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Abstract: Atherosclerosis (AS) is an age-related disease. Mitochondria and telomere links have been considered
to play important roles in AS. PinX1 is a potent and highly conserved endogenous telomerase inhibitor. How-
ever, the role of pinX1 in AS and its role in oxidative stress have not been reported. In order to investigate the
role of pinX1 in AS, we established a classical AS mice model in the present work and increased pinX1 protein
expression using pinX1 overexpression adenovirus by tail vein injection. Then, red-oil O and HE staining were
employed to evaluate the severity of AS. Serum lipid profile and oxidative stress were also detected by using
its specific chemical testing kit. The results indicated that high-fat diet (HFD) markedly decreased pinX1 and
increased p66shc protein expression, whereas overexpression of pinX1 protein expression in mice produced
the opposite results. In addition, pinX1 significantly minimized plaque area and alleviated the abnormal serum
lipid profile. By using Western blot and Biochemical assay kits, overexpression of pinX1 decreased p66shc and
MMP-9 protein expression and reduced oxidative stress. This study showed pinX1 can inhibit p66shc, MMP-
9, and related oxidative stress, pinX1 may be considered as a new candidate target for the treatment of AS.
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1. Introduction

Atherosclerosis (AS) is an age-related disease, which is characterized by medium-sized and large
arteries filled with lipids [1,2]. AS is also known to correlate with chronic inflammation. Cardiovas-
cular disease, a leading cause of mortality worldwide, is caused mainly by AS [3]. It is well known
that macrophages, T cells, and other cells of immune response, together with cholesterol, infiltrate
from the blood. As indicated in our previous study, cellular senescence, and oxidative stress through-
out the course of AS [4,5], thus we focus on the mitochondria and telomere link.

Telomere is the cap structure at the end of chromosome and plays an important role in the reg-
ulation of cellular senescence [6]. PinX1 is a potent and highly conserved endogenous telomerase
inhibitor [7] encoded by the pinX1 gene which is located at human chromosome 8p23 [8]. Signifi-
cantly, pinX1 inhibition activated telomerase and elongated telomeres, eventually leading to chro-
mosome instability [9]. Previous studies focus on the function of pinX1 in cancer. It is reported that
pinX1 is a sought-after major tumor suppressor, pinX1 allele loss causes majority of mice to develop
a variety of epithelial cancers [10,11]. Moreover, pinX1 can inhibit the invasion and metastasis of
human cancer by suppressing MMP-9 expression [12]. By promoting cellular senescence via p16/cy-
clin D1 pathway, pinX1 suppresses bladder urothelial carcinoma cell proliferation [13]. In recent
years, researchers have provided some clues that pinX1 still plays an important role in processes such
as inflammatory-related lipopolysaccharide-induced lung injury [14] and lipid metabolism such as
obesity-induced cardiac injury [15], nonalcoholic fatty liver disease [16]. PinX1 gene single nucleotide
polymorphisms (SNPs) are correlated with serum lipid levels [17]. Genome-wide association studies
in 71,128 individuals for carotid artery intima-media thickness, and 18.434 individuals for carotid
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plaque traits also indicate pinX1 is a susceptibility site for carotid artery plaques [18], however, the
role of pinX1 in AS also needs to be clarified.

P66shc, a redox enzyme, is a widely expressed protein that governs a variety of cardiovascular
pathologies. p66shc mainly functions in mitochondria and regulate oxidative stress by generating
and exacerbating reactive oxidative stress (ROS) signals [19,20]. P66shc is widely studied in cardio-
vascular diseases and is considered as the engine of vascular aging [19,21]. It contributes to mito-
chondrial ROS formation and translocate from the cytosol to mitochondria upon cellular stress [22].
Hyperglycemia and hyperlipidemia conditions during AS contributes to inducing macrophage
p66shc and ROS production [23]. In apolipoprotein E-deficient ( Apoe-/-) mice, the methylation of
the p66shc gene promoter and the expression of DNA transfer enzyme 1 are also related to the in-
creased expression level of p66shc [24]. Although in AS, the cross-talk between mitochondria and
telomere has been reported, whether pinX1 regulates p66shc expression remains unclear.

Thus, in this study, we established a high-fat diet-induced AS mice model and over-express
pinX1 via adenovirus tail vein injection to evaluate the regulation of pinX1 and pinX1 regulated
p66shc in AS. This study will provide a new candidate target for the treatment of AS.

2. Materials and Methods

2.1. Reagents

The overexpressing adenovirus and the negative controls were designed, validated, and synthe-
sized by Hanbio (Shanghai, China). The selected interference vector was pAdEasy-U6-CMV-EGFP
(EcoRI to MCS), and the pAdEasy-EF1-3flag-CMV-EGFP vector was used for pinX1 overexpression.
Unless otherwise stated, all reagents were purchased from Sigma (St. Louis, United States).

2.2. Animals and experiment design

Male eight-week-old Apoe-/- mice with a C57BL/6N background were used to establish AS mice
model. Before the experiments, the animals were allowed to suit the new environment for 7 days and
housed in a room under a 12 h light/dark cycle, a controlled temperature at 22 + 3°C, and relative
humidity at 60+10%. High-fat diet (HFD) was a commercially prepared mouse food (MD12017) sup-
plemented with 20.0% (wt/wt) coco fat, 1.25% (wt/wt) cholesterol, and 22.5% (wt/wt) protein and
45.0% carbohydrate (Jiangsu Medicience Ltd., Jiangsu, China).

Mice were randomly divided into three groups, control group was fed with normal diet. AS
model were established via HFD treatment for 16 weeks. pinX1 overexpression was conducted by
injection of pinX1-overexpressing adenovirus through the tail vein for every two week. At week 16,
mice were anesthetized with 2% isoflurane (Forene®, Abbott), one milliliter of blood was collected
by abdominal aorta, and tissues were collected for further analysis.

2.3. Ethics statement

The animals were purchased from Viewsolid Biotech Co., Ltd [Beijing, China; Catalog No.
vsm40001]. All experiments were approved by the animal care and use committee of Chongging
Three Gorges Medical College (approval no. SYYZ-A-2212-0002), and the animal care and treatment
were conducted in accordance with the National Institutes of Health Guide for Care and Use of La-
boratory Animals (Publication No. 85-23, Revised 1985).

2.4. Oil red O staining

The aortic arch and thoracic and abdominal aortae were cut longitudinally and pinned flat. Tis-
sues were rinsed in PBS and 60% isopropanol and stained in oil-red O. Lesion size was calculated as
a ratio of oil-red O positive staining to the total surface area.
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2.5. HE staining

The upper half of the heart that contained the aortic origin was fixed at 10% buffered formalin
solution for 30 min and then dehydrated in 75% ethanol overnight, followed by paraffin embedding.
For morphometric analysis of atherosclerotic lesions, serial 4 pm sections were cut. The sections were
stained with hematoxylin and eosin for histologic analysis.

2.6. Biochemical Analysis

Serum triglyceride (TG), total cholesterol (TC), liver-free fatty acid (FFA), serum superoxide dis-
mutase (SOD), MDA, lactate dehydrogenase (LDH), and glutathione (GSH) levels were detected us-
ing commercialized testing kits (Nanjing Jiancheng Institute of Biotechnology, Nanjing, China) based
on the manufacturers’ instruction.

2.7. Western Blot

Tissues were harvested and protein extracts were prepared according to established methods.
Extracts were separated in sodium dodecyl sulfate-polyacrylamide electrophoresis gels (8~15%) and
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The
membranes were blocked with 5% milk and then incubated with indicated primary antibodies at 4
°C overnight. After washing, the membranes were then incubated with the appropriate secondary
antibodies. The membranes were exposed to enhanced chemiluminescence plus reagents (Beyotime,
Jiangsu, China). The emitted light was captured by a Bio-Rad imaging system with a Chemi HR cam-
era 410 and analyzed with a Gel-Pro Analyzer Version 4.0 (Media Cybernetics, MD, USA).

2.8. Real-time PCR analysis

TRIzol reagent was used to extract tissue RNA. Next, cDNA Synthesis Mix was mixed with 1 pg
of RNA for 15 min at 50 ‘C and then 5 min at 85 °C. At the end of the reaction, the cDNA, TSINGKE
master qPCR Mix and 10 pmol of forward and reverse primers were mixed and subsequently ana-
lyzed for target gene mRNA levels. The relative quantification of mRNA was normalized to gapdh.

2.9. Statistical Analysis

All results are expressed as the mean * standard deviation (SD) from more than three independ-
ent experiments, and data analyses were performed with the SPSS software package, version 19.0.
Comparison of quantitative variables was performed by either Student’s t-test or analysis of variance
(ANOVA) followed by the Student Newman-Keuls (SNK) test. p values < 0.05 (two-tailed) were con-
sidered statistically significant.

3. Results

3.1. Decreased pinX1 and increased p66shc were detected in Apoe-/- mice.

Differential expression is the foundation of protein function research. Thus, After the successful
establishment of the AS model, we first confirmed the differential expression of pinX1 and p66shc in
the HFD group and the control group. As expected, decreased pinX1 (Figure 1A) and increased
p66shc protein expression (Figure 1B) were determined in the HFD group compared to that in the
control group. These results indicated a potential role of pinX1 and p66shc during AS progress.
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Figure 1. PinX1 and p66shc protein expression in Apoe-/- mice. A. pinX1 protein expression. B. p66shc
protein expression.

3.2. Increased pinX1 protein expression attenuated AS progress.

As shown in Figure 2A, the pinX1 protein was overexpressed as excepted. Aortic lesions were
measured by using oil-red O staining. The lesions in HFD group mice were grossly larger and thicker,
pinX1 overexpression group could reduce the lesion area and the thickness in the whole aorta espe-
cially in the aortic arch (Figure 2B,C). Then, the intimal lesions were further evaluated under micros-
copy. HE staining indicated a worse intimal lesion area enriched in macrophage-derived foam cells
in HED group compared with that in pinX1 overexpression group, calcification of the aortic valve
was also decreased after pinX1 overexpression (Figure 2D). The results indicated that overexpression
of pinX1 attenuated the development of atherosclerotic lesions.
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Figure 2. pinX1 overexpression attenuated AS progress. A. pinX1 protein expression after adenovirus
injection. B. Oil Red O staining. C. Statistics of plaque area. D. HE staining and lesion area (200x). Data
were presented as mean+SD, n=3, **p<0.05 vs. HFD group.

3.3. PinX1 overexpression ameliorated the lipid expression profile

The serum levels of TC, LDLc, HDLc, TG, and FFA were determined to investigate the effect of
pinX1 on lipid profiles. Compared with HFD group, pinX1 overexpression significantly decreased
serum TG (Figure 3A), TC (Figure 3B), FFA (Figure 3C), and LDLc levels (Figure 3D), while HDLc
was increased (Figure 3E) in pinX1 overexpression group. Additionally, the LDLc/HDLc ratio was
remarkedly decreased in pinX1 overexpression group compared with HFD group (Figure 3F). The
above results indicated that pinX1 could improve lipid profiles in Apoe-/- mice.
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Figure 3. PinX1 inhibited serum TC, LDLc, TG, and hepatic FFA expression and increased HDLc ex-
pression. A. Serum TC. B. Serum TG. C. Hepatic FFA. D. Serum LDLc. E. Serum HDLc. F. The
LDLc/HDLc ratio. Data were presented as mean+SD, n=6, **p<0.05 vs. HFD group.

3.4. PinX1 inhibited p66shc mRNA and protein expression, and attenuated oxidative stress in Apoe-/- mice.

Telomere and mitochondrion cross-talk have been reported in a previous study, whether pinX1
can affect p66shc expression remains unclear. Thus, p66shc mRNA and protein expression were de-
tected. Interestingly, compared with the HFD group, pinX1 overexpression significantly inhibited
p66shc mRNA (Figure 4A) and protein (Figure 4B) expression. This result indicated that p66shc
mRNA and protein expression can negatively regulate by pinX1.

Oxidative stress has been considered an important factor in the pathophysiology of AS and can
be mediated by p66shc. Serum levels of SOD and GSH were significantly increased in the pinX1 over-
expression group compared with the HFD group (Figure 4E,F). However, serum LDH and MDA
levels were obviously decreased in the pinX1 overexpression group compared with the HFD group
(Figure 4D,E). These results indicated the potential antioxidant effect of pinX1 in Apoe-/- mice.
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Figure 4. PinX1 inhibited p66shc expression and it regulated oxidative stress. A. P66shc mRNA ex-
pression. B. P66shc protein expression. C. Serum LDH. D. Serum MDA. E. Serum SOD. F. Serum GSH.
Data were presented as mean+SD, n=3 for Western blot and n=6 for other analysis, **p<0.05 vs. HFD

group.
3.5. PinX1 inhibited serum and vascular MMP-9 protein expression in Apoe-/- mice.

A previous study indicated the potential correlation between pinX1 and MMP-9 [12]. MMP-9
is a key marker to evaluate AS progress and plaque stability, thus, MMP-9 protein expression was
evaluated using Western Blot. Similar to the expected results, pinX1 overexpression significantly in-
hibited MMP-9 protein expression (Figure 5A,B). The above results showed the potential regulatory
effect of pinX1 on MMP-9.

A B
2 1.5 1.2+
®
= 2 *
% 10 MMP-9 [== ==] I 08- T
(]
L o
5 05 *x HFD + + S 0.4
2 AAV-pinX1 -+ z
s =
= 0.0 0.0-
HFD + + HFD + +
AAV-pinX1 - + AAV-pinX1 - +

Figure 5. PinX1 decreased MMP-9 mRNA and protein expression. A. MMP-9 mRNA expression. B.
MMP-9 protein expression. Data were presented as mean+SD, n=3 for Western blot and n=6 for qPCR,
**p<0.05 vs. HFD group.
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4. Discussion

In this study, we evaluated the role of pinX1 and its regulated p66shc in HFD-induced Apoe-/-
mice. Importantly, we first described the decreased expression of pinX1 in this classical AS mice
model. Moreover, by overexpressing pinX1, we found that pinX1 can inhibit p66shc expression and
oxidative stress, then ameliorate AS. As we know, this is the first time to describe the effect of pinX1
in AS and its potential role in regulating oxidative stress. All in all, our study suggests that pinX1
may be a new candidate target for the treatment of AS and oxidative stress-related diseases.

Oxidative stress and low-grade inflammation are widely accepted factors in aging-related dis-
eases [25]. AS was considered a chronic degenerative disease closely related to aging [26,27]. In a
previous study, we investigated the role and function of telomerase in AS-related macrophages. The
results showed a mutual regulatory effect between PGC-1a and TERT which also indicates the cross-
talk between mitochondria and telomere [5]. PinX1 is known as the most powerful inhibitor of te-
lomerase. The role of pinX1 in various cancer regulation has been elucidated, and some clues indi-
cated its role in lipid regulation and non-alcoholic fatty liver disease. Based on these, we hypothesize
pinX1 may play some roles in AS progress. In this study, we established a classical AS mice model,
and overexpressed pinX1 investigate the role of pinX1. As expected, detected the decreased expres-
sion of pinX1 in a classical AS mice model induced by HFD in Apoe-/- mice. For pinX1 is an effective
inhibitor of TERT [28], we think that the inhibitory expression of TERT in AS which is detected in
previous study [5] may be regulated by some other factors besides pinX1. Of course, in this study,
we didn’t detect TERT protein expression, the inconsistency in TERT expression may also be caused
by different stages of the disease course or fluctuations in experimental conditions.

Oxidative stress is an imbalance between the production of reactive oxygen species (ROS) and
the antioxidant defense capacity [29]. P66shc encoded by the human and mouse ShcA locus, is a
ubiquitously expressed vertebrate protein [30]. It sustains the intracellular concentration of ROS by
catalyzing their formation from the mitochondrial respiratory chain, triggering plasma membrane
oxidases and suppressing ROS scavenging [31]. Increased expression of p66shc protein has been de-
tected in AS and nonalcohol fatty liver disease [32] which is coincident with our study. Moreover,
downregulating of p66shc also improved the expression of SOD and GSH, as well as decreased MDA
and LDH release. In this study, we first found that pinX1 can negatively regulate p66shc, which also
indicates the potential anti-oxidative stress effect of pinX1.

In our experiment from Apoe-/- mice, overexpression of pinX1 significantly inhibited MMP-9
protein expression. MMP-9 is a family of zinc-dependent endopeptidases, which is lowly expressed
in normal human tissues, but MMP-9 is up-regulated during some normal physiological regulation
or pathological remodeling [33]. Data from human epidemiological and genetic studies suggest that
MMP-9 is the strongest candidate for inducing plaque rupture, and its expression is closely related
to lesion instability and clinical manifestations of atherosclerosis. Since MMP-9 is able to extensively
degrade extra cellular matrix components (such as collagenase, gelatin, laminin, and fibronectin) in
the arterial wall, it plays an important role in the regulation of AS plaque formation and plaque sta-
bility. It has been reported in the literature that in human AS lesions, increased levels of MMP-9
expression have been detected [34]. MMP-9 is mainly synthesized and secreted by macrophages and
neutrophils, as well as vascular smooth muscle cells, and is involved in the regulation of cell survival,
migration, inflammation, and angiogenesis[35,36]. In a study based on breast cancer, increased ex-
pression of pinX1 is negatively correlated with MMP-9 protein expression[12]. This is consistent with
the results obtained in this study, however, whether pinX1-induced down-regulation of MMP-9 de-
pends on NF-kB is not discussed in this study. Moreover, in accordance with the data from HE stain-
ing, overexpressed pinX1 remarkedly reduced plaque area, increased plaque stability, reduced
plaque calcification levels, and decreased the number of macrophages in the plaque. Although we
did not focus on macrophages in this study, from the source and function of MMP-9, we infer that
macrophages play important roles in pinX1-mediated AS progress.

However, there are still some limitations to this study. We described the negative regulatory
effect of pinX1 on p66shc, however, whether it is a direct regulation and the underlying mechanism
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remains unclear. Moreover, whether the inhibitory effect of pinX1 on oxidative stress depends on
p66shc still needs to be verified through more detailed cell experiments.

5. Conclusions

Taken together, this study demonstrated that pinX1 protein expression can inhibit MMP-9,
p66shc expression, and inhibiting oxidative stress, so as to slow down the course of AS (Figure 6).
thus, we think, pinX1 may be a new candidate target for the treatment of AS via inhibiting MMP-9
and p66shc expression.
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Figure 6. Possibly mechanisms of pinX1 in ameliorating AS.
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