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Introduction
Brucella abortus is a facultative intracellular bacterium that causes brucellosis which is primarily an animal

disease leading to abortion and infertility in cattle, but exposure to infected animals or animal by-products can
cause disease in humans causing undulant fever, debilitating arthritis, endocarditis and meningitis [1, 2].
Brucellae are readily phagocytosed by polymorphonuclear cells and macrophages, and replicate intracellularly
while suppressing host immune response and evading the action of the infected cells – promoting chronicity of
infection [3, 4, 5]. No Brucella vaccines are available for humans and although conventional antibiotic regimens
are applicable for infected patients that may last for several months, these are not always completely effective and
relapses are still observed [6]. Furthermore, even in cattle, most successful adult vaccine (S19) results in orchitis,
prolonged infection and abortion complications, and serological tests used for disease diagnosis are often found to
be misleading [7, 8]. 

In our unpublished data, we performed metabolome profiling of plasma samples from B. abortus-infected mice
at 10, 30 and 60 days post-infection and several polyunsaturated fatty acids (PUFA) were identified as potential
plasma biomarkers for diagnosing brucellosis. New tools for diagnosis and new biomarkers could hold keys to
evaluate both pathogen and host response to infection. Constant exposure to various pathogenic organisms
endowed hosts with several endogenous anti-microbial compounds including interferon, cytokines, free radicals,
etc., but little attention has been paid to lipids given the fact that they are present in all tissues of the body [9].
Several studies on antimicrobial effect of PUFAs have been reported against the growth of fungi, protozoan,
viruses and various types of bacteria such as methicillin-resistant Staphylococcus aureus, Helicobacter pylori and
Mycobacteria [10, 11]. Particularly, the antibacterial actions that are usually attributed to PUFAs include linoleic
acid (LA) [10]. LA is a constituent of acylglycosyl ceramides with a physiological role in maintaining the water
permeability barrier of the skin, and is converted mainly to arachidonic acid which may lead to increased
production of downstream pro-inflammatory metabolites [12, 13]. Furthermore, LA was one of the most
abundant compounds found in Korean red ginseng oil (KRGO) through phytochemical analysis, as we previously
reported [14]. To our knowledge, no reports have documented the action of LA on B. abortus or taken into

In this study, we investigated the effects of linoleic acid (LA) treatment on Brucella abortus infection 
in professional phagocyte RAW264.7 cells, particularly during the pathogen’s invasion and 
intracellular growth in these cells, as well as in murine model BALB/c mice focusing on bacterial 
splenic proliferation and immunoregulatory activities. LA inhibited the growth of Brucella in a dose- 
and time-dependent manner. The ability of the pathogen to enter the phagocytes was inhibited as 
was its survival within these cells. This was accompanied by increased nitrite accumulation in these 
cells at 24 h post-infection. The concentration of LA used in the present study did not affect the total 
body weight or liver function of the mice. During Brucella infection, the total splenic weight of these 
animals was not changed; rather, resistance to bacterial proliferation was enhanced in the spleen. 
Furthermore, mice treated with LA displayed elevated levels of IL-12 and IFN-γ but reduced levels of 
IL-10 during infection. The findings in this study showed the regulatory role of LA against B. abortus 
infection suggesting its potential use in designing intervention strategy for brucellosis. 
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consideration the regulatory roles associated with LA, so we investigated its effects on the course of brucellosis in
murine macrophages and in a murine model. 

Materials and Methods
Ethics Statement

The animal procedures performed in this study were approved by the Animal Ethical Committee of Chonbuk
National University (Authorization Number CBNU-2018-119).

Linoleic Acid (LA) Preparation
LA (molecular weight 280.45 g/mol; Sigma-Aldrich, USA) was dissolved in absolute ethanol (1 M) and further

diluted in sterile phosphate-buffered saline solution (PBS, pH 7.4) containing 0.1% bovine serum albumin (BSA,
GenDEPOT, USA). 

Bacteria
A smooth, virulent Brucella abortus biovar 1 strain B. abortus 544 (ATCC 23448) was maintained on Brucella

agar (1.5% agar) (Becton Dickinson, USA) and grown in broth at 37°C with shaking until the stationary phase.
The bacteria were suspended in PBS and the number of viable bacteria was measured by plating serial dilutions on
Brucella agar plates.

Cells
RAW 264.7 cells (ATCC TIB7-1, USA) were maintained at 37°C in 5% CO2 in RPMI 1640 containing 10% heat-

inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (all
provided by Gibco, USA) and were seeded (1 × 105 cells/ml in 96-well plates; 1 × 106 cells/ml in 6-well plates) in
tissue culture plates overnight. Cells were incubated in fresh medium without antibiotics prior to all bacterial
infection assays.

Cytotoxicity Assay
RAW264.7 cells were prepared in a 96-well plate overnight and then incubated at different concentrations of LA

(0, 10, 20, 50, 100, 200, 500 µM) for 48 h. Cytotoxicity analysis was performed using MTT assay as previously
reported [14]. The control used contains 0.1% ethanol and 0.1% BSA in fresh medium without antibiotics in all in
vitro assays.

Bactericidal Assay
Bacteria were grown to stationary phase and diluted using PBS (2 × 104 colony forming units, CFU). A 10 µl

bacterial solution was added to different concentrations of LA (0, 10, 50, 100, 500 µM) for 0, 2, 24, and 48 h.
Bactericidal analysis was performed using CFU counts as previously reported [14]. 

Nitrite Assay
RAW264.76 cells were prepared in a 96-well plate overnight and then incubated with or without LA (10 µM) for

at least 4 h. The cells were infected with B. abortus at a multiplicity of infection (MOI) of 100 for 1 h, washed with
PBS and then incubated in fresh medium containing gentamicin (30 µg/ml) with or without LA as previously
described [14]. Nitrite accumulation was measured using Griess reagent (Promega, USA) at 2, 24, and 48 h post-
infection according to manufacturer’s instruction. 

Infection Assay
For internalization assay, RAW264.7 cells were prepared in a 96-well plate overnight and incubated with or

without LA for at least 4 h as previously described [14]. The cells were washed and then infected with B. abortus at
MOI of 100 for 0 and 30 min. After infection, the medium was changed to fresh medium containing gentamicin
and incubated further for 30 min. After washing, cells were lysed using distilled water and then diluted using PBS.
The diluent was then plated onto Brucella agar and incubated for 3 d. Bacterial internalization efficiency was
evaluated by counting colony forming units (CFUs). For intracellular growth assay, preparation, infection and
plating of cells, and analysis of intracellular growth efficiency were the same as that of the internalization assay as
previously described [14]. After infection for 1 h, the cells were washed and then incubated in fresh medium
containing gentamicin (30 µg/ml) with or without LA for 0, 2, 24, and 48 h. Culture supernatants were collected to
analyze cytokine levels during B. abortus infection in macrophages. 

Animal Experiment
Eight-week-old, pathogen-free female BALB/c mice (Samtako Bio Co. Ltd., Korea) acclimatized for one week

were randomly divided into four groups of five mice. The groups were further subdivided into non-infected and
Brucella-infected groups. A gavage needle was used to orally give 100 µl of LA (10 µM) or vehicle (0.1% ethanol
and 0.1% BSA in PBS) for three days prior to infection until 14 days post-infection as previously reported [14]. For
the infected groups, the mice were intraperitoneally injected with B. abortus (2 × 104 CFU in 100 µl PBS). At 3 days
post-infection, blood was collected via tail vein and at 14 days post-infection, mice were sacrificed, blood was
collected from the heart and the spleens were collected. The spleens were weighed and a part was homogenized,
serially diluted in PBS and then plated onto Brucella agar to determine the number of CFUs in the spleens of each
group.
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ELISA
Serum alanine aminotransferase 1 (ALT) concentration was quantified using an ALT (Mouse) ELISA Kit

(BioVision Inc., USA) to monitor hepatocellular injury during LA treatment according to manufacturer’s
instruction.

Flow Cytometry
Culture supernatants and serum samples were processed to measure the different levels of cytokines involved in

the course of brucellosis including IL-12p70, TNF, IFN-γ, MCP-1, IL-10, and IL-6 using a Cytometric Bead Array
(CBA) mouse inflammation kit (BD Biosciences, USA) according to manufacturer’s instruction. 

Statistical Analysis
The data are expressed as the mean ± standard deviation (SD) of triplicate samples from at least three independent

experiments. Student’s t-test was used to make statistical comparisons between groups using GraphPad InStat
software version 3 (GraphPad Software, Inc., USA). Differences of p < 0.05 were considered significantly different.

Results
Effect of LA on Viability of RAW264.7 Cells and Survival of B. abortus

Decreased OD values were observed in RAW264.7 cells treated with LA at concentrations of 20, 50, 100, 200,
and 500 µM. OD values did not change in cells incubated at 10 µM (data not shown) compared to untreated
controls, hence treatment with LA was applied at a concentration of 10 µM in the subsequent experiments. On the
other hand, bacterial cells incubated with various concentrations of LA (10, 50, 100, and 500 µM) significantly
inhibited the growth of B. abortus at 2 h post-incubation compared to untreated controls (Fig. 1). Bacterial growth
was completely inhibited at all concentrations tested at 48 h post-incubation indicating that LA has a bactericidal
effect against B. abortus.

Effect of LA on Internalization and Intracellular Survival of B. abortus 
RAW264.7 cells were pretreated with LA for at least 4 h prior to B. abortus infection to determine the effect of LA

on the ability of the pathogen to invade macrophages. At 0 min post-infection, the number of internalized bacteria

Fig. 2. The inhibitory effect of LA on (A) internalization and (B) intracellular growth efficiency of B. abortus
in RAW264.7 cells incubated at indicated times. Data represent the mean ± SD of at least three replicates. Note: *p <
0.05, compared with control group.

Fig. 1. The bactericidal effect of the different concentrations of LA (0, 10, 50, 100, and 500 µM) against
B. abortus incubated for 0, 2, 24, and 48 h. Data represent the mean ± SD of at least three replicates. Notes: *p < 0.05, ***p
< 0.001, compared with control group.
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was reduced in LA-treated cells but the difference was not significant compared to untreated controls (Fig. 2A).
This was observed to markedly decrease at 30 min (p < 0.05) post-infection suggesting that LA could negatively
affect bacterial invasion of B. abortus into RAW264.7 cells. On the other hand, the number of bacteria that
survived within RAW264.7 cells was significantly attenuated at 24 (p < 0.05) and 48 h (p < 0.05) post-infection
treatment with LA (Fig. 2B) compared to untreated controls. Taken together, LA treatment could interfere in the
internalization as well as intracellular survival of B. abortus in macrophages. 

Effect of LA on Nitrite Production in RAW264.7 Cells
RAW264.7 cells were pretreated with LA for at least 4 h and then infected with B. abortus for 1 h. The cells were

subsequently incubated with fresh medium containing LA and gentamicin for 2, 24 and 48 h. Nitrite accumulation
was measured using Griess assay as an indicator of nitric oxide (NO) and NO is known as an important effector
molecule for the clearance of B. abortus. Here, the concentration of nitrite did not significantly change during
normal condition or without infection until 48 h (Fig. 3A). However, nitrite production was observed to
significantly increase at 24 h (p < 0.05) post-infection treatment with LA compared to untreated controls (Fig. 3B).

Effect of LA on Cytokine Production in RAW264.7 Cells
RAW264.7 cells were infected with B. abortus for 1 h and the cell culture supernatants were collected at 48 h

post-infection for cytokine analysis using CBA. LA treatment in cells showed increased production levels of TNF-
α (p < 0.05) as compared to untreated controls (Fig. 4). Levels of IL-12 and IFN-γ were not detected in untreated or
treated cells. 

Fig. 3. The effect of LA on nitrite accumulation in RAW264.7 cells during (A) without infection and (B) B. abortus
infection at indicated times. Data represent the mean ± SD of at least three replicates. Note: *p < 0.05, compared
with control group. 

Fig. 4. The effect of LA on cytokine production in RAW264.7 cells during B. abortus infection. Data represent
the mean ± SD of at least three replicates. Note: *p < 0.05, compared with control group. 
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Effect of LA on B. abortus Infection in Mice
The mice were observed for any clinical symptoms during the entire treatment period. Body weight and serum

ALT concentrations were checked at the end of the experiment and showed no differences between treated and
untreated control groups without B. abortus infection (data not shown). Liver and spleen are the most
conspicuously infected organs but spleens showed higher number of CFU per gram of organ during the course of
infection in mice, hence the preferred target organ to study Brucella infections in this animal model [15]. On the
other hand, total weight of the spleens of the treated group was not significantly different from untreated group
both in the uninfected and infected groups (Fig. 5A). However, the number of log CFU in the spleens recovered
from treated group (p < 0.01) was significantly lower than untreated group (Fig. 5B). 

Effect of LA on Cytokine Production During B. abortus Infection in Mice
In the uninfected groups, no significant differences in the serum level of cytokines were observed between LA-

treated and untreated groups at 3 and 14 d post-infection. On the other hand, in the B. abortus-infected groups,
elevated levels of IL-12 (p < 0.001) and IFN-γ (p < 0.01) were observed in LA-treated mice as compared to control
at 14 d post-infection (Fig. 6). However, a significantly reduced level of IL-10 (p < 0.05) was observed in treated
group at 14 d post-infection (Fig. 6). 

Discussion
PUFAs have been suggested to function as endogenous anti-bacterial, anti-fungal, anti-viral, anti-parasitic and

immunomodulating agents [9]. It was also proposed that PUFAs hold inhibitory action against bacterial growth
via cell membrane disruption [11]. Dilika et al. [16] isolated LA from the dichloromethane extract of Helichrysum
pedunculatum leaves and reported that it inhibited the growth of all gram-positive bacterial species tested but was
inactive against gram-negative species such as Enterobacter cloacae, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa and Serratia marcescens. Interestingly, LA in the present study successfully inhibited the
growth of B. abortus in a dose- and time-dependent manner. Zheng et al. [10] reported that LA inhibited bacterial
enoyl-acyl carrier protein reductase (FabI) that correlated with the inhibition of fatty acid biosynthesis and

Fig. 5. The effect of LA on (A) spleen weight and (B) bacterial splenic proliferation during B. abortus
infection in BALB/c mice. Data represent the mean ± SD of five mice. Note: **p < 0.01, compared with control group.

Fig. 6. The effect of LA on the production of serum cytokines in BALB/c mice at 3 and 14 d post-infection.
Data are presented as the means ± SD for each group. Notes: *p < 0.05, **p < 0.01, compared with B. abortus-infected
group.
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antibacterial activity. Fatty acid synthesis, of which FabI is an essential component, is necessary in the production
of a number of lipid-containing components such as the cell membranes. Similarly, Peng et al. [17] showed that the
total LA production by mcra-inserted Lactobacillus casei was raised to 21-fold and the cell-free culture
supernatants from this organism completely excluded survival of Salmonella Typhimurium and
enterohaemorrhagic E. coli (EHEC) at 72 h and 48 h, respectively, and as compared to the wild-type bacterium,
exhibited more effectiveness in lowering hydrophobicity and autoaggregation activities with more intensified cell
membrane disruption in these pathogens. Therefore, there is a possibility that the antibacterial action of LA could
be due to inhibition of bacterial fatty acid synthesis although this remains to be proven.

B. abortus is a stealthy intracellular pathogen of animals and humans that can circumvent immune response and
replicate within macrophages for survival and establishment of chronic infections [18]. Here, LA treatment
negatively affected internalization of Brucella into RAW264.7 cells while also impeding the bacterial survivability
inside these cells accompanied with increased nitrite accumulation at 24 h post-infection. We previously reported
that extraction of fermented rice bran mixture extract (RBE) using ethanol identified LA in its primary chemical
composition, and RBE showed inhibitory effect against the uptake of B. abortus in RAW264.7 and HeLa cells but
did not alter the intracellular growth of the pathogen in these cells [19]. However, we also reported the inhibitory
mechanisms of KRGO against phagocytic and intracellular survival of Brucella in RAW264.7 cells [14] which
could be contributed by LA since this compound was found to be one of the most abundant components identified
in the phytochemical analysis of KRGO. NO, on the other hand, is known as the effector molecule against various
intracellular pathogens and reported to accelerate killing of intracellular B. abortus in macrophages although not
to completion during the first 24 h of infection [20, 21]. Liang and Akaike [22] showed that the combination of LA
and IFN-γ induced NO synthesis in primary parenchymal hepatocytes from mice. In a study done by Babu et al.
[23], all the fatty acids they tested including LA were taken up by a chicken macrophage-like cell line, HD11, but
did not affect uptake of green fluorescent protein-labeled Salmonella Typhimurium in these cells. Furthermore,
clearance of Salmonella was significantly higher with LA but was not associated with increased NO production by
HD11 cells. There is a possibility that LA in the present study was taken up by RAW264.7 cells that contributed in
the reduced susceptibility of these cells to Brucella infection due to its bactericidal effect. However, further
confirmation is needed to demonstrate the direct effect of LA against the bacterium during the infection in
macrophages. On the other hand, elevated TNF-α level in LA-treated murine macrophages might contribute in
the control of Brucella infection in these cells since experimental evidence revealed the beneficial role of this
cytokine in the reduction of Brucella spp. replication in human macrophages as well as its direct contribution
against Brucella infection in mice [7]. 

Cell-mediated immunity and macrophage activation, both controlled by cytokine production during infection,
are associated with host resistance to intracellular parasites [20]. We therefore further investigated the
immunomodulatory activities of LA on B. abortus infection in vivo using a mouse model. Changhua et al. [24]
reported that dietary supplementation of conjugated LA in LPS-injected pigs alleviated growth depression and
prevented elevations in plasma concentrations of pro-inflammatory cytokines IL-6 and TNF but enhanced
plasma level of anti-inflammatory IL-10. In a study done by He et al. [25], dietary supplementation of conjugated
LA enhanced immune response in broiler chicks. Here, serum IL-6 and TNF levels in mice were not affected,
however IL-10 was attenuated at 14 d post-infection. Brucella infection in mice is known to activate Type1 (Th1)
cellular immune response promoting bacterial clearance under the control of TNF, IFN-γ and IL-12 [26]. LA-
treated mice in the present study also displayed elevated IL-12 and IFN-γ. Depletion of endogenous IL-12 prior to
B. abortus infection in mice reduced splenomegaly and significantly enhanced Brucella infection [27]. IFN-γ-
producing T cells play a key role in the protective immunity against B. abortus and IL-12 is reported to possess a
profound effect on the stimulation of CD4+ T cells and NK cells in producing IFN-γ that overall contribute in the
control of infection [27]. Lack of IL-12 production in mice has been reported to participate in the progress of
Brucella infection [28]. IFN-γ was found to be lower in activated peripheral blood mononuclear cells from piglets
fed with conjugated LA while no differences were observed on the level of TNF and IL-10 [29]. The reported
mechanism by which IFN-γ enhances resistance to Brucella infection in vitro is largely mediated by the anti-
Brucella activity of activated macrophages with enhanced production of reactive oxygen intermediates [27].
Furthermore, IFN-γ contributes in the control of intracellular microbial pathogens and has been demonstrated to
reduce the number of B. abortus by 10-fold in BALB/c mice supplemented with recombinant IFN-γ [30]. IL-10, on
the other hand, has been investigated to modulate pro-inflammatory immune response to B. abortus infection and
lack of this cytokine leads to B. abortus clearance in mice [31]. It has been suggested that IL-10 downregulates
immune response to B. abortus even in the presence of IFN-γ in BALB/c mice, and inhibits the anti-Brucella
effector functions of macrophages and the production of the protective IFN-γ by spleen cells [32]. Although the
splenic weight did not change during LA treatment, the number of Brucella significantly reduced, which can be
attributed to the enhanced production of pro-inflammatory cytokines although the bactericidal effect of LA
against the pathogen during the course of the infection cannot be ruled out as observed in the in vitro analysis.
However, it should be noted that high intake of LA in a diet deficient in other PUFAs can lead to high tissue
production of prostaglandin E2 which in turn inhibits proliferation and cytokine production of Th1 cells [33].
Taken together, the data presented in this study showed the beneficial effect of LA treatment against Brucella
infection suggesting its application in designing intervention strategy against brucellosis.
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