
Cardiovascular Research 55 (2002) 820–829
www.elsevier.com/ locate/cardiores

A lbumin selectively inhibits TNFa-induced expression of vascular cell
adhesion molecule-1 in human aortic endothelial cells
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Abstract

Objective: Leukocyte adhesion to, and transmigration across, the vascular endothelium are critical initiating steps in inflammation and
atherosclerosis. We hypothesized that albumin, the major plasma protein, acts as an anti-inflammatory agent towards endothelial cells.
Methods and Results: To test the hypothesis, we studied the effects of bovine serum albumin (BSA) on TNFa-induced expression of
adhesion molecules in cultured human aortic endothelial cells (HAEC). We found that incubation of HAEC for 16 h with BSA (0.5–5%,
w/v) dose-dependently inhibited TNFa-induced mRNA and protein expression of vascular cell adhesion molecule-1 (VCAM-1), but not
intercellular adhesion molecule-1 nor E-selectin. Yeast recombinant human serum albumin exerted similar inhibitory effects on VCAM-1
expression, whereasg-globulin was ineffective. BSA also significantly inhibited TNFa-induced adhesion of monocytic THP-1 cells to
HAEC in a dose-dependent manner. Furthermore, BSA strongly inhibited activation and nuclear translocation of the transcription factor,
nuclear factor-kB (NF-kB). For example, the physiologically relevant concentration of 5% BSA inhibited NF-kB activation by 9067%,
VCAM-1 mRNA and protein expression by 8164 and 80613%, respectively, and THP-1 adhesion by 7369% (n53). The inhibitory
effect of BSA on TNFa-induced VCAM-1 expression was not attenuated by inhibition of intracellular GSH synthesis.Conclusions: Our
data show that physiological concentrations of albumin selectively inhibit TNFa-induced upregulation of VCAM-1 expression and
monocyte adhesion, most likely by inhibiting NF-kB activation in a GSH-independent manner.
 2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction Epidemiological studies have consistently shown that
reduced levels of albumin, the most abundant protein in

Leukocyte recruitment to the arterial wall plays a critical human plasma and other extracellular fluids, is associated
role in inflammation and atherosclerosis [1,2] and requires with increased morbidity and mortality [6]. This associa-
the coordinated expression of cellular adhesion molecules tion holds true, in particular, for mortality from car-
on the endothelium, such as vascular cell adhesion diovascular diseases, and even after adjustment for known
molecule-1 (VCAM-1), intercellular adhesion molecule-1 coronary risk factors [7,8]. Albumin has numerous physio-
(ICAM-1) and E-selectin [2,3]. The expression of these logical functions, which include maintenance of blood
adhesion molecules is induced by various stimuli, includ- osmotic pressure and capillary permeability, and trans-
ing tumor necrosis factor-a (TNFa), interleukin-1b, bac- portation of fatty acids, metals, bilirubin, and other bio-
terial endotoxin and certain reactive oxygen species [2,3]. logical molecules and xenobiotics [9]. However, the
Therapeutic agents that block endothelial activation and physiological roles of albumin, particularly in inflamed
leukocyte–endothelial interactions can also markedly in- tissue, are not fully understood.
hibit inflammatory responses in vivo [3–5]. One of the cardinal features of inflammation is an

increase in vascular permeability, allowing large amounts
of albumin to reach the interstitium and epithelial surfaces*Corresponding author. Tel.:11-541-737-5078; fax:11-541-737-

5077.
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of organs [10]. An acute increase in tissue albumin is 10% FCS, 100mg/ml streptomycin, 100 IU/ml penicillin,
likely to exert beneficial effects, for example by binding 250 ng/ml fungizone, 1 mmol / l glutamine and 50mmol / l
metal ions and providing antioxidant protection [11]. 2-mercaptoethanol, and subcultured at a 1:5 ratio three
Recently, it has been shown that albumin inhibits endo- times per week.
thelial apoptosis [12], modulates arachidonic acid release
and membrane fluidity [13], affects cellular redox sig- 2 .3. Experiments
naling [14], and protects against myocardial and neuronal

2injury from ischemia and reperfusion [15–17]. HAEC were grown in 75-cm flasks, petri dishes (100
In the present study, we hypothesized that albumin acts mm) or 48- or 96-well tissue culture plates (Costar) until

as a primary anti-inflammatory constituent of plasma by confluence was reached, using RPMI-1640 medium
inhibiting endothelial activation by inflammatory cyto- (Sigma) supplemented with 5% heat-inactivated FCS, 100
kines. To address this hypothesis, we investigated whether ng/ml streptomycin, 100 IU/ml penicillin, 250 ng/ml
albumin exerts a dose-dependent reduction in the ability of fungizone, 1 mmol / l glutamine and 1 ng/ml human
human aortic endothelial cells (HAEC) to upregulate recombinant bFGF. Cells were then washed once and
adhesion molecule expression. incubated for 16 h in RPMI medium containing 5% FCS

without or with different concentrations of BSA, rHSA or
humang-globulin. Thereafter, the cells were washed once

2 . Methods and incubated with TNFa (100 U/ml) in the same medium
with or without BSA, rHSA or humang-globulin. Incuba-

2 .1. Materials tions were terminated after 5, 12, and 12 or 24 h,
respectively, for subsequent determination of E-selectin,

Bovine serum albumin (BSA) fraction V solution (30%, ICAM-1 and VCAM-1 protein levels. In other experi-
w/v), human g-globulin and D,L-buthionine-S,R-sulfox- ments, cells were treated for 16 h with different con-
imine (BSO) were purchased from Sigma (St. Louis, MO, centrations of BSA, washed once, and incubated with
USA). Purified recombinant human serum albumin (rHSA) TNFa (100 U/ml) and BSA for 1 h for subsequent
prepared in the yeastPichia pastoris was obtained from determination of NF-kB activation; 2 h for adhesion
New Century Pharmaceuticals (Huntsville, AL, USA). molecule mRNA levels; or 12 h for THP-1 monocyte
Recombinant TNFa was purchased from Boehringer adhesion. Cell morphology and viability, as determined by
Mannheim Biochemica (Stuttgart, Germany). The inves- phase contrast microscopy and the MTT Assay Kit (Boeh-
tigation conforms to the principles outlined in the Declara- ringer Mannheim), were unchanged under all experimental
tion of Helsinki. conditions used.

2 .2. Cell culture 2 .4. Measurement of adhesion molecules

2 .2.1. Human aortic endothelial cells 2 .4.1. Cell ELISA
HAEC were obtained from Clonetics (San Diego, CA, ELISA was performed on HAEC monolayers in flat-

USA). Cells were cultured at 378C in a humidified 95% bottom 96-well plates. Briefly, at the conclusion of the
air–5% CO atmosphere, using 1% calf skin gelatin incubations, the cells were washed twice with cold PBS2

2(Sigma)-coated 75 cm flasks (Costar, Cambridge, MA, and fixed for 15 min at 48C with 0.1% glutaraldehyde
USA) and endothelial cell growth medium (Clonetics). (Sigma) in PBS. Plates were incubated at 378C for 1 h
After passage five, HAEC were switched to M199 medium with 5% skim milk in PBS before adding a primary
(Sigma) supplemented with 20% fetal calf serum (FCS, antibody to either E-selectin (R&D Systems, Minneapolis,
Life Technologies, Grand Island, NY, USA; endotoxin test: MN, USA), ICAM-1 (R&D Systems) or VCAM-1 (DAKO,
,0.125 units /ml), 100 ng/ml streptomycin, 100 IU/ml Carpinteria, CA, USA) and incubation over night at 48C.
penicillin, 250 ng/ml fungizone, 1 mmol / l glutamine (Life The plates were then washed three times with 0.1% Tween
Technologies) and 1 ng/ml human recombinant basic 20 in PBS and incubated for 1 h with a horseradish
fibroblast growth factor (bFGF, Boehringer Mannheim). peroxidase-conjugated goat anti-mouse IgG secondary
Confluent cultures were harvested using 0.05% trypsin– antibody (Amersham, Piscataway, NJ, USA). The expres-
0.02% EDTA (Sigma) and plated at a split ratio of 1:3 in sion of E-selectin, ICAM-1 and VCAM-1 was quantitated

275 cm flasks. All cells used in this study were of passages by the addition of the peroxidase substrateo-phenylene-
seven or eight. diamine dihydrochloride (Sigma). The absorbance of each

well was measured at 492 nm in a microplate spec-
2 .2.2. Human monocytic THP-1 cells trophotometer (Molecular Devices, Palo Alto, CA, USA).

Human monocytic THP-1 cells were purchased from the
American Type Culture Collection (Rockville, MD, USA) 2 .4.2. Flow cytometry
and grown in RPMI-1640 medium (Sigma) containing Flow cytometric analysis was used to determine surface
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expression of VCAM-1. HAEC were washed three times tion mixture included 1mg of poly(dI-dC) in a binding
with HBSS and removed from the culture dishes by buffer consisting of 25 mmol / l HEPES, pH 7.9, 0.5
treatment with 0.05% trypsin–0.02% EDTA. The cells mmol / l EDTA, 0.5 mmol / l DTT, 1% NP-40, 5% glycerol
were collected by centrifugation, washed once with phenol and 50 mmol / l NaCl. The DNA–protein complex was
red free RPMI-1640 medium and re-suspended in RPMI electrophoresed on 5% nondenaturing polyacrylamide gels
medium containing 5% FCS. A fluorescein isothiocyanate in 0.53 Tris /borate EDTA buffer. The specificity of
(FITC)-conjugated mouse IgG anti-human VCAM-1 binding was examined by incubating nuclear extracts
monoclonal antibody (R&D Systems) was added to the cell prepared from TNFa-treated cells with 2–4mg of anti-
suspension at a final concentration of 3mg/ml, followed bodies against either the p65 or p50 subunit of NF-kB
by incubation for 30 min at 48C. Unbound antibody was (Santa Cruz Biotechnology) for 30 min at room tempera-

32removed by centrifugation at 15003g for 5 min. Labeled ture before addition of the P-labeled oligonucleotide.
cells were then analyzed using a XL-MCL flow cytometer Specificity was further tested by competition with a 100-
(Coulter, Hialeah, FL, USA). At least 10,000 cells were fold excess of unlabeled competitor oligonucleotide.
analyzed. Background binding was detected using FITC- Radioactive bands were detected by autoradiography at
conjugated IgG isotype controls (R&D Systems). 280 8C.

2 .5. Measurement of monocytic THP-1 cell adhesion to 2 .8. Statistical analysis
HAEC

Data are reported as mean6S.D. One-way ANOVA or
Adhesion of THP-1 cells to confluent HAEC in 48-well Student’s unpairedt-test were used for statistical analysis

plates was measured as described [18]. Briefly, the cellsof the raw data (e.g., OD values), and significance was492

were washed twice with RPMI-1640 medium, and THP-1 accepted at theP,0.05 level. Data in Figs. 1, 2, 4, 5 and 6
5cells (1310 /ml) were layered over HAEC and incubated are expressed as ‘% of TNFa stimulation’, which was

for 1 h at 378C. Thereafter, the cells were washed three calculated as follows:
times with HBSS and fixed with 1% glutaraldehyde in

(value for TNFa plus BSA-treated cells /value for
PBS. The adherent THP-1 cells in each well were counted

TNFa-treated cells)3 100%in five separate high power fields (403 phase contrast
objective) under a microscope and expressed as adherentPercent inhibition was calculated as follows:
THP-1 cells per high power field.

[12 (value for TNFa plus BSA-treated cells2

value for unstimulated cells /value for TNFa-treated2 .6. Northern blot analysis
cells2 value for unstimulated cells)]3 100%

Total cellular RNA was isolated from HAEC using
TRIzol Reagent (Life Technologies). The final RNA pellet
was resuspended in 10–15ml 0.5% SDS and the con- 3 . Results
centration determined by absorbance at 260 nm. Northern
blot analysis was performed as described [19]. RNA 3 .1. BSA selectively inhibits TNFa-induced expression of
samples were electrophoresed on a 1.2% agarose gelVCAM-1
followed by capillary transfer of the fractionated RNA to a
Duralon-UV membrane (Stratagene, La Jolla, CA, USA). As assessed by cell ELISA, cultured HAEC did not

6RNA blots were hybridized with 10 cpm/ml of the constitutively express E-selectin, but treatment with TNFa
32P-labeled oligonucleotide probes for either human E- (100 U/ml) caused its temporary expression. Maximum
selectin, VCAM-1 or ICAM-1 (R&D Systems), or cDNA levels of E-selectin were observed after 4 h of incubation,
for rat glyceraldehyde-3-phosphate dehydrogenase decreased levels at 8 h and return to non-detectable, basal
(GAPDH, Sigma) overnight at 578C in a hybridization levels by 24 h. VCAM-1 also was not constitutively
oven. Blots were washed, air dried and exposed to expressed by HAEC, but was strongly induced following 6
Hyperfilm X-ray films (Amersham) at280 8C. h of incubation with TNFa, reaching maximum levels by

12 h. In contrast, ICAM-1 was expressed constitutively by
2 .7. Electrophoretic mobility shift assay (EMSA) HAEC, and was strongly upregulated by TNFa, with

maximum levels reached after 12 h of incubation. Both
Nuclear extracts were prepared and EMSA was per- VCAM-1 and ICAM-1 protein levels plateaued between 12

formed as described [20]. Five micrograms of nuclear and 48 h of incubation (data not shown).
32extract was incubated with the P-labeled double-stranded To investigate the effect of albumin on adhesion mole-

NF-kB oligonucleotide consensus sequence, 59- cule expression, HAEC were treated for 16 h with increas-
AGTTGAGGGGACTTTCCCAGGC-39 (Santa Cruz Bio- ing concentrations of BSA (0.5, 1, 2 and 5%, w/v)
technology), at room temperature for 30 min. The incuba- followed by incubation with TNFa (100 U/ml) for up to
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24 h. As shown in Fig. 1A, cell ELISA analysis showed the anti-VCAM-1 signal equivalent to that of the isotype
that VCAM-1 protein expression induced by TNFa was control. Treatment of the cells with TNFa induced a more
inhibited by BSA in a dose-dependent manner. For exam- than 20-fold increase in VCAM-1 expression, which was
ple, 5% BSA significantly inhibited TNFa-induced dose-dependently inhibited by BSA (Fig. 1B and C). For
VCAM-1 expression by 89.862.6 and 97.460.5% (n53) example, 5% BSA inhibited TNFa-induced VCAM-1
after 12 and 24 h of incubation, respectively. In contrast, expression by 81.963.0 and 80.3613.3% (n53) after 12
TNFa-induced expression of E-selectin and ICAM-1 were and 24 h of incubation, respectively (Fig. 1B).
not affected by BSA (Fig. 1A). The inhibitory effect of The specificity of the inhibitory effect of BSA was
BSA on cell surface VCAM-1 expression was further further investigated by comparison withg-globulin, a
verified by flow cytometric analysis. As shown in Fig. 1B major plasma protein unrelated to albumin. As shown in
and C, basal surface expression of VCAM-1 was low, with Fig. 2,g-globulin (1, 2 or 5%) did not inhibit VCAM-1

Fig. 1. BSA dose-dependently inhibits TNFa-induced VCAM-1 protein expression in HAEC. HAEC were incubated as described in Methods without
(0%) or with different concentrations of BSA (0.5, 1, 2 and 5%, w/v) for 16 h, followed by stimulation with TNFa (100 U/ml) for up to 24 h. Adhesion
molecules were measured by both cell ELISA (A) and flow cytometry (B). Histograms for VCAM-1 expression after 12 h of incubation with TNFa are

10shown in (C), using a three-decade log fluorescence scale against the number of gated cells or ‘events’ with corresponding fluorescence values. Data
shown are mean values6S.D. of three independent experiments. *P,0.05 compared with TNFa alone (0% BSA).
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Fig. 1. (continued)

expression in HAEC. In contrast, rHSA (0.5, 1 or 2%) 3 .3. BSA selectively inhibits TNFa-induced upregulation
strongly inhibited VCAM-1 expression in cells incubated of VCAM-1 mRNA levels
with TNFa for 12 or 24 h (Fig. 2), but had no effect on
ICAM-1 and E-selectin expression (data not shown). To further define the mechanism by which BSA inhibits

TNFa-induced VCAM-1 expression, mRNA levels of E-
3 .2. BSA inhibits TNFa-induced monocytic THP-1 cell selectin, VCAM-1 and ICAM-1 were measured. As shown
adhesion to HAEC in Fig. 4, treatment of HAEC for 2 h with TNFa (100

U/ml) resulted in strong induction of mRNA levels of
Since VCAM-1 is essential for the interaction of endo- VCAM-1. However, pre-treatment of the cells with BSA

thelial cells with monocytes, we determined whether BSA for 16 h significantly inhibited TNFa-induced upregulation
affects monocyte adhesion to HAEC. Incubation of con- of VCAM-1 mRNA expression in a dose-dependent man-
fluent HAEC with 100 U/ml TNFa for 12 h caused a more ner (Fig. 4). Densitometric analysis of the Northern blots
than 10-fold increase in adhesion of monocytic THP-1 showed that, at a concentration of 5% BSA, TNFa-induced
cells, compared to adhesion of THP-1 cells to unstimulated VCAM-1 message levels were decreased by 8164% (n5
HAEC (Fig. 3). This increase in HAEC adhesiveness was 3) (Fig. 4B). In contrast, BSA had no significant effect on
dose-dependently reduced by pre-treatment of the cells for TNFa-induced upregulation of E-selectin and ICAM-1
16 h with increasing concentrations of BSA (Fig. 3). For mRNA levels in HAEC (data not shown). These results
example, 5% BSA inhibited THP-1 adhesion by indicate that BSA selectively blocks TNFa-induced
73.068.6% (n53). VCAM-1 gene transcription in endothelial cells.
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Fig. 2. rHSA, but notg-globulin, inhibits TNFa-induced VCAM-1 protein expression in HAEC. HAEC were incubated as described in Methods without
(0%) or with different concentrations ofg-globulin (1, 2 and 5%, w/v) or rHSA (0.5, 1 and 2%, w/v) for 16 h, followed by stimulation with TNFa (100
U/ml) for 12 or 24 h. VCAM-1 was measured by cell ELISA. Data shown are mean values6S.D. of four separate incubations, and representative of three
independent experiments. *P,0.05 compared with TNFa alone (0%g-globulin or rHSA).

3 .4. BSA inhibits TNFa-induced NF-kB activation as determined by EMSA (Fig. 5). However, pre-treatment
of HAEC with 1, 2 or 5% BSA dose-dependently inhibited

As nuclear translocation of the transcription factor NF- TNFa-induced NF-kB activation by 33611, 6568 and
kB is required for the transcriptional induction of endo- 9067% (n53), respectively, as quantitated by densit-
thelial cell adhesion molecules [21], we evaluated the ometry (Fig. 5B). The specificity of the protein–DNA
effects of BSA on TNFa-induced NF-kB activation. As complex for the NF-kB sequence was demonstrated by
expected, TNFa alone strongly induced NF-kB activation, successful competition with excess unlabeled NF-kB con-

Fig. 3. BSA dose-dependently inhibits adhesion of monocytic THP-1 cells to TNFa-stimulated HAEC. HAEC were incubated as described in Methods
without (0%) or with different concentrations of BSA (0.5, 1, 2 and 5%, w/v) for 16 h, followed by stimulation with TNFa (100 U/ml) for 12 h. Adhesion

5of THP-1 cells (1310 /ml) was measured as described in Methods and expressed as the average number of adherent THP-1 cells in five high power fields
per well. Data shown are mean values6S.D. of three independent experiments. *P,0.05 compared with TNFa alone (0% BSA).
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Fig. 4. BSA dose-dependently inhibits TNFa-induced upregulation of VCAM-1 mRNA levels in HAEC. HAEC were incubated as described in Methods
without (0%) or with different concentrations of BSA (0.5, 1, 2 and 5%, w/v) for 16 h, followed by stimulation with TNFa (100 U/ml) for 2 h.VCAM-1
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were measured by Northern blot analysis. Data shown are representative of three
experiments (A). The intensity of the bands was quantitated by densitometry and, after normalization to GAPDH, expressed as percentage of
TNFa-induced VCAM-1 mRNA levels in cells incubated without BSA (B). *P,0.05 compared with TNFa alone (0% BSA).

sensus oligonucleotide, and by supershift of the band g-glutamyl-cysteinyl synthetase, did not abolish the inhib-
following incubation of the nuclear extracts with anti-NF- itory effect of BSA on TNFa-induced VCAM-1 expres-
kB p65 or p50 antibodies (Fig. 5A). sion. These data suggest that the inhibitory effect of BSA

is not mediated by increased intracellular GSH levels.
3 .5. The inhibitory effect of BSA on VCAM-1 expression
is not affected by BSO

4 . Discussion
Glutathione, which is present in human cells in millimo-

lar concentrations and plays a pivotal role in cellular Several lines of evidence strongly suggest that decreased
antioxidant defenses, has been implicated in the regulation serum albumin levels are associated with increased mor-
of NF-kB activation [21]. Since albumin has been reported bidity and mortality [6], even within the normal, physio-
to increase intracellular GSH levels [14], we investigated logical range of 35–50 g/ l albumin (3.5–5%, w/v) [22].
the role of GSH in the inhibition of VCAM-1 expression The estimated increase in the odds of death ranges from 24
by albumin. As shown in Fig. 6, pre-treatment of HAEC to 56% for each 2.5 g/ l (0.25%) decrement in serum
for 16 h with different concentrations of BSA in the albumin concentration [6]. The association may predict
presence of 200mmol / l BSO, an irreversible inhibitor of total and cause-specific mortality, in particular car-
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Fig. 5. BSA dose-dependently inhibits TNFa-induced NF-kB activation in HAEC. HAEC were incubated as described in Methods without (0%) or with
different concentrations of BSA (1, 2 and 5%, w/v) for 16 h, followed by stimulation with TNFa (100 U/ml) for 1 h. NF-kB in nuclear extracts was
measured by EMSA. Control lanes included a 100-fold excess of unlabeled NF-kB consensus oligonucleotide (cold probe) and antibodies against the p65
(a-p65) and p50 subunits of NF-kB (a-p50). Data shown are representative of three experiments (A). The intensity of the bands was quantitated by
densitometry and expressed as percentage of TNFa-induced NF-kB activation in cells incubated without BSA (B). *P,0.05 compared with TNFa alone
(0% BSA).

diovascular mortality [7]. A direct protective effect of human serum albumin strongly inhibits VCAM-1 expres-
albumin is suggested by the persistence of the association sion, a finding that precludes serum contaminant(s) as the
after adjustment for known coronary risk factors. In active agent(s) in our BSA preparations. Our data, there-
addition, many studies have demonstrated that low serum fore, indicate that albumin plays an essential role in
albumin is associated with poor outcome of numerous inhibiting cytokine-induced endothelial activation. Since a
other diseases and inflammatory conditions, e.g. liver and recent, elegant in vivo study showed that VCAM-1, in
renal diseases, certain types of cancer, burns, trauma, contrast to ICAM-1, plays a critical role in the initiation of
AIDS, septic shock and rheumatoid arthritis [9]. atherosclerosis [23], our data further suggest that increas-

In the present study, we show for the first time that ing albumin levels may be an effective strategy to lower
physiological concentrations of albumin selectively inhibit cardiovascular risk.
TNFa-induced VCAM-1 expression, monocyte adhesion It should be noted that the inhibitory effects of BSA and
and NF-kB activation in human aortic endothelial cells. rHSA on VCAM-1 expression were observed in the
These effects appear to be specific, sinceg-globulin, a presence of 5% FCS, which was necessary to keep the
major serum protein unrelated to albumin, does not affect cells viable during experiments. Assuming that FCS con-
adhesion molecule expression. In contrast, recombinant tains 5% albumin, 5% FCS would provide 0.25% albumin,
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Fig. 6. BSO does not abolish the inhibitory effect of BSA on TNFa-induced VCAM-1 expression in HAEC. HAEC were incubated as described in
Methods without (0%) or with different concentrations of BSA (0.5, 1, 2 and 5%, w/v) and BSO (200mmol / l) for 16 h, followed by stimulation with
TNFa (100 U/ml) for 12 h, again in the absence or presence of BSA and BSO. VCAM-1 protein levels were measured by cell ELISA. Data shown are
mean values6S.D. of three independent experiments. *P,0.05 compared with TNFa alone (0% BSA).

which may exert a small effect on NF-kB activation and metal-mediated lipid peroxidation [31] or hydroxyl radical
VCAM-1 expression. However, different concentrations of formation [32].
FCS (from 1% up to 20%) did not dose-dependently Another mechanism by which albumin may inhibit
inhibit TNFa-induced adhesion molecule expression in our VCAM-1 expression is suggested by the recent observation
cell culture systems (data not shown), indicating that FCS that BSO abolishes the inhibitory effect of albumin on
albumin is much less effective than BSA and rHSA. TNFa-induced NF-kB activation in human lung epithelial
Furthermore, in the absence of BSA or rHSA, i.e., in cells [14]. BSO is a specific inhibitor ofg-glutamyl-
control cells incubated in the presence of 5% FCS, there cysteinyl synthetase, the rate-limiting enzyme in cellular
was robust stimulation of adhesion molecule expression GSH synthesis. Thus, albumin may stimulate GSH syn-
and NF-kB activation by TNFa (see, e.g., Figs. 4 and 5). thesis, which in turn may inhibit NF-kB activation and

As indicated above, among the various biological mech- VCAM-1 expression. However, we found that BSO did not
anisms that may explain the beneficial effects of increased abolish the inhibitory effect of BSA on TNFa-induced
albumin levels in epidemiological and clinical studies, a VCAM-1 expression, indicating that, in HAEC, changes in
direct protective effect of albumin has been proposed. One intracellular GSH levels are not mediating the effects of
possibility is that albumin binds TNFa, thereby inhibiting BSA. These results are consistent with our previous
interaction with its receptor(s). However, such a mecha- observations that manipulating cellular GSH levels in
nism is unlikely to explain our data, as we observed HAEC with BSO or the cellular cysteine delivery agents,
selective inhibition by albumin of VCAM-1 expression, L-2-oxo-4-thiazolidinecarboxylic acid andN-acetyl-L-cys-
but not ICAM-1 and E-selectin. teine, did not affect TNFa-induced adhesion molecule

There is substantial evidence that albumin exerts anti- expression and NF-kB activation [33].
oxidant effects, including scavenging of reactive oxygen In conclusion, our data indicate that physiological
species and binding of transition metal ions. Indeed, it has concentrations of albumin selectively inhibit TNFa-in-
been suggested that albumin represents the major anti- duced VCAM-1 expression in human aortic endothelial
oxidant in human plasma and other extracellular fluids cells. Further studies are necessary to investigate the
[11,24–28]. Because endothelial VCAM-1 expression is molecular mechanisms underlying this observation and to
known to be sensitive to the cellular redox environment determine the in vivo efficacy of albumin as an anti-
[29], the observed inhibition by albumin may be related to inflammatory and potentially anti-atherogenic agent.
its antioxidant functions [11,27]. We recently found that
intracellular metal chelators strongly inhibit TNFa-induced
adhesion molecule expression in HAEC [30]. Therefore, it A cknowledgements
is tempting to speculate that the inhibitory effect of
albumin on VCAM-1 expression is related, at least in part, This work was supported by U.S. National Institutes of
to its ability to bind metal ions [11], thereby inhibiting Health grants ES-11542 (WJZ) and HL-60886 (BF).

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/55/4/820/307494 by guest on 04 April 2024



W.-J. Zhang, B. Frei / Cardiovascular Research 55 (2002) 820–829 829

membrane glycoprotein 150 (gp-150) in neutrophil mediated endo-R eferences
thelial cell injury in vitro. J Immunol 1985;135:537–543.

[19] Zhang WJ, Wojta J, Binder BR. Notoginsenoside R1 counteracts
[1] Davies MJ, Woolf N, Rowles PM, Pepper J. Morphology of the endotoxin-induced activation of endothelial cells in vitro and

endothelium over atherosclerotic plaques in human coronary ar- endotoxin-induced lethality in mice in vivo. Arterioscler Thromb
teries. Br Heart J 1988;60:459–464. Vasc Biol 1997;17:465–474.

[2] Bevilacqua MP, Nelson RM, Mannori G, Cecconi O. Endothelial- [20] Osborn L, Kunkel S, Nabel GJ. Tumor necrosis factor alpha and
leukocyte adhesion molecules in human disease. Annu Rev Med interleukin 1 stimulate the human immunodeficiency virus enhancer
1994;45:361–378. by activation of the nuclear factor kappa B. Proc Natl Acad Sci USA

[3] Albelda SM, Smith CW, Ward PA. Adhesion molecules and in- 1989;86:2336–2340.
flammatory injury. FASEB J 1994;8:504–512. [21] Collins T, Read MA, Neish AS et al. Transcriptional regulation of

[4] Watson SR, Fennie C, Lasky LA. Neutrophil influx into an endothelial cell adhesion molecules: NF-kappa B and cytokine-
inflammatory site inhibited by a soluble homing receptor-IgG inducible enhancers. FASEB J 1995;9:899–909.
chimaera. Nature 1991;349:164–167. [22] Peters T. All about albumin biochemistry, genetics and medical

[5] Mulligan MS, Paulson JC, De Frees S, Zheng ZL, Lowe JB, Ward applications. San Diego, CA: Academic Press, 1996.
PA. Protective effects of oligosaccharides in P-selectin-dependent [23] Cybulsky MI, Iiyama K, Li H et al. A major role for VCAM-1, but
lung injury. Nature 1993;364:149–151. not ICAM-1, in early atherosclerosis. J Clin Invest 2001;107:1255–

[6] Goldwasser P, Feldman J. Association of serum albumin and 1262.
mortality risk. J Clin Epidemiol 1997;50:693–703. [24] Holt ME, Ryall ME, Campbell AK. Albumin inhibits human

[7] Phillips A, Shaper AG, Whincup PH. Association between serum polymorphonuclear leucocyte luminol-dependent chemilumines-
albumin and mortality from cardiovascular disease, cancer and other cence: evidence for oxygen radical scavenging. Br J Exp Pathol
causes. Lancet 1989;16:1434–1436. 1984;65:231–241.

` ` `[8] Luoma J, Nayha S, Sikkila K, Hassi J. High serum alpha-tocopherol, [25] Soriani M, Pietraforte D, Minetti M. Antioxidant potential of
albumin, selenium and cholesterol, and mortality from coronary anaerobic human plasmarole of serum albumin and thiols as
heart disease in northern Finland. J Intern Med 1995;237:49–54. scavengers of carbon radicals. Arch Biochem Biophys

[9] Margarson MP, Soni N. Serum albumin: touchstone or totem? 1994;312:180–188.
Anaesthesia 1998;53:789–803. [26] Cha MK, Kim IH. Glutathione-linked thiol peroxidase activity of

[10] Davis WB, Rennard SI, Bitterman PB, Crystal RG. Pulmonary human serum albumin: possible antioxidant role of serum albumin
oxygen toxicity. Early reversible changes in human alveolar struc- in blood plasma. Biochem Biophys Res Commun 1996;222:619–
tures induced by hyperoxia. New Engl J Med 1983;309:878–883. 625.

[11] Halliwell B. Albumin—an important extracellular antioxidant? [27] Bourdon E, Loreau N, Blache D. Glucose and free radicals impair
Biochem Pharmacol 1988;37:569–571. the antioxidant properties of serum albumin. FASEB J

[12] Zoellner H, Hofler M, Beckmann R et al. Serum albumin is a 1999;13:233–244.
specific inhibitor of apoptosis in human endothelial cells. J Cell Sci [28] Halliwell B. Antioxidants in human health and disease. Annu Rev
1996;109:2571–2580. Nutr 1996;16:33–50.

[13] Beck R, Bertolino S, Abbot SE, Aaronson PI, Smirnov SV. [29] Marui N, Offermann MK, Swerlick R et al. Vascular cell adhesion
Modulation of arachidonic acid release and membrane fluidity by molecule-1 (VCAM-1) gene transcription and expression are reg-
albumin in vascular smooth muscle and endothelial cells. Circ Res ulated through an antioxidant-sensitive mechanism in human vascu-
1998;83:923–931. lar endothelial cells. J Clin Invest 1993;92:1866–1874.

[14] Cantin AM, Paquette B, Richter M, Larivee P. Albumin-mediated [30] Zhang WJ, Frei B. Intracellular metal chelation inhibits TNF-a-
regulation of cellular glutathione and nuclear factor kappa B induced expression of adhesion molecules and MCP-1 in human
activation. Am J Respir Crit Care Med 2000;162:1539–1546. aortic endothelial cells. In: 3rd Annual Conference on Arteriosclero-

[15] Watts JA, Maiorano PC. Trace amounts of albumin protect against sis, Thrombosis and Vascular Biology, 2002, p. 177, abstract.
ischemia and reperfusion injury in isolated rat hearts. Mol Cell [31] Gutteridge JMC. Antioxidant properties of the proteins caeruloplas-
Cardiol 1999;31:1653–1662. min, albumin and transferrin. A study of their activity in serum and

[16] Remmers M, Schmidt-Kastner R, Belayev L, Lin B, Busto R, synovial fluid from patients with rheumatoid arthritis. Biochim
Ginsberg MD. Protein extravasation and cellular uptake after high- Biophys Acta 1986;869:119–127.
dose human-albumin treatment of transient focal cerebral ischemia [32] Marx G, Chevion M. Site-specific modification of albumin by free
in rats. Brain Res 1999;827:237–242. radicals. Reaction with copper(II) and ascorbate. Biochem J

[17] Belayev L, Zhao W, Pattany PM et al. Diffusion-weighted magnetic 1986;236:397–400.
resonance imaging confirms marked neuroprotective efficacy of [33] Zhang WJ, Frei B.a-Lipoic acid inhibits TNF-a-induced NFkB
albumin therapy in focal cerebral ischemia. Stroke 1998;29:2587– activation and adhesion molecule expression in human aortic
2599. endothelial cells. FASEB J 2001;15:2423–2432.

[18] Diener AM, Beatty PG, Ochs HD, Harlan JM. The role of neutrophil

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/55/4/820/307494 by guest on 04 April 2024


	Albumin selectively inhibits TNF alpha -induced expression of vascular cell adhesion molecul
	Introduction
	Methods
	Materials
	Cell culture
	Human aortic endothelial cells
	Human monocytic THP-1 cells

	Experiments
	Measurement of adhesion molecules
	Cell ELISA
	Flow cytometry

	Measurement of monocytic THP-1 cell adhesion to HAEC
	Northern blot analysis
	Electrophoretic mobility shift assay (EMSA)
	Statistical analysis
	Results
	BSA selectively inhibits TNF alpha -induced expression of VCAM-1
	BSA inhibits TNF alpha -induced monocytic THP-1 cell adhesion to HAEC
	BSA selectively inhibits TNF alpha -induced upregulation of VCAM-1 mRNA levels
	BSA inhibits TNF alpha -induced NF-?B activation
	The inhibitory effect of BSA on VCAM-1 expression is not affected by BSO

	Discussion
	Acknowledgements
	References



