
Journal of Pathology
J Pathol 2015; 236: 373–383
Published online 27 April 2015 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/path.4534

ORIGINAL PAPER

Mechanical stretch-induced endoplasmic reticulum stress,
apoptosis and inflammation contribute to thoracic aortic
aneurysm and dissection
Li-Xin Jia, Wen-Mei Zhang, Hong-Jia Zhang, Tao-Tao Li, Yue-Li Wang, Yan-Wen Qin, Hong Gu* and Jie Du*

Beijing Anzhen Hospital, Capital Medical University, Key Laboratory of Remodelling-related Cardiovascular Diseases, Ministry of Education, Beijing
Collaborative Innovation Centre for Cardiovascular Disorders, Beijing Institute of Heart, Lung and Blood Vessel Disease, Beijing, People’s Republic
of China

*Correspondence to: H Gu and J Du, 2 Anzhen Road, Chaoyang District, Beijing Anzhen Hospital, Capital Medical University, Beijing Institute of
Heart, Lung and Blood Vessel Disease, Beijing 100029, People’s Republic of China. E-mail: koko_gu@hotmail.com and jdu@bcm.edu

Abstract
Thoracic aortic aneurysm/dissection (TAAD) is characterized by excessive smooth muscle cell (SMC) loss, extra-
cellular matrix (ECM) degradation and inflammation. In response to certain stimuli, endoplasmic reticulum (ER)
stress is activated and regulates apoptosis and inflammation. Excessive apoptosis promotes aortic inflammation
and degeneration, leading to TAAD. Therefore, we studied the role of ER stress in TAAD formation. A lysyl oxidase
inhibitor, 3-aminopropionitrile fumarate (BAPN), was administrated to induce TAAD formation in mice, which
showed significant SMC loss (𝛂-SMA level). Excessive apoptosis (TUNEL staining) and ER stress (ATF4 and CHOP),
along with inflammation, were present in TAAD samples from both mouse and human. Transcriptional profil-
ing of SMCs after mechanical stress demonstrated the expression of genes for ER stress and inflammation. To
explore the causal role of ER stress in initiating degenerative signalling events and TAAD, we treated wild-type
(CHOP+/+) or CHOP−/− mice with BAPN and found that CHOP deficiency protected against TAAD formation and
rupture, as well as reduction in 𝛂-SMA level. Both SMC apoptosis and inflammation were significantly reduced in
CHOP−/− mice. Moreover, SMCs isolated from CHOP−/− mice were resistant to mechanical stress-induced apopto-
sis. Taken together, our results demonstrated that mechanical stress-induced ER stress promotes SMCs apoptosis,
inflammation and degeneration, providing insight into TAAD formation and progression.
© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

Aortic aneurysm and dissection represents a major dis-
ease process affecting the aorta [1]. Thoracic aortic
aneurysm/dissection (TAAD) has high mortality and the
first symptom in up to 95% of patients is death with
severe pain [1]. As there is no effective preventive ther-
apy for TAAD, elucidation of the pathological mecha-
nism(s) underlying aortic dissection is important for the
development of new therapeutic treatments. TAAD is
pathologically associated with degeneration of the aor-
tic media, which is characterized by smooth muscle cell
(SMC) loss, inflammation, fragmentation and depletion
of elastic fibres [2,3]. As a key structural component
of the aorta, SMCs play multiple roles in maintaining
its function. In addition to their contractile function,
SMCs continuously synthesize and degrade the extra-
cellular matrix (ECM) and maintain its homeostasis [4].
Moreover, vascular wall SMCs sense haemodynamic

stress, leading to both cytoskeletal and ECM remod-
elling [5]. Apoptosis of SMCs has been observed in
human TAAD specimens and is associated with TAAD
progression [3,6]. However, the signalling pathways that
trigger SMC apoptosis during the development of TAAD
remain unclear.

Endoplasmic reticulum (ER) stress plays an important
role in pathological vascular remodelling in cardiovas-
cular diseases [7,8]. ER stress is characterized by signal
transduction, triggered by the unfolded protein response
(UPR). Three upstream signalling pathways constitute
an ER-specific UPR, including the IRE1α–XBP1, ATF6
and PERK–eIF2–ATF4 pathways, but all three can
transcriptionally regulate C/EBP homologous protein
(CHOP) [9]. As a specific player in the UPR, the tran-
scription factor CHOP (also known as GADD153 and
DDIT3) initiates apoptotic events in the setting of severe
or prolonged ER stress [10]. The role of CHOP in
ER stress-induced apoptosis has been established in
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atherosclerosis [10,11]. However, there is no direct evi-
dence regarding whether ER stress is activated and how
this might contribute to TAAD.

In this study, we aimed to determine the signif-
icance of ER stress in regulating TAAD in vivo.
We found increased ER stress, SMC apoptosis and
inflammation in both mouse model and human TAAD
specimens. In a murine model of 3-aminopropionitrile
fumarate (BAPN)-induced TAAD, CHOP dele-
tion prevented SMC apoptosis, inflammation and
TAAD incidence.

Materials and and methods

Patient specimens
Aneurysm samples were collected from TAAD patients
in Beijing Anzhen Hospital who underwent repair
surgery. None of the patients had a known genetic
syndrome related to aortic disease, such as Marfan’s,
Turner’s, Loeys–Dietz, or Ehlers–Danlos syndromes.
Normal aorta samples were obtained from heart trans-
plantation donors as described previously [12]. All
protocols involving human specimens were approved
by the Institutional Review Board of Beijing Anzhen
Hospital, with each subject providing written informed
consent, as described elsewhere [12] .

Animal model and ethics statement
Wild-type littermates (CHOP+/+) and knockout
(CHOP−/−) mice on a C57B/L6 background were
obtained from the Jackson Laboratory (Bar Harbor,
ME, USA, stock no. 005530). The Institutional Animal
Care and Use Committee of Capital Medical University,
Beijing, China, approved all studies. The investigation
conformed to the Guide for the Care and Use of Labo-
ratory Animals, published by the US National Institutes
of Health (NIH). Three week-old male mice were fed a
normal diet and administered freshly prepared BAPN
(Sigma-Aldrich, St. Louis, MO, USA) solution dis-
solved in the drinking water (1 g/kg/day) for 4 weeks,
as described previously [13], with modifications.

Aortic ultrasonography monitoring
Mice were anaesthetized with 1% isoflurane and under-
went echography in M-mode, using a high-resolution
micro-ultrasound system (Vevo 2100, VisualSonics,
Toronto, Canada) equipped with a 30 MHz transducer.
Colour Doppler examination was performed to detect
arterial flow.

Histology and immunohistochemistry
Mouse aorta and human specimens were fixed in 10%
formalin, embedded in paraffin and sectioned at 5 μm
thickness. Immunohistochemical staining was per-
formed as described elsewhere [14,15]. Briefly, sections
were treated with xylene to remove the paraffin and

were rehydrated, incubated with 3% H2O2 for 10 min
at room temperature and washed three times with
phosphate-buffered saline (PBS). Then the sections
were blocked with serum for 30 min and incubated
with primary antibodies against ATF4 (Abcam, Cam-
bridge, MA, USA; 1:200 dilution), proliferating cell
nuclear antigen (PCNA; Abcam; 1:200 dilution ),
α-smooth muscle actin (α-SMA; Sigma; 1:500 dilu-
tion), CHOP (Santa Cruz Biotechnology, CA, and
Cell Signaling Technology, Danvers, USA; 1:200
dilution), cleaved-caspase 3 (Cell Signaling Technol-
ogy; 1:300 dilution), F4/80 (Abcam; 1:100 dilution),
Mac-2 (Santa Cruz; 1:200 dilution) and immunoglob-
ulin G (IgG) control (Santa Cruz), then the sections
were incubated with the ChemMateTM EnVisionTM

System (Dako, Glostrup, Denmark). Images were cap-
tured and further analysed using ImageProPlus 3.0
(ECIPSE80i/90i).

For cryostat sections, mouse aorta samples were fixed
in 4% paraformaldehyde, embedded in optimum cut-
ting temperature (OCT) compound, frozen in liquid
nitrogen and stored at −80 ∘C until sectioning. Apop-
totic cells were identified using DeadEnd Fluorometric
TUNEL (Promega, Madison, WI). TUNEL and α-SMA
or F4/80 double staining was performed to detect apop-
totic SMCs or apoptotic macrophages before confocal
fluorescence microscopy analysis (Leica Microsystems,
Buffalo Grove, IL, USA).

Elastin staining
Elastin fragmentation was graded based on the degree
of elastin filament breakage, as described previously
[14,16], with minor modifications. Elastin in the grafted
veins was stained with the Gomrori’s aldehyde-fuchsin
staining method, using an elastic fibre staining kit
(Maixin Bio, Fuzhou, China). Briefly, after deparaf-
finization and rehydration, sections were incubated for
5 min in Lugol’s iodine solution, washed with PBS and
incubated with sodium thiosulphate for 5 min. After
washing with PBS and 70% ethanol, the sections were
incubated with aldehyde-fuchsin for 10 min and acid
Orange G for seconds.

Quantitative real-time PCR
Total RNA was extracted from thoracic aorta sam-
ples or cultured SMCs using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and 2 μg was reversed-transcribed
using the GoScript™ Reverse Transcription System
(Promega), according to the manufacturer’s instruc-
tions. For real-time quantitative PCR, the iQ5 system
(Bio-Rad, Hercules, CA, USA) with SYBR Green I
(Takara, Shiga, Japan) was used. Amplification was per-
formed at 95 ∘C for 5 min, 95 ∘C for 45 s and 60 ∘C for
1 min of each step for 45 cycles. The housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a control. The primers used are shown in
Table S1 (see supplementary material).
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Western blot analysis
Mouse aortae or cultured SMCs were harvested,
snap-frozen in liquid nitrogen and stored at −80 ∘C.
Protein was extracted using a Protein Extraction Kit
containing protease inhibitor and Protein Phosphatase
Inhibitor Cocktail. Equal amounts of protein extract
(40 μg/lane) were separated using a 10% SDS–PAGE
gel. The blot was further probed with the primary anti-
bodies anti-GAPDH (1:2000 dilution; Sigma-Aldrich),
anti-α-SMA (1:1000 dilution) and anti-CHOP (1:1000
dilution), then with IR dye-conjugated secondary
antibodies (1:5000; Rochland Immunochemicals,
Gilbertsville, PA, USA) for 1 h. The blots were then
washed, exposed and analysed using an Odyssey
infrared imaging system (LI-COR Biosciences Lincoln,
NE, USA).

SMC culture, cyclic stretching and flow cytometry
SMCs were isolated from CHOP+/+ and CHOP−/−

mice, as described [17]. In brief, each mouse was
euthanized by intraperitoneal injection of sodium pen-
tobarbital. The aorta was removed and then digested
with type II collagenase at 37 ∘C for 30 min to remove
the adventitia. Then the endothelium was removed by
gently rubbing the intima with a sterile cotton-tipped
applicator, followed by a further digestion with a
mixture of collagenase and elastase for 30 min. Cells
were then cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin–streptomycin.
For cyclic stretching of SMCs, cells were cultured on
silicone, elastomer-bottomed, collagen-coated plates
(Flexcell, Hillsborough, NC, USA) at 37 ∘C overnight,
then subjected to cyclic mechanical stretching, using
a computer-controlled mechanical strain unit (Flexcell
5000) at a condition of 18% elongation, as described
[18]. Apoptosis was detected by flow cytometry, using
an Annexin V apoptosis detection kit (eBioscience,
San Diego, CA, USA), following the manufacturer’s
protocol. For cytokine stimulation, SMCs were incu-
bated with recombinant human IL-1β (rhIL-1β; R&D,
Minneapolis, MN, USA) for 24 h at the indicated
concentrations.

Statistical analysis
In all cases, the results from at least three indepen-
dent experiments were used to calculate mean±SD.
Student’s t-test was used for statistical analysis, and
p< 0.05 was considered statistically significant.

Results

BAPN administration induced TAAD formation,
showing SMCs loss and inflammation
It has been reported that lysyl oxidase (LOX), which
crosslinks tropoelastin monomers to form elastic fibres,

plays a crucial role in regulating ECM homeostasis [19].
Inactivation of the LOX gene leads to aortic aneurysm
and perinatal death in mice [20]. Administration of
BAPN, a LOX inhibitor, along with angiotensin II
infusion, causes aneurysm formation [13,21]. Failure of
collagen crosslinking leads to loss of tensile strength of
the aortic wall, subjecting the vascular wall to elevated
vascular wall mechanical stress. Thus, BAPN is a model
to study the pathogenesis of mechanical stress-induced
aortic aneurysm. BAPN treatment induced TAAD for-
mation when administered to 3 week-old mice. In 18
BAPN-treated mice, 16 developed TAAD and 10 of
these died from rupture (Figure 1A–C). Haematixylin
and eosin (H&E) and Van Gieson (VG) staining
showed disarray of SMCs and elastin degradation after
BAPN administration (Figure 1D). Both immunohis-
tochemical staining and western blot were used to
detect α-SMA. As shown in Figure 1E, F, the α-SMA
level was significantly decreased after BAPN treat-
ment. Macrophage infiltration and cytokine production
were used to document vascular inflammation. BAPN
administration significantly increased the infiltration of
Mac-2-positive cells and of interleukin (IL-1β, IL-6)
and chemokine (C–C motif) ligand 2 (CCL2) mRNA
levels (Figure 1G, H).

SMCs apoptosis and ER stress are present after
TAAD formation
It is known that SMC apoptosis contributes to SMC
loss and TAAD formation. Previous studies have
demonstrated that haemodynamic and mechanical
stress is associated with TAAD development [4] and
cyclic stretching induces SMC apoptosis, as well as
ER stress in vitro [22]. We thus detected apoptosis by
performing TUNEL staining and cleaved caspase-3
staining and found that apoptosis in the aortic wall was
significantly increased in response to BAPN adminis-
tration (Figure 2A, B). In a time-course study, apoptosis
appeared at day 10 after BAPN treatment, accord-
ing to TUNEL staining (see supplementary material,
Figure S1A). Co-staining of TUNEL with α-SMA or
F4/80 showed that the apoptotic cells were primarily
SMCs (see supplementary material, Figure S1B); note
that there were no macrophages (F4/80-positive cells)
even at day 14. We then examined when macrophage
infiltration occurred; as shown in Figure S1C (see
supplementary material), macrophage infiltration in
BAPN-treated mouse aorta appeared at the media area
in the aorta on day 21 after BAPN administration,
when TAAD appeared. These results suggest that SMC
apoptosis is important for TAAD formation.

To link ER stress with TAAD, we measured the
expression of ER stress-related genes in both mouse
aorta and TAAD samples. The mRNA levels of both
ATF4 and CHOP were significantly up-regulated in
TAAD samples, while the levels of ATF6 and GRP78
were not significantly changed (Figure 2C). Immuno-
histochemical staining showed that the levels of both
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Figure 1. BAPN administration-induced TAAD formation, showing SMCs loss and inflammation in mice. (A) Representative images showed
macroscopic features of isolated mouse aortae after saline or BAPN treatment for 28 days; arrow, location of TAAD. (B) Incidence of
TAAD formation and rupture after BAPN administration. (C) Echography, showed aortic aneurysm formation in the arch of the thoracic
aorta. (D) Haematoxylin and eosin (H&E) and elastic Van Gieson (VG) staining, showing cell disarray and elastin fragmentation after BAPN
treatment. (E) Immunohistochemical staining. (F) Western blot analysis for α-SMA in mouse aortae from the sham and TAAD groups. (G)
Imunohistochemical staining of Mac-2. (H) Quantitative RT–PCR (qRT–PCR) of mouse aortae (n= 4 in sham group, n= 6 in TAAD group);
*p< 0.05, **p< 0.01 TAAD versus sham group

ATF4 and CHOP were higher in the dissection area
(Figure 2D).

During TAAD development, the thoracic aorta loses
tensile strength and is subjected to elevated mechan-
ical stress. Studies have shown that, compared to the
ascending aorta, SMC apoptosis increased at the aortic
convexity during TAAD, where there was the highest
stress [23]. Therefore, we treated SMCs with mechan-
ical stretching (18% elongation for 2 h) and performed
a microarray to explore how mechanical stress altered
gene expression. Levels of GRP78, ATF4 and CHOP, as
well as inflammation-related chemokines and cytokines,
were up-regulated after mechanical stretch (Table 1).
To examine the role of inflammation in ER stress and
TAAD, ER stress was measured as the expression of
CHOP in SMCs treated with mechanical stretching or
IL-1β. Similar to mechanical stretching, IL-1β stimu-
lated CHOP up-regulation in SMCs (Figure 2E).

Apoptosis, ER stress and inflammation were present
in human TAAD specimens
To further confirm the pathological features of TAAD
formation, human aorta samples with or without TAAD
were evaluated. TUNEL staining and cleaved caspase-3
staining showed more apoptosis in TAAD patients than
in the normal aorta (Figure 3A, B). To link ER stress
with TAAD formation in human specimens, we showed
that expression of ATF4 or CHOP was elevated in SMCs
of human TAAD samples (Figure 3C, D). As prolonged

ER stress triggers caspase-dependent apoptosis [24], we
performed co-staining of CHOP and cleaved caspase-3
and found that double-positive cells were present in
human TAAD specimens (Figure 3E).

Knockout of CHOP, a mediator of ER stress,
prevents TAAD formation
To demonstrate a causal role of CHOP-dependent
signalling in TAAD development, both CHOP+/+ and
CHOP−/− mice were subjected to BAPN administra-
tion. The CHOP+/+ mice showed a higher incidence of
TAAD formation (24/30) and rupture (11/24 TAADs)
after BAPN administration, while CHOP−/− mice had a
much lower incidence of both TAAD formation (6/16)
and rupture (1/6 TAADs) (Figure 4A–C). Moreover, the
wall thickness was much thinner in CHOP−/− than in
CHOP+/+ mice (Figure 4D). The severity of TAAD was
evaluated by elastin degradation grading (Figure 4E,
upper panel) and CHOP deficiency prevented elastin
degradation. Thus, CHOP deficiency significantly
suppressed BAPN-induced TAAD formation. We
next examined SMC loss by both immunohistochem-
ical staining (Figure 4F) and western blot analysis
(Figure 4H), and found that deficiency of CHOP pre-
vented the loss of α-SMA after BAPN administration.
However, PCNA staining showed no difference in cell
proliferation between CHOP+/+ and CHOP−/− mice
(Figure 4G).
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Figure 2. BAPN administration induced apoptosis and ER stress. (A) TUNEL and quantitation of sham- and BAPN-treated aortae (n= 4
in sham group, n= 6 in TAAD group). (B) Immunohistochemical staining for cleaved caspase-3. (C) Expression of ER stress-related
genes, analysed by quantitative RT–PCR (n= 4 in sham group, n= 6 in TAAD group); *p< 0.05, **p< 0.01 TAAD versus sham group. (D)
Representative immunohistochemical staining showed the expression of ATF4 and CHOP in sham- and BAPN-treated aortae. (E) Western
blot analysis of CHOP expression in cultured mouse aorta SMCs treated with either mechanical stretch or rhIL-1β

CHOP deficiency suppresses SMC apoptosis in TAAD
ER transmembrane receptors detect the onset of ER
stress and initiate the UPR to restore ER function,
and prolonged ER stress induces CHOP transcrip-
tion and initiates apoptosis [24]. As SMC apoptosis
is associated with medial expansion and contributes
to aortic aneurysm and dissection formation [25],

we examined the consequence of CHOP-dependent
ER stress and apoptosis in TAAD. CHOP−/− mice
had fewer TUNEL-positive cells and smaller cleaved
caspase-3-positive areas compared to CHOP+/+ mice
after BAPN administration (Figure 5A, B). In TAAD
development, macrophages serve as the main source
of MMPs production, which play a key role in ECM
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Table 1. Mechanical stretch-induced up-regulated genes in SMCs
Gene name Gene identifier Ratio (linear)

Inflammation-related genes
CXCL2 NM_053647 3.45
CXCL3 U22414 2.08
CXCL7 BF419899 1.58
CXCL9 AI169984 5.94
CCR2 AI707080 3.45
IL-6 NM_012589 7.17
IL-11 NM_133519 5.07
IL-16 AI137163 1.69
IL-23 NM_130410 5.94
ER stress-related genes
GRP78 M14050 1.65
ATF4 NM_024403 1.80
CHOP NM_024134 2.48

degradation, leading to TAAD formation [26]. To
further confirm the cellular type of apoptotic cells in
TAAD, we then performed co-staining of TUNEL
with α-SMA or F4/80 to identify apoptotic SMCs or
apoptotic macrophages. As is shown in Figure 5C, most
TUNEL-positive cells were α-SMA-positive, while only
a few TUNEL-positive cells were F4/80-positive (see
supplementary material, Figure S2). Moreover, flow
cytometry showed that mechanical stress induced SMC
apoptosis in vitro, while CHOP deficiency prevented
this effect (Figure 5D).

CHOP deficiency suppresses inflammation in TAAD
We next examined the role of CHOP in inflammation
and MMP production. Both F4/80 staining and Mac-2
staining were used to track macrophages; there were
significantly fewer positive cells in CHOP−/− than in
CHOP+/+ mice after BAPN administration (Figure 6A,
B). The mRNA levels of IL-1β, IL-6 and CCL2 were

also decreased in CHOP−/− mice after BAPN treatment
(Figure 6C). MMP-2 and MMP-9 production was also
inhibited by CHOP deficiency in response to BAPN
administration (Figure 6D, E).

Discussion

TAAD is pathologically associated with degeneration of
the aortic media, which is characterized by SMC loss,
along with fragmentation and depletion of elastic fibres
[26]. SMC apoptosis has been observed and associated
with the progression of TAAD. However, the signalling
pathway that triggers SMC apoptosis in TAAD remains
unclear. In this study, we demonstrated that inhibition
of ER stress protected against SMCs apoptosis and
inflammation, thereby preventing TAAD development.

Inflammatory cell infiltration and apoptotic cells
have been reported in human specimens from tho-
racic aneurysm and dissection [3]. Consistent with
this, our results showed that the mRNA levels of
apoptosis- and inflammation-related genes were sig-
nificantly increased in TAAD samples. Importantly,
our results showed that ER stress was involved in
TAAD development through regulating SMC apopto-
sis. Elevated mechanical stretching causes ER stress
and inflammation in SMCs. Inflammation could fur-
ther stimulate ER stress in a feed-forward manner in
TAAD development. Our results are consistent with
several studies indicating a critical role of inflammation
in aneurysm/dissection progression. A recent study
showed that genetic deletion of either IL-1β or IL-1
receptor decreased inflammatory cytokine and SMC
loss as well as elastin degradation, and pharmacological
inhibition of IL-1β decreased TAAD formation and

Figure 3. ER stress and cell apoptosis were present in human TAAD specimens. Representative pictures of (A) TUNEL and (B) cleaved
caspase-3 on human normal aorta and TAAD samples. (C, D) ER stress-related proteins ATF4 and CHOP were co-stained with α-SMA.
(E) Co-staining of cleaved caspase-3 and CHOP in human TAAD samples
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Figure 4. CHOP deficiency protected against BAPN administration-induced TAAD formation. (A) Representative photos of mouse aortae
from CHOP+/+ and CHOP−/− mice after BAPN treatment for 28 days. (B) Representative H&E staining of thoracic aortic dissections from
CHOP+/+ and CHOP−/− mice after BAPN treatment for 28 days. (C) Incidence of TAAD and rupture in CHOP+/+ and CHOP−/− mice after BAPN
administration. (D) Progression of thickening of the aortic media in CHOP+/+ and CHOP−/− mice after BAPN treatment. (E) (Top) VG staining,
showing elastin degradation grades: Grade 0, no degradation; Grade 1, mild degradation; Grade 2, severe degradation; Grade 4, dissection
formation: (bottom) elastin degradation grades in CHOP+/+ and CHOP−/− mice; **p< 0.01, CHOP+/+ versus CHOP−/−, n= 10 in both groups.
(F, G) Immunohistochemical staining for α-SMA and PCNA in CHOP+/+ and CHOP−/− mice after BAPN administration; *p< 0.05, CHOP+/+

versus CHOP−/−, n= 6 in both groups. (H) Western blot analysis of α-SMA expression in CHOP+/+ and CHOP−/− mice with or without BAPN
administration.
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Figure 5. CHOP deficiency inhibited smooth muscle cell apoptosis during TAAD development. (A) Representative TUNEL and (B) cleaved
caspase-3 staining in aortae from BAPN-treated CHOP+/+ and CHOP−/− mice; **p< 0.01, CHOP+/+ versus CHOP−/−, n= 6 in both groups. (C)
Co-staining of α-SMA (red) and TUNEL (green). (D) Flow-cytometry analysis of propidium iodide and Annexin V of SMCs isolated from both
CHOP+/+ and CHOP−/− mice and subjected to mechanical stretch for 36 h at 18% elongation; *p< 0.05, stretched SMCs from CHOP+/+ mice
versus control CHOP+/+ SMCs; #p< 0.05, stretched SMCs from CHOP−/− mice versus stretched SMCs from CHOP+/+ mice; n= 3, repeated
three times

progression [27]. Moreover, Tieu et al [28] reported that
adventitial fibroblasts interact with infiltrated leuko-
cytes to promote IL-6 production, inducing monocyte
recruitment and activation, leading to MCP-1 secretion
and TAAD formation in angiotensin II-infused aged
mice. Regarding the role of inflammation and ER stress,
it has also been reported that IL-1β can trigger ER stress
and islet dysfunction [29].

ER stress primarily begins as a UPR for
self-protection, while prolonged ER stress initiates
cell apoptosis. The three signalling pathways acti-
vated during UPR (ie PERK, ATF6 and IRE1) involve
switching from the adaptive response to apoptosis. UPR
and/or ER-initiated apoptosis have been implicated
in the pathophysiology of various cardiovascular dis-
eases [30]. CHOP, also known as GADD153 (growth

© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2015; 236: 373–383
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk www.thejournalofpathology.com



CHOP deficiency prevents thoracic aortic aneurysm/dissection 381

Figure 6. CHOP deficiency suppressed BAPN administration-induced inflammation and MMP production. (A) Immunostaining of
macrophage markers, F4/80 and Mac-2, in BAPN-treated CHOP+/+ and CHOP−/− mouse aortae. (B) Infiltrated macrophages in BAPN-treated
mice (n= 6 in both groups); *p < 0.05, CHOP+/+ versus CHOP−/− group. (C, D) mRNA levels of the indicated cytokines and MMPs by qRT–PCR
(n= 6 in CHOP+/+ group and n= 5 in CHOP−/− group); *p< 0.05, **p< 0.01, CHOP+/+ versus CHOP−/−. (E) Representative immunofluores-
cence staining of MMP-9 on sections from BAPN-treated CHOP+/+ and CHOP−/− mouse aorta

arrest-and DNA damage inducible gene 153), is nor-
mally expressed at an undetectable level, but is markedly
induced in response to various cellular stresses. CHOP
has long been considered a proapoptotic factor of ER
stress, which senses multiple stimuli, including mechan-
ical stretching [31]. Moreover, the PERK–eIF2α–ATF4
pathway is essential for up-regulation of CHOP expres-
sion, albeit all three UPR-related pathways induce
CHOP expression [24,32,33]. In this study, we showed
that expression of CHOP, as well as the upstream ER
stress factor ATF4, was induced in TAAD, thus estab-
lishing that ER stress and its signalling pathways are
involved in TAAD development.

The existing mouse models for TAAD are mostly
caused by genetic mutation, corresponding to spe-
cific familial TAAD syndomes, such as fibrillin-1
mutation, causing Marfan’s syndrome, or TGFβR
mutations, causing Loeys–Dietz syndrome [34]. In
this study, we adopted a TAAD model using BAPN
treatment (Figure 1), an inhibitor of LOX. LOX is
a copper-dependent enzyme that initiates covalent
crosslinking of elastin precursors by oxidizing pep-
tidyl lysine to amino adipic semi-aldehydes. It has
been reported that LOX plays a key role in vascular
development by regulating ECM formation [20,35].
LOX−/− mice develop large aortic aneurysms, showing
highly fragmented elastic fibres and discontinuity in
the SMC layers [20]. Kurihara et al [13] reported that
in mice with an FVB background treated with BAPN
for 4 weeks, angiotensin II infusion for 24 h induced

TAAD rupture, but BAPN administration alone caused
TAAD rupture in only about 20%. The present study
showed a much higher incidence of TAAD formation
and rupture in mice with a C57B/L6 background after
BAPN treatment alone. This finding may be attributed
to the different backgrounds, which have been shown
to play different roles in several murine disease models
[36,37]. Our data demonstrated that ER stress con-
tributes to SMC apoptosis and TAAD formation, as
CHOP deficiency significantly prevented the incidence
of rupture after BAPN treatment (Figure 4).

SMCs are the principle cell type in the aorta, which
is capable of matrix synthesis [38], protease or pro-
tease inhibitor elaboration [39] and inflammatory cell
recruitment [40]. It is known that the central patholog-
ical characters are SMC loss and ECM degradation,
resulting from an excess of proteases, including MMPs,
cathepsins and elastase [26]. Apoptotic SMCs can
initiate inflammation and enzyme secretion to promote
TAAD development. Infiltrating inflammatory cells
are also responsible for matrix destruction through
secreting MMPs, including MMP-2 and MMP-9.
Our results demonstrated that CHOP deficiency pre-
vented SMC apoptosis both in vivo and in vitro,
as well as inflammation (Figure 5). Prolonged ER
stress initiates cell apoptosis through CHOP-, JNK-
and caspase-12-dependent signalling pathways, and
over-expression of CHOP leads to apoptosis [41,42];
therefore, CHOP induction initiates ER stress-induced
cell apoptosis [31]. Our study showed that ATF4/CHOP
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expression was present in parallel with the appearance
of TUNEL-positive cells and cleaved caspase-3 produc-
tion in both patients and mice (Figures 2, 3). Despite
the obvious feature of SMC apoptosis in TAAD, SMC
proliferation was also observed in the aorta [43]. The
present data suggest that CHOP deficiency prevented
SMC apoptosis and TAAD formation without affecting
SMC proliferation (Figures 4, 5). Using an in vitro
model of cyclic stretching-treated rat SMCs, cyclic
stretching has been shown to increase CHOP expression
and siRNA knockdown of CHOP in SMCs protected
against mechanical stretch-induced cell apoptosis [22].
Consistent with these studies, our results demonstrate
that elevated mechanical stretching induces CHOP
expression, leading to SMC apoptosis, and promotes
TAAD formation (Figures 4–6).

In conclusion, our present study identified that the ER
stress effector CHOP is a key switch for SMC apoptosis,
which promotes TAAD formation. The results of this
study, together with recent findings showing induction
of CHOP in response to cyclic stretching, suggest that
the CHOP pathway may be a potential therapeutic target
related to TAAD development.
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