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Abstract: An intracranial aneurysm (IA) is a leading contributory factor in subarachnoid haemorrhage (SAH), while 
its etiological mechanism has yet to be revealed. Meanwhile, although telomeres have proved to be critical roles 
in onsets of multiple neurological disorders, whether telomeres are connected with IAs or not remains to be unre-
leased. The purpose of this study is to dig up the mechanism how related risk factors contribute to IAs. In a bid to 
figure it out, we constructed an IA rat model and then investigated variations of telomere lengths, telomerase and 
telomere-binding protein expression levels therein. Adult female Sprague-Dawley (SD) rats were initially treated 
with ligation of left common carotid arteries and bilateral renal arteries and bilateral oophorectomy. After a week of 
rehabilitating feeding, they were fed with feedstuff containing sodium chloride (8%) and L-methionine (3%). Through 
the first six months of modelling, lengths of telomeres in peripheral leucocytes were measured monthly. In the sixth 
postoperative month, blood pressure levels and concentrations of homocysteine (Hcy) and estradiol (E2) in serum 
were measured. And then, rats had been killed before Willis’ circles were taken out. Afterwards, telomere lengths 
and gene expression of telomerase and telomere-binding proteins in vascular tissues were detected. QPCR analyses 
show that, within the first six months of modelling, telomeres in peripheral leucocytes shortened at first, then length-
ened glacially, and finally shortened sharply. In the sixth month of modelling, lengths of telomeres in rat cerebrovas-
cular tissues in the model group were significantly shorter than those in the control group, and lengths of telomeres 
in peripheral leucocytes were positively correlated with lengths of telomeres in rat cerebrovascular tissues in the 
model group. In addition, in rat cerebrovascular tissues, the expression level of telomerase reverse transcriptase 
(TERT) in the model group was much lower than that in the control group. In the meantime, the expression levels 
of telomere-binding proteins including TRF2 and TPP1 in the model group were far higher than those in the control 
group, while the comparison of expression levels of other telomere-binding proteins including POT1, TIN2, TRF1, and 
RAP1 between two groups is not statistically significant. In conclusion, outcomes of our experiments indicate that 
formation of IAs is very likely associated with the increased expression levels of telomere-binding proteins includ-
ing TRF2 and TPP1 which inhibit telomerase activity, and, further, impair the recovery of the telomere-telomerase 
system to accelerate the shortening of telomeres. 
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Introduction

The IA is a disease that can induce serious 
cerebral stroke incident, the population inci-
dence is 5-10% [1], in case the aneurysm rup-
tures, it will bring serious consequences to indi-
viduals, families and even society. However, its 
etiological mechanism still needs to be uncov-
ered till now.

Recently, several meta-analyses demonstrate 
that there is a negative correlation between 
incidences of assorted cardiovascular or cere-
brovascular strokes, such as coronary diseas-
es, myocardial infarctions, and ischemic stro- 
kes, and lengths of relevant telomeres [2]. 
Accordingly, we shifted our focus onto telo-
meres when it came to the study on the etiologi-
cal mechanism of IAs. Specifically, we re-exam-
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ined IAs from the perspective of telomere 
damage and repair. Having reviewed masses of 
archives simply concerning IAs and telomeres, 
we were astonished by the fact that the onset 
and exacerbation of IAs and the truncation of 
telomeres share miscellaneous risk factors. For 
example, both of them correlate closely with 
some individual characteristics, such as inheri-
tance, gender, age, smoking, and obesity, as 
well as some diseases, such as atherosclerosis 
(AS) and hyperhomocysteinaemia (HHcy). Un- 
der the influence of those shared risk factors, 
the onset and exacerbation stages of IAs coin-
cide perfectly with the trend of telomere lengths 
[3-5]. Thus we assume that telomeres serve as 
the same important actor in the onset and 
exacerbation of IAs as they do in cardiovascular 
or cerebrovascular strokes. 

Telomere are TTAGGG cap structures of repeti-
tive sequences at the chromosome termini of 
eukaryotic cells. Research has confirmed that 
they play a vital role in the process of protecting 
chromosomes and stabilizing the genetic sys-
tem. Because these cap structures are trun-
cated during cell division and when their 
lengths shorten to a certain point, cells fail to 
divide and proliferate such that they enter cel-
lular senescence and apoptosis, intervention of 
telomere lengths is particularly important [6].

Regulation of telomere lengths relies upon the 
synergy of telomerase and telomere-binding 
proteins. Telomerase is a kind of ribonucleopro-
teins (a protein-RNA complex) that can promote 
the elongation of telomere termini. It consists 
of a telomerase RNA molecule, relevant pro-
teins, and TERT. It can maintain the stability of 
telomere lengths because it carries its own 
RNA molecule which is used as a template 
when it synthesizes telomere DNA strands via 
reverse transcription. The role of TERT is cata-
lysing the process of reverse transcription [7, 
8]. Studies identify that as TERT’s mRNA strand 
is only transcribed in telomerase-positive tis-
sues, transcription of TERT is a prerequisite for 
activation of telomerase [9]. Moreover, the 
expression level of TERT’s mRNA rises while 
telomerase is becoming increasingly active and 
their linear trends are almost paralleled [10]. 
Therefore, practically, we can detect telomer-
ase’s activity by virtue of measuring TERT’s 
transcription levels, and, further, evaluate 

effects of relevant risk factors on the telomere 
regulation mechanism.

Telomere-binding proteins are core compo-
nents that mediate biological functions of telo-
meres. Not only are they expressed nearly 
nowhere but at chromosome termini, but also 
their scope of functions is confined to telo-
meres [11]. Mammalian somatic cells contain 
six telomere-binding proteins: Telomere Repeat 
Factor 1 (TRF1), Telomere Repeat Factor 2 
(TRF2), Protection of Telomere 1 (POT1), Ad- 
renocortical Dysplasia Protein Homolog (ACD 
gene, aka TPP1), TRF1- and TRF2-Interacting 
Nuclear Protein 2 (TIN2), and Repressor/
Activator Protein 1 (RAP1). They bind to each 
other to assemble the shelterin complex which 
regulates telomere lengths to a great extent 
through binding of telomerase and telomeres 
or direct induction of DNA damage [12]. 
Besides, their respective unique structures 
allow them to regulate telomere functions in 
various ways individually or collectively [13]. 
Hence, we can conduct a more intensive analy-
sis of profound effects of risk factors on the 
telomere regulation mechanism by means of 
probing into these telomere-binding proteins’ 
expression levels. 

To sum up, in the context of our newly built IA 
rat model, variations of telomere lengths and 
expression levels of telomerase and telomere-
binding proteins are discussed in this study, 
which is likely to disclose the inherent mecha-
nism of how risk factors intervene in the forma-
tion of rats’ IAs, thereby laying the scientific and 
reliable foundation for further exploration into 
the etiological mechanism of IAs based upon 
the telomere damage and repair theory. 

Materials and methods

This experiment was scrutinized and authorized 
by the Ethics Committee of the Affiliated 
Hospital of the Logistics University of PAP and 
was carried out following the guide from the 
National Institutes of Health for the Care and 
Use of Laboratory.

IA model and treatment

24 8-to-10-week-old CL female SD rats (250 to 
300 g) were selected for the study (sour- 
ce: Laboratory Animal Centre at Academy of 
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Military Medical Sciences, license No.: SCXK- 
(Jun) 2012-0004). Per four rats were caged as 
a unit under environmentally controlled condi-
tions in a 12-hour light/dark cycle. They were all 
supplied with a normal diet as adaptive feeding 
for 1 week. Before modelling, rats were ran-
domly divided into two groups: the model group 
and the control group. Initially, they were all 
intraperitoneally (ip.) injected to anaesthesia 
with 1% pentobarbital sodium (40 mg/kg, 
doses increased p.r.n.). Then, rats’ left common 
carotid arteries and posterior branches of bilat-
eral renal arteries in the model group were 
ligated and their bilateral ovaries were excised. 
After a week of rehabilitating feeding, they were 
given ad libitum access to a diet with sodium 
chloride (8%) and L-methionine (3%). Co- 
rrespondingly, rats’ relevant vessels and ova-
ries in the control group were simply exposed to 
air for 20 minutes and then incisions were 
sutured. They were fed with a normal diet ad 
libitum. Anorectic and dead rats were replaced 
with new ones within 3 postoperative days. 

Measurement of blood pressure

In the sixth month of modelling, rats’ caudal-
arterial systolic pressure levels were measured 

in a conscious state by use of rat-tail non-inva-
sive blood pressure monitors. For the purpose 
of enabling rats to adapt to the measurement 
condition and preventing rats from struggling 
and fluctuations of blood pressure, blood pres-
sure levels were measured once a day in 3 con-
secutive days and the third-day results were 
noted down as valid data. 

Blood sample collection and extraction of 
genomic DNA and intact RNA

200 µL blood samples were collected from 
each rat’s retro-orbital venous plexuses and 
stored in centrifugal tubes before modelling 
and at the beginning of every month till the 
sixth month of modelling. Genomic DNA was 
extracted from blood samples following meth-
ods and procedures described on kit instruc-
tions, and used for measuring telomere lengths 
and expression levels of TERT and telomere-
binding proteins in peripheral leucocytes. 

Meanwhile, in the sixth month of modelling, 1 
mL blood samples were collected from each 
rat’s retro-orbital venous plexuses and stored 
in coagulative tubes. They were delivered to the 
clinical lab in our hospital and concentrations 
of E2 and serum Hcy were tested there 

Table 1. Primers used in this study
Primer Name Primer sequence (5’-3’) Final concentration
TEL Forward GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT 100 nmol/L

Reverse TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA 900 nmol/L
TERT Forward AGTGGTGAACTTCCCTGTGG 400 nmol/L

Reverse CAACCGCAAGACTGACAAGA 400 nmol/L
TRF-1 Forward TACCAAACTCAAGCCCCATC 400 nmol/L

Reverse GCAGCAAACTCACATCGAAA 400 nmol/L
TRF-2 Forward AGAAGAAAGCGAGTGGGTGA 400 nmol/L

Reverse TTGTGAGTCCTGTGGCTCTG 400 nmol/L
POT-1 Forward CAGATTCGGCAGTCACTCAA 400 nmol/L

Reverse CTTCAAAACGGCACACAATG 400 nmol/L
TPP-1 Forward CAGTGACCACCCAGGACTTT 400 nmol/L

Reverse CAACAGGTCCCACTCCTTGT 400 nmol/L
TIN-2 Forward AAAACCAGCATCCCACAGTC 400 nmol/L

Reverse ATGGTAGGCCTGTGTTCCTG 400 nmol/L
RAP-1 Forward GTGAGCCTTGGTTGGAATGT 400 nmol/L

Reverse CCTGGGGAATGGGATAGTTT 400 nmol/L
GAPDH Forward TACACTGAGGACCAGGTTG 400 nmol/L

Reverse CCCTGTTGCTGTAGCCATA 400 nmol/L
AT1 (DNA reference) Forward ACGTGTTCTCAGCATCGACCGCTACC 400 nmol/L

Reverse AGAATGATAAGGAAAGGGAACAAGAAGCCC 400 nmol/L
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(MINDRAY automatic biochemical detection 
system, BS-480). 

Extraction of intact RNA and DNA in cerebro-
vascular tissues

In the sixth month of modelling, rats were killed 
by cervical spinal interruption. Next, Willis’ cir-
cles were detached from rats’ skull bases and 
placed in 1.5 mL sterile centrifugal tubes. Then, 
350 µL lysate RLplus (β-mercaptoethanol, i.e. 
BME, added as required) was added into each 
centrifugal tubes. Tissues were ground by the 
tissue mill at 3000/min for 6 minutes, and then 
centrifuged at 12000 rpm for 3 to 5 minutes. 
Afterwards, the supernatant was carefully col-
lected to DNA adsorption columns, CB3s pla- 
ced in 2 mL centrifugal tubes (12000 rpm, 30 
to 60 s). Filtrate was collected and CB3s used 
before were stored in collecting tubes at room 
temperature. Finally, intact RNA and genomic 
DNA were extracted according to methods and 
procedures described on kit instructions for the 
use of testing cerebrovascular telomere lengths 
and expression levels of TERT and telomere-
binding proteins. 

Assays concerning telomere length and rela-
tive expression levels of TERT and telomere-
binding proteins

A 25 µL reaction system was established and 
each sample was prepared in triplicate. The 
entire set was processed through steps of: 1. 
10-minute initial denaturation at 95°C; 2. 40 
cycles of 15-second denaturation at 95°C and 
1-minute annealing at 60°C. Then the gradient 
of temperature increase was controlled at 
0.3°C while melting curves were being anal-
ysed (Table 1). Quantification of target genes 
was achieved through the 2-ΔΔCt method. 
Telomere length was measured according to 
Cawthon’s research, which firstly calculated the 
ratio of telomere gene to intrinsic gene expres-
sion in each sample ([2Ct(tel)/2Ct(AT1)]-1=2-ΔCt), and 
secondly calculated the T/S values (T/S = 
2-ΔCt/2-ΔCt(average of control group)). Average T/S is ex- 
pected to be proportional to the average telo-
mere length per cell. Samples with a T/S > 1.0 
have an average telomere length greater than 
that of the standard DNA; samples with a T/S < 
1.0 have an average telomere length shorter 
than that of the standard DNA [6].

Figure 1. Changes of telomere lengths in peripheral 
leucocytes during the 6 months. *P < 0.05 versus 
the Control group.

Figure 2. The relative lengths of telomere in cerebro-
vascular tissues. *P < 0.05 versus the control group.

Figure 3. Correlation between lengths of telomere in 
peripheral leucocytes and in cerebrovascular tissues 
(n = 24, r = 0.475, P = 0.019).
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Statistical analyses

SPSS 17.0 was used for data analyses and all 
data are presented as mean ± standard devia-
tion (SD). Unpaired t-tests were applicable only 
when two sets of samples are normally distrib-
uted and share the equal variance. Otherwise, 
nonparametric Kruskal-Wallis tests were ado- 
pted. The Pearson correlation coefficient is the 
measure of data’s correlation. P values of less 
than 0.05 were considered statistically sig- 
nificant. 

had been sharply truncated. In the fifth month, 
telomeres in the model group were significantly 
shorter than those in the control group (P < 
0.05) (Figure 1). 

Lengths of telomere in cerebrovascular tissues

In the sixth month, lengths of rats’ telomeres in 
cerebrovascular tissues in the model group 
were significantly shorter than those in the con-
trol group (0.81 ± 0.26 vs. 1.15 ± 0.27, P < 
0.05) (Figure 2).

Figure 4. The relative gene expres-
sion of TERT and telomere-binding 
proteins in cerebrovascular tis-
sues. RT-PCR analysis for TERT (A), 
TRF2 (B), TPP1 (C), TRF1 (D), POT1 
(E), TIN2 (F) and RAP1 (G) expres-
sion in cerebrovascular tissues 6 
months after surgery. *P < 0.05 
versus the control group.

Results

Levels of blood pressure, 
serum Hcy, and E2

Rats’ blood pressure level in 
the model group was signifi-
cantly higher than that in the 
control group (189.44 ± 16.45 
mmHg vs. 133.49 ± 15.01 
mmHg). The serum Hcy level 
in the model group was signifi-
cantly higher than that in the 
control group (50.06 ± 7.35 
mmol/L vs. 13.48 ± 3.22 
mmol/L). The E2 level in the 
model group was significantly 
lower than that in the control 
group (90.6 ± 8.45 pmol/L vs. 
181.33 ± 12.90 pmol/L). Va- 
riances mentioned above are 
all statistically significant (P < 
0.05).

Lengths of telomere in periph-
eral leucocytes

The variance of initial lengths 
of telomeres in rats’ peripher-
al leucocytes in two groups is 
not statistically significant (P > 
0.05). After a month of model-
ling, compared with initial len- 
gths, telomeres were signifi-
cantly shortened respectively 
(P < 0.05), but the comparison 
between two groups is not sta-
tistically significant (P > 0.05). 
After two to three months of 
modelling, telomeres in two 
groups were all slightly elon-
gated, but the comparison 
between two groups is still not 
statistically significant (P > 
0.05). Since the fourth month, 
telomeres in the model group 
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Correlation between lengths of telomere in 
peripheral leucocytes and in cerebrovascular 
tissues

In the sixth month, relative lengths of telomeres 
in two groups were recalculated respectively 
and the average length of cerebrovascular telo-
meres in the control group was set as the 
benchmark. According to the Pearson correla-
tion coefficient, lengths of telomeres in periph-
eral leucocytes and in cerebrovascular tissues 
are significantly correlated (r = 0.475, P = 
0.019) (Figure 3).

Expression of tert in cerebrovascular tissues

In the sixth month, the expression level of TERT 
in cerebrovascular tissues in the model group 
was significantly lower than that in the control 
group (0.09 ± 0.07 vs. 1.37 ± 1.16, P < 0.05) 
(Figure 4). 

100 pmol/L and was significantly lower than 
that in the control group. Results above indi-
cate that risk factors significantly intervene in 
the etiological mechanism, and, further, this IA 
model is stable and repeatable. 

Judged from dynamic surveillance of telomere 
lengths in peripheral leucocytes, curves of  
telomere lengths for both groups follow  
the ‘descending-ascending-descending’ trend. 
Research identifies that moderate-severe trau-
ma remarkably truncates telomeres in periph-
eral leucocytes over a short period of time [14]. 
Also, another study verify this statement in on 
variations of telomere lengths in peripheral leu-
cocytes targeted at traumatic brain injury [15]. 
Accordingly, we assume that, in the first postop-
erative month, telomeres in peripheral leuco-
cytes in two groups shortened sharply because 
rats’ automatic reaction to acute traumatic 
lesions activated their stress state. Similarly, 

Figure 5. IA modelling and the hypotheses of the IA mechanism.

Expression of telomere-bind-
ing proteins in cerebrovascu-
lar tissues

In the sixth month, expression 
levels of TRF2 and TPP1 in the 
model group were significantly 
higher than those in the con-
trol group (P < 0.05). Ex- 
pression levels of POT1 and 
TIN2 in the model group were 
higher than those in the con-
trol group, but not statistically 
significant. Expression levels 
of TRF1 and RAP1 in two 
groups were not significantly 
divergent (P > 0.05) (Figure 4). 

Discussion

According to analyses of ba- 
seline indicators concerned, 
rats’ caudal-arterial systolic 
pressure level and serum Hcy 
level in the model group 
steadily rose to 180 mmHg 
and 45 µmol/L respectively 
and were significantly higher 
than those in the control 
group. Meanwhile, the serum 
E2 level in the model group 
steadily dropped lower than 
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through the second and the third month, activa-
tion of the telomere repair mechanism follow-
ing stress contributed to the glacial compensa-
tory elongation of telomeres in rats’ peripheral 
leucocytes. However, rats and humans are dis-
tinct at this stage. Humans’ telomeres in 
peripheral leucocytes elongate to pre-traumat-
ic lengths promptly as lesions recover. As to 
rats, despite automatic recovery and compen-
satory elongation in both groups, it is a glacial 
and inefficient compensation process, particu-
larly shown in the recovery level of the control 
group in this experiment. This variance presum-
ably results from species diversity although 
specific reasons remain ambiguous. In the 
fourth month, telomeres in peripheral leuco-
cytes in both groups began to shorten again. 
Lengths became divergent in two groups in the 
fifth month and diverged more markedly in the 
sixth month. We presume that this result is very 
likely connected with the synergistic effects of 
multiple risk factors relating to IAs in the model 
group. Piles of earlier researches buttress our 
assumptions. They confirm from different per-
spectives that hypertension, haemodynamic 
variations, HHcy and low levels of oestrogen 
can all incur truncation of telomeres in mam-
malian peripheral leucocytes [16-19]. 

In terms of cerebrovascular telomere lengths, 
overall, telomeres in the model group were sig-
nificantly shorter than those in the control 
group in the sixth month of modelling. Combined 
with our earlier studies on the novel IA rat 
model (incidence of IAs: 142%, success rate of 
modelling: 100%), we suppose that telomere 
lengths are strongly related to formation of IAs. 
It is similar to the result of research on abdomi-
nal aortic aneurysms (AAAs) [20]. This research 
identifies that AAA patients’ peripheral leuco-
cytic telomeres and abdominal aorta vascular 
telomeres are all significantly shorter than 
those in AAA-free subjects. Another research 
on AAA also substantiates the claim that break-
ages of DNA strands rise dramatically when 
vascular smooth muscular telomeres in AAAs 
shorten significantly [21]. We thus speculate 
that the synergy of risk factors linked with IAs 
may damage telomeres on intracranial arterial 
walls. Damaged telomeres can directly induce 
expression of P53 and then activate apoptosis 
signalling pathways [22]. Apoptosis can also be 
achieved through telomere-mitochondrion pa- 
thways after mitochondrial dysfunction owing 

to inhibition of transcription and expression of 
mitochondrial oxidation respiratory chain-relat-
ed proteins [23]. Activating other unknown sig-
nalling pathways can lead to cerebrovascular 
endothelial apoptosis and vascular remodelling 
as well. The final consequence of these reac-
tions is inducing the formation and exacerba-
tion of IAs.    

For all the samples, lengths of telomeres in 
peripheral leucocytes and in cerebrovascular 
tissues are positively correlated (r = 0.475, P = 
0.019), which suggests this correlation is not 
disturbed by risk factors concerning IAs. It is 
worth noting that this result is similar to the 
result of Wilson et al.’s research that telomere 
lengths on human AAA’s vascular walls and in 
peripheral leucocytes are positively correlated 
[20]. Not only can this result confirm that 
lengths of telomeres in peripheral leucocytes 
indicate damage conditions of IA vascular walls 
and the degree of aging of holistic vessels, but 
it also makes it possible to replace cerebrovas-
cular telomere lengths with peripheral leuco-
cytic telomere lengths in the IA model. It effec-
tively averts contradictions of methods and 
procedures between cerebrovascular telomere 
length measurement and cerebrovascular con-
struction. However, given limitations stemming 
from the small sample size, r is relatively low in 
this experiment (r = 0.5).  

As to expression levels of TERT in cerebrovas-
cular tissues, the level in the model group was 
significantly lower than that in the control group 
in the sixth month, implicating that telomere 
expression was noticeably inhibited. From our 
point of view, synergistic effects of hyperten-
sion, HHcy, haemodynamic variations, and low 
oestrogen levels remarkably upregulate the 
level of oxidative stress, which produces exces-
sive oxygen free radicals (OFRs). The free radi-
cal oxidation can convert 5’-guanine on the 
telomere repetitive sequence TTAGG to 7, 
8-dihydro-8-oxoguanine (8-oxo-G) and lead to 
decrease in telomerase activity by directly ham-
pering the binding of telomerase and telomeres 
[24]. This mechanism is considered the leading 
cause of the obvious inhibition of telomerase 
activity in the model group and the principal 
stimulus to rats’ cerebrovascular telomere 
damages. However, some investigators unveil 
the fact that for hypertension patients, activity 
of telomerase rises both in peripheral leuco-
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cytes and in vascular tissues [25]. It is inconsis-
tent with our observation. The possible reason 
for this inconsistency is, as a single risk factor, 
although hypertension can trigger oxidative 
stress and further inhibit telomerase activity 
partially, it activates the repair mechanism of 
the telomere-telomerase system as well. Ma- 
ssively increased compensatory telomerase 
activity overwhelms inhibition rising from hyper-
tension. In contrast, inhibition derived from the 
synergy of multi-factors overwhelms increased 
compensatory telomere expression, signifying 
a decline in activity as a whole. Therefore, it is a 
process of defeating and defeated amongst 
mechanisms in vivo.  

Seen from expression levels of telomere-bind-
ing proteins in cerebrovascular tissues, in the 
sixth month, expression levels of TRF2 and 
TPP1 in the model group were significantly high-
er than those in the control group. They are  
considered to be implicated in telomere trunca-
tion and telomerase inactivation. TRF2 is an 
extremely sequence-conserved protein struc-
ture which plays a key role in recruiting the 
break repair protein, MRE11, and RAP1 to telo-
meres so as to prevent 3’ ends of telomeres 
from losing and chromosome ends from joining 
[26, 27]. Earlier investigators claimed that 
TRF2 is a negative regulator of telomere lengths 
because telomeres are truncated by supple-
menting exogenous TRF2 whether in telomer-
ase positive cells or in telomerase negative 
cells [28, 29]. As research delves deeply into 
this issue, investigators identified that when 
TRF2 is removed from cells or fragmented TRF2 
is expressed, the chromosome ends joining 
and excessive loss of telomere DNA can also be 
observed [30]. It is widely acknowledged that 
both excessively high and extremely low levels 
of TRF2 expression can sabotage the integrity 
of telomere structures. In other words, only 
when the expression level is maintained normal 
can TRF2 be protective towards telomeres. 
TRF2 was excessively expressed in the model 
group in this experiment. As mentioned earlier, 
the synergy of risk factors linked with IAs such 
as hypertension, HHcy, haemodynamic varia-
tions and low oestrogen levels activates rats’ 
oxidative stress mechanism in vivo. This mech-
anism acts on TRF2 and excessively upregu-
lates TRF2 expression levels. Excessive expres-
sion of TRF2 allows TRF2 to bind with DNA 
strands at telomere termini at saturation point 

and promotes the formation of T-loops, struc-
tures that keep telomerase from closing to and 
binding to telomeres and, further, serve as a 
negative regulator of telomere lengths. A series 
of interactions mentioned above significantly 
affect integrity of telomeres and aggravate telo-
mere damages. It is presumed to be another 
major mechanism that damages rats’ telo- 
meres. 

TPP1 is another telomere-binding protein which 
was discovered to interact with TIN2. It not only 
binds with carboxyl termini of POT1 to form het-
erodimers that can enhance POT1 binding 
activity of telomeres, but also interacts with 
telomerase to regulate telomerase activity. 
Through these ways, TPP1 performs its protec-
tive function related to maintaining telomere 
integrity and length [31]. Meanwhile, it stabiliz-
es the shelterin complex by interacting with 
TRF1 and TRF2 after binding with TIN2 [32]. 
The expression level of TPP1 in the model group 
was relatively high in this experiment. We sup-
pose that as telomeres were truncated in the 
model group, organisms tended to increase 
telomerase activity and further repair damaged 
telomeres by mediating TPP1 expression. 
Whereas, the synergy of multiple risk factors 
inhibited telomerase activity significantly such 
that TPP1 was consistently mediated and thus 
high expressed as compensation. In the mean-
time, excessive expression of TRF2 is consid-
ered to be implicated in high compensatory 
expression of TPP1, although the specific 
mechanism has yet to be revealed.      

Hypotheses of the mechanism

On the premise of the telomere damage and 
repair theory in conjunction with results men-
tioned above, we put forward hypotheses about 
IA’s etiological mechanism as followed. 

The first is about alterations in vascular micro-
environment. Under long-term synergistic influ-
ences of alterations in mechanical factors such 
as blood pressure and haemodynamic forces 
and chemical factors such as serum Hcy and 
E2 levels, these high risk factors associated 
with IAs are very prone to significant changes in 
environments of inflammation, stress, and oxi- 
dation. 

The second is about truncation of cerebrovas-
cular telomeres. On the one hand, as a result of 
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activating the mitogen-activated protein kinase 
(MAPK), these inflammatory factors and oxida-
tive stress factors incur hyper-proliferation of 
vascular endothelial cells (VECs) and vascular 
smooth muscle cells (VSMCs) and, further, 
accelerate the shortening of cerebrovascular 
telomeres at the mitosis stage. On the other 
hand, in a bid to hamper recovery of the telo-
mere-telomerase system and promote trunca-
tion of telomeres ultimately, these factors both 
directly inhibit expression and activity of telom-
erase, and indirectly inhibit activity of telomer-
ase attributable to escalating expression of 
telomere-binding proteins including TRF2, 
TPP1, and POT1. 

When telomeres are truncated to a certain 
extent by pathways mentioned above, on the 
one hand, DNA strands of cerebrovascular 
endothelial cells and smooth muscle cells 
accelerate apoptosis on account of loss of telo-
mere safeguards and degradation of cellular 
functions; on the other hand, shortened telo-
meres directly active p53 pathways and 
increase levels of apoptosis. As a large number 
of VECs are induced into apoptosis, vascular 
walls gradually lose original forms and become 
not smooth any more. Cells undergo phase I 
aneurysm neoplasia during this period and 
numerous VECs and VSMCs are induced into 
further apoptosis due to continuous effects of 
these factors. Cerebrovascular walls consis-
tently become thinner and this thinning process 
in turn triggers vascular remodelling which 
alters forms and functions of vascular walls in 
the meantime. Persistent mechanical effects 
such as hypertension and haemodynamic forc-
es promote gradual bulging of thinned vascular 
walls and thus induce phase II aneurysms. At 
the next stage, with non-stop telomere trunca-
tion-induced apoptosis and constant thinning 
and remodelling of vascular walls, the wall 
sheer stress (WSS) credited to blood flow vorti-
ces through bulgy phase II aneurysms alters. 
This alteration exacerbates telomere damages 
and apoptosis. Together with hypertension, 
thinned vascular walls continue protruding. 
These increased swellings develop into phase 
III aneurysms eventually. When vascular walls 
are thinned to a certain extent, they cannot 
bear hypertension and haemodynamic forces 
any more. Consequently, IA ruptures occur 
before spontaneous subarachnoid haemor-
rhage (sSAH) is induced, both of which endan-
ger people’s health and life (Figure 5).

Conclusion and envision

In conclusion, on the basis of the telomere 
damage and repair theory, the etiological 
mechanism of IAs is primarily discussed follow-
ing the study on variations of telomere lengths 
and expression levels of telomerase and telo-
mere-binding proteins. This research has 
potential to be the cornerstone of the further 
study on the formation and rupture of IAs and 
to provide new access to clinical prevention 
and therapeutic agents. 

Contradictions and limitations

However, there are drawbacks and limitations 
in this experiment. Due to the contradiction 
between vascular construction and vascular 
telomere detection, this experiment fails to pro-
vide direct proofs of correlations between IAs 
and telomeres, especially between disease 
stages and telomere lengths. In addition, for-
mation of human IAs is rather a complicated 
and time-consuming process and a synergy of 
multiple mechanisms, whereas the perspective 
of this experiment was confined to telomere 
damage and repair and other regulation mech-
anisms were excluded. More perspectives 
hereby are expected to be considered in the 
next step of research in order to have a thor-
ough understanding of IAs and carry out further 
studies. 

Acknowledgements

This work was supported by the National 
Natural Science Foundation of China (1167- 
2332); the Scientific Research Project of Tianjin 
Health and Family Planning Commission (2015- 
155); Tianjin Science and Technology Planning 
Project (15ZXLCSY00040, 16ZXHLSY00120); 
the Basic Research Project of Logistics 
University of PAP (WHJ201721, WHJ201728, 
WHJ201729); Tongji University “Chinese Uni- 
versities Scientific Fund” (NO. 22120180282) 
and Medical Research Project of Hongkou 
District Health and Family Planning Commission 
(NO. HongWei 1802-06).

Disclosure of conflict of interest

None.

Address correspondence to: Shengkai Sun and 
Zhihong Wang, Tianjin Key Laboratory of Ne- 
urotrauma Repair, Affiliated Hospital of Logistics 



Telomere lengths’ variations and intracranial aneurysm

401 Int J Clin Exp Med 2019;12(1):392-402

University of Chinese People’s Armed Police Force, 
220 Chenglin Road, Hedong, Tianjin 300162, P. R. 
China. Tel: 022-60578186; Fax: 022-60578186; 
E-mail: sskrui@126.com (SKS); wangzhihongyjb@ 
163.com (ZHW)

References

[1] D’Mello MJ, Ross SA, Briel M, Anand SS, Ger-
stein H and Paré G. Association between short-
ened leukocyte telomere length and cardio-
metabolic outcomes: systematic review and 
meta-analysis. Circ Cardiovasc Genet 2015; 8: 
82-90.

[2] Haycock PC, Heydon EE, Kaptoge S, Butter-
worth AS, Thompson A and Willeit P. Leucocyte 
telomere length and risk of cardiovascular dis-
ease: systematic review and meta-analysis. 
BMJ 2014; 349: g4227.

[3] Sawyer DM, Amenta PS, Medel R and Dumont 
AS. Inflammatory mediators in vascular dis-
ease: identifying promising targets for intracra-
nial aneurysm research. Mediators Inflamm 
2015; 2015: 896283.

[4] Sadasivan C, Fiorella DJ, Woo HH and Lieber 
BB. Physical factors effecting cerebral aneu-
rysm pathophysiology. Ann Biomed Eng 2013; 
41: 1347-1365.

[5] Townsley DM, Dumitriu B, Liu D, Biancotto A, 
Weinstein B, Chen C, Hardy N, Mihalek AD, Lin-
gala S, Kim YJ, Yao J, Jones E, Gochuico BR, 
Heller T, Wu CO, Calado RT, Scheinberg P and 
Young NS. Danazol treatment for telomere dis-
eases. N Engl J Med 2016; 374: 1922-1931.

[6] Cawthon RM. Telomere length measurement 
by a novel monochrome multiplex quantitative 
PCR method. Nucleic Acids Res 2009; 37: e21.

[7] Shay JW. Role of telomeres and telomerase in 
aging and cancer. Cancer Discov 2016; 6: 584-
593.

[8] Jafri MA, Ansari SA, Alqahtani MH and Shay JW. 
Roles of telomeres and telomerase in cancer, 
and advances in telomerase-targeted thera-
pies. Genome Med 2016; 8: 69.

[9] Giardini MA, Segatto M, da Silva MS, Nunes 
VS, Cano MI. Telomere and telomerase biology. 
Prog Mol Biol Transl Sci 2014; 125: 1-40.

[10] Atzmon G, Cho M, Cawthon RM, Budagov T, 
Katz M, Yang X, Siegel G, Bergman A, Huffman 
DM, Schechter CB, Wright WE, Shay JW, Barzi-
lai N, Govindaraju DR and Suh Y. Evolution in 
health and medicine Sackler colloquium: Ge-
netic variation in human telomerase is associ-
ated with telomere length in Ashkenazi cente-
narians. Proc Natl Acad Sci U S A 2010; 107 
Suppl 1: 1710-1717.

[11] de Lange T. Shelterin: the protein complex that 
shapes and safeguards human telomeres. 
Genes Dev 2005; 19: 2100-2110.

[12] Kim H, Yoo JE, Cho JY, Oh BK, Yoon YS, Han HS, 
Lee HS, Jang JJ, Jeong SH, Kim JW and Park 
YN. Telomere length, TERT and shelterin com-
plex proteins in hepatocellular carcinomas ex-
pressing “stemness”-related markers. J Hepa-
tol 2013; 59: 746-752.

[13] Longhese MP, Anbalagan S, Martina M and 
Bonetti D. The role of shelterin in maintaining 
telomere integrity. Front Biosci (Landmark Ed) 
2012; 17: 1715-1728.

[14] Yu P, Jiang J, Hu JJ, Hu XF, Ye J, Lu YM. Effect of 
acute trauma on telomere length. J Surg Con-
cepts Pract 2014; 19: 438-443.

[15] Hehar H and Mychasiuk R. The use of telomere 
length as a predictive biomarker for injury 
prognosis in juvenile rats following a concus-
sion/mild traumatic brain injury. Neurobiol Dis 
2016; 87: 11-18.

[16] Needham BL, Diez RAV, Bird CE, Bradley R, 
Fitzpatrick AL, Jacobs DR, Ouyang P, Seeman 
TE, Thurston RC, Vaidya D and Wang S. A test 
of biological and behavioral explanations for 
gender differences in telomere length: the 
multi-ethnic study of atherosclerosis. Biode-
mography Soc Biol 2014; 60: 156-173.

[17] Warboys CM, de Luca A, Amini N, Luong L, 
Duckles H, Hsiao S, White A, Biswas S, Khamis 
R, Chong CK, Cheung WM, Sherwin SJ, Bennett 
MR, Gil J, Mason JC, Haskard DO and Evans 
PC. Disturbed flow promotes endothelial se-
nescence via a p53-dependent pathway. Arte-
rioscler Thromb Vasc Biol 2014; 34: 985-995.

[18] Yang Z, Huang X, Jiang H, Zhang Y, Liu H, Qin C, 
Eisner GM, Jose PA, Jose P, Rudolph L and Ju Z. 
Short telomeres and prognosis of hyperten-
sion in a Chinese population. Hypertension 
2009; 53: 639-645.

[19] Zhang D, Wen X, Wu W, Xu E, Zhang Y and Cui 
W. Homocysteine-related hTERT DNA demeth-
ylation contributes to shortened leukocyte telo-
mere length in atherosclerosis. Atherosclerosis 
2013; 231: 173-179.

[20] Wilson WR, Herbert KE, Mistry Y, Stevens SE, 
Patel HR, Hastings RA, Thompson MM and Wil-
liams B. Blood leucocyte telomere DNA con-
tent predicts vascular telomere DNA content in 
humans with and without vascular disease. 
Eur Heart J 2008; 29: 2689-2694.

[21] Cafueri G, Parodi F, Pistorio A, Bertolotto M, 
Ventura F, Gambini C, Bianco P, Dallegri F, Pis-
toia V, Pezzolo A and Palombo D. Endothelial 
and smooth muscle cells from abdominal aor-
tic aneurysm have increased oxidative stress 
and telomere attrition. PLoS One 2012; 7: 
e35312.

[22] Sahin E and DePinho RA. Axis of ageing: telo-
meres, p53 and mitochondria. Nat Rev Mol 
Cell Biol 2012; 13: 397-404.

[23] Sahin E, Colla S, Liesa M, Moslehi J, Müller FL, 
Guo M, Cooper M, Kotton D, Fabian AJ, Walkey 

mailto:sskrui@126.com
mailto:wangzhihongyjb@163.com
mailto:wangzhihongyjb@163.com


Telomere lengths’ variations and intracranial aneurysm

402 Int J Clin Exp Med 2019;12(1):392-402

C, Maser RS, Tonon G, Foerster F, Xiong R, 
Wang YA, Shukla SA, Jaskelioff M, Martin ES, 
Heffernan TP, Protopopov A, Ivanova E, Ma-
honey JE, Kost-Alimova M, Perry SR, Bronson 
R, Liao R, Mulligan R, Shirihai OS, Chin L and 
DePinho RA. Telomere dysfunction induces 
metabolic and mitochondrial compromise. Na-
ture 2011; 470: 359-365.

[24] Szalai VA, Singer MJ and Thorp HH. Site-specif-
ic probing of oxidative reactivity and telomer-
ase function using 7, 8-dihydro-8-oxoguanine 
in telomeric DNA. J Am Chem Soc 2002; 124: 
1625-1631.

[25] Tristano A, Eugenia CM, Willson ML, Adjounian 
H, Fernanda CM and Borges A. [Telomerase 
activity in peripheral blood leukocytes from pa-
tients with essential hypertension]. Med Clin 
(Barc) 2003; 120: 365-369.

[26] Lu W, Zhang Y, Liu D, Songyang Z and Wan M. 
Telomeres-structure, function, and regulation. 
Exp Cell Res 2013; 319: 133-141.

[27] Ilicheva NV, Podgornaya OI and Voronin AP. 
Telomere repeat-binding factor 2 is responsi-
ble for the telomere attachment to the nuclear 
membrane. Adv Protein Chem Struct Biol 
2015; 101: 67-96.

[28] Gomez DE, Armando RG, Farina HG, Menna 
PL, Cerrudo CS, Ghiringhelli PD and Alonso DF. 
Telomere structure and telomerase in health 
and disease (review). Int J Oncol 2012; 41: 
1561-1569.

[29] Wang X. Telomere and telomerase: implica-
tions for future prospects. FEBS J 2013; 280: 
3179.

[30] Karlseder J. Telomeric proteins: clearing the 
way for the replication fork. Nat Struct Mol Biol 
2006; 13: 386-387.

[31] Kibe T, Osawa GA, Keegan CE and de Lange T. 
Telomere protection by TPP1 is mediated by 
POT1a and POT1b. Mol Cell Biol 2010; 30: 
1059-1066.

[32] Taylor DJ, Podell ER, Taatjes DJ and Cech TR. 
Multiple POT1-TPP1 proteins coat and com-
pact long telomeric single-stranded DNA. J Mol 
Biol 2011; 410: 10-17.


