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Abstract
The aim of the present study was to investigate the effects of 4-hydroxy-2-nonenal (4-HNE) on tube
formation by human bone marrow endothelial cells (HBMEC). We found that 4-HNE at
physiologically-achievable concentrations (5 and 10 μM) inhibited the formation of tubes. Western
blot analysis revealed that inhibition of tube formation by 4-HNE was associated by increased
expression of chondromodulin-I (CHM-I), a protein with well known anti-angiogenic properties.
Cell viability assays showed that 4-HNE at concentrations of 10 μM or less did not cause HBMEC
cell death. Luciferase reporter assays did not show any inducing effect of 4-HNE on the promoter
activity of human CHM-I gene indicating that post-transcriptional or post-translational modifications
may account for the up-regulation of CHM-I. Collectively, the results of the present study show for
the first time that 4-HNE inhibits tube formation by HBMECs indicating a potential anti-angiogenic
activity of 4-HNE. This inhibition occurs at least in part via 4-HNE-induced CHM-I protein
expression.
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Introduction
The mammalian cornea, located on the anterior surface of the eye, is an avascular tissue that
serves as a protective barrier between the environment and the internal ocular structures [1].
The protective role of cornea is attributed mainly to abundant, water-soluble proteins known
as corneal crystallins [2]. One of the most important corneal crystallins is the aldehyde
dehydrogenase 3A1 (ALDH3A1) [1]. Our recent studies have shown that Aldh3a1(−/−)
knockout mice exhibit increased levels of 4-hydroxy-2-nonenal (4-HNE) in their lens and
cornea [3]. 4-HNE is a α, β-unsaturated aldehyde produced within cells as a byproduct of lipid
peroxidation [4]. ALDH3A1 oxidizes 4-HNE with high specificity [5]. Thus, the increased
levels of 4-HNE observed in Aldh3a1(−/−) transgenic knockout mice have been attributed to
the lack of ALDH3A1 protein [6].
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The physiological concentration of 4-HNE in the human plasma ranges between 0.3 and 1.0
μM; however, under conditions of oxidative stress these levels can increase to 10 μM – 5 mM
[4]. 4-HNE is a highly reactive molecule that can form adducts with proteins and result in their
degradation [7]. In addition to its cytotoxic role, 4-HNE has been proposed to act as a second
messenger in signaling pathways induced by reactive oxygen species (ROS) [8]. It has also
been shown that 4-HNE regulates gene expression via interaction with transcription factors,
membrane receptors and transcription repressors [9]. Several studies have shown that 4-HNE
affects cellular functions (e.g. cellular proliferation, differentiation, transformation and
apoptosis) through cell signaling pathways [8]. Angiogenesis, the multistep process by which
new vessels arise from pre-existing vasculature, may also be influenced by 4-HNE. However,
its reported effects are conflicting, with some studies describing inhibition of angiogenesis
[10;11]and others promotion [12;13]. A few mechanisms by which 4-HNE affects angiogenesis
have been proposed [10] but, in general, these mechanisms remain to be defined.

Interestingly, the increased 4-HNE levels in cornea of Aldh3a1(−/−) knockout mice were
accompanied by increased expression of chondromodulin-I (CHM-I) protein [6]. CHM-I,
known for its anti-angiogenic activity, is expressed in abundance in fetal cartilage and also can
be found in other mammalian avascular tissues such as cardiac valves and cornea [14]. It is a
single transmembrane protein (317 amino acids) that is processed post-translationally by the
cleavage of the C-terminal intracellular fragment by furin protease, generating a mature 120-
amino acid glycoprotein [14].

Angiogenesis plays a central role in physiological processes, such as embryogenesis and wound
healing, and in several pathological conditions including carcinogenesis, rheumatoid arthritis,
liver fibrosis, proliferative retinopathy and corneal neovascularization [15]. Accordingly, the
elucidation of the effects of 4-HNE on angiogenesis and the mechanisms by which it exerts
these effects has important pathophysiologic and therapeutic implications. In the present study,
we investigated the effects of 4-HNE on the tube formation, a marker of angiogenesis, and the
expression of CHM-I in human endothelial cells.

Materials and methods
Cell culture conditions and reagents

HBMECs were cultured as described previously [16]. In all experiments, cells were maintained
in a humidified incubator containing 5% carbon dioxide in air at 37° C. All tissue culture media,
supplements, growth factors, assay reagents and buffers were purchased from Gibco®/
Invitrogen (Carlsbad, CA, USA) unless otherwise specified. 4-HNE solution (10 mg/ml in
100% ethanol) was purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). For all
treatments, 4-HNE was diluted in phosphate buffered saline (PBS) at pH 7.4. The maximum
concentration of ethanol in cell culture medium was 0.06% (v/v).

Tube formation assay
Tube formation was performed as described elsewhere [17]. Briefly, 150 μl of an extracellular
matrix solution (Matrigel™, BD Biosciences, Franklin Lakes, NJ, USA) was added to each
well of a 6-well plate and allowed to solidify for at least 30 min at 37°C. Afterwards, HBMECs
were plated (1 × 105 cells/well) on the surface of the matrigel and treated with 4-HNE (1, 5
and 10 μM) or vehicle (0.06% ethanol in PBS). Cells were incubated for 16 hrs and then the
effect of 4-HNE on tubular morphogenesis was documented microscopically and
photographed. Each experiment was repeated at least 3 times.

Stagos et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Western blot analysis for CHM-I protein in 4-HNE-treated HBMECs
HBMECs (1.5 × 106 cells per plate) were seeded in 100 mm culture plates, allowed to adhere
for 24 h and then were exposed to 5 or 10 μM 4-HNE for 16 h. Control cells were exposed to
medium containing an equivalent volume of vehicle (0.06% ethanol in PBS). At the end of the
treatment period, cells were extracted in cell lysis buffer as described previously [18]. Protein
concentrations in cell lysates were measured using a kit for the bicinchoninic acid method
(Pierce, Rockford, IL, USA), according to the manufacturer’s instructions. Cell lysates were
then subjected to SDS/PAGE and immunoblotted according to previously described methods
[18]. Relevant proteins were identified by incubation with rabbit anti-human pre-mature CHM-
I (1:2500) or mouse anti-human mature CHM-I (1:20000; R&D Systems, Minneapolis, MN,
USA) for 1h at room temperature. Membranes were incubated with either goat anti-rabbit IgG
(Calbiochem, Gibbstown, NJ, USA) or rabbit anti-mouse IgG (Sigma, St Louis, MO, USA)
G-conjugated horseradish peroxidase secondary antibodies (1:5000) for 30 min at room
temperature. Labeled protein bands were detected by enhanced chemiluminescence
(PerkinElmer, Waltham, MA, USA). All membranes were reprobed for β-actin to permit
loading correction. Densitometry data were normalized to β-actin and analyzed using the
Quantity One software (Bio-Rad, Ca, USA). Each experiment was repeated 3 times.

Cell viability assays
Three different assays, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), the protein-staining sulforodamine B (SRB) and the lactate dehydrogenase (LDH),
were used to assess the effect of 4-HNE on the viability of HBMECs. In all three assays, cells
(1.5 × 104 per well) were seeded into 96-well culture plates and allowed to adhere for 24 h.
After attachment, the cells were treated for 16 h with 4-HNE (1, 5, 10, 20 or 40 μM) or vehicle
(0.06% ethanol in PBS; negative control) or 2% Triton X-100 (positive control). The MTT
assay was conducted according to the protocol of Mosmann [19]. The protein-staining
sulforodamine B (SRB) assay was carried out according to the protocol described by Vichai
et al. [20]. In both assays, cell survival was defined as the absorbance and expressed as a
percentage of that found in the vehicle controls. LDH release assay was performed using the
CytoTox-One™ kit (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. Each cell viability assay was conducted in triplicate, and data are presented as the
means ± SD from three independent experiments.

Luciferase assay
Constructs consisting of pGVB2 vectors containing three different (−832/+87; −446/+87;
−297/+87) 5′-flanking regions of the human CHM-I gene, fused to the firefly luciferase gene,
were used to determine whether 4-HNE treatment affects the promoter activity of CHM-I gene.
These constructs were a generous gift from Dr. Toshimi Michigami [21]. As an endogenous
control, the TR vector containing the Renilla luciferase gene was used. Briefly, HBMECs were
seeded (1.25 × 105 per well) in a 24-well plate. Cells were cotransfected in antibiotic-free
medium with 0.5 μg pGVB2 vector containing the luciferase reporter gene along with the
promoter regions of human CHM-I gene, and 5 ng TR vector containing the Renilla luciferase
gene. For each transient transfection, 2 μl of the FuGENE® HD transfection reagent (Roche,
IN, USA) was used. Twenty-four h after transient transfection, the cells were treated for 16 h
with 4-HNE (5 or 10 μM) or vehicle (0.06% ethanol in PBS). The firefly luciferase activity
was determined by the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s instructions and expressed as relative light units normalized
to the luciferase activity of the Renilla luciferase (i.e. the values of firefly luciferase activity
were divided by the values of Renilla luciferase activity). Each set of experiments was
conducted in triplicate and are presented as means ± SD from three independent experiments.
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Statistical analysis
To identify significant differences, a one-way ANOVA was applied followed by Dunnett’s
post-hoc test for multiple pair wise comparisons. Differences were considered significant at
p<0.05.

Results
4-HNE inhibits in vitro tube formation of HBMEs

The tube formation assay was used to examine the effect of 4-HNE on angiogenesis in vitro
(Fig. 1). At concentrations of 5 and 10 μM, 4-HNE clearly inhibited the formation of tubes.

Effects of 4-HNE on viability of HBMECs
Three different cell viability assays, MTT, SRB and LDH, were used in order to assess the
effect of 4-HNE on the viability of HBMEC cells. Each one of these assays represents a
different endpoint. Specifically MTT assay measures the activity of mitochondrial
dehydrogenase; SRB assay measures the total cellular protein level; LDH assay measures the
membrane integrity based on cellular release of lactate dehydrogenase enzyme. In the MTT
assay, cell viability was reduced in a concentration-dependent manner by concentrations of 4-
HNE exceeding 10 μM (Fig. 2A). A similar result was obtained using the SRB assay (Fig. 2B).
However, in the LDH assay, there was not any statistically significant difference in the release
of LDH enzyme between the control cells and the cells treated with 4-HNE. (Fig. 2C). When
examined microscopically, the morphology of cells treated with 4-HNE at concentrations ≥20
μM was characteristic of cell apoptosis (i.e., circular cells with membrane blebbing) and
completely different than that observed for cells treated with Triton X-100 (i.e., cell necrosis)
(data not shown).

4-HNE induces the expression of human CHM-I protein in HBMECs
Since the tube formation assay showed that 4-HNE inhibited formation of tubes by HBMECs,
the effect of 4-HNE was examined on the expression of the anti-angiogenic protein CHM-I.
Two forms of CHM-I protein have been identified [14], the precursor (37 kDA) and the mature
(25 kDa) protein. Western blot analyses were carried out for both forms. There was a 2-fold
increase in the expression of both forms of CHM-I protein in the HBMECs treated by tube-
inhibiting concentrations of 4-HNE, namely 5 and 10 μM (Fig. 3).

Effects of 4-HNE on the promoter activity of human CHM-I gene
Using constructs containing three different regions (−832/+87; −446/+87; −297/+87) of the
promoter of human CHM-I gene fused to a luciferase gene, the influence of 4-HNE on the
promoter activity of the human CHM-I gene in HBMECs was examined. Concentrations of 4-
HNE shown to induce CHM-I protein (i.e., 5 and 10 μM) (Fig. 3) did not affect any of these
promoter regions (Fig. 4).

Discussion
The identification of key molecules, as well as the understanding of mechanisms involved in
the regulation of angiogenesis, may lead to the development of drugs to be used in various
pathologies for angiogenesis inhibition or stimulation [15]. 4-HNE, a molecule exhibiting
important biological properties [8;9], has been shown to affect angiogenesis [10;12], although
the exact effect is not clear. In the present study, the possible effects of 4-HNE on angiogenesis
were investigated using an in vitro assay, tube formation by HBMECs. The results showed that
4-HNE inhibited tube formation at concentrations achieved physiologically (i.e. 5μM or 10
μM) [4]. Three different cell viability assays (MTT, SRB and LDH) were used for assessing
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the effects of 4-HNE on HBMECs. None of these assays showed any effect at lower
concentrations of 4-HNE (≤ 10 μM) on the viability of HBMECs. This would argue against
the inhibition of tube formation by HBMECs being due to an increase in cell death.
Interestingly, higher concentrations of 4-HNE (≥ 20 μM) reduced cell viability as measured
by MTT and SRB assays, but failed to affect LDH release. This could be explained by the fact
that MTT and SRB assays detect both cell apoptosis and cell necrosis, while the LDH assay
detect mainly cell necrosis since it is based on the disintegration of cell membrane for the
release of LDH enzyme. Consistent with this proposal are a number of studies that have shown
that 4-HNE causes mainly cell apoptosis [9]. The LDH results in the present study are similar
to those reported in studies using different cells [22].

The inhibition of tube formation observed may be attributed to the increased expression of both
forms (pre-cursor and mature) of CHM-I, an anti-angiogenic protein. CHM-I has been found
to inhibit angiogenesis in human umbilical vein endothelial cells [23], in cardiac valves of mice
[24] and in human retinal vascular endothelial cells [25]. It has been suggested that CHM-I
inhibits angiogenesis by inhibiting DNA synthesis and proliferation of endothelial cells [23;
26]. The increased expression of CHM-I has been associated with decreased activity or
expression of angiogenic factors. For example, CHM-I is deposited in the interterritorial matrix
of cartilage. Although cartilage includes also many angiogenic factors such as vascular
endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2) and transforming
growth factor (TGF)-beta, CHM-I seems to impede the activity of these angiogenic factors
(although the exact mechanism is not known) and therefore inhibits angiogenesis in the
cartilage matrix [27]. In another study, the normally avascular aortic valves of CHM-I knockout
mice showed increased VEGF expression and angiogenesis [28]. Accordingly, the observed
inhibitory effect of 4-HNE on tube formation by HBMEC cells may be attributed to the
increased levels of CHM-I.

In order to further explore the mechanism(s) by which 4-HNE induced CHM-I expression in
HBMECs, the effect of 4-HNE on the promoter activity of CHM-I gene was examined using
a transient transfection assay. Concentrations of 4-HNE that induced CHM-I protein expression
(5 and 10 μM) did not affect the tested regions (−832/+87; −446/+87; −297/+87) of the CHM-
I promoter. Therefore, the up-regulation of the expression of CHM-I protein may be due to
activation of other promoter regions of the CHM-I gene. To address this possibility, a
bioinformatic analysis using the TFM-Explorer (Sequoia-Inria, France;
http://bioinfo.lifl.fr/TFM) software was conducted to find putative transcription factors that
could bind to the CHM-I gene promoter region ranging from −3000 bp to +87 bp. Two of the
putative transcription factors, namely CREB (binding at −1079/−932 site) and c-Fos (binding
at −2060/−1706 site) have been reported to be activated by 4-HNE [29;30]. c-Fos and Jun
proteins form the heterodimer activator protein-1 (AP-1) that regulates many cellular
processes, including angiogenesis [31]. Unfortunately, these promoter regions were not
examined in the present study; however we intent do this in future studies.

Up-regulation of CHM-I expression by 4-HNE could also have occurred through a
posttranscriptional mechanism resulting in increased stability of CHM-I mRNA. For example,
4-HNE has been shown to affect c-myc mRNA levels through a post-transcriptional mechanism
[32]. The increase in expression of both forms (precursor and mature) of CHM-I protein by 4-
HNE in the present study is consistent with 4-HNE acting not only at a transcriptional level to
regulate CHM-I protein, but also at a post-translational level by increasing the cleavage of the
premature form by furin protease. Interestingly, 4-HNE induces the expression of transforming
growth factor beta 1, a protein that is also cleaved by furin protease [33].

In conclusion, the results of the present study showed that 4-HNE acts as an inhibitor of tube
formation. The inhibition of tube formation may involve, at least in part, the up-regulation of
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the anti-angiogenic protein CHM-I. Consequently, the results suggest that 4-HNE may exert
anti-angiogenic activity. Inhibition of angiogenesis has been implicated as a
pathophysiological protective mechanism against several diseases, such as cancer, rheumatoid
arthritis, atherosclerosis and corneal neovascularization [15]. The potential anti-angiogenetic
effects of 4-HNE observed in the present study, support the notion that 4-HNE at physiological
concentrations can function as a good stress, or ‘eustress’, by providing protective effects
[34]. The up-regulation of CHM-I by 4-HNE reported here may also explain the upregulation
of the Chm-I gene in the cornea of Aldh3a1(−/−) mice characterized by increased 4-HNE levels
[6]. Since the cornea of Aldh3a1(−/−) mice do not exhibit any angiogenesis [35], it is likely
that the upregulation of Chm-I gene in Aldh3a1–null mice may be a compensatory event
preventing angiogenesis in these mice. That may imply a possible role of corneal ALDH3A1
and perhaps other corneal crystallins in maintaining the avascularity of the cornea. This is
currently under investigation in our laboratory.
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Fig. 1.
Representative pictures of formation of tube-like structures by HBMECs. Cells were plated
onto Matrigel and treated with vehicle control (0.06% ethanol in PBS) or different
concentrations (1, 5 and 10 μM) of 4-HNE for 16 h. After treatment, cells were visualized
microscopically and photographed at magnification 100X.
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Fig. 2.
Cell viability assays: (A) MTT assay; (B) SRB assay; (C) LDH assay. HBMECs were treated
with vehicle control (0.06% ethanol in PBS) or different concentrations of 4-HNE for 16 h.
2% Triton X-100 was used as positive control. Values are mean ± S.D. from three independent
experiments carried out in triplicate. *p<0.05 when compared with the vehicle control.
Statistical analysis was by ANOVA followed by Dunnett’s post-hoc test.
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Fig. 3.
Representative Western blots show expression of both pre-mature and mature CHM-I protein
forms following 16 h treatment with vehicle control (0.06% ethanol in PBS) or 4-HNE at
concentrations of 5 or 10 μM. The same membrane was reprobed for β-actin to permit loading
correction. Densitometric quantification for CHM-I is reported. Values represent the mean ±
S.D. values (n = 3). *p<0.05 when compared with the vehicle control. Statistical analysis was
by ANOVA followed by Dunnett’s test.
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Fig. 4.
Luciferase assay. To determine whether 4-HNE affects the expression of CHM-1 gene by
interacting with its promoter region, constructs consisting of pGVB2 vectors containing three
different (−832/+87; −446/+87; −297/+87) 5′-flanking regions of the human CHM-I gene fused
to the firefly luciferase gene were used. Transiently-transfected cells were incubated with
vehicle control (0.06% ethanol in PBS) or 4-HNE (5 or 10 μM) for 16 h. Values are mean ±
S.D. from three independent experiments carried out in triplicate.
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