul V, Prachayasittikul S, Ruchirawat S, Prachayasittikul V. Coriander (Coriandrum sativum): A promising functional food toward the 
well-being. Food Res Int. 2018;105:305–23. https://doi.org/10.1016/j.foodres.2017.11.019 PMID: 29433220

	 3.	 Mahleyuddin NN, Moshawih S, Ming LC, Zulkifly HH, Kifli N, Loy MJ. Coriandrum sativum L.: A review on ethnopharmacology, phytochemistry, and 
cardiovascular benefits. Molecules. 2021;27(1).

	 4.	 Kačániová M, Galovičová L, Ivanišová E, Vukovic NL, Štefániková J, Valková V, et al. Antioxidant, Antimicrobial and Antibiofilm Activity of Coriander 
(Coriandrum sativum L.) Essential Oil for Its Application in Foods. Foods. 2020;9(3):282. https://doi.org/10.3390/foods9030282

	 5.	 Silva F, Ferreira S, Duarte A, Mendonça DI, Domingues FC. Antifungal activity of Coriandrum sativum essential oil, its mode of action against Can-
dida species and potential synergism with amphotericin B. Phytomedicine. 2011;19(1):42–7. https://doi.org/10.1016/j.phymed.2011.06.033 PMID: 
21788125

	 6.	 Macias-Paz IU, Pérez-Hernández S, Tavera-Tapia A, Luna-Arias JP, Guerra-Cárdenas JE, Reyna-Beltrán E. Candida albicans the main opportunis-
tic pathogenic fungus in humans. Rev Argent Microbiol. 2023;55(2):189–98. https://doi.org/10.1016/j.ram.2022.08.003 PMID: 36411138

	 7.	 McManus BA, Coleman DC. Molecular epidemiology, phylogeny and evolution of Candida albicans. Infect Genet Evol. 2014;21:166–78. https://doi.
org/10.1016/j.meegid.2013.11.008 PMID: 24269341

	 8.	 Talapko J, Juzbašić M, Matijević T, Pustijanac E, Bekić S, Kotris I, et al. Candida albicans-The Virulence Factors and Clinical Manifestations of 
Infection. J Fungi (Basel). 2021;7(2):79. https://doi.org/10.3390/jof7020079 PMID: 33499276

	 9.	 Srivastava V, Singla RK, Dubey AK. Emerging Virulence, Drug Resistance and Future Anti-fungal Drugs for Candida Pathogens. Curr Top Med 
Chem. 2018;18(9):759–78. https://doi.org/10.2174/1568026618666180528121707 PMID: 29807516

	10.	 Staniszewska M. Virulence Factors in Candida species. Curr Protein Pept Sci. 2020;21(3):313–23.

	11.	 Dawoud AM, Saied SA, Torayah MM, Ramadan AE, Elaskary SA. Antifungal susceptibility and virulence determinants profile of candida species 
isolated from patients with candidemia. Sci Rep. 2024;14(1):11597. https://doi.org/10.1038/s41598-024-61813-w PMID: 38773138

	12.	 Mathé L, Van Dijck P. Recent insights into Candida albicans biofilm resistance mechanisms. Curr Genet. 2013;59(4):251–64. https://doi.
org/10.1007/s00294-013-0400-3 PMID: 23974350

	13.	 Freires I d e A, Murata RM, Furletti VF, Sartoratto A, Alencar SM, Figueira GM. Coriandrum sativum L. (Coriander) essential oil: antifungal activity 
and mode of action on Candida spp., and molecular targets affected in human whole-genome expression. PLoS One. 2014;9(6):e99086. https://
doi.org/10.1371/journal.pone.0099086

	14.	 Wang X, Hu X, Yan H, Ma Z, Deng X. Pro-inflammatory effects of a litchi protein extract in murine RAW264.7 macrophages. Hortic Res. 
2016;3:16017. https://doi.org/10.1038/hortres.2016.17 PMID: 27195125

	15.	 Weerasekera MM, Wijesinghe GK, Jayarathna TA, Gunasekara CP, Fernando N, Kottegoda N, et al. Culture media profoundly affect Can-
dida albicans and Candida tropicalis growth, adhesion and biofilm development. Mem Inst Oswaldo Cruz. 2016;111(11):697–702. https://doi.
org/10.1590/0074-02760160294 PMID: 27706381

	16.	 Chang S-H, Lai Y-H, Huang C-N, Peng G-J, Liao C-D, Kao Y-M, et al. Multi-residue analysis using liquid chromatography tandem mass spec-
trometry for detection of 20 coccidiostats in poultry, livestock, and aquatic tissues. J Food Drug Anal. 2019;27(3):703–16. https://doi.org/10.1016/j.
jfda.2019.02.004 PMID: 31324286

	17.	 Marcil A, Harcus D, Thomas DY, Whiteway M. Candida albicans killing by RAW 264.7 mouse macrophage cells: effects of Candida genotype, 
infection ratios, and gamma interferon treatment. Infect Immun. 2002;70(11):6319–29. https://doi.org/10.1128/IAI.70.11.6319-6329.2002 PMID: 
12379711

	18.	 Hiengrach P, Chindamporn A, Leelahavanichkul A. Kazachstania pintolopesii in Blood and Intestinal Wall of Macrophage-Depleted Mice with Cecal 
Ligation and Puncture, the Control of Fungi by Macrophages during Sepsis. J Fungi (Basel). 2023;9(12):1164. https://doi.org/10.3390/jof9121164 
PMID: 38132765

	19.	 Hiengrach P, Panpetch W, Chindamporn A, Leelahavanichkul A. Macrophage depletion alters bacterial gut microbiota partly through fungal 
overgrowth in feces that worsens cecal ligation and puncture sepsis mice. Sci Rep. 2022;12(1):9345. https://doi.org/10.1038/s41598-022-13098-0 
PMID: 35661720

	20.	 Chen H, Zhang Y, Li X, Zhang W, He H, Du B, et al. Transcriptome Changes and Potential Immunotoxicity Analysis in RAW264.7 Macrophages 
Caused by Bisphenol F. Front Pharmacol. 2022;13:846562.

	21.	 de Souza MQ, Teotônio IMSN, de Almeida FC, Heyn GS, Alves PS, Romeiro LAS, et al. Molecular evaluation of anti-inflammatory activity of phe-
nolic lipid extracted from cashew nut shell liquid (CNSL). BMC Complement Altern Med. 2018;18(1):181. https://doi.org/10.1186/s12906-018-2247-
0 PMID: 29890972

	22.	 Chroho M, Rouphael Y, Petropoulos SA, Bouissane L. Carvacrol and Thymol Content Affects the Antioxidant and Antibacterial Activity of Origanum 
compactum and Thymus zygis Essential Oils. Antibiotics (Basel). 2024;13(2):139. https://doi.org/10.3390/antibiotics13020139 PMID: 38391524

	23.	 Rúa J, Del Valle P, de Arriaga D, Fernández-Álvarez L, García-Armesto MR. Combination of Carvacrol and Thymol: Antimicrobial Activity Against 
Staphylococcus aureus and Antioxidant Activity. Foodborne Pathog Dis. 2019;16(9):622–9. https://doi.org/10.1089/fpd.2018.2594 PMID: 31009261

https://doi.org/10.1016/j.bcab.2021.102014
http://www.ncbi.nlm.nih.gov/pubmed/35342487
https://doi.org/10.1016/j.foodres.2017.11.019
http://www.ncbi.nlm.nih.gov/pubmed/29433220
https://doi.org/10.3390/foods9030282
https://doi.org/10.1016/j.phymed.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21788125
https://doi.org/10.1016/j.ram.2022.08.003
http://www.ncbi.nlm.nih.gov/pubmed/36411138
https://doi.org/10.1016/j.meegid.2013.11.008
https://doi.org/10.1016/j.meegid.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24269341
https://doi.org/10.3390/jof7020079
http://www.ncbi.nlm.nih.gov/pubmed/33499276
https://doi.org/10.2174/1568026618666180528121707
http://www.ncbi.nlm.nih.gov/pubmed/29807516
https://doi.org/10.1038/s41598-024-61813-w
http://www.ncbi.nlm.nih.gov/pubmed/38773138
https://doi.org/10.1007/s00294-013-0400-3
https://doi.org/10.1007/s00294-013-0400-3
http://www.ncbi.nlm.nih.gov/pubmed/23974350
https://doi.org/10.1371/journal.pone.0099086
https://doi.org/10.1371/journal.pone.0099086
https://doi.org/10.1038/hortres.2016.17
http://www.ncbi.nlm.nih.gov/pubmed/27195125
https://doi.org/10.1590/0074-02760160294
https://doi.org/10.1590/0074-02760160294
http://www.ncbi.nlm.nih.gov/pubmed/27706381
https://doi.org/10.1016/j.jfda.2019.02.004
https://doi.org/10.1016/j.jfda.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/31324286
https://doi.org/10.1128/IAI.70.11.6319-6329.2002
http://www.ncbi.nlm.nih.gov/pubmed/12379711
https://doi.org/10.3390/jof9121164
http://www.ncbi.nlm.nih.gov/pubmed/38132765
https://doi.org/10.1038/s41598-022-13098-0
http://www.ncbi.nlm.nih.gov/pubmed/35661720
https://doi.org/10.1186/s12906-018-2247-0
https://doi.org/10.1186/s12906-018-2247-0
http://www.ncbi.nlm.nih.gov/pubmed/29890972
https://doi.org/10.3390/antibiotics13020139
http://www.ncbi.nlm.nih.gov/pubmed/38391524
https://doi.org/10.1089/fpd.2018.2594
http://www.ncbi.nlm.nih.gov/pubmed/31009261


PLOS One | https://doi.org/10.1371/journal.pone.0337300  April 17, 2026 12 / 12

	24.	 Brahmachari G. Andrographolide: a molecule of antidiabetic promise. Discovery and Development of Antidiabetic Agents from Natural Products. 
Elsevier. 2017. p. 1–27.

	25.	 Weatherill AR, Lee JY, Zhao L, Lemay DG, Youn HS, Hwang DH. Saturated and polyunsaturated fatty acids reciprocally modulate dendritic cell 
functions mediated through TLR4. J Immunol. 2005;174(9):5390–7. https://doi.org/10.4049/jimmunol.174.9.5390 PMID: 15843537

	26.	 van Daal MT, Folkerts G, Garssen J, Braber S. Pharmacological Modulation of Immune Responses by Nutritional Components. Pharmacol Rev. 
2021;73(4):198–232. https://doi.org/10.1124/pharmrev.120.000063 PMID: 34663688

	27.	 Calder PC. Omega-3 fatty acids and inflammatory processes. Nutrients. 2010;2(3):355–74. https://doi.org/10.3390/nu2030355 PMID: 22254027

	28.	 Hidalgo MA, Carretta MD, Burgos RA. Long Chain Fatty Acids as Modulators of Immune Cells Function: Contribution of FFA1 and FFA4 Recep-
tors. Front Physiol. 2021;12:668330. https://doi.org/10.3389/fphys.2021.668330 PMID: 34276398

	29.	 Omar A, Barakat M, Alzaghari LF, Abdulrazzaq SB, Hasen E, Chellappan DK, et al. The effect of Jordanian essential oil from coriander seeds on 
antioxidant, anti-inflammatory, and immunostimulatory activities using RAW 246.7 murine macrophages. PLoS One. 2024;19(8):e0297250. https://
doi.org/10.1371/journal.pone.0297250 PMID: 39106253

	30.	 Bombassaro A, Figueiredo JM, Taborda CP, Joosten LAB, Vicente VA, Queiroz-Telles F, et al. Skin innate immune response against fungal infec-
tions and the potential role of trained immunity. Mycoses. 2024;67(1):10.1111/myc.13682. https://doi.org/10.1111/myc.13682 PMID: 38282360

	31.	 Vautier S, MacCallum DM, Brown GD. C-type lectin receptors and cytokines in fungal immunity. Cytokine. 2012;58(1):89–99. https://doi.
org/10.1016/j.cyto.2011.08.031 PMID: 21924922

	32.	 Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol. 2009;1(6):a001651. https://doi.org/10.1101/
cshperspect.a001651 PMID: 20457564

	33.	 Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in inflammation. Sig Transduct Target Ther. 2017;2(1). https://doi.org/10.1038/sigtrans.2017.23

	34.	 Fang X, Lian H, Bi S, Liu S, Yuan X, Liao C. Roles of pattern recognition receptors in response to fungal keratitis. Life Sci. 2022;307:120881. 
https://doi.org/10.1016/j.lfs.2022.120881 PMID: 35963303

	35.	 Qin Y, Zhang L, Xu Z, Zhang J, Jiang Y-Y, Cao Y, et al. Innate immune cell response upon Candida albicans infection. Virulence. 2016;7(5):512–26. 
https://doi.org/10.1080/21505594.2016.1138201 PMID: 27078171

	36.	 Dulal HP, Adachi Y, Ohno N, Yamaguchi Y. β-Glucan-induced cooperative oligomerization of Dectin-1 C-type lectin-like domain. Glycobiology. 
2018;28(8):612–23. https://doi.org/10.1093/glycob/cwy039 PMID: 29897456

	37.	 Xu S, Huo J, Gunawan M, Su I-H, Lam K-P. Activated dectin-1 localizes to lipid raft microdomains for signaling and activation of phagocytosis and 
cytokine production in dendritic cells. J Biol Chem. 2009;284(33):22005–11. https://doi.org/10.1074/jbc.M109.009076 PMID: 19525229

	38.	 Tone K, Stappers MHT, Willment JA, Brown GD. C-type lectin receptors of the Dectin-1 cluster: Physiological roles and involvement in disease. Eur 
J Immunol. 2019;49(12):2127–33. https://doi.org/10.1002/eji.201847536 PMID: 31580478

	39.	 Peng Y, Chen Y, Ma J, Zhou W, Wang Y, Wang Y, et al. Role and mechanism of the Dectin-1-mediated Syk/NF-κB signaling pathway in Talaromy-
ces marneffei infection. Exp Ther Med. 2022;23(1):84. https://doi.org/10.3892/etm.2021.11007 PMID: 34938366

	40.	 Sampaio LA, Pina LTS, Serafini MR, Tavares DDS, Guimarães AG. Antitumor effects of carvacrol and thymol: a systematic review. Front Pharma-
col. 2021;12:702487. https://doi.org/10.3389/fphar.2021.702487 PMID: 34305611

	41.	 Worasilchai J, Thongchaichayakon P, Chansri K, Leelahavanichkul S, Chiewvit V, Visitchanakun P, et al. Fluconazole worsened lung inflammation, 
partly through lung microbiome dysbiosis in mice with ovalbumin-induced asthma. PeerJ. 2024;12:e18421. https://doi.org/10.7717/peerj.18421 
PMID: 39484217

https://doi.org/10.4049/jimmunol.174.9.5390
http://www.ncbi.nlm.nih.gov/pubmed/15843537
https://doi.org/10.1124/pharmrev.120.000063
http://www.ncbi.nlm.nih.gov/pubmed/34663688
https://doi.org/10.3390/nu2030355
http://www.ncbi.nlm.nih.gov/pubmed/22254027
https://doi.org/10.3389/fphys.2021.668330
http://www.ncbi.nlm.nih.gov/pubmed/34276398
https://doi.org/10.1371/journal.pone.0297250
https://doi.org/10.1371/journal.pone.0297250
http://www.ncbi.nlm.nih.gov/pubmed/39106253
https://doi.org/10.1111/myc.13682
http://www.ncbi.nlm.nih.gov/pubmed/38282360
https://doi.org/10.1016/j.cyto.2011.08.031
https://doi.org/10.1016/j.cyto.2011.08.031
http://www.ncbi.nlm.nih.gov/pubmed/21924922
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1101/cshperspect.a001651
http://www.ncbi.nlm.nih.gov/pubmed/20457564
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1016/j.lfs.2022.120881
http://www.ncbi.nlm.nih.gov/pubmed/35963303
https://doi.org/10.1080/21505594.2016.1138201
http://www.ncbi.nlm.nih.gov/pubmed/27078171
https://doi.org/10.1093/glycob/cwy039
http://www.ncbi.nlm.nih.gov/pubmed/29897456
https://doi.org/10.1074/jbc.M109.009076
http://www.ncbi.nlm.nih.gov/pubmed/19525229
https://doi.org/10.1002/eji.201847536
http://www.ncbi.nlm.nih.gov/pubmed/31580478
https://doi.org/10.3892/etm.2021.11007
http://www.ncbi.nlm.nih.gov/pubmed/34938366
https://doi.org/10.3389/fphar.2021.702487
http://www.ncbi.nlm.nih.gov/pubmed/34305611
https://doi.org/10.7717/peerj.18421
http://www.ncbi.nlm.nih.gov/pubmed/39484217

