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Objective Angiotensin 11 (Ang II)-induced vascular damage is a major risk of hypertension. However, the
underlying molecular mechanism of Ang [[ -induced vascular damage is still unclear. In this study, we explored the
novel mechanism associated with Ang Il-induced hypertension.

Methods We treated 8- to 12-week-old C57BL/6] male mice with saline and Ang I (0.72 mg/kg-d) for 28
days, respectively. Then the RNA of the media from the collected mice aortas was extracted for transcriptome
sequencing. Principal component analysis was applied to show a clear separation of different samples and the
distribution of differentially expressed genes was manifested by Volcano plot. Functional annotations including
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were performed to
reveal the molecular mechanism of Ang [[ -induced hypertension. Finally, the differentially expressed genes were
validated by using quantitative real-time PCR.

Results The result revealed that a total of 773 genes, including 599 up-regulated genes and 174 down-regulated
genes, were differentially expressed in the aorta of Ang I -induced hypertension mice model. Functional analysis
of differentially expressed genes manifested that various cellular processes may be involved in the Ang 1] -induced
hypertension, including some pathways associated with hypertension such as extracellular matrix, inflammation

and immune response. Interestingly, we also found that the differentially expressed genes were enriched in
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vascular aging pathway, and further validated that the expression levels of insulin-like growth factor 1 and

adiponectin were significantly increased (P<0.05).

Conclusion We identify that vascular aging is involved in Ang 1I -induced hypertension, and insulin-like growth

factor 1 and adiponectin may be important candidate genes leading to vascular aging.

YPERTENSION is a key risk factor for health,

leading to 40% of global deaths from car-

diovascular diseases.'! Hypertension has

been indicated to result from an overactive
sympathetic nervous system™ as well as disorder in
the renin-angiotensin system (RAS). Moreover, hyper-
tension is thought to be caused by different factors,
including genetic factors and environmental factors.” *
Though the utilization of many drugs for treating this
disease, lots of patients are not well controlled.”! Ad-
ditional factors or mechanisms that may be involved in
hypertension are unrevealed by current therapy strat-
egies. Therefore, it is necessary to elucidate the genes
involved in the regulation of hypertension on a large
scale, which may provide us with more information for
developing anti-hypertension drugs which target nor-
malizing gene expression.

The RAS is vital to regulate blood pressure (BP)
and electrolyte homeostasis.®! But RAS can also cause
cardiac and vascular injury through triggering structur-
al remodeling and inflammation under pathophysiolog-
ical conditions.!” ® Angiotensin II (Ang II) is the main
product of the RAS and the prime ligand of Ang I re-
ceptor.’® Ang II is produced from the angiotensinogen
and then cleaved by renin and angiotensin-convert-
ing enzyme." Mechanically, Ang I functions through
Ang II type 1 (AT,) and Ang I type 2 (AT,) receptors,
which are cell surface receptors belonging to the
G-protein-coupled receptor family.!*® AT, receptor is
the most important receptor in mediating the function
of Ang II ."Y Thus, Ang II is of critical importance to
regulate BP.!®

Transcriptome analysis, which can supply the
level of gene expression of tissues at different con-
ditions, has enabled a novel method to reveal the
mechanism of diseases in recent years.''' In our
study, we established an Ang II -induced hypertensive
mouse model. The whole-transcriptome of the aortas
obtained from mice treated with saline and Ang O
was sequenced. Gene Ontology (GO) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of differentially expressed genes
(DEGs) were performed to discover the mechanisms

of Ang II-induced hypertension.
MATERIALS AND METHODS

Study design and animal experiments

All animal treatments and experimental protocols were
approved by the Animal Care and Use Committee at
the Institute of Basic Medical Sciences, Chinese Acad-
emy of Medical Sciences and Peking Union Medical
College. Totally, 16 of 8- to 12-week old C57BL/6]
male mice were maintained on a 12-hour day/night
cycle with constant access to food and water, in which
8 mice were infused with Ang I (Sigma-Aldrich, Cat
No. A9525) subcutaneously via osmotic pump (Alzet
model 2004) in a dose of 0.72 mg/kg-d, and the other
received saline as the controls. The detailed procedure
was performed as previously described.!*

BP measurement

After 28 days of Ang I infusion, BP, systolic BP, dia-
stolic BP and heart ratio were measured by tail-cuff
occlusion method according to the manufacturer’s in-
structions (Kent Scientific Corporation, Torrington, CT,
USA). In brief, mice were habituated to the device on
a daily basis for 1 week. For BP measurements, mice
were placed in a tail-cuff restrainer over a warmed
surface. We recorded and averaged ten readings per
mouse after BP was stabilized.™"

Histological analysis

After the mice were executed, the aortas from the
ascending aorta to the furcation of the common iliac
artery were isolated. The aortas and adventitia were
fixed with 4% paraformaldehyde-PBS for 24 hours and
embedded in paraffin. Paraffin sections (5 pm) were
stained with Elastin van Gieson (EVG) and the grade of
elastin degradation was quantified by a researcher who
was blinded to the group assignment according to the
criteria previously described.!”® The grades were de-
fined as follows: score 1, no degradation; score 2, mild
elastin degradation; score 3, severe elastin degrada-
tion; score 4, aortic rupture. Meanwhile, paraffin sec-
tions were stained with hematoxylin-eosin (HE), and
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the intimal and media thickness was measured and
analyzed with Image-Pro Plus 6.0 (Media Cybernetics).

Quantitative real-time PCR
It has been revealed that vascular inflammation and fi-
brosis are associated with hypertension,™* so we detect-
ed the expression levels of vascular cell adhesion molec-
ular 1 (VCAM-1), proinflammatory cytokine interleukin-6
(IL-6), monocyte chemoattractant protein 1 (MCP1), and
fibrotic markers (collagen- I, collagen-II and fibronectin)
with quantitative real-time PCR (gRT-PCR). The total RNA
was extracted from the aortas using TRIzol reagent (In-
vitrogen) according to the manufacturer’s protocols. The
first-strand cDNA was synthesized using Reverse Tran-
scription System (TaKaRa) according to manufacturer’s
instructions. PCR was performed using AceQ gPCR SYBR
Green Master Mix (Vazyme) on an Eppendorf Master-
cycler machine with cDNA as a templet.*® To avoid ge-
nomic DNA amplification, primers were designed to span
exon boundaries (Table 1).

We also used gRT-PCR to validate the result of
RNA-seq data. Sequences of primers for PCR amplifica-
tion are listed in Table 2.

RNA extraction and library preparation

The adventitia was carefully removed from the collected
mice aortas, and the media were processed for RNA pu-
rification and sequencing. The total RNA was extracted
with mirVana miRNA Isolation Kit (Ambion) following the
manufacturer’s protocol. An Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) was used to

Table 1. Sequences of primers for gene amplification

Genes Sequences

IL-6 Forward: 5'-TAGTCCTTCCTACCCCAATTTCC-3’
Reverse: 5-TTGGTCCTTAGCCACTCCTTC-3’

MCP1 Forward: 5'- TTAAAAACCTGGATCGGAACCAA-3’
Reverse: 5-GCATTAGCTTCAGATTTACGGGT-3’

VCAM-1 Forward: 5'-AGTTGGGGATTCGGTTGTTCT-3’

Reverse: 5'-CCCCTCATTCCTTACCACCC-3'
Collagen I Forward: 5'-GCTCCTCTTAGGGGCCACT-3’

Reverse: 5'-ATTGGGGACCCTTAGGCCAT-3’
Collagen Il Forward: 5'-CTGTAACATGGAAACTGGGGAAA-3’

Reverse: 5-CCATAGCTGAACTGAAAACCACC-3’
Fibronectin Forward: 5-TGTGACAACTGCCGTAGACC-3’
Reverse: 5'-GACCAACTGTCACCATTGAGG-3’
Forward: 5-GGCTGTATTCCCCTCCATCG-3’
Reverse: 5-CCAGTTGGTAACAATGCCATGT-3’
IL-6: interleukin-6; MCP1: monocyte chemoattractant
protein 1; VCAM-1: vascular cell adhesion molecular 1.

B-actin
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Table 2. Sequences of primers for amplifying differentially
expressed genes associated with vascular aging

Genes Sequences
IGF1 Forward :5-AAGACTCAGAAGTCCCCGTC-3’
Reverse :5'-AAAGGATCCTGCGGTGATGT-3’
Adipoqg Forward :5’-CCAAAAGGGCTCAGGATGCTA-3’
Reverse :5'-AGGGACCAAAGCAGGAGCTA-3’
Hspall Forward: 5-CAGCACAGGCTCAAAGTTGC-3’
Reverse :5'-CCGAGGCCTGGGATCTCTA-3’
Hspa2 Forward: 5-CGCCCCTTGGTCTCCCT-3’
Reverse :5'-GCAGACATCCTGACTGGTCG-3’
Adcy1l Forward: 5-AGGCGCAATGGGCTCG-3’
Reverse :5'-CACCGAGCGTCCTCCAGA-3’
Irs3 Forward: 5-GCCTGCACTATTAGCAAGCG-3’
Reverse :5-TGGGGACTGAAACCCATAGC-3"
B-actin Forward: 5-GGCTGTATTCCCCTCCATCG-3’

Reverse :5'-CCAGTTGGTAACAATGCCATGT-3'
IGF1: insulin like growth factor 1; Adipoqg: adiponectin;

Adcyl: adenylate cyclase 1; Hspall: heat shock protein
family A (Hsp70) member 1 like; Hspa2: heat shock
protein family A (Hsp70) member 2; Irs3: insulin receptor
substrate 3.

evaluate RNA integrity. The samples with RNA Integrity
Number (RIN) = 7 were chosen for further analysis.

The libraries were constructed using TruSeq
Stranded mRNA LTSample Prep Kit (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions.
Briefly, after DNA was digested with DNase, mRNA was
enriched with magnetic beads containing Oligo (dT)
(Invitrogen). Afterward, the mRNA was fragmented into
small pieces using divalent cations at 94°C for 8 min.
The cleaved mRNA fragments were copied into the first-
strand cDNA using First Strand Synthesis Act D Mix and
SuperScript II Reverse Transcripts (Invitrogen). Then,
end-repair control and second strand marking master
mix were used for synthesizing second-strand cDNA.
The second-strand DNA fragments were purified again
by AMPure XP beads (BECKMAN COULTER) and then
subjected to a terminal repair process, in which a sin-
gle ‘A’ base was added and the adaptor was ligated.
Then PCR was carried out to purify and enrich the product
to construct the final cDNA library. The purified libraries
were validated by an Agilent 2100 Bioanalyzer (Agilent
Technologies) through checking size and purity of the li-
brary. Then these libraries were sequenced on an Illumina
sequencing platform (HiSeqTM 2500 or Illumina HiSegX
Ten) and 125 bp/150 bp paired-end reads were generat-
ed.m” The transcriptome sequencing and analysis were
performed by OE Biotech Co., Ltd. (Shanghai, China).
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Quality control and mapping

Raw data (raw reads) were processed using Trimmo-
matic (Version 0.36)."® To obtain clean reads, we re-
moved ploy-N and low-quality reads. All subsequent
analyses were based on clean data. Then the clean
reads were mapped to the reference genome using hi-
sat2 (Version 2.2.1.0).1”

Gene expression level and DEGs analysis
Fragments per kilobase per million reads (FPKM)!!
value of each gene was calculated using cufflinks (Ver-
sion 2.2.1),”" and the read counts of each gene were
obtained by htseg-count (Version 0.9.1).” DEGs were
identified using the functions estimate SizeFactors of
DESeqR package (2012, Version 1.18.0)?" and nbi-
nomTest.”” P value < 0.05 and fold change >2 or fold
change < 0.5 were set as the threshold for significantly
differential expression. Fold change represents change
in the expression level of the same gene between the
Ang II group and the saline group.

GO and KEGG pathway enrichment analysis
Hierarchical cluster analysis of DEGs was performed to
explore gene expression pattern. Functional enrichment
was analyzed with GO database to identify underlying bi-
ological processes of the DEGs. The “biological process,”
“molecular function,” “cellular component” were selected
as background databases for testing. The pathways were
ranked according to P value, and the most significantly
impacted pathways were shown on the top. And KEGG da-
tabase was also applied to reveal the pathways that may
be related to the DEGs. GO and KEGG™ pathway enrich-
ment analysis of DEGs were respectively performed using
R software based on the hypergeometric distribution.

Statistical analysis

All statistical analyses were carried out using Graph-
Pad Prism 7.0 software.!”® Quantitative results were
expressed as the means £ SD. All experiments were
performed at least in triplicate unless otherwise stated.
Normally distributed datasets were analyzed with the
unpaired Student’s t-test for two independent groups
or paired t-test for two dependent groups. P value
<0.05 was considered statistically significant.

RESULTS

Elevation of BP in Ang II-induced mice
As expected, after 28 days of Ang II infusion, com-
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pared with the saline-treated mice (n=8), the Ang
IT-infused mice (n=8) showed a markedly eleva-
tion in mean systolic BP about 40 mm Hg (t=11.69,
P<0.0001, Figure 1A), an increase in mean BP about
30 mm Hg (t=7.681, P<0.0001, Figure 1B), and an
enhancement in mean diastolic BP about 25 mm Hg
(t=5.624, P<0.0001, Figure 1C). However, no signif-
icant difference in heart ratio was found (t=0.8254,
P=0.4230, Figure 1D). These results demonstrated
that Ang II can increase BP significantly while not in-
fluence heart ratio, which is consistent with the results
of the previously published study.!™*

Ang II increases elastin degradation and intimal
and media thickness of aorta

To validate the phenotype of Ang II-induced hyper-
tension, we performed histological analysis with HE
and EVG staining. EVG staining demonstrated that
the aortic elastin was degraded and disrupted in the
Ang II-treated group (t=3.000, P=0.0240, Figure
2A and 2B). HE staining showed that the intimal
and media thickness of the Ang II-treated group
(225%£14.63 pm) increased significantly compared with
the saline group (166.5+11.3 pym, t=3.168, P=0.0194;
Figure 2C and 2D).

Ang-II induces vascular inflammation and fibrosis
As we expected, compared with the saline treated
group, the expressions of inflammation-associat-
ed genes, including IL-6 (t=4.424, P=0.0115, Fig-
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Figure 1. Blood pressure and heart ratio of the mice
treated with angiotensin II (Ang II) vs. saline for 28 days.
A. systolic blood pressure; B. mean blood pressure; C. di-
astolic blood pressure; D. heart ratio.
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ure 3A), VCAM-1 (t=3.616, P=0.0111, Figure 3B)
and MCP-1 (t=3.248, P=0.0117, Figure 3C), were
all increased after Ang II treatment. And the fibrot-
ic markers, collagen I (t=2.216, P=0.0468, Figure
3D), collagen I (t=3.712, P=0.0075, Figure 3E) and
fibronectin (t=2.588, P=0.0322, Figure 3F), were
also elevated in the aortas of our hypertensive mouse
model. Taken together, these data suggest that Ang II
can induce vascular inflammation and fibrosis in our
hypertensive model, which was in agreement with our

previous studies.”¥

DEGs between the Ang II-treated group and saline
group

Next, we analyzed the DEGs through RNA-seq and
found 773 DEGs with P value<0.05 and |log,fold-
change|>1, including 599 up-regulated genes and 174
down-regulated genes. Principal component analysis
manifested a clear separation of samples with the two
treatments (Figure 4A). Notably, the Volcano plot
showed that Ang II treatment had a significant impact
on gene expression (Figure 4B). The heat map of the
genes’ expression is presented in Figure 4C, suggest-
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ing that the samples can be distinguished by these
DEGs. These results revealed that Ang II can obviously
influence on vascular gene expression.

Functional analysis of DEGs
To further explore the pathways and biological processes
associated with Ang II treatment, we performed GO and
KEGG pathway analysis. GO analysis demonstrated that
the DEGs were mostly enriched in these pathways in-
cluding positive regulation of natural killer cell chemotax-
is, extracellular region, chemokine activity, inflammatory
response and immune response (Figure 5A). Previous
studies have showed that persistent immune system
activation contributes to the process of various forms of
hypertension.™ Except that, degradation of elastin and
remodeling of extracellular matrix are major features in
hypertension,® which is in accordance with our study.
The top 20 KEGG pathways for DEGs are shown
in Figure 5B. We found that the aging pathway was
enriched unexpectedly (Figure 5C). Taken together,
these results suggest that, besides inflammatory path-
way and extracellular matrix, vascular aging may con-
tribute to hypertension in response to Ang II.
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Figure 2. Ang II can increase elastin degradation grade and the intima and media thickness of the mice aorta.

Representative images of Elastin van Gieson staining of the aorta from the saline- and Ang II-induced mice. B. Semi-quan-

titative analysis of elastin degradation. C. HE staining of aortic structure in the indicated groups. D. Quantitative analysis

of the intima and media thickness.

Bars: (left) 400 um, (right) 200 um, n=4. All values are shown as means+SD, "P<0.05.
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Validation of DEGs involved in aging

There are 6 DEGs in the aging pathway,
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Adcyl, Adipoq, Hspall, Hspa2, Irs3 and Igfl. Then we

including used gRT-PCR to validate the result of RNA-seq data.
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Figure 3. Ang II can induce inflammatory and fibrotic gene expressions.

The mRNA expression levels of inflammatory factors IL-6, VCAM-1, MCP1 and fibrotic factors collagen I (D), collagen II ,
fibronectin in the aortic tissues were tested by gRT-PCR.

Data are expressed as means+SD. Student’s t-tests were performed to compare the difference in mRNA expression be-

tween the two groups: ‘P<0.05, “P<0.01.
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sent Ang II induced samples and green dots denote saline treated samples. B. Volcano plot of gene expression differences
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Among the 6 genes, IGF1 (t=3.745, P=0.0038, Figure
6A) and Adipoq (t=3.405, P=0.0093, Figure 6B) of the
Ang II-treated group exhibited a significant increase,
which is consistent with the RNA-seq findings. No statis-
tical differences in the other four genes between the two
groups were found (t=0.3473, P=0.7363; t=0.5733,
P=0.5805; t=2.077, P=0.0676; t=2.125, P=0.0712;
Figure 6C-6F). These results suggest that IGF1 and
Adipoq may play an important role in Ang II-induced
hypertension involved in vascular aging.

DISCUSSION

In the present study, we performed the vascular
transcriptome analysis to identify changes related to
the vascular damage induced by Ang II. Consistently,
some genes have been proved to play a causal role in
hypertension and other cardiovascular diseases. In-
terestingly, we found that the vascular aging pathway
was associated with Ang II-induced hypertension. And
IGF1 and Aqgipog, which were involved in the vascular
aging from the transcriptome sequence, were up-reg-
ulated significantly. Our findings provided new insights
into the risk factors of Ang II-induced hypertension
and vascular injury.

IGF1 signaling pathway plays an important role in
postnatal (prepubertal and pubertal) somatic growth.?”!
Previous studies have shown IGF1 can cause vascular
damage in different ways, including repressing inflam-
mation and cell apoptosis.”?® *! IGF1 has been shown
to induce nitric oxide which mainly locates in smooth

CHINESE MEDICAL SCIENCES JOURNAL
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muscle cells and endothelial cells, and the mechanism
is linked to activate nitric oxide synthetase through
phosphorylated AKt.”® The relationship between IGF1
and hypertension is also studied, but the effects of
IGF1 on hypertension remain controversial. And An-
dronico et al.®! found that IGF1 is highly expressed in
patients with hypertension. However, the role of para-
crine IGF1, which can protect vasculature and heart,
is manifested in recent studies.* *1 Besides, it is in-
teresting to note that one of the major nutrition sens-
ing pathways of caloric restriction is IGF1-mediated
system, and caloric restriction can induce IGF1 system
expression in the heart.** So the definitive relation-
ship between IGF1 and hypertension is unclear, espe-
cially there is no data about IGF1 and Ang II-induced
hypertension. In our study, we performed vascular
transcriptome sequencing and found that vascular ag-
ing pathway was enriched, and IGF1 was significantly
up-regulated in this pathway, therefore, suggesting
that Ang II may cause vascular aging though IGF1.
Adipog, a hormone secreted from adipocyte, is im-
portant to energy homeostasis.”*! However, low level of
adipog in plasma was detected in different diseases, in-
cluding obesity and type II diabetes,®® *”! which suggest
a potential link between adipoq and hypertension. But in
our hypertensive model, the adipoq level was significant-
ly up-regulated, which was opposite to the previous find-
ing.”® So we speculate that adipoq may have a different
function in response to Ang II . And adipoq is a hormone
derived from fat, which fulfills a critical role as a messen-
ger to communicate between adipose tissue and other
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Figure 6. Validation of the DEGs associated with vascular aging by using quantitative real-time PCR.
Data are expressed as means+SD. Student’s t-tests were used in comparison: ~P<0.01.
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organs.” So this reminds us vascular adipose tissue
may have a key role in hypertension. Besides, vascular
microenvironment homeostasis is important in maintain-
ing vascular function and structure, but the underlying
mechanism still needs to be further investigated.

Hypertension is inherently associated with acceler-
ated vascular aging."*” Early vascular aging, defined as
dysfunction of vascular stiffness and remodeling,”*™*! is
a key feature of hypertension. And vascular fibrosis and
inflammation are the important features for hypertension
accompanied by vascular aging.' ! Although significant
progress has been achieved in characterizing aging-in-
duced changes in vascular function and phenotype, more
innovative strategies based on recent achievements in
the biology of aging to improve vascular health span!*’
are needed. Vascular aging used to be thought to coin-
cide with physiological aging in the past, but vascular ag-
ing can occur at any stage in fact, especially in the pro-
cess of some diseases.*® Therefore, Ang II may result in
vascular aging, albeit more evidence is still needed.

In summary, our study investigated the chang-
es of gene expression in Ang II-induced hypertensive
mouse model by vascular transcriptome profiling and
found that the aging pathway was enriched, especially
IGF1 and adipoq significantly increased in our model,
which suggested that they may play a key role in vas-
cular aging and hypertension.
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