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Figure 3. Dental Pg infection predisposes to increased invasion of injured mouse aortal tissue under HFD conditions. (A) Expression
of the mgl gene of Pg is detected in aortal tissue of infected mice. Genomic DNA of Pg W83 strain is included as a positive control (PC). (B)
Immunolocalization of Pg (brown particles) is observed in aortal walls of infected mice. (C) Pg invasion is significantly higher in HFD-Pg group. Mean
+ SD *P<0.05, **P<0.01. Scale bar, 10 um; CD, chow diet; HFD, high fat diet; NC, negative control; Pg, Porphyromonas gingivalis. Experiments were

performed three times or more with similar results.
doi:10.1371/journal.pone.0110519.g003

palmitate (Figure 5A). Effects of Pg-LPS on expression of
inflammation associated factors COX-2 (a synthetic enzyme of
inducible PGEy) and TNF-o.. Pg-LPS induced a slight increase in
COX-2 mRNA, and a more robust increase in TNF-o. in HuhT'1
cells Palmitate treatment alone increased TNF-oo expression.
Unexpectedly, 1 h of Pg whole cell priming on Huh'T'l cells did
not alter the mRNA expression of COX-2 and TNF-o.. In the
palmitate pre-treated group, expression of both COX-2 and TNF-
o were strongly enhanced by Pg-LPS stimulation and only TNF-o
mRNA was increased by Pg whole cell stimulation (Figure 5B).

Palmitate increases Pg cell invasion in HuhT1 cells
(Figure 6)

The antibiotic protection assay was performed to determine
whether Pg cells were capable of invading and remaining viable
within HuhT'1 cells, in vitro. Immunofluorescent staining exhib-
ited the existence of invaded Pg shown in green in HuhT1 cells
(Figure 6A). Brown Pg colonies appeared 5 days post plating on
blood agar (data not shown). Pretreatment of cells with 50 pM
palmitate significantly increased the number of invading Pg
colonies in HuhT1 cells (P<<0.01) (Figure 6B).

Discussion

The health of the inner arterial wall is an important factor in
preventing vascular disease development. However, the endothe-
lium is easily damaged by various atherogenic factors, including
hypercholesterolemia, homocysteine, oxidative stress, and hyper-
glycemia [19]. To study the effect of dental infection on
endothelial injury associated with obesity, we induced obesity in
mice by high fat diet feeding, and then applied Pg bacteria to pulp
chambers of upper molars.

The relationship between periodontitis and systemic disease has
been the subject of intense speculation and research in recent
years. Periodontitis, a bacterially induced inflammatory disease,
destroys the periodontal tissues and may ultimately lead to tooth
exfoliation. Among the over 700 bacterial species colonizing the
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oral cavity [20], Pg is highly detectable in the periodontal pocket
during chronic periodontitis, and is considered to be one of the
principal bacterial species responsible for inducing periapical
periodontitis [11-13]. Pg is a Gram-negative species that requires
anaerobic conditions for growth. In our mouse model, we
delivered Pg into pulp chambers, providing a natural route for
infection to induce periapical periodontitis. Dental infection by Pg
caused total pulp necrosis and establishment of periapical
granuloma, in which Pg was detected in neutrophils and
macrophages. Previously, we have shown using this mouse model
that Pg colonies remained viable inside infected pulp chambers
and that bacteria were able to reproduce over a long period of
time to induce periapical periodontitis, affecting the pathological
progression of nonalcoholic steatohepatitis [21]. In this model, we
hypothesize that the periapical granulomas are a stable and
persistent source of the Pg and its immunogenic products,
allowing spreading through the bloodstream.

In the mouse model used in the present study, the reduced
expression of endothelial marker CD31 and increased presence of
TUNEL staining revealed the loss of endothelial integrity,
identifying endothelial injury in the HFD-NC group compared
with the CD-NC group (Figure 2). In addition, the body weight,
epididymal fat weight, and total cholesterol were elevated in HFD-
fed mice (Table S1), confirming the establishment of dyslipidemia
caused by obesity. Correspondingly, using the diet-induced
atherosclerotic rabbit model, Yu et al. reported that long term
(16 weeks) feeding of HFD induced loss of integrity in the
endothelial layer [22]. According to Boden et al. FFAs appear to
be a major link between obesity and the development of
atherosclerotic vascular disease [23]. In vitro studies showed that
FFA treatment would induce apoptosis of various cells, including
endothelial cells [24], and accelerated apoptosis likely contributes
to the loss of endothelial integrity, in turn leading to increased
permeability. In these studies, we additionally demonstrate
palmitate-induced higher affinity to Annexin V and PARP
cleavage in HuhT1 cells (Figure 4C, 4D, 4E), indicating that
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Figure 4. Pg and Pg-LPS increase palmitate-induced apoptosis in HuhT1 cells. (A, B) Palmitate treatment induces HuhT1 cell detachment,
and Pg and/or Pg-LPS treatment further increases detachment. (C) Palmitate stimulation induces cell death by apoptosis that is indicated by increased
percentage of Annexin V positive cells; Dox is positive control. (D, E) Palmitate stimulation induces PARP cleavage (arrow, cleaved PARP) in HuhT1
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cells in a dose- and time-dependent manner. (F) Pg-LPS accelerates PARP cleavage in palmitate-treated cells. Mean = SD, **P<<0.01. NC, negative
control; Pg, Porphyromonas gingivalis; PARP, Poly (ADP-ribose) polymerase; Dox, Doxorubicin, Experiments were performed three times or more with

similar results.
doi:10.1371/journal.pone.0110519.g004

increased apoptosis is a potential mechanism for FFA-induced
endothelial cell layer injury.

In the HFD groups, addition of Pg further reduced expression
of CD31 and increased presence of TUNEL positive cells in the
endothelial layer, compared to the non-Pg-treated controls. GD31
is an adhesion molecule expressed on endothelial cells that is
important for maintaining endothelial integrity [25] and facilitates
transendothelial migration of neutrophils to sites of inflammation
[26]. Carrithers ¢t al. revealed that CD31-deficient mice showed
enhanced vascular permeability and increased apoptotic endothe-
lial cell death during LPS-induced shock, compared to wild type
controls, suggesting that CD31 is necessary for maintenance of
endothelial integrity and prevention of apoptosis [27]. Pg infection
increases serum levels of LPS in our animal model {21]. In the
mn vitro portion of these studies, we observed that addition of Pg-
LPS to HuhT1 cells significantly increased cell detachment with
FFA pre-stimulation (Figure 4B). Furthermore, PARP cleavage
clearly showed that Pg-LPS promoted cell apoptosis with FFA pre-
treatment (Figure 4F). For future studies, it will be of interest to
investigate the role of CD-31 in LPS- and FFA-induced
endothelial cell apoptosis. Interestingly, although the HFD-Pg
m vivo exhibited most severe endothelial injury and highest
number of Pg colonies in aorta, the effect of Pg whole cell was not
as robust as Pg-LPS in inducing endothelial cell death with
addition of FFA. Yun ef al. reported that gingipains (major
virulence determinants) of Pg may contribute to the initiation of
endothelial barrier destruction by cleaving CD31 at the endothe-
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lial cell-cell junction, eventually resulting in increased vascular
permeability [28]. The Pg invasion in aortal wall observed in the
current study may be the consequence of increased vascular
permeability induced by degradation of CD31, probably through
gingipains. However, a better understanding of this mechanism
requires further investigation.

TNF-u is one of the key cytokines in inflammatory pathologies,
stimulating the production of other proinflammatory cytokines,
chemokines, and also COX-2, consequently contributing to
endothelial cells apoptosis [29]. In the present study, a single
Pg-LPS or IFFA trcatment increased COX-2 and TNF-o gene
expression in endothelial cells. It is reported that palmitate
activates NF-kB and increases inflammatory cytokine production
via TLR4 in endothelial cells and adipocytes, which is consistent
with our result {30,31]. Interestingly, Pg-LPS stimulation
dramatically up-regulated COX-2 and TNF-o gene expression
in FFA-pretreated endothelial cells (Figure 5). To our knowledge,
this is the first demonstration of a combined effect of Pg-LPS and
FFA on inflammatory mediator production and endothelial cell
apoptosis, though more work will be done to show whether the
effect is additive or synergystic. As both FFA and LPS are ligands
to TLR4 and could induce proinflammatory cytokines through the
NF-¢B pathway [32,33], the cooperative effect of FFA and Pg-LPS
on TNF-o up-regulation may be due to the co-activation of NF-kB
pathway via TLR4. It is known that in vivo, proinflammatory
cytokines produced in response to FFA contribute to low-grade
inflammation in fat, liver, and the aortal wall [34,35], and we
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Figure 5. Pg-LPS up-regulates COX-2 and TNF-o expression in palmitate treated HuhT1 cells. (A) Phosphorylation of p65, p38, JNK and
ERK was detected by western blotting. Cells were pretreated with Cli-095 6 h before palmitate stimulation. (B) mRNA expression of COX-2 and TNF-o.
in HuhT1 cells with and without palmitate treatment at 1 h after Pg and/or Pg-LPS stimulation. NC, negative control; Pg, Porphyromonas gingivalis; Cli-
095, TLR4 inhibitor. Experiments were performed three times or more with similar results.

doi:10.1371/journal.pone.0110519.g005
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Figure 6. Palmitate increases Pg cell invasion in HuhT1 cells. Antibody protection assay (see Material & Methods) was used to determine Pg
invasion in HuhT1 cells. (A) Invaded Pg was analyzed by fluorescent microscopy at magnification of 1000x. Side view (X-Z plane) is shown. Pg (green);
DAPI (blue); Phalloidin (red). (B) Pg invasion into HuhT1 cells is increased under palmitate pre-treatment. Mean = SD, **P<<0.01. NC, negative control;
Pg Porphyromonas gingivalis. Experiments were performed three times or more with similar results.

doi:10.1371/journal.pone.0110519.g006

propose that Pg-LPS exacerbates the inflammation in the aortal
wall by further up-regulating cytokines. This is supported by the
immunohistochemical staining and RT-PCR detection of Pg
colonies in aortal wall of infected mice (Figure 3). Furthermore, we
demonstrated that there is a significant difference between CD-Pg
and HFD-Pg referring the tissue invasion rate by applying equal
amount of Pg from pulp chamber (Figure 3C). Correspondingly,
our in vitro study showed that Pg easily invaded damaged HuhT'1
endothelial cells following FFA pretreatment. Several reports
demonstrated the detection of DNA of Pg and Aggregatibacter
actinomycetemcomitans (Aa) in atheromatous plaque, with Pg
(78.57%) as the most commonly found periodontal pathogens
followed by Aa (66.67%) [36]. These findings point to the
capability for periodontal pathogens to access systemic circulation,
colonize distant sites such as the aortal wall, and influence the
pathophysiology of atherogenesis.

Based on these previous findings and data generated in the
current study, we hypothesize that Pg-LPS may exacerbates FFA-
induced endothelial injury in aortal walls of obese individuals,
providing easy access for circulating Pg to invade and colonize the
deep intima and promote the development of atherosclerosis
through additive local production of pro-inflammatory cytokines.
However, further investigations will help clarify the effect of Pg
infection on endothelial cells and smooth muscle cells in the aortal
wall.

In summary, data from this study demonstrate that Pg from a
dental infection are capable of invading aortal tissue through the
circulation and exacerbating HFD-induced endothelial damage, in
part by accelerating endothelial cell apoptosis. On the other hand,
HFD-induced endothelial damage enhanced Pg invasion rate.
Furthermore, FFAs contributed to the up-regulation of inflamma-
tion and apoptosis of endothelial cells, and Pg-LPS aggravated this
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Abstract

Background and objectives Telomeric G-tails play a pivotal role in maintaining the intramolecular loop structure
of telomeres. Previous in vitro studies have suggested that the erosion of telomeric G-tails triggers cellular senescence,
leading to organ dysfunction and atherosclerosis. The authors recently established a method to measure

telomeric G-tail length using a hybridization protection assay. Using this method, this study investigated whether
telomeric G-tail length could be used as a novel predictor for future cardiovascular events in hemodialysis patients.

Design, setting, participants, & measurements A prospective observational study was performed involving a
cohort of 203 Japanese hemodialysis patients to examine the lengths of telomeric G-tails and total telomeres and
subsequent cardiovascular events during a median follow-up period of 48 months. The lengths of telomeric
G-tails and total telomeres were also measured in 203 participants who did not have CKD and who were age- and

sex-matched to hemodialysis patients.

Results The lengths of telomeric G-tails and total telomeres were significantly shorter in hemodialysis patients
than in control subjects. Telomeric G-tails, but not total telomeres, were independently and negatively associated
with clinical history of cardiovascular disease. During follow-up, 80 cardiovascular events occurred. Total
telomere length did not predict cardiovascular events. However, the length of telomeric G-tails was associated
with new-onset cardiovascular events (hazard ratio per log luminescence signals, 0.12; 95% confidence interval,
0.12 to 0.50) that persisted after adjustment for age, sex, diabetes mellitus, clinical history of cardiovascular
disease, inflammation, use of vitamin D, and serum levels of phosphate and intact parathyroid hormone.

Conclusions Longer telomeric G-tail length is associated with a lower risk of future cardiovascular events in

hemodialysis patients.

Clin ] Am Soc Nephrol 9: 2117-2122, 2014. doi: 10.2215/CJN.10010913

Introduction

Human telomeres contain 10-15 kilobase pairs of the
repeating telomeric DNA sequence, 5'-TTAGGG-3’, fol-
lowed by 75-300 bases of a G-rich single-stranded 3’
overhang, the so-called G-tail (1).The length of telomeric
G-tails plays a pivotal role in maintaining the intra-
molecular loop structure of the telomere, a structure
that is also known as the “t loop” (2). The collapse of
the t-loop structure leads to telomere dysfunction and
is accompanied by end-to-end fusion of chromosomes.
Consequently, this structure is considered to be essen-
tial for the maintenance of chromosome terminal
structure and function and its assembly into stable
protein-telomeric DNA complexes (3). In fact, previous
reports have shown that telomeric G-tail erosion, rather
than total telomere length, serves as a trigger of cellular
senescence and eventually leads to loss of cellular via-
bility in vitro (4). We reported that telomeric G-tails in
human umbilical vein endothelial cells gradually short-
ened with cell division and that introduction of the human
telomerase reverse transcription (TERT) gene rejuvenated
cellular functions (5).

www.cjasn.org Vol 9 December, 2014

Clinical studies have shown that total telomere
shortening is associated with increasing chronological
age (6,7), progression of arteriosclerosis (8,9), and
CKD (10-12). Patients with CKD have a markedly
increased risk for cardiovascular disease (CVD) (13) and
total telomere shortening is associated with progression
of CVD (14). We thus examined whether telomeric G-tail
length could be a sensitive marker for CVD in hemodi-
alysis patients. Until recently, no reliable method for the
measurement of telomeric G-tail length in clinical samples
has been available. However, we recently established a
technique to measure telomeric G-tail length using a hy-
bridization protection assay (HPA) (15). In this study,
our new method enabled us to measure a large number
of clinical samples accurately and with high sensitivity.

Materials and Methods
Participants

We enrolled 203 outpatients receiving maintenance
hemodialysis at Hiroshima University Hospital (Hiroshima,
Japan), Hakuai Clinic (Kure, Japan), Onomichi Clinic
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(Onomichi, Japan), East Clinic (Hiroshima, Japan), and
Chuonaika Clinic (Kure, Japan). These patients received di-
alysis three times a week. Patients with a history of malignant
tumor, currently receiving treatment for a malignant tumor,
currently receiving steroid therapy, or who were infected at
the time of blood sampling were excluded from this study. The
clinical history of CVD was also checked by review of medical
records at the time of initiating this study. The clinical history
of CVD was defined as a previous history of angina pectoris,
myocardial infarction, treatment of percutaneous coronary
intervention, aortic disease (acute aortic dissection, thoracic
aortic aneurysm, or abdominal aortic aneurysm), cerebral
hemorrhage, cerebral infarction, or arteriosclerosis obliterans
(lower limb amputation, extremity gangrene, or treatment of
extremity percutaneous transluminal angioplasty). Afterward,
patients were prospectively followed for assessment of a new-
onset cardiovascular event in relation to telomeric G-tail length
or total telomere length. A new-onset cardiovascular event
was defined as angina pectoris, myocardial infarction, treat-
ment of percutaneous coronary intervention, aortic disease
(acute aortic dissection, thoracic aortic aneurysm, or abdom-
inal aortic aneurysm), cerebral hemorrhage, cerebral infarc-
tion, or arteriosclerosis obliterans (lower limb amputation,
extremity gangrene, or treatment of extremity percutaneous
transluminal angioplasty during the observational period).
These new-onset cardiovascular events were also checked
using medical records and, in selected cases, diagnosis by
specialists. To assemble control participants for this study,
blood samples were obtained from a total of 493 volunteers,
417 of whom were enrolled as participants without CKD
based on completion of a medical questionnaire. From that
group, 203 samples were assessed for telomeric G-tail and total
telomeres as control participants. We selected control partic-
ipants who were matched with hemodialysis patients for age
and sex. The Ethics Committee of our hospitals approved the
study protocol (Analysis of Telomere Instability Mechanism in
Dialysis Therapy, approval number Hi-129, registered April 2,
2008) and written informed consent was obtained from each
patient. This study was conducted in accordance with the
Declaration of Helsinki.

Procedures

After PBMCs were isolated from each whole blood sample,
DNA was extracted by the modified phenol-chloroform
method within 24 hours. Telomeric G-tails and total telo-
meres were measured by HPA (16). The research staff who
measured telomeric G-tails and total telomeres did not know
the details regarding clinical data or outcome in this study.

Briefly, the extracted DNA was adjusted to 100 pg/ml
using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific K K., Yokohama, Japan), and was subsequently dis-
pensed into three wells of a 96-well plate. The sample plates
were set in a JANUS automated workstation (PerkinElmer
Japan Co Ltd, Yokohama, Japan) and the HPA reaction was
performed. First, a diluted telomere HPA probe labeled with
acridinium ester (AE; Fujirebio Inc, Tokyo, Japan) was added
to each well, and incubated at 60°C for 20 minutes (hybrid-
ization step). Hydrolyzation buffer was then added to each
well and samples were incubated at 60°C for 10 minutes
(hydrolyzation step). The plate was then set on an EnVision
multilabel reader (PerkinElmer Japan Co Ltd) to measure the
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luminescence of AE. This assay additionally served as a pos-
itive control for each HPA using a synthetic 35-mer single-
stranded DNA composed of a repeating 5'-(TTAGGG)n-3'
sequence. We measured telomeric G-tail length using 1 ug
of purified nondenatured genomic DNA, and total telomere
length using 0.2 ug of heat-denatured genomic DNA. Unlike
conventional methods such as Southern blotting, telomeric
G-tails, and total telomeres are represented as luminescence
signals (in relative light units [rlu]) in this technique. We used
control genomic DNA isolated from the Henrietta Lacks
(HeLa) cancer cell line and control telomere oligonucleotides
to normalize the luminescence. To confirm the reliability of
HPA, two independent experiments were performed in trip-
licate. We determined that the average coefficient of variations
(CVs) were 4.1% and 4.3% for the telomeric G-tail and total
telomeres, respectively.

Laboratory Analyses

Blood samples were collected from hemodialysis patients
before the first session of dialysis in a given week. Study
parameters were derived from the periodic blood test data
collected at the facilities for maintenance dialysis for individual
patients. We averaged three consecutive readings during the
2-month period, measuring five parameters: hemoglobin and
serum levels of albumin, calcium, phosphate, and C-reactive
protein. The adjusted calcium level was calculated by Payne’s
equation (17). Serum intact parathyroid hormone (PTH) level
was measured by electrochemiluminescence immunoassay
with the use of the ECLusys reagent PTH (Roche Diagnostics
K.K., Tokyo, Japan). Serum $3, microglobulin levels are shown
as the average of two consecutive readings during the 3
months before sampling. Kt/V was calculated with the follow-
ing single-pool equation: (Kt/V sp=—Ln(Ce/Cs—0.008 Xtd)+
(4-3.5XCe/Cs)xABW/BW), where Ce is prehemodialysis
urea nitrogen, Cs is posthemodialysis urea nitrogen,
ABW is weight loss during dialysis, BW is body weight after
a session of dialysis, and td is dialysis time (18).

Statistical Analyses

All variables were expressed as the mean=SD or the median
and interquartile range (25th—75th percentiles), unless other-
wise indicated. Comparisons between two groups were as-
sessed with the Wilcoxon signed-rank test or chi-squared
test. Spearman’s rank correlation analysis was used to de-
termine possible associations between the lengths of telo-
meric G-tails or total telomeres with selected parameters.
Multivariate regression analyses were used to assess in-
dependent predictors of telomeric G-tails and total telomeres,
whereas logistic regression approaches were used to assess
determinants of existing CVD. Analyses of subsequent car-
diovascular events were made with the Cox proportional
hazard model. The univariate and multivariate Cox regres-
sion analyses are presented as hazard ratios (HRs) and 95%
confidence intervals (95% Cls). Statistical significance was set
at a level of P<0.05. All analyses were carried out with SPSS
software (version 21.0; IBM, Armonk, NY).

Results

The clinical characteristics of hemodialysis patients are
shown in Table 1. In the patient group, the mean age was
62.7%10.1 years and dialysis duration was 79 (31-138)
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months. Diabetes mellitus was present in 86 patients (42.4%),
and 88 patients (43.3%) had a history of CVD. Classification
of the clinical history of CVD is summarized in Supplemen-
tal Table 1. These data were similar to those of general Jap-
anese hemodialysis patients (19). Control subjects included
104 men (51.7%) and the mean age was 62.6+6.2 years. Age
and sex did not differ between hemodialysis patients and
control participants.

The luminescence signals showed that telomeric G-tails
were significantly shorter in length in hemodialysis pa-
tients than in control participants (Table 1). Similarly, total
telomeres were also significantly shorter in hemodialysis
patients than in control participants (Table 1). We previ-
ously found that there was a positive correlation between
the lengths of telomeric G-tails and total telomeres in vitro
(5). In this study, we examined the correlation between
telomeric G-tail length and total telomere length in con-
trol participants and hemodialysis patients. As expected, a
strong correlation was observed between telomeric G-tail
length and total telomere length in control participants
(p=0.51, P<0.001) and hemodialysis patients (p=0.48,
P<0.001).

In univariate analysis (Table 1), there was a positive cor-
relation between telomeric G-tail length and serum phos-
phate level and a negative correlation between telomeric
G-tail length and clinical history of CVD. In addition, total
telomere lengths were positively associated with vitamin D
use and serum phosphate level, whereas they were nega-
tively associated with age and clinical history of CVD.
Next, we performed a multivariate regression analysis of
factors associated with the lengths of telomeric G-tails and
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total telomeres. Table 2 shows the results of multivariate
regression analysis of factors predicting telomeric G-tail
and total telomere lengths. Specifically, a clinical history of
CVD and serum phosphate levels were independently asso-
ciated with telomeric G-tail length, whereas age and serum
phosphate level were independently associated with total
telomere length. We also performed an analysis that ex-
cluded hemodialysis patients with a history of CVD at base-
line (Supplemental Table 2). In this analysis, only serum
phosphate levels were independently associated with telo-
meric G-tail.

Patients with a clinical history of CVD had shorter telomeric
G-tail lengths than those without a clinical history of CVD
(21,669 rlu [19,162-23,910] for patients with CVD versus
23,078 rlu [20,182-25,972] for patients without CVD;
P=0.01). In a logistic regression model, the association re-
mained and was independent of age, sex, diabetes mellitus,
serum phosphate level, and inflammation (odds ratios [OR],
0.12 per log rlu; 95% CI, 0.01 to 0.90; P=0.04) (see Telometic
G-tail in Table 3). Although patients with a clinical history of
CVD had shorter total telomere lengths than those without a
clinical history of CVD (218,939 rlu [201,131-242,396] for
patients with CVD versus 228,917 rlu [210,971-265,989] for
patients without CVD; P=0.01), the association disappeared
after adjustments for age, sex, diabetes mellitus, serum phos-
phate level, and inflammation (see Total telomere in Table 3).
See Total telomere, per log rlu in table 3 shows the control of
these models (without telomeric G-tail lengths and total telo-
mere lengths).

Cardiovascular events were assessed after a median
follow-up period of 48 months (range, 3-57; interquartile

total telomere lengths in patients

Table 1. General characteristics of hemodialysis patients and healthy controls, and univariate associations with telomeric G-tail and

Varablc Control Subjects Hemodialysis Telomeric Total
(n=203) Patients (n=203) G-Tail p Telomere p

Telomeric G-tail, rlu 29,511 (26,215-33,040) 22,449 (19,523-25,220)* —_— —
Total telomere, rlu 283,756 (252,755-318,617) 226,318 (208,173-258,269)% 0.69° —
Age, yr 62.7%6.2 62.7+10.1 —={).52 —0.30
Men 104 (51.7) 106 (52.2) ~0.33 —0.56°
Dialysis duration, mo 79 (31-138) -0.24 -0.22
Diabetes mellitus 86 (42.4) —0.16 —0.08
History of CVD 88 (43.3) —0.43¢ —0.41¢
Vitamin D use 90 (44.3) 0.29 0.39¢
Hemoglobin, g/dl 10.3+1.3 -0.22 —-0.19
Albumin, g/dl 3.7x0.4 0.18 0.25
Adjusted calcium, mg/dl 9.4+0.8 —0.30 0.06
Phosphate, mg/dl 5.2+1.5 0.43° 0.56°
Intact PTH, pg/ml 135 (55-229) 0.23 0.46°
B2 microglobulin, mg/L 28.5%7.3 —-0.19 =0.17
C-reactive protein, mg/dl 0.10 (0.05-0.30) 0.34 —0.29
Kt/V 1.32%+0.25 -0.21 0.08

hormone.

Pp<0.001.
°P<0.01.
dp<0.05

Data are means*SD or median (interquartile range) for continuous variables and 1 (%) for categorical variables. Univariate correlations
were assessed by Spearman’s rank correlation analysis. rlu, relative light unit; CVD, cardiovascular disease; PTH, parathyroid

®Significantly different (P<<0.05) from healthy individuals as assessed by Wilcoxon signed-rank test or chi-squared test.
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Table 2. Multivariate regression model predicting telomeric G-tail and total telomere length in 203 hemodialysis patients
Parameter B P Value Adjusted r*
Telomeric G-tail length 0.08
Age, per 1 yr —0.03 0.67
Men -0.10 0.17
Diabetes mellitus, presence 0.03 0.67
Clinical history of CVD, presence —-0.16 0.04
Phosphate, per 1 mg/dl 0.16 0.03
Inflammation, presence 0.05 0.49
Total telomere length 0.15
Age, per 1yr =0.25 <0.01
Men —0.08 0.26
Diabetes mellitus, presence 0.02 0.74
Clinical history of CVD, presence -0.05 0.46
Phosphate, per 1 mg/dl 0.23 <0.01
Inflammation, presence 0.02 0.73
B shows standard regression coefficient. Inflammation was defined as C-reactive protein >0.5 mg/dl.

range, 23-55). During the follow-up period, 80 patients
(39.4%) were hospitalized with a new-onset cardiovascular
event. Causes of new-onset cardiovascular events are sum-
marized in Supplemental Table 1. Cox proportional hazard
crude analyses showed that patients with shorter telomeric
G-tail lengths had an increase of new-onset cardiovascular
events (HR, 0.12 per log rlu; 95% CI, 0.03 to 0.50; P=0.004).
This difference persisted after adjustment for age, sex, dia-
betes mellitus, history of CVD, inflammation, vitamin D use,
and serum levels of phosphate and intact PTH (see Telo-
meric G-tail in Table 4). By contrast, total telomere length
was not associated with future cardiovascular events (see
Total telomeres in Table 4). After multivariate adjustment,
HRs were not statistically significant.

Discussion

In this study, we report for the first time that telomeric
G-tail lengths were shortened in hemodialysis patients. The
reduction of telomeric G-tail length was associated with fu-
ture cardiovascular events. The association was indepen-
dent of age, sex, diabetes mellitus, baseline CVD, vitamin D
use, inflammation, and serum levels of phosphate and intact
PTH. Our findings indicate that telomeric G-tail length but
not total telomere length could be a novel predictor for future
cardiovascular events in hemodialysis patients.

Oxidative stress and chronic inflammation are well known
risk factors of CVD and play major roles in total telomere
shortening (9,20). A previous study demonstrated that pa-
tients with CVD had shortening of total telomere length

Table 3. ORs and 95% CI for factors predicting the clinical history of CVD in 203 hemodialysis patients

Parameter Odds Ratio (95% CI) P Value Adjusted *
Telomeric G-tail 0.16
Age, per 1 yr 1.10 (1.06 to 1.14) <0.01
Men 1.14 (0.59 to 2.20) 0.69
Diabetes mellitus, presence 1.80 (0.93 to 3.52) 0.08
Phosphate, per 1 mg/dl 1.06 (0.83 to 1.35) 0.65
Inflammation, presence 0.76 (0.31 to 1.86) 0.56
Telomeric G-tail, per log rlu 0.12 (0.01 to 0.90) 0.04
Total telomere 0.15
Age, per 1 yr 1.10 (1.06 to 1.14) <0.001
Men 1.18 (0.62 to 2.25) 0.62
Diabetes mellitus, presence 1.67 (0.87 to 3.20) 0.12
Phosphate, per 1 mg/dl 1.03 (0.81 to 1.31) 0.81
Inflammation, presence 0.89 (0.38 to 2.09) 0.80
Total telomere, per log rlu 0.47 (0.05 to 3.98) 0.48
Without telomeric G-tail and total telomere 0.14
Age, per 1 yr 1.10 (1.06 to 1.14) <0.01
Men 1.18 (0.62 to 2.23) 0.61
Diabetes mellitus, presence 1.71 (0.90 to 3.26) 0.10
Phosphate, per 1 mg/dl 0.98 (0.78 to 1.24) 0.89
Inflammation, presence 0.84 (0.36 to 1.94) 0.68

Inflammation was defined as C-reactive protein >0.5 mg/dl. OR, odds ratio; 95% CI, 95% confidence interval.
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Table 4. Hazard ratios for telomeric G-tail length and total telomere length with cardiovascular events in patients
Cardiovascular Events
Model Covariate
HR (95% CI) P Value

Telomeric G-tail

1 Crude (per log rlu) 0.12 (0.03 to 0.50) 0.004

2 1 plus age, sex, and diabetes mellitus 0.16 (0.04 to 0.65) 0.01

3 2 plus baseline CVD and inflammation 0.18 (0.04 to 0.78) 0.02

4 3 plus vitamin D use, phosphate, and intact PTH 0.14 (0.03 to 0.63) 0.01
Total telomeres

1 Crude (per log rlu) 0.39 (0.08 to 1.31) 0.12

2 1 plus age, sex, and diabetes mellitus 0.50 (0.11 to 2.14) 0.35

3 2 plus baseline CVD and inflammation 0.48 (0.11 to 2.11) 0.33

4 3 plus vitamin D use, phosphate, and intact PTH 0.25 (0.05 to 1.28) 0.10
Indicated are crude HRs or with various degrees of adjustment (models 2—4) for cardiovascular events according to telomeric G-tail and
total telomere length. Inflammation was defined as C-reactive protein >0.5 mg/dl. HR, hazard ratio.

compared with healthy participants (21). Notably, previous
reports have found that total telomere shortening per se
causes cellular senescence in vascular endothelial cells (22)
and eventually leads to atherosclerotic plaques (23). It raises
the possibility that shortening of total telomere length di-
rectly involves pathologic conditions of CVD through cellu-
lar senescence.

However, there have been no studies that showed a
correlation between total telomere length and the incidence
of CVD in hemodialysis subjects. This study revealed that
telomeric G-tail length (but not total telomere length)
independently predicted new-onset cardiovascular events
in hemodialysis patients. Telomere length is well correlated
with G-tail length under normal conditions; however, we
found a link between G-tail and CVD event, but not total
telomere length. This result is similar to our previous report
of in vitro experiments using a G-quadruplex inhibitor that
induced telomere dysfunction by t-loop destruction (24).
Therefore, we postulate that G-tail reduction in patients
with CKD is due to oxidative stress exposure. A possible
explanation is that oxidative stress has a predilection for a
guanine-rich single-stranded 3’ overhangs of G-tails (25).
Although sherterin components play an important role in
t-loop formation and protection (26), past studies did not
establish a link between those proteins and CKD. These
results suggest that telomeric G-tail length may be a sen-
sitive marker for CVD in patients with CKD.

Our data show that both telomeric G-tail length and total
telomere length in hemodialysis patients were shorter than
those in control participants. Telomeric G-tail and total telomere
shortening in aging healthy individuals is mainly caused by cell
division, whereas other factors such as oxidative stress and
inflammation might contribute to telomeric G-tail shorten-
ing in hemodialysis patients. In fact, it was reported that
total telomere length is shorter in CKD before starting RRT
(27). It is therefore likely that kidney insufficiency, rather than
hemodialysis therapy, contributes to shortened telomeric
DNA.

In addition to the clinical history of CVD, increased
phosphate levels showed a significant correlation with
both telomeric G-tail length and total telomere length,
suggesting that high phosphate reduced telomere shortening.

However, previous studies suggested that dysfunctional
phosphate metabolism in hemodialysis patients increased
CVD events and mortality (28). This discrepancy might be
because patients with high phosphate levels are also highly
active (29). In fact, shortened telomeres are reportedly as-
sociated with low levels of physical activity (30).

We previously developed the HPA to measure telo-
meric G-tail length in many clinical samples of PBMCs (15).
Telomeric G-tail length and total telomere length mea-
surement by HPA does not include subtelomeric se-
quences because the AE-labeled probes are quite specific.
Actual telomeric G-tail length and total telomere length
can be compared with conventional methods using a
radioisotope assay (15,31). By contrast, conventional methods
are semiquantitative because telomeric G-tail length is mea-
sured by densitometry of the smear pattern of an autoradio-
gram. In this article, we used a modified G-tail telomere
HPA, and CV values were better than the original assay.
Therefore, the method used in this study is a reliable tech-
nique for measurement of telomeric G-tail and telomere
lengths.

The strengths of our observational study include its
prospective design, the large number of clinical samples
from hemodialysis patients, the long duration of follow-up,
measurement by an accurate method, and the ability to
adjust for various important risk factors. By contrast, some
limitations of our study merit comment. Although PBMCs
provide an easily accessible source for DNA analysis, it is
not clear whether telomeric G-tail length in PBMCs reflects
that in tissues. Although the methods used for the assess-
ments of telomeric G-tail and total telomere lengths in this
study are reliable, the average CVs of those measurements
were relatively wide. Because our cohort comprises Japanese
hemodialysis patients, our results may not necessarily be
generalizable to other populations.

This is the first study to report simultaneous measure-
ments of telomeric G-tail length and total telomere length
in hemodialysis patients. This study shows that telomeric
G-tail length is shortened in hemodialysis patients. Telomeric
G-tail length of hemodialysis patients is also associated with
CVD history and the likelihood of future hospitalization for a
cardiovascular event.
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