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Age-related elevations in proinflammatory cytokines, known as inflamm-aging, are associated with shorter immune cell telomere
lengths. Purpose. This study examined the relationship of plasma PTX3 concentrations, a biomarker of appropriate immune
function, with telomere length in 15 middle-aged (40-64 years) and 15 young adults (20-31 years). In addition, PBMCs were
isolated from middle-aged and young adults to examine their capacity to express a key mechanistic component of telomere
length maintenance, human telomerase reverse transcriptase (hTERT), following ex vivo cellular stimulation. Methods. Plasma
PTX3 and inflammatory cytokines (i.e., IL-6, IL-10, TGF-β, and TNF-α), PBMC telomere lengths, and PBMC hTERT gene
expression and inflammatory protein secretion following exposure to LPS, PTX3, and PTX3+LPS were measured. Results. Aging
was accompanied by the accumulation of centrally located visceral adipose tissue, without changes in body weight and BMI, and
alterations in the systemic inflammatory milieu (decreased plasma PTX3 and TGF-β; increased TNF-α (p ≤ 0 050)). In addition,
shorter telomere lengths in middle-aged compared to young adults (p = 0 011) were negatively associated with age, body fat
percentages, and plasma TNF-α (r = −0 404, p = 0 027; r = −0 427, p = 0 019; and r = −0 323, p = 0 041, respectively). Finally, the
capacity of PBMCs to increase hTERT gene expression following ex vivo stimulation was impaired in middle-aged compared to
young adults (p = 0 033) and negatively associated with telomere lengths (r = 0 353, p = 0 028). Conclusions. Proinflammation
and the impaired hTERT gene expression capacity of PBMCs may contribute to age-related telomere attrition and disease.

1. Introduction

Aging is accompanied by the chronic, low-grade elevation
of circulating proinflammatory cytokines (e.g., interleukin
6 (IL-6) and tumor necrosis factor alpha (TNF-α)) that
typically manifests during middle age (40-64 years of age)
[1, 2]. This phenomenon has recently been termed
inflamm-aging [3]. The causes of inflamm-aging are numer-
ous [4]. However, the pathology has been hypothesized to
derive from the natural loss of subcutaneous adipose tissue
(SAT) and the accumulation of centrally located visceral adi-
pose tissue (VAT) that occurs in the absence of weight gain
or changes in the body mass index (BMI) and is associated

with elevated levels of circulating proinflammatory cytokines
[5–7]. Furthermore, VAT expresses and produces greater
amounts of proinflammatory cytokines with increased age
[8], and within the stromal vascular fraction of VAT, the
number of T cell lymphocytes increases and resident
monocyte-derived macrophages are polarized towards an
M1, proinflammatory, phenotype [9]. As a result, the
increased cellular production and secretion of proinflamma-
tory cytokines into circulation (e.g., IL-6 and TNF-α), in
combination with the decreased concentration of anti-
inflammatory cytokines (e.g., IL-10 and transforming growth
factor beta (TFG-β)), contribute to the elevated risk of pre-
mature morbidity and mortality from age-related diseases,
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including cardiovascular disease (CVD) and metabolic
dysregulation [10, 11].

Telomeres maintain the “youthful” function of immune
cells, and shortened telomere lengths are considered to be a
biological marker of cellular aging [12]. More specifically,
telomeres are formed by thousands of hexameric 5′(TTAG
GG)n3′ repeats located at the ends of linear chromosomes
and protect chromosomes from degradation and end-to-
end fusion [13, 14]. Although leukocyte telomere lengths
shorten as a natural consequence of aging [15, 16], the persis-
tent exposure of circulating immune cells (i.e., T cell lympho-
cytes and monocytes) to age-related proinflammatory
profiles may accelerate telomere attrition rates [17–20]. Telo-
mere length predicts the replicative capacity of dividing cells
[21], and once telomeres reach a critically shortened length,
cells enter an irreversible state of replication-induced cellular
senescence [22, 23]. Consequently, aged cells, including leu-
kocytes, exhibit a senescent-associated secretory phenotype
(SASP) that further elevates levels of proinflammatory cyto-
kines [19, 24, 25]. More worrisome, cellular senescence
spreads from cell to cell and other organ systems, including
adipose tissue [26, 27], exacerbating the progression of age-
related proinflammatory diseases [19, 25, 28, 29].

Prior to senescence, leukocytes express human telome-
rase reverse transcriptase (hTERT). hTERT is the rate-
limiting component and surrogate marker of the telomerase
enzyme that is recruited to facilitate the generation of
new telomeric DNA that maintains the length and struc-
tural integrity of telomeres [30–32]. In response to acute
inflammatory challenge, hTERT gene expression is signifi-
cantly increased in THP-1 macrophage cells following
stimulation with LPS and other proinflammatory stimu-
lants [33]. Interestingly, basic research in the human T cell
clones costimulated with anti-CD3 and anti-CD28
antibodies demonstrates that the capacity of activated T
cells to transiently express hTERT decreases as cells
approach their replicative capacity (early vs. late popula-
tion doubling; [34]). These findings suggest that the pro-
gressive and persistent inflammatory assault observed
with inflamm-aging may also impair the capacity of leuko-
cytes to express the hTERT gene in middle-aged compared
to young adults. Consequently, the decreased capacity of
leukocytes to express the hTERT gene has been shown
to be a central factor associated with telomere length shorten-
ing and the induction of cellular senescence [33, 35].
However, the hypotheses that age-related changes in adi-
posity, independent of changes in body weight and BMI,
and elevations of proinflammatory cytokines alter the length
of telomeres and associated mechanisms (i.e., hTERT gene
expression) have yet to be thoroughly investigated in healthy
human adults. Such gaps within the literature highlight the
need to examine hTERT gene expression capacity as a
potential cellular target which links the mechanistic conse-
quences of inflamm-aging to telomere length-dependent
replication-induced cellular senescence.

Pentraxin 3 (PTX3) is a counterregulatory protein that is
expressed and secreted from isolated leukocytes in concert
with various inflammatory proteins (e.g., IL-6, IL-10, TGF-β,
and TNF-α) following LPS stimulation [36–39]. Elevated

PTX3 production is required to prevent overactivation of the
inflammatory signaling pathway, and increased plasma
PTX3 concentrations are considered an indicator of appropri-
ate immune function in young, healthy adults [39–43]. In
addition, Pavanello et al. [44] have recently demonstrated
that elevated concentrations of plasma PTX3 are associated
with longer telomere lengths in healthy middle-aged adults.
However, whether or not plasma PTX3 concentrations are
altered as a consequence of the inflamm-aging phenotype
that impairs telomeric-associated mechanisms remains
unknown. Therefore, age-related changes in plasma PTX3
concentrations and the relationship with telomere lengths
were examined in middle-aged (40-64 years of age) and
young adults (20-31 years of age). The capacity of PTX3
to modulate the LPS-induced inflammatory response and
hTERT gene expression in PBMCs isolated from middle-
aged and young adults was also examined.

2. Materials and Methods

2.1. Research Participants. A total of thirty healthy young
(n = 15; between 20 and 31 years of age) and middle-aged
(n = 15; between 40 and 64 years of age) adults were recruited
to participate in this study. All subjects presented with a BMI
associated with a reduced risk of CVD according to Stevens
et al. [45]. Prior to their enrollment, each subject provided
their informed consent and completed a medical history
questionnaire to verify that they had not been previously
diagnosed with any cardiovascular, metabolic, renal, liver,
pulmonary, asthmatic, rheumatic, or other inflammatory
disease/condition, were not currently under the adminis-
tration of medication known to alter their inflammatory
or metabolic profiles, or within the past 10 years had not
been diagnosed with any cancer requiring radiation or
chemotherapy treatment. Furthermore, subjects who were
currently using or have used tobacco products within the
past six months or who consumed >10 alcoholic beverages
per week on average were excluded from participation in
the study. Finally, all subjects completed a 7-day Interna-
tional Physical Activity Questionnaire to verify that they
participated in ≤150minutes of moderate to vigorous
physical activity per week [46] and were therefore classi-
fied as physically inactive according to the American Col-
lege of Sports Medicine [47]. The University’s Institutional
Review Board approved the study.

2.2. Laboratory Procedure. Subjects arrived at the laboratory
between 6 : 30 and 8 : 30 o’clock in the morning following
an overnight fast of at least eight hours. In addition, each sub-
ject abstained from alcohol, caffeine intake, and moderate-to-
vigorous physical activity for at least 24 hours prior to their
participation. Immediately upon arrival, anthropometric
measures were obtained, including an assessment of height
and weight to determine the BMI in kilograms per meters
squared (kg/m2), waist and hip circumferences to determine
the W :H ratio, BF% evaluated by air displacement plethys-
mography from the measured lung volume using the BOD
POD (COSMED; Chicago, IL, USA), and sagittal diameter
of the abdominal region at the level of the L4/L5 vertebrae
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to determine an indirect measurement of VAT [48]. Each
subject was then provided a quiet resting place for at least
10 minutes to assess the resting heart rate and blood pressure.

2.3. Plasma PTX3 and Inflammatory Cytokine Analyses.
Whole blood samples were drawn into K2EDTA tubes (BD
Vacutainer, Franklin Lakes, NJ) from each subject’s antecu-
bital vein under quiet resting conditions. Blood samples were
immediately centrifuged at 3000RPM for 20 minutes at
room temperature. Plasma supernatants were collected and
stored at -80°C in cryopreservation tubes for future analysis
of plasma PTX3 and TGF-β by standard enzyme-linked
immunosorbent assay (ELISA) kits and plasma IL-6, IL-10,
and TNF-α using high-sensitivity ELISA kits according to
the manufacturer’s instructions (R&D Systems, Minneapolis,
MN, USA).

2.4. DNA Isolation andMeasurement of the Relative Telomere
Length. The remaining buffy coat was collected and brought
to a 5mL volume with saline, and diluted PBMCs were lay-
ered over equal volumes of Ficoll-Paque (ρ = 1 077 g/mL;
Sigma-Aldrich, St. Louis, MO) for a 30-minute centrifuga-
tion at 400 g at room temperature. Isolated PBMCs were
washed with saline three times, and pelleted cells were lysed
in TRIzol (Thermo Fisher, Waltham, MA, USA) for the
DNA isolation according to the manufacturer’s instruc-
tions. Isolated DNA was quantified by spectrophotometry
using NanoDrop 2000 (Thermo Scientific, Wilmington,
DE, USA). A 15 μL reaction of 2x SYBR Green Master
Mix (QuantaBio, Beverly, MA, USA), nuclease-free water,
target primers (Integrated DNA Technologies, Skokie IL,
USA), and a 15 ng sample of total DNA were utilized to
quantify the relative telomere length by assessing the ratio
of telomere repeats (Tel 1b: 270 nM 5′-GGTTTTTGAGG
GTGAGGGTGAGGGTGAGGGTGAGGGT-3′; Tel 2b:
900 nM 5′-TCCCGACTATCCCTATCCCTATCCCTATC
CCTATCCCTA-3′) to the 36B4 reference gene (36B4u:
300nM 5′-CAGCAAGTGGGAAGGTGTAATCC-3′; 36B4d:
500nM 5′-CCCATTCTATCATCAACGGGTACAA-3′) (T/S
ratio) using PCR methodologies in triplicate [49]. Amplifi-
cation conditions for RNA detection were set to heat
activation at 95°C for 2 minutes, followed by 40 cycles
of denaturation at 95°C for 15 seconds and annealing at
54°C for 2 minutes. For 36B4 PCR, primers were incu-
bated as above, followed by 40 cycles of denaturation at
95°C for 15 seconds and annealing at 58°C for 1 minute.
Standard curves and dissociation curves for each primer
set were performed to ensure equal efficiencies and single
product formation, respectively. Relative T/S ratios were
calculated according to Cawthon et al. (2002). Finally,
the intra-assay coefficient of variation between triplicate
samples was 2.24 and 1.31% for the telomere and 36B4
gene, respectively.

2.5. RNA Isolation and Measurement of hTERT Gene
Expression. A separate sample of isolated PBMCs was manu-
ally counted by hemocytometer and cultured in complete
RPMI 1640 media supplemented with 5% fetal bovine serum
and 1% penicillin and streptomycin in the presence of LPS

(10 ng/mL from E. coli O55:B5; Sigma Aldrich, St. Louis,
MO, USA), recombinant human (rh) PTX3 (100 ng/mL;
R&D Systems, Minneapolis, MN, USA), or a combination
of rhPTX3 and LPS (initiated by a 30-minute preincubation
period with rhPTX3). Unstimulated samples served as a time
course control. Stimulated cell samples were incubated at
37°C with 5% CO2 for a 4-hour period at a final concentra-
tion of 2 · 106 cells/mL in a 6-well culture plate. Following
the completion of the 4-hour culture period, PBMCs were
homogenized with TRIzol (Thermo Fisher, Waltham, MA,
USA) and centrifuged for 2 minutes at 16000 g in QIAshred-
der mini spin columns (QIAGEN, Hilden, Germany). RNA
was then fully isolated using TRIzol methods according to
the manufacturer’s instruction and quantified by spectropho-
tometry using NanoDrop 2000 (Thermo Scientific, Wilming-
ton, DE, USA). A total of 1 μg of RNA was synthesized into
cDNA according to the manufacturer’s instructions (Quan-
taBio, Beverly, MA, USA), and a 15 μL reaction of 2x SYBR
green master mix (QuantaBio, Beverly, MA, USA),
nuclease-free water, target primers (Integrated DNA Tech-
nologies, Skokie IL, USA), and a 10 ng sample of cDNA were
aliquoted into a 96-well plate. Each sample was analyzed for
changes in hTERT gene expression (500 nM F: 5′-TACGGC
GACATGGAGAACAAG-3′; 500 nM R: 5′-GGGCATAGC
TGAGGAAGGTTT-3′) against the reference gene GAPDH
(200nM F: 5′-GAAGGTGAAGGTCGGAGTC-3′; 200 nM
R: 5′-GAAGATGGTGATGGGATTTC-3′) by qPCR in trip-
licate using a CFX96 TOUCH thermal cycler and analyzed
using CFX software (Bio-Rad, Hercules, CA, USA) as previ-
ously described [50, 51]. Amplification conditions for RNA
detection were set to heat activation at 95°C for 2 minutes,
followed by 40 cycles of denaturation at 95°C for 15 seconds
and annealing at 60°C for 30 seconds. All melting curve anal-
yses were performed between 65°C and 95°C, and relative
gene expression was calculated by 2−ΔΔCt method according
to Livak and Schmittgen [52].

2.6. Ex Vivo Stimulation of PTX3 and Inflammatory
Cytokines from Isolated PBMCs. Concentrations of PTX3
and the pro- (IL-6 and TNF-α) and anti-inflammatory cyto-
kines (IL-10 and TFG-β) secreted from isolated PBMCs
acutely stimulated with LPS (10ng/mL) were determined
from cell culture supernatants. Given that inflammatory
cytokines follow different secretion kinetics, isolated PBMCs
were stimulated for a 4-hour culture period (described
above) and, separately, a 24-hour culture period (1 · 106
cells/mL) in duplicate by ELISA methods according to the
manufacturer’s instructions (R&D Systems, Minneapolis,
MN, USA).

2.7. Statistical Analyses. Data analyses were performed
using the Statistical Package for the Social Sciences (SPSS
version 24.0). Independent t-tests were conducted to deter-
mine potential differences in anthropometric profiles
(height, weight, BMI, waist and hip circumferences, and
W :H ratio, BF%, and sagittal diameter), cardiovascular
health (resting heart rate, blood pressure, and mean arterial
pressure), plasma PTX3, IL-6, IL-10, TGF-β, and TNF-α
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concentrations, and relative telomere lengths (T/S ratio) at
rest. In addition, a two-group (young adult and middle-
aged adult) by four condition (time course control, LPS,
PTX3, and PTX3+LPS) repeated measures analysis of var-
iance (rmANOVA) was utilized to examine differences in
hTERT gene expression levels following ex vivo stimula-
tion of PBMCs following the 4-hour stimulation period
in young adult and middle-aged subjects. Likewise, differ-
ences in the capacity of PBMCs to produce PTX3 and the
inflammatory cytokines IL-6, IL-10, TGF-β, and TNF-α
between young adult and middle-aged subjects in response
to 4- and 24-hour stimulation periods were examined by
a two-group by two condition (PTX3) or four condition
(i.e., IL-6, IL-10, TGF-β, and TNF-α) rmANOVA. If the
Mauchly’s test indicated a violation of sphericity assump-
tions, the degrees of freedom were corrected by using
Greenhouse-Geisser estimates. Finally, Pearson’s correla-
tions were utilized to examine the relationship among each
variable, with application of the Benjamini-Hochberg
method (false discovery rate) to correct for any limitations
related to performing multiple comparisons. Statistical sig-
nificance is being defined as a p value≤0.05.

3. Results

3.1. Subject Descriptive Characteristics. Subject characteris-
tics are presented in Table 1. Although these data demon-
strate that no differences in body weight (t 28 = 0 087,
p = 0 932) or BMI (t 28 = 1 811, p = 0 081) were observed
between middle-aged and young adults, waist circumfer-
ences (t 28 = 2 166, p = 0 019), waist-to-hip (W :H) ratio
(t 28 = 3 088, p = 0 003), body fat percentage (BF%)

(t 28 = 4 054, p ≤ 0 0010), and sagittal diameter (t 28 = 4 081,
p ≤ 0 001) were significantly greater in middle-aged adults.
Likewise, while no associations were observed between age
and body weight (r = 0 027, p = 0 886) or BMI (r = 0 292,
p = 0 117), age was positively associated with waist circum-
ference (r = 0 398, p = 0 029), W :H ratio (r = 0 531, p =
0 003), BF% (r = 0 549, p = 0 002), and sagittal diameter
(r = 0 674, p ≤ 0 001; Figures 1(a)–1(f)). These data support
the hypothesis that natural, healthy aging in physically inac-
tive adults is accompanied by the increased accumulation of
centrally located VAT that occurs in the absence of weight
gain or changes in BMI.

Furthermore, women participating in the study were
shorter, weighed less, had lower BMI and smaller waist, hip
circumferences, andW:H ratios, and had a greater BF% com-
pared to men. However, no other gender differences were
observed among the remaining variables examined, and
therefore, analyses among men and women are not included.

3.2. Plasma PTX3 and Inflammatory Cytokine Concentrations.
Baseline concentrations of plasma PTX3 were significantly
lower in middle-aged compared to young adults
(t 23 897 = 2 851, p = 0 009; Figure 2(a)). Although no differ-
ences in plasma IL-6 or IL-10 were observed (t 28 = 1 384,
p = 0 089; t 28 = 1 303, p = 0 102), plasma concentrations
of the proinflammatory cytokine TNF-α were significantly
greater (t 28 = 1 767, p = 0 044), and concentrations of the
anti-inflammatory cytokine TGF-β were significantly lower
in middle-aged compared to young-adults (t 28 = 2 381,
p = 0 012; Figures 2(b)–2(e)). No associations between
plasma PTX3 concentrations and inflammatory cytokines
were observed.

3.3. PBMC Relative Telomere Length. Relative telomere
lengths (T/S ratio) analyzed from isolated PBMCs were sig-
nificantly shorter in middle-aged compared to young adults
(t 28 = 2 421, p = 0 011; Figure 3(a)) and negatively associ-
ated with increased age and BF% (r = −0 404, p = 0 027;
r = −0 427, p = 0 019; Figures 3(b) and 3(c)). While rela-
tive telomere lengths were also negatively associated with
circulating concentrations of plasma TNF-α (r = −0 323,
p = 0 041; Figure 3(d)), no associations were observed with
plasma PTX3 or other senescent-associated inflammatory
cytokines. However, when controlled for differences in BF%
as a function of age, the relationship between relative telomere
lengths with age and plasma TNF-α were no longer observed
(r = −0 225, p = 0 121; r = −0 209, p = 0 138).

3.4. PBMC hTERT Gene Expression. In response to
ex vivo stimulation of isolated PBMCs with LPS, PTX3,
and PTX3+LPS, the capacity of middle-aged adults to
express the hTERT gene relative to the time course con-
trol condition was significantly impaired under all culture
conditions compared to young adults (F 3,84 = 3 053, p =
0 033; Figure 4(a)). Although PTX3 did not alter the
capacity of LPS to express the hTERT gene, preincuba-
tion of PBMCs with PTX3 for 30 minutes prior to LPS
stimulation was sufficient to significantly reduce hTERT

Table 1: Subject anthropometric and cardiovascular measures.

Variable
Young adult
(n = 15)

Middle aged
(n = 15) p value

Sex (M/F) 7/8 3/12 0.130

Age (y) 25 27 ± 3 26 57 27 ± 6 75 ≤0 001∗

Weight (kg) 66 54 ± 13 39 66 91 ± 9 94 0.932

Height (m) 1 73 ± 0 11 1 68 ± 0 07 0.141

BMI (kg∙m−2) 22 00 ± 2 49 23 50 ± 2 03 0.081

Waist (cm) 73 65 ± 8 87 80 15 ± 7 51 0 039∗

Hip (cm) 99 84 ± 7 04 99 26 ± 5 95 0.809

W :H ratio 0 74 ± 0 06 0 81 ± 0 07 0 005∗

Body fat percentage (%) 19 41 ± 6 21 28 55 ± 8 43 0 005∗

Sagittal diameter (cm) 20 08 ± 2 22 23 01 ± 2 04 0 002∗

Resting HR (bpm) 67 07 ± 9 54 66 07 ± 12 66 0.809

Resting SBP (mmHg) 113 20 ± 9 375 120 13 ± 18 59 0.211

Resting DBP (mmHg) 74 40 ± 11 54 75 73 ± 10 14 0.739

MAP 87 33 ± 10 00 88 53 ± 13 25 0.782

∗ indicates a significant difference between middle-aged and young adults
(p < 0 05). Data are presented as means ± S D BMI: body mass index;
W : H: waist-to-hip ratio; HR: heart rate; SBP: systolic blood pressure;
DBP: diastolic blood pressure; MAP: mean arterial pressure.
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gene expression relative to the time course control condi-
tions in middle-aged adults only. Finally, changes in the
LPS-stimulated hTERT gene expression (relative to the
time course control condition) were negatively associated
with age (r = −0 446, p = 0 007; Figure 4(b)) and posi-
tively associated with relative telomere lengths (r = 0 353,
p = 0 028; Figure 4(c)). Further, the relationship in LPS-
stimulated hTERT gene expression with age remained sig-
nificant when controlling for BF% (r = −0 372, p = 0 024)

and tended toward a significant relationship with relative
telomere length (r = 0 275, p = 0 075).

3.5. Ex Vivo Production of PTX3 and Inflammatory Cytokines
from Isolated PBMCs. The capacity of isolated PBMCs to
produce PTX3 following 4- and 24-hour ex vivo stimulation
with LPS was similar in middle-aged and young adults
(F 1,28 = 116 521, p ≤ 0 001; F 1,28 = 158 38, p ≤ 0 001;
Figures 5(a) and 5(b)). Following the 4-hour stimulation
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Figure 1: The associations of age with anthropometric characteristics in middle-aged and young adults. These data suggest that age,
independent of weight gain or changes in BMI (a, b), is associated with the increased accumulation of centrally located visceral adiposity,
identified by increased waist circumference, W :H ratio, body fat percentage, and sagittal diameter (c–f).
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period, the overall production of IL-6 was significantly
greater in middle-aged compared to young adults
(F 2 002,56 043 = 5 094, p = 0 009; Figure 5(c)). However, these
differences were present only in PTX3 and PTX3+LPS cul-
ture conditions. Furthermore, only a condition effect was
observed for IL-6 production following the 24-hour stimu-
lation period (F 1 299,36 358 = 25 91, p ≤ 0 001; Figure 5(d)).
In addition, only a condition effect was observed for the
production of TNF-α (F 1 602,44 849 = 41 682, p ≤ 0 001;
F 2 201,61 630 = 57 628, p ≤ 0 001; Figures 5(e) and 5(f))
and IL-10 (F 1 261,35 31 = 5 771, p ≤ 0 016; F 2 293,64 211 =
75 961, p ≤ 0 001; Figures 5(g) and 5(h)) following the 4-
and 24-hour stimulation periods. Finally, there was a sig-
nificant increase in TGF-β following the 4-hour stimula-
tion period in both groups (F 2 064,57 786 = 8 605, p ≤ 0 001;
Figure 5(i)), whereas PTX3 significantly increased TGF-β

following the 24-stimulation period in young adults only
(F 1 722,48 206 = 3 912, p = 0 032; Figure 5(j)).

4. Discussion

This study demonstrates that natural, healthy aging in phys-
ically inactive adults is associated with the accumulation of
centrally located VAT, independent of changes in body
weight and BMI, and a systemic proinflammatory profile
(decreased plasma PTX3 and TGF-β; increased plasma
TNF-α). In addition, results from the present study suggest
that the persistent exposure of immune cells to an age-
related proinflammatory milieu may alter the length of telo-
meres by impairing the capacity of isolated PBMCs to express
the hTERT gene following cellular stimulation with LPS,
PTX3, and PTX3+LPS in middle-aged compared to young
adults. Changes in body composition with age are typically
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Figure 2: Plasma PTX3 and senescent-associated inflammatory cytokine concentrations. Plasma PTX3 concentrations were significantly
lower in middle-aged compared to young adults (a). In addition, no differences in the proinflammatory cytokine IL-6 were observed (b),
whereas plasma TNF-α concentrations were greater in middle-aged compared to young adults (c). Likewise, no differences in the anti-
inflammatory cytokine IL-10 were observed (d), whereas plasma TGF-β concentrations were lower in middle-aged compared to young
adults (e). ∗ indicates a significant difference in middle-aged compared to young adults (p ≤ 0 05).
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attributed to the reduction of skeletal muscle mass, the
reduced expansion of SAT, and the increased accumulation
of centrally located VAT [6, 53]. In addition, alterations of
adipocyte paracrine signals induce a proinflammatory phe-
notype of resident monocyte-derived macrophages that
contribute to elevated concentrations of circulating proin-
flammatory cytokines [9]. This phenomenon, inflamm-
aging, was first proposed in 2000 by Claudio Franceschi,
stating that the human immune system evolved as a protec-
tive mechanism for those who had historically survived up
to 40-50 years of age [3, 54]. However, life expectancy has
significantly increased in recent history [55, 56]. As a result,
the persistent inflammatory stimuli from an aged immune
system functioning beyond its evolutionary limits may
progress age-related inflammatory disease through the
shortening of telomere lengths [3, 57]. In support of this
hypothesis, elevated plasma concentrations of the proin-
flammatory cytokine TNF-α and decreased plasma concen-
trations of the anti-inflammatory cytokine TGF-β were
observed in middle-aged compared to young adults. These
findings are consistent with Álvarez-Rodríguez et al. [1],
and the lack of difference in plasma IL-6 concentrations
support the notion that plasma IL-6 is the “cytokine for

gerontologists” with age-related differences becoming more
apparent in individuals ≥ 60 years of age [1, 3, 58].

The impact of age on resting plasma PTX3 concentra-
tions was also examined. Elevated plasma PTX3 concen-
trations are considered an immunological biomarker
associated with the decreased risk of age-related CVD
and metabolic dysfunction in otherwise healthy adults
[41, 43, 59]. Similarly, although Osorio-Conles et al. [59]
demonstrated that PTX3 gene expression is increased
and positively associated with the presence of proinflam-
matory protein expression in mature adipocytes isolated
from VAT, plasma PTX3 concentrations are decreased in
obese compared to normal-weight individuals. Given the
similarities among obesity- and age-related changes in adi-
pose tissue [60] and the positive role that PTX3 has been
shown to play in the regulation of appropriate immune
function and prevention of CVD and metabolic disease
[39, 41, 42, 61–63], plasma PTX3 concentrations were
expectedly lower in middle-aged compared to young
adults. Therefore, additional research is warranted to
determine whether or not lower plasma PTX3 concentra-
tions during middle age are related to morphological
changes of VAT or an impairment of neutrophils, the
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Figure 3: Relative telomere lengths (T/S ratio) and the associations with age and body fat percentage. Telomere lengths measured from
isolated PBMCs were significantly shorter in middle-aged compared to young adults (a). In addition, telomere lengths were negatively
associated with increased age, body fat percentage, and circulating concentrations of the proinflammatory cytokine TNF-α (b–d).
However, the relationship of telomere length with age and plasma TNF-α concentrations were no longer significant when after controlling
for differences in body fat percentage. ∗ indicates a significant difference in middle-aged compared to young adults (p ≤ 0 05).
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primary cellular source of PTX3, to synthesize and store
PTX3 throughout their maturation [64, 65].

Telomere lengths have previously been shown to be
inversely associated with systemic concentrations of plasma
IL-6 and TNF-α in elderly adults (70-79 years old; [20])
and positively associated with plasma PTX3 concentrations
in adult nurses between 18 and 65 years of age [44]. Indeed,
the present study indicates that age-related changes in
plasma cytokine concentrations may contribute to the attri-
tion of telomere lengths and, consequently, cellular senes-
cence and age-related diseases that are more prevalent
during the later stages of life. However, this relationship
was dependent upon age-related differences in BF%, suggest-
ing that excess adiposity with increased age underlies telo-
mere length shortening resulting from a progressive shift
towards a proinflammatory milieu. This observation indi-
cates that an age matched comparison between normal-
weight and obese individuals may be warranted in future
studies. Furthermore, the lack of a relationship of plasma

PTX3 with telomere lengths may be due to the physically
inactive nature of the subject groups in the present study.
More specifically, Pavanello et al. [44] compared PTX3 and
telomere lengths in day shift and night shift nurses. Although
plasma PTX3 concentrations were not different between
these two groups under investigation, telomere lengths were
significantly longer in night shift nurses who were also signif-
icantly younger and more physically active compared to day
shift nurses. These findings suggest that physical activity may
have contributed to the observed relationship of PTX3 with
telomere lengths [66–68] and larger scale population studies
may provide more insight into variables that influence the
utilization of PTX3 as an indicator of cellular health.

Data from the present study also demonstrate that the
capacity of isolated PBMCs to express the hTERT gene is
impaired in healthy, middle-aged adults. Gizard et al. [33]
have previously shown that LPS stimulation of human mac-
rophages significantly increases hTERT gene expression.
However, the capacity of cells to express hTERT decreases
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Figure 4: hTERT gene expression changes following 4-hour stimulation of isolated PBMCs with LPS and the associations with age and
relative telomere length. hTERT gene expression was impaired in middle-aged and young adults following ex vivo stimulation of isolated
PBMCs with LPS, PTX3, and PTX3+LPS (a). LPS-stimulated hTERT gene expression was negatively associated with age (b) and positively
associated with relative telomere lengths (T/S ratio) (c). Likewise, the relationship between LPS-stimulated hTERT gene expression with
age remained significant and tended toward a significant relationship with relative telomere length when controlling for differences in
body fat percentage. ∗ indicates a significant difference in middle-aged compared to young adults; # indicates a significant difference
compared to unstimulated control culture conditions (p ≤ 0 05).
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Figure 5: Ex vivo production of LPS-stimulated PTX3 (a, b) and the senescent-associated inflammatory cytokines following 4- and 24-hour
stimulation of isolated PBMCs with LPS, PTX3, and PTX3+LPS in middle-aged and young adults (c–j). In addition, the capacity of PTX3 to
produce and alter the LPS-stimulated production of senescent-associated inflammatory cytokines ex vivo was examined. ∗ indicates a
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compared to PTX3-stimulated culture conditions (p ≤ 0 05).
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as cells approach their maximum number of replications
known as the Hayflick limit [34, 69]. Ramunas et al. [35] have
recently revealed that the delivery of modified mRNA encod-
ing hTERT rapidly extends telomere lengths, increases cellu-
lar replication capacity, and, thus, prevents to onset of
replication-induced cellular senescence in various human cell
lines. Therefore, the inability of middle-aged adults to
express hTERT following inflammatory challenge may reveal
an early consequence of aging that contributes to the cascade
of telomere-dependent cellular senescence disease pathology.

To examine whether or not circulating immune cells
exhibit characteristics of the cell SASP, isolated PBMCs were
acutely stimulated with LPS for 4- and 24-hour periods. The
lack of significant differences in the PBMC-mediated inflam-
matory response following ex vivo LPS stimulation suggests
that increased central adiposity, as opposed to circulating
monocytes, may be the major contributor to the systemic
proinflammatory milieu observed in middle-aged compared
to young adults. Similarly, the lack of an elevated inflamma-
tory response characteristic of the SASP in middle-aged com-
pared to young adults indicates that replication-induced
cellular senescence may have yet to manifest. Nonetheless,
monocytes exposed to an increasingly more proinflamma-
tory microenvironment have been shown progressively shift
from a classical to proinflammatory subset in circulation
and are predisposed towards an M1, proinflammatory mac-
rophage phenotype upon their differentiation within tissue
[70, 71]. Therefore, as the inflamm-aging phenotype pro-
gresses, circulating monocytes may exhibit an increasingly
greater role in age-related disease pathology.

Shiraki et al. [40] have recently demonstrated that
preincubation of macrophages and endothelial cells with
100ng/mL of PTX3 can reduce the production of proinflam-
matory proteins (e.g., TNF-α) and increase TGF-β. In light of
these findings, the ability of PTX3 to alter the LPS-stimulated
hTERT gene expression and the production of inflammatory
cytokines in PBMCs isolated from middle-aged and young
adults was also examined. Interestingly, while hTERT gene
expression following the preincubation of PBMCs with
PTX3 was not different compared to LPS alone in middle-
aged or young adults, the addition of PTX3 was sufficient to
suppress hTERT gene expression relative to the time course
control condition in middle-aged adults only. In addition,
the preincubation of PBMCs with PTX3 did not differentially
alter the LPS-stimulated production of IL-6 and TGF-β
between subject groups. To the contrary, TNF-α production
was enhanced in both groups following the 4-hour stimula-
tion period, and in response to the 24-hour stimulation
period, PTX3 enhanced TNF-α production in middle-aged
adults and suppressed IL-10 production in young adults.
Although these findings suggest that PTX3 may enhance
the “early-” phase proinflammatory innate immune response
(i.e., 4 hours), the capacity of PTX3 to alter the pro- and anti-
inflammatory responses during the “late-” phase (i.e., 24
hours) innate immune response may differ with increased
age. Clearly, additional research on the influence of PTX3
to regulate hTERT and other telomeric-related mechanisms
responsible for maintaining telomere length across the life-
span is warranted.

5. Conclusions

In conclusion, telomeric biology is highly complex and
tightly controlled by a variety of orchestrated and intercon-
nected mechanisms. hTERT undoubtedly is a vital regulator
of telomere maintenance and is potentially a novel cellular
target that links the mechanistic consequences of inflamm-
aging to telomere length prior to the development of
telomere-dependent cellular senescence. However, hTERT
only explained about 12.5% of the variance in telomere
length in the present study and this relationship was depen-
dent upon age-related differences in BF%. Likewise, the lack
of telomerase activity measurement is a limitation of the
present study linking hTERT gene expression capacity to
telomere length attrition in healthy adults. As such, further
studies should consider the impact of alternative splicing of
the hTERT gene and cytoplasmic protein expression as cor-
related to telomerase activity determined by the highly quan-
titative droplet digital TRAP assay [72, 73]. The role that
telomere lengths have on the regulation of gene expression,
including hTERT, across the lifespan (termed telomere posi-
tion effect—over long distances) in various populations is
also warranted for consideration [74, 75]. Such investigations
within immune cells will serve to further elucidate the impact
of hTERT-telomerase-telomere length dynamics on the
sequela of age-related inflammatory disease pathology at
the cellular level.
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