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Resistin is a cytokine and fractalkine (Fk) a cell adhesion molecule and chemokine that contribute to
human vascular inflammation by mechanisms not clearly defined. We questioned whether resistin
induces Fk expression in human endothelial cells (HEC), compared the effect with that of the pro-inflam-

matory cytokine, TNF-o, and evaluated the consequences of co-stimulating HEC with both activators on
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Fk induction and on the signalling molecules involved. We found that resistin up-regulated Fk expression
at comparable level to that of TNF-ot by a mechanism involving P38 and JNK MAPK and NF-kB. Co-stim-
ulation of cells with resistin and TNF-a did not increase Fk expression induced by every single inducer.
Moreover resistin reduced the expression induced by TNF-a in HEC. The new data uncover Fk as a novel
molecular link between resistin and inflammation and show that resistin and TNF-o have no additive
effect in Fk up-regulation or on the signalling molecules implicated.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The vascular endothelium plays a key role in the initiation of the
inflammatory process associated with numerous diseases such as
atherosclerosis and diabetes [1]. The inflammatory process entails
the regulated expression of endothelial cell (EC) adhesion molecules
and chemokines that elicit major roles in leukocyte recruitment.
Fractalkine (Fk) has dual function acting both as a cell adhesion mol-
ecule and chemokine mediating direct capture, firm adhesion and
transmigration of leukocytes such as monocytes, cytotoxic T lym-
phocytes or natural killer cells [2]. Fk is expressed by EC, vascular
smooth muscle cells, dentritic cells and neurons [3-5] and Fk-med-
iated leukocyte adhesion was shown to play important roles in
mediating inflammatory diseases [6,7]. Fk expression is enhanced
in human atherosclerotic plaques [8], and is up-regulated by pro-
inflammatory agents like TNF-o, LPS, IL-1 IFN-y and CD40L while
others such as IL-4 and IL-13 inhibit its expression [9,10].

Resistin is a newly described 12.5 kDa cytokine [11] with an
unclear function in humans were it is assumed to be involved in
inflammation [12]. Peripheral blood mononuclear cells and macro-
phages are the primary source of resistin in humans [12,13]. Serum
resistin levels are elevated in patients with obesity-associated dia-
betes or cardiovascular disease [14-16]. Resistin which is present
in both murine and human atherosclerotic lesions [17] was
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suggested to be an inflammatory marker of atherosclerosis in hu-
mans [14] and to promote atherogenesis by activating EC [18,19].

Since both molecules are involved in inflammation-associated
with various pathologies, we hypothesised that a link may exist
between them and questioned whether resistin modulates Fk expres-
sion in human endothelial cells (HEC) and compared its effects with
TNF-o.. Moreover given that resistin and TNF-a are often found to-
gether in the inflammatory areas, we evaluated the effect of co-stim-
ulating HEC with both activators on Fk induction. We report here that
resistin up-regulates significantly Fk expression at similar levels as
TNF-o by a mechanism involving p38 and JNK MAPK and NF-kB. Fur-
thermore we show that HEC exposed to both, resistin and TNF-o, do
not exhibit an increase in Fk expression compared to that induced
by every single activator and that during co-stimulation TNFR1
expression was reduced compared to the level of TNF-o acting alone.

Materials and methods

Cells. Human endothelial cells (HEC), the EAhy926 cell line was
kindly donated by Dr. Cora Jean Edgell (Department of Pathology,
University of North Carolina, Chapel Hill). The cells were grown
in Petri dishes (60 mm diameter) or in tissue culture plates of 6,
24 or 96 wells.

Reagents. Human recombinant resistin, the monoclonal
antibodies to p65 subunit of the transcription factor NF-xB and
to p-JNK and p-p38 were from Santa Cruz Biotechnology. The
monoclonal antibodies to fractalkine and TNFR1 were from R and
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D Systems, the secondary antibodies and all the other reagents
were from Sigma Aldrich Chemie GmbH (Germany). Proteins were
detected using the Signal West Pico Chemiluminescent Substrate
kit from Pierce (Rockford USA).

Cell culture and experimental design. HEC were cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10%
fetal calf bovine serum. The cells were exposed to resistin (R)
(100 ng/ml), TNF-a (T) (10 ng/ml) or to both, resistin and TNF-o
(RT) for 6, 18 and 24 h, and subsequently analyzed for Fk expression
by RT-PCR and Western blot assays. To search for the mechanisms
underlying the resistin effect on cells, 10 uM kinase inhibitors SB
(inhibitor of p38 MAPK), and 25 uM SP600125 (inhibitor of JNK
MAPK) and 50 uM of NF-kB transcription factor inhibitors (PDTC)
were added to the culture medium 30 min before activating HEC
and then the modulation of Fk expression was analyzed.

Reverse transcriptase-polymerase chain reaction (RT-PCR). Total
cellular RNA was extracted from HEC using High Pure RNA isola-
tion kit. First-strand cDNA synthesis was performed using 1 pg of
total RNA and MMLYV reverse transcriptase, according to the man-
ufacturer’s protocol. The PCR reaction was performed at 61 °C as
annealing temperature using GoTaq polymerase, cDNA and
the primers: for fractalkine sense 5-AACTCGAAATGGCGGCAC
CTT and antisense 5'-ATGAATTACTACCACAGCTCCG; for GAPDH:
sense 5-ACCACAGTCCATGCCATCAC and antisense 5-TCCAC-
CACCCTGTTGCTGTA. The DNA fragment was amplified in 35 cycles
(305,94 °C; 30s, 61°C; 45, 72 °C) followed by a final extension
step (7 min, 72 °C). The products were subjected to electrophoresis
on 1.5% agarose gel and analyzed on a gel analyzer system (Image
Master VDS-Pharmacia Biotech). The Fk mRNA level was normal-
ized to GAPDH mRNA level.

Detection of fractalkine protein expression in HEC by western blot.
Cells were solubilised in 2x sodium dodecyl sulfate (SDS) gel sam-
ple buffer, boiled in a water bath (5 min), sonicated and diluted
with 1x SDS sample buffer. 50 pg protein was subjected to 10%
polyacrylamide gels electrophoresis, and transferred onto nitrocel-
lulose membranes (using a Trans Blot Semi-Dry system). The blots
blocked in 5% nonfat dry milk in TBS and 0.05% Tween (BB) were
incubated with anti-human fractalkine mouse monoclonal anti-
body (1:500 dilution in BB), overnight, at 4 °C. After washing, the
membranes were incubated with the secondary antibody (1:2000
dilution in BB) for 1 h at room temperature followed by washing
in TBS-0.05% Tween (WB). The blots were incubated with en-
hanced chemiluminescence reagents (ECL) for 5 min and exposed
to an X-ray film that was analyzed with a video system (Image
Master from Pharmacia); the optical density was calculated with
the Total Lab 1.11 software from Pharmacia.

Determination of P38 and JNK MAPK activation. This was done by
assessing by western blot the phosphorylation of the p38, JNK and
c-Jun proteins in HEC lysates. Briefly, samples boiled for 5 min
were subjected to 10% SDS-PAGE and transfer to nitrocellulose
membranes. After blocking for 2 h in BB, he blots were reacted
with either (1) the affinity-purified rabbit anti-phospho-p38 MAPK
antibody (0.5 pg/ml), (2) affinity-purified rabbit anti-phospho
c-Jun (Ser 63/73) or (3) mouse monoclonal IgG-anti-phospho-JNK
(2 pg/ml) overnight at 47T, followed by HRP-conjugated goat
anti-mouse or anti rabbit monoclonal antibody (1:2000) for 1 h.
The detection was carried out by luminescence using the Super-
Signal West Pico substrate from Pierce.

Evaluation of NF-kB activation. Western blot analysis of the p65
protein in nuclear fractions of HEC obtained as described in [20]
was performed. Proteins (50 pg) were separated on 12% polyacryl-
amide gel, transferred to nitrocellulose membrane, blocked 1 h
with BB, and incubated overnight with 2 pg/ml of anti-p65 subunit
of NF-xB (primary antibody). After washing four times with WB,
the membranes were incubated with the secondary antibody
(1:3000) followed by ECL reagents for 5 min and exposed to an

X-ray film. The films were analyzed with a video system (Image
Master from Pharmacia) and the optical density of the bands was
calculated with the Total Lab 1.11 software from Pharmacia.
Statistical analysis of the data. Statistical processing of the data
was performed using the one-way analysis variance between groups
(ANOVA) Program of Origin. All values were expressed as mean-
s + SEM. p values of <0.05 were considered statistically significant.

Results
Resistin induces fractalkine expression in human endothelial cells

To establish the optimal experimental conditions we exposed
HEC to different resistin concentrations (10, 25, 50 and 100 ng/ml)
and for different time points (6, 18 and 24 h) and the mRNA and pro-
tein expressions of Fk were determined. The experiments showed
that resistin up-regulated Fk expression in a dose and time depen-
dent manner. Fk mRNA and protein level increased as a function of
resistin concentration, a statistically significant value was obtained
at 100 ng/ml (not shown). The maximum Fk mRNA was detected at
6 hthen, decreased at 18 and 24 h at control value (Fig. 1A). The data
corroborated well with the protein assay that revealed that resistin
induced maximal Fk protein expression at 6 h, then decreased but it
was still statistically significant expressed after 18 h (~1,2 fold over
control value) and reached the control level after 24 h of activation
(data not shown). Based on these results all further experiments
were done on confluent HEC exposed to 100 ng/ml Fk for 6 h.

Resistin induces fractalkine expression similarly to TNF-o. and when
acting together, they do not have additive effects

The potential of resistin to induce Fk expression in HEC was as-
sessed by evaluating the Fk expression induced by resistin in com-
parison with TNF-o,, and upon cell co-stimulation with both,
resistin and TNF-oL.

The RT-PCR data showed that resistin induced a significant
(~2.4-fold) increase in Fk mRNA expression above the control
(unstimulated cells); likewise, a significant augmentation of Fk
mRNA expression was detected after TNF-o stimulation (~2.9-fold).
Unexpectedly, the Fk mRNA detected in HEC exposed to both, resi-
stin and TNF-a, did not exceed the level induced by each cytokine
acting alone (~2,2-fold increase above the control level) (Fig. 1B).

Western blot assays showed that resistin induced a significant
increase in Fk protein level (~2.3-fold over the control) similar to
that induced by TNF-o. After co-stimulation with resistin and
TNF-a, the Fk protein level did not exceed the mean value of each
inducer acting separately (Fig. 1C).

Inhibition of p38, JNK and NF-kB reduces resistin-stimulated
fractalkine expression

We carried out experiments to asses whether MAPK and NF-xB
pathways are implicated in resistin-stimulated Fk expression in
HEC. The cells were exposed to specific inhibitors (SB, SP600125,
PDTC) before activation with resistin and then subjected to
RT-PCR and Western blot. The results revealed that preincubation
of HEC with inhibitors of p38 MAPK or JNK MAPK or with the
NF-xB inhibitor (PDTC) reduced significantly the Fk mRNA and
protein expression in resistin-stimulated HEC (Fig. 2A and B).

Resistin, activates JNK and p38 MAPK and the transcription factor
NF-kB at similar levels as TNF-o.

Theaboveresults suggested that J]NK,P38 MAPK and the transcrip-
tion factor NF-kB are involved in Fk induction by resistin in HEC. To
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Fig. 1. Resistin induces fractalkine expression in HEC. (A) Fractalkine (Fk) mRNA expression as a function of time. The data are from one representative experiment (upper
panel); densitometric analysis (lower panel). Bars represent the mean + SE (n = 3). Significantly different from control, p < 0.05. (B) Induction of Fk mRNA by resistin (R), TNF-
o (T) or both (RT) in HEC (RT-PCR). A representative experiment (upper panel) and the densitometric analysis (lower panel). (C) Induction of Fk protein expression by R, T, or
RT. A representative Western blot (upper panel) and densitometric analysis (lower panel). Bars: the mean + SE (n =5). *Significantly different from control (C), p < 0.05.
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Fig. 2. Effect of inhibitors of p38 (R+SB) and JNK MAPK (R+SP) and NF-«kB (R+PDTC) on resistin (R)-induced fractalkine expression in HEC. (A) Representative RT-PCR for
fractalkine (Fk) mRNA (upper panel) and densitometric analysis (lower panel). (B) Representative Western blot (upper panel) and densitometric analysis (lower panel).
Results are means + SE (n = 3). ‘Significantly different from control (C); p < 0.05. **Significantly different from R.

better evaluate resistin-generated Fk up-regulation we performed
experiments to assess the direct role of resistin in JNK, p38 MAPK
and NF-kB activation in HEC by comparison to the effect of TNF-aL.
HEC were stimulated with resistin, TNF-o0 or with resistin and
TNF-o and then the activation of JNK and p38 MAPK, was exam-

ined (Western blot), by detecting the level of phosphorylation of
JNK and c-Jun (considered a JNK-specific target) and of p38 MAPK.
The results showed that resistin significantly phosphorylates JNK
(Fig 3A) and c-jun (Fig 3B) at a level similar to that induced by
TNF-o. Resistin and TNF-o induced a significant increase in p38



I. Manduteanu et al./ Biochemical and Biophysical Research Communications 381 (2009) 96-101 929

A

P-INK—= =y e S s
Actin — [ —

600

*

500 4

400 4

300

p-JNK

2004

1004

D,
C T R RT

C
pp38 — [ ——

p38 — D PP GERN S—

1004 *
904
80
70
60
50
40
30
20
10
O.

pp38/p38

Cc T R RT

B
P-C-JUN—o s ey i

L e —

600
5004
4004

300+

p-c-Jun

200+

1004

Q-

p65 protein nuclear level
F-y
(=)
o
:

Cc T R RT

Fig. 3. Resistin induces activation of JNK, c-Jun, p38 and NF-kB similarly to TNF-a. (A-C) Detection by Western Blot of p-JNK (A, upper panel), p-c-Jun (B, upper panel) and p-
p38 (C, upper panel). Densitometric analysis of p-]JNK (A, lower panel), p-c-Jun (B, lower panel) and p-p38(C, lower panel). Data are expressed as means + SE (n=3).
*Significantly different from control (C), p < 0.05. The data represent the means * SE (n = 3). *Significantly different from control, p < 0.05. (D) NF-«B activation. The p65
protein level (upper panel) and the quantitative densitometric analysis (lower panel). Values are means + SE (n = 3). p < 0.05. *Significantly different from control (C).

phosphorylation compared to unstimulated, control cells (Fig. 3C);
although the effect of TNF-o appeared greater than that of resistin,
there were no statistically significant differences between the two.

The role of NF-kB was estimated by Western blot analysis of
p65 protein expression in nuclear lysates of HEC exposed to resi-
stin, TNF-ot or with resistin and TNF-o. The results showed that un-
der normal conditions HEC exhibited a low level of expression of
P65 whereas exposure of cells to resistin or TNF-o induced a signif-
icant increase in nuclear p65 level (Fig. 3D). Co-stimulation of cells
with combined inductors significantly phosphorylated JNK, c-Jun
and p38 at a level not exceeding that induced by each cytokine act-
ing alone (Fig. 3A-C); the nuclear p65 protein level that was not
statistically significant when compared to the effects of resistin
or TNF-a acting alone (Fig. 3D).

Co-stimulation with resistin and TNF-o. reduces the TNF-a. induced
TNFR1 expression

The data obtained in our experiments showed that resistin has a
similar inflammatory effect to that of TNF-o, but upon co-stimula-
tion, the two activators did not have additive effects on Fk expres-
sion or on the signalling molecules. To assess whether TNFR1 has a
role in this process, we evaluated the effect of resistin, TNF-a, or
both on TNFR1 expression in HEC. The results showed that after
6 h stimulation, resistin had no significant effect on the constitu-
tive TNFR1 expression, whereas TNF-ot up-regulated the receptor
expression (~2.2-fold) over the constitutive level. Compared to

the level of TNF-a, co-stimulation with resistin and TNF-a, led to
a significant reduction in the mRNA (Fig. 4A) and protein expres-
sion of TNFR1 (Fig. 4B).

Discussions

Accumulated data designate resistin as a significant local and
systemic modulator of inflammation [12,15,20] and Fk to be criti-
cally involved in inflammation [2,6,8]. Since both molecules are
present in inflammatory areas, we searched for the direct effect
of resistin on Fk expression in cultured HEC. We have found that
resistin induces a significant increase in Fk expression at a maxi-
mal level after 6 h of HEC activation, similar to that induced by
the potent inflammatory cytokine, TNF-o.. However in our experi-
mental conditions as in other similar studies [21], TNF-o had a
more persistent effect and Fk mRNA and protein level were still
significantly up-regulated at 24 h of cell activation. Furher experi-
ments will elucidate the mechanisms involved.

Nevertheless, the multifaceted role of resistin in the up-regula-
tion of fractalkine (this study), ICAM-1, VCAM-1 and MCP-1 [18,19]
indicate its role in the initiation and evolution of the inflammatory
process. Since it was reported that concomitant expression of frac-
talkine, ICAM-1, and VCAM-1 results in enhancement of leukocyte
adhesion compared with each system alone [8], we may speculate
that resistin-induced Fk expression may contribute to the enhance-
ment of leukocyte adhesion and amplification of the inflammatory
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Fig. 4. Effect of resistin on TNFR1 mRNA (A) and protein expression (B) in HEC exposed to T, R, or the RT. TNFRImRNA was detected by RT-PCR and protein expression by
Western blot. Representative blots (upper panels) and densitometric analysis (lower panels) are shown. Data are expressed as means * SE (n = 5). *Significantly different from

control, p < 0.05. **Significantly different from T.

process. Investigation of the molecular mechanisms involved in
resistin-induced increased in Fk expression in HEC revealed the
involvement of p38 and JNK MAPK pathways in the process. Our
data showed, similar to previous studies, that resistin activates di-
rectly the p38 and JNK MAPK [22]. To our knowledge this study is
the first to compare resistin and TNF-o effect on JNK and p38
MAPK activation.

Moreover, resistin significantly increased c-Jun phosphoryla-
tion, which may indicate an enhanced transcriptional activity
[23]. Since c-Jun is a component of the transcription factor AP-1
the data suggest that AP-1 may be involved in the process as
reported for resistin-induced endothelin-1 in EC [19].

In addition, our data showed that NF-kB is implicated in resi-
stin-induced Fk up-regulation in HEC. The data are in agreement
and extend previous reports demonstrating the essential role of
NF-xB in Fk induction by other cytokines [3,22], and in the resi-
stin-induced ICAM-1 and VCAM-1 in HEC [18]. Interestingly, in
our experiments on HEC, resistin activated NF-kB at a level similar
to that of TNF-a signifying that resistin may be also considered a
powerful inflammatory agent.

The relationship between resistin and TNF-o in human is not
well known. Since it was reported that resistin and TNF-o. may
be found concurrently in inflammatory areas [24] and it is not
known if their coexistence leads to a stronger inflammatory pro-
cess, we examined the Fk expression in HEC stimulated concur-
rently with both, TNF-o and resistin. Unexpectedly, the data
obtained showed that although both resistin and TNF-o induce
Fk in HEC, the two cytokines do not have additive effects on Fk
induction or in the activation of the signalling proteins involved
in Fk up-regulation, suggesting that the simultaneous presence of
resistin and TNF-o does not necessary lead to an increase in the
inflammatory process.

Since in EC the TNF-a signalling events are dependent on the
interaction of TNF-a with TNFR1 [25], we carried out experiments
to assess if resistin influence the receptor expression in HEC We
found that the constitutive expression of TNFR1was not signifi-
cantly changed by resistin whereas in the case of co-stimulation
of HEC with resistin and TNF-o, the receptor expression was re-
duced to a value lower than the level induced by TNF-acting alone;
we may speculate that when both cytokines are present, resistin
interferes with the signalling pathway of TNF-oL.

In contrast it has been reported that resistin had additive effects
with CD40L in MCP-1 production [19] without altering the CD40

receptor expression. Together, these data and our results indicate
that resistin is an important modulator of inflammation acting as
a function of specific inflammatory microenvironment.

In conclusion our results show that in HEC (1) resistin induces a
significant increase in fractalkine expression at a level similar to
that of TNF-a and that NF-xB and p38 and JNK MAPK participate
in the process; (2) resistin and TNF-o do not have additive effects
in the up-regulation of fractalkine; (3) resistin reduces the TNFR1
mRNA and protein expression during co stimulation with TNF-oL.
To the best of our knowledge, this is the first report on the effect
of resistin on Fk expression and on the relationships between res-
istin and TNF-o in HEC. The study adds new data on the inflamma-
tory potential of resistin, sheds new light in the cross talk between
resistin and TNF-a in HEC, and uncovers Fk as a new molecular link
between resistin and inflammation.
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