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ABSTRACT

Age-associated alterations of inflammatory and immune
response, and oxidative stress in healthy and non-obese

Koreans

LEE, DONG HEE
Dept. of Science for Aging
The Graduate School

Yonsei University

The objective of this study was to determine age-dependent alterations in serum
cytokines, peripheral blood mononuclear cell (PBMC) cytokine production, natural Kkiller
(NK) cell activity and urinary 8-epi-prostaglandin F», (8-epi-PGF»,). In total, 987 healthy
and non-obese subjects was divided into five age groups: 20-34 (group 1, n=128), 35-44
(group 2, n=135), 45-54 (group 3, n=276), 55-64 (group 4, n=301), and 65-80 (group 5,
n=147) years of age. After adjusted for body mass index, gender distribution, and smoking

and drinking status, serum interferon (IFN)-y levels decreased in group 3, 4 and 5 compared

vii



with those in group 1, and 2. Production of IFN-y by the unstimulated PBMCs was lower
in the older groups (group 4 and 5) than in the younger groups (group 1 and 3). Serum
interleukin (IL)-12 was lower in group 5 than in groups 1 and 2. In contrast, both serum
and PBMC IL-6 were higher in group 5 than in group 1, 2, and 3. Urinary 8-epi-PGF,
increased in group 3 compared with that in group 1 and further increased in group 5.
Multiple linear regression analysis revealed that serum IFN-y levels were negatively
affected by age, and NK cell activity at a ratio of effector cell: target cell=5:1 was positively
affected by PBMC IFN-y. Our study shows the age-related reductions in serum and PBMC
IFN-y and serum IL-12, and age-related increase in serum and PBMC IL-6 and oxidative
stress in healthy non-obese subjects. Additionally, circulating IL-6 levels may be a better
marker of a chronic low-grade inflammatory activity associated with aging than systemic

levels of high-sensitivity C-reactive protein, tumor necrosis factor-o, and IL-1p.

Keywords: Aging; Serum cytokine; PBMC cytokine; NK cell activity; Oxidative stress;

Inflammation
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1. INTRODUCTION

Aging is often associated with a dysregulation of the immune system [1] and oxidative
stress [2]. Regulatory mechanisms involve a complex network of cytokines that are
involved in differentiation, proliferation, and survival of lymphoid cells [7]. It has been
suggested that the dysregulation of cytokines may be partly responsible for the increased
morbidity and mortality and the subtle presence of infection in the elderly [3].

Previous studies have shown that several immune parameters, including the number
of circulating thymus (T) lymphocytes and natural killer (NK) cell cytotoxicity, do not
differ between generally healthy and well-nourished old and young women [4].
Additionally, a shift toward increased production of proinflammatory cytokines, such as
tumor necrosis factor (TNF)-a and interleukin (IL)-6, has been reported with aging in the
healthy older individuals compared to the younger control individuals [5, 6]. However,
some reports are not consistent with increased production of proinflammatory cytokines,
such as IL-1B and IL-6, and reduced production of IL-2 with aging when health and
nutritional status are maintained [7]. These discrepancies may be a consequence of the
selection criteria used for healthy elderly individuals, although other factors, such as
experimental differences among the research groups and small sample size, must be
considered. Since altered production of certain cytokines has been postulated to explain
some of the age-related functional changes in the immune response, our interest was to

examine the age-dependent alterations in serum cytokines, peripheral blood mononuclear



cell (PBMC) cytokine production, NK cell activity, and urinary 8-epi-prostaglandin F», (8-

epi-PGF»,) in healthy and non-obese Koreans.



2. BACKGROUND

2.1 Immune system in aging

Aging leads to the deterioration of not only a defective T cell response but also the
number and function of other cells of the innate immune system [11] and to the
accumulation of cells with signal transduction defects.

Forming the first line of defense against virally infected and malignant cells, NK cells
are critical effector cells of the innate immune system. With age, significant impairments
have been reported in the two main mechanisms by which NK cells confer host protection:
direct cytotoxicity and the secretion of immunoregulatory cytokines and chemokines. In
elderly subjects, decreased NK cell activity has been shown to be associated with an
increased incidence and severity of infection, highlighting the clinical implications that
age-associated changes in NK cell biology have on the health of older adults.

IL-12 is known as a T cell-stimulating factor, which can stimulate the growth and
function of T cells. It plays an important role in the activities of NK cellsand T cell. IL-12
mediates enhancement of NK cells activity. Enhanced functional response is demonstrated
by interferon (IFN)-y production and killing of target cells. It stimulates the production of

IFN-y and TNF-a from T cells and NK cells.



2.1.1 Aging-associated adaptive immunity : T cells

The thymus is the key organ that directs T cell differentiation, maturation, and selection
early in life, and T cells that are selected subsequently migrate to secondary lymphoid
tissues where antigens can be surveyed when presented by antigen-presenting cells [12, 13,
14]. Once encountering a specific antigen that T cells recognize, the T cells can become
activated, proliferate, and differentiate into effector T cells, a process that is facilitated by
co-stimulatory molecules and cytokines. These T cells can rapidly proliferate and respond
to antigen if it is again encountered.

T cells produce restricted cytokines and provide B cells, interacting with the innate
immune system, and can mediate autoimmune responses. T cells have been classified as
thymus helper (Th) 1, Th2 [12, 13] that is dependent on the milieu of cytokines which
regulate Thl differentiation [15]. These subset of T cell have different roles in defending
against pathogens, Th1l cells inducing control of intracellular organisms via production of
IFN-y that activates macrophages. T cells also differentiate into other key
immunoregulatory effector that can suppress or regulate inflammatory immune responses
and acquire cytotoxic functions. When it is stimulated with antigen plus appropriate co-
stimulation, such acquisition of cytotoxic functions with the expression of IFN-y can be
driven by exposure to cytokines such as IL-12 and is also regulated by transcription factors
[16].

Aging-associated adaptive immunity means decrease of T cells. That means all of T

cell receptor signaling, cell proliferation, cytokine production, and vaccine responses



declines with advancing age. One explanation for a decline in the maximal proliferation
response of T cells in elderly individuals is age-associated telomere shortening [17, 18].
Lowering T-cell cytotoxicity responses has been linked to a warning ability to respond
adequately to viral infections [19], and production of IL-2 and cell proliferation by virus-
specific T cells. T cells were found to have a decline in their ability to suppress target cell

proliferation in the elderly.

2.1.2 Aging-associated innate immunity: NK cells

Innate immune system includes neutrophils, monocytes, macrophages, dendritic cells
(DC), basophils, mast cells, eosinophils, and NK cells. These cells are responsible for
phagocytosis; the production of various inflammatory mediators; the activation of and
interaction with adaptive immune responses and cell destruction and clearance. Although
the innate immune system can lead to a strong inflammatory response independent of
adaptive immunity, the recruitment of both systems provides a more robust defense, and
DCs play a key role in the interactions between the innate and adaptive immune systems.
Following endocytosis of foreign antigens in the periphery, DCs act as antigen-presenting
cells which can travel to lymph nodes where they activate the T cell of the adaptive system
[20].

Individual components of the innate immune system may undergo significant change
with aging, though the innate system is generally understood to be better preserved in the

aging adult, and these changes vary significantly between individuals. In one study of
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adults older than age 85, it was shown that older adults who had an impaired innate immune
response characterized by decreased production of inflammatory cytokines, and it had an
associated twofold increase in overall mortality, even controlling for chronic illness [21].
Age-related decline in the innate system includes decreasing phagocytic capacity and
oxidative burst in neutrophils and macrophages, decreased cytotoxicity of NK cells, and a
decreased ability of DCs to find lymph nodes and stimulate T cells in vivo studies [22].
Other investigators have reported decreased NK cell cytotoxicity [23] and it reduced
number and function of plasmacytoid DCs in blood [24] with advancing age. However,
components of the innate system may increase with aging, such as the number of NK cells
and serum levels of inflammatory mediators, cytokines [25].

Studies of NK cell numbers and functionality in the very elderly illustrate the virus-
infected as well as tumor cells in a major histocompatibility complex-unrestricted manner
regarding compensation with age. It might also indirectly modulate adaptive immunity via
altered cytokine production affecting the activation of DCs and monocytes, and promoting

inflammation [26].



2.1.3 Aging-associated immune dysregulation

Aging is accompanied by immune, hormonal, and adipose changes leading to a chronic
inflammatory state. Immune dysregulation is reflected not only in diminished immunity
with decreased response against pathogens, but also in increased inappropriate immune
activation, leading to autoimmunity and a subsequent increase in the incidence of
autoimmune diseases as well as possibly other detrimental manifestations.

Age-related changes with regard to lymphocytes, leads to a kind of dysregulation of
cytokine production primarily from T cells, which results in chronic activating of the
immune system and ‘inflammaging’ and can be explained as a compensation mechanism

in the attempt to overcome alterations on cytokine receptor signaling [27].



Adaptive immunity: evolutionarily more recent, is
slower, mediates highly antigen-specific responses by
activation and clonal expansion of responding cells and
generation of antigen-specific effector and memory cells.

Memory T cell

Low numbers of naive T cells
Accumulation of memory T
cells

Reduced production of IL-2
Enhanced production of pro-
inflammatory cytokines

Plasma cell

Memory B cell
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Reduced chemotaxis and phagocytosis .
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Impaired signal transduction and apoptosis

Figure 1. Impact of aging on innate and adaptive immunity [43]



2.2 Cytokines

Cytokines are small, nonstructural proteins with molecular weights ranging from 8 to
40,000 d. Originally called lymphokines and monokines to indicate their cellular sources,
it became clear that the term “cytokine” is the best description, since nearly all nucleated
cells are capable of synthesizing these proteins and in turn, of responding to them. There
are presently 18 cytokines with the name IL [28]. Other cytokines have retained their
original biological description, such as TNF-a.

Some cytokines clearly promote inflammation and are called proinflammatory
cytokines, whereas other cytokines suppress the activity of proinflammatory cytokines and
are called antiinflammatory cytokines. IFN-y is another example of the pleiotropic nature
of cytokines. Like IFN-a and IFN-B, IFN- y possesses antiviral activity. IFN- vy is also an
activator of the pathway that leads to cytotoxic T cells.

For the most part, cytokines are primarily involved in host responses to disease or

infection, and any involvement with homeostatic mechanisms has been less than dramatic.

2.2.1 Cytokines in acute and chronic inflammation

Inflammation is mediated by a variety of soluble factors, including a group of secreted
polypeptides known as cytokines. Several cytokines play key roles in mediating acute

inflammatory reactions, namely IL-1, TNF-a, IL-6, IL-11.



Chronic inflammation may develop following acute inflammation and may last for
weeks or months, and in some instances for years. During this phase of inflammation,
cytokine interactions result in monocyte chemotaxis to the site of inflammation where
macrophage activating factors, such as IFN-y and other molecules then activate the
macrophages while migration inhibition factors retain them at the inflammatory site. The
macrophages contribute to the inflammatory process by chronically elaborating low levels
of IL-1 and TNF which are responsible for some of the resulting clinical symptoms such

as anorexia, cachexia, fever, sleepiness, and leukocytosis.

2.2.2 Proinflammatory cytokines

Cytokines represent the major factors involved in the communication between T cells,
macrophages and other immune cells in the course of an immune response to antigens and
infectious agents. Also cytokines are regulators of host responses to infection, immune
responses, inflammation, and trauma. IL 12 is produced mainly by macrophages and its
production can be upregulated by IFN-y. These cytokines, originally described as simple
antiviral substances, are now taken to be important regulators of the immune response. All
this emphasizes the importance of macrophage-cytokine interactions in determining the
type of immune response.

IL-1 and TNF-a are proinflammatory cytokines, and when they get into humans, they

produce fever, inflammation, tissue destruction, and in some cases, even shock and death.
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2.2.3 Interukin-6

IL-6 is a glycoprotein ranging from 21 to 28 kDa depending on the degree of post-
translational modification. The 1L-6 cDNA was cloned in 1986 and the gene encoding IL-
6 was mapped to chromosome 7 in humans [29]. IL-6 is produced by a variety of cells
including mononuclear phagocytes, T cells, B cells, neutrophils, adipocytes, glial cells,
endothelial cells, chondrocytes, vascular smooth muscle cells and fibroblasts [29, 30, 31].
In addition to the stimulation of acute phase protein synthesis by the liver, IL-6 acts as a
growth factor for mature B cells and induces their final maturation. It is involved in T cell
activation and differentiation, and participates in the induction of IL-2 and IL-2 receptor
expression. Some of the regulatory effects of IL-6 involve inhibition of TNF production,
providing negative feedback for limiting the acute inflammatory response. Upregulation of
IL-6 production has been observed in a variety of chronic inflammatory and autoimmune
disorders such as thyroiditis, type | diabetes, rheumatoid arthritis [32, 33], systemic
sclerosis [34], mesangial proliferative glomerulonephritis and psoriasis, and neoplasms
such as cardiac myxoma, renal cell carcinoma, multiple myeloma, lymphoma, and

leukemia [32].
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Figure 2. Cytokines in immune cells such as T cells, NK cells and DCs

NK cell engender dominant pro-inflammatory signaling through secretion of IFN-y, Thl
cytokines, and activation of both innate and adaptive immune cells [74].
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2.3 Inflammation in aging

Inflammation is the response of tissue to injury in the acute phase by increased blood
flow and vascular permeability along with the accumulation of fluid, leukocytes, and
inflammatory mediators such as cytokines. Age-associated inflammation may not only play
a role in functional decline but may also increase susceptibility of the elderly. Increased
susceptibility to infection caused by warning immune responses. Inflammatory responses
to infection in the elderly may be greater in magnitude than those of younger individuals.
These immune dysregulation in the elder individual associated with immunosenescence, as
reflected by significantly higher level of high sensitive C reactive protein (hs-CRP) and
soluble TNF receptors in elderly [35]. In additions, inflammatory process induces oxidative

stress and reduces cellular antioxidant capacity.

2.3.1 Aging-associated oxidative stress with urinary 8-epi-PGF,

Aging is often associated with oxidative stress. Cells and tissues are constantly exposed
to reactive oxygen intermediates, and an imbalance between oxy-radicals and endogenous
antioxidant defenses that characterized oxidative stress is one aspect of the aging process
that can affect immune cell function. Urinary 8-epi-PGF,, is produced in vivo by free
radical-dependent peroxidation of lipid-esterified arachidonic acid. It is an accurate marker

of basal oxidative stress [2].
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2.3.2 Chronic low-grade inflammation

Aging is characterized by quantitative and qualitative changes of the immune system.
This phenomenon is accompanied by cytokine dysregulation, which is an increase of pro-
inflammatory cytokines and reduction of anti-inflammatory cytokines, leading to a chronic
low-grade inflammatory state.

High levels of such IL as IL-6, IL-1, TNF-a, and hs-CRP are associated in elderly
individuals with increased risk of morbidity and mortality [36]. In particular, cohort studies
have indicated TNF-a and I1L-6 levels as markers of frailty [37]. High plasma levels of the
pro-inflammatory cytokine IL-6, correlated to a peculiar lipid profile, such as high plasma
levels of lipoprotein-a [38]. In old people, high plasma levels of IL-6 are considered a
marker of increased risk of frailty [39] and are associated with reduced muscle strength
[40].

Age-related changes in the immune system and low-grade inflammation were shown
to contribute to the risk of cardiovascular diseases, which play a major role in morbidity
and mortality of old individuals. Age-associated dysregulation of inflammatory pathways
also appears to affect the central nervous system and be involved in the pathophysiological
mechanisms of neurodegenerative disorders, such as Alzheimer’s disease [37].

The effects of cytokine dysregulation are independent of the other usual mortality risk
factors (tobacco use, diabetes, arterial hypertension, hypercholesterolemia) and comorbid

conditions.
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3. MATERIALS AND METHODS

3.1 Study participants

Study participants were recruited from the Health Promotion Center of the llsan
Hospital during routine health examination visits between February 2014 and June 2016.
Based on data obtained from the health examination, subjects who met the study criteria
and agreed to participate in the study were referred to the Department of Family Medicine.
Participants completed a personal health and medical history questionnaire which served
as a screening tool. The health of potential subjects was reassessed, and subjects who met
the study criteria were ultimately enrolled. The exclusion criteria consisted of current
and/or a history of hypertension, cardiovascular disease, diabetes mellitus, dyslipidemia,
liver disease, renal disease, pancreatitis, or cancer; pregnancy or lactation; and the use of
any medications or supplements. The aim of the study was carefully explained to all
participants who provided their written informed consent. The Institutional Review Boards
of Yonsei University and llsan Hospital approved the study protocol which complied with
the Declaration of Helsinki.

In total, 987 healthy and non-obese subjects were enrolled in our study. The
participants were divided into five age groups: 20-34 (group 1, n=128), 35-44 (group 2,
n=135), 45-54 (group 3, n=276), 55-64 (group 4, n=301), and 65-80 (group 5, n=147) years

of age.
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3.2 Anthropometric parameters and blood pressures

Body weight (in lightweight clothes and without shoes) (UM0703581; Tanita, Tokyo,
Japan) and height (GL-150; G-tech International, Uijeongbu, Korea) were measured in the
morning, and BMI was calculated in units of kilograms per square meter (kg/m?). Systolic
and diastolic blood pressure (BP) levels were assessed in the supine position after a resting
period (20 min). BP was measured twice on the left arm using an automatic BP monitor

(FT-200S; Jawon Medical, Gyeongsan, Korea); the two measurements were averaged.

3.3 Blood and urine collection

Venous blood samples were collected following an overnight fast of at least 12 hours.
The Dblood specimens for assessment of clinical characteristics were collected in
ethylenediaminetetraacetic acid-treated tubes and plain tubes. The blood samples were
centrifuged to obtain plasma and serum. The collected samples were stored at -80 °C until
analysis.

Urine samples were collected in a polyethylene bottle containing 1% butylated
hydroxytoluene following an overnight fast at least 12 hours. The bottles were immediately

covered with aluminum foil and stored at -20 °C until further analysis.

16



3.4 Serum fasting lipid profiles

Fasting triacylglycerol (TG) and total-cholesterol (TC) levels were measured via
enzymatic assay using TG and CHOL kits (Roche, Mannheim, Germany), respectively.
High-density lipoprotein (HDL) cholesterol was measured via selective inhibition using a
HDL-C plus kits (Roche, Mannheim, Germany) and the resulting color reaction was
monitored with a Hitachi 7600 autoanlyzer (Hitachi, Tokyo, Japan). Low-density
lipoprotein (LDL) cholesterol was indirectly calculated using the Friedewald formula,

wherein LDL-cholesterol = TC — [HDL-cholesterol + (TG/5)].

3.5 Serum fasting glucose and insulin levels

Serum fasting glucose levels were measured via the hexokinase method using GLU
kits (Roche, Mannheim, Germany). Serum fasting insulin levels were measured via an
immunoradiometric assay using an Insulin IRMA kits (Diasource, Louvain, Belgium). The
resulting color reactions were monitored with a Hitachi 7600 (Hitachi, Tokyo, Japan) for
fasting glucose and with the SR-300 radioimmunoassay (Stratec, Birkenfeld, Germany) for

insulin.
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3.6 Serum albumin, hs-CRP, and urinary 8-epi-PGF, levels

Serum albumin concentrations were analyzed through the BCG method using an ALB
kit (Roche, Mannheim, Germany) with a Hitachi 7600 autoanalyzer (Hitachi, Tokyo,
Japan). Serum hs-CRP levels were measured using CRP kits (Roche, Mannheim, Germany)
and the resulting colorimetric reaction was monitored with a Hitachi 7600 autoanalyzer
(Hitachi, Tokyo, Japan). The urinary 8-epi-PGF,, levels were measured using a Urinary
Isoprostane ELISA kit (Oxford Biomedical Research Inc., Rochester Hills, MI, USA), and

urinary creatinine levels were determined with the Jaffe method (alkaline picrate reaction).

3.7 Isolation of PBMCs

To measure cytokine levels in PBMC supernatants and assess of NK cell activity,
PBMCs were isolated from whole blood samples. Whole blood samples were mixed with
the same volume of RPMI 1640 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
gently overlaid onto histopaque (Sigma-Aldrich, Irvine, UK) and then centrifuged (20 min,
1800 rpm, 15°C). After separation, a thin layer of buffy coat was isolated and washed twice
with RPMI 1640. The pellet was resuspended in RPMI 1640 supplemented with
penicillin/streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The
isolated PBMCs were cultured in RPMI 1640 supplemented with 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA), seeded into 12-well plates (1.0 x

108 cells/ml), and incubated at 37°C under 5% CO, for no more than 46 h + 30 min. After

18



incubation, the supernatants were collected and stored at -80°C.

3.8 Cytokine assay in serum and PBMC supernatants

IFN-y levels in serum and PBMC supernatants were measured with an IFN-y High
Sensitivity Human ELISA Kit (Covalab, Villeurbanne, France) and IL-12 levels in serum
and PBMC supernatants were analyzed by a High-Sensitivity Human 1L-12 (P70) ELISA
kit (Genway Biotech Inc., San Diego, CA, USA) according to the manufacturer’s
instructions. The color reaction were read at 450 nm using a Victor x5 2030 multilabel plate
reader (PerkinElmer, Norwalk, CT, USA). IL-6, IL-1pB, and TNF-a levels in serum and
PBMC supernatants were measured using the Bio-Plex™ Reagent Kit (Bio-Rad

Laboratories, Hercules, CA, USA).

3.9 NK cell activity

The isolated PBMCs from the whole blood samples were incubated with K562 cells to
analyze NK cell cytotoxic activity. As mentioned in the isolated PBMCs section, the same
steps were conducted to isolate PBMCs from the whole blood sample, except that an
isolated buffy coat layer was washed once with serum free media and then resuspended in
1 mL of serum free media. The isolated PBMCs (effector cell, E) were seeded into 96-well
plates at ratios of 10:1, 5:1, and 1.25:1 with the K562 cells (2.0x10* cells/well) (target cell,

T) and then incubated at 37°C under 5% CO- for more than 4 hours. The cytolytic activities
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of NK cells were analyzed via the CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit
(Promega Co., Fitchburg, WI, USA) according to the manufacturer’s instructions. The
color reactions were read at 490 nm using a Victor x5 2030 multilabel plate reader
(PerkinElmer, Norwalk, CT, USA), and the results were calculated by the following
formula:

Experimental-Effector Spontaneous-Target Spontaneous y

- 100
Target Maximum-Target Spontaneous

% Cytotoxicity =

3.10 Statistical analysis

Statistical analysis was performed using SPSS version 23.0 (IBM, Chicago, IL, USA).
Logarithmic transformation was performed on skewed variables. For descriptive purposes,
the mean values are presented as untransformed values. The results are expressed as the
means * standard error. A two-tailed P-value <0.05 was considered statistically significant.
One-way analysis of variance (ANOVA) with the Bonferroni correction was used to test
for age-group effects. A general linear model analysis was also performed with adjustment
for BMI, gender distribution, and smoking and drinking status. Multiple linear regression
analyses were performed to identify major independent predictors of serum IFN-y levels
and NK cell activity. Pearson’s correlation coefficient was used to examine relationships
between variables. A heat map was created to visualize and evaluate relationships among

variables in the study population.
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4. RESULTS

4.1 Clinical and biochemical characteristics according to age group

We examined samples from 987 healthy non-obese subjects from 20 to 80 years of age
to elucidate the impact of age on serum cytokines, PBMC cytokine production, NK cell
activity, and oxidative stress. The study subjects were divided into five age groups: 20-34
(group 1, n=128), 35-44 (group 2, n=135), 45-54 (group 3, n=276), 55-64 (group 4, n=301),
and 65-80 (group 5, n=147). BMI (group 1: 25.1 + 0.27, group 2: 24.2 £ 0.26, group 3: 23.8
+ 0.16, group 4: 24.0 + 0.14, group 5: 23.5 + 0.17 kg/m?; P <0.001), gender distribution,
and smoking and drinking status were significantly different across the age groups. Table
1 and Table 2 shows the clinical and biochemical characteristics in the 5 age groups.
Systolic BP was higher in group 4 than in group 1, 2 and 3 and was even higher in group 5.
Diastolic BP was higher in group 4 and 5 than in groups 1 and 2. Serum TG was higher in
group 5 than in groups 1 and 2. TC and LDL cholesterol were higher in groups 3 and 4 than
in groups 1 and 2, but decreased in group 5. HDL cholesterol was lower in group 5 than in
group 1, 2, 3, and 4. Serum glucose was higher in groups 4 and 5 than in groups 1 and 2.
Serum albumin was higher in group 1 than in groups 2,3,4 and 5. Serum hs-CRP did not
show any significant difference among the age groups, however, after adjusting BMI,
gender distribution, and smoking status, and significant difference was observed among the

5 groups. Serum levels of IL-1p and TNF-a did not significantly differ among the age
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Table 1. Clinical and biomedical characteristics in healthy non-obese subjects according to the age group

Group 1 Group 2 Group 3 Group 4 Group 5 P_value
20-34 (n=128) 35-44 (n=135) 45-54 (n=276) 55-64 (n=301) Over 65 (N=147)

Age (year) 27.8+0.32° 40.6+0.29¢ 49.9+0.20° 59.3+0.19° 68.8+0.282  <0.001
Systolic BP (mmHg) 112.8+1.27¢ 114.4+1.15¢ 118.6+0.80°  122.0+0.76°  126.2+1.10*°  <0.001
Diastolic BP (mmHg) 68.5+0.90° 73.20.81° 76.1+0.57° 77.2+0.542 77.5+0.782  <0.001
Triglyceride (mg/dL)” 98.3+7.26" 113546.15%°  126.5#4.22%  121.6+3.96%  129.3+571*  <0.001
Total-cholesterol (mg/dL)”  194.1+3.58" 201.7+3.03 218.442.08%  220.4+#1.95°  202.7#2.82®  <0.001
LDL-cholesterol (mg/dL)”  60.6+1.382 56.6+1.172P 57.5+0.80*°  57.5+0.75% 53.5+1.09" 0.001
HDL-cholesterol (mg/dL)”  114.7+3.28" 122.4+2.77° 136.0£#1.90°  138.5+1.78%  123.4+2.56°  <0.001
Glucose (mg/dL)” 82.3+1.03° 85.5+0.87°¢ 88.3+0.60*"  90.0+0.56% 90.4+0.81*  <0.001
Insulin (uIU/dL)” 13.0£0.55% 11.1£0.472b 9.94+0.32° 9.360.30° 10.3+0.43"¢  <0.001
hs-CRP (mg/L)” 1.00+0.18 0.92+0.15 0.96+0.10 1.09+0.10 0.96+0.14 0.026
Serum albumin (mg/dL)” 4.73+0.042 4.61+0.032° 4,59+0.02° 4.63+0.028>  4,55+0.03" 0.002
IL-1B (pg/mL)” 0.91+0.13 0.74%0.11 0.92+0.07 0.88+0.07 0.88+0.12 0.681
TNF-a (pg/mL)” 6.19+1.78 8.28+1.51 11.7+0.99 9.84+0.99 8.69+1.56 0.164

Mean * SE. ¢ were tested by logarithmic transformation. One-way ANOVA was used to calculate P2-values. P°-values adjusted for BMI, gender

distribution, and smoking and drinking status. All alphabetical letters P<0.05 were derived from Bonferroni post hoc tests; no significant differences
are marked with the same letter, and significant differences are marked with a different letter.
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4.2 Serum IFN-y, IL-12, IL-6, and urinary 8-epi-PGF,, according

to age group

Figure 3 shows the mean value of serum IFN-y, IL-12, IL-6, and urinary 8-epi-
PGF,, according to age group. Serum IFN-y significantly was significant lower in
groups 3, 4 and 5 than in groups 1 and 2 (Figure 3). Serum IL-12 was significantly
lower in group 5 than in group 1 and 2. In contrast, serum IL-6 was significantly
higher in group 5 than in groups 1, 2, and 3. Urinary 8-epi-PGF,, was significantly

higher than in group 3 than in group 1 and was even higher in group 5 (Figure 3).
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Figure 3. Serum IFN-y, IL-12, IL-6, and urinary 8-epi-PGF,_levels in healthy

non-obese subjects according to age group

Mean + SE.* were tested using logarithmic transformation. One-way ANOVA was used
to calculate P-values. P-values adjusted for BMI, gender distribution, and smoking and
drinking status. All alphabetical letters P<0.05 were derived from Bonfferoni post hoc
tests; no significant differences are marked with the same letter, and significant differences
are marked with a different letter.
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4.3 PBMC cytokine production and NK cell activity according to

age group

Table 2 also provides the mean value of the cytokines produced by cultured
PBMCs and NK cell activity according to age group. Non-stimulated PBMC from
subjects in the oldest group (group 5; age 65-80 years) secreted significantly higher
amounts of IL-6 into the culture media than those from the younger groups (group 1,
2, and 3; age 20-54 years). Production of IFN-y by the unstimulated PBMCs was
significantly lower in the older groups (group 4 and 5; age 55-80 years) than in the
younger groups (group 1 and 2; age 20-44 years). Secretion of IL-12 from the
unstimulated PBMCs was significantly differ between group3 and 4. However, the
production of IL-1p, TNF-a by the unstimulated PBMCs did not statistically differ
among the age groups (Table2). NK cell activity (%) was measured based on the
Effector cell:Target cell ratios of 10:1, 5:1, or 1.25:1. There were no significant

differences in NK cell activity among the age groups (Table 2).
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Table 2. Cytokine production by non-stimulated PBMCs, and NK cell activity in healthy non-obese subjects

according to the age group

Group 1 Group 2 Group 3 Group 4 Group 5
20-34 (n=128) 35-44 (n=135) 45-54 (n=276) 55-64 (n=301) Over 65 (n=147)

P-value

Nonstimulated PBMCs

IL-1B (pg/mL)” 1.12+0.66 0.69+0.54 1.24+0.36 2.03+0.35 2.06+0.59 0.860
IL-6 (pg/mL)” 19.5+21.5° 13.0+17.0° 20.6+11.4° 46.9+11.1° 68.4+18.7%  <0.001
TNF-a (pg/mL)” 8.76+8.97 3.27+7.09 3.75+4.85 6.55+4.67 27.9+7.96 0.821
IFN-y (pg/mL)” 2.02+0.932P 1.80+0.482 1.69+0.32° 1.5240.34%°  0.86+0.56*°  0.036
IL-12 (pg/mL)” 6.00+2.3320 4.70+1.20° 4.94+0.81° 5.09+0.86% 4.26+1.40°  <0.001
NK cell activity

E:T=10:1 (%)” 28.2+4.37 22.9+3.03 24.5+2.42 26.8+1.93 23.242.35 0.214
E:T=5:1 (%)” 17.9+3.23 19.242.24 15.8+1.79 18.7+1.43 14.621.74 0.089
E:T=1.25:1 (%)” 15.6+3.50 15.8+2.43 15.6+1.94 16.5+1.54 14.2+1.88 0.709

Mean + SE. ¢ were tested by logarithmic transformation. One-way ANOVA was used to calculate P2-values. P°-values adjusted for BMI, gender

distribution, and smoking and drinking status. All alphabetical letters P<0.05 were derived from Bonferroni post hoc tests; no significant differences
are marked with the same letter, and significant differences are marked with a different letter.
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4.4 Correlations among age, serum albumin and serum cytokines,

PBMC cytokines, NK cell activity and urinary 8-epi-PGF3,

Figure 4 shows correlation matrix among age, serum albumin, serum cytokines,
PBMC cytokines, NK cell activity at a ratio of E:T=5:1, and urinary 8-epi-PGF.
Age positively correlated with serum IL-6, serum TNF-a, urinary 8-epi-PGF,,, and
PBMC IL-6 and negatively with serum albumin, serum IFN-y, serum IL-12, PBMC
IFN-y and NK cell activity. Serum albumin positively correlated with NK cell
activity and negatively with urinary 8-epi-PGF,,, PBMC IL-6, and PBMC TNF-q.
Serum IL-1p positively correlated with serum IL-6, serum TNF-o, and serum IFN-
v. Serum IL-6 positively correlated with serum TNF-a, urinary 8-epi-PGF,,, PBMC
IL-1B, and PBMC IL-6. Serum TNF-a positively correlated with urinary 8-epi-PGFy,
and PBMC TNF-a and negatively with PBMC IFN-y. Serum IL-12 positively
correlated with PBMC IFN-y. Urinary 8-epi-PGF,, negatively correlated with NK
cell activity. PBMC IL-1 positively correlated with PBMC IL-6, and PBMC TNF-
a. PBMC IL-6 positively correlated with PBMC TNF-a and PBMC IFN-y. PBMC
IFN-y positively correlated with NK cell activity (Figure 4).

Multiple linear regression analysis was performed to identify the major clinical
factors associated with the serum IFN-y levels (dependent variable) that had a key
role in both adaptive and innate immunity. Age, BMI, gender, smoking, drinking,
serum albumin, serum IL-1, serum IL-6, serum TNF-a, serum IL-12, PBMC IL-1p,

PBMC IL-6, PBMC TNF-a, PBMC IFN-y, PBMC IL-12, and NK cell activity were
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defined as independent variables. In all subjects, serum IFN-y levels were negatively
affected by age (r>=0.286, P=0.020). We next determined the independent effects of
the following variables on NK cell activity that was a representative in innate
immunity : age, BMI, gender, smoking, drinking, serum albumin, serum IL-1p,
serum IL-6, serum TNF-a, serum IFN-y, serum IL-12, PBMC IL-1p, PBMC IL-6,
PBMC TNF-a, and PBMC IFN-y. In all subjects, NK cell activity was positively

affected by PBMC IFN-y (r>=0.211, P=0.030).
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Figure 4. Correlation matrix among age, serum albumin, serum cytokines,
PBMC cytokines, NK cell activity (E:T=5:1), and urinary 8-epi-
PGFZa

Correlations were obtained using Pearson’s correlation coefficient. Red indicates a
positive correlation and Blue indicates a negative correlation.
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5. DISCUSSION

We examined samples from 987 healthy non-obese subjects from 20 to 80 years
of age to elucidate the impact of age on serum cytokines, PBMC cytokine production,
and NK cell activity. In our study, circulating level of IFN-y, a potent immune-
stimulatory cytokine [41], were lower in healthy, non-obese and older subjects (age
45-80 years), without significant changes in the circulating levels of TNF-a or NK
cell activity, than in younger subjects (20-44 years). Similarly, PBMC IFN-y was
lower in older subjects (55-80 years) than in younger subjects (20-44 vyears).
Additionally, multiple linear regression analysis revealed that circulating IFN-y was
independently and negatively correlated with age. Furthermore, NK cell activity was
independently and positively correlated with PBMC IFN-y.

PBMCs consist of monocytes and lymphocytes including T cells, B cells, and
NK cells [42]. Particularly, NK cells are involved in the early defense against foreign
cells and autologous cells undergoing various forms of stress, such as microbial
infection or tumor transformation [44]. Upon stimulation, NK cells secrete large
amounts of cytokines, including IFN-y and TNF-a [11],[43, 44, 45]. However, a
recent study underscores the complexity of the cytokine-induced functional activities
of NK cells and illustrated the differential response of NK cells from the younger to
the elderly under cytokine stimulation [46]. For example, an age-related decrease in
IFN-y but not TNF-a in our study supported the previous observation that IFN-y

production is lower in the elderly than in the young individuals, but TNF-a
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production in the elderly was not significantly different from that in the young
[11],[43, 44]. Indeed, early secretion of IFN-y in response to IL-12 or IL-2 has been
reported to be lower in the elderly than in the young people. However, aging does
not significantly alter other NK cell functions, such as TNF-a production. NK cells
are also cytotoxic, for example inducing apoptosis of cells recognized as targets [44].
The finding that NK cell activity was similar among the age groups in our study is
consistent with the previous findings that NK cell cytotoxicity does not differ healthy
and well-nourished old and young subjects [4],[7],[11].

Endogenous IL-12 contributes to NK cells-dependent IFN-y production [11],
[47]. In the present study, circulating IL-12 was positively correlated with PBMC
IFN-y production. Additionally, circulating levels of IL-12 were decreased in the
oldest (65-80 years) compared to those in younger subjects (20-44 years). 1L-12
which is produced by macrophages, DCs and other antigen presenting cells, is a
pivotal cytokine with multiple immunoregulatory properties that stimulates Thl
cytokines [7],[47]. Th cells are divided into two functional subclasses, Th1l and Th2
cells, based upon the cytokines that they produce and their effects on cell-mediated
and humoral immunity [48]. Th1 cells produce IL-2, IFN-y, TNF-a, and IL-12 and
enhance cell-mediated immunity. On the other hand, Th2 cells produce IL-4, IL-5,
IL-6, and IL-10 and up-regulate humoral immunity.

Proinflammatory cytokines such as IL-1p, IL-6 and TNF-a are increased in the
elderly and secreted by macrophages, lymphocytes, NK cells, and vascular smooth

muscle cells [6],[49]. Our study also showed an age-related increases in serum IL-6
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and PBMC IL-6 levels. The age-related increase in circulating IL-6 levels, but not in
IL-1p or TNF-a, or hs-CRP levels, observed in our study is consistent with the
findings from previous studies for healthy population [6]; in terms of hs-CRP,
statistical significance was likely to be showed after adjusting BMI, gender
distribution, and smoking and drinking status, however, any significant differences
were not observed between each ae group when we conducted Bonferroni post hoc
test. Therefore, circulating IL-6 levels may be a better marker of chronic low-grade
inflammatory activity in aging individuals, particularly in the oldest group (65-80
years), than systemic levels of IL-1p, TNF-a and hs-CRP. The improved correlation
between age and IL-6 could explain that locally produced IL-1p and TNF-a do not
escape into the circulation, even though they have a strong systemic IL-6 response
[6]. Moreover, IL-1p and TNF-qo are known to stimulate IL-6 production, while IL-
6 influences the synthesis of IL-1p and TNF-a [50]. Thus, the levels of these
cytokines may be directly associated with one another. Indeed, our present findings
confirm the previous report of a strong intercorrelation among IL-6, IL-1p, and TNF-
a in serum or PBMC [6]. These results supports the activation of a myriad of
interconnected proinflammatory cytokine networks.

A role of inflammation and oxidative stress has been suggested in the
pathogenesis of aging and several age-associated disorders, including atherosclerosis,
osteoporosis, and dementia [51, 52, 53]. Oxidative stress occurs when free radical
generation exceeds the system’s ability to neutralize and eliminate the free radicals

[22, 23]. Free radicals may activate nuclear factor-kB and trigger an inflammatory

33



cascade, which induces more free radical production; thus, a vicious cycle is created
[54]. As in a previous study [5], the urinary 8-epi-PGF,, levels, a biomarker of
oxidative stress [55], was higher in individuals aged 45-54 years than in individual
aged 20-34 years and even higher in individuals aged of 65-80 years. Additionally,
the urinary 8-epi-PGF», level was positively correlated with serum IL-6 and TNF-a
and negatively with serum albumin and NK cell activity.

In summary, our study reported age-related reductions in serum and PBMC
IFN-y and serum IL-12 and age-related increases in serum and PBMC IL-6 and
oxidative stress in healthy nonobese subjects. Specially, circulating IFN-y was
independently and negatively correlated with age and NK cell activity was
independently and positively correlated with PBMC IFN-y. Additionally, circulating
IL-6 levels could be a better marker of a chronic low-grade inflammatory activity

associated with aging than systemic levels of hs-CRP, TNF-o and IL-1p.
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6. CONCLUSIONS

Our study shows the age-related reductions in serum and PBMC IFN-y and
serum IL-12 and age-related increases in serum and PBMC IL-6 and oxidative stress
in healthy nonobese subjects. Additionally, circulating IL-6 levels may be a better
marker of the chronic low-grade inflammatory activity associated with aging than

systemic levels of hs-CRP, TNF-a and IL-1p.
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