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bstract

Adhesion and migration of leukocytes into the surrounding tissues is a crucial step in inflammation, immunity, and ather
xpression of cell adhesion molecules by endothelial cells plays a leading role in this process. Butyrate, a natural short-chain
roduced by bacterial fermentation of dietary fiber, has been attributed with anti-inflammatory activity in inflammatory bowel
utyrate in vitro is active in colonocytes and several other cell types. We have studied the effect of butyrate on expression of e

eukocyte adhesion molecules by cytokine-stimulated human umbilical vein endothelial cells (HUVEC). Pretreatment of HUV
utyrate–inhibited tumor necrosis factor–� (TNF�)–induced expression of vascular cell adhesion molecule-1 (VCAM-1) and intrac
ell adhesion molecule-1 (ICAM-1) in a time and concentration-dependent manner. Butyrate at 10 mmol/L inhibited inte
IL-1)–stimulated VCAM-1 and ICAM-1 expression. The effect of butyrate on cytokine-stimulated VCAM-1 expression wa
ronounced than in the case of ICAM-1. Butyrate decreased TNF�-induced expression of mRNA for VCAM-1 and ICAM-1. Suppres
xpression of VCAM-1 and ICAM-1 was associated with reduced adherence of monocytes and lymphocytes to cytokine-s
UVEC. Butyrate inhibited TNF�-induced activation of nuclear factor–�B (NF-�B) in HUVEC. Finally, butyrate enhanced peroxiso
roliferator-activated receptor–� (PPAR�) expression in HUVEC. These results demonstrate that butyrate may have anti-inflam
roperties not only in colonocytes but also in endothelial cells. The anti-inflammatory and (perhaps) antiatherogenic properties
ay partly be attributed to an effect on activation of NF-�B and PPAR� and to the associated expression of VCAM-1 and ICAM-1.
resent findings support further investigations on the therapeutic benefits of butyrate in several pathological events involving
ecruitment. © 2004 Elsevier Inc. All rights reserved.

eywords: Butyrate; Inflammation; Endothelial cells; Cell adhesion molecules; Transcription factors
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. Introduction

Leukocyte recruitment from the blood is a critical ste
nflammation, immunity, and atherogenesis[1–3]. Endothe
ial cells play an active role in the control of leukoc
ecruitment by expressing membrane molecules for ad
nce of leukocytes. Vascular cell adhesion molecu
VCAM-1) and intracellular cell adhesion molecule
ICAM-1) of the immunoglobulin superfamily as well
electins E and P of the selectin superfamily are amon

* Corresponding author. Fax:�48 91 466 1490.

pE-mail address: mnarusze@sci.pam.szczecin.pl (M. Naruszewicz).

955-2863/04/$ – see front matter © 2004 Elsevier Inc. All rights reserved
oi:10.1016/j.jnutbio.2003.11.008
ost prominent adhesion molecules involved in this pro
1,2,4].

Leukocyte recruitment is a multistep process that
ludes initial tethering of leukocytes to the endothel
ollowed by leukocyte rolling on the vascular wall, wh
ctivates the leukocytes to firm adherence[1,4]. Tethering
nd rolling depend on the interaction of P and E sele
resent on endothelial cells with their carbohydrate liga
n leukocytes. Firm adhesion follows if leukocytes
ctivated while rolling on the endothelium, and is facilita
y the interaction of VCAM-1 with very late antigen–
VLA-4) or of ICAM-1 with lymphocyte function antigen–
LFA-1). Diapedesis and transendothelial migration are

endent on the chemotactic gradient, ICAM-1, and

.
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CAM-1 activation, and homeotypic interactions between
latelet/endothelial cell adhesion molecule–1 (PECAM-1)
n endothelial cells and leukocytes [3]. It has recently been
uggested that endothelial adhesion molecules may play a
ole in tumor progression and metastasis [5].

Most adhesion molecules described above are not
resent on resting endothelial cells. Their expression is the
ffect of stimulation by specific molecules such as tumor
ecrosis factor–� (TNF�), interleukin-1 (IL-1), interferon-�
IFN�), and oxidatively modified LDL (oxyLDL) [1,6].
timulation is mediated by NF-�B, a key transcription fac-

or implicated in the regulation of genes during the immune
nd inflammatory responses. Among them are genes encod-
ng VCAM-1, ICAM-1, and selectin E [7]. It has been
uggested that peroxisome proliferator–activated receptor
, a nuclear receptor involved in the transcriptional re-
ponse to fatty acids, exerts its anti-inflammatory action as
result of negative transcriptional regulation of NF-�B [8].
ecently it has been reported that fibric acid derivatives
nown to be PPAR� activators inhibit cytokine–induced
CAM-1 expression in human endothelial cells [9].
Butyrate is a natural short-chain fatty acid present in

airy products and produced in the colon by anaerobic
ermentation of undigested carbohydrates [10]. This four-
arbon acid plays an important role in maintaining normal
unction and integrity of the colonic mucosa [11]. Clinical
rials suggest that butyrate has anti-inflammatory properties
n inflammatory bowel disease [12–15]. Butyrate adminis-
ered to patients with ulcerative colitis suppressed mucosal
nflammation and was associated with reduction of NF-�B
ctivation in lamina propria macrophages [16]. Butyrate
ifferentially modulates cytokine secretion in peripheral
lood monocytes, abolishes lipopolisacharide (LPS)–in-
uced cytokine expression [17], and inhibits production of
roinflammatory IL-1 and TNF� cytokines by bacteria-
timulated monocytes [18].

Butyrate has also been reported to act as a potent anti-
roliferative agent and cell differentiation promoter [19]
nd to induce cancer cell apoptosis [20,21]. These effects
ay contribute to antitumor activity of butyrate and dietary
ber [22–24].

Recent studies suggest that butyrate may have anti-
therogenic properties by inhibiting vascular smooth muscle
ells [25]. It has also been shown that butyrate protects
acrophages against free radicals and diminishes genera-

ion of proatherogenic oxyLDL [26].
It is evident from the above observations that butyrate

articipates in multiple activities in a number of cell types.
o far, the action of this fatty acid on endothelial cell
unction and expression of endothelial adhesion molecules
as not been investigated. We therefore examined the ability
f butyrate to modulate the expression of ICAM-1 and
CAM-1 and transcription factors NF-�B and PPAR� by

uman umbilical vein endothelial cells (HUVEC). m
. Methods and materials

.1. Materials

Medium 199, fungizone, penicillin, streptomycin, genta-
ycin, heat-inactivated fetal bovine serum (FBS), collage-

ase (type Ia), gelatin, glutamine, trypsin/EDTA solution,
nd butyric acid were obtained from Sigma (St. Louis, MO).
ecombinant TNF� (10 mg, 1 � 108 U/mg) and IL-1� (5

107 U/mg), random hexamers, reverse transcriptase–
olymer chain reaction (PCR) buffer, and Taq polymerase
ere from Boehringer Mannheim (Mannheim, Germany).
issue culture dishes from Costar were supplied by Sigma

St. Louis, MO, USA) and Ficoll-Paque by Pharmacia (Up-
ala, Sweden). Monoclonal antibodies against VCAM-1
CD106:FITC), ICAM-1 (CD54:FITC), CD14 (CD14:PE),
D45 (CD45:FITC), platelet endothelial cell adhesion mol-
cule-1 (CD31:PE), and IgG1 (IgG1:FITC) were from Bec-
on Dickinson (San Diego, CA, USA). dATP, dTTP, dCTP
nd dGTP and RNAsin were from Promega (Madison, WI,
SA). An ELISA-based kit for NF-�B activation measure-
ents was obtained from Active Motif (Belgium).

.2. Endothelial cell isolation and culture

HUVEC were obtained from umbilical cords by collage-
ase digestion as described by Jaffe [27]. In brief, veins of
mbilical cords were perfused with PBS to remove blood
ells, filled with 0.1% collagenase, and left for 8 minutes at
7°C. The resulting cellular suspension was supplemented
ith FBS and centrifuged (400 � g) for 10 minutes.
UVEC were cultured in gelatin-coated 25-cm2 flasks,
-well or 24-well tissue culture plates, at 37°C under hu-
idified 5% CO2 in room air and in medium 199 supple-
ented with Earle’ s salts, 20 mmol/L HEPES, 100 mU/L

enicillin, 100 mg/L streptomycin, 2.5 mg/L fungisone, 2
mol/L glutamine, and 20% FBS. The medium was re-

laced every 2 days until confluence (3–5 days). HUVEC
urity was ascertained by the cobblestone morphology typ-
cal for quiescent endothelial cells and by staining for
ECAM-1 (CD31).

.3. Isolation of peripheral blood mononuclear cells

Heparinized blood was diluted with PBS, and 25 mL was
mmediately layered over 15 mL Ficoll-Paque and centri-
uged (400 � g, 40 min, 22°C). The mixed mononuclear
ell band was removed by aspiration, washed with PBS,
entrifuged, and suspended in medium containing the same
ompounds as used for HUVEC culture, except that FBS
oncentration was reduced to 5%. The suspended cells were
ounted and used in the adhesion assay. Peripheral blood
ononuclear cells (PBMC) were composed of approxi-

ately 10% monocytes and 90% lymphocytes.
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.4. Measurement of VCAM-1 and ICAM-1 expression in
UVEC

Second-passage HUVEC were cultured in gelatin-coated
4-well plates. Upon confluence, FBS concentration was
educed to 5% and culture was continued for 30 minutes, 12
ours, or 24 hours without or with butyrate added to a
oncentration of 0.1, 1.0, or 10.0 mmol/L (stock solution of
00 mmol/L butyric acid was neutralized with 1 mol/L
aOH). Next, HUVEC were incubated for 8 hours with
NF� (100 mU/L) or IL-1� (100 mU/L) in the absence or
resence of butyrate. Under all conditions, cell viability was
reater than 90% as judged by trypan blue exclusion.

After stimulation, cells were washed with PBS and
reated for 30 minutes at 4°C with saturating amounts of
E-conjugated anti–PECAM-1 (CD31), FITC-conjugated
nti–ICAM-1 (CD54), or FITC-conjugated anti–VCAM-1
CD106) monoclonal antibodies (Mab). For isotype control,
ells were treated with FITC-conjugated mouse anti-IgG1

ab. Cells were next washed with PBS, fixed in 1% para-
ormaldehyde, harvested by mild trypsinization, washed
gain, and centrifuged at 400 � g for 10 minutes before
nalysis (10,000 cells per sample) by flow cytometry
FACS Calibur, Becton Dickinson). After correction for
onspecific binding (isotype control), mean specific fluores-
ence intensity was measured in each channel.

.5. Adhesion assay

HUVEC grown to confluence in 24-well plates were
retreated with butyrate (10 mmol/L) for 24 h and stimu-
ated with TNF� (100 mU/L) or IL-1� (100 mU/L) for 8
ours before the adhesion assay. Briefly, HUVEC were
ashed with PBS and coincubated for 30 minutes with
BMC suspension (1 � 106/mL). The PBMC suspension
as withdrawn and HUVEC were washed twice with PBS

o remove nonadherent cells. Next, endothelial cells and the
dhering monocytes and lymphocytes were treated for 30
inutes at 4°C with saturating amounts of FITC-conjugated
ouse anti-CD45 and PE-conjugated anti-CD14 Mab. Cells
ere next washed with PBS, fixed in 1% paraformaldehyde,
ashed again, harvested by mild trypsinization, centrifuged,

nd counted before analysis (10,000 cells/sample) by flow
ytometry. The proportion of monocytes and lymphocytes
n the suspension was determined by measuring fluores-
ence I (FLI–CD45) and fluorescence II (FLII–CD14). The
bsolute number of monocytes and lymphocytes adhering to
ndothelial cells was calculated in relation to the total number
f cells obtained after trypsinization. The results were ex-
ressed as percentage of monocytes and lymphocytes added.

.6. Quantitation of VCAM-1, ICAM-1, and PPAR� gene
xpression

For VCAM-1 and ICAM-1 gene quantitation, HUVEC

ere grown to confluence in 6-well plates, pretreated with a
utyrate (10 mmol/L) for 24 hours, and stimulated with
NF� (100 mU/L) for 4 hours. For PPAR� gene quantita-

ion, HUVEC were grown to confluence in 6-well plates and
ncubated with butyrate (0.1, 1.0, and 10.0 mmol/L) for 24
ours. Total RNA (from 106 cells) was isolated according to
homczyński and Sacchi [28] using TRIZOL and its con-
entration was determined by spectrophotometry at 260 nm.
NA (500 ng) was dissolved in 20 �L of the reaction

olution containing 2.5 mmol/L of dATP, dTTP, dCTP, and
GTP, 20 U of RNAsin, 100 pmol/L of random hexamers,
nd 20 U of MMLV reverse transcriptase. Incubation was
arried out at 37°C for 60 minutes. The temperature of the
eaction was then raised to 94°C for 5 minutes to inactivate
he enzyme and finally reduced to 4°C. An aliquot of cDNA
5 �L of RT mixture) was dissolved in 25 �L of the reaction
olution containing 10x PCR buffer (final Mg2� concentra-
ion was 1.5 mmol/L), 2.5 mmol/L of dATP, dTTP, dCTP,
nd dGTP, 10 pmol/L of up- and downstream primers
PPAR�, VCAM-1, ICAM-1, GAPDH, and �-actin), and 1

Taqpolymerase. For semiquantitative analysis, linearity
f amplification of PPAR�, VCAM-1, ICAM-1, GAPDH,
nd �-actin cDNAs depending on PCR cycle number was
stablished in preliminary experiments. A total of 28 cycles
or PPAR�, 16 for VCAM-1, 18 for ICAM-1, 22 for
APDH and for �-actin, there was 24 cycles, resulted in the
est amplification profile to detect differences among the
amples. The following sets of primers were used in PCR
mplification: for VCAM-1 [29]: sense 5�-CCCTTGACCG-
CTGGAGATT-3�, antisense 5�-CTGGGGGCAACATT-
ACATAAAGTG-3�, ICAM-1 [Primer Select 4.00 DNAS-
AR]; sense: 5�-TGAAGGCCACCCCAGAGGACAAC-3�,
ntisense 5�-CCCATTATGACTGCGG CTGCTGCTACC-
�, GAPDH [30]: sense 5�-GAGTCAACGGATTTGGTCGT-
�, antisense 5�-GTTGTCATGGATGACCTTGG-3�, PPAR�
Primer Select 4.00 DNASTAR]: sense 5�-GCCCCTCCTCG-
TGACTTATC-3�, antisense 5�-ATGACCCGGGCTTT-
ACCTT-3�, �-actin [31]: sense 5�-CCTCGCCTTTGC-
GATCC3�, antisense 5�-GGATCTTCATGAGGTAG
CAGTC-3�.

The amplification profile consisted of an initial denatur-
tion at 94°C for 3 minutes (for GAPDH, �-actin) and 5
inutes (for PPAR�, VCAM-1, and ICAM-1) followed by

enaturation at 94°C for 25 seconds for all genes, annealing
t 57°C (GAPDH), 60°C (�-actin, PPAR�), and 62°C
VCAM-1, ICAM-1) for 50 seconds and extension at 72°C
or 50 seconds for all genes.

Amplification products obtained with PCR (VCAM-1
41 bp, ICAM-1 409 bp, GAPDH 482 bp, PPAR� 454 bp,
nd �-actin 626, cDNA) were electrophoretically separated
n 3% agarose gel. Ethidium bromide–stained bands of
PAR�, VCAM-1, ICAM-1, and GAPDH were photo-
raphed with the DS-34 Polaroid camera (Sigma, St. Louis,
O, USA). Band intensity was densitometrically measured
ith the gel analysis macro supplied with the National

nstitutes of Health (Bethdesda, MD) image (available free

t: http://rsb.info.nih.gov/nih-image/). VCAM-1 and
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CAM-1 signals were normalized to cDNA levels of the
ousekeeping gene GAPDH, PPAR� to �-actin and ex-
ressed as a ratio.

.7. Measurement of NF-�B activation

To measure NF-�B activation, confluent HUVEC were
retreated without or with butyrate (10 mmol/L) for 24
ours and exposed to TNF� (100 mU/L) for 2 hours. NF-�B
ctivation was measured in whole cell extract with an en-
yme-linked immunoassay (ELISA)–based kit. Briefly,
UVEC were washed with ice-cold PBS, scraped into

ubes, and centrifuged. The pellet was lysed with complete
ysis buffer containing dithiothreitol and a protease inhibitor
ocktail. After centrifugation at 5000 � g and 4°C for 20
inutes, the protein concentration in the supernatant (whole

ell extract) was determined with a Bradford-based assay.
o determine NF-�B activation with the ELISA-based kit,
n oligonucleotide containing the NF-�B consensus binding
ite (5�-GGGACTTTCC-3�) specific for the active form of
F-�B was immobilized to a 96-well plate and the well was
lled with 10 �g of the whole cell extract. After 1 hour

ncubation and three washings, the primary antibody against
he active form of NF-�B recognizing an epitope on p65
hat is accessible only when NF-�B is activated and bound
o its target DNA was added for 1 hour. After washing, the
econdary antibody conjugated to horseradish peroxidase
as added to achieve a sensitive readout by spectrophotom-

try at 450 nm. The experiments were performed in dupli-
ate and the results were expressed as OD450nm.

.8. Statistical analysis

The results were expressed as mean � SEM. Differences
ere analyzed by one-way analysis of variance followed by
isher’ s protected least significant difference test. The level
f significance was taken as P � 0.05.

. Results

.1. Effect of butyrate on VCAM-1 and ICAM-1
xpression by cytokine-stimulated HUVEC

VCAM-1 and ICAM-1 expression on the surface of
ndothelial cells was analyzed by flow cytometry. Expres-
ion was related to mean fluorescence intensity from FCS
forward scatter) and PECAM-1 (CD31) gated cells, repre-
enting 80–90% of all cells analyzed. Expression of PE-
AM-1 was taken as a marker of endothelial viability,
onsidering the fact that the protein is always present on
iable cells and disappears from dead cells [32]. When
ompared with control cells, no significant changes in per-
entage of PECAM-1–positive cells in experiments with
ither butyrate or butyrate and cytokines were found.
As expected, HUVEC cultured for 8 hours with TNF� or (
L-1� demonstrated markedly (P � 0.001) enhanced
CAM-1 and ICAM-1 expression compared with resting

ells (Table 1). Pretreatment with butyrate (10 mmol/L) for
4 hours significantly (P � 0.001; n � 7) reduced VCAM-1
nd ICAM-1 expression by 67–80% and 29–37%, respec-
ively, by TNF�-stimulated HUVEC. Expression on
UVEC stimulated with IL-1� was reduced by 47–73% (P
0.001; n � 7) for VCAM-1 and by 23–36% (P � 0.001;

� 7) for ICAM-1.
To investigate the time- and concentration-dependent

ffect of butyrate on VCAM-1 and ICAM-1 expression,
UVEC were pretreated for different times with butyrate at

everal concentrations before stimulation with TNF�. Inhi-
ition of TNF�-induced VCAM-1 and ICAM-1 expression
epended on the concentration used, with maximal reduc-
ion observed with 10 mmol/L butyrate (Fig. 1A). In addi-
ion, butyrate inhibited VCAM-1 and ICAM-1 expression
nduced by TNF� in a time-dependent manner, with maxi-

al reduction of VCAM-1 expression noted after 12 hours
nd ICAM-1 expression after 24 hours of butyrate pretreat-
ent (Fig. 1B).

.2. Effect of butyrate on adhesiveness of TNF�- or IL-
�–stimulated HUVEC to monocytes and lymphocytes

In an attempt to determine the functional importance of
nhibitory properties of butyrate on TNF�- or IL-1�–stim-
lated expression of VCAM-1 and ICAM-1, we have stud-
ed the adhesion of freshly isolated monocytes and lympho-
ytes to HUVEC. Stimulation of HUVEC with TNF�
ignificantly (P � 0.001) increased the number of adherent
onocytes from 19.0% � 2.9% to 26.3% � 3.5% (Fig. 2A)

nd the number of lymphocytes from 2.0% � 0.5% to
1.2% � 1.5% (Fig. 2B). The same pattern was found when
NF� was replaced by IL-1�: the percentage of adherent
onocytes increased from 19.0% � 2.0% to 25.1% � 3.7%

able 1
utyrate inhibits TNF�- and IL-1–induced VCAM-1 and ICAM-1
xpression in HUVEC

reatment VCAM-1 ICAM-1

ontrol (medium only) 3.4 � 3.4 29.0 � 4.5
NF� 100* 100*
utyrate � TNF� 26.2 � 6.9† 67.4 � 4.0†

L-1 100* 100*
utyrate � IL-1 40.1 � 13.1† 70.3 � 6.5†

Cells were pretreated with or without butyrate (10.0 mmol/L) for 24 h
efore incubation without or with TNF� (100 mU/L) or IL-1 (100 mU/L)
or 8 h. Cells were next stained for VCAM-1 and ICAM-1 and analyzed by
ow cytometry. Results are expressed as percentage of TNF�- or IL-1–
timulated cells (% control) and are given as mean � SD from seven
xperiments.

* P � 0.001 compared to untreated cells.
† P � 0.001 compared to cells stimulated with TNF� or IL-1 in the

bsence of butyrate.
Fig. 2A) and lymphocytes from 2.0% � 0.5% to 10.3% �
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.4% (Fig. 2B). Pretreatment with 10 mmol/L butyrate for
4 hours significantly (P � 0.001; n � 9) reduced the
dhesion of monocytes to TNF�-stimulated HUVEC (Fig.
A) from 26.3 � 3.5% to 15.1 � 3.7% and to IL-1�-
timulated HUVEC from 25.1% � 3.7% to 15.7% � 5.0%.
eduction varied with each population, but the mean per-
entage of adherent monocytes was lower than in the case of
nstimulated cells, suggesting that butyrate not only com-
letely abolished TNF� or IL-1�-induced increase in
UVEC adhesiveness for monocytes but also decreased the

dhesion of monocytes to unstimulated cells. Adhesion of
ymphocytes to TNF�-stimulated HUVEC was reduced
rom 11.2% � 1.5% to 3.2% � 1.2% (P � 0.001; n � 9)
nd to IL-1�–stimulated HUVEC from 10.3% � 1.4% to

ig. 1. Butyrate inhibits TNF�-induced cell surface expression of
CAM-1 and ICAM-1 in HUVEC. (A) Cells were pretreated without or
ith butyrate (0.1, 1.0, 10.0 mmol/L) for 24 hours before incubation
ithout or with TNF� (100 mU/L) for 8 hours. (B) Cells were pretreated
ithout or with butyrate (10.0 mmol/L) for 30 minutes, 12 hours, and 24
ours, and then stimulated with TNF� (100 mU/L) for 8 hours. Next, cells
ere stained for VCAM-1 and ICAM-1 and analyzed by flow cytometry.
esults are expressed as percentage of TNF�-stimulated cells (100%) and
re given as mean � SD from seven experiments. *P � 0.001 compared
ith cells stimulated with TNF� in the absence of butyrate; #P � 0.001

ompared with untreated cells.
.0% � 1.7% (P � 0.001; n � 9) (Fig. 2B). l
.3. Effect of butyrate on VCAM-1 and ICAM-1 mRNA
evels in HUVEC stimulated with TNF�

To explore the mechanism responsible for inhibition of
CAM-1 and ICAM-1 surface expression, we studied
RNA levels for these molecules using RT PCR. Stimula-

ion of HUVEC with TNF� for 4 hours induced an approx-
mately 13-fold increase (P � 0.001) in specific VCAM-1
CR products (Fig. 3A). Pretreatment with butyrate (10
mol/L) for 24 hours completely abolished induction of
CAM-1 transcripts by TNF� (from 0.52 � 0.09 to 0.04 �
.02; P � 0.001; n � 5). Stimulation of HUVEC with
NF� for 4 hours induced an approximately 2-fold increase

P � 0.001) in specific ICAM-1 PCR products (Fig. 3B). As
n the case of surface expression, the inhibitory action of
utyrate on TNF�-induced levels of ICAM-1 mRNA was

ig. 2. Butyrate inhibits adhesion of monocytes (A) and lymphocytes (B) to
NF� or IL-1�–stimulated HUVEC. Endothelial cells were pretreated
ithout or with butyrate (10.0 mmol/L) for 24 hours before incubation
ithout or with TNF� (100 mU/L) or IL-1 (100 mU/L) for 8 hours. Freshly

solated PBMC were coincubated with these cells for 30 minutes. Subse-
uently, monocyte and lymphocyte adhesion was measured as described in
he “Methods and material ” section. Results are expressed as percentage
f monocytes and lymphocytes added and are given as mean � SD from
ine experiments.*P � 0.001 compared with cells stimulated with TNF� in
he absence of butyrate; #P � 0.001 compared with untreated cells.
ess pronounced than for VCAM-1 mRNA. Preincubation
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ith butyrate reduced the induction of ICAM-1 mRNA by
3–22% (from 0.97 � 0.07 to 0.81 � 0.1; P � 0.01; n � 5).
either TNF�, nor butyrate altered GAPDH transcription.

.4. Effect of butyrate on TNF�-induced NF-�B p65
ctivation

We decided to check whether NF-�B activation was
nvolved in the effects of butyrate on TNF�-stimulated
xpression of adhesion molecules by measuring the amount
f p65 with DNA-binding activity in whole cell extracts of
reated HUVEC with a new ELISA-based assay. TNF�-
timulated HUVEC showed a marked (P � 0.001) increase
approximately 7-fold) in the levels of active form of
F-�B (Fig. 4). Pretreatment of HUVEC with butyrate (10
mol/L) for 24 hours significantly reduced (from 0.44 �

.06 to 0.11 � 0.05; P � 0.001; n � 9) NF-�B p65
ctivation compared with TNF�-treated cells. Reduction

ig. 3. Butyrate inhibits VCAM-1 (A) and ICAM-1 (B) mRNA expression
n HUVEC. Cells were pretreated without or with butyrate (10.0 mmol/L)
or 24 hours before incubation without or with TNF� (100 mU/L) for 4
ours. mRNA was extracted, reverse transcribed, and amplified by PCR
sing specific primers for GAPDH, VCAM-1, and ICAM-1. (A and B)
ptical densities from five separate experiments after normalization to
APDH (internal standard). Data are expressed as VCAM-1/GAPDH and

re given as mean � SD from five experiments. #P � 0.001 compared with
ntreated cells; **P � 0.01, *P � 0.001 compared with cells stimulated
ith TNF� in the absence of butyrate. Photographs below graphs show
ltraviolet-illuminated gel electrophoregrams from a representative exper-
ment.
aried in individual populations, ranging from 69% to 84%. p
.5. Effect of butyrate on PPAR� expression

Because it has been suggested that PPAR� negatively
nteracts with the activated NF-�B signaling pathway, we
earched for an activatory effect of butyrate on PPAR�.
T-PCR analysis revealed that incubation of HUVEC with
utyrate (10 mmol/L) for 24 hours significantly induced the
ynthesis of specific PPAR� PCR products from 0.7 � 0.11
o 1.04 � 0.27 (P � 0.05; n � 6) (Fig. 5). Induction varied
n individual populations, ranging from 30% to 61%. Bu-
yrate did not alter constitutive �-actin transcription.

. Discussion

Adhesion and transendothelial migration of leukocytes
nto the surrounding tissues are crucial steps in inflamma-
ion, immunity, and atherogenesis [1–3]. Vascular endothe-
ial cells play an active role in this process by expressing
ell adhesion molecules which enhance their adhesiveness
or leukocytes. Adhesion molecules have been implicated in
umor progression [5]. It now appears from our findings that
utyrate is capable of interfering with these pathologically
mportant processes.

We have demonstrated for the first time that butyrate
nhibits TNF� or IL-1 stimulated expression of VCAM-1
nd ICAM-1 by reducing both protein and specific mRNA
roduction through inhibition of NF-�B activation. Inhibi-
ion was associated with decreased adhesiveness of mono-
ytes and lymphocytes to stimulated endothelial cells.

The present study was undertaken in pursuit of the pos-
ibility that butyric acid, a natural short-chain fatty acid

ig. 4. Butyrate inhibits TNF�-induced activation of NF-�B. Cells were
retreated without or with butyrate (10.0 mmol/L) for 24 hours before
ncubation without or with TNF� (100 mU/L) for 2 hours. A whole cell
xtract was obtained and NF-�B activation was measured with an ELISA-
ased kit. Results are expressed as OD450nm and are given as mean � SD
rom nine experiments. *P � 0.001 compared with cells stimulated with
NF� in the absence of butyrate; #P � 0.001 compared with untreated
ells.
roduced inter atia from ingested polysaccharides, may be
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ehind the reported benefits of dietary fiber and some food
roducts containing bacterial strains [33]. Most dietary fi-
ers are fermented in the colon to short-chain fatty acid
mainly acetic, propionic, and butyric acids) [34]. Acetic
nd propionic acids pass into the blood and are taken up by
he liver, whereas butyric acid is almost entirely absorbed
y the colonic epithelium with only a small portion of
utyrate passing into the blood. This fact has prompted
esearch on the benefits of butyrate for the prevention and
reatment of gastrointestinal diseases. Butyrate has been
hown to increase wound healing and to reduce inflamma-

ig. 5. Butyrate induces PPAR� mRNA synthesis in HUVEC. Cells were
ncubated with butyrate (10.0, 1.0, and 0.1 mmol/L) for 24 hours. mRNA
as extracted, reverse transcribed, and amplified by PCR using specific
rimers for �-actin and PPAR�. (Top) Optical densities from six separate
xperiments after normalization to �-actin (internal standard). Data are
xpressed as PPAR�/�-actin and are given as mean � SD from six
xperiments. ***P � 0.05 compared with cells stimulated with TNF� in the
bsence of butyrate. Photographs below graph show ultraviolet-illuminated
el electrophoregrams from a representative experiment.
ion in the intestine [35]. As an agent inducing growth arrest I
nd apoptosis, butyrate seems capable of preventing colo-
ectal cancer [20,21,36,37].

Evidence indicates that butyrate is a pleiotropic agent
nducing numerous biochemical changes in different cell
ypes. This fatty acid has been shown to inhibit T cell
ctivation in response to mitogens or allo-antigens and to
ownregulate the capacity of monocytes to stimulate T cells
38–40]. Butyrate was able to inhibit bacteria-stimulated
roduction of proinflammatory IL-12 and TNF� cytokines
y purified peripheral blood monocytes [18]. Recent studies
uggest that butyrate exhibits antiatherogenic properties by
nhibiting vascular smooth muscle cell proliferation [25].

We have shown that butyrate at millimolar (physiologi-
al) concentrations inhibits the cytokine-stimulated expres-
ion of VCAM-1 and ICAM-1, with the effect being more
otent in the case of the former adhesion molecule. These
ndings appear to be of relevance for the antiatherogenic
nd antitumor properties of butyrate. The recruitment of
onocytes and lymphocytes into the vascular intima is a

haracteristic feature of atherosclerosis from its early stages
2]. It has been suggested that the selectivity of this process
or mononuclear leukocytes depends on the presence of
CAM-1 [41]. Interactions between VCAM-1 and VLA-4
ave recently been implicated in tumor intravasation [42].

Our results offer additional evidence for the selective
nhibition of VCAM-1 expression previously observed with
everal substances. Cominacini et al. [43] found that pro-
ucol and vitamin E suppress the oxyLDL-stimulated ex-
ression of VCAM-1 and ICAM-1, the effect being greater
n the case of the former adhesion molecule. Drugs with
ntioxidant properties, such as N-acetylcysteine, verapamil,
r flavonoids, are selective inhibitors of cytokine-stimulated
ynthesis of VCAM-1 [44–46]. We have recently reported
hat probucol and vitamin E selectively inhibit VCAM-1 but
ot ICAM-1 expression [47,48]. One possible explanation
or the different effects on VCAM-1 and ICAM-1 is that
oth adhesion molecules share common regulatory signal-
ng pathways after receptor activation, but their expression
s modulated by gene-specific signal transduction.

The decrease in VCAM-1 and ICAM-1 expression
rompted us to examine the effect of butyrate on NF-�B, a
ey transcription factor implicated in the regulation of a
ariety of genes participating in immune and inflammatory
esponses, including those encoding VCAM-1 and ICAM-1
7]. We have demonstrated that butyrate inhibits cytokine-
imulated NF-�B activation in endothelial cells, as already
bserved with other cell types. For example, butyrate was
ound to inhibit IL-1–mediated NF-�B activation in human
pithelial cells [49]. In the human HT-29 colonic cell line,
utyrate reduced both constitutive and cytokine-stimulated
F-�B activation [50]. LPS-induced expression of cyto-
ines and activation of NF-�B was abolished by butyrate in
eripheral mononuclear cells [17]. In unstimulated cells,
F-�B is mostly present in association with its inhibitory
olecule (I�B) and appears to be activated by TNF� or
L-1 through phosphorylation of the I�B subunit [7]. It has
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een suggested that release of NF-�B from its complex with
�B is mediated by free radicals and hydrogen peroxide.
elease of NF-�B is followed by translocation of active
50/p65 dimers to the cell nucleus and their binding to gene
romoter regions. We have shown that levels of the active
orm p65 in endothelial cells are increased by TNF� and
ecreased by pretreatment with butyrate. In stimulated en-
othelial cells expressing VCAM-1 and ICAM-1, antioxi-
ants such as N-acetylcysteine, pyrrolidine, dicarbamate, or
robucol suppress NF-�B activation and VCAM-1 expres-
ion without any effect on ICAM-1 [32,51].

Oxidative stress is another factor that appears to be
nvolved in VCAM-1 gene regulation [52]. Interestingly,
utyrate was attributed with antioxidative properties when it
as revealed that it suppresses LDL oxidation and reduces
xidative stress in macrophages stimulated with azobisa-
idinopropane dihidrochloride [26]. We are of the opinion

hat preincubation with butyrate triggers an antioxidant-
ensitive mechanism suppressing NF-�B activation and
CAM-1 expression in cytokine-stimulated endothelial

ells. The markedly weaker inhibition of ICAM-1 expres-
ion by butyrate exposes other mechanisms implicated in
he suppression of NF-�B activation and ICAM-1 expres-
ion. It has been shown that butyrate prevents I�B� degra-
ation in a human colon cell line stimulated with TNF� by
educing cellular proteasome activity [53]. Butyrate was
ound to inhibit NF-�B activation by stabilizing I�B� and
�B� [54]. The ability of butyrate to inhibit NF-�B activa-
ion seems to be derived in part from its inhibitory effect on
istone deacetylase [50].

In the present study, exposure of endothelial cells to
utyrate was associated with activation of PPAR�. The
nhibitory action of PPAR� on NF-�B activation has al-
eady been suggested [8]. Moreover, inhibition of VCAM-1
ranscription by fenofibrate, an activator of PPAR�, was
artly attributed to suppression of NF-�B activation [9].
ctivation of PPAR� by butyrate appears to be relevant to

he antiatherogenic properties of this fatty acid, considering
he fact that fenofibrate reduces triglyceride-rich lipoprotein
elease and increases HDL-cholesterol levels [8]. Recently
as been shown that butyrate in the presence of 14C-oleic
cid led to a significant reduction in triglyceride synthesis
nd diminished the secretion of very–low density lipopro-
eins by Cac0-2 cells [55].

In conclusion, our findings indicate that anti-inflamma-
ory, and perhaps antiatherogenic, action of butyrate is
artly attributable to an inhibitory effect on NF-�B activa-
ion and to the associated expression of VCAM-1 and
CAM-1. This possibility merits further investigations with
he hope of demonstrating the therapeutic usefulness of
utyrate in several pathological events involving leukocyte
ecruitment. A butyrate preparation needs to be developed
o ensure effective levels of this fatty acid in blood. Re-
ently it has been shown that clobetasone butyrate, an an-
logue of butyrate, exhibits greater anti-inflammatory activ-

ty than hydrocortisone [56].
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