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BACKGROUND: Persistent activation of endoplasmic reticulum stress and the unfolded protein response (UPR) induces vascular
cell apoptosis, contributing to atherogenesis. Aging and hypercholesterolemia are 2 independent proatherogenic factors.
How they affect vascular UPR signaling remains unclear.

METHODS AND RESULTS: Transcriptome analysis of aortic tissues from high fat diet-fed and aged ApoE~~ mice revealed 50
overlapping genes enriched for endoplasmic reticulum stress- and UPR-related pathways. Aortae from control, Western
diet (WD)-fed, and aged ApoE~~ mice were assayed for (1) 3 branches of UPR signaling (pancreatic ER elF2-alpha kinase
/alpha subunit of the eukaryotic translation initiation factor 1/activating transcription factor 4, inositol-requiring enzyme 1
alpha/XBP1s, activating transcription factor 6); (2) UPR-mediated protective adaptation (upregulation of immunoglobulin heavy
chain-binding protein and protein disulfide isomerase); and (8) UPR-mediated apoptosis (induction of C/EBP homologous
transcription factor, p-JNK, and cleaved caspase-3). Aortic UPR signaling was differentially regulated in the aged and WD-fed
groups. Consumption of WD activated all 3 UPR branches; in the aged aorta, only the ATF6a arm was activated, but it was 10
times higher than that in the WD group. BiP and protein disulfide isomerase protein levels were significantly decreased only in
the aged aorta despite a 5-fold increase in their mRNA levels. Importantly, the aortae of aged mice exhibited a substantially
enhanced proapoptotic UPR compared with that of WD-fed mice. In lung tissues, UPR activation and the resultant adaptive/
apoptotic responses were not significantly different between the 2 groups.

CONCLUSIONS: Using a mouse model of atherosclerosis, this study provides the first in vivo evidence that aging and an athero-
genic diet activate differential aortic UPR pathways, leading to distinct vascular responses. Compared with dietary interven-
tion, aging is associated with impaired endoplasmic reticulum protein folding and increased aortic apoptosis.
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terized by the accumulation of lipids and fibrous
elements in large arteries. Despite considerable
progress in the prevention and treatment of this con-
dition,'? atherosclerosis remains the leading cause of
death and disability globally.®4 Hypercholesterolemia

Atherosolerosis is a progressive disease charac-

and vascular aging are the 2 strongest risk factors for
atherosclerosis. However, whether differential molecu-
lar mechanisms induced by these 2 risk factors inde-
pendently contribute to atherosclerosis remains unclear.

Numerous studies have demonstrated that excess
lipid accumulation, a prerequisite for atherogenesis,
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CLINICAL PERSPECTIVE

What Is New?

e Aging and hypercholesterolemia can both pro-
mote endoplasmic reticulum stress, but they
activate differential unfolded protein response
pathways in aorta, leading to distinct vascular
responses.

e Distinct from diet-induced hypercholester-
olemia, aging is associated with impaired endo-
plasmic reticulum protein folding machinery and
exacerbated apoptosis in aortic vascular cells.

What Are the Clinical Implications?

e Qur study suggests that the unfolded protein
response in arterial vessels can vary greatly
according to different atherogenic risk factors,
which provides new insights into the develop-
ment of unfolded protein response—based
treatment strategies.

Nonstandard Abbreviations and Acronyms

ATF6a activating transcription factor 6 alpha

BiP immunoglobulin heavy chain-binding
protein

CHOP C/EBP homologous transcription factor

elF2a  alpha subunit of the eukaryotic
translation initiation factor 2

ER endoplasmic reticulum

IRE1a  inositol-requiring enzyme 1 alpha

ND normal chow diet

PDI protein disulfide isomerase

PERK pancreatic ER elF2-alpha kinase

UPR unfolded protein response

WD Western diet

can lead to endoplasmic reticulum (ER) stress, which
is characterized by compromised protein folding and
processing capabilities.>® To cope with ER stress, cells
mount an adaptive response—known as the unfolded
protein response (UPR)—by activating 3 signal trans-
duction pathways that are controlled by their respec-
tive ER-resident transmembrane proteins: pancreatic
ER kinase (PERK), inositol-requiring enzyme 1 alpha
(IRE1q), and activating transcription factor 6 (ATF6).”
These pathways work cooperatively to rapidly lower
the protein load in the ER through the phosphoryla-
tion of alpha subunit of the eukaryotic translation ini-
tiation factor 2 (elF2q), as well as the upregulation of
genes that enhance the ER protein folding machinery
(such as immunoglobulin heavy chain-binding protein
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[BiP] and protein disulfide isomerase [PDI]) and the ER-
associated degradation pathway via the induction of
the transcriptional activators ATF6, ATF4, and XBP1.
However, if these attempts fail to restore ER homeosta-
sis, apoptosis will be executed through the transcrip-
tional induction of CCAAT/enhancer-binding protein
homologous protein (CHOP), a transcription factor that
mediates apoptosis,® as well as the activation of the
c-Jun NH, terminal kinases (UNK), a downstream tar-
get of IRE1a.® UPR components, such as CHOP and
phosphorylated PERK, are reported to be activated in
human and murine atherosclerotic lesions.!®-'

Different from hypercholesterolemia, aging is
thought to be related to dysregulation of the UPR, as
evidenced by the reduced expression and activity of
key ER chaperones and folding enzymes (eg, BiP and
PDI), and the preferential activation of UPR-mediated
proapoptotic signaling, including increased CHOP ex-
pression and JNK phosphorylation.’®™ Nevertheless,
these findings have been largely obtained from re-
search on age-related neurodegenerative diseases,
and it remains unclear how components of the UPR
change in the vascular system of the elderly. In addi-
tion, compared with the ER stress resulting from high
fat diet-induced hypercholesterolemia, the stress as-
sociated with vascular cell aging is more chronic, but
milder. It remains to be determined whether different
UPR signal transduction pathways are stimulated to
adapt to aging-associated chronic stress.

Given the causal relationship that exists between
the UPR/ER stress and atherogenesis, targeting UPR
components represents a promising therapeutic strat-
egy for the treatment of cardiovascular diseases.
However, the major challenge lies in how to selectively
inhibit atherogenic UPR pathways without compro-
mising the protective role of the UPR.'® A better un-
derstanding of how different atherogenic factors (such
as hypercholesterolemia and aging) trigger the UPR-
associated signaling networks may help identify the
critical UPR components that contribute to atherogen-
esis, thus providing new insights into the development
of effective treatments for atherosclerotic cardiovascu-
lar diseases.

In the present study, we compared the 3 arms of
the UPR and their adaptive/apoptotic responses in
aortic and lung tissues of ApoE~~ mice, the most fre-
quently used animal model of atherosclerosis. With
age, these mice can spontaneously develop aortic
lesions, a process that can be greatly accelerated by
Western diet (WD) feeding.'® Herein, we showed that,
different from WD-induced hypercholesterolemia that
triggers all 3 branches of the UPR-related signaling
network, aging selectively stimulated ATF6 activation
and JNK phosphorylation, and greatly upregulated
the transcription of CHOP and the ER chaperones BiP
and PDI. Interestingly, the protein levels of BiP and PDI
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were reduced in the aorta, implying that these proteins
are posttranslationally degraded. Our study provides
the first in vivo evidence for the distinct impacts of hy-
percholesterolemia and aging on the vascular UPR in
a murine model of atherosclerosis.

METHODS

The authors declare that all supporting data are availa-
ble within the article and its online supplementary files.
Additional methods can be found in Data S1.

Animals

All experimental animal procedures were approved
by the Institutional Animal Care and Use Committee
of the Boston University Medical Campus. ApoE-
deficient mice in a C57BL/6J background were ac-
quired from the Jackson Laboratory (#002052, Bar
Harbor, ME). Five-week-old ApoE~~ mice were di-
vided into 3 groups and fed either a normal chow
diet (ND; 4.5% fat, 0.02% cholesterol by weight) for
8 weeks (Young/ND group) or 40-52 weeks (Old/
ND group); or a WD (purchased from Research Diets
Inc., D12079B: 21% fat, 0.21% cholesterol by weight)
for 8 weeks (Young/WD). Only male mice were used
for these experiments.

Tissue Harvesting and Preparation

At the end of the feeding periods, blood was collected
via the retro-orbital sinus with the animals under an-
esthesia (intraperitoneal injection of ketamine [150 mg/
kg] and xylazine [20 mg/kg]). Plasma was prepared by
centrifugation of the collected blood samples at 2000g
for 15 minutes and assayed for cholesterol and triglyc-
erides using Infinity Cholesterol and Triglyceride Stable
Reagents (Thermo Fisher Scientific, Middletown, VA).
The mice were euthanized by cervical dislocation and
immediately perfused with 30 mL of cold phosphate-
buffered saline via the right ventricle to remove blood
components, following which the aortae were care-
fully dissected. The cleared aortae and lungs were
flash-frozen in liquid nitrogen for further biochemical
analysis. Hearts (including aortic roots and ascending
aorta) were removed, cut transversely, and embedded
in optimum cutting temperature compound (Thermo
Fisher Scientific). Serial sections (10-pum thick) of as-
cending aortae were obtained for immunohistochemi-
cal analysis.

Immunofluorescence Analysis of Cross-
Sections of Ascending Aortae of ApoE~/~
Mice

For immunofluorescence studies, fresh-frozen aor-
tic sections were fixed in ice-cold acetone at —20°C
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for 10 minutes, followed by blocking with 2.5% horse
serum for 1 hour. The sections were then incubated
overnight at 4°C with primary antibodies targeting
BiP (Cell Signaling Technology, #3183S, 1:500 dilu-
tion), CHOP (Thermo Fisher Scientific, #MA1-250,
1:500 dilution), and activated caspase-3 (Promega,
#G748A, 1:250 dilution). Primary antibodies were de-
tected using the VectaFluor Excel Amplified Anti-rabbit
IgG Dylight 594 Antibody Kit (Vector Laboratories,
DK-1594). Images were captured with a Nikon wide-
field deconvolution epifluorescence microscope
equipped with a x20 objective using filter sets for
4’ 6-diamidino-2-phenylindole, fluorescein isothiocy-
anate conjugated, and Texas red.

Analysis of Proteins Associated With the
UPR

To analyze the levels of UPR-associated proteins,
Western blotting was conducted, as previously de-
scribed.'” Briefly, frozen aortae and lungs were crushed
to a fine powder in liquid nitrogen using a mortar and
pestle, and then dissolved in radioimmunoprecipitation
assay buffer containing protease and phosphatase in-
hibitors (Millipore Sigma) at 4°C. The cleared lysates
were then suspended in SDS-PAGE sample buffer,
separated by 4% to 12% NuPAGE, and blotted onto
PVDF membranes. The membranes were then probed
with primary antibodies against p-PERK (Abclonal,
#AP0886), p-IRE1a (Thermo Fisher Scientific, #PA1-
16927), IRE1a (Cell Signaling Technology, #3294),
ATF6a (Abcam, ab122897), p-elF2a (Cell Signaling
Technology, #9721), p-JNK (Cell Signaling Technology,
#9255), CHOP (Cell Signaling Technology, #2895S),
BiP (Cell Signaling Technology, #3183S), and cleaved
caspase-3 (Cell Signaling Technology, 9664), fol-
lowed by incubation with the appropriate horseradish
peroxidase—conjugated secondary antibodies (1: 5000
dilution). Membranes were developed with a chemilu-
minescent substrate and imaged using the KwikQuant
Imager system (Kindle Biosciences, LLC). Target pro-
tein band densities were quantified and normalized to
those of GAPDH, beta-actin, or beta-tubulin, as indi-
cated. Band intensity data are expressed relative to the
control group (Young/ND).

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was isolated from the aortae or lungs
using TRIzol reagent (Invitrogen) following the man-
ufacturer’s instructions. One microgram of total
RNA was reverse-transcribed into cDNA using the
HiFiScript gDNA Removal cDNA Synthesis Kit (CW
Biosciences). ATF4, CHOP, total XBP1, spliced
XBP1, BiP, EDEM, Erol, and PDI transcripts were
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quantified in a CFX96 Real-Time Polymerase Chain
Reaction System (Bio-Rad, USA) using a SYBR
Green Polymerase Chain Reaction Master Mix (CW
Biosciences) and the primers listed in Table. Gene
expression levels were quantified using the AACt
threshold cycle method with GAPDH as loading con-
trol, and are presented relative to the control group
(Young/ND). The specificity of the amplicons was
verified by melting curve analysis of the final products
and a primer efficiency test.

Statistical Analysis

Data are presented as means+SEM. Statistical analysis
was performed using GraphPad Prism 8.0 (GraphPad
Software, La Jolla, CA). Differences between 2 groups
were compared by the Mann-Whitney U test.
Comparisons among multiple groups were conducted
by 1-way ANOVA followed by Dunnett’s test. A P<0.05
was considered statistically significant. Combined with
its statistical significance, the effect size that reflects the
magnitude of effects was assessed by using
[Mean(group 1)—Mean(group 2)] O’ZO.Z,

cohen’s d =
\/{[(m —1)xSD12 + (2 - 1)xSD22]/(n1 +n2-2)}

0.5, and 0.8 are regarded as small, medium, and
large effect sizes, respectively. The effect size of the
difference between 2 groups is summarized in
Table S1.

RESULTS

ER Stress- and UPR-Related Genes Were
Enriched in the Aortae of Aged or High

Fat Diet-Fed ApoE~"~ Mice

To test whether ER stress and UPR-related signaling in
the aortae of ApoE~~ mice is modulated by both high fat
diet-induced hypercholesterolemia and aging, we ana-
lyzed the following 2 publicly available transcriptome
data sets obtained from the Gene Expression Omnibus
database: GSE10000, which compares young and
aged ApoE~~ mice, and GSE18443, which compares

Table 1. Primers Used for gPCR
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normal diet- and high fat diet-fed ApoE~"~ mice. We
identified 3115 genes that were differentially expressed
(with an adjusted P value of <0.05) in both high fat
diet-fed and aged ApoE~/"-mice. Of these overlapping
genes, 50 were enriched for those related to ER stress
and the UPR (Figure 1A). Specifically, the expression
of 9 UPR-related genes, including Atféa and Xbp7—
key UPR signaling components—was significantly
changed in both groups, while 2 mitochondrial pro-
apoptotic genes (Bax, Bok) that are known to promote
apoptosis in response to ER stress were significantly
upregulated (Figure 1B). We further analyzed these 2
data sets to identify the overlapping upregulated and
downregulated genes, respectively (Figure 1A). The
gene set enrichment and pathway analyses strongly
supported that ER stress and the UPR in the aorta are
likely affected by both hypercholesterolemia and aging,
thus providing a rationale for further investigation.

Aging and Hypercholesterolemia Trigger

Distinct UPR Signaling Events in the Aorta
As depicted in Figure 2A, 3 groups of ApoE~~ mice
were used in this study: a control (ND) group (13 weeks
old and fed a ND), a WD group (13 weeks old and fed a
WD for 8 weeks), and an aged group (40-52 weeks old
and fed a ND). We first assessed the effects of a WD
and aging on plasma lipid levels in ApoE~~ mice. As
shown in Figure 2B, compared with the control group,
the plasma levels of total cholesterol were significantly
increased (2.9-fold) in the WD group, while the aged
group showed slight, but not significant, increases in
plasma triglyceride levels. No significant differences
were observed in cholesterol levels. These results were
consistent with those previously reported.'®'® Of note,
the basal blood cholesterol levels in young (control)
ApoE~~ mice were 451.6+34.5 mg/dL, which was =4.5-
fold higher than those for C57BL/6 mice (<100 mg/dL).
Next, we further defined the impact of hypercholester-
olemia and aging on UPR-related signaling pathways in
the aorta. As shown in Figure 2A, descending aortae
collected from control, WD, and aged ApoE~"~ mice

Gene Forward Reverse

GAPDH 5"- CATCACTGCCACCCAGAAGACTG-3 5'- ATGCCAGTGAGCTTCCCGTTCAG-3’
Atf4 5- GGGTTCTGTCTTCCACTCCA-3 5- AAGCAGCAGAGTCAGGCTTTC-3
CHOP 5- CCACCACACCTGAAAGCAGAA-3" 5- AGGTGAAAGGCAGGGACTCA-3’
Xbp1 5- TGGCCGGGTCTGCTGAGTCCG-3' 5'- GTCCATGGGAAGATGTTCTGG-3'
X'bpls 5- CTGAGTCCGCAGCAGGTG-3’ 5- TAGCAGACTCTGGGGAAGGA-3’
Bip 5- TTCAGCCAATTATCAGCAAACTCT-3" 5- TTTTCTGATGTATCCTCTTCACCAGT-3"
Edem 5"- CTACCTGCGAAGAGGCCG-3 5'- GTTCATGAGCTGCCCACTGA-3’
Ero1 5- TTCTGCCAGGTTAGTGGTTACC-3' 5- GTTTGACGGCACAGTCTCTTC-3’
Pdi 5- TCTGAGATTCGACTAGCAAAGGT-3" 5- GCCACGGACACCATACTGC-3'

gPCR indicates quantitative polymerase chain reaction.
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A Aorta of ApoE”- mice
Young vs Old Normal vs High-fat diet
(GSE 1000) 6797/ 3115 5689 (GSE 18443)
ER stress
50
9
2
[ . \
Up-regulated genes Down-regulated genes
2284/ 1266 2817 5237/ 1125 3596
13 2
UPR LS
B

Overlapping genes associated with UPR pathways

Gene Description Direction of change
UPR pathways regulators Aging High-fat Diet
XBP1 X-box binding protein 1 1 1
ATF6a Activating transcription factor 6a 1 i
heat shock protein 5 (Endoplasmic
Hspad reticulum chaperone BiP) 1 1
Tmem33 transmembrane protein 33 T 1
Pik3r1 phosp_h0|n03|t|de-3-k|nase regulatory 1 1
subunit 1
protein tyrosine phosphatase, non-
Ptpn2 receptor type 2 t 1
Vaob vesicle-associated membrane protein,
P associated protein B and C ! l
Eif2ak2 eukaryqtlc translation initiation factor 2- | L
alpha kinase 2
Nfe2l2 nuclear factor, erythroid derived 2, like 2 1 1
mitochondrial pro-apoptotic genes
Bax Apoptosis regulator BAX 1 1
Bok BCL2-related ovarian killer T T

Figure 1. Bioinformatic analysis of transcriptome data sets for aortae obtained from aged
ApoE-- mice fed a high-fat diet revealed 50 overlapping genes that are enriched for ER stress-
and UPR-related pathways.

A, Two transcriptome data sets derived from studies on atherosclerosis were retrieved from the NCBI Gene
Expression Omnibus database. One compares the gene expression profile of aortae from normal diet-
and high fat diet—fed ApoE~~ mice (GSE18443), and the other (GSE10000) compares the gene expression
profile of aortae between young and aged ApoE~- mice. DEGs (adjusted P<0.05) in these 2 data sets
were screened and compared with the overlapping DEGs, which were then subjected to Gene Ontology
pathway analysis. The Venn diagram illustrates the overlay of DEGs (3115) between hypercholesterolemia
(high-fat diet vs normal diet) and aging (young vs old); 50 DEGs were enriched for ER stress, while 9 were
associated with UPR-related pathways. The overlapping upregulated or downregulated DEGs in these 2
groups are illustrated in the Venn diagram. B, List of overlapping UPR-related genes in both aging and
high fat diet-fed mice. DEGs indicates differentially expressed genes; ER, endoplasmic reticulum; and
UPR, unfolded protein response.

were subjected to Western blot and quantitative poly- activation was significantly stimulated in both the aged
merase chain reaction analyses of the 3 branches and WD groups, but considerably more so in aged
(ATF6a, PERK, and IRE1q) of the UPR. As measured mice (44.3+6.29- and 10.4+1.61-fold increases in the
by the protein levels of its cleaved form (p50), ATF6 aged and WD groups, respectively; Figure 2C and 2D).
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Figure 2. Assessment of UPR-related signaling in descending aortae of ApoE~- mice from the control, WD-fed, and aged
groups.

A, Schematic detailing the experimental groups and analysis. Descending aortae from ApoE~~ mice from the control (CTL, 13 weeks
old and fed a ND, n=8), WD-fed (13 weeks old and fed a WD for 8 weeks, n=9), and aged (40-52 weeks old and fed a ND, n=12) groups
were assayed for the 3 arms of the UPR (initiated by the ER stress sensors ATF6a [C and D], IRE1a [E through G], and PERK [H through
J]) using Western blotting and qPCR. B, The plasma levels of total cholesterol and triglycerides did not differ significantly between
the aging and WD groups. C and D, In aged mice, ATF6a was activated to a greater extent than that in mice of the WD group as
evidenced by the increased levels of cleaved ATF6a. E through G, In the aged group, the levels of phosphorylated IRE1a and spliced
XBP1, as well as the ratio of spliced to total Xbp7 mRNA, were lower than those in the WD group. H through J, The levels of PERK/
elF2a signaling activation and Atf4 transcription were lower in the aged group than in the WD group. Data are presented as means+SE.
*P<0.05, **P<0.01, ***P<0.001 compared with the control group, unless otherwise indicated. The effect size is assessed by cohen’s
d value. ATF6a indicates activating transcription factor 6 alpha; CTL, control; ER, endoplasmic reticulum; IRE1q, inositol-requiring
enzyme 1 alpha; ND, normal chow diet; PERK, pancreatic ER elF2-alpha kinase; gPCR, quantitative polymerase chain reaction; UPR,
unfolded protein response; and WD, Western diet.
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Figure 3. Inaged ApoE~"~ mice, the protein levels of the ER chaperones BiP and PDI are reduced,
whereas their mRNA levels are significantly upregulated.

A and B, The protein levels of BiP and PDI were decreased in the aged group. C and D, The mRNA levels
of Bip and Pdi were increased in the aortae of mice from the aged group. C and D, Immunofluorescence
analysis of BiP expression in the aortae from each group of ApoE~~ mice. Fresh and frozen cross-sections
of aortae without evident lesions were immunostained for BiP (E) and fluorescence (red) was then
quantified using Imaged (F). Nuclei were counterstained with DAPI (blue), and elastin was visualized via its
autofluorescence (green). The vessels are outlined in white dashed lines; purple boxes indicate the areas
shown in higher magnification below the corresponding images. For each aortic cross-section, the red
fluorescence intensity was measured in 3 to 5 randomly selected image fields, averaged, and expressed
as arbitrary units (a.u.; n=4-6). Data are presented as means+SE. *P<0.05, **P<0.01, ***P<0.001 vs the
control group, unless otherwise indicated. The effect size is assessed by cohen’s d value. BiP indicates
immunoglobulin heavy chain-binding protein; CTL, control; DAPI, 4’,6-diamidino-2-phenylindole; ER,
endoplasmic reticulum; PDI, protein disulfide isomerase; and WD, Western diet. Magnification=200x,
Scale bar=50 pm.

In contrast, the other 2 arms of the UPR (activated by ~ with the control group, p-IRE1a and total IRE1a lev-
IRE1a and PERK) were only significantly activated in the els were increased by 213+0.13- and 3.38+0.22-fold,
WD group, but not in the aged group (Figure 2E through respectively, in WD-fed mice (Figure 2E and 2F). The
2l). Regarding the IRE1a-activated pathway, compared mMRNA encoding the transcription factor XBP1 is spliced

J Am Heart Assoc. 2021;10:e020441. DOI: 10.1161/JAHA.120.020441 7



Zhou et al

by IRE1q, and is its only known substrate. This splic-
ing event alters the XBP1 reading frame, resulting in
an activated XBP1 protein capable of inducing the ex-
pression of UPR-related genes.'® Coincident with the
IRE1a results, consuming a WD, but not aging, stim-
ulated XBP1 activation, as evidenced by the increase
in the levels of truncated XBP1 protein, as well as the
ratio of spliced to total Xbp7 mMRNA (Figure 2E through
2@). For the PERK/elF2a/ATF4 signal transduction path-
way, compared with the control group, PERK and its
downstream target, elF2a, were both activated in the
WD group, which was supported by the significant in-
crease observed in the levels of phosphorylated PERK
and elF2a (1.67+0.06- and 2.16+0.08-fold, respectively;
Figure 2H and 2I). Moreover, the mRNA levels of Atf4, a
target gene of elF2a, were also significantly increased
in the WD group (4.14+1.0-fold; Figure 2J). Collectively,
these results indicated that UPR-related signaling in ar-
terial vessels is differentially regulated under aging and
hypercholesterolemia. Specifically, the ATF6-initiated
UPR pathway, required for the transcriptional induction
of ER chaperones and the ER-associated degradation
machinery, is selectively activated under aging, whereas
hypercholesterolemia activates all 3 branches of the
UPR.

Activity of the ER Protein Folding
Machinery Is Reduced in Aged Aortae
UPR-associated signaling counteracts ER stress pri-
marily by improving the protein-folding capacity of the
ER, thereby maintaining its protein processing abil-
ity.?® Herein, we evaluated the effects of aging and
hypercholesterolemia on the key components of the
ER protein-folding machinery (BiP and PDI) in the
aorta. As shown in Figure 3A and 3B, the protein lev-
els of BiP and PDI in aortic lysates were reduced by
~51%, and =47%, respectively, in aged ApoE~~ mice
compared with those in their young counterparts.
In contrast, Bip and Pdi mRNA levels were signifi-
cantly higher in the aged group than in the control
group (6.73+1.40- and 4.72+0.95-fold, respectively),
whereas only Bip was transcriptionally upregulated in
mice of the WD group (Figure 3C and 3D). Similarly,
immunostaining analysis of aortic cross-sections
supported that vascular BiP was differentially regu-
lated following the consumption of a WD and aging
(Figure 3E and 3F). The immunofluorescence signal
intensity of BiP was significantly lower (=34%) in aged
aortae than in WD aortae. Taken together, our data
demonstrated that hypercholesterolemia promoted
the expression of ER chaperones, which is essen-
tial for the UPR-mediated restoration of ER homeo-
stasis. In contrast, in aged aortae, BiP and PDI were
transcriptionally upregulated, whereas their protein
levels were diminished, implying the involvement of
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posttranslational modulation. For instance, the oxi-
dation of BiP and PDI has been reported to be in-
creased in the liver of aging rats, and is related to a
decrease in their expression and activity.?!

UPR-Mediated Apoptosis Is Highly
Activated in Aged Aortae

In response to ER stress, the UPR helps maintain the
functionality of the ER protein-folding machinery. Under
persistent stress, however, the UPR can instead facili-
tate apoptosis, mainly through the activation of CHOP-
and JNK-mediated apoptotic pathways. Therefore,
we compared the effects of aging and hypercholes-
terolemia on UPR-mediated proapoptotic signaling in
ApoE~~ mice (Figure 4). Compared with the control
group, the protein levels of CHOP and p-JNK were sig-
nificantly upregulated in aortic tissue of both WD-fed
(7.43+0.72- and 7.22+0.88-fold, respectively) and aged
ApoE~"~ mice (22.8+3.0- and 11.6+1.82-fold, respec-
tively) (Figure 4A and 4B). Consistent with the protein
levels, CHOP transcript levels were highly upregulated
in these 2 groups (2.68+0.57-fold and 5.37+1.40-fold,
respectively; Figure 4C). Fluorescence immunostaining
analysis of cross-sections of ascending aortae con-
firmed that CHOP expression was upregulated in aged
mice relative to that in the control group (Figure 4D and
4E).

We further assessed the extent of cellular apop-
tosis in the aorta by measuring the levels of cleaved
caspase-3, a surrogate marker for apoptosis and a
downstream target of the CHOP and JNK pathways.??
Consistent with our CHOP and p-JNK findings, the
levels of cleaved caspase-3 in the aortae of WD-fed
and aged ApoE~~ mice were significantly induced
compared with those in the control group (2.14+0.22-
and 3.20+0.23-fold, respectively; Figure 4A and 4B);
however, no significant difference was seen be-
tween the WD and aged groups (P>0.05). Similarly,
immunofluorescence analysis indicated that cleaved
caspase-3 levels were significantly higher in the aged
group (1.78+0.28-fold; Figure 4F and 4G). Collectively,
these data demonstrated that both aging and hyper-
cholesterolemia can induce UPR-mediated proapop-
totic signaling pathways and cellular apoptosis in the
aorta. Nevertheless, this effect was more pronounced
with aging.

Difference Between Aging- and WD-
Triggered UPR Signaling Is Diminished in
the Lungs of ApoE~- Mice

We next examined whether aging and hypercholester-
olemia have different effects on UPR-related signaling
in the lungs of ApoE~~ mice that are rich in microvas-
cular vessels. As summarized in Figure 5, compared
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Figure 4. Aging preferentially activates UPR-mediated proapoptotic signaling in the aortae of
ApoE~'- mice.

A through C, Aortae derived from aged ApoE~~ mice displayed a significant increase in the levels of the
apoptosis executor CHOP (protein and mRNA), phosphorylated JNK, and cleaved Casp-3 relative to
WD-fed mice. D through G, Immunofluorescence analysis of the aortic expression of CHOP (D and E),
and cleaved Casp-3 (F and G) in each group. Fresh and frozen cross-sections of aortae without evident
lesions were immunostained for CHOP (D) or cleaved Casp-3 (F), and their fluorescence signals (red) were
quantified using ImagedJ (E and G, respectively). Nuclei were counterstained with DAPI (blue), and elastin
was visualized via its autofluorescence (green). The yellow boxes indicate the areas shown in higher
magnification below the corresponding images. From each aortic cross-section, the red fluorescence
intensity was quantified in 3 to 5 randomly selected image fields, averaged, and expressed as arbitrary
units (a.u.; n=3-5). Data are presented as means+SE. *P<0.05, **P<0.01 vs the control group, unless
otherwise indicated. The effect size is assessed by cohen’s d value. Casp-3 indicates caspase-3;
CHOP, C/EBP homologous transcription factor; CTL, control; DAPI, 4’,6-diamidino-2-phenylindole; UPR,
unfolded protein response; and WD, Western diet. Scale bar=50 pm.

with the control group, all 3 UPR signaling pathways
were activated in WD-fed mice, and to a lesser ex-
tent also in aged mice. Specifically, ATF6a activa-
tion was increased in both the WD and aged groups.
However, in contrast to the result observed in the aorta
(Figure 2), aging induced less ATF6a activation than hy-
percholesterolemia (2.78+0.31- versus 12.7+1.06-fold,

respectively; Figure 5A and 5B). Although the IRE1a
and PERK pathways were activated in the WD group,
the mRNA levels of Atf4 and the ratio of spliced to total
XBP1—downstream effectors of these 2 arms of the
UPR—were not significantly upregulated. Combined,
these data suggested that aging and hypercholester-
olemia exert limited influence on UPR-related signaling
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Figure 5. Assessment of UPR-related signaling in lung tissues obtained from control, WD-fed, and aged ApoE~'~ mice.

Lung tissues from ApoE~- mice in the 3 groups were assessed for the activation of the 3 arms of the UPR (initiated by the endoplasmic
reticulum stress sensors ATF6a (A and B), IRE1a (C through E), and PERK (F through H) using Western blotting and gPCR. In contrast to
that observed in the aorta, the levels of ATF6a and p-IRE1a/XBP1 signal activation were lower in the aged group than in the WD group;
the PERK/pelF2a/ATF4 pathway was not significantly activated by either aging or a WD, but compared with the WD group, p-IRE1a level
was significantly lower, ***P<0.001. Data are presented as means+SE (n=6-8); *P<0.05, **P<0.01 vs the control group, unless otherwise
indicated. The effect size is assessed by cohen’s d value. ATF6a indicates activating transcription factor 6 alpha; CTL, control; IRE1q,
inositol-requiring enzyme 1 alpha; pelF2a, alpha subunit of the eukaryotic translation initiation factor 2; PERK, pancreatic ER elF2-alpha
kinase; gPCR, quantitative polymerase chain reaction; UPR, unfolded protein response; and WD, Western diet.

in the lungs of ApoE~~ mice, in contrast to that ob- of the UPR in the lungs, no significant changes were

served with the aorta. observed in ER chaperone levels or proapoptotic
signaling in the lungs of mice from the 3 experimental
Hypercholesterolemia and Aging Do groups (Figure 6). The protein and mRNA levels of the

S . key ER protein-folding components (ie, BiP and PDI)
Not Significantly Affect Adaptive and did not differ significantly among the 3 groups, even

Apoptotic _UPR Signaling in the Lungs of though the protein levels of BiP and PDI in the aged
ApoE~'"~ Mice group showed a tendency to decrease (Figure 6A
In line with the findings that hypercholesterolemia  through 6C). Moreover, CHOP expression levels were
and aging have a limited impact on the 3 branches not altered either in the WD or in the aged group,
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Figure 6. Inlung tissues, ER chaperone and CHOP levels were not significantly altered by either the consumption of a WD
or aging when compared with the control group.

Lung tissues from the 3 groups of ApoE~~ mice were assessed for the activation of the unfolded protein response-mediated adaptive
response (upregulation of the levels of the ER chaperones BiP and PDI; A through D) and apoptosis (increased expression of CHOP,
p-JNK, and cleaved caspase-3; E through G). Only p-JNK was markedly induced in the WD and aged groups. Data are presented as
means+SE (n=6-8); *P<0.05, **P<0.01 vs the control group, unless otherwise indicated. The effect size is assessed by cohen’s d value.
BiP indicates immunoglobulin heavy chain-binding protein; Casp-3, caspase-3; CHOP, C/EBP homologous transcription factor; CTL,
control; ER, endoplasmic reticulum; ns, no significance; PDI, protein disulfide isomerase; and WD, Western diet.

while JNK phosphorylation was stimulated in these 2

groups to an extent similar to that of the control group DISCUSSION

(7.55+0.57- and 7.08+0.52-fold, respectively). Cleaved Our study demonstrated that hypercholesterolemia
caspase-3, a marker of apoptosis, was not induced and aging, 2 strong risk factors for atherosclero-
in the lungs of mice from the WD and aged groups  Sis, elicit distinct UPR signaling responses in the
(Figure 6D and 6E). vascular system of ApoE~~ mice, as summarized
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in Figure 7. Specifically, aging can selectively acti-
vate ATF6 signaling in the aorta, but without sig-
nificantly affecting the IRE1a/XBP1 and PERK/elF1a
axes; in contrast, hypercholesterolemia can stimu-
late all 3 UPR activation pathways. In aged aortae,
the protein levels of the ER chaperones BiP and PDI
were diminished, despite their marked upregula-
tion at the mRNA level, which is usually indicative

Aging and Hypercholesterolemia Induce Distinct UPR

of adaptive UPR activation. In contrast, compared
with WD-fed mice, the expression of CHOP, p-JNK,
and cleaved caspase-3 was greatly increased in
the aged mice, indicating that UPR-mediated apop-
tosis is enhanced with aging. This study provides
the first in vivo evidence that vascular cells respond
differently to aging and hypercholesterolemia with
respect to UPR activation, which may contribute
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Figure 7. Schematic summary detailing the distinct UPR pathways regulated by hypercholesterolemia
and aging within aortic and lung tissues in a murine model of atherosclerosis.

In ApoE~~ mice, the consumption of a WD induces hypercholesterolemia, and activates the 3 branches of
the unfolded protein response (UPR) that are initiated by the activation of ATF6a (orange), PERK (blue), and
IRE1a (gray) in the endoplasmic reticulum (ER). Key activated signaling components (red) were assessed
by Western blotting and are indicated by green arrows. The activation of these 3 pathways results in the
transcriptional upregulation of genes that facilitate adaptation (Bip and Pdi) and apoptosis (Chop) through
ATF6a, ATF4, and XBP1s. Collectively, UPR-related signaling cascades and the downstream transcription
activation steps determine the balance between adaptation and apoptosis. Aging selectively activates the
ATF6a pathway, which tips the balance toward apoptosis. ATF6a indicates activating transcription factor 6
alpha; BiP, immunoglobulin heavy chain-binding protein; CHOP, C/EBP homologous transcription factor; ER,
endoplasmic reticulum; IRE1q, inositol-requiring enzyme 1 alpha; ND, normal chow diet; PDI, protein disulfide
isomerase; p-elF2a, phosphorylated alpha subunit of the eukaryotic translation initiation factor 2; p-PERK,
phosphorylated pancreatic ER elF2-alpha kinase; UPR, unfolded protein response; and WD, Western diet.

J Am Heart Assoc. 2021;10:e020441. DOI: 10.1161/JAHA.120.020441

12



Zhou et al

to the differential effects of these 2 risk factors on
atherosclerosis.

The main finding of this study was that distinct UPR-
related pathways are activated by hypercholesterol-
emia and aging, even though these proatherogenic
factors are both well-recognized ER stressors. Several
human and animal studies have indicated that elevated
concentrations of free cholesterol or oxidized polyun-
saturated fatty acids can directly induce ER stress and
activate the UPR in endothelial cells, smooth muscle
cells, and macrophages in the arterial wall.'®?3-27 |n line
with these reports, our results demonstrated that hy-
percholesterolemia because of the consumption of a
WD can stimulate all 3 branches of the UPR, leading
to the activation of both adaptive and apoptotic re-
sponses (Figures 2 and 4). The UPR is thought to be
impaired with aging, as manifested by the decreased
expression and activity of the ER-resident chaperones
BiP and PDI,?®?° as well as the insufficient activa-
tion of UPR signaling pathways, such as the PERK/
XBP1 pathway®?; this impaired ER quality control sys-
tem, which aggravates ER stress and induces apop-
tosis, is implicated in the pathogenesis of age-onset
diseases.®' Interestingly, our study showed that the
ATF6a branch is selectively activated in the aged aorta,
suggesting that ATF6a may play an important role in
regulating aging-related ER stress and arterial vascular
responses. Additionally, the age-related hyperactiva-
tion of ATF6a seems to be tissue-specific, because no
significant activation was observed in the lung tissues
of ApoE~~ mice (Figures 4 and 5). Because ATF6a is
required to induce the expression of genes that main-
tain the protein-processing ability of the ER, including
those coding for chaperones and elements of the ER
degradation machinery, Atf6éa-null cells are partic-
ularly sensitive to long-term or repeated stress.3233
This suggests that ATF6a hyperactivation represents
a mechanism that allows vascular cells to specifically
adapt to aging-associated chronic stress. In support
of this, we found that the transcription of the key ER
chaperones—BiP and PDI—was enhanced in the aged
aorta, and that their induction was likely to be primarily
mediated by ATF6a activation as the PERK and IRE1a
pathways, which also contribute to the upregulation of
genes encoding ER chaperones, were suppressed.
Similarly, the selective suppression of the PERK and
IRE1a branches of the UPR may also explain how
vascular cells adapt to aging-induced chronic stress.
PERK/elF2a signaling is an acute stress response that
can rapidly inhibit protein translation and relieve ER
stress by immediately reducing the protein load.®* The
most likely cause for this rapid downregulation is that
this pathway activates CHOP-mediated apoptosis.3®
Prolonged IRE1a signaling may also be anti-adaptive
because IRE1a signaling is related to the activation of
the proapoptotic JNK pathway.3®
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Another major finding of this study was that, in the
aging aorta, the protein levels of the ER chaperones
BiP and PDI were markedly downregulated despite
their significant transcriptional induction, whereas
CHOP and apoptosis-related signaling was highly stim-
ulated (Figures 4 and 5). These results suggest that the
role of the adaptive UPR (ie, the activation of ATF6 and
the inhibition of the PERK and IRE1a pathways) may
be to facilitate the adaptation to aging-related chronic
stress, but that the upregulated ER chaperones may
subsequently be degraded in aging cells, for example,
through oxidation, as has been observed in the aging
liver and brain tissues.?®?° The resultant defective pro-
tein folding and processing in the ER may aggravate
ER stress, thus triggering a shift in the UPR from an
adaptive response to apoptosis, as evidenced by the
increased activation of CHOP and JNK. There are sev-
eral lines of evidence to support that the inhibition of BiP
can promote CHOP expression and apoptosis during
prolonged ER stress, whereas increased expression of
BiP allows cells to escape apoptosis.®-3 Accordingly,
restoring ER oxidative homeostasis and preserving the
ER protein-folding machinery may reshape the balance
between adaptation and apoptosis, and may represent
a new and effective therapeutic target for the treatment
of atherosclerosis or other aging-related diseases.

We used the well-established ApoE~~ mouse model
of atherosclerosis to study the effects of aging and WD-
induced hypercholesterolemia on UPR activation in the
vascular system. APOE is a major antiatherogenic lipopro-
tein synthesized in the liver, neurons, and macrophages,
and mediates the transport and clearance of circulating
cholesterol.3° Therefore, its deficiency disrupts cholesterol
metabolism, and the plasma cholesterol levels of ApoE~"~
mice are several-fold higher than those of the background
C57BL6J strain.®® In these mice, as they age, lesions
develop spontaneously in the major large arteries, while
feeding them a WD greatly increases their plasma cho-
lesterol levels and accelerates the formation of lesions.6:'8
That the plasma cholesterol levels do not change signifi-
cantly with age helps to shed some light on the impact
of aging on the vascular UPR. However, it is not possi-
ble to completely differentiate between the effects of age
and the elevated basal cholesterol levels in ApoE~~ mice
fed a chow diet. The higher plasma cholesterol concen-
trations may lead to additional ER stress and UPR acti-
vation in addition to that normally induced by aging and
may not fully reflect the vascular ER stress and UPR of
aged C57BL6 mice. This represents a major limitation of
our study. The elevated basal cholesterol level may cause
mild and chronic ER stress in arterial vascular cells, pos-
sibly resulting in the desensitization of the UPR. This may
help explain the decreased activation of the PERK and IRE
pathways observed in aged aorta. To test whether the aor-
tic UPR signaling in young ApoE~- mice differed from that
of C57BL6 mice, we performed a comparative analysis of
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UPR-related gene expression in aortae from ApoE~~ and
C57BL6 mice at 14 and 30 weeks of age using a publicly
available transcriptome data set (GSE163657). Principal
component analysis indicated that the expression profile of
UPR-related genes was similar between young (14 weeks
of age) C57BL6 and ApoE~~ mice, but showed significant
differences at 30 weeks of age (Figure S1). This suggests
that, at a young age, ApoE~~ mice can cope well with the
ER stress imposed by the elevated basal cholesterol lev-
els; with aging, however, the age-related ER functional de-
cline and the high cholesterol levels synergically promote
UPR dysfunction.

In addition, given the antioxidant properties of APOE
proteins, ApoE deficiency is likely to cause oxidative
stress,*" which may accelerate UPR failure. Notably, in
candidate gene and genome-wide association stud-
ies, ApoE was the first gene identified as being con-
sistently associated with longevity. Compared with
C57BL6 mice at the same age, ApoE~"~ mice display
cell senescence markers in the aorta, indicative of ag-
gravated vascular aging.*>*® Accordingly, ApoE~"~ mice
could be used as an animal model to investigate the
in vivo UPR response to chronic stress, as well as the
UPR-related mechanisms that drive vascular aging and
atherosclerosis.

CONCLUSIONS

Although both age and hypercholesterolemia (the
strongest risk factors for atherosclerosis) can cause
ER stress, they activate distinct UPR signaling net-
works and trigger differential responses in the aortae
of atherosclerotic mice. Importantly, we found that
while hypercholesterolemia activates all 3 arms of the
UPR, aging selectively stimulates the ATF6a pathway,
and aged mice exhibit an impaired ER protein-folding
capacity and increased levels of apoptosis. This study
improves our understanding of vascular ER stress and
the UPR triggered by different risk factors, and pro-
vides new insights into the development of effective
UPR-targeted therapeutics for the treatment of athero-
sclerotic cardiovascular diseases.
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Data S1.

Supplemental Materials and Methods

principal component analysis (PCA): PCA was used to establish similarity or dissimilarity between
the expression profile of UPR-related genes in aortae from ApoE~- and C57BL6 mice aged at 14 and
30 weeks. The transcriptome dataset for PCA analysis was obtained from Gene Expression Omnibus
database: GSE163657, which compared aortic gene expression profiles of ApoE”- and C57BL6 mice
at different ages; they are all on a normal chow diet. Data analysis was carried out using the PCA
tools package in R (v3.1.2). The obtained five-component model explained 94.58% of the total
variance. The five principle components account for 44.31%, 17.19%, 16.13%, 12.83%, and 4.12% of

total variability, respectively.



TableS1. Effect size of compared groups.

Variable Groups of effect size
Name comparison | Meanl | Mean2 | SD1 SD2 | N1 | N2 | p-value | (cohen's d)
plasma control vs WD | 71.38 127.4 13.36 32.68 0.0175 | 2.243968927

triglyceride control vs aged | 71.38 94.68 13.36 | 47.52 0.9655 | 0.667536833
plasma control vs WD | 451.6 1307 97.51 116 0.004 7.98286128

cholesterol control vs aged | 451.6 537.2 97.51 161.3 >0.999 | 0.642267991

controlvs WD | 1.016 10.39 0.1708 | 3.94 0.0012 3.524933529

Cleaved ATF6a

in aorta control vs aged | 1.016 44,31 0.1708 | 15.39

0.0012 4.172230956

WD vs aged 10.39 4431 3.94 15.39 0.0022 3.019583706

~N |o|~N|~N|o|o|~N|~
o |o|lo|o|m|o|~|~

p-IREla protein

X controlvs WD | 1.11714 | 2.13167 | 0.17337 | 0.31884
levels in aorta

<0.0001 | 4.054775543

IREla protein

. controlvs WD | 1.00857 | 3.37667 | 0.2166 | 0.54106 | 7 6 <0.0001 | 5.945255658
levels in aorta

XBP1s protein

. controlvs WD | 0.99143 | 2.345 0.13018 | 0.34807 | 7 6 <0.0001 | 5.337452593
levels in aorta

xBP1s/total
xBP1 mRNA WD vs aged 1.204 0.535 0.5093 | 0.1972 |9 12 | 0.0003 1.843252362
ratio in aorta

p-PERK protein | control vs WD | 0.69429 | 1.15667 | 0.09217 | 0.14052 | 7 | 6 | 0.004 3.963496421
levels in aorta

p-elFZa_l protein | controlvs WD | 0.80714 | 1.74833 | 0.16408 | 0.19854 | 6 7 <0.0001 | 5.124095839
levels in aorta

ATF4 mRNA control vs WD | 0.9193 4.144 0.2781 | 3.001 8 9 0.0014 1.465879893

levels in aorta | control vs aged | 0.9193 2.583 0.2781 | 1.458 8 12 | 0.0475 1.443069611

BiP protein | control vs aged | 1.15171 | 0.485 | 0.30613 | 0.31984 | 7 |6 |0.0087 | 2.133936023
levels in aorta

PDIprotein | control vs aged | 1.13571 | 0.52833 | 0.15608 | 0.15446 | 7 |6 | 0.0177 | 3.909869396
levels in aorta

BiP mRNA controlvs WD | 0.9813 |4.144 |0.2693 |3.001 |8 |9 |0.00561 | 1.438030056
levels in aorta | control vs aged | 0.9813 | 6.734 | 0.2693 [3.962 |8 |8 |0.0002 | 2.048666845
PDImMRNA | controlvs WD | 1.03 1303 |02762 |0328 |3 |4 |>0.999 |0.885426214
levelsinaorta | "controlvs aged | 1.03 [ 4722 [0.2762 [2.33 |3 |6 |0.0129 | 1.869617105
BIP fluor.
intensity in WD vs aged 1157 769.3 62.51 124.5 4 5 0.0159 3.777825099
aorta
control vs WD | 1.01 7.43 0.19459 | 1.76686 | 7 |6 | 0.007 | 5.350641845
CHOP protein
levels in aorta | control vs aged | 1.01 2277 |0.19459 | 7.33366 | 7 |6 | <0.0001 |4.399119777
WD vs aged | 7.43 2277 | 1.76686 | 7.33366 | 6 |6 | <0.0001 | 2.875856956
p-INK protein controlvs WD | 990143 | 7.21833 | 0.27883 | 1.97866 | 7 | 6 | 0.0009 | 4.679834322
levels in aorta | control vs aged | 0.90143 | 11.5733 | 0.27883 | 4.44582 | 7 |6 | <0.0001 | 3.552045238
WD vs aged | 7.21833 | 11.5733 | 1.97866 | 4.44582 |6 |6 | 0.0335 | 1.265634319
cleaved control vs WD | 1.03571 | 2.14167 | 04432 | 053237 |7 |6 | 0.0082 | 2.276718342
caspase 3 control vs aged | 1.03571 | 3.2 0.4432 |0.56391 |7 |6 |0.0012 | 4.314029088
levelsinaorta | wpvsaged | 214167 | 3.2 0.53237 | 056391 | 6 |6 |0.017 | 1.929966378




Variable Groups of effect size
Name comparison | Meanl | Mean2 SD1 SD2 N1 | N2 | p-value | (cohen's d)
CHOP MRNA controlvs WD | 08867 |2.684 |0.2951 |1.694 |8 |9 |0.0386 | 1.433893968
levels in aorta | Controlvs aged | 0.8867 | 5.365 | 0.2951 [4.852 |8 |12 |0.0176 |1.179293059
WD vs aged | 2.684 5.365 1.694 |4.852 |9 |12 |>0.999 | 0.696004723
CHOP fluor. controlvs WD | 49 1 686.3 41.14 153.9 5 |5 ]0.1887 | 2.345425267
i”tzr(‘)srig in | controlvs aged | 422.1 | 987.7 |41.14 1893 |5 |6 |0.0016 | 3.934969612
WD vs aged | 686.3 987.7 1539 [189.3 |5 |6 |0.381 1.727658696
Cca:é%aa\gidg, controlvs WD 1 7199|1055 | 7909 |141.7 |5 |5 |0.0585 | 2.91944004
fluor. Intensity | control vs aged | 719.9 1115 79.19 182.4 5 |5 0.012 2.809954018
in aorta WD vs aged | 1055 1115 1417 1824 |5 |5 |>0.999 | 0.367370713
cleaved ATF6a | controlvs WD | 1 446 12.67 | 0.726 | 2584 |7 |6 |0.001 6.157632433
inlungtissues | controlvs aged | 1.446 | 2317 | 0726|1191 |7 |6 | 0.6457 | 0.90208946
P-IRE-1a 1 controlvs WD | 1006 | 2.48 0256 |0312 |7 |6 |<0.0001 |4.433720747
protein levels in
lung tissues | control vs aged | 1 226 2427 0256 |0416 |7 |6 |<0.0001 | 3.550695504
vazllssif]rﬂ%” conrolvs WD | 1057 | 2318 |0228 |0251 |7 |6 |<0.0001 |4.444362496
tissues control vs aged | 1 257 0.675 |0.228 |0.172 |7 |6 |0.0015 | 2.84658076
p-elF2a protein | _controlvs WD | 1.33 2.01 0.2812 |0.2691 |7 |6 |0.091 2.465860304
levels inlung | control vs aged | 1.33 0.815 |0.2812 |0.1825 |7 |6 |0.181 | 2.133457912
tissues WDvs aged | 201 0.815 |0.2691 |0.1825 |6 |6 |0.0003 |5.197591562
BiP protein controlvs WD | 1.1 1.32167 | 0.26357 | 0.20527 |7 |6 | 0.078 0.928101844
levels in lung | control vs aged | 1.1 0.83 0.26357 | 0.18144 |7 |6 | 0.0262 | 1.174417714
tissues WD vs aged | 1.32167 | 0.83 0.20527 | 0.18144 |6 |6 | 0.001 2.537997131
PDI protein controlvs WD | 9.92429 | 0.57 0.12205 | 0.14353 |7 |6 0.003 2.679043086
levelsinlung | control vs aged | 0.92429 | 0.64 0.12205 | 0.06164 | 7 |6 | 0.774 | 2.864138267
fissues WDvsaged | 057 064 | 014353 | 006164 |6 |6 |0.0185 |0.633750222
CHOP protein |_controlvs WD | 0.86 1.14833 | 0.15481 | 0.19426 | 7 |6 | 0.7314 | 1.658464789
levels in lung | control vs aged | 0.86 1.365 | 0.15481 | 0.23628 |7 |6 |0.8482 | 2575391192
tissues WD vs aged | 1.14833 | 1.365 | 0.19426 | 0.23628 |6 |6 | 0.3888 | 1.001720406
P-JNK protein |_controlvs WD [ 1.31 7.54833 | 0.6758 |1.40585 |7 |6 [ <0.0001 | 5.823659265
levels in lung | control vs aged | 1.31 7.08 0.6758 |1.27433|7 |6 <0.0001 | 5.807125906
tissues WD vs aged | 7.54833 | 7.08 1.40585 | 1.27433 |6 |6 0.467 0.349058735
Cg'sepag’seed 3 control vs WD | 1.00286 | 1.28667 | 0.36358 | 0.24402 |7 |6 | 0.7385 | 0.901229867
levels in lung | controlvs aged | 1.00286 | 1.225 | 0.36358 | 0.145 |7 |6 |0.8301 | 0.777366402
tissues WDvs aged |1.28667 | 1.225 | 0.24402 |0.145 |6 |6 |0.9867 | 0.307237553




Figure S1. PCA analysis of transcriptome datasets for aortae obtained from ApoE” and
C57BL6 mice indicated the aortic expression profile of UPR-related genes was similar between

these two groups at 14 weeks of age but showed significant differences at 30 weeks of age.
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A. Score plot of the principle component 1 and 2, which account for more than 60% of total variability.
At 30 weeks of age (closed triangles), UPR-related gene expression profile showed the greatest
separation between ApoE”- and C57BL6 mice (blue circle for C57BL6 mice, orange circle for ApoE~-
mice), while at 14 weeks of age (closed circle), no clear separation was observed. B. component
loading plot of UPR-related gene expression in ApoE”- and C57BL6 mice. The UPR-related genes

influencing each of the five principle components (PC1- PC5) were illustrated.



