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Abstract 

Aortic dissection (AD) is a rare but catastrophic disorder, and associated with significant morbidity 
among survivors. This study aimed to target IRE1α-XBP1s pathway pharmacologically, and evaluate its 
therapeutic potential in the occurrence and progression of AD. Western Blot and immunohistochemistry 
results showed that expression of XBP1s was significantly increased in the human aorta samples of AD 
group in compared with the control group, and exclusively in aortic vascular smooth muscle cells 
(VSMCs). Further in vitro study revealed that Angiotensin II (Ang II) could increase the expression of 
XBP1s and promote its nuclear translocation in cultured VSMCs, which leads to numerous gene 
transcription, including gp91phox, Chop, Cleaved-caspase 3, Bax, and Bcl-2. These genes contribute to the 
production of reactive oxygen species (ROS), VMSCs phenotypic switch and apoptosis. Whereas an 
IRE1α endoribonuclease domain inhibitor MKC-3946 could reverse it. Finally, the efficacy of MKC-3946 
was tested in a mouse AD model. As shown in vitro, MKC-3946 could reduce the expression of XBP1s 
and protect against AD by suppressing XBP1s associated ROS production and apoptosis in VSMCs in vivo. 
The current study revealed the relevant role of IRE1α-XBP1s signaling pathway in AD occurrence and 
progression. MKC-3946 could be of great potential in clinical application. 

Key words: Aortic dissection; Endoplasmic Reticulum Stress; X-Box binding Protein 1; IRE1α; Reactive Oxygen Species; 
Apoptosis 

Introduction 
Aortic dissection (AD) is a rare but catastrophic 

disorder and it is associated with significant 
morbidity among survivors. Open surgery remains 
the standard for treatment, while endovascular aortic 
repair (EVAR) has been shown to be feasible and 
encouraging in selected patients [1, 2]. However, both 
treatments require sophisticated facilities and skilled 
specialists, which hampers their wide application, 
especially in underdeveloped regions. Thus, it is 
urgent to develop an alternative and supplementary 

medication that could be an effective therapy or a 
pre-operation bridging approach. Since the detailed 
molecular mechanisms involved in AD formation and 
progression are poorly understood, there is so far no 
reliable pharmacological prophylactic measures.  

The key histopathologic feature of AD is medial 
degeneration, which is characterized by the vascular 
smooth muscle cell (VSMC) contractile phenotype 
loss and depletion, and extracellular matrix 
degradation [3]. Despite extensive investigation, the 
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underlying molecular mechanism(s) contributing to 
VSMC dysfunction, and AD formation and 
progression remains largely elusive [4]. Endoplasmic 
reticulum (ER) stress has been involved in the 
pathogenesis of aortic aneurysm [5, 6]. There are 3 
pathways in the ER-stress response (unfolded protein 
response, UPR): the PERK (protein kinase R-like ER 
kinase), ATF-6 (activating transcription factor 6), and 
IRE1α (inositol-requiring enzyme 1α) pathways. 
Higher gene and protein expression of ATF6, IRE1α, 
XBP-1, C/EBP-homologous protein (CHOP) were 
detected in human aneurysmatic samples [6]. Further 
study showed that significant VSMC loss, excessive 
apoptosis and ER stress, along with inflammation, 
were present in AD aorta samples from both mouse 
and human, which demonstrated that ER stress 
promotes VSMCs inflammation, degeneration and 
apoptosis [5]. Under ER stress condition, IRE1α is 
activated by oligomerization and autophosphoryla-
tion, resulting in activation of its endoribonuclease to 
cleave and initiate splicing of the XBP1mRNA. A 
26-nucleotide intron from XBP1 mRNA is removed by 
activated IRE1α endoribonuclease, resulting in a 
translational frame-shift to modify unspliced XBP1 
(XBP1u: inactive) into spliced XBP1 (XBP1s: active) 
[7]. XBP1s then translocates to the nucleus and 
transcriptionally regulates genes that are involved in 
protein folding, ER-associated degradation (ERAD), 
glycosylation, autophagy, lipid biogenesis, etc. [4, 8] 
Accumulating data has suggested an essential role of 
XBP1 splicing in angiogenesis, endothelial 
proliferation, and apoptosis and in VSMCs migration 
during atherosclerosis and post injury neointima 
formation [9-11]. Especially, constitutive knockout of 
XBP1 results in embryonic lethality at embryonic day 
(E) 13.5 and leads to vessel malformation, which 
suggests a vital role for XBP1 in vascular homeostasis 
[9]. 

In this study, using a small-molecule inhibitor, 
we targeted IRE1α-XBP1s pathway in VSMC cell line 
in vitro and in an angiotensin II induced AD mouse 
model in vivo. We hypothesize that inhibition of XBP1 
splicing will protect against AD formation and 
progression by preserving VSMC homeostasis. These 
studies provide the preclinical basis for developing 
effective preventative and pharmacological treatment 
for AD. 

Materials and Methods 
Animal experiment 

The animal procedures conform to the 
guidelines from Directive 2010/63/EU of the 
European Parliament on the protection of animal used 
for scientific purpose and approved by the 

Institutional Animal Research Committee of Tongji 
Medical College. ApoE-/- mice were purchased from 
Beijing Vital Laboratory Animal Technology Co., Ltd. 
ApoE-/- mice (C56BL/6J background) were housed at 
the animal care facility of Tongji Medical College 
under specific pathogen-free conditions and fed a 
normal diet. The mouse AD model was established 
according to our previous published protocol [12]. In 
short, 8-week-old male ApoE-/-mice were given 
β-aminopropionitrile (BAPN) at a concentration of 
0.1% for 3 weeks and infused via osmotic mini pumps 
(Alzet, Cupertino, CA) with either saline or 2,500 
ng/kg/min angiotensin II (Ang II) (Sigma-Aldrich, 
St.Louis, Mo) for 2 weeks. To evaluate the effect of 
IRE1α inhibitor MKC-3946 treatment on AD initiation 
and progression, treatment was initiated 2 weeks 
during Ang II infusion. MKC-3946 was freshly 
prepared in PBS and administered to mice at a dose of 
100 mg/kg every day through intraperitoneal 
injection as described elsewhere [13]. 

Cell culture 
Vascular smooth muscle cells (VSMCs) (ATCC, 

Manassas, VA) were cultured in DMEM containing 
10% bovine serum (Gibco, Grand Island, NY) under 
37℃ and 5% CO2 condition. In the Ang II group, cells 
were incubated with 1.0 μM Ang II (Sigma-Aldrich, 
St. Louis, MO) for 24 hours. For intervention study, 40 
μM MKC-3946 (Selleck, CA) were added before Ang II 
treatment. 

Western blot 
Total proteins were extracted using RIPA. 

Protein concentration was determined by the BCA 
Assay Kit (Boster, Wuhan). After boiling for 5 min, 
equal amounts of protein (20 μg) were added in 10% 
SDS-PAGE gels for electrophoresis at 70V for 2.5 
hours, followed by transfer to PDVF membranes 
(Milipore, Billerica, MA) at 200 mA for 2 hours. The 
membranes were then blocked by 5% Bovine Serum 
Albumin in TBST (1×, pH=7.4) and incubated at 4℃ 
overnight with one of following primary goat anti 
rabbit antibodies: XBP1s, ATF4, ATF6, CHOP, GRP78, 
IRE1α, p-IRE1α, Caspase3, Bax, MMP2, MMP9, 
SM22α, α-SMA, Calponin and Bcl-2. Membranes were 
incubated with peroxidase-conjugate secondary 
antibody IgG (1:5000). Protein bands were detected by 
electrochemiluminescence system and analyzed by 
Image J software. Samples were normalized by 
corresponding measures of GAPDH derived from the 
same samples in each blot. All experiments were 
performed at least three times. 

Histology, immunohistochemistry and 
immunofluorescence 

All mouse and human aortae were fixed in 4% 
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paraformaldehyde for 48 hours, embedded in 
paraffin, and sliced into 4 μm sections. 
Histomorphology was evaluated by hematoxylin and 
eosin (H&E) staining. Aortic wall elastin integrity was 
assessed by EVG staining. Images were captured 
using an OLYMPUS BX53 Microscope (OLYMPUS, 
Beijing, China). Immunohistochemistry was observed 
using an OLYMPUS BX53 Microscope (OLYMPUS, 
Beijing, China) after XBP1s (1:100), ATF6(1:100), 
CHOP (1:100), Cleaved-caspase3(1:100), MMP2 
(1:100), MMP9 (1:100) and gp91(1:100) staining and 
was analyzed using Image J software. 
Immunofluorescence was observed after XBP1s 
(1:100)/α-SMA (1:500) staining and then 
4’,6-diamidinao-2-phenylindole (DAPI) was used to 
counterstain the nucleus. 

DHE staining assay 
DHE assay kit (Beyotime, China) was used to 

detect the intracellular ROS levels. Briefly, cells were 
pre‐treated with MKC-3946 (40 μM) for 30 min and 
then treated with Ang II (1.0 μM) for 24 hours. Then, 
they were tested by a fluorescent probe (1:1000) and 
incubated at 37℃ for 30 min after washed and 
centrifugation carefully. The fluorescence of DCF was 
measured using a Fluorescence microscope 
(OLYMPUS, Beijing, China). And the mean 
fluorescence intensity was quantitative analyzed by 
Image J software. 

TUNEL staining 
TUNEL kit (Beyotime, China) was used to detect 

tissue apoptosis. Proteinase K working solution was 
diluted with PBS at a final concentration of 20 µg/ml. 

Each section was treated with 20 µl of proteinase K 
working solution at room temperature (RT) for 10 
min. After rinsing with PBS for 2–3 times, each section 
was incubated with 100 µl of 1× equilibration buffer 
for 10–30 min at RT, followed by addition of a 
solution containing 50 µl of TdT enzyme. Then, the 
sections were incubated at 37 °C for 60 min. The 
nuclei were counter-stained with 0.1% DAPI solution. 

RT-PCR 
To examine the downstream UPR genes in 

VSMCs, we performed UPR pathway–specific gene 
expression analyses. Quantitative RT-PCR were 
conducted essentially as previously described [14]. 
PBS washed VSMCs were placed on ice and dissolved 
in TRIZOL (Life Technologies, Shanghai, China) for 
isolation of total RNA following the manufacturer’s 
protocol. Quality of total RNA was ensured on an 
agarose gel and by analyses of the A260/280 ratio. 
The reverse transcription reaction was conducted 
with 1 μg of total RNA using the Super Script reagents 
and oligo (dT) primers (Sangon Biotech, Shanghai, 
China). cDNA was amplified using the primers listed 
in the Table 1. 

Statistical analysis 
All results were obtained and confirmed in at 

least three independent experiments. Data were 
calculated and presented as means ± SD. One-way 
analysis of variance and the Student t test were used 
for calculating statistical significance by Graphpad 
Prism 7.0 (GraphPad Software, San Diego, CA). 
P<0.05 were considered significant. 

 

Table 1: UPR gene primers for quantitative polymerase chain reaction. 

Gene Forward(5'to3') Reverse(5'to3') 
m-Srebf2 GCAGCAACGGGACCATTCT CCCCATGACTAAGTCCTTCAACT 
m-Rpn1 ACGAGCCAGCTCTTTCGTTC GACCGTGAAAAATCTCCCACTT 
m-Cct7 CCAGTTATCCTGTTGAAAGAGGG GACCCAGGGTGGTTCTTACA 
m-Htra2 TAGGACCCCGGATCTCTGG GACCCCAACCCCACAACAG 
m-Creb3 AAGGCTCCGCTGGACTTAGA TGTGGAAGGGAGTAGTTGTGA 
m-Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG 
m-Nucb1 GACACGGGCCTGTACTACC CCATCTGTCTCTAGCACGTTGA 
m-Ganab TGGCCGTGATGACAACAGTG GCGCGAGACTAACTTTATCCGA 
m-Canx ATGGAAGGGAAGTGGTTACTGT GCTTTGTAGGTGACCTTTGGAG 
m-Erp44 TGCGGTCTTCCTGTCTTTAGC AACGACACCAGTCAGCATAAAA 
m-Edem1 AGTCAAATGTGGATATGCTACGC ACAGATATGATATGGCCCTCAGT 
m-Vcp CGACCCAATCGGTTAATTGTTGA AGCTTCCCGTCTTTTCTTTCC 
m-Dnajb9 CTCCACAGTCAGTTTTCGTCTT GGCCTTTTTGATTTGTCGCTC 
m-Dnajb3 CGAGAGGCGGTTCAAGCAG CCCCCGAAGAAGTCGAAGG 
m-Herpud1 GCAGTTGGAGTGTGAGTCG TCTGTGGATTCAGCACCCTTT 
m-Hspa2 GCGTGGGGGTATTCCAACAT TGAGACGCTCGGTGTCAGT 
m-Rnf5 CAAGAATGCCCGGTGTGTAAA GGGTGGAGTTTTCAATCTGGGA 
m-Sec62 AAGGCTGTAGCCAAATATCTTCG CCACAGACTCCCTGGTTGTAAAT 
m-Sec63 TGACAGCGGGAACACCTTC GGCTGGGGTTTTAATAACCGTA 
m-Ufd1I ACCGCTTCTCCACGCAGTAC AGTTGATCGAGGGCTGAGGG 
m-GAPDH TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT 
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Figure 1. XBP1s was significantly increased in vascular smooth cells of human aorta with acute aortic dissection (AD). (A-B) Expression of XBP1s in aortae of normal and AD 
patient is evaluated by western blot and summarized by scatter plot. (C-D) Immunohistochemistry staining shows the expression of XBP1s, CHOP and ATF6 in human AD aorta 
tissues compared with respective control aortae. (E) Double-labeled immunofluorescence assay was used to detect expression of XBP1s in human and mouse aortae. All data 
represent the means ± SEM; * p < 0.05 vs. control; Scale bar=50 μm; n=6/group. 

 

Result 
XBP1s was significantly increased in aortic 
vascular smooth muscle cells of acute aortic 
dissection patient 

Convincing studies have implied an essential 
role of XBP1 splicing during atherosclerosis and post 
injury neointima formation [9-11]. To explore the role 
of XBP1s in acute aortic dissection (AD), we 

determined the relative XBP1s protein expression 
with Western Blot in the human aorta samples. We 
found that the XBP1s’ expression level was 
significantly higher in aortic samples of AD patient in 
compared with the healthy controls (Figures 1A-B). 
At the same time, immunohistochemistry staining of 
XBP1s on the paraffin embedded aorta sections 
further suggested the higher expression pattern and 
intriguingly revealed vascular smooth muscle prone 
staining of XBP1s, as well as other ER stress key 
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effectors such as CHOP and ATF6 (Figures 1C-D). In 
order to determine the cell type specific expression of 
XBP1s, double-labeled immunofluorescence assay 
was performed. As we assumed, the expression of 
XBP1s was exclusively colocalized with vascular 
smooth muscle marker α-SMA in human and mice 
with AD (Figure 1E). These data indicate that within 
aorta of AD, the expression of XBP1s is 
predominantly induced in the vascular smooth 
muscle cell. 

IRE1α endoribonuclease domain inhibitor 
MKC-3946 decreased XBP1s, CHOP, ATF6 
and ATF4 expression in vitro 

Given the observation that XBP1s expression is 
induced in AD, we hypothesized that XBP1s 
participates in the formation and progression of AD. 
To further study the role of XBP1s in AD in vitro, we 
firstly did the dose and time response experiments for 
XBP1s expression induced by Ang II in cultured 
VSMCs and found that Ang II promotes the 
expression of XBP1s in cultured VSMCs (Figures 
2A-B). We know that there are 3 pathways in the ER 
stress response: the PERK (protein kinase R-like ER 
kinase), ATF-6 (activating transcription factor 6), and 
IRE1α (inositol-requiring enzyme 1α) pathways [6]. 
On sensing the accumulation of unfolded proteins, 
IRE1α cleaves unspliced XBP1 (XBP1u) mRNA and 
removes a 26-nucleotide-long intron, resulting in the 
production of a spliced XBP1 (XBP1s) [7]. When we 
used IRE1α endoribonuclease domain inhibitor 
MKC-3946 on cultured VSMCs, the expression of 
XBP1s induced by Ang II treatment was substantially 
suppressed in a concentration dependent manner 
(Figure 2C). Simultaneously, we found that 
MKC-3946 markedly decreased GRP78, CHOP, ATF6 
and ATF4 expression in vitro (Figures 2D-E). 
However, MKC-3946 treatment did not affect the 
IRE1α and p-IRE1α expression level in cultured 
VSMCs (Figures 2D-E). These data show that 
MKC-3946 could effectively suppress the expression 
of XBP1s and other ER stress pathway effectors 
provoked by Ang II in cultured VSMCs in vitro. To 
further prove its functional relevance in ER-stress, we 
examined the downstream XBP1s associated UPR 
genes in VSMCs that were incubated with Ang II 
and/or MKC-3946. As demonstrated in Figures 2F-G, 
Ang II treatment promoted XBP1s-dependent UPR 
gene expression including components of ERAD 
(Htra2, Herpud1, Vcp), protein binding and folding 
(Rpn1, Canx, Cct7, Hspa2, Dnajb9, Erp44), protein ER 
membrane translocation (Sec62, Sec63), cholesterol 
biosynthesis and lipid homeostasis (Srebf2), while 
MKC-3946 treatment reversed these changes. Besides, 
there are several genes (Bax, Creb3, Ganab, Nucb1) 

contributing directly to the apoptotic pathway, 
indicating an important role of VSMC apoptosis in 
AD.  

MKC-3946 treatment can decrease oxidative 
stress, regulate phenotypic switch and inhibit 
apoptosis in VSMC by suppressing nuclear 
translocation of XBP1s in vitro 

We next tried to explore the mechanistic link 
between elevated XBP1s level in VSMCs and AD. 
Interestingly, western blot results showed that Ang II 
treatment induced both cytoplasmic and more 
prominently nuclear levels of XBP1s in VSMCs, which 
was suppressed by MKC-3946 treatment (Figures 
3A-B). Moreover, we also tested the distribution of 
XBP1s in VSMCs by cellular immunofluorescence 
staining, and the results were consistent with our 
western blot findings (Figure 3C). Ang II has been 
shown to activate vascular NAD(P)H oxidase and 
stimulate ROS production in cultured VSMC [14], 
ROS and ROS induced ER stress can trigger the 
apoptosis pathway [15]. Previous studies have shown 
that the switch from a contractile phenotype to a 
synthetic one in VSMC plays an important role in AD 
formation and progression [16-18]. A synthetic VSMC 
phenotype represents a dedifferentiated form 
characterized by increased proliferation, migration 
and extracellular matrix synthesis in concert with 
decreased expression of contractile markers, which 
results in maladaptive phenotype alterations that 
ultimately lead to a proinflammatory state and VSMC 
apoptosis [19, 20]. Interestingly, oxidative stress is 
proved to be a major contributor to this phenotypic 
switch [21, 22]. Furthermore, Ang II elicits many of its 
(patho)physiological actions by stimulating ROS 
generation, and it has been reported to induce the 
synthetic phenotypic switching of VSMC and 
promote AD formation and progression [14, 23]. Thus, 
we hypothesize that Ang II can contribute to AD 
formation and progression via ROS triggered VSMC 
synthetic phenotypic switch and aortic wall 
homeostasis impairment. Therefore, we next 
examined the activation status of ROS-associated 
NAD (P) H subunits gp91 and Cleaved-caspase3, Bax 
and Bcl-2 in VSMCs. Additionally, we also used 
dihydroethidium staining to detect the location of 
superoxide production in VSMCs. We found that 
MKC-3946 treatment can markedly decrease the 
expression of gp91, Cleaved-caspase3, Bax and 
increase the expression of Bcl-2 induced by Ang II in 
cultured VSMCs (Figures 3D, F). Besides, MKC-3946 
treatment could significantly reduce the ROS 
production in cultured VSMCs in vitro, as illustrated 
by the dihydroethidium staining (Figure 3G). 
Subsequently, MKC-3946 treatment could partially 
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reverse the synthetic phenotypic switch of VSMC 
induced by Ang II, as reflected by the upregulation of 
specific molecular markers, including SM22α, α-SMA 
and Calponin. Simultaneously, the Ang II provoked 
expression of MMP2 and MMP9 by VSMC was 
significantly suppressed by MKC-3946 treatment 
(Figures 3E-F). Besides, we conducted the TUNEL 
fluorescent staining experiment and found that 

MKC-3946 treatment could significantly alleviate the 
apoptosis of cultured VSMCs induced by Ang II 
(Figure 3H). Taken together, these results suggest that 
Ang II induced oxidative stress, phenotypic switch 
and apoptosis in VSMCs is highly dependent on 
nuclear translation of XBP1s and could be alleviated 
by MKC-3946 treatment in vitro. 

 

 
Figure 2. IRE1α endoribonuclease domain inhibitor MKC-3946 decreased XBP1s, CHOP, ATF6 and ATF4 expression in vitro. (A-B) Western blotting shows the expression of 
XBP1s was induced by Ang II in a concentration and time dependent manner. (C) Western blotting shows IRE1α endoribonuclease domain inhibitor MKC-3946 can suppress the 
expression of XBP1s induced by Ang II in a concentration dependent manner. VSMCs were preincubated with MKC-3946 in various concentration for 30 min and then treated 
with Ang II (1.0 μM) for 12 hours. (D-E) Western blotting analysis of ER stress related protein in VSMCs. VSMCs were preincubated with MKC-3946 (40 μM) for 30 min and 
then treated with Ang II (1.0 μM) for 12 hours. MKC-3946 treatment can decrease XBP1s, CHOP, ATF6 and ATF4 expression. (F) Heat map summarizes enrichment of 
condition-specific concordant UPR genes. (G) And their impact on regulation of UPR-gene expression. Bar graph summarized the results. At least three independent 
experiments were performed. All data represent the means ± SEM; * p < 0.05 vs. control group; # p < 0.05 vs. Ang II group; One-way ANOVA. 
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Figure 3. MKC-3946 treatment can improve VSMC contractile phenotype and decrease oxidative stress and apoptosis by suppressing nuclear translocation of XBP1s in vitro. 
(A-B) Western blotting shows the expression of XBP1s in cytoplasm and nucleus. MKC-3946 treatment can reduce the expression of XBP1s in cytoplasm and nucleus. (C) 
Cellular immunofluorescence staining shows the distribution of XBP1s in VSMCs. Green represent XBP1s and blue represent nuclear. Scale bar = 10µm. (D) Western blotting 
shows the expression of gp91, Cleaved-caspase3, Bax and Bcl-2 in VSMCs. MKC-3946 can decrease the expression of gp91, Cleaved-caspase3, Bax and increase the expression 
of Bcl-2. (E) Western blotting shows the expression of α-SMA, Calponin and SM22α in VSMCs. MKC-3946 can enhance the expression of α-SMA, Calponin and SM22α. (F) 
Scatter blots summarize results in (E) and (F). (G) Representative images of VSMCs showing DHE fluorescence in different groups. Scale bar=50 μm. DHE, dihydroethidium. (H) 
Representative images of VSMCs showing TUNEL fluorescence in different groups. Green represent TUNEL and blue represent nucleus. Scale bar=100 μm. At least three 
independent experiments were performed. All data represent the means ± SEM; * p < 0.05 vs. control group; # p < 0.05 vs. Ang II group; One-way ANOVA.  
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Figure 4. MKC-3946 treatment alleviated Ang II-induced AD formation and the destruction of the middle layer of aortae in ApoE-/- mice. (A) Schematic illustration of the AD 
experimental mouse model. 8- week-old ApoE-/- male mice were given β-aminopropionitrile (BAPN) at a concentration of 0.1% for 3 weeks at first and infused with saline or Ang 
II (2500 ng/kg/min) via subcutaneous osmotic minipumps for 2 weeks. One group received MKC-3946 100 mg/kg/day intraperitoneally at the same as the Ang II osmotic minipump 
was implanted. (B) Representative images of aortae isolated from ApoE-/- mice in different groups. (C) H&E, α-SMA, MMP2, MMP9 immunohistochemical and elastin van Gieson 
staining of aortae with different interventions are shown. MKC-3946 treatment significantly alleviated Ang II induced aortic elastin degradation in the media and stabilized the 
aortic wall. (D) Quantitative analysis of α-SMA, MMP2 and MMP9. (E) MKC-3946 treatment significantly reduced the incidence of AD. (F-G) MKC-3946 treatment significantly 
decreased the AD lesion lengths and maximal abdominal aortic diameter induced by Ang II infusion. All data represent the means ± SEM; n=6 mice in saline group, n=20 mice in 
Ang II group, n=17 in Ang II+MKC-3946 group; * p < 0.05 vs. saline group; # p < 0.05 vs. Ang II group; One-way ANOVA. 

 

MKC-3946 treatment alleviated Ang 
II-induced AD formation and the destruction 
of the middle layer of aortae in ApoE-/- mice in 
vivo 

To explore the potential therapeutic role of 

MKC-3946 in vivo, we applied an AD mouse model. In 
this model 8-week-old ApoE-/- mice were given BAPN 
(1.0 g/L) into drinking water for 3 weeks and then 
infused of Ang II via osmotic minipumps for 14 days, 
which has been repeatedly demonstrated by us and 
other groups to cause aortic dissection pathology [12] 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

1061 

(Figure 4A). To assessed the histological features of 
the AD, we performed H&E, α-SMA, MMP2, and 
MMP9 immunohistochemical and elastin staining. 
Histologic examination revealed marked enlargement 
of the luminal area, upregulation of MMP2/9 
expression, destruction of the media and marked 
thinning of the adventitia in the Ang II group. 
Surprisingly, these changes were significantly 
alleviated by MKC-3946 treatment (Figures 4B-D). 
Meanwhile, we also found that Ang II-infusion 
resulted in an incidence of AD (75.0%, 15/20) in 
ApoE-/-mice and resulted in a higher maximal aortic 
diameter (1.624±0.107 mm) in ApoE-/- mice than in 
saline group (0.8405±0.04282 mm). MKC-3946 
treatment markedly decreased the incidence of AD 
(41.8%, 7/17) and the maximal aortic diameter 
(1.308±0.08902 mm) induced by Ang II (Figures E-F). 
Similarly, the length of aortic wall destruction due to 
AD was significantly greater in the aortic arch, 
descending thoracic aorta, and total aorta in the Ang 
II group compared with the saline group, while 
MKC-3946 treatment can significantly alleviate it 
(Figure 4G). These dates indicated that MKC-3946 
treatment could protect against Ang II-induced AD 
formation and the destruction of the middle layer of 
aortae in vivo and further showed that XBP1s plays a 
vital role in the formation and progression of AD. 

MKC-3946’s protective effect on AD depend 
on XBP1s associated ROS production and 
apoptosis reduction in aortic smooth muscle 
cells  

Since we have shown that MKC-3946 could 
reduce the XBP1s expression and subsequent ROS 
and apoptosis markers triggered by Ang II in cultured 
VSMCs in vitro, we aim to confirm the above findings 
in vivo. Thus, we firstly evaluated the expression 
levels of XBP1s and CHOP in mouse aortic tissue by 
Ang II infusion and MKC-3946 treatment. As 
expected, immunohistochemical staining shows that 
MKC-3946 treatment markedly reduced the XBP1s 
expression in the middle layer of the mouse aortae, 
and CHOP as well. Furthermore, the expression of 
NAD (P) H subunits gp91 and cleaved-caspase 3 in 
mouse aortae is higher in Ang II group compared to 
saline group, while MKC-3946 treatment can 
significantly reduce their expression (Figures 5A-B). 
Meanwhile, we performed TUNEL staining combined 
with α-SMA immunofluorescent staining on the aortic 
sections from different groups of mice and found that 
Ang II can induce a VSMCs prone apoptosis pattern, 
while MKC-3946 markedly suppressed it (Figure 5C). 
This means that VSMC apoptosis, which mainly 
induced by Ang II dependent XBP1s expression, 
could be blocked by the IRE1α endoribonuclease 

domain inhibitor MKC-3946 in vivo.  
Taken together, the above results indicate that 

XBP1s plays a pivotal role in the formation and 
progression of AD. In detail, Ang II results in ER 
stress and further induces XBP1s expression. 
Subsequently, XBP1s translocates into the nucleus, 
evoking numerous gene transcription, including 
CHOP, gp91phox, Cleaved-caspase3, Bax, and Bcl-2, 
which play important role in VMSCs apoptosis in the 
middle layer of the aorta. Pharmacological inhibition 
of IRE1α endoribonuclease domain by a novel small 
molecular inhibitor MKC-3946 could reduce the 
expression of XBP1s and protect against AD in an Ang 
II induced mouse model by suppressing XBP1s 
associated ROS production, phenotypic switch and 
apoptosis in VSMCs, which potentiates its clinical 
application in the future. 

Discussion 
In the current study, we have shown that Ang II 

elicits overt ER stress in VSMCs, which results in 
maladaptive of the UPR, this further promotes the 
tripartite sensors IRE1α, PERK and ATF6 activation. 
Subsequently, downstream effectors such as XBP1s, 
ATF4, cleaved ATF6, CHOP, excessive ROS 
production and phenotypic switch are induced, these 
together lead to elevated Bax/Bcl-2 ratio, Caspase-3 
cleavage and finally VSMC apoptosis. While 
MKC-3946, a small-molecule IRE1α endoribonuclease 
domain inhibitor, can ameliorate ER stress and 
suppress ROS production by inhibiting the XBP1s 
expression via blocking its mRNA splicing in vitro and 
in vivo, that results in diminished VSMC apoptosis 
and retarded AD formation and progression. 

Our data indicate that Ang II could be an inducer 
of ER stress in VSMC, which is consistent with the 
findings that Ang II treatment increased inflammation 
and ER stress in adipocytes mainly via AT1 receptor 
[24, 25]. Moreover, Chan S et al. clearly demonstrated 
that Ang II could bind to AT1R and induce 
production of ROS in pancreatic beta cells via NADPH 
oxidase (NOX) and IP3 via Gαq/PLCβ. Subsequently, 
ROS possibly sensitizes the IP3R for subsequent 
IP3-dependent calcium release from the ER. This 
causes ER stress and the activation of the UPR, 
including IRE1α activation and XBP1s expression [25]. 
Furthermore, Ang II has been shown to be a potent 
stimulator of vascular NAD(P)H oxidase and 
stimulate ROS production in cultured VSMC [14], 
excessive ROS triggered ER stress could further 
promote mitochondrial dysfunction and apoptosis 
[15]. Whether ROS triggers ER stress or ER stress lead 
to ROS production remains a puzzle [26]. Interesting, 
a dual role of ROS in ER stress signaling has been 
proposed. In homeostatic state ROS works as 
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signaling intermediates that report ER stress to the 
UPR, which in turn mitigates ER stress. While under 
maladaptive state, expression of proteins such as 
CHOP initiate a secondary rise in ROS, which 
contributes to unresolved ER stress and cell death 
[27]. Thus, we hypothesize that ER stress and 
oxidative stress could interact with each other in a 
context dependent manner.  

IRE1α endoribonuclease domain inhibitor 
MKC-3946 has been investigated in multiple myeloma 
as well as acute myeloid leukemia. In these tumor 
cells, IRE1α activation triggered XBP1s expression 
could drive pro-survival pathways, which results in 
anti-tumor drug resistance, while MKC-3946 

treatment could enhance the tumor cell apoptosis 
induced by agents like bortezomib, 17-AAG and 
AS2O3 in vitro and in vivo [13, 28]. These findings 
reported an opposite effect of MKC-3946 on cell 
apoptosis. We speculate that in tumor condition, 
different from normal physiological state, IRE1α 
activation triggered XBP1s expression is required for 
the tumor cell growth and survival, but in normal 
cells, excessive XBP1s production reflect a 
maladaptive ER stress state, which leads to cell 
apoptosis. Hence, in our current study MKC-3946 
treatment could ameliorate ER stress and suppress 
ROS in VSMC in vitro and in vivo.  

 

 
Figure 5. MKC-3946 treatment reduced XBP1s’ expression and alleviated apoptosis of aortic smooth muscle cells. (A) Representative XBP1s, CHOP, Cleaved-caspase3 and 
the subunits of NAD(P)H gp91 immunohistochemical staining images of aortae with indicated interventions. (B) Quantitative analysis of XBP1s, CHOP, Cleaved-caspase3 and the 
subunits of NAD(P)H gp91. (C) Representative images of aortae showing TUNEL fluorescence in different groups. Green represent TUNEL and blue represent nuclear. Scale 
bar=50 μm; All data represent the means ± SEM; Scale bar of H&E=500 μm, Scale bar of other images=50 μm; n=6/group; * p < 0.05 vs. saline group; # p < 0.05 vs. Ang II group; 
One-way ANOVA. 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

1063 

Although we proposed a vital role of 
IRE1α-XBP1s signaling pathway in AD formation and 
progression. We could not exclude other possible 
related mechanisms. Firstly, hyperactivated IRE1α 
could increases TXNIP mRNA stability via miR-17 
degradation, elevated TXNIP protein then activates 
the NLRP3 inflammasome and promote programmed 
cell death in pancreatic β cell [29]. Secondly, IRE1α 
also has a proapoptotic role, it can bind TRAF2, and 
activate ASK1 and JNK, thereby leading to 
caspase-dependent apoptosis [30]. Finally, a recent 
study has shown that under stress condition, 
downregulation of XBP1u could release its binding 
partner Forkhead box protein O 4 (FoxO4), which 
promotes its nuclear translocation. Subsequently, 
FoxO4 triggered genes expression promoted 
proinflammatory and proteolytic phenotypic 
transitioning of VSMC in vitro, and resulted in 
dedifferentiated VSMC and aortic aneurysm 
formation in a mouse aneurysm model [4]. In line 
with this study, we could also show that Ang II 
induced excessive XBP1s expression, that could reflect 
the consumption of XBP1u, while MKC-3946 
treatment may increase the XBP1u protein level and 
protect against VSMC apoptosis via the above 
mentioned XBP1u-FoxO4-myocardin signaling 
pathway. Further study is required to thoroughly 
decipher the underlying mechanisms.  

When analyzing the human aorta samples, we 
found that the XBP1s’ expression level varies among 
AD samples. We speculate that there could be several 
possible reasons as following: 1) Heterogeneity of the 
patient samples, e.g., genetic background, etc., despite 
controlled demographic indices; 2) Different disease 
stage could contribute to these variations; 3) Some 
comorbidities, life style, environmental factors, etc., 
could be the potential reasons; 4) Ang II concentration 
differs among the patients; 5) Sample handling 
process during operation. However, after careful 
analysis, we found that the expression of XBP1s is 
significantly higher in the AD group, which is in 
agreement with our in vitro and in vivo results.  

In conclusion, the current study revealed the 
relevant role of IRE1α-XBP1s signaling pathway in 
AD formation and progression and proved the 
therapeutic potential of the IRE1α endoribonuclease 
domain inhibitor MKC-3946 in AD. This study sheds 
new light on the development of preventive 
pharmacological treatment for this dreadful disease. 
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