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Abstract

Systemic inflammation is associated with increasing age. Yet, there are limited data about the association between age and systemic inflammation
within older adults, and whether older age is also associated with cellular and nuclear signaling markers of inflammation. In community-
dwelling older adults (N = 262, 60-88 years), systemic levels of C-reactive protein, interleukin-6, and soluble tumor necrosis factor receptor
IT; levels of toll-like receptor-4—stimulated monocytic production of interleukin-6 and tumor necrosis factor o; and resting nuclear levels of
activated nuclear factor kappa B and signal transducer and activator of transcription (STAT1, STAT3, STATS) were evaluated. Adjusting
for demographic and clinical factors, multivariate linear regression tested the association between age and each inflammatory marker. Age
was positively associated with increased levels of interleukin-6 and soluble tumor necrosis factor receptor II (p’s < .05) and with increases in
STAT1, STAT3, and STATS activation (p’s < .05). However, no relationship was found between age and C-reactive protein, toll-like receptor-4—
stimulated interleukin-6/tumor necrosis factor alpha o production, or nuclear factor kappa B. Within a community-dwelling sample of older
adults, older age is associated with increases in STAT activation, along with increases of systemic inflammatory cytokines. In older adults,
heterogeneity in age-related increases in inflammatory disease risk may be related to individual variability in inflammation.

Keywords: Inflammation, STAT signaling, NF-kB, C-reactive protein, Proinflammatory cytokines

Inflammation represents a key hallmark of biological aging, which
has the potential to provide a mechanistic understanding of why
older adults show increased chronic disease risk (1-3). “Usual”
aging is associated with rising systemic markers of inflammation
or “inflammaging” (1-4), and the importance of inflammation
to geriatrics research is further emphasized by the designation
of inflammation as one of the seven “pillars of aging” on which
research recommendations were focused by the Trans-NIH
GeroScience Interest Group (1). Not only does systemic inflam-
mation increase with age, but such increases are prognostic for
numerous age-related disorders and mortality, including cardio-
vascular disease (5), diabetes mellitus, and several cancers (6,7);
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indeed, inflammation is thought to be linked to 20% of all cancer
deaths worldwide (8-10).

The vast majority of studies in humans have examined differ-
ences in systemic inflammation between groups of younger and
older adults, and/or the association of age across the life span with
markers of systemic inflammation such as circulating levels of
C-reactive protein (CRP), interleukin (IL)-6 (11), and soluble tumor
necrosis factor receptor II (STNF-RII) (12). However, within older
adults, there is marked variability in age-related increases in inflam-
matory disease risk when compared with adults overall (2), and it
is not known whether older adults show individual variability in
systemic markers of inflammation in relation to age. Prior research
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has interrogated this question in regard to adaptive immune re-
sponses and found that lymphoproliferative responses to IL-2 de-
crease across broad age range. Furthermore, adults older than 60
years of age show marked individual variability with about one third
showing an attenuated adaptive immune response when compared
with adults (13).

Few studies have evaluated the associations between age and
cellular sources of systemic inflammation, although monocytes,
which make up about 5% of circulating leukocytes, are a major
contributor to proinflammatory cytokine production in peripheral
blood. Furthermore, the nuclear factor kappa B (NF-kB) transcrip-
tion control signaling pathway plays a key role in the cellular expres-
sion of proinflammatory genes, and animal models have implicated
NF-kB as the molecular culprit of inflammaging (14). Yet, there is
limited research on the relationship between age and activation of
NF-kB in human adults and especially on individual variability of
NF-kB in older adults. Finally, no study, to the best of our know-
ledge in humans, has systematically examined whether age influences
the evolutionary conserved, signal transducer and activator of tran-
scription (STAT) family proteins, nor examined the relationship of
these STAT family proteins to other markers of systemic and cel-
lular inflammation in older adults. STAT family proteins transduce
signals through the cytoplasm and function as transcription factors
in the nucleus by regulating cytokine-inducible gene transcription
(15). STAT family proteins comprise seven members: STAT1, STAT2,
STAT3, STAT4, STATS (which comprises the closely related protein
members STATS5a and STATSb), and STAT6. Inducers of STAT tran-
scription include various inflammatory cytokines, such that IL-6
serves as an inducer of STAT3; interferon vy (IFNy) as an inducer of
STAT1; and IL-2 as an inducer of STATS (15). Together, the NF-xB
and STAT family proteins are pivotal regulators in inflammatory
signaling, which have been described as drivers of age-associated
transcriptional changes (16).

This study addresses several gaps in inflammaging research,
by examining individual variability in markers of inflammation in
older adults and interrogating the upstream cellular and transcrip-
tional sources of systemic inflammation with measurement of toll-
like receptor-4 (TLR-4)-stimulated monocytic production of IL-6
and TNFa, and nuclear levels of transcriptional pathways including
NF-kB and three STAT family proteins (ie, STAT1, STAT3, and
STATS) in peripheral blood mononuclear cells (PMBC), as well as
monocyte and lymphocyte subsets.

Method

Participants

This cross-sectional study recruited community-dwelling adults aged
60 years and older, residing in Los Angeles, CA, within 10 miles
of the University of California, Los Angeles (UCLA) Westwood
campus. The study received oversight and approval from the UCLA
Institutional Review Board (IRB#11-000656). As previously de-
scribed (17), age-targeted sampling methods were used to complete
a telephone survey of biobehavioral factors related to social inte-
gration in a community-dwelling sample of older adults. From this
survey sample of 2,541 adults older 60 years and older, 552 partici-
pants who showed varying levels of social integration were invited to
undergo an in-person visit with blood sampling; 287 persons agreed
to participate. Among the participants who agreed to participate, 23
persons did not meet eligibility criteria and 2 participants withdrew,
resulting in a final sample of 262 older adults.

Given the study focus on inflammation, exclusion criteria were
implemented to minimize the confounding influence of comorbid
conditions or medications on testing the relationship between age
and inflammation. Hence, participants (7 = 23) who reported the
presence of medical conditions or use of medication known to in-
fluence inflammation were excluded. Exclusion criteria were morbid
obesity (ie, body mass index > 40 kg/m?); current cardiovascular
or neurological diseases; pain disorders; inflammatory disorders
(ie, rheumatoid arthritis, autoimmune disorders); chronic or acute
infectious illnesses; current mental disorders (ie, major depressive
disorder, substance use disorder, insomnia disorder); cognitive im-
pairment; and current use of hormone-containing medications (eg,
steroids), nonsteroidal anti-inflammatory drugs or analgesics (eg,
opioids), immune-modifying drugs that target specific immune re-
sponse agents (eg, TNF inhibitors), antidepressant and/or anti-
psychotic medications, and/or tobacco smoking or excessive caffeine
consumption (>600 mg/d).

Procedures
During the in-person visit, demographic and clinical characteris-
tics were obtained including body mass index (BMI). Participants
also underwent a medical interview regarding past or current his-
tory of medical disorders; psychiatric status was assessed using the
Structured Clinical Interview for DSM-IV Axis I Disorders. As noted,
older adults who reported medical disorders or medications with
known effects on inflammation were excluded; the presence of other
comorbidities was evaluated using the Chronic Disease Score (CDS),
which tallies the use of prescription medications, ranging from 0
(ie, medication free) to 29 (ie, polypharmacy); the CDS correlates
strongly with physician ratings of severity of medical illness (18).
Blood samples were obtained by a study phlebotomist via veni-
puncture between 8 am and 10 am of the in-person visit to min-
imize influences of circadian factors. EDTA whole blood samples
were chilled immediately after collection, then centrifuged, and
plasma stored at -80°C until assayed for CRP, IL-6, and sTNF-
RII. Heparinized whole blood was collected at room temperature
and processed within 4 hours for evaluation of TLR-4-stimulated
monocytic production of IL-6 and TNFa, and peripheral blood
mononuclear cells (PBMCs) were purified for evaluation of nuclear
levels of NF-xB, STAT1, STAT3, and STATS.

Assays of Inflammatory Markers

Systemic inflammation was evaluated by circulating levels of CRP,
IL-6, and sTNF-RII. CRP was quantified by high-sensitivity ELISA
(Immundiagnostik, ALPCO Immunoassays, Salem, NH) according
to the manufacturer’s protocol, but with an extended standard
curve to a lower limit of detection of 0.2 mg/L. IL-6 and sTNF-
RII were quantified by high- and regular-sensitivity ELISAs, respect-
ively, according to the manufacturer’s protocols (R&D Systems,
Minneapolis, MN). All samples were run in duplicate, with intra-
assay and interassay precision of all immunoassays less than or equal
to 9%.

Cellular inflammation was evaluated by TLR-4-stimulated
monocytic production of IL-6 and TNFa as assayed by fluorescent
antibody staining and flow cytometry as previously described (19).
Briefly, heparinized whole blood was treated with brefeldin A with
and without lipopolysaccharide and incubated for 4 hours with
mixing at 37°C. Fixed and permeabilized white cells were stained for
cell surface CD14 and intracellular IL-6 and TNFa. CD14* events
were acquired by three-color flow cytometry to determine the net
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percentages of TLR-4-stimulated production of IL-6 and/or TNFa
in three different monocyte subsets: monocytes producing IL-6 only,
monocytes producing TNFo only, and monocytes coproducing both
IL-6 and TNFa simultaneously.

Nuclear inflammatory signaling via transcription factors was
evaluated by spontaneous levels of activated NF-xB, STAT1, STAT3,
and STATS, as assayed by flow cytometry in total PBMC, as well
as in monocyte and lymphocyte subpopulations as previously de-
scribed (20). Briefly, purified PBMC from heparinized whole blood
were fixed, then treated with 90% methanol to permeabilize the nu-
clear membrane. Intranuclear levels of activated (phosphorylated)
NF-kB (p65), STAT1 (pTyr-701), STAT3 (pTyr-705), and STATS
(pTyr-694) were determined by single-color flow cytometry using
phycoerythrin-labeled antibodies specific for the phosphorylated
forms of each transcription factor. Cell Quest software was used
to gate on total PBMC, monocytes only, or lymphocytes only; be-
cause methanol fixation necessary to permeabilize the nuclear mem-
brane rendered cell surface molecules unrecognizable for routine
phenotyping, monocytes and lymphocytes were gated based on
forward versus side scatter. A histogram analysis plot was then used
to determine the nuclear levels of each activated transcription factor
within each cell population based on the mean fluorescence intensity
(MFI).

Statistical Analysis

All analyses were conducted using SPSS version 24.0 (IBM Inc.,
Armonk, NY) and GraphPad Prism version 7 (GraphPad Software,
La Jolla, CA). Non-normally distributed data (ie, CRP, IL-6, and
sTNF-RII) were natural log-transformed. To evaluate whether age
was associated with markers of systemic (ie, CRP, IL-6, and sTNF-
RII), cellular (ie, TLR-4-stimulated monocytic production of IL-6
and/or TNFa), or nuclear (ie, spontaneous levels of NF-xB, STAT1,
STAT3, and STATS in total PBMC, monocytes only, and lympho-
cytes only) inflammation, multivariate linear regression modeling
was used, adjusting for demographic (sex, race, and education) and
clinical factors (BMI and CDS), which have been previously found
to be related to inflammation (21). We created 3 different models:
Model 1 was the unadjusted model (age only); Model 2 included
demographic variables (Model 1 + sex, race, and education); and
Model 3 additionally included clinical measures (Model 2 + BMI
and CDS). Strength of associations was indexed by the unstand-
ardized regression coefficient (B), indicating the average change in
the dependent variable associated with a 1-unit change in the in-
dependent variable. To test whether the variability of inflammatory
markers differed across the age range, we used a post hoc Glesjer
test of heteroscedasticity (22). In addition, we tested whether mean
levels of systemic, cellular, or nuclear inflammatory markers dif-
fered between males and females by using a post hoc independent
t-test. Furthermore, bivariate Pearson correlations were performed
to examine the relationships between components of systemic, cel-
lular, and nuclear inflammatory domains. Statistical significance was
set at an o-level of .035.

Results

Sample Characteristics

The mean age of the sample was 71.9 = 7.9 years (range 60-88
years), with 50.8% females, 13% non-Whites, and a mean BMI
of 26.3 = 4.2 kg/m’. For an overview of the sample’s demographic

Table 1. Demographic and Clinical Characteristics of the Older
Adult Sample (N = 262)

Variable Mean (SD)
Age, mean years (= SD) 71.9 (7.9)
Sex, female 7 (%) 133 (50.8)
Race, 7 (%)
White 228 (87.0)
African American 20 (7.6)
Other 14 (5.4)
Education, mean years (= SD) 16.4 (2.8)
Employed, 7 (%) 174 (66.4)
Marital status, 7z (%)
Never been married 36 (13.7)
Married 115 (43.9)
Separated 3(1.1)
Widowed 40 (15.3)
Divorced 65 (24.9)
Other 3(1.1)
Body mass index, mean kg/m? (= SD) 26.3 (4.2)
Chronic Disease Score, mean (= SD) 2.0 (2.2)

and clinical characteristics, see Table 1. This healthy community-
dwelling older adult sample had a median CRP concentration of 1.0
mg/L with an interquartile range of 0.5-2.8 mg/L, a median IL-6
concentration of 1.6 pg/mL with an interquartile range of 1.3-2.9
pg/mL, and a median sTNF-RII concentration of 2.6 ng/mL with
an interquartile range of 2.2-3.1 ng/mL. Hence, the sample’s sys-
temic inflammatory characteristics were normal to low compared
with other adult population-based studies (23-25), consistent with
the exclusion criteria to exclude those with an ongoing inflammatory
disorder. For an overview of the sample’s systemic, cellular, and nu-
clear inflammatory characteristics, see Table 2.

Associations of Age With Systemic, Cellular, and
Nuclear Inflammatory Markers

Adjusted multivariate linear regression modeling was used to
examine whether age in this sample of older adults (60-88 years)
was associated with systemic, cellular, and nuclear inflammatory
markers.

Within the domain of systemic inflammation, age was positively
associated with systemic (circulating) levels of IL-6 (B = 0.03, p <
.001) and sSTNF-RII (B = 0.01, p < .001), but not with levels of CRP
(Figure 1a and Table 3). As an example, for every year of chrono-
logical age, there is on average an increase of 0.1 pg/mL of IL-6.
Consistent with other reports (26,27), BMI was associated with
levels of CRP (B = 0.11, p < .001) and IL-6 (B = 0.05, p < .01), but
there was no age x BMI interaction in this older adult sample. A
post hoc independent #-test showed no sex differences in levels of
systemic inflammatory markers. Moreover, associations between age
and systemic inflammation did not differ between males and females
(ie, no age x sex interactions). In addition, non-African American
race was associated with higher systemic levels of CRP (B = 1.50, p
<.001), IL-6 (B = 0.68, p < .05), and sSTNF-RII (B = 0.27, p < .01).
However, there were no age x race interactions.

Within the domain of cellular inflammation, age was not asso-
ciated with TLR-4-stimulated monocytic production of IL-6 only,
TNFa only, or coproduction of IL-6 and TNFa (all p > .05, data not
shown). In addition, a post hoc independent #-test showed no sex
differences in the percentage of TLR-4-stimulated monocytic pro-
duction of IL-6 and/or TNFa.
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Table 2. Levels of Inflammatory Markers in the Older Adult Sample

Median Mean (=
Inflammatory Marker (IQR) SD)
Systemic inflammation (7 = 173)
CRP, mg/L 1.0 (0.5-2.8)
IL-6, pg/mL 1.6 (1.3-2.9)
sTNF-RII, ng/mL 2.6 (2.2-3.1)
Cellular inflammation (7 = 168)®
Monocytes producing IL-6 only, % 25.1 (16.0)
Monocytes producing TNFa only, % 37.3 (14.6)
Monocytes coproducing IL-6 + TNFa, % 16.7 (11.3)
Nuclear signaling (7 = 123)¢
NF-xB, MFI
PBMC 27.4 (14.5)
Monocyte 42.9 (35.6)
Lymphocyte 21.7 (8.5)
STAT1, MFI
PBMC 36.0 (8.9)
Monocyte 65.4 (12.1)
Lymphocyte 24.5(7.7)
STAT3, MFI
PBMC 26.2 (11.1)
Monocyte 44.7 (15.8)
Lymphocyte 18.7 (9.4)
STATS, MFI
PBMC 29.2 (6.4)
Monocyte 48.2 (10.9)
Lymphocyte 21.8 (5.8)

Notes: CRP = C-reactive protein; IL-6 = interleukin-6; IQR = interquartile
range; NF-xB = nuclear factor kappa B; MFI = mean fluorescence intensity;
TNFa = tumor necrosis factor alpha; sSTNF-RII = soluble tumor necrosis fac-
tor receptor II; STAT = signal transducer and activator of transcription; PBMC
= peripheral blood mononuclear cells.

*Systemic (circulating) marker data were natural log-transformed for ana-
lyses, but nontransformed median and IQR are shown for ease of interpret-
ation. "Net percentages of toll-like receptor-4 (TLR-4)-stimulated monocytes
producing IL-6 only, producing TNFa only, and coproducing both IL-6 and
TNFa simultaneously. “Spontaneous intranuclear levels of activated NF-xB,
STAT1, STAT3, and STATS were assayed in total PBMC, as well as monocyte
and lymphocyte subsets.

Within the domain of nuclear inflammatory signaling, age was
not associated with levels of activated NF-xB, but was positively as-
sociated with levels of each of the activated STAT family proteins
in the total PBMC population, including STAT1 (B = 0.62, p < .01),
STAT3 (B = 0.28, p < .01), and STATS (B = 0.32, p < .05; Figure 1b
and Table 4); in addition, a post hoc Glesjer test of heteroscedasticity
revealed that older age was associated with greater variability in nu-
clear levels of activated STAT1 (p < .05), but not STAT3 or STATS.

A post hoc independent #-test showed that males had higher mean
levels of activated STATT1 in the total PMBC population (males: 38.6
+17.2 MFI vs. females: 33.4 =+ 10.6 MFI, p <.05) and in the lympho-
cyte subpopulation (males: 26.2 = 9.1 MFI vs. females: 22.7 = 7.7
MEFL p < .035). Accordingly, female sex was associated with lower
nuclear levels of activated STAT1 in the total PBMC population (B
= -6.27, p < .05). Moreover, we found a trend of females having
slightly higher mean levels of activated NF-kB in the total PMBC
population (males: 26.3 = 10.7 MFI vs. females: 28.4 = 8.8 MFI, p
<.07) and in the lymphocyte subpopulation (males: 20.7 = 5.1 MFI
vs. females: 22.7 = 6.3 MFI, p < .06). However, overall associations
between age and levels of nuclear inflammatory markers did not
differ between males and females (ie, no age x sex interactions). In

addition, non-African American race was associated and with higher
PBMC-derived levels of activated STAT3 (B = 15.72, p < .001) and
STATS (B = 15.15, p < .001), but not with NF-xB or STAT1. There
were no age x race interactions. Within the monocyte and lympho-
cyte subpopulations, similar results were found; age was associated
with STAT1 (B = 0.94, p < .05), STAT3 (B = 0.39, p < .05), and
STATS (B = 0.45, p < .05) in monocytes (Supplementary Table 1a)
and with STAT1 (B = 0.35,p <.01) and STAT3 (B = 0.19,p < .05) in
lymphocytes (Supplementary Table 1b), but not with NF-kB in either
monocytes or lymphocytes.

Relationships Between the Inflammatory Markers
Within each of the inflammatory domains, significant correlations
were observed between inflammatory markers (ie, correlations
within systemic inflammatory markers, within cellular inflammatory
markers, and within nuclear inflammatory markers). Across inflam-
matory domains, systemic inflammation correlated with nuclear in-
flammatory signaling in PBMCs, such that CRP (r = .28, p < .01)
and IL-6 (r = .22, p < .05) correlated with STAT3, and sTNF-RII
correlated with STAT1 (r = .25, p < .01), STAT3 (r = .32, p < .01),
and STATS (r = .25, p < .01). Moreover, NF-xB in PBMCs correl-
ated with cellular inflammation, as indexed by TLR-4-stimulated
monocytic production of IL-6 (r = .31, p < .05) and IL-6/TNFa
coproduction (r = .23, p < .05). However, neither systemic inflam-
matory markers nor STAT family proteins correlated with TLR-4-
stimulated monocytic production of IL-6 and TNFa. Relationships
of monocyte and lymphocyte subpopulations with systemic and cel-
lular inflammatory markers were similar to the ones between PBMC
and systemic and cellular inflammatory markers. For an overview
of the correlational relationships between systemic, cellular, and nu-
clear inflammatory markers, see Supplementary Table 2.

Discussion

The present study sought to examine the relationship between age
and multiple domains of inflammation-associated immune bio-
markers in a large sample of community-dwelling older adults.
Biomarkers of interest comprised circulating inflammatory markers
(ie, systemic levels of CRP, IL-6, sSTNF-RII); percentage of TLR-4-
stimulated IL-6/TNFa-production measured in CD14* monocytes;
and nuclear inflammatory markers measured in the total PMBC
population, as well as lymphocyte and monocyte subpopulations
(ie, nuclear levels of activated NF-kB and STAT family proteins).
In line with our hypothesis, increasing age more than 60 years was
associated with higher nuclear levels of activated STAT1, STAT3,
and STATS, along with higher systemic levels of IL-6 and sTNF-RIL
However, within this older adult population, age was not signifi-
cantly related to systemic CRP, TLR-4-stimulated monocytic pro-
duction of IL-6 and TNFa, or nuclear levels of activated NF-xB.

What might be the implications of the association between age
and inflammation over time? In adults older than 65 years, epi-
demiological studies have found that the threshold value of IL-6 (ie,
3.19 pg/mL or greater) predicts a 2-fold greater risk of death when
compared with levels of IL-6 in the lowest quartile (10). Applying
this threshold of mortality risk to our sample and the estimated in-
crease of IL-6 (ie, 0.1 pg/mL per year), the average aged older adult
who is at or above the median of IL-6 (ie, 1.6 pg/mL) will be at or
above the line of mortality risk within 15 years.

Although several lines of independent research suggest that older
age is associated with higher levels of circulating markers of inflam-
mation (11,12), research on age-related changes in STAT signaling is
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Figure 1. (a) Associations of age with systemic markers of inflammation. CRP = C-reactive protein; IL-6 = interleukin-6; sTNF-RII = soluble tumor necrosis factor
receptor Il. Shown are scatterplots and linear prediction lines for associations of age with markers of systemic inflammation. All scatterplots are adjusted for
sex, race, education, body mass index, and Chronic Disease Score; unstandardized regression coefficients (B) and p values from multivariate linear regression
modeling are also shown. Residualized levels (ie, error between predicted and observed value) of CRP, IL-6, and sTNF-RII are plotted on the y-axis on a natural
log (In) scale; range of y-axis varies due to differing circulating concentrations in mg/L, pg/mL, and ng/mL, respectively. (b) Associations of age with nuclear
inflammatory markers. NF-xB = nuclear factor kappa B; STAT = signal transducer and activator of transcription; MFl = mean fluorescence intensity. Shown are
scatterplots and linear prediction lines for associations of age with nuclear inflammatory signaling in unstimulated total peripheral blood mononuclear cells
(PBMCs). All scatterplots are adjusted for sex, race, education, body mass index, and Chronic Disease Score; unstandardized regression coefficients (B) and
p values from multivariate linear regression modeling are also shown. Residualized levels (ie, error between predicted and observed value) of NF-xB, STAT1,

STAT3, and STATS5 are plotted on the y-axis.

surprisingly sparse. Indeed, there are only limited data on increases
in basal STAT3 and STATS levels from a very small number of older
adult participants (22), and the present study is the first to show
in a relatively large sample of older adults that increasingly older
age is related to higher spontaneous levels of STAT signaling. Our
human observations are consistent with age-related changes in tran-
scriptional activity of STAT3 (28) and STATS (29) in murine models;
however, these animal studies compared younger animals with older
animals, rather than looking at a continuous age range. Hence, our
data are novel in demonstrating that even in older adults, older age
is associated with progressively higher levels of STAT signaling over
a continuous age range of 60-88 years.

It is well-documented that STAT3 is linked to IL-6 signaling
(30-32), STAT1 to IFN signaling (33-35), and STATS to IL-2
signaling (36-38). Moreover, both enhancement and blunting of
STAT signaling pathways have been associated with dysfunctional
immunity. For instance, STAT3 gain-of-function mutations have
been linked to autoimmunity, whereas STAT3 loss-of-function

mutations associated with immunodeficiency (39); other lines of
research have indicated that both gain-of-function mutations and
loss-of-function mutations of STAT1 play a role in mycobacterial
and viral diseases and that deficiency of STATS contributes to some
autoimmune diseases such as arthritis (15). Hence, it is possible that
our findings might have clinical implications for late-life disease risk.

In contrast to STAT signaling, spontaneous nuclear levels of acti-
vated NF-xB were not associated with older age between 60 and 88
years, even though NF-kB has been characterized as a molecular cul-
prit of inflammaging (14) and a stimulus of a proinflammatory mo-
lecular profile found in aging cells (ie, senescence-associated secretory
phenotype) (40). Interestingly, previous work has demonstrated that
immune cells from older adults show less pronounced NF-kB activa-
tion (41) and p65/RelA induction (42) in response to experimentally
induced immune cell activation when compared with immune cells
from younger or middle-aged adults. In turn, other work has shown
that naive immune cells from older adults show upregulated gene
expression regulated by NF-kB when compared with naive immune
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Table 3. Age and Systemic Markers of Inflammation

Model 1 Model 2 Model 3
B 95% CI B 95% CI B 95% CI
CRP"
Age (y) 0.01 -0.01; 0.04 0.02 -0.01; 0.04 0.02 -0.01; 0.04
Sex, female 0.02 -0.37;0.40 0.19 -0.19; 0.56
Race, Black 0.45 -0.23;1.13 0.17 -0.50; 0.84
Race, other 1.43%* 0.54;2.31 1.50%** 0.68;2.33
Education (y) 0.01 -0.07; 0.07 0.01 -0.05;0.08
Body mass index (kg/m?) 0.17%** 0.06; 0.15
Chronic Disease Score -0.03 -0.12; 0.06
IL-6™
Age (y) 0.03%** 0.01; 0.04 0.03%** 0.02; 0.04 0.03%** 0.02; 0.05
Sex, female -0.10 -0.34; 0.14 -0.03 -0.27; 0.21
Race, Black 0.18 -0.24; 0.60 0.05 -0.37;0.48
Race, other 0.65% 0.11;1.19 0.68% 0.15; 1.20
Education (y) 0.03 -0.02; 0.07 0.03 -0.01; 0.07
Body mass index (kg/m?) 0.05%* 0.02; 0.07
Chronic Disease Score -0.01 -0.07;0.05
sTNF-RIT"
Age (y) 0.01%** 0.01; 0.02 0.01%*** 0.01; 0.02 0.01%*** 0.01; 0.02
Sex, female -0.01 -0.08; 0.07 0.03 -0.05; 0.11
Race, Black 0.04 -0.10; 0.17 -0.02 -0.16; 0.12
Race, other 0.27%* 0.09; 0.44 0.27%* 0.10; 0.45
Education (y) -0.01 -0.02; 0.01 -0.01 -0.03; 0.002
Body mass index (kg/m?) 0.01 -0.002; 0.02
Chronic Disease Score 0.02 -0.002; 0.04

Notes: CRP = C-reactive protein; IL-6 = interleukin-6; sSTNF-RII = soluble tumor necrosis factor receptor II. Unstandardized regression coefficients (B) with 95%

confidence intervals (CI) indicating associations with circulating markers of systemic inflammation. Model 1: unadjusted model (age only); Model 2: Model 1 +

adjusted for sex, race and education; Model 3: Model 2 + adjusted for comorbidity as measured by the body mass index and Chronic Disease Score.

*p<.05,**p <.01, ***p <.001.

cells from younger adults (43). Together, these observations suggest
that the NF-kB transcriptional control pathway is an important con-
tributor to the coexistence of blunted immune responses and height-
ened chronic inflammation found in older adults (44,45).

In sum, our data support findings from an array of previous
transcriptome profiling studies that have also linked older age to
increased levels of proinflammatory gene expression (particularly
through NF-kB and STAT pathways; eg, (46-51)).

Similar to NF-xB, TLR-4-stimulated IL-6/TNFa-production
measured in CD14* monocytes was not associated with age,
which indeed might be due to the age restriction of our sample
(aged 60-88 years). However, the absence of an association be-
tween age and cellular inflammation might be due to a defect in
the ability of older adults to respond to TLR-4 stimulation. In
adults, we have found that sleep deprivation induces a robust ac-
tivation of TLR-4-stimulated monocytic IL-6/TNFa production.
In contrast, in older adults, sleep deprivation fails to induce an
increase in TLR-4-stimulated monocytic IL-6/TNFa-production,
indicating that older adults show blunted response to TLR-4
stimulation (52).

Whereas older age was associated with higher systemic levels of
IL-6 and sTNF-RII, replicating previous findings (53-56), older age
was not associated with levels of CRP. Given that previous research
has shown increases of CRP with advancing age (54,56), the lack
of association between age and CRP might be due to our sample
characteristics, that is, we included relatively healthy older adults
with a restricted age range (60-88 years), who as a group showed
CRP levels in the low-risk range. Nevertheless, within this older

population, BMI was a significant correlate of systemic inflamma-
tion, consistent with previous work (26,27), which supports evi-
dence that inflammation plays an important role in age-associated
obesity and diabetes mellitus.

Prior research has found that levels of markers of systemic in-
flammation are higher in females when compared with males, al-
though sample populations have primarily included only adults (21).
Interestingly, in this older adult sample, sex differences in CRP, IL-6,
and sTNF-RII were not found, indicating that differences in repro-
ductive hormones between adult versus older adult females may
contribute to varying levels of systemic inflammation. Nevertheless,
older adult females showed lower levels of STAT1 and possibly
higher NF-xB when compared with older adult males. Moreover,
non-African American race was also a strong predictor of a var-
iety of inflammatory markers in our sample, which might be due
to sample characteristics with 92.4 non-African American (1.5%
Asian, 0.8% Native Hawaiian/Pacific Islander; 87% White; 2.3%
other) and 7.6% African American. Although the existing literature
is somewhat contradictory (21), the majority of research demon-
strated that the African American population has higher levels of
CRP, IL-6, and TNFa when compared with the white population.
This study is novel in also showing that race is associated with acti-
vation of STAT3 and STATS family proteins.

Consistent with prior evidence and with known relationships be-
tween cytokines and STAT signaling (57-59), analyses across inflam-
matory domains showed that systemic inflammation correlated with
STAT signaling. For example, sTNF-RII, which is cleaved from the
surface of cells following exposure to TNFa, correlated with STAT1,
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Table 4. Age and Nuclear Inflammatory Signaling

Model 1 Model 2 Model 3
B 95% CI 95% CI B 95% CI
NF-xB
Age (y) 0.09 -0.06;5 0.23 0.09 -0.06; 0.23 0.13 -0.03; 0.28
Sex, female 1.74 -0.55;4.03 1.08 -1.34; 3.50
Race, Black 3.15 -1.17;7.47 3.94 -0.47; 8.35
Race, other 0.25 -4.55;5.05 0.09 -4.70; 4.88
Education (y) 0.01 -0.44; 0.45 0.03 -0.42;0.48
Body mass index (kg/m?) -0.12 -0.37; 0.14
Chronic Disease Score -0.4 -0.98;0.19
STAT1
Age (y) 0.52" 0.18; 0.86 0.55%* 0.23; 0.88 0.62%* 0.26; 0.98
Sex, female -6.18* -11.34; -1.01 -6.27* -11.74; -0.80
Race, Black 6.41 -3.3;16.15 6.09 -3.89; 16.08
Race, other 8.94 -1.89;19.77 9.24 -1.60; 20.09
Education (y) 0.62 -0.38; 1.63 0.72 -0.29; 1.74
Body mass index (kg/m?) 0.34 -0.23; 0.91
Chronic Disease Score -0.56 -1.87;0.76
STAT3
Age (y) 0.23* 0.02; 0.43 0.23* 0.04; 0.42 0.28** 0.07; 0.49
Sex, female 0.23 -2.78;3.24 -0.26 -3.45;2.94
Race, Black 4.90 -0.78; 10.57 5.33 -0.50; 11.16
Race, other 15.74%** 9.42;22.05 15.73%** 9.39;22.07
Education (y) 0.26 -0.33; 0.85 0.31 -0.28; 0.91
Body mass index (kg/m?) 0.04 -0.29; 0.37
Chronic Disease Score -0.47 -1.24;0.30
STATS
Age (y) 0.29* 0.03; 0.54 0.30* 0.05; 0.54 0.32% 0.05; 0.59
Sex, female 0.25 -3.66;4.15 -0.29 -4.43; 3.85
Race, Black 6.69 -0.63; 14.01 7.41 -0.15; 15.0
Race, other 15.33%#* 7.20;23.45 15.15%#** 6.96;23.34
Education -0.09 -0.85;0.68 -0.08 -0.86; 0.71
Body mass index (kg/m?) -0.14 -0.57; 0.29
Chronic Disease Score -0.27 -1.28;0.75

Notes: CI = confidence interval; NF-kB = nuclear factor kappa B; STAT = signal transducer and activator of transcription. Unstandardized regression coeffi-

cients (B) with 95% CI indicating associations with spontaneous nuclear inflammatory signaling in total peripheral blood mononuclear cells (PBMC). Model 1:
unadjusted model (age only); Model 2: Model 1 + adjusted for sex, race and education; Model 3: Model 2 + adjusted for comorbidity as measured by the body

mass index and Chronic Disease Score.
p <05, **p < .01, ***p < .001.

STAT3, and STATS, underlining that TNFa induces phosphorylation
of latent cytosolic STAT3 and STATSb (60). In contrast, the lack of
correlation between sTNF-RII and NF-kB might be related to evi-
dence that STNF-RIL, despite its high TRAF2 binding capability, is
considered a “poor” activator of the NF-xB signaling pathway com-
pared with other TNF superfamily receptors (61).

Finally, cellular inflammation as evaluated by TLR-4-stimulated
monocytic production of IL-6 and TNFa was not correlated with
systemic inflammation. The lack of correlation was not surprising
because systemic inflammation and cellular inflammation (as evalu-
ated here) are distinct inflammatory domains: systemic inflammatory
markers indicate a naturally occurring state of in vivo inflammation,
whereas TLR-4-stimulated production of proinflammatory cyto-
kines serves to evaluate in vitro the immune system’s innate capacity
to respond to a microbial stimulus.

Strengths and Limitations

Our study shows several strengths and brings various aspects of
novelty to gerontology research. First, this study is novel because
no prior research has ever systematically examined the effect of age

beginning at age 60 and going up to the late 80s on transcription
factors of the STAT protein family. Second, because prior human
research has examined age-related increases in proinflammatory
cytokines primarily by looking at T cells as a source of cytokine
production, this study is innovative in examining TLR-4-stimulated
production of proinflammatory cytokines in monocytes, which are
a major cellular source of proinflammatory cytokine production.
Third, no prior research has ever systematically explored the cor-
relational relationships within a comprehensive panel of inflam-
matory domains (ie, systemic, cellular, and nuclear domains) in a
large and healthy sample of older adults. However, we recognize
some limitations of our study. Systemic IFN and IL-2 could not be
evaluated in this study, as they typically circulate at levels below
detection by immunoassays. This constrained us from evaluating
systemic and nuclear relationships of the IFN/STAT1 and the IL-2/
STATS signaling pathways. Moreover, other ligands that activate
STAT proteins, molecular cross-talk and antagonism between STAT
proteins, and inhibitory mechanisms that negatively downregulate
STAT protein signaling were not accounted for and should be
considered when interpreting our results. Furthermore, even after
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excluding participants for a variety of medical conditions and con-
trolling for medication use (ie, CDS), a residual probability of con-
founding by morbidity remained (ie, confounding by undiagnosed
medical illnesses that were not captured during the screening inter-
view). Finally, the focus of our sample for this multidomain study of
inflammation was on adults of 60 years and older, and future studies
could evaluate STAT signaling pathways and cellular monocytic re-
sponsiveness to lipopolysaccharide in a broader age range including
younger and middle-aged adults.

Conclusion

Healthy aging beyond age 60 is associated with increasing systemic
inflammation and nuclear inflammatory signaling of STAT family
proteins. Moreover, such age-related increases in systemic inflam-
mation appear to be tracked more strongly to increased activation
of nuclear STAT signaling than to the NF-xB pathway. Our findings
suggest that levels of activated nuclear STAT proteins could serve as
a useful new biomarker of aging, which might be related the risk of
chronic age-related diseases.
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