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Butantan, São Paulo, Brazil, 5 Departamento de Fisiologia, Universidade Federal de São Paulo, São Paulo, Brazil, 6 Department of Genetics, Evolution and Bioagents,

Institute of Biology, University of Campinas, Sao Paulo, Brazil, 7 School of Biomolecular and Biomedical Science, Conway Institute, University College Dublin, Dublin,

Ireland, 8 School of Biomedical Sciences, Curtin University, Perth, Western Australia

Abstract

The effect of oleic, linoleic and c-linolenic acids on ROS production by 3T3 Swiss and Rat 1 fibroblasts was investigated.
Using lucigenin-amplified chemiluminescence, a dose-dependent increase in extracellular superoxide levels was observed
during the treatment of fibroblasts with oleic, linoleic and c-linolenic acids. ROS production was dependent on the addition
of b-NADH or NADPH to the medium. Diphenyleneiodonium inhibited the effect of oleic, linoleic and c-linolenic acids on
fibroblast superoxide release by 79%, 92% and 82%, respectively. Increased levels of p47phox phosphorylation due to fatty
acid treatment were detected by Western blotting analyses of fibroblast proteins. Increased p47phox mRNA expression was
observed using real-time PCR. The rank order for the fatty acid stimulation of the fibroblast oxidative burst was as follows: c-
linolenic . linoleic . oleic. In conclusion, oleic, linoleic and c-linolenic acids stimulated ROS production via activation of the
NADPH oxidase enzyme complex in fibroblasts.
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Introduction

Plasma fatty acid levels are elevated during conditions such as

diabetes and inflammation, which are commonly associated with

ROS production and the development of excess fibrous connective

tissue in organs or tissues due to fibroblasts [1], [2], [3], [4].

ROS modulate the activity of signalling pathways involved in

fibroblast migration, proliferation, connective tissue deposition,

vascular tone and senescence [5], [6]. ROS play a role in the

activation of NF-kB, phospholipase D, protein kinase C (PKC)

and mitogen-activated protein kinase (MAPK) in response to

various agonists [5], [7]. ROS are also required for the activation

of Akt, p70S6K and G-proteins, such as Gi, Go, and for the

expression of early growth response factor-1 (EGR) and vascular

endothelial growth factor (VEGF). The activation of signalling

cascades by low levels of ROS results in increased cell cycle

progression. For example, the proliferative state of fibroblasts is

tightly associated with intracellular ROS levels. Low ROS levels

lead to cell growth arrest, which is induced by contact inhibition.

On the other hand, the overproduction or insufficient scavenging

of ROS can result in enhanced fibrosis and oxidative stress, which

have been implicated in several diseases [2], [8], [9]. The

regulation of the intracellular redox state by fatty acid-induced

changes in NAD(P)H oxidase activity is thought to have an

important impact on redox-sensitive signalling cascades.

NADPH oxidase was originally believed to be present in

phagocytes only; however, its expression has been demonstrated in

several non-phagocytic cell types such as vascular smooth muscle

cells [10], pancreatic b cells [11] and fibroblasts [12], [13]. ROS

are produced by NADPH oxidase homologues (known as NOX) in

non-phagocytic cells. The NADPH oxidase subunits gp91phox and

p22phox are integral membrane proteins [2]. These subunits form

heterodimeric flavocytochrome b558, which forms the catalytic

core of the enzyme. However, this enzyme exists in an inactive

state in the absence of the other subunits. Additional subunits are

required for regulation and are located in the cytosol during the

resting state. These subunits include the proteins p67phox, p47phox

and p40phox and the small GTPase Rac. p47phox is phosphorylated

at multiple sites by a number of protein kinases, including

members of the PKC family, and it is important in the regulation

of NADPH oxidase activity. Cell stimulation leads to the

phosphorylation and translocation of p47phox to the membrane.

In the membrane, p47phox and p67phox directly interact with and

activate NOX [2]. gp91phox, p67phox and p47phox expression has

been reported in fibroblasts from different species [12], [13].

Oleic (C18:1), linoleic (C18:2) and c-linolenic (C18:3) acids are

abundant fatty acids in human and rat plasma [14]. These fatty

acids have the same carbon atom chain length but different

degrees of unsaturation and positions of the double bonds in their

molecules. Although fatty acids have been demonstrated to
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activate NADPH oxidase in leukocytes [15] and pancreatic b cells

[16], the effect of oleic, linoleic and c-linolenic acids on NADPH

oxidase in fibroblasts has not yet been investigated. Given that

fibroblasts exert profound effects on the progression of inflamma-

tory chronic diseases, the goal of the present study was to

investigate the effect of fatty acids on intracellular and extracellular

ROS levels in cultured fibroblasts (the 3T3 Swiss and Rat 1 cell

lines) using three techniques: lucigenin-amplified chemilumines-

cence, reduction of hydroethidine and phenol red reduction. The

levels of p47phox phosphorylation and p47phox mRNA expression in

response to the addition of oleic, linoleic and c-linolenic acids were

detected using Western blot analysis and real-time PCR,

respectively.

Materials and Methods

Dulbecco’s modified Eagle’s medium, HEPES, ampicillin,

streptomycin, Trizol reagent, random pd(N)6 primers, DNAse I,

Superscript II RT and Taq DNA polymerase were purchased

from Invitrogen Life Technologies (Carlsbad, CA, USA). Fatty

acids, lucigenin, hydroethidine, hydrogen peroxide, b-NADH,

NADPH, and phenol red were supplied by Sigma Chemical Co.

(St. Louis, MO, USA). The p47phox rabbit antibody was obtained

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The fatty

acids were dissolved in ethanol. The final concentration of ethanol

in the assay medium did not exceed 0.05%. At this concentration,

a preliminary experiment demonstrated that ethanol is not toxic to

fibroblasts and that it does not interfere with the obtained results.

Reagents, water and plastic wares used in the experiments were all

endotoxin free.

2.1. Preparation and treatment of the fibroblasts
Swiss 3T3 and Rat 1 fibroblasts, which were obtained from the

American Type Culture Collection, were maintained at 37uC in

Dulbecco’s modified Eagle’s medium supplemented with 25 mM

HEPES (pH 7.4), 10% (v:v) foetal bovine serum, 25 mg per mL

ampicillin, and 100 mg per mL streptomycin (culture medium).

For all experiments, cells were used between passages 5 and 7.

When the cells reached confluency, adherent fibroblasts were

treated with trypsin, gently washed, and resuspended in PBS

buffer. The cells were maintained on ice until they were assayed.

For the chemiluminescence assay, 2.56106 cells per mL were

added to 0.3 mL of pre-warmed (37uC) PBS buffer containing

lucigenin (1 mM), phenol red (0.28 mM) or hydroethidine (1 mM).

The cells were treated with various concentrations (0, 5, 25, 50,

100, or 200 mM) of oleic, linoleic or c-linolenic acids. ROS release

was monitored for 30 min after the addition of the fatty acids. The

assays were performed in PBS buffer supplemented with CaCl2
(1 mM), MgCl2 (1.5 mM), and glucose (10 mM) at 37uC in a final

volume of 0.3 mL.

2.2. Cell viability
The treated cells were centrifuged at 1,0006 g for 15 min (4uC),

and the resultant pellet was resuspended in 500 mL phosphate-

buffered saline (PBS). Afterwards, 50 mL of propidium iodide

solution (50 mg/mL in PBS) was added, and the cell viability was

analysed using a FACSCalibur flow cytometer (Becton Dickinson,

San Juan, CA, USA). Propidium iodide is a highly water-soluble

fluorescent compound that cannot pass through intact mem-

branes, is generally excluded from viable cells and binds to DNA

by intercalating between the bases. Fluorescence was measured

using the FL2 channel (detection from 564–606 nm). Ten

thousand events were analysed per experiment. Cells with

propidium iodide fluorescence were then evaluated using the Cell

Quest software (Becton Dickinson, San Juan, CA, USA). Viability

was always greater than 98.5%, as indicated by flow cytometry.

2.3. Lucigenin-enhanced chemiluminescence assay
Lucigenin is extensively used to measure the production of

reactive oxygen species by chemiluminescence [15]. After being

excited by the superoxide anion, lucigenin releases energy in the

form of light. Lucigenin-amplified chemiluminescence is a specific

method for studying the kinetics of the superoxide production of

cells. Using this method, the response to xanthine/xanthine

oxidase results in a positive correlation with light measurements;

however, this method does not indicate augmented chemilumi-

nescence when peroxidase is added to the assay medium [17]. In

addition, chemiluminescence is inhibited in a dose-dependent

Figure 1. Analysis of membrane integrity and DNA fragmen-
tation. Confluent 3T3 Swiss fibroblasts were treated with vehicle
control (0) or oleic, linoleic or c-linolenic acid (10, 20, 50, 100 or
200 mM). The results are presented as the mean 6 standard error of at
least three experiments that were performed in duplicate.
doi:10.1371/journal.pone.0058626.g001

Fatty Acids Increase Fibroblast ROS Production
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manner by scavengers of superoxide anions, e.g., SOD, but not by

azide, catalase, mannitol or taurine. Thus, this is a specific method

to measure superoxide anion production [18]. The chemilumi-

nescence response was monitored for 30 min (37uC) using a

microplate luminometer (model LB96V, EG&G Berthold; Bad

Wildbad, Germany).

2.4. Flow cytometric measurements of reactive oxygen
metabolites using hydroethidine

Hydroethidine (HE) has been widely used for the flow

cytometric measurement of intracellular ROS levels. Hydroethi-

dine, a reduced derivative of ethidium bromide, easily penetrates

into cells and displays weak fluorescence when excited by light

(480 nm). Hydroethidine is oxidised intracellularly by oxygen

radicals and converted into ethidium bromide, which tightly binds

to DNA and displays a strong red fluorescence [19]. One

advantage of this method is the ability to evaluate the response

of individual cells. Fibroblasts were treated as described above in

the presence of hydroethidine (1 mM). Fluorescence was measured

using the FL3 channel (detection above 670 nm) in a FACSCa-

libur flow cytometer (Becton Dickinson, San Juan, CA). Ten

thousand events were analysed per experiment.

2.5. Hydrogen peroxide determination
For measuring hydrogen peroxide levels, we used a single, rapid

and inexpensive method described by E. Pick et al. [20]. This

assay is based on the horseradish peroxidase (HRP)-mediated

oxidation of phenol red by H2O2. The reaction leads to the

formation of a coloured compound whose maximum absorbance

occurs at 610 nm [20]. The phenol red assay allows for the

detection of reactive oxygen species both inside and outside of

cells. Fibroblasts were treated as described above in the presence of

phenol red (0.28 mM) and 1 U/mL peroxidase (horseradish Type

II, (HRP)). The reaction was stopped by the addition of 10 mL of a

1 N sodium hydroxide aqueous solution.

2.6. Western blot analysis of p47phox phosphorylation
In the Western blot experiments, the total protein levels of each

sample were quantified by the Bradford method. After this

procedure, the same amount of protein was immunoprecipitated

using the anti-phosphoserine antibody. After the immunoprecip-

itation, the samples were immunoblotted using anti-p47phox

antibody. After incubating the cells at 37uC in the absence (0 min)

or presence of fatty acids (100 mM – for 5, 10 or 15 min), they

were homogenized in extraction buffer and prepared for Western

blot analysis.

The cells were homogenised in extraction buffer (100 mM Tris

(pH 7.5), 10 mM EDTA, 100 mM NaF, 10 mM sodium pyro-

phosphate, 10 mM sodium orthovanadate, 2 mM phenylmetha-

nesulfonyl fluoride, 0.01 mg/mL aprotinin) at 4uC for 30 s. After

homogenisation, Triton X 100 was added to 1%, and the samples

were incubated for 30 min (4uC). Samples were centrifuged at

13,0006 g for 20 min (4uC). Each sample (250 mg) was immuno-

precipitated using the anti-phosphoserine antibody (1:300 dilu-

tion). Immunoprecipitated samples were mixed with protein A-

Sepharose for 4 h (4uC), subjected to electrophoresis and then

immunoblotted using an anti-phosphoserine antibody. Briefly, the

gel was transferred to a nitrocellulose membrane at 120 V for 1 h.

The membrane was blocked with 5% defatted milk in a basal

solution (10 mM Tris (pH 7.5), 150 mM NaCl, 0.05% Tween 20)

at room temperature for 2 h. The membranes were washed

3 times (10 min for each wash) in basal solution and then

incubated at room temperature for 3 h with an anti-p47phox

antibody (1:3,000 dilution) in a basal solution containing 3%

defatted milk. The membranes were washed again (3 washes,

10 min each) and incubated with an anti-IgG antibody (1:10,000

dilution) linked to horseradish peroxidase in a basal solution

containing 1% defatted milk at room temperature for 1 h.

Following the washings, the membranes were incubated with the

substrate for peroxidase and a chemiluminescence enhancer (ECL

Figure 2. Comparative effect of fatty acids on the kinetics of
superoxide production by fibroblasts. Cells (2.56106 cells per mL)
were treated with oleic, linoleic or c-linolenic acid (100 mM) plus b-
NADH (10 mM) in the presence of lucigenin (1 mM).
doi:10.1371/journal.pone.0058626.g002
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Figure 3. Dose response treatment with the fatty acids. Superoxide anion levels in the incubation media for the Rat 1 (A, B and C) and 3T3
Swiss fibroblasts (D, E and F) (2.56106 cells per mL) containing b-NADH (10 mM), as measured by the lucigenin assay in the absence and presence of
different concentrations of oleic (A and D), linoleic (B and E) or c-linolenic (C and F) acid (0, 5, 50, 100 or 200 mM). The results are presented as the
mean 6 SEM of at least three experiments performed in triplicate. Presented as the effect of the fatty acids compared with the control, *p,0.05,
** p,0.01 and *** p,0.001.
doi:10.1371/journal.pone.0058626.g003
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Western Blotting System Kit, GE Health Care, Little Chalfont,

Buckinghamshire, England) for 1 min and immediately exposed to

X-ray film. The films were then developed. The band intensities

were quantified using optical densitometry.

2.7. Real-Time Reverse Transcriptase Chain Reaction-PCR
After being incubated at 37uC for 1 hour in the absence or

presence of fatty acids (100 mM), RNA was obtained from Rat 1

fibroblasts using the Trizol reagent. The expression of NADPH

oxidase component p47phox was evaluated using real-time PCR in

a Rotor Gene 3000 PCR machine (Corbett Research, Mortlake,

Australia) using the method described by Higuchi et al. (1992) [21].

cDNA probes were synthesised using 4 mg of total RNA and a

mixture of the following reagents: 146 ng of ‘‘random primers’’,

200 U of Superscript reverse transcriptase, 56 reaction buffer

(50 mM Tris – HCl (pH 8.0), 75 mM KCl, 3 mM MgCl2), 5 mM

DTT, and 500 mM dNTP in a final volume of 20 mL. The

reaction was incubated for 2 min (25uC) to assemble the

oligonucleotides and hybridise the RNA, which was followed by

heating at 42uC for 50 min. The cDNA was stored at 220uC prior

to the real-time PCR assay. To perform the real-time PCR

reaction, 1 mL of cDNA was used in a final volume of 25 mL,

which contained 100 mM of dNTPs, 106 reaction buffer (10 mM

Tris–HCl, 50 mM KCl, 2 mM MgCl2), 1 U of Taq DNA

polymerase, 0.1 mM of each primer (sense and antisense), and

SYBR GREEN (10006diluted) as the fluorescent dye. The primer

sequences were designed using information from GenBank

(National Center for Biotechnology Information (NCBI)). The

quantification of gene expression was performed using the method

described by Liu and Saint (2002) and the b2 myosin gene as an

internal control [22].

2.8. Statistical analyses
Comparisons were performed using a one-way ANOVA and

Dunnett’s Test. The significance was set at p,0.05. The results

were obtained from 3 to 5 independent experiments and are

expressed as the mean 6 SEM.

Results

To assess any possible interference of the fatty acids with the

ROS reaction involving the reagents, the appropriate controls

were performed by using 10, 25, 50, 100, and 200 mM oleic,

linoleic or c-linolenic acids in the assays (lucigenin and phenol red)

without cells. The three fatty acids did not directly affect the

lucigenin and phenol red assays, as reported in our previous study

[15]. Controls using the vehicle (ethanol) for the fatty acids were

also provided.

In order to verify the influence of fatty acids on fibroblast

viability, flow cytometric analysis was used to determine cell

membrane integrity and DNA fragmentation of fibroblasts treated

with oleic, linoleic and c-linolenic acid (25, 50, 100 and 200 mM)

for 30 minutes. No significant effect of treatments were found at

experimental condition of this study (Figure 1).

In the presence of b-NADH (10 mM), a substrate for the

oxidases [23], [24], the oleic, linoleic and c-linolenic acids

increased the extracellular superoxide anion (O2
N2) level, as

indicated by the lucigenin-amplified chemiluminescence assay

(Figure 2). Significant superoxide levels were immediately detected

after the fatty acid treatments and remained elevated for at least

20 min in the treated fibroblasts. In the absence of b-NADH or

NADPH, there was no chemiluminescence above the background

level. The kinetic studies indicated that the induction of superoxide

production in the fibroblasts is a fast event that occurs within

minutes after treatments with the oleic, linoleic and c-linolenic

acids (Figure 2). Our results demonstrate that the three fatty acids

increased fibroblast oxidative bursts as follows: c-linolenic .

linoleic . oleic. The period for maximal superoxide production

was 8.262.6 min for oleic acid, 3.861.6 min for linoleic, and

Figure 4. The involvement of NADPH oxidase in fatty acid-
induced ROS production. Effect of DPI (200 mM), an inhibitor of
NADPH, on the chemiluminescence of fatty acid-treated (100 mM) 3T3
Swiss fibroblasts. Presented as the effect of the fatty acids compared
with the control, *p,0.05, ** p,0.01 and *** p,0.001.
doi:10.1371/journal.pone.0058626.g004

Fatty Acids Increase Fibroblast ROS Production

PLOS ONE | www.plosone.org 5 April 2013 | Volume 8 | Issue 4 | e58626



3.161.2 min for c-linolenic. An interesting aspect is that as the

number of double bonds in the 18-carbon fatty acid molecule

increased, so did its ability to stimulate oxidative bursts in the 3T3

Swiss and Rat 1 fibroblasts.

There was a positive correlation between fatty acid concentra-

tion (zero, 5, 25, 50, 100, or 200 mM) and superoxide production

(Figure 3). The Pearson correlation coefficient determined for the

Rat 1 fibroblasts was: r = 0.97 and p = 0.001 for oleic acid, r = 0.97

and p = 0.0008 for linoleic acid and r = 0.89 and p = 0.015 for c-

linolenic acid. The Pearson correlation coefficient for the Swiss

3T3 fibroblasts was: r = 0.63 and p = 0.1 for oleic acid, r = 0.75

and p = 0.08 for linoleic acid and r = 0.49 and p = 0.3 for c-

linolenic acid. No detectable superoxide production occurred

when the fibroblasts were treated for 10 min with oleic, linoleic or

c-linolenic acid without the addition of b-NADH.

The addition of SOD (150 U/mL), a scavenger of the

superoxide anion, to the assay system partially inhibited the

chemiluminescence induced by the fatty acids. The responses of

the 3T3 Swiss and Rat 1 fibroblasts were similar. The SOD

control was performed by using inactive SOD (a heat-killed

preparation), and the chemiluminescence induced by the fatty

acids was not modified (data not shown).

The effect of the oleic, linoleic and c-linolenic acids on

fibroblast superoxide production was severely attenuated, i.e.,

reductions of 79%, 92% and 82%, respectively, when the cells

were pre-treated for 5 min with diphenyleneiodonium (DPI), a

specific inhibitor of NADPH oxidase (Figure 4).

The effect of the oleic, linoleic and c-linolenic acids on the

phosphorylation of p47phox (an active catalytic subunit of NADPH

oxidase) was investigated using Western blot analysis. Because the

phosphorylation of p47phox is a rapid event, the activation of

p47phox was analysed after 5, 10 and 15 min in Rat 1 fibroblasts

incubated in the presence of oleic, linoleic or c-linolenic acid

(Figure 5). An increase in p47phox mRNA expression following

fatty acid treatment was observed by real-time PCR (Table 1).

Figure 5. Phosphorylation of NADPH oxidase component p47phox by fatty acids. Effect of oleic, linoleic and c-linolenic acids on the
phosphorylation of the NADPH oxidase component p47phox in Rat 1 fibroblasts. After incubating the cells at 37uC in the absence (0 min) or presence
of fatty acids (100 mM – for 5, 10 or 15 min), they were homogenized in extraction buffer and prepared for Western blot analysis. Western blotting
was performed using a rabbit anti-p47phox antibody. Similar results were obtained from three to four independent experiments. Presented as the
effect of the fatty acids compared with the control, *p,0.05, ** p,0.01 and *** p,0.001.
doi:10.1371/journal.pone.0058626.g005

Table 1. Effect of oleic, linoleic and c-linolenic acids on the
mRNA expression of NADPH oxidase component p47phox in
Rat 1 fibroblasts.

p47phox mRNA (relative units)

(mean ± SD)

Control 160,04

Oleic acid 17666176***

Linoleic acid 318631***

c-Linolenic acid 4086314***

Presented as the effect of the fatty acids compared with the control, *p,0.05,
** p,0.01 and *** p,0.001.
doi:10.1371/journal.pone.0058626.t001

Fatty Acids Increase Fibroblast ROS Production
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The treatment of fibroblasts with oleic, linoleic or c-linolenic acid

did not significantly increase intracellular levels of ROS, as

indicated by hydroethidine reduction. In addition, these fatty acids

did not significantly increase the basal levels of H2O2 in the 3T3

Swiss and Rat 1 fibroblasts, as indicated by the phenol red reduction

assay under the conditions described herein (data not shown).

Discussion

In this work, evidence is presented that oleic, linoleic and c-

linolenic acids increase extracellular superoxide levels in fibroblast

cell lines through the activation of p47phox and the stimulation of

NADPH oxidase. We also observed that oleic, linoleic and c-

linolenic acids increase p47phox mRNA expression, suggesting that

these fatty acids induce the synthesis of this regulatory subunit.

Our results demonstrate that the tested fatty acids increased the

fibroblast oxidative burst as follows: c-linolenic . linoleic . oleic

acids. Studies involving fatty acid structure and function have

demonstrated that, in general, as the number of double bonds in

the fatty acid molecule increases, so does its ability to stimulate

oxidative bursts in unstimulated neutrophils [15]. According to

Hardy (1994), exogenous long chain and very long chain fatty

acids use the same signal transduction pathways to stimulate ROS

production by neutrophils [25].

Our results suggest that NOX and p47phox are implicated in

ROS production by fatty acids treated fibroblasts; however in the

cases of oleic acid and c-linoleic acid, the inhibition is incomplete,

suggesting that additional mechanisms may be at work. Superox-

ide can also be generated through the mitochondrial electron

transport chain, xanthine – xanthine oxidase and cytochrome

P450. Mitochondria generate superoxide mostly through the

univalent reduction of oxygen in complexes I and III of the

electron transport chain.

NADH cannot cross biological membranes under normal

conditions. The cytosolic concentration of b-NADH is 270 mM,

whereas the mitochondrial concentration is 638 mM [26]. If tissue

damage occurs, for instance during periods of prolonged ischaemia

and/or cellular death due to necrosis, a loss of plasma membrane

integrity is observed [26]. Under these conditions, fibroblasts are

able to produce ROS in response to fatty acids. These conditions

are present during acute inflammation and in the skeletal muscle

of athletes during high intensity exercises, such as the marathon

and triathlon. We have demonstrated that pre-treating 3T3 Swiss

and Rat 1 fibroblasts for 5–10 min with oleic, linoleic or c-

linolenic acid enhances fibroblast ROS production when com-

pared with a b-NADH or NADPH treatment only.

The increased superoxide production observed when fibroblasts

are treated with fatty acids plus b-NADH or NADPH may

indicate an effect of metabolites as priming agents. Classical

priming agents alone are not able to stimulate cell oxygen

consumption and ROS production but lead to an incremental

increase in the maximal rate of oxygen consumption when a

second stimulus occurs [27], [28]. Hardy et al. (1994) demon-

strated that pre-treating neutrophils with arachidonic, eicosapen-

taenoic or docosahexaenoic acids enhances their ability to respond

to either fMLP or PMA, thereby producing more superoxide than

when challenged with the stimulators only [25]. Recently, we

demonstrated that the addition of PMA to an assay medium leads

to an additive effect on the superoxide and hydrogen peroxide

production induced by oleic, linoleic and c-linolenic acids in

neutrophils [15].

In infectious/inflammatory processes, the source of fatty acids

may be blood, extracellular fluids, bacterial cell membranes or

infiltrating leukocytes. Under these conditions, levels of fatty acids

and metabolites are increased, as are the number of dying cells,

and hence, the b-NADH levels. In these situations, fatty acids

released into the microenvironment can be an important mediator

for the process of the resolution/progression of the damaged tissue

through increased ROS production.

The high concentrations of fatty acids associated with the

increased microvascular permeability observed in some diseases

[29] may define specific loci, such as the interstitial space and body

cavities, for fatty acid action. At these sites, fatty acids may activate

neutrophils and macrophages and promote fibroblast ROS

release. Fibroblast proliferation and fibrogenesis are important

factors that lead to the complications of various diseases, such as

atherosclerosis, rheumatic arthritis, diabetic nephropathy and

retinopathy [30]. The data from this study indicate that oleic,

linoleic and c-linolenic acids are important inducers of ROS

production by fibroblasts. This effect may be critical during certain

physiological processes, such as wound healing. However, this

effect could also be deleterious in proliferative diseases that involve

fibroblast dysfunction, such as fibrosis, and by promoting

uncontrolled inflammation [31]. These outcomes are more

relevant in pathological conditions involving persistent increases

in fatty acid serum levels, such as diabetes [32].

O’Donnell et al. (1996) demonstrated that fibroblasts treated

with arachidonic, linoleic or (5S)-hydroxyeicosatetraenoic acid

[(5S)-HETE] present enhanced superoxide generation. Their

study suggests the involvement of 15-lipoxygenase on ROS

production [26]. Maziere et al. (1999) reported that treating

cultured human fibroblasts with oleic, linoleic or c-linolenic acid

increases their intracellular levels of ROS and lipid peroxidation

products. This group also demonstrated the activation of the

oxidative stress-responsive transcription factors AP1 and NF-kB

[33].

Several studies have demonstrated the presence of NADPH

oxidases in the homogenates and particulate fractions of endothe-

lial and smooth muscle cells and that these NADPH oxidases are

able to generate superoxide or hydrogen peroxide. Here, evidence

has been presented that oleic, linoleic and c-linolenic acids are

potent inducers of ROS production in fibroblasts. These fatty

acids stimulate ROS production via the dose-dependent activation

of the NADPH oxidase complex. Excessive ROS production can

damage cellular lipids, proteins and DNA, which impairs cell

function. In fact, oxidative stress has been implicated in a number

of human diseases and in the ageing process.

An increasing body of evidence indicates that in diseases such as

metabolic syndrome [34], sepsis [35] and diabetes [36], the

plasmatic concentrations of free fatty acids and ROS are higher.

Considering the findings of the present study, we hypothesize that

fatty acids, through their effects on fibroblasts, may contribute to

the pro-oxidant state observed in these pathological conditions.

Additionally, taking into account the fact that fibroblasts are

essential cells in wound healing, a process that is impaired in

diabetic individuals, fatty acids-induced production of ROS by

fibroblasts may, together with changes in other cell types, be

important in this context. In fact, ROS can activate neutrophils/

macrophages to produce pro-inflammatory cytokines via NF-kB

activation, and the pro-inflammatory status may contribute to

chronic inflammation in non-healing wounds or in insulin

resistance.

Author Contributions

Conceived and designed the experiments: EH AD HAA RC. Performed

the experiments: EH AD AEH MARV. Analyzed the data: EH AD PN

HAA RC. Contributed reagents/materials/analysis tools: ARC HAA RC.

Wrote the paper: EH RC. Revised the article critically: EH AD HAA RC.

Fatty Acids Increase Fibroblast ROS Production

PLOS ONE | www.plosone.org 7 April 2013 | Volume 8 | Issue 4 | e58626



References

1. Ban CR, Twigg SM (2008) Fibrosis in diabetes complications: pathogenic

mechanisms and circulating and urinary markers. Vasc Health Risk Manag 4:
575–596.

2. Bedard K, Krause KH (2007) The NOX family of ROS-generating NADPH
oxidases: physiology and pathophysiology. Physiol Rev 87: 245–313.

3. Boden G (2011) Obesity, insulin resistance and free fatty acids. Curr Opin

Endocrinol Diabetes Obes 18(2): 139–43.
4. Yuan H, Zhang X, Huang X, Lu Y, Tang W, et al. (2010) NADPH oxidase 2-

derived reactive oxygen species mediate FFAs-induced dysfunction and
apoptosis of b-cells via JNK, p38 MAPK and p53 pathways. PLoS One 5(12):

e15726.

5. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, et al. (2007) Free
radicals and antioxidants in normal physiological functions and human disease.

Int J Biochem Cell Biol 39: 44–84.
6. Frey RS, Ushio–Fukai M, Malik AB (2009) NADPH Oxidase-Dependent

Signaling in Endothelial Cells: Role in Physiology and Pathophysiology.
Antioxidants & Redox Signaling 11(4): 791–810.

7. Finkel T (2011) Signal transduction by reactive oxygen species. J Cell Biol

194(1): 7–15.
8. Iwata NG, Pham M, Rizzo NO, Cheng AM, Maloney E, et al. (2011) Trans

fatty acids induce vascular inflammation and reduce vascular nitric oxide
production in endothelial cells. PLoS One 6(12): e29600.

9. Zeng L, Wu GZ, Goh KJ, Lee YM, Ng CC, et al. (2008) Saturated fatty acids

modulate cell response to DNA damage: implication for their role in
tumorigenesis. PLoS One 3(6): e2329.

10. Bellin C, de Wiza DH, Wiernsperger NF, Rosen P (2006) Generation of reactive
oxygen species by endothelial and smooth muscle cells: influence of

hyperglycemia and metformin. Horm Metab Res 38: 732–739.
11. Uchizono Y, Takeya R, Iwase M, Sasaki N, Oku M, et al. (2006) Expression of

isoforms of NADPH oxidase components in rat pancreatic islets. Life Sci 80:

133–139.
12. Rey FE, Pagano PJ (2002) The reactive adventitia: fibroblast oxidase in vascular

function. Arterioscler Thromb Vasc Biol 22: 1962–1971.
13. Meier B, Cross AR, Hancockm JT, Kaup FJ, Jones OT (1991) Identification of a

superoxide-generating NADPH oxidase system in human fibroblasts. Biochem J

275: 241–245.
14. Shimomura Y, Sugiyama S, Takamura T, Kondo T, Ozawa T (1986)

Quantitative determination of the fatty acid composition of human serum
lipids. by high-performance liquid chromatography. J Chromatogr 383: 9–17.

15. Hatanaka E, Levada AC, Pithon-Curi TC, Curi R (2006) Systematic study on
ROS production induced by oleic, linoleic and gama-linolenic acids in human

and rat neutrophils. Free Radic Biol Med 41: 1124–1132.

16. Morgan D, Oliveira-Emilio HR, Keane D, Hirata AE, Santos da Rocha M, et
al. (2007) Glucose, palmitate and pro-inflammatory cytokines modulate

production and activity of a phagocyte-like NADPH oxidase in rat pancreatic
islets and a clonal beta cell line. Diabetologia 50: 359–369.

17. Hong D, Stevens P (1984) The role of protein synthesis in the chemotaxis and

chemiluminescence of human polymorphonuclear leukocytes. Pharmacology
28(5): 281–8.

18. Gyllenhammar H (1987) Lucigenin chemiluminescence in the assessment of
neutrophil superoxide production. J Immunol Methods 97: 209–213.

19. Rothe G, Valet G (1990) Flow cytometric analysis of respiratory burst activity in
phagocytes with hydroethidine and 29,79-dichlorofluorescin. J Leukoc Biol 47:

440–448.

20. Pick E, Keisari Y (1980) A simple colorimetric method for the measurement of

hydrogen peroxide produced by cells in culture. J Immunol Methods 38: 161–

70.

21. Higuchi R, Dollinger G, Walsh PS, Griffith R (1992) Simultaneous amplification

and detection of specific DNA sequences. Biotechnology 10: 413–417.

22. Liu W, Saint DA (2002) A new quantitative method of real time reverse

transcription polymerase chain reaction assay based on simulation of polymerase

chain reaction kinetics. Anal Biochem 302: 52–59.

23. Nakamura M, Baxter CR, Masters BS (1981) Simultaneous demonstration of

phagocytosis-connected oxygen consumption and corresponding NAD(P)H

oxidase activity: direct evidence for NADPH as the predominant electron

donor to oxygen in phagocytizing human neutrophils. Biochem Biophys Res

Commun 98: 743–51.

24. Nakamura M, Kaku M, Nakamura MA, Baxter CR, Masters BS (1981)

Quantitative evaluation of plasma-opsonizing activity from the lag period of

phagocytosis-connected oxygen consumption by leukocytes in whole blood. J Lab

Clin Med 97: 39–49.

25. Hardy SJ, Ferrante A, Poulos A, Robinson BS, Johnson DW, et al. (1994) Effect

of exogenous fatty acids with greater than 22 carbon atoms (very long chain fatty

acids) on superoxide production by human neutrophils. J Immunol 153: 1754–

614.

26. O’Donnell VB, Azzi A (1996) High rates of extracellular superoxide generation

by cultured human fibroblasts: involvement of a lipid-metabolizing enzyme.

Biochem J 318: 805–812.

27. Hatanaka E, Pereira Ribeiro F, Campa A (2003) The acute phase protein serum

amyloid A primes neutrophils. FEMS Immunol Med Microbiol 18: 81–84.

28. Koenderman L, Yazdanbakhsh M, Roos D, Verhoeven JA (1989) Dual

mechanism in priming of the chemoatractant-induced respiratory burst in

human granulocytes. J Immunol 142: 623–628.

29. Okino AM, Bürger C, Cardoso JR, Lavado EL, Lotufo PA, et al. (2006) The

acute-phase proteins serum amyloid A and C reactive protein in transudates and

exudates. Mediators Inflamm 1: 47297.

30. Kisseleva T, Brenner DA (2008) Fibrogenesis of parenchymal organs. Proc Am

Thorac Soc 5: 338–342.

31. Jacquot J, Tabary O, Le Rouzic P, Clement A (2008) Airway epithelial cell

inflammatory signaling in cystic fibrosis. Int J Biochem Cell Biol 40(9): 1703–15.

32. Hatanaka E, Monteagudo PT, Marrocos MS, Campa A (2007) Interaction

between serum amyloid A and leukocytes – a possible role in the progression of

vascular complications in diabetes. Immunol Lett 108: 160–166.

33. Mazière C, Conte MA, Degonville J, Ali D, Mazière JC (1999) Cellular

enrichment with polyunsaturated fatty acids induces an oxidative stress and

activates the transcription factors AP1 and NFkappaB. Biochem Biophys Res

Commun 265: 116–22.

34. Fujita K, Nishizawa H, Funahashi T, Shimomura I, Shimabukuro M (2006)

Systemic oxidative stress is associated with visceral fat accumulation and the

metabolic syndrome. Circ J 70: 1437–1442.

35. Mayer K, Fegbeutel C, Hattar K, Sibelius U, Kramer HJ, et al. (2003) Omega-3

vs. omega-6 lipid emulsions exert differential influence on neutrophils in septic

shock patients: impact on plasma fatty acids and lipid mediator generation.

Intensive Care Med 29: 1472–1481.

36. Houstis N, Rosen ED, Lander ES (2006) Reactive oxygen species have a causal

role in multiple forms of insulin resistance. Nature 440: 944–948.

Fatty Acids Increase Fibroblast ROS Production

PLOS ONE | www.plosone.org 8 April 2013 | Volume 8 | Issue 4 | e58626


