
Biochemical and Biophysical Research Communications 417 (2012) 479–483
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Upregulation of BAD, a pro-apoptotic protein of the BCL2 family, in vascular
smooth muscle cells exposed to uremic conditions

Eric Trécherel a, Corinne Godin a, Christophe Louandre b, Joyce Benchitrit a, Sabrina Poirot a,
Jean-Claude Mazière a,b, Ziad A Massy a,c, Antoine Galmiche a,b,⇑
a Inserm U1088, Faculté de Médecine, Université de Picardie Jules Verne, France
b Laboratoire de Biochimie, CHU Nord, Amiens, France
c Services de Pharmacologie Clinique et Néphrologie, CHU Sud, Amiens, France

a r t i c l e i n f o
Article history:
Received 29 November 2011
Available online 8 December 2011

Keywords:
Chronic kidney disease
Uremic toxins
BCL2
Apoptosis
Vascular smooth muscle cells
0006-291X/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.bbrc.2011.11.144

Abbreviations: CKD, chronic kidney disease; SM
inorganic phosphate; ox-LDL, oxidized low den
ketocholesterol.
⇑ Corresponding author at: Laboratoire de Biochimie

Place Victor Pauchet, 80054 Amiens Cedex, France. Fa
E-mail address: Galmiche.Antoine@chu-amiens.fr
a b s t r a c t

Chronic kidney disease (CKD) has recently emerged as a major risk factor for cardiovascular pathology.
CKD patients display accelerated atherosclerotic process, leading to circulatory complications. However,
it is currently not clear how uremic conditions accelerate atherosclerosis. Apoptosis is an important
homeostatic regulator of vascular smooth cells under pathological conditions. In the present study, we
explored the regulation of apoptosis in cells of the vascular wall in the uremic context. We analysed
the expression and regulation of the proteins of the BCL2 family that play an essential role in apoptosis.
Our results, obtained in mice and primary human smooth muscle cells exposed to two uremic toxins,
point to the existence of an alteration in expression and function of one pro-apoptotic member of this
family, the protein BAD. We explore the regulation of BAD by uremic toxins and report the sensitization
of vascular smooth muscle cells to apoptosis upon BAD induction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction Whether these toxins directly exert a deleterious action on cells
Chronic kidney disease (CKD) is a frequent medical condition in
Europe and North America [1]. CKD can occur either as a complica-
tion of various pathological states, such as diabetes and hyperten-
sion, or as a result of direct kidney lesions, for example induced by
glomerulonephritis. While end stage-renal disease was until re-
cently considered to be the most critical determinant of the health
outcome, it is now known that cardiovascular disease represents a
much larger source of mortality in these patients [1]. The CKD pop-
ulation presents a nearly 10-fold increase in the risk of cardiovas-
cular disease-associated mortality [2,3]. Research performed over
the past decade points to CKD as a potential factor favoring the
appearance of atherosclerosis and its progression, although the
mechanisms implicated remain essentially unknown [4]. CKD
might alter the arterial wall via some well-identified atherosclero-
sis risk factors, such as inflammation or metabolic alterations [5,6].
At the cellular level, CKD also promotes the accumulation of vari-
ous uremic toxins, such as inorganic phosphate (Pi) or urea.
ll rights reserved.

C, smooth muscle cells; Pi,
sity lipoproteins; 7-KC, 7-

, Inserm U1088, CHU Nord, 1
x: +33 (0)322668593.

(A. Galmiche).
of the vascular wall remains however essentially unknown [7].
Apoptosis is a homeostatic response that plays an important

role in the regulation of cells in the normal and pathological arte-
rial wall [8,9]. While apoptosis is usually considered to be a form of
silent cell death that is followed by the quick elimination of cell
remnants, several recent studies point to a complex role in athero-
sclerosis [9]. Macrophages have attracted most of the attention as
target cells for apoptosis in the course of atherosclerosis [10,11].
The possible role of vascular smooth muscle cells (SMC) was re-
cently examined using transgene technology used to express a
SM22a-human diphtheria toxin receptor in mice [12]. In this mod-
el, diphtheria toxin treatment affords selective and controlled
induction of arterial SMC apoptosis and the exploration of its im-
pact in vivo. In this setting, Clarke et al. showed that SMC apoptosis
has profound consequences on atherosclerosis [12,13]. Apoptosis
does not only promote the early stages of atherogenesis and the
appearance of lesions, but it can also influence the progression of
lesions that are already constituted [12,13]. Apoptosis of arterial
SMC could for example determine the mineral composition of the
plaque as well as its stability [12–14].

Apoptosis is a form of programmed cell death that is under a
strong control by the mitochondria and the proteins of the BCL2
family [15]. This family of proteins consists of approximately 20
members exerting pro- or anti-apoptotic effects, and sharing one
or multiple domains of homology (BCL2-Homology, or BH domain)
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Table 1
Effect of chronic renal failure on basic plasma parameters of micea.

Sham (n = 10) Uremic (n = 10) pb

Urea (mM) 8.9 27.2 <0.001
Creatinine (lM) 18.5 57.0 <0.001

a Data are median values measured at the time of animal sacrifice.
b p Value measured with Wilcoxon test.
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[15]. BCL2 proteins exert a key role in the execution of apoptosis,
through their ability to permeabilize the mitochondrial outer
membrane and to promote the cytosolic release of pro-apoptotic
factors, such as cytochrome c [15]. Although BCL2 proteins play
an essential role in apoptosis regulation and execution, it is still
unclear if there are some alterations of their expression and func-
tion in CKD. In the present study, we performed a comprehensive
survey of the expression of BCL2 proteins in an animal model of
CKD and in human aortic SMC exposed in vitro to uremic condi-
tions. Our findings point to the existence of a selective alteration
in the expression of BAD, a pro-apoptotic protein of the BCL2 fam-
ily, in uremic conditions. We explore the possible functional conse-
quences of this alteration.

2. Material and methods

2.1. Animals

C57/BL-6 mice from Charles Rivers Laboratories (Lyon, France)
were rendered uremic according to Massy et al. [16], using a pro-
cedure described in the Supplementary materials and methods.

2.2. Cell culture and reagents

Culturing of human aortic SMC is described in the Supplemen-
tary materials and methods. ABT-737 was a gift from Abbott. All
other reagents were from Sigma.

2.3. Immunoblots and quantitative PCR analysis

Immunoblots and quantitative PCR analysis were performed
using standard procedures (see Supplementary materials and
methods for details).

2.4. Determination of BAD protein stability

Cycloheximide, a blocker of protein translation, was used to
analyze the protein half life of BAD, as previously described [17].
Cycloheximide was incubated at a concentration of 50 lM, and
HASMC were treated for 1 h as indicated, before analysing the total
protein extracts for their content of BAD.

2.5. Statistical analyses

Immunoblots were scanned and quantified using the software
ImageJ (NIH, http://rsbweb.nih.gov/ij/). Wilcoxon unpaired test
and Student’s t-test were used as indicated, and a value of
p < 0.05 was considered as threshold for significance.

3. Results

3.1. Alterations in the expression of BCL2 proteins in the arterial wall of
uremic mice

In order to examine the expression of BCL2 proteins in the arte-
rial wall in uremic conditions, we randomly assigned 20 WT C57/
Bl6 mice into 2 groups: the first group consisting of uremic mice
(n = 10), and the second, control group with mice in non-uremic
conditions (n = 10). After 6 weeks of uremia, all animals were sac-
rificed and biochemical measurements were performed in order to
verify the respective status of the animals (Table 1). Aortic tissues
were dissected and protein samples were prepared and analyzed
by immunoblotting to survey the expression of proteins of the
BCL2 family (Fig. 1). In these extracts, we detected some of the pro-
teins of the BCL2 family. Some anti-apoptotic (BCL2, BCL-XL) and
some pro-apoptotic members of the BCL2 family (BAK, BAX, BAD)
were detectable at the protein level (data not shown). Interest-
ingly, most BCL2 proteins were present at comparable levels be-
tween control and uremic samples, with the noticeable exception
of BAD, a pro-apoptotic member of the BH3-only subgroup, whose
levels were found to be increased by approximately 2-fold in ure-
mic compared to control aortas (Fig. 1). BAD exerts its apoptosis-
sensitizing function by neutralizing the anti-apoptotic proteins
BCL2 and BCL-XL [18]. To estimate the imbalance in the expression
of BCL2 proteins in uremic mice, we measured the ratio between
BAD and BCL-XL and found the same 2-fold increase (Fig. 1).
3.2. Urea increases the expression of BAD in human aortic SMC in
cultures

Aortic tissues consist of several cell types, including the SMC. To
explore the role that uremic toxins might play in the up-regulation
of BAD, we exposed human aortic SMC in culture to two well-
established uremic toxins, inorganic phosphate (Pi) and urea. Both
toxins were applied at concentrations considered to be relevant in
CKD [7]: Pi was applied at a concentration of 4 mM, and urea at
20 mM on SMC for 24 h (Fig. 2). Under conditions of exposure of
SMC to urea, we noticed an overexpression of BAD resulting in
an increase in the BAD/BCL-XL ratio (Fig. 2A). These variations
were noticed independently of any effect on cell viability (data
not shown). BAD is a protein characterized by its rapid turn-over,
mainly due to proteasomal degradation [17,19,20]. We decided
to explore the mechanisms through which BAD might be induced
by measuring its mRNA levels (Fig. 2B) and its protein turn-over
(Fig. 2C). We did not detect any change in the levels of BAD mRNA
in SMC exposed to urea (Fig. 2B). Conversely, we observed an
approximately 50% extension of the half-life for BAD in human aor-
tic SMC treated with urea in vitro (Fig. 2C).
3.3. BAD is an apoptotic sensitizer in human aortic SMC

Having noticed that BAD was overexpressed through post-tran-
scriptional mechanisms in SMC exposed to urea, we decided to ex-
plore the potential consequences of its increased expression in
these cells. An increase in the level of oxidative stress is believed
to be a key element in the pathogenesis of uremia [21]. Oxidized
lipoproteins, and in particular oxidized low-density lipoproteins
(ox-LDL) are well-known pathogenic agents involved in the pro-
gression of atherosclerosis in general, and their role as pro-apopto-
tic species is well established [22]. To examine the sensitivity of
aortic SMC to apoptosis, we exposed these cells to 7-ketocholester-
ol (7-KC), one of the most abundant products of cholesterol oxida-
tion detected in atherosclerotic plaques with a potent pro-
apoptotic activity [22]. As previously reported by other investiga-
tors, we found that 7-KC induces cell death in SMC (Fig. 3). Upon
overnight exposure of these cells to 7-KC, approximately 25% of
cells presented chromatin condensation, a typical feature of apop-
tosis, and a vacuolated aspect. The swollen vacuolar compartment
most likely derived from endosomes and/or lysosomes, since the
vacuoles could be decorated with the marker Lamp1 (Fig. 3A).
When aortic SMC were exposed to urea, a strong synergy was no-
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Fig. 1. Analysis of the expression of proteins of the BCL2 family in uremic mice. Protein samples obtained from the aorta of C57/Bl6 mice, rendered uremic (U, n = 10) or
control (sham, n = 10), were used for the analysis of the expression of various members of the BCL2 family by immunoblotting. The results are presented as box plots drawn
from the densitometric analysis of the main proteins detected, with the results being expressed in arbitrary units (AU). ⁄indicates p < 0.005 compared with sham using the
Wilcoxon test.
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Fig. 2. Regulation of BAD expression in human aortic SMC cells in uremic conditions. (A) BAD protein regulation in aortic SMC exposed to uremic toxins. Results are from
three independent experiments analysing the expression of BAD by immunoblotting, after normalizing the data as BAD/BCL-XL ratios. Cells were exposed for 24 h to the
indicated uremic toxins, applied at clinically relevant concentrations (Pi 4 mM, urea 20 mM). ⁄for p < 0.05 with Student’s t-test. (B) Expression of BAD mRNA in aortic SMC
exposed to urea. RNA samples were extracted from cells treated as previously described and BAD mRNA was analysed by Quantitative PCR. (C) BAD protein stability. Aortic
SMC were treated for 30 min with 50 lM cycloheximide and maintained for 1 h in control or uremic conditions (20 mM urea). Results are mean ± SD from three independent
experiments.
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ticed with 7-KC, both in terms of vacuolation and apoptosis. A
more than twofold increase in the % of cells with chromatin con-
densation was found upon counting (Fig. 3B). To examine the pos-
sibility that the increase in BAD expression that we had previously
reported might have played a role in this apoptosis induction, we
compared the effects of urea with those of ABT-737, a chemical
compound inhibiting the anti-apoptotic proteins of the BCL2 pro-
teins [23], and recently reported by us to induce an efficient stabil-
ization of BAD by interfering with its turn-over, including in SMC
[17]. We applied the compound ABT-737 on SMC in cultures, and
verified that BAD was induced to the same extent as in SMC treated
with urea (data not shown). Interestingly, ABT-737 and urea sensi-
tized aortic SMC to 7-KC-induced apoptosis to the same extent
(Fig. 3B).
4. Discussion

Apoptosis of the arterial cells is a key event in vascular remod-
elling and the progression of atherosclerosis [8,9,12,13]. CKD has
been recently identified as a condition that accelerates atheroscle-
rosis [4], but little is still known about the impact of uremia on the
regulation of apoptosis in the arterial smooth muscle cells. Here,
we explored the regulation of BCL2 proteins, which are core com-
ponents of the apoptotic machinery, in aortic SMC placed under
uremic conditions. We found that BAD, a pro-apoptotic member
of the BH3-only subset of this family, is overexpressed in animal
tissues and in cells exposed to uremic conditions. In agreement
with what is known about the mode of action of BAD, that sensi-
tizes cells to apoptosis through its ability to neutralize the anti-
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Fig. 3. BAD overexpression sensitizes aortic SMC to 7-ketocholesterol (7-KC)-
induced apoptosis. (A) Aortic SMC grown in control conditions or in the presence of
20 mM urea were treated with 50 lM 7-KC and processed and examined with
fluorescence microscopy. Cells are labelled with the marker Lamp-1 (red) and with
DAPI (blue). Arrow heads indicate condensed chromatin characteristic of apoptotic
cells. Bar: 20 lm. (B) Percentage of cells with chromatin condensation. Aortic SMC
exposed to urea or ABT-737 (10 lM) were treated with 7-KC and the % of cells with
chromatin condensation was determined. The results are average values obtained
from three independent countings of approximately 250 cells, each time analyzed
from random microscopic fields. ⁄p < 0.05 using Student’s t-test.
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apoptotic proteins BCL2 and BCL-XL [18], we found that the induc-
tion of BAD by uremic toxins alone did not induce apoptosis but
sensitized cells to the pro-apoptotic effect of oxidized cholesterol,
a physiologically relevant inducer of this form of programmed cell
death [22]. Interestingly, the role of BAD as an apoptotic sensitizer
was previously reported in vascular SMC, although in a different
context [19]. Altogether, these results suggest that the induction
of BAD that we report here might at least partially account for
the increased levels of apoptosis that are reported in arteries of
uremic patients [14].

Among the family of BCL2 proteins, BAD possesses an original
regulation. BAD is usually presented as a signalling node that inte-
grates essential transduction pathways regulating apoptosis [18].
In particular, BAD defines a point of convergence for several kinase
cascades that regulate this protein post-translationally. Pro-sur-
vival kinases, such as the RAF-MEK-ERK cascade, can neutralize
BAD by phosphorylating some key residues and regulate its associ-
ation with the proteins of the 14-3-3 family and the availability of
its BH3 domain to interact with BCL2 or BCL-XL. Recently, we and
others have identified BAD as a labile protein whose stability is
post-translationally regulated by the proteasome [17,19,20,24].
The findings that we report here confirm these observations and
suggest that uremia mainly alters BAD expression through the
modulation of this protein’s stability. However, details of the
mechanisms through which uremic conditions modulate BAD
expression will await future investigations, since we did not iden-
tify any important alteration in the kinase cascades phosphorylat-
ing BAD (data not shown).

CKD is characterized by the retention of many uremic toxins
that interfere with cell physiology [7]. Interestingly, we found that
urea was the most potent uremic toxin able to induce the expres-
sion of BAD in HASMC. While urea was until recently considered to
be of little pathological importance in uremia, a recent work points
to its contribution to the alterations in the mitochondrial oxidative
metabolism that are noticed in uremic conditions [25]. Our find-
ings are therefore in agreement with the emerging notion that urea
might be an important uremic toxin in CKD, and one that promotes
mitochondrial alterations [25]. In this respect, our observations are
centred on the sensitivity of eukaryotic cells to apoptosis, but it
will be interesting to explore the contribution of BAD to the differ-
ent facets of the mitochondrial metabolism. Recent observations
indicate that BAD regulates the carbohydrate metabolism in addi-
tion to apoptosis [18,26,27]. These observations constitute a strong
incentive to further explore the role and the regulation of BAD in
the arterial wall in normal and uremic conditions.
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