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Abstract

Ageing is accompanied by 2–4-fold increases in plasma/serum levels of inflammatory mediators such as cytokines and acute phase

proteins. A wide range of factors seems to contribute to this low-grade inflammation, including an increased amount of fat tissue, decreased

production of sex steroids, smoking, subclinical infections (e.g. asymptomatic bacteriuria), and chronic disorders such as cardiovascular

diseases and Alzheimer’s disease. Furthermore, there is some evidence that ageing is associated with a dysregulated cytokine response

following stimulation. Several inflammatory mediators such as tumour necrosis factor-a and interleukin-6 have the potential to

induce/aggravate risk factors in age-associated pathology, providing a positive feedback mechanism. Thus, it is possible that inflammatory

mediators constitute a link between life style factors, infections and physiological changes in the process of ageing on the one hand and risk

factors for age-associated diseases on the other. Consistent with this, inflammatory mediators are strong predictors of mortality independently

of other known risk factors and co-morbidity in elderly cohorts. A direct pathogenetic role of inflammatory mediators would be highly likely

if longevity was shown to be associated with cytokine polymorphisms regulating cytokine production. Several studies support indeed this

hypothesis but, unfortunately, findings in this area are conflicting, which probably reflects the complexity of the effect of cytokine

polymorphisms and their interaction with the lifestyle and sex.
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Increased inflammatory activity accompanies ageing and is

a characteristic part of the pathological processes in

cardiovascular diseases (CVDs) and senile dementia,

which represent the major medical disorders and causes of

mortality at the very end stage of the human life span.

Moreover, a dysregulated acute phase response may be an

important contributor to an increased susceptibility, an

altered clinical presentation, and a high mortality risk in

elderly patients with infections.

In this article we address aspects of the association

between an excessive inflammatory response, morbidity,

and mortality in elderly populations and we suggest that

inflammatory mediators provide a common link between

ageing and life style factors on the one hand and age-related

diseases on the other. To this end, we focus mainly on

human studies.

1. The ageing immune system

The term immunosenescence usually refers to the notion

that there is an age-related dysfunction of the immune

system. The number of studies in this area is large and,

unfortunately, the results are often contradictory. Many

investigators compare donors of different ages in cross-

sectional studies and these populations differ in their genetic

background, nutritional and environmental influences, co-

morbidity, selection criteria, and in the techniques applied

to measure immune parameters across different studies. In

our opinion, it is important to perform longitudinal studies

of epidemiologically well-described cohorts, representing

approximations to normal populations in order to assess the

clinical relevance of the aged immune system. The effect of

ageing cannot be completely separated from the contri-

butions of co-morbidity, medication, or malnutrition in such

studies. However, it is possible to test whether these

parameters act independently of each other in statistical

analyses of large cohort studies. Furthermore, we believe

0531-5565/$ - see front matter q 2004 Published by Elsevier Inc.

doi:10.1016/j.exger.2004.01.009

Experimental Gerontology 39 (2004) 687–699

www.elsevier.com/locate/expgero

* Corresponding author. Tel.: þ45-35-45-7377; fax: þ45-35-45-7644.

E-mail address: krabbe@rh.dk (K.S. Krabbe).

http://www.elsevier.com/locate/expgero


that immunosenescence represents a continuum of changes

that are related to age-associated pathology and that

attempts to make a strict separation of the effects of ageing

versus co-morbidity are of academic interest rather than of

clinical importance.

2. Ageing is associated with increased levels

of circulating cytokines

Levels of circulating inflammatory mediators and their

clinical importance have not been explored in population-

based samples of elderly people until recently. Most

studies have focused on interleukin (IL)-6, which has been

called a cytokine for gerontologists (Ershler, 1993) and

most studies report increased plasma/serum levels of this

cytokine with advancing age (Wei et al., 1992; Ershler

et al., 1993; Bruunsgaard et al., 1999a; Hager et al., 1994)

although some studies have found no changes (Beharka

et al., 2001; Peterson et al., 1994). Similarly, some studies

find that plasma levels of tumour necrosis factor (TNF)-a

are increased in elderly populations (Bruunsgaard et al.,

1999a; Paolisso et al., 1998) whereas other studies are not

able to detect this difference (Fagiolo et al., 1993; Peterson

et al., 1994). Discrepancies probably relate to variations in

sensitivity of the used assays, to lack of power in some

studies, to the health status of the old participants, and to

differences in their age. For instance, we have previously

reported that IL-6, but not TNF-a is increased in middle-

aged humans whereas both cytokines are elevated in

octogenarians (Bruunsgaard et al., 1999a). Moreover, it has

been demonstrated that inflammatory mediators act as

disease markers (Bruunsgaard et al., 1999a; Di Iorio et al.,

2003; Ferrucci et al., 1999) and levels are higher in

randomly selected subjects compared to very healthy

elderly individuals selected in accordance with the so-

called SENIEUR protocol (Baggio et al., 1998). However,

‘successful ageing’ (ageing without co-morbidity) is still

associated with low-grade inflammatory activity in vivo.

Considering the fact that elevated plasma IL-6 acts as a

marker of subclinical CVD (Jenny et al., 2002), we find it

difficult to separate an isolated ageing effect from an effect

of disease on levels of inflammatory mediators. With

regard to anti-inflammatory mediators (e.g. IL-1 receptor

antagonist (ra) and sTNFR), acute phase proteins (e.g.

C-reactive protein (CRP) and serum amyloid A (SAA)),

sIL-2R and neutrophils, there seems to be a consensus that

circulating levels/numbers are increased in elderly popu-

lations (Ballou et al., 1996; Cakman et al., 1997; Caswell

et al., 1993; Catania et al., 1997; Gerli et al., 2000; Rea

et al., 1996). Increases in inflammatory markers are,

however, only 2–4-fold and thus far from the increases

observed during acute infections. Nonetheless, mortality

studies demonstrate the clinical relevance of chronic

low-grade inflammation among the elderly.

2.1. Levels of circulating cytokines and mortality in elderly

populations

Low-grade increases in the levels of circulating TNF-a,

IL-6, sIL-2R, and CRP and low levels of albumin and

cholesterol, which also act as inflammatory markers, are

strong predictors of all-cause mortality risk in longitudinal

studies of several elderly cohorts (Bruunsgaard et al., 2003a,

c; Klonoff-Cohen et al., 1992; Mooradian et al., 1991;

Rosenthal et al., 1997; Weijenberg et al., 1997; Weverlin-

g-Rijnsburger et al., 1997; Harris et al., 1999; Reuben et al.,

2002; Volpato et al., 2001). The effects of inflammatory

mediators are independent of pre-existing morbidity and of

other traditional risk factors for death (smoking, blood

pressure, physical exercise, total cholesterol, co-morbidity,

BMI, and intake of anti-inflammatory drugs) in survival

analyses (Bruunsgaard et al., 2003a,c; Harris et al., 1999;

Reuben et al., 2002; Volpato et al., 2001), suggesting that

inflammatory cytokines possess specific biological

activities.

Only a few studies have investigated whether the

different inflammatory mediators have distinct effects in

elderly populations. Detectable serum levels of TNF-a, but

not IL-1, were associated with mortality in a study of old

nursing home patients, indicating that TNF-a has specific

effects in frail, old people (Mooradian et al., 1991). In a

cohort of 80-year-old people, serum levels of IL-6 at

baseline were strong predictors of all-cause mortality during

the following 6 years (Bruunsgaard et al., 2003c). In this

population, TNF-a was only associated with mortality in

men but the effect was independent of IL-6. In contrast to

these data, TNF-a was a strong predictor of mortality in

Danish centenarians whereas IL-6 had no similar effect

although the two cytokines were strongly intercorrelated.

Furthermore, CRP had an effect that disappeared when

TNF-a was included in the survival analysis (Bruunsgaard

et al., 2003a). IL-6 was also a stronger predictor of mortality

than CRP in relatively healthy elderly Americans from the

Iowa 65 þ Rural Health Study (Harris et al., 1999).

These findings lead us to suggest that TNF-a and IL-6

form independent risk factors with distinctive biological

effects on old populations and with different clinical

importance during the process of ageing whereas CRP

acts as a surrogate marker of the two cytokines in survival

analyses, reflecting that the production of CRP is induced by

TNF-a and/or IL-6. In accordance with this, we have

previously suggested that IL-6 is a strong predictor of

thromboembolic complications that are of major clinical

importance in young elderly but is of less importance in

centenarians who have already survived to advanced age

despite considerable morbidity. TNF-a, however, is a strong

prognostic marker in very old populations and acts as a

marker of the frailty syndrome (Bruunsgaard et al., 2003a).

This hypothesis needs of course to be confirmed in other

cohort studies.
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2.2. Cytokine polymorphisms and survival in elderly cohorts

A direct pathogenetic role of inflammatory mediators

would be highly likely if longevity was shown to be

associated with cytokine polymorphisms regulating cyto-

kine production.

In an Italian study, the frequency of the GG allele of the

21082 IL-10 promoter polymorphism was increased in

male centenarians as compared to younger men. This

genotype has been associated with increased production of

the anti-inflammatory cytokine IL-10 (Lio et al., 2002).

However, this finding was not confirmed in a study of a

Finnish population (Wang et al., 2001). Furthermore, the

latter study found no association between human longevity

and polymorphisms of IL-1 cluster and TNF-a-308G . A

genes among others. Consistent with this there was no

difference in the TNF-a-308G . A promoter polymorph-

ism between Danish octogenarians, centenarians and young

controls (Bruunsgaard et al., 2004a).

Most studies have yet focused on the 174G . C

promoter polymorphism in the IL-6 gene but unfortunately,

data are very conflicting (Table 1): in a longitudinal study of

80-year-old Danes, the C allele was an independent risk

marker of all-cause mortality for non-smokers in the

following 6 years (Bruunsgaard et al., 2003b). Consistent

with this, the C allele was also associated with high plasma

levels of IL-6 in octogenarians (Bruunsgaard et al., 2003b),

in 65 þ years old Americans from the Cardiovascular

Health Study (Jenny et al., 2002), in patients with small

abdominal aortic aneurisms (Jones et al., 2001), and in

octogenarians/non-agenarians from the Belfast Elderly

Longitudinal Ageing Study (Rea et al., 2003). Furthermore,

the C allele was accompanied by increased levels of CRP

(Humphries et al., 2001; Jenny et al., 2002; Vickers et al.,

2002). However, some studies find no difference in the

frequency of the IL-6-174G . C polymorphism across

different age groups (Wang et al., 2001), no association

between the polymorphism and plasma levels of IL-6

(Basso et al., 2002), or an association in newborns, but not

in adults (Kilpinen et al., 2001). Furthermore, it has also

been reported that the frequency of the GG genotype was

significantly lower among 80 þ year old Irish people (Rea

et al., 2003) and Italian male centenarians (Bonafe et al.,

2001) compared to younger age groups in cross-sectional

Table 1

The clinical effects of the IL-6-174G . C promoter polymorphism in studies of elderly populations (þ65 years)

Study Design Frequencies

GG/GC/CC

Outcome

Longevity/survival Plasma IL-6 Cardiovascular

diseases (CVD)

Wang et al. (2001) Cross-sectional study: (Finnish population)

250 nonagenarians 23%/52%/25% No difference across

age groups

400 controls (age 18–60 yrs) 30%/50%/20%

Bonafe et al. (2001) Cross-sectional study: (Italian population) GG/C-allele

93 60–80-year-old men

57 81–99-year-old men

68 male centenarians

58%/42%

58%/42%

38%/62%

GG decreased

in male

centenarians

Increased in GG

(Male group)

101 60–80-year-old women

126 81–99-year-old women

255 female centenarians

54%/46%

52%/48%

51%/49%

No difference

across women

age-groups

Jenny et al. (2002) Case-control study of .65-year-olds:

1857 white Americans 40%/44%/16% No significant

difference

Increased in

non-smoking

men with GC/CC

344 African Americans 85%/15%/0%

Rea et al. (2003) Cross-sectional study: (Irish population)

193 octogenarians/nonagenarians 29%/54%/17% GG decreased

in the elderly

Increased in CC

182 controls (age 20–45 yrs) 38%/47%/15%

Bruunsgaard et al.

(2003b)

Longitudinal study: (Danish population)

333 octogenarians (234 non-smokers) 28%/53%/19% Increased

mortality in

non-smokers

with GC/CC

Increased in

non-smokers

with GC/CC

Increased in

CC
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studies; and the GG genotype has been associated with

higher levels of IL-6 compared to C allele carriers (Bonafe

et al., 2001; Fishman et al., 1998; Olivieri et al., 2002).

It is very possible that discrepancies result from the

complex interaction between life style and genetic factors

together with cultural and genetic differences across

countries. For instance, the genotype had a stronger

association with inflammation, blood pressure and CVD in

Americans aged $65 years who were non-smokers and

without obesity compared to the general population (Jenny

et al., 2002), and a strong interaction between genotype and

smoking status was detected in survival analyses of

octogenarians (Bruunsgaard et al., 2003b). Furthermore,

some studies report an effect of gender (Bonafe et al., 2001)

that has not been confirmed in other studies (Bruunsgaard

et al., 2003b; Wang et al., 2001). It is also possible that

studies with a cross-sectional design detect a cohort effect

rather than an effect of an age-related frailty gene. For

instance, it is somewhat contradictory that longevity was

associated with a decreased frequency of the GG genotype,

which was also associated with the lowest plasma levels

IL-6 in the Belfast study (Rea et al., 2003), considering that

high plasma levels of IL-6 consistently act as a predictor of

high mortality risk in several elderly cohorts. It has also

been suggested that the 2174G . C polymorphism exhi-

bits different effects in older individuals compared with

younger healthier people (Jenny et al., 2002). In vitro

studies in HeLa cells have shown that the 2174C allele was

associated with lower promoter activity (Fishman et al.,

1998). The authors of the latter study (Fishman et al., 1998)

have subsequently expressed reservations about the

interpretation of this assay. Thus, they have stated that it

is likely that the simple determination of reporter gene

expression using only parts of the IL-6 upstream regulatory

sequence, and in a cell line which may not have all the

necessary cellular receptors to respond appropriately, will at

best be an approximation to the in vivo functional effects of

a promoter variant (Humphries et al., 2001). Furthermore, it

has been suggested that the important determinant of plasma

IL-6 concentration is not simply the peak value after an

inflammatory stimulus but rather the time taken for activity

to return to basal levels after stimulation (Jenny et al., 2002;

Jones et al., 2001). Therefore, in subjects with chronic

inflammatory activity such as patients with CVD or elderly

populations the association between IL-6 genotype and

circulating IL-6 may be the converse of that observed in

young healthy populations or middle-aged populations

without inflammation (Basso et al., 2002; Jenny et al.,

2002; Jones et al., 2001). Consistent with this, the IL-6

production of peripheral blood mononuclear cells (PMNC)

from C allele carriers increased with age whereas this

phenomenon was not detected in the GG genotype (Olivieri

et al., 2002).

It is difficult to make any clear-cut conclusions about

polymorphism studies due to the conflicting data and there

is a great need for more longitudinal studies. However,

several studies indicate that cytokine polymorphisms are

associated with mortality in elderly populations although

the effect is complex and interacts with life style and sex.

3. Cytokine production in vitro versus in vivo in elderly

humans

A wide range of different factors is likely to contribute to

increased low-grade inflammatory activity in elderly

populations including decreased production of sex steroids,

smoking, subclinical disorders such as atherosclerosis and

asymptomatic bacteriuria, and a higher relative/absolute

amount of fat tissue, which has been demonstrated to

produce cytokines such as TNF-a and IL-6. Furthermore,

increased levels of circulating inflammatory mediators may

result from a constant, low-grade activation of cytokine

producing cells or a dysregulated cytokine response

following stimulation.

Several studies have investigated the in vitro production

of a wide range of cytokines by PMNC and in whole blood.

This review will focus on TNF-a, IL-1b and IL-6 (Table 2).

Conflicting results have been published on the response to

LPS, which activates mainly monocytes and macrophages.

Thus, in elderly humans decreased production of these

cytokines has been reported (Gon et al., 1996; McLachlan

et al., 1995), as well as unaltered production (Roubenoff

et al., 1998; Rudd and Banerjee, 1989), and an increased

production (Born et al., 1995; Riancho et al., 1994). Most

studies measure the cytokine production only at one point in

time, which significantly affects the conclusion. For

instance, TNF-a levels were evaluated following in vitro

LPS stimulation for 4, 6, 12, 24, and 48 h in whole blood

(diluted 1:4) from eight healthy elderly people aged 77–81

years and eight young control persons aged 20–30 years. In

this study on the kinetics of TNF production, the elderly

group showed larger initial increases in the production of

TNF-a, whereas there was no difference between age

groups in peak levels of TNF-a. IL-6 peaks later than TNF-

a and IL-1b and therefore, when studying the production of

several cytokines, it is crucial to bear in mind the kinetics of

cytokine production, as measuring at only one point in time

is not optimal. Conflicting results are also obtained when

studying cultures of PMNC as compared to whole blood

(Gabriel et al., 2002). The number of monocytes is unaltered

or increased in aged people whereas the lymphocyte counts

decrease with age and therefore, cultures of isolated PMNC

from aged people contain higher amounts of monocytes

relative to lymphocytes than cultures obtained from young

control subjects. This will affect the number of effector cells

in assays that are based on a fixed number of cells.

Moreover, whole blood is a more dynamic culture system

and peak levels depend largely on the dilution and occur at

an earlier point in time compared to PMNC cultures.

Furthermore, gender and health status of the donors affect

the results: in a study of 80-year-old Danes compared to

K.S. Krabbe et al. / Experimental Gerontology 39 (2004) 687–699690



Table 2

In vitro studies of the stimulated production of TNF-a, IL-1b and IL-6 in elderly populations

Study Design Stimulation Cytokine production in ageing

Agent Cell type time

Gon et al. (1996) 10 . 80-year-olds LPS Monocytes 24 h culture Decreased TNF-a and IL-1b

10 , 39-year-olds

McLachlan et al. (1995) 25 . 65-year-olds LPS Monocytes 16 h culture Decreased IL-1b

25 young controls

Rudd and Banerjee (1989) 33 . 70-year-olds LPS Monocytes 24 h culture No difference in IL-1b

40 elderly with infections

40 , 40-year-olds

Roubenoff et al. (1998) 742 elderly (mean 79 yr)

21 young (mean 39 yr)

(a) LPS and

S. epidermidis

PMNC 22 h culture (a) No difference in TNF-a and IL-1b

(b) PHA (b) No difference in IL-6

Riancho et al. (1994) 15 elderly . 55 yr LPS PMNC 24 h culture Increased IL-1b. No difference in TNF-a

18 young , 55 yr

Born et al. (1995) 16 elderly (mean 80 yr) LPS Undiluted whole blood 48 h culture Increased TNF-a and IL-1b

16 young (mean 25 yr)

Gabriel et al. (2002) 16 elderly (mean 73 yr)

16 young (mean 28 yr)

LPS (a) Whole blood diluted 1:9 (a) 24 and 72 h culture (a) Increased IL-1b and IL-6 after 24 h.

No difference in TNF-a

(b) PMNC (b) 24 h culture (b) Decreased IL-1b and IL-6

Bruunsgaard et al. (1999b) 168 80-year-olds

91 young (mean 25 yr)

LPS Whole blood diluted 1:4 24 h culture Decreased production of IL-1b and TNF-a

compared to young men but not compared to

young women. No difference in IL-6

Fagiolo et al. (1993) 13 elderly (mean 81 yr) PMA þ PHA PMNC 24, 48 and 72 h culture Increased production of TNF-a, IL-1b and IL-6

13 young (mean 27 yr)

Saurwein-Teissl et al. (2000) 31 . 65-year-olds Influenza virus PMNC Increased TNF-a production

29 , 35-year-olds

O’Mahony et al. (1998) 9 . 62-year-olds

(mean 73 yr)

10 young (mean 29 yr)

PMA PMNC 24, 48 and 72 h culture Increased percentage of TNF þ CD3 þ cells and IL-6 þ

CD3 þ cells. No significant difference in TNF, IL-1b and

IL-6 producing monocytes. No difference in TNF-a, IL-1b

or IL-6 or culture supernatants (72 h)

McNerlan et al. (2002) 13 elderly (mean 92 yr) PMA þ ionomycin Whole blood diluted 1:1 4 h culture Increased percentage of TNF þ CD3 þ cells

6 young (mean 24 yr)

Sandmand et al. (2003) 25 centenarians PMA þ ionomycin PMNC 4 h culture Increased percentage of TNF þ CD3 þ cells

14 80-year-olds

28 young (mean 23 yr)

Beharka et al. (2001) 26 elderly (65–85 yr) (a) PHA PMNC 48 h culture (a) No difference in IL-6

21 young (20–30 yr) (b) ConA (b) Decreased IL-6 production
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young controls, elderly men and women had decreased

production of TNF-a and IL-1b compared to young men but

not compared to young women (Bruunsgaard et al., 1999b).

Moreover, IL-1b production was significantly lower in

octogenarians with chronic diseases. With regard to culture

systems including other types of stimulation such as PHA,

PMA, and influenza antigen, which all activate T

lymphocytes, the findings seem to be more consistent

than regarding findings for monocytes and macrophages.

Thus, most studies find an increased production of

inflammatory cytokines both on a single cell level as

well as in culture supernatants in cultures from aged

subjects (Fagiolo et al., 1993; McNerlan et al., 2002;

O’Mahony et al., 1998; Sandmand et al., 2003; Saur-

wein-Teissl et al., 2000) although the opposite has also

been reported (Beharka et al., 2001). It is likely that

increased production of inflammatory cytokines by T

lymphocytes from elderly people is related to an altered

phenotype/chronic activation and to a shift in the balance

between type 1 and type 2 cytokines in ageing.

Only a few studies have evaluated the capacity of

cytokine production in vivo. In a large study of 930 patients

with septic shock, levels of TNF-a were significantly higher

in the oldest patients at the time of enrolment (Marik and

Zaloga, 2001). In contrast, levels of cytokines in serum were

lower in 15 old patients compared with 22 younger patients

with pneumonia (Gon et al., 1996). This discrepancy

probably reflects that many clinical factors vary on

admission to hospital. In a human sepsis model an

intravenous bolus of Escherichia coli LPS was given to

young and elderly healthy volunteers in order to test the

hypothesis that ageing was associated with an altered acute

phase response (Krabbe et al., 2001). In accordance with in

vitro data, this study demonstrated an age-related pre-

activation of monocytes reflected by a more pronounced

initial production of TNF-a by the elderly subjects.

No difference in peak cytokine levels or body temperature

was found between age groups. Furthermore, the elderly

participants had a prolonged inflammatory response as

indicated by a slower normalisation of sTNFRs, CRP, and

body temperature, thus reflecting an age-related dysregu-

lated cytokine response (Fig. 1). Consistent with this

finding, levels of TNF-a and sTNFR-I were still increased

in elderly patients with pneumococcal infections after

sufficient antibiotic treatment for 1 week, and moreover

declines in sTNFR and in the TNF-a/IL-10 ratio from day 0

to day 7 were correlated with age (Bruunsgaard et al.,

1999c). Based on these data, we suggest that that an age-

related defect termination of inflammatory activity in vivo

contributes to a pre-activation of cytokine producing cells.

However, there is a great need for more in vivo studies in

order to confirm this hypothesis.

Stimulated cultures of PMNC reflect the cytokine-

producing capacity of peripheral blood whereas unstimu-

lated short-term cultures may reflect in vivo priming/

activation. In a study of unstimulated cultures of PMNC from

711 elderly participants and 21 healthy young volunteers,

increased production of IL-6 and IL-1ra was reported

whereas no age-related difference was detected with regard

to the production of TNF-a and IL-1b (Roubenoff et al.,

1998). Although IL-6 is often classified as a proinflamma-

tory cytokine, it has also very important anti-inflammatory

properties (Starkie et al., 2003) including inhibition of the

transcription of the TNF-a gene, stimulation of the

production of anti-inflammatory cytokines, and the shed-

ding of TNF-receptors that bind TNF-a with high affinity.

One possible interpretation of the data by Roubenoff et al.

(1998), is thus that increased production of IL-6 and

mediators downstream in the inflammatory cascade by

unstimulated PMNC from elderly people represents a

systemic anti-inflammatory response to local proinflamma-

tory activity associated with pathological processes.

Fig. 1. Plasma levels of sTNFR-I following in vivo administration of E. coli endotoxin (2 ng/kg BW) to healthy humans (young were aged 20–29, n ¼ 8;

elderly were aged 60–68, n ¼ 8), means and SE are shown, asterisk denotes significant difference between age groups (adapted from Krabbe et al. (2001)).
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In continuation of this hypothesis it appears that mainly

cells outside the blood such as adipocytes, endothelial cells

and macrophage-derived cells in peripheral tissue and the

central nervous system (CNS) are responsible for the

increased production of early inflammatory mediators

including TNF-a. It is thus likely that levels of circulating

IL-6 represent a better marker of the sum of ongoing

inflammation in the body than systemic levels of TNF-a in

younger age groups and healthy, old populations because a

local production of TNF-a may not escape into the blood

stream. Then, along with the progression of pathological

processes, increasing levels of TNF-a also appear in the

circulation and this gradually becomes a stronger risk

marker. This hypothesis needs to be confirmed in other

cohort studies but it provides an explanation for the finding

that IL-6 is a strong predictor of mortality risk in cohorts of

healthy elderly whereas TNF-a predicts mortality in very

old and frail populations as already discussed.

4. Effects of inflammatory mediators in age-associated

chronic diseases

The strong association between low-grade elevations in

levels of circulating inflammatory mediators and high

mortality risk independently of pre-existing morbidity,

suggests that cytokines trigger/exaggerate pathological

processes or act as very sensitive markers of subclinical

disorders in elderly populations.

The longitudinal study of Danish centenarians has

demonstrated that the extreme lifespan is accompanied by

a high prevalence of CVD (.70%) and dementia (.50%)

(Andersen-Ranberg et al., 2001). CVD is directly linked to

atherosclerosis, which represents an inflammatory disease

(Ross, 1999). Inflammation also occurs in the pathologically

vulnerable regions of Alzheimer’s disease (AD), which

together with vascular dementia (VAD) represents the

major categories of age-related dementia (Akiyama et al.,

2000). Markers of atherosclerosis are indeed associated with

both subtypes of dementia (Hofman et al., 1997), indicating

that atherosclerosis results in accelerated brain ageing.

Moreover, CVDs have been associated with the syndrome

of frailty in which age-related sarcopenia is a central part

(Fried et al., 2001) and recent research suggests that in

addition to loss of anabolic signals to the ageing muscle

there is also an increased catabolic signal driven by

inflammation (Roubenoff, 2003).

Age-related multi-factorial conditions such as athero-

sclerosis, sarcopenia, and cognitive decline seem, accord-

ingly, to share some aetiological factors in which

inflammatory mechanisms provide a possible common

basis. On the other hand, it is still controversial whether

inflammatory mediators have primarily causal or counter-

regulatory functions and how systemic low-grade inflam-

mation is related to local pathology in peripheral tissues

and in the CNS. These aspects will be discussed in the

following sections.

4.1. Atherosclerosis

Atherosclerotic plaques contain smooth muscle cells,

activated T lymphocytes, and monocyte-derived macro-

phages. It is commonly accepted that this pathology results

from an inflammatory response to vessel wall injury and

endothelial dysfunction caused by various factors such as

oxidised low-density lipoprotein (LDL), hypertension,

diabetes mellitus, infectious agents, free radicals induced

by smoking, and combinations of these or other factors.

Activated endothelial cells are known to be targets as well

as sources of inflammatory cytokines and chemokines,

which induce upregulation of adhesion molecules and

attract leucocytes, promoting a migration across the

endothelium.

Several epidemiological studies have linked systemic

low-grade inflammation in elderly populations to the

prevalence and prognosis of CVD. IL-1b serum levels

were associated with congestive heart failure, angina and a

history of dyslipidaemia in 1292 participants from the

InCHIANTI project (Di Iorio et al., 2003). Plasma levels of

TNF-a have been correlated with dyslipidaemia and a high

prevalence of CVD in 80-year-old people (Bruunsgaard

et al., 2000) and a low ankle-brachial blood pressure index

(marker of CVD) in centenarians (Bruunsgaard et al.,

1999a). Consistent with this, TNF-a was also correlated

with the blood pressure, insulin resistance, levels of soluble

cellular adhesion molecules, and common carotid intima-

media thickness in healthy middle-aged men (Skoog et al.,

2002). Levels of circulating IL-6 acted as a marker of

subclinical CVD in a case-control study of elderly people

(Jenny et al., 2002) and was a predictor of mortality related

to CVD in relatively healthy people aged 65 þ years

(Harris et al., 1999) as well as of mortality risk in disabled

older women with a history of CVD. Accordingly, IL-6 was

a predictor of myocardial infarcts in healthy middle-aged

men (Ridker et al., 2000). As mentioned previously, IL-1b,

TNF-a and IL-6 induce the production of CRP, which has

turned out to be a strong and consistent predictor of

coronary events in a very large number of studies (reviewed

in Pepys and Hirschfield (2003)).

It has been widely assumed that systemic low-grade

inflammation in CVD arises from inflammation within

atheromatous lesions and reflects their extent and/or

severity but a shift in this paradigm has occurred towards

understanding the pathology of atherosclerosis as a

consequence of systemic low-grade inflammation. Thus,

chronic systemic non-vascular inflammation is known to be

proatherogenic in general, and acute systemic inflammatory

episodes are strongly associated with atherothrombotic

events. A direct pathogenetic role of inflammatory

mediators in CVD has been made more likely by the

finding that the IL-6-174G . C promoter polymorphism is
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associated with levels of circulating IL-6 and with CVD

(Bruunsgaard et al., 2003b; Humphries et al., 2001; Jenny

et al., 2002; Jones et al., 2001). Moreover, clinical

intervention studies suggest that aspirin and statins reduce

the risk of future events of CVD through their anti-

inflammatory effects, although there still persists a need for

randomised trials in this area (reviewed in Meir et al. (2003)).

Finally, experimental studies show that systemic low-grade

inflammation has the potential to induce several risk factors

in CVD and to have a central role in the development of the

metabolic syndrome: TNF-a induces insulin resistance and

endothelial dysfunction including impairment in the endo-

thelium dependent relaxation and upregulation of cellular

adhesion molecules. Furthermore, TNF-a as well as IL-6

affect the coagulation system and metabolism of lipids,

causing a procoagulant state and dyslipidaemia (reviewed in

Bruunsgaard and Pedersen (2003)). CRP stimulates tissue

factor production by monocytes, binds to oxidised LDL and

to partly degraded LDL and then activates complement

(Pepys and Hirschfield, 2003).

Considering that low-grade inflammation is also associ-

ated with parameters such as obesity, smoking, and physical

inactivity (Bruunsgaard et al., 2003c,d; Pedersen et al., 2003)

we suggest that in elderly populations, inflammatory

mediators constitute a link between life style factors,

infections and physiological changes in the process of ageing

on the one hand and risk factors for CVD on the other.

4.2. Sarcopenia and the syndrome of frailty

Frailty has been defined as an age-related decline in lean

body mass, decreased muscle strength, endurance, balance

and walking performance, low activity and weight loss

accompanied by a high risk of disability, incident falls,

hospitalisation, and mortality (Fried et al., 2001).

It has been suggested that this syndrome reflects a

metabolic imbalance caused by overproduction of catabolic

cytokines and by the diminished availability or action of

anabolic hormones, resulting from ageing itself and the

presence of associated chronic conditions (Hamerman,

1999). In accordance with this hypothesis, plasma levels

of TNF-a were strongly associated with impendent death

independently of dementia and CVD in centenarians,

supporting the hypothesis that TNF-a has specific biological

effects and is a marker of the frailty syndrome in the oldest

old (Bruunsgaard et al., 2003a).

Sarcopenia is obviously a central part of the frailty

syndrome. Furthermore, systemic low-grade inflammation

has been associated with decreased muscle mass (Ferrucci

et al., 2002; Pedersen et al., 2003; Visser et al., 2002) as well

as the development of functional disability in elderly

populations (Ferrucci et al., 1999). Associations between

inflammatory mediators, sarcopenia, and functional dis-

ability may simply reflect the fact that levels of circulating

cytokines can act as markers of underlying medical

disorders. On the other hand, especially TNF-a has effects

that may contribute directly to sarcopenia, e.g. studies of

culture muscle cells indicate that TNF-a disrupts the

differentiation process and can promote catabolism in

mature muscle cells and that TNF-a induces apoptosis

through the triggering of death domain receptors that are up-

regulated in aged muscle cells (Roubenoff, 2003). TNF-a

also causes increased basal energy expenditure, anorexia,

and loss of muscle and bone mass in vivo and has been

associated with wasting/cachexia in chronic inflammatory

disorders such as reumatoid artritis, HIV and cancer.

Consistent with this, muscle protein synthesis was inversely

related to local levels of TNF-a protein in skeletal muscles

in a study of frail, very elderly humans (Greiwe et al., 2001).

The role of IL-6 in sarcopenia is controversial. Although

epidemiological studies have reported that IL-6 is strongly

associated with functional disability and loss of muscle

mass, experimental studies have not been able to link IL-6 to

sarcopenia. It is very possible that IL-6 acts as surrogate

marker of TNF-a in some epidemiological studies because

the production of the two cytokines is closely related: e.g.

TNF-a stimulates the production of IL-6 and, in return, IL-6

inhibits the transcription of TNF-a, stimulates the pro-

duction of anti-inflammatory cytokines, and the shedding of

TNFR that bind TNF-a with high affinity.

Age-related sarcopenia is partly reversed by exercise.

Muscle contractions induce production and release of IL-6

into the blood stream and it has been suggested that

muscle-derived IL-6 contributes to the beneficial metabolic

effects of exercise and this may be partly mediated by a

decreased production of TNF-a (Starkie et al., 2003).

Consistent with this, resistance training of frail very

elderly people resulted in a decreased level of TNF-a in

skeletal muscles (Greiwe et al., 2001). In a recent study of

nursing home residents aged 85–96 years, systemic low-

grade activation of the TNF system at baseline was

inversely correlated to muscle strength after resistance

training for 12 weeks, demonstrating that TNF-a could

also be a limiting factor for training-induced improvement

in muscle strength in very old people (Bruunsgaard et al.,

2004b).

4.3. Cognitive impairment

Inflammatory mechanisms have been linked to age-

associated cognitive decline, including both AD and VAD

(Hofman et al., 1997) and to symptoms of depression in

aged subjects (Penninx et al., 2003). This might seem

somewhat paradoxical, as several cytokines including IL-1,

IL-6 and TNF-a have been shown to exert neuroregulatory

roles and to be of importance for intact neurological

function in animals (Avital et al., 2003). On the other hand,

epidemiological studies show an increasing body of

evidence on the deleterious association between chronic

peripheral cytokine elevations found in aged subjects and

cognitive functions.
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Thus, as a part of the Health ABC study, in a large cohort

of 3031 well-functioning white and black Americans aged

70–79, high baseline plasma levels of IL-6 and CRP were

associated with poorer cognitive performance at baseline

and with a greater risk of cognitive decline over 2 years of

follow-up (Yaffe et al., 2003). In this age group, no

association was found between plasma TNF-a levels and

cognitive performance. In a study of Danish centenarians,

plasma TNF-a was shown to be associated with dementia,

also when centenarians with severe medical disorders and

with a history of stroke or transient cerebral ischemia were

excluded, indicating a specific role for TNF-a in AD in

centenarians. Increased blood levels of IL-1b have also

been reported in patients with AD (Licastro et al., 2000a)

and late onset AD (Alvarez et al., 1996). A recent meta-

analysis on the effects of the use of non-steroidal anti-

inflammatory drugs (NSAIDs) has yielded results pointing

towards a protective role of long-term use of NSAID against

AD (Etminan et al., 2003), which underlines the role of

inflammation in the development of cognitive decline.

The association between peripheral cytokines and VAD

has not been studied directly, but cytokines exert both

prothrombotic and atherogenic effects, indicating a possible

role of inflammatory mediators in the pathogenesis of VAD.

The association between peripheral cytokine levels and

atherosclerosis in general has already been discussed.

There is an ongoing debate as to whether peripheral

cytokine elevations found in relation to cognitive impair-

ment are a causative agent to cognitive decay, as cytokines

are known to be able to cross the blood–brain barrier and to

interact with the CNS via receptors in afferent neurons or

whether they represent spillover from inflammatory pro-

cesses in the CNS. The possibility that both hypotheses hold

true is also present.

Studies on autopsy specimens report a marked over-

expression of IL-1 (Griffin et al., 1989), and IL-6 (Bauer

et al., 1991) in the brains of patients with AD. Furthermore,

Tarkowski et al. have found levels of TNF-a being 25-fold

higher in the cerebrospinal fluid (CSF) of patients with AD

compared to controls pointing towards the intracerebral

production of TNF. Patients with VAD also displayed

significantly higher levels of TNF-a in the CSF compared to

control individuals but neither of these patient groups

displayed significant elevations in plasma levels of TNF-a

(Tarkowski et al., 2000, 2003). These findings point to the

CNS as the major site of production of TNF-a in overt

dementia. Another study has shown that even in healthy

young subjects there can be an efflux of IL-6 from the CNS

(Nybo et al., 2002). Thus, it seems to be clear that the CNS

not only is able to produce cytokines, but it can also

contribute to the pool of peripheral cytokines. In this

context, it is worth mentioning that the question of whether

central cytokine elevations found among patients suffering

from AD (and VAD) are actually causing damage or simply

represent the presence of reparatory processes in order to

counteract other, more primary pathologic processes is

unanswered.

On the other hand, although not many studies have

assessed the direct influence of peripheral cytokines on the

human brain with regard to cognitive functions, there is an

increasing body of studies showing that peripherally

administered (or produced) cytokines do affect human

brain functions. Thus, peripherally produced cytokines are

responsible for sickness behaviour in animals. In humans,

several studies have shown that peripheral cytokines affect

sleep functions (for a review, see Pollmacher et al. 2002).

As for cognitive parameters, a transient increase in

proinflammatory cytokines following a subclinical dose of

endotoxin resulted in negative effects on memory functions

and depression score in young subjects (Reichenberg et al.,

2001).

Quite a number of studies have looked into the

association of cytokine polymorphisms with the develop-

ment of dementia, particularly AD. The findings are

contradictory even when confined to Caucasian populations.

For IL-1, most consistency has been found regarding the

IL-1A and IL-B T , C polymorphism (Grimaldi et al.,

2000; Licastro et al., 2000b; Sciacca et al., 2003), pointing

towards a detrimental association between the T alleles

of both polymorphisms and the development of AD. The

IL-1A 2 allele has been reported to be associated with both

an increased risk for AD (Du et al., 2000; Nicoll et al.,

2000), and with no effect (Green et al., 2002). A recent

meta-analysis (Combarros et al., 2003) concludes that there

is an association of early onset AD only (age of onset ,65)

with the IL-1A 2 allele. On the other hand, a follow-up study

on 130 patients (both early and late onset) found that

homozygotes for the IL-1A 1 allele declined significantly

more rapidly on MMSE than others.

For IL-6, most attention has been centred on the

2174G . C promoter polymorphism. Again the results

are contradictory, showing both decreased incidence of the

C allele in AD (Faltraco et al., 2003; Pola et al., 2002), no

difference between AD patients and controls (Bhojak et al.,

2000) and an increased incidence of the C allele in AD

(Licastro et al., 2003). This apparent incongruity seems to

be based on a different distribution of the C allele in the

control populations, whereas the distribution in the AD

populations is quite similar from study to study (Table 3).

For TNF-a, two different sites have been in focus.

McCusker et al. (2001) reported that possession of the TNF-a

850 T-allele significantly increases the risk of VAD in an

Irish population. Furthermore, they found an interaction

between ApoE and TNF-a polymorphisms in AD; a finding

that has not been reproduced in Spanish or Italian populations

(Infante et al., 2002; Terreni et al., 2003). Recently, an

association was described between the TNF-308G . A

polymorphism and senile dementia in centenarians, the GA

genotype being associated with a decreased prevalence of

senile dementia compared to the GG genotype (Bruunsgaard

et al., 2004a). In contrast, in a cross-sectional study on
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patients with late onset AD (aged 60–97) and age-matched

healthy control persons, an association between the TNF-a

308G , A polymorphism and the onset-age of AD was

found, in that carriers of the A allele had a mean age of onset 3

years younger than non-carriers (Alvarez et al., 2002). This

difference in results can well reflect differences in the age of

the participants and in the study design.

It is evident that there exist tight links between age-

related chronic low-grade inflammation and cognitive

parameters; not only in disease states like AD and VAD

but in general. Further research is needed in order to clearly

establish the nature of these links. At the moment, there is

no direct experimental data available on whether small

chronic increases in levels of cytokines (as seen with

advancing age) affect human brain function. It is important

to bear in mind that acute and chronic cytokine increases

may exert different effects on cognition, but also that there

might be a dose-dependent relationship between peripheral

cytokine levels and cognitive function. Such a relationship

might turn out not to be linear, as small amounts of

cytokines seem to be necessary for normal neurological

function.

5. Concluding remarks

Ageing is associated with low-grade elevations in levels

of circulating inflammatory mediators, which act as

predictors of mortality independent of pre-existing morbid-

ity. Moreover, there is strong evidence that the development

of age-related multi-factorial conditions such as athero-

sclerosis, cognitive decline and the syndrome of frailty are

associated to these elevations. The nature of these

associations remains controversial, as it is unclear whether

inflammatory mediators have primarily causal or whether

they have counter-regulatory functions. Furthermore, there

is an increasing body of evidence showing that low-grade

inflammation is also associated with parameters such as

obesity, smoking, and physical inactivity. It is thus possible

that in elderly populations, inflammatory mediators

constitute a link between life style factors, infections

and physiological changes in the process of ageing on the

one hand and risk factors for age-associated diseases on

the other.

Quite a number of in vitro studies have been performed

with the purpose of shedding some light on the age-

related changes in the production of inflammatory

mediators at a cellular level. Due to differences in their

design, these studies do not yield a clear picture, although

they seem to point toward a pre-activation of circulating

cytokine producing cells, which is underscored by in vivo

findings. Current knowledge of how systemic low-grade

inflammation is related to local pathology in peripheral

tissues and in the CNS is limited. None the less there is

currently little doubt that atherosclerosis is an inflamma-

tory disease or that inflammatory mediators are present

and play an important role in the development of

dementia, including AD or that the TNF system is closely

associated to sarcopenia and the syndrome of frailty.

Some studies further point to the different inflammatory

mediators in circulation having distinct biological effects

on different age groups. We believe it would be

worthwhile to explore the possible separate biological

effects of different inflammatory mediators in young and

elderly populations.

Much interest has recently been given to the study of a

possible association between polymorphisms in genes

encoding inflammatory mediators, the levels of these

mediators in the blood stream, and longevity. In this

emerging research area, several polymorphisms have been

studied and so far results are inconsistent. It is very

possible that discrepancies result from the complex

interaction between life style and genetic factors together

with cultural and genetic differences across countries and

gender-based differences. Furthermore, it is possible that a

certain genetic configuration has different effects on aged

(with low-grade inflammation) vs. young individuals

(without low-grade inflammation). It is therefore of

utmost importance that all these factors are taken into

account in future studies.

Finally, there is a need to test different intervention

trials in order to evaluate if systemic low-grade

inflammation represents a reversible state. Such studies

will constitute an important contribution to the develop-

ment of new strategies in preventing and controlling

chronic diseases in the growing number of old

humans.

Table 3

Distribution of the IL-6-174G . C promoter polymorphism in patients with AD and non-demented controls

Genotype AD Controls

Pola et al.

(2002)

ðn ¼ 124Þ

Faltraco et al.

(2003)

ðn ¼ 101Þ

Licastro et al.

(2003)

ðn ¼ 332Þ

Bhojak et al.

(2000)

ðn ¼ 531Þ

Pola et al.

(2002)

ðn ¼ 134Þ

Faltraco et al.

(2003)

ðn ¼ 133Þ

Licastro et al.

(2003)

ðn ¼ 393Þ

Bhojak et al.

(2000)

ðn ¼ 248Þ

GG (%) 45.2 44 41.3 38.4 21.6 32 53.2 37.4

GC (%) 41.1 46 48.5 47.6 43.3 53 42 46.0

CC (%) 13.7 10 10.2 14 35.1 15 4.8 16.6
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