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Background: Frailty is a syndrome characterized by diminished ability to re-establish homeostasis in
response to stress. We hypothesized that deficient allostatic responses to physiological challenges may
predispose to frailty, that C-reactive protein (CRP) and its genetic determinants may be a measure of the
integrity of the allostatic response, and that genetic determinants of the allostatic response determine
the risk of frailty.

Methods: Cross-sectional study of 3778 community-dwelling older men identified by random sampling
of the Australian electoral roll. Explanatory variables included demographic, clinical, lifestyle behav-

IF(:’;‘;‘SMS' iors, serum high-sensitivity CRP (hsCRP), and CRP 1444C>T and 1846G>A genotypes. These respective
Inflammation polymorphisms increase and decrease the basal concentration of hsCRP. The study outcome was frailty
Genetics defined by a score of > 4 on the FRAIL scale.

Allostasis Results: The mean age of participants was 77.1 years (SD: 3.6) and frailty was present in 196 (5.2%).
Elderly The serum concentration of hsCRP was higher in frail than non-frail men (p <0.001), but levels varied

according to genotypes. The odds of frailty increased progressively from GG to GA and AA genotypes of
the CRP1846G>A gene (z=3.93, p<0.001), and were 2.43 (95%CI=1.62-3.67) times greater in men with
CRP1846G>A AA compared with GG genotypes. The CRP 1444C>T was not associated with frailty.
Conclusion: Frail people have raised serum concentrations of CRP, presumably in response to the stress of
underlying cause(s). However, frail individuals carrying the CRP1846G>A polymorphism seem less able
to mount an efficient allostatic response, which may underpin their increased odds of frailty.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction requires an appropriate acute response of the organism that

minimizes their impact. Such a response is known as allostasis.

Frailty is a clinical syndrome characterized by diminished
ability to manage stressors successfully [1]. It is particularly com-
mon in older age, and its presence is associated with functional
decline and increased risk of major health events and death [2].
The mechanisms that contribute to the development of frailty are
not entirely clear, but they ultimately disrupt the processes that
maintain the stability of the physiological milieu of the organism,
also known as homeostasis [3]. Internal and external factors are
relentless in their challenge to homeostasis and their presence
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Allostatic responses allow biological systems to address and adapt
to real or perceived challenges, such as infection or tissue dam-
age [4]. An inefficient or maladaptive response to physiological
stress may contribute to extend or perpetuate damage to the
organism, thereby compromising its ability to re-establish a stable
homeostatic state over time (i.e., frailty) [5].

Inflammatory markers, such as C-reactive protein (CRP), are
acute phase response proteins induced during inflammatory states
that rise as much as 2000 fold during the first 24-48 h after the
onset of tissue injury or inflammation [6] (i.e., CRP can be consid-
ered a marker of allostatic response). Therefore, it is not surprising
that CRP concentrations are raised in frail people [7], and that mod-
erately elevated levels are also associated with incident frailty [8].

The precise physiological functions of CRP remain uncertain,
although currently available evidence suggests it plays a key role
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in the recognition of foreign pathogens and of damaged cells of
the host and contributes to triggering the humoral and cellular
responses that ultimately lead to their clearance [9]. CRP has a
calcium-dependent binding specificity for phosphocholine (PCh),
which is present in the outer layer of most biological membranes,
and for several nuclear constituents such as histones and ribonu-
cleoprotein particles [9,10]. Bound CRP is recognized by C1q and
initiates cleavage and activation of C3 and C4 through the classi-
cal complement pathway [9,11]. In addition, CRP has high affinity
for phagocytic receptors [12] and seems to promote phagocytosis
[9].

Genetic variation also affects the concentration of CRP [13-15].
For example, the CRP1444C>T variant increases basal and stim-
ulated CRP levels [16], whereas the CRP1846G>A variant has the
opposite effect [13]. We have previously shown that carriers of the
CRP1846G>A polymorphism fail to mount an effective inflamma-
tory response to deteriorating health, and this increases their risk
of developing depression [17].

We designed this study to determine if the serum concentra-
tion of CRP and CRP polymorphisms are associated with frailty.
We hypothesized that the prevalence of frailty would be higher
amongst carriers of the CRP1846G>A polymorphism, as their abil-
ity to mount effective allostatic responses in the face of stress would
be reduced compared with carriers of the wild genotype.

2. Methods
2.1. Participants

Our analyses are based on a community-derived sample of older
men living in Perth, Western Australia, who collectively constitute
the Health in Men Study (HIMS) cohort. Details regarding enrol-
ment and assessment procedures have been described elsewhere
[18]. Briefly, 12,203 men aged 65 years or older were recruited
via random sampling from the Australian electoral roll between
1996 and 1998, enrolment to vote being compulsory for all adult
Australian citizens. During the years 2001-2004 those men who
were still alive were contacted and invited to complete a follow-
up assessment and donate a fasting blood sample (n=9718). This
report refers to 3778 participants who agreed do donate a blood
sample for biochemical and genetic analysis, and provided valid
information to establish the presence of frailty.

The Ethics Committee of the University of Western
Australia approved the study protocol and participants pro-
vided written informed consent. All procedures in this study
complied with the Helsinki declaration on human rights
(http://chnm.gmu.edu/1989/items/show/245).

2.2. Outcome of interest

We based our definition of frailty on the FRAIL scale [19,20].
The scale consists of five domains - fatigue (0/1), resistance (0/1),
ambulation (0/1), illness (0/1), and loss of weight (0/1) - which
we assessed using self-reported information obtained from partic-
ipants. We used items of the SF-36 Health Survey [21] to assess
symptoms of fatigue (worn out or feeling tired most of the time),
resistance (inability to climb a flight of stairs) and ambulation
(inability to walk 100 m). Men who reported 6 or more of the
following illnesses were given a score of 1 for ‘illness’: arthritis,
diabetes, angina or myocardial infarction, hypertension, stroke,
asthma, chronic bronchitis, emphysema, osteoporosis, colorectal
cancer, skin cancer, depression or anxiety disorder, Alzheimer’s dis-
ease or other dementia, or leg ulcers. Participants scored positive
for weight loss if they reported having lost weight (in Kg) between
the assessments.

We validated this approach by investigating the survival of par-
ticipants according to their score on the FRAIL scale, and showed
that those with a score of 4 or more have much lower 7-year sur-
vival than those with lower scores (most frail group) [22]. Hence,
we considered our participants ‘frail’ if they had a total score of
4 or more on the FRAIL scale. The scale has been validated on an
independent sample of older women [23].

2.3. Explanatory variables

Consenting men were asked to complete a self-report ques-
tionnaire that included items assessing demographic and clinical
information. They recorded the date and place of their birth, and
we calculated their age as the difference in years between the date
of the assessment (which included the blood tests) and their date of
birth. Participants also reported whether they had completed high
school education (yes/no), whether they had ever smoked (yes/no),
and whether they were still smoking at the time of assessment
(every day/not every day/not at all). Men who answered ‘every day’
or ‘not every day’ were classified as current smokers.

In addition, participating men completed the SF-36 Health Sur-
vey [21]. For the purposes of this study, the analyses were limited to
the physical (PCS) and mental health component summary (MCS)
measures. The mean PCS and MCS for the Australian population is
50, with a standard deviation of 10 [24]. We used the PCS and MCS
scores as proxy measures of physical and mental health.

Information about alcohol consumption and physical activity
was gathered during the 1996-1998 assessment (about 5 years
before the collection of blood samples). Participants recorded the
number of standard drinks that they usually consumed each day of
the week, which we then grouped into <14, 14-27, or 28 or more
drinks in a usual week. In addition, these men recorded the total
number of minutes they engaged in moderate to vigorous physical
activities (that made them breathe harder, or puff and pant) dur-
ing a usual week. We considered that men were physically active
if they reported 150 min or more of moderate to vigorous physical
activity per week.

2.4. Biochemical and genetic analyses

Blood samples were collected between 08:00 and 10:30am
following overnight fasting. Serum was prepared immediately
following phlebotomy, stored on ice and assayed within 3 h. Bio-
chemical assays and genetic analyses were performed in the
Department of Biochemistry, PathWest, Royal Perth Hospital,
Western Australia. We measured the serum concentration of CRP
with a high-sensitivity particle-enhanced immunonephelometry
system on a BNII analyzer (hsCRP; Dade Behring, MN, USA). The
interassay coefficient of variation (CV) for this test ranges from 4
to 7%, and a serum concentration of 3 mg/L or greater is associated
with tissue damage or inflammation [25].

Genomic DNA was extracted from the buffy coat fraction of
centrifuged blood using a standard triton X-100 method. CRP geno-
typing was carried out using 5'-nuclease assays (TaqMan) with
fluorescent single nucleotide peptide (SNP) allelic discrimination
by means of an ABI 7900HT (Applied Biosystems, Foster City, USA)
using primers and probes designed by Applied Biosystems for
CRP1444C>T (rs1130864) and 1846G>A (rs1205). The distribution
of these SNPs within the CRP gene region has been described by
others [26,27].

2.5. Statistical analyses
Data were managed and analyzed with the statistical package

Stata release 10.0 (StataCorp, College Station, Texas). We grouped
participants according to their frailty status (yes/no), and used
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logistic regression to calculate the odds of frailty (plus 95% confi-
dence intervals, 95%Cls) associated with the measured exposures:
age, place of birth, education, smoking, alcohol use, physical activ-
ity, PCS and MCS group scores, and the serum concentration of
hsCRP (<3, 3-9.9 and >10 mg/L).

We determined if the distribution of alleles at CRP SNPs
rs1130864 and rs1205 were in equilibrium according to the
Hardy-Weinberg test (exact method), and then investigated if the
serum concentration of hsCRP changed according to the geno-
type of participants. Finally we used logistic regression to examine
the association between these common CRP polymorphisms and
frailty, and subsequently determined the serum concentration of
hsCRP for frail and non-frail men according to their CRP genotype.
As hsCRP was positively skewed, we transformed these values into
binary logs by dividing the natural log transformed value of hsCRP
by the natural log of 2. Logistic regression performed using these
values produced the odds ratio of frailty for a doubling of hsCRP.

3. Results

The study sample consisted of 3778 men, of whom 196 (5.2%)
fulfilled the study criteria for the diagnosis of frailty. Frail men were
older than non-frail participants (79.2 +3.7 vs. 76.94+3.6, t=8.76,
df=3776,p<0.001). Table 1 summarizes the demographic, lifestyle
and biochemical characteristics of participants. The odds of frailty
were lower amongst men who had completed high school or who
were physically active. In contrast, the odds of frailty were higher
amongst past or current smokers, and increased as health related
quality of life scores decreased (both PCS and MCS). Frail men had
higher serum concentration of hsCRP than non-frail participants
(geometric mean+SD: 3.1+£3.1 vs. 2.0+2.8; t=5.96, df=3774,
p<0.001), and the odds of frailty increased 32% with the doubling
of hsCRP (OR=1.32,95%CI = 1.20-1.44). The proportion of men with
high (>3 mg/L) or very high hsCPR (>10 mg/L) was higher amongst
frail than non-frail participants (Table 1).

We examined if distribution of the CRP1444C>T and
CRP1846G>A polymorphisms were in equilibrium, as deter-
mined by the Hardy-Weinberg test. The results of these analyses
are summarized in Table 2 and show that the distribution of both
SNPs was in Hardy-Weinberg equilibrium.

The serum concentration of hsCRP increased from the major to
the minor homozygote CRP1444C>T polymorphism and decreased
from the major to the minor homozygote CRP1846G>A polymor-
phism (Table 2). Table 3 shows the distribution of frailty according
to CRP1444C>T and CRP1846G>A genotypes. Men homozygote
for the minor allele of the CRP1846G>A polymorphism had 2.43
(95%Cl=1.62-3.67) greater odds of being frail than their homozy-
gote wild counterparts. The odds of frailty increased progressively
from the GG to the GA and then the AA genotypes (z=3.93,
p<0.001).

Fig. 1 depicts the serum concentration of hsCRP according
to common polymorphisms of the CRP gene amongst frail and
non-frail men. Whilst the presence of frailty was associated with
higher hsCRP in the sample (Table 1 and above), carriers of the
CRP1846G>A polymorphism had lower hsCRP than non-carriers,
and this decline was particularly pronounced amongst those who
were homozygote for the minor allele. In contrast, the serum con-
centration of hsCRP increased amongst carriers of the CRP1444C>T
polymorphism, particularly for the frail homozygote carriers of the
minor allele. Men with the CRP1444C>T TT genotype who were frail
had a serum concentration of hsCRP 2.3 mg higher than frail men
with the CRP1846G>A AA genotype (t=6.23, df=143, p<0.001;
after natural logarithmic transformation).

As the results of a previous study had shown that the
CRP1846G>A polymorphism was associated with depression in

later life [17], we completed a series of posthoc analyses to
clarify if the observed association with frailty had been con-
founded by the presence of prevalent depression. The adjusted odds
of frailty associated the CRP1846G>A polymorphism were 1.38
(95%CI=0.99-1.93, z=1.89, p=0.059) and 2.34 (95%CI =1.52-3.60,
z=3.88, p<0.001) for the minor heterozygote and homozygote
genotypes. Finally, we repeated the analyses investigating the
association between the CRP1846G>A polymorphism and frailty
after excluding men with serum concentration of hsCRP > 10 mg/L
to minimize possible bias caused by the presence of acute ill-
ness [28]. The associations remained unchanged: the odds ratio
of frailty was 1.23 (95%CI=0.86-1.75, z=1.14, p=0.256) and 2.70
(95%Cl=1.76-4.13, z=4.56, p<0.001) for heterozygote and minor
homozygote CRP1846G>A men.

4. Discussion

The results of this study confirm that common polymorphisms
of the CRP gene contribute to modulate the basal concentration
of hsCRP, which is higher amongst carriers of the CRP1444C>T
polymorphism and lower in carriers of the CRP1846G>A polymor-
phism. As predicted, the odds of frailty were nearly 2.5 times greater
amongst older Australian men homozygote for the minor compared
with the major allele of the CRP1846G>A polymorphism.

4.1. Limitations of the study

This survey has the merit of having used a large and well-
established community-representative sample of older men for
whom relevant clinical, genetic and biochemical information was
available [18]. We accept, however, that we cannot infer causality
between the factors under investigation because of the cross-
sectional nature of the study. There is also evidence that our older
men who elected not to take part in the survey were less healthy
(and possibly more frail) than those who did [29]. This would
have biased our results towards a healthier sample and diminished
our ability to investigate the associations between frailty, serum
concentration of CRP and CRP polymorphisms. This type of bias
is associated with decreased power but not with type I error. In
addition, we used a validated scale and a demanding cut-point
to establish the presence of frailty in this sample. We recognize,
however, that our definition of frailty was not based on a formal
assessment, as suggested by some authors [1,30]. In addition, our
study included older men only and the findings may not neces-
sarily apply to women. Another limitation of our approach is that
we limited our analyses to two SNPs of the CRP gene and this does
not provide a complete picture of the possible haplotypes that con-
trol its expression. However, our focus was on two previously well
described SNPs associated with high and low serum concentration
of CRP [16] with the specific aim of teasing out the effects of CRP
on frailty.

We also acknowledge that the polymorphisms that we inves-
tigated in the two SNPs of the CRP gene are related to hsCRP
(one increasing and the other decreasing its serum concentration)
but not to frailty (i.e., the CRP1444C>T polymorphism increases
the serum concentration of hsCRP but does not reduce the odds
of frailty). This may indicate that the study was not sufficiently
powered to demonstrate the association between the CRP1444C>T
polymorphism and frailty, or that the association between the
CRP1846G>A polymorphism and frailty is either not causal or is
affected by pleiotrophy. Moreover, the serum concentration of
hsCRP reported in this study refers to the basal concentration of the
sample, so that implications for our participants’ ability to mount
an effective allostatic response are inferred rather than measured
directly.
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Table 1
Demographic, lifestyle and clinical characteristics of older men according to frailty status.
Frail 0Odds ratio (95%CI) p-Value
NoN=3582n (%) YesN=196n (%)
Demographic features
Age (in years) 70-74 1831(51.1) 47(24.0) 1 (Reference)
75-79 1155(32.2) 74(37.8) 2.50(1.72-3.62) <0.001
80-84 499(13 9) 63(32.1) 4.92(3.33-7.27) <0.001
85+ 97(2.7) 12(6.1) 4.82(2.48-9.38) <0.001
Born overseas 1351(37.8) 61(31.1) 0.75 (0.55-1.02) 0.064
High school education 1756(49.0) 68(34.7) 0.55(0.41-0.75) <0.001
Lifestyle
Smoking Never 1219(34.0) 37(18.9) 1 (Reference)
Past 2177(60.8) 142(72.4) 2.15(1.49-3.11) <0.001
Current 185(5.2) 17(8.7) 3.03 (1.67-5.49) <0.001
Drinking? <14 drinks/week 2442(71.7) 126(66.0) 1 (Reference)
14-27 drinks/week 708(20.8) 43(22.9) 1.18 (0.82-1.68) 0.370
28+ drinks/week 255(7.5) 19(10.1) 1.44 (0.88-2.38) 0.149
Physically active? 846(23.6) 19(9.7) 0.35(0.21-0.56) <0.001
Health related quality of life
PCS score 50+ 887(24.9) 2(1.0) 1 (Reference)
40-49.9 1322(37.2) 10(5.1) 3.71(0.73-15.35) 0.119
30-39.9 898(25.2) 43(22.2) 21.24 (5.13-87.93) <0.001
<30 451(12.7) 139(71.6) 136.69 (33.69-554.54) <0.001
MCS score 50+ 2908(81.7) 96(49.5) 1 (Reference)
40-49.9 457(12.8) 56(28.9) 3.71(2.63-5.24) <0.001
30-39.9 154(4.3) 32(16.5) 6.29 (4.09-9.69) <0.001
<30 39(1.1) 10(5.1) 7.76 (3.77-16.02) <0.001
CRP
High sensitivity CRP (mg/L) <3 2463(68.8) 99(50.5) 1 (Reference)
3-9.9 898(25.1) 68(34.7) 1.88 (1.37-2.59) <0.001°
10+ 219(6.1) 29(14.8) 3.29(2.13-5.10) <0.001¢
Doubling of hsCRP 1.31(1.20-1.44) <0.0014

95%Cl, 95% confidence interval of the odds ratio (OR). PCS, physical component score of the SF-36 Health Survey; MCS, mental component score of the SF-36 Health Survey;
hsCRP, high sensitivity C-reactive protein concentration.

2 Data collected 5 years before the assessment of frailty.

b OR=1.56, 95%CI=1.09-2.26, p=0.017; adjusted for age group, education, place of birth, smoking, physical activity, and PCS and MCS grouping.

¢ OR=2.01,95%CI=1.21-3.35, p=0.007; adjusted for age group, education, place of birth, smoking, physical activity, and PCS and MCS grouping.

4 OR=1.15, 95%Cl=1.03-1.27, p=0.010; adjusted for age group, education, place of birth, smoking, physical activity, and PCS and MCS grouping.

Table 2

Frequency distribution and respective serum concentration of hsCRP (geometric mean) according to two common polymorphisms of the CRP gene.
CRP polymorphisms Major homozygote Heterozygote Minor homozygote Minor allele frequency (SE) HWET p-value
Allele frequency, n (%)
1444C>T 1822(48.7) 1569(41.9) 352(9.4) 0.305 (0.005) 0.589
1846G>A 1664 (44.0) 1699 (45.0) 415(11.0) 0.335(0.005) 0.559
CRP polymorphisms Major homozygote Heterozygote Minor homozygote F-Statistic p-Value
Serum concentration of hsCRP, geometric mean (95%CI)
1444C>T 1.9 (1.8-2.0) 2.1(2.0-2.2) 2.5(2.2-2.8) 13.83 <0.001
1846G>A 2.3(2.2-2.4) 1.8(1.7-1.9) 1.6 (1.4-1.7) 33.62 <0.001

HWET, Hardy-Weinberg equilibrium exact test probability value (p-value). SE, standard error. hsCRP, high sensitivity C-reactive protein. F-Statistic derived from oneway
analysis of variance. 95%Cl, 95% confidence interval of the geometric mean.

Table 3
Frequency distribution and odds ratio of frailty associated with common CRP polymorphisms.
Frail 0Odds ratio (95%CI) p-Value
No Yes
N=3582 N=196
n (%) n (%)
CRP polymorphisms
1444C>T
CcC 1717(48.4) 105(53.8) 1 (Reference)
CT 1496(42.2) 73(37.4) 0.80(0.59-1.08) 0.149
T 335(9.4) 17(8.7) 0.83 (0.49-1.40) 0.487
1846G>A
GG 1596 (44.6) 68(34.7) 1 (Reference)
GA 1610(44.9) 89(45.4) 1.30(0.94-1.79) 0.114
AA 376(10.5) 39(19.9) 2.43(1.62-3.67) <0.001

CRP, C-reactive protein; 95%Cl, 95% confidence interval of the odds ratio.
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Fig. 1. Serum concentration of high sensitivity CRP (hsCRP, geometric mean in mg/L) according to frailty status (red square = frail, blue diamond = not frail) and common
polymorphisms of the CRP gene: 1846G>A (left panel) and 1444C>T (right panel). The whiskers represent the error bars of the serum concentration of hsCRP for each individual
genotype. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. The figure illustrates the potential pathway linking exposure to stress to the development of frailty (on the right hand side). In this model, acute phase response is
compromised by the presence of the CRPG1846G>A polymorphism, which hinders the effective resolution of acute stress and increases the risk of frailty. Frailty is a state
associated with progressive and persistent homeostatic dysregulation and decreased resilience.

4.2. Interpretation of findings

Our results suggest that failure to raise the serum concentration
of CRP appropriately as a response to injury contributes to increase
the risk of frailty in older Australian men. They are consistent
with the possibility that carriers of the CRP1846G>A polymorphism
produce a deficient CRP response to injury, which in turn may per-
petuateimmune and inflammatory reactions that ultimately lead to
the ongoing disruption of homeostatic mechanisms. In this model,
the CRP1846G>A polymorphism would contribute to the develop-
ment of frailty by diminishing the individual’s ability to respond
efficiently to stress and injury (Fig. 2).

Over 10 years ago, McEwen [5] suggested that organisms react
to real or perceived challenges in two ways: (1) they mount an
allostatic response that initiates a complex adaptive pathway (for
example, to combat an infection), (2) they turn off the allostatic
response when the threat is no longer present. Whilst the acute

response is commonly adaptive, chronic allostatic load may result
in damage to the organism because of repeated hits, lack of adap-
tation (i.e., decreased ability to turn off the allostatic response),
prolonged (i.e., no recovery)or inadequate responses. McEwen sug-
gested that a flattened or inadequate acute allostatic response to
insult leads to compensatory hyperactivity of other stress-related
mediators (such as cytokines) [31], and this could lead to the
development of frailty. However, such an explanation can only be
considered speculative at this stage, as our study lacked support-
ive data to test the various steps involved in the allostatic model
directly.

4.3. Conclusion
A frail individual is at the limit of his or her ability to cope

with stressors. Our results demonstrate that the CRP1846G>A poly-
morphism reduces basal hsCRP and increases the odds of frailty
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in older Australian men. People with such a genetic predisposition
may require greater medical assistance than those without to over-
come the numerous physiological challenges to homeostasis that
characterize older age.
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