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Abstract The purpose of this study was to evaluate the

anti-inflammatory and anti-genotoxic activity of branched-

chain amino acids (BCAAs) in lipopolysaccharide (LPS)

stimulated RAW 264.7 macrophages. BCAAs inhibited

LPS-induced NO production, with 100 mM leucine having

the most pronounced effect, suppressing NO production by

81.15%. Valine and isoleucine also reduced NO production

by 29.65 and 42.95%, respectively. Furthermore, BCAAs

suppressed the inducible nitric oxide synthase mRNA

expression. Additionally, BCAAs decreased the mRNA

expression of interleukin-6 and cyclooxygenase-2 which

are proinflammatory mediators. Anti-genotoxic activities

of BCAAs were assessed using the alkaline comet assay

and valine, isoleucine, and leucine significantly (p\ 0.05)

decreased tail length of DNA (damaged portion) to

254.8 ± 7.5, 235.6 ± 5.6, and 271.5 ± 19.9 lm compared

than positive control H2O2 (434.3 ± 51.3 lm). These

results suggest that BCAAs can be used in the

pharmaceutical or functional food industries as anti-in-

flammatory agents or anti-cancer agents.
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Introduction

Macrophages are well known that involved in the inflam-

matory responses. Activated macrophages by stimulation

with lipopolysaccharide (LPS), which is the major com-

ponent of Gram-negative bacteria cell wall, produce a large

amount of proinflammatory cytokines and mediators, and

inducible enzymes [1]. The activation of macrophages is an

important part of initiating immune defence mechanisms,

since the inflammatory mediators produced by macro-

phages enhance immune response [2].

Inflammation is a biological response that is triggered by

several stimuli and conditions, such as infection and tissue

injury [3]. However, chronic inflammation is closely asso-

ciated with cancer, cardiovascular diseases, sepsis, and

rheumatoid arthritis [4]. These chronic inflammatory dis-

eases are characterized by overproduction of proinflam-

matory cytokines which are interleukin-6 (IL-6), interferon-

c (IFN-c), tumor necrosis factor-a (TNF-a), and inducible

enzymes which are inducible nitric oxide (iNOS) and

cyclooxygenase-2 (COX-2), which, in turn, produce nitric

oxide (NO) and prostaglandin E2 (PGE2), respectively

[5, 6]. Therefore, substances suppressing these cytokines

and enzymes can be used as anti-inflammatory agents.

Reactive species (RS), which include free radicals

derived from nitrogen or oxygen, are well known that be

involved in many human diseases. These RS can attack
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DNA, lipids and proteins, thereby leading to cellular death

[7]. DNA damage can lead to the modifications of purine

and pyrimidine bases and 2-deoxyribose, and can break the

single and double strand of DNA [8]. RS are considered to

play important roles in neuronal death in vascular and

chronic inflammatory diseases, and cancer [9]. The break

of balance between the production and elimination of free

radicals can induce the aforementioned diseases. RS which

damages DNA and modulates certain cellular pathways

such as the phosphorylation of p53 at the serine and thre-

onine residues are involved in the formation of cancer [10].

Branched-chain amino acids (BCAAs: valine, iso-

leucine, and leucine) are the most hydrophobic amino acids

and essential amino acids and share common structural

features of their aliphatic side chain [11]. BCAAs play an

important role in formation of the globular protein struc-

ture. BCAAs usually account for 20–25% of dietary pro-

teins and, particularly, account for *33% of the essential

amino acids in muscle proteins [12, 13]. BCAAs have been

used as nutritional supplements to improve mental and

physical health [14]. Furthermore, BCAAs have been

reported to affect gene expression [15], protein metabolism

[16], and apoptosis [17].

In this study, the anti-inflammatory activity of BCAAs

was evaluated by measuring the production of NO, the

levels of expression of iNOS and proinflammatory medi-

ators (IL-6 and COX-2) in RAW 264.7 macrophages.

Furthermore, we evaluated the antigenotoxic activity of

BCAAs in RAW 264.7 macrophages.

Materials and methods

Materials

BCAAs were obtained from Cremar, Co. (Seongnam, South

Korea). Dulbecco’s modified Eagle’s medium (DMEM),

fetal bovine serum (FBS), and penicillin–streptomycin were

purchased from Hyclone Laboratories, Inc. (Logan, UT,

USA). MTT, lipopolysaccharides, sulfanilamide, and N-(1-

naphthyl) ethylenediamine dihydrochloride were purchased

from Sigma Aldrich Co. (St. Louis, MO, USA). All other

chemicals and organic solvents used in this study were of

analytical grade and the highest purity.

Cell lines and culture conditions

RAW 264.7 macrophages were purchased from Korean

Cell Line Bank (Seoul, Korea). The RAW 264.7 macro-

phages were cultured in DMEM supplemented with 10%

heat inactivated FBS, and 1% penicillin–streptomycin at

37 �C in a 5% CO2 incubator (MCO-18AIC, Sanyo, Osaka,

Japan). The culture medium was replaced every 3–4 days.

Measurement of cell viability and nitrite

MTT assay was used for measuring cell viability as

described by Moon et al. [18]. For measuring nitrite pro-

duction, RAW 264.7 macrophages were incubated in a

96-well plate (1 9 105 cells/well) for 2 h, following which

they were incubated further for 24 h with or without 1 lg/
mL of LPS to stimulate NO production. Four concentra-

tions (12.5, 25, 50, and 100 mM) of BCAAs were used. NO

reacts with oxygen to produce nitrite under aerobic con-

dition, the quantity of NO was determined using Griess

reagent [19]. One hundred lL of griess reagent was mixed

with 100 lL of medium for 15 min to measuring nitrite.

The absorbance at 540 nm was measured using a micro-

plate reader. The NO concentration was calculated by

comparison with the absorbance at 540 nm of standard

nitrite solution in culture medium.

RNA isolation and cDNA synthesis

RAW 264.7 macrophages were incubated in a 24-well plate

(6 9 105 cells/well) for 24 h, followed by another 24 h

incubation period with or without 100 mM of BCAAs. The

macrophages were then incubated with 1 lg/mL of LPS for

24 h (1st condition); Cells were cultured in the presence of

100 mM of BCAAs and LPS at the same time for 24 h

(2nd condition). Trizol methods were used for isolating

total RNA from LPS-stimulated RAW 264.7 macrophages.

Complementary DNA (cDNA) was synthesized from 1 lg
of total RNA using M-MLV reverse transcriptase (Pro-

mega, USA) according to the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (PCR)

was performed to observe the influence of BCAAs on

inflammation-associated gene expression. The template

used was cDNA synthesized from RNA by using reverse

transcriptase. The target cDNA was amplified using real-

time DNA thermal cycler (iQTM5 multicolour, BIO-RAD,

Hercules, CA, USA). PCR amplification was carried out

under the following reaction conditions: 95 �C for 15 min

(initiation) followed by 55 cycles of 95 �C for 10 s (de-

naturation), 55 �C for 30 s (annealing), with a final

extension at 72 �C for 20 s. Amplification results were

analysed by delta–delta Ct method, and the purity of PCR

products was assessed by analysing the melting curve from

PCR reaction. b-Actin was used as the housekeeping gene.

PCR primers used for quantitative PCR in this study were

synthesized according to the following oligonucleotide

sequences. iNOS: forward 50-CTTGGTGAGGGGACTG-
GACT-30, and reverse 50-GGGGTTTTCTCCACGTTGTT-
30; and IL-6: forward 50-CCTTCCTACCCCAATTTCCA-
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30, and reverse 50-CGCACTAGGTTTGCCGAGTA-30; and
COX-2: forward 50-TGGGAAGCTTTCTCCAACCT-30,
and reverse 50-GTGAAGTGCTGGGCAAAGAA-30; and

b-actin: forward 50-GATTACTGCTCTGGCTCCTA-30,
and reverse 50-ATCGTACTCCTGCTTGCT-30.

Measurement of anti-genotoxic activity

To determine the anti-genotoxic activity of BCAAs, we used

the comet assay [18]. The incubated RAW 264.7 macro-

phages (2 9 105 cells) were washedwith 1.0 mL of PBS and

used in comet assays. BCAAs were dissolved in distilled

water and macrophages incubated with each BCAA at

400 lM at 37 �C for 30 min in the dark. To stimulate oxi-

dation, macrophages were treated with 200 lM H2O2 and

incubated on ice for 5 min, then washed with PBS. Samples

that were not exposed to H2O2 were used as negative con-

trols. After H2O2 treatment, samples were mixed with 75 lL
of 0.7% low-melting agarose and distributed over slides pre-

coated with 1% normal melting agarose (NMA). Slides were

then immersed in a cold alkali lysis buffer (2.5 M NaCl,

100 mM Na2EDTA, 10 mM Tris, 1.0% sodium laurylsar-

cosine, 1.0% Triton X-100, and 10% DMSO) for 1 h at 4 �C
in the dark. Slides were placed in an electrophoresis tank

containing a basic buffer (300 mM NaOH, 10 mM Na2-
EDTA, pH 13.0) for 20 min and subjected to electrophoresis

(25 V, 300 ± 3 mA) for 20 min at 4 �C. Slides were washed
three times in a neutral buffer (0.4 M Tris, pH 7.5) at 4 �C
and then immersed in ethanol for 5 min and dried. Slides

were stained using a 20 lg/mL ethidium bromide solution.

Slides were examined using Komet version 5.0 (Kinetic

imaging, Liverpool, UK) and fluorescence microscopy

(LEICA DMLB, Wetzlar, Germany), to measure the fluo-

rescent intensity in tails. We quantified tail intensity using 50

cells from two replicate slides.

Statistical analysis

All results are presented as the mean ± standard deviation

(SD) of three replicates. Statistical analyses were per-

formed using SPSS for Windows version 18.0 (SPSS Inc.,

Chicago, IL). One-way analysis of variance (ANOVA)

followed by Duncan’s multiple range test, with a p value

less than 0.05 considered statistically significant.

Results and discussion

Effect of BCAAs on the production of NO in RAW

264.7 cells

LPS, a well-known endotoxin, are a component of cell wall

in Gram-negative bacteria. LPS have been known to induce

the production proinflammatory cytokines and mediators

such as IL-6, IL-1b, TNF-a, and NO in RAW 264.7

macrophages [20, 21]. Particularly, overproduction of NO

can be harmful and may cause various inflammatory dis-

eases [22]. Therefore, substances which have inhibitory

effect on NO production can be used as a potential anti-

inflammatory agent. In this study, the cytotoxicity of

BCAAs on RAW 264.7 macrophages was determined by

using MTT assay and the concentrations of BCAAs used in

this study (12.5–100 mM) did not affect cell viability

[Fig. 1(A)].

To investigate the inhibitory effect on NO production in

RAW 264.7 macrophages, the quantity of nitrite in the

culture media was determined by using Griess reagent. As

shown in Fig. 1(B), addition of LPS significantly increased

the production of NO in the media by approximately

22-fold (from 2.29 ± 0.22 to 45.64 ± 2.20 lM). After

adding BCAAs, the levels of NO decreased in a dose-de-

pendent manner. Among the BCAAs, leucine appeared to

have the greatest inhibitory effect on NO production. At

12.5, 25, 50, and 100 mM concentration of leucine, the

levels of NO decreased to 29.97 ± 1.4, 24.47 ± 0.52,

15.97 ± 0.50, and 8.60 ± 0.64 lM, respectively. The rate

of inhibition at leucine concentration of 100 mM was

81.15 ± 1.39%. Meanwhile, valine and isoleucine showed

a weak inhibitory effect on NO production compared to

leucine, but at a concentration of 100 mM, these showed

inhibitory effects of as much as 29.65 ± 1.54 and

42.95 ± 1.28%, respectively.

Nitric oxide (NO) is synthesized by a family of nitric

oxide synthases, which are neuronal nitric oxide synthase

(nNOS), inducible nitric oxide synthase (iNOS), and

endothelial nitric oxide synthase (eNOS), and plays a dual

role as either a beneficial or a harmful molecule in the

inflammatory process [23]. Among these nitric oxide syn-

thases, iNOS produces a large amount of NO under

pathological conditions. The other synthases are constitu-

tively expressed at low levels [24]. The effect on expres-

sion of iNOS messenger RNA (mRNA) was examined to

elucidate the mechanism of the inhibitory effect on NO

production by BCAAs in RAW 264.7 macrophage. RAW

264.7 macrophages were cultured in the presence of

100 mM of BCAAs and LPS at the same time for 24 h. As

shown in Fig. 2, it appeared that the iNOS mRNA

expression was significantly (p\ 0.05) up-regulated by

LPS stimulation to 3.79 times compared to the blank

(without LPS stimulation), however, BCAAs suppressed

the expression of iNOS mRNA. In this study, valine, iso-

leucine, and leucine reduced iNOS expression by 47.31,

23.66, and 89.61%, respectively.

Yang et al. [25] reported that excessive production of

NO has been suggested to lead to hypotension, vascular

hyporeactivity and death. It indicated that the
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overproduction of NO plays an important role in septic

shock. Additionally, van der Woude et al. [26] reported

that the over-expression of iNOS also leads to DNA

damage, mutation, increased cell proliferation, and oxida-

tive stres. Therefore, the modulation of iNOS-mediated NO

release is one of the contributing factors during the

inflammatory process [23]. In our previous study, we

showed that BCAAs have scavenging effect on NO in SNP

(sodium nitroprusside) system [27]. The present study also

shows that BCAAs have inhibitory activity on NO pro-

duction by suppressing the iNOS mRNA expression.

Effect of BCAAs on the expression mRNA

of inflammatory mediators

RAW 264.7 macrophages were incubated with or without

100 mM of BCAAs for 24 h to investigate the effect of

BCAAs on the transcription levels of proinflammatory

Fig. 1 Effect of BCAAs on cell

viability (A) and NO production

(B) in LPS-induced RAW 264.7

macrophages. Val, valine; Ile,

isoleucine; Lue, leucine. The

data are expressed as the

mean ± standard deviation

(SD) of three separate

experiments. a–iDifferent letters

among samples indicate

significant differences by

Duncan’s multiple range test

(p\ 0.05)
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mediators such as IL-6 and COX-2. After then, cells were

stimulated with 1 lg/mL LPS for another 24 h. The mRNA

levels of proinflammatory mediators were increased by

LPS stimulation (Fig. 3). IL-6 levels were significantly

(p\ 0.05) increased in cells incubated with LPS for 24 h

compared to that in cells without LPS stimulation. How-

ever, the expression of IL-6 mRNA was suppressed by

100 mM of valine, isoleucine, and leucine to 73.32, 13.79,

and 85.04%, respectively [Fig. 3(A)]. In this study, leucine

showed the strongest inhibition effect on expression of IL-6

mRNA. Dinarello et al. [28] reported that IL-6 is multi-

functional cytokine, which is upregulated by bacterial LPS,

and plays an important role in the pathogenesis of

inflammatory diseases. High serum IL-6 levels are

observed frequently in many pathological conditions such

as inflammation, autoimmune diseases, and sepsis. In case

of sepsis, IL-6 remains elevated for a long period of time

and the levels correlate with sepsis severity and mortality

[29]. These results suggest that BCAAs can be used as anti-

inflammatory agents via regulating IL-6 expression.

The COX-2 mRNA expression also was decreased by

treatment with BCAAs [Fig. 3(B)]. After stimulation with

LPS on RAW 264.7 macrophages, the COX-2 mRNA

expression was increased by as much as 52.96 times

compared to the blank. Valine suppressed the COX-2

mRNA expression by 93.22%. Moreover, in case of iso-

leucine and leucine, it was suppressed by more than 99%.

Smith et al. [30] reported that COX-2 is an inducible

enzyme that causes the conversion of arachidonic acid to

prostaglandin H2, which is a precursor of an important

biological mediator PGE2. PGE2 is involved in the patho-

genesis of various inflammatory diseases, and invasion and

growth of tumor [31]. Our study showed that BCAAs have

the ability to suppress the COX-2 mRNA expression.

Effect of BCAAs on the protection of DNA damages

in macrophages induced by H2O2

The alkaline comet assay is a relatively simple, rapid, low-

cost, and quantitative technique for analyzing DNA dam-

age in eukaryotic cells [32]. The protection activity of

DNA damages of BCAAs was assessed in RAW 264.7

macrophages (Figs. 4, 5). The tail length (damaged portion

of DNA) of negative control was 98.8 ± 6.8 lm, while

that of positive control was 434.3 ± 51.3 lm. It was

greater fourfold than negative control (Fig. 4). When

BCAAs were treated at the concentration 400 lM, tail

length decreased to 254.8 ± 7.5 lm for valine,

235.6 ± 5.6 lm for isoleucine, and 271.5 ± 19.9 lm for

Fig. 2 Effect of BCAAs on iNOS mRNA expression in LPS-

stimulated RAW 264.7 macrophages. Val, valine; Ile, isoleucine; Lue,

leucine. The data are expressed as the mean ± standard deviation

(SD) of three separate experiments. a–dDifferent letters among

samples indicate significant differences by Duncan’s multiple range

test (p\ 0.05)

Fig. 3 Effect of BCAAs on

expression of IL-6 (A) and
COX-2 (B) mRNA in LPS-

induced RAW 264.7

macrophages. Val, valine; Ile,

isoleucine; Lue, leucine. The

data are expressed as the

mean ± standard deviation

(SD) of three separate

experiments. a,bDifferent letters

among samples indicate

significant differences by

Duncan’s multiple range test

(p\ 0.05)
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leucine. However, there was no significant difference

(p\ 0.05) between each of BCAAs. Comet images of

DNA treated with BCAAs were shown in Fig. 5. Negative

control showed clear circle images, however, the tail of

DNA was increased by treatment of 200 lM H2O2. After

treated with BCAAs, the tail of DNA was decreased

compared with positive control.

Damage to cellular DNA can threaten genome stability,

which can subsequently result in carcinogenesis or tissue

aging [33]. DNA damage can also lead to mutations, and

under certain circumstances can activate the nuclear tran-

scription factor p53. Culmsee et al. [34] reported that

transcription factor p53 is known to regulate major cellular

functions which are transcription, DNA synthesis, DNA

repair, cell cycle regulation, and cell death. BCAAs have

the protection effect of H2O2-induced DNA damage in

macrophages (Fig. 4).

Boyacioglu et al. [35] reported that methionine, one of the

nine essential amino acids, increased the percentage of tail

DNA contents in comet assays. However, when vitamin C

was added as an antioxidant in rats where chronic hyperho-

mocysteinemia was induced, the proportion of tail DNA

contents was decreased. Other researchers have reported that

antioxidants protect DNA from genotoxic agents and are

able to eliminate reactive oxygen species [36].

In conclusion, in this study we found that BCAAs sig-

nificantly reduce the levels of proinflammatory cytokines

and mediators in RAW 264.7 macrophages stimulated by

LPS. Furthermore, BCAAs can protect the damages

induced by H2O2 in macrophages. From these results, it can

be surmised that BCAAs can be utilized in the pharma-

ceutical or functional food industries as anti-inflammatory

agents or anti-cancer agents.

Fig. 4 Antigenotoxic effect of 400 lM BCAAs on 200 lM H2O2

induced DNA damage in RAW 264.7 macrophages. Val, valine; Ile,

isoleucine; Lue, leucine. NC negative control; PC: 200 lM H2O2

treated positive control. The data are expressed as the mean ± stan-

dard deviation (SD) of three separate experiments. a–cDifferent letters

among samples indicate significant differences by Duncan’s multiple

range test (p\ 0.05)

Fig. 5 Comet images of RAW 264.7 macrophages treated with BCAAs. A Negative control; B 200 lM H2O2 treated positive control; C Valine

400 lM ? 200 lM H2O2; D Isoleucine 400 lM ? 200 lM H2O2; E Leucine 400 lM ? 200 lM H2O2
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