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Background. Centenarians are sometimes said to be representative of lifelong healthy aging. Whether they are, in fact,
examples of healthy aging remains a subject of debate. The existence of heterogeneity in functional status has been
reported repeatedly in previous studies of centenarians. However, there is as yet no standardized classification system with
which to describe their functional phenotype.

Methods. As part of a dynamic cohort study, we studied 304 centenarians (65 men and 239 women) living in Tokyo.
Their functional status (sensory, physical, and cognitive), which we used o represent their phenotype, was assessed
and subsequently classified by standard assessment methods (simple questionnaire, Barthel index, Mini-Mental State
Examination, and the Clinical Dementia Rating, respectively).

Results. We classified participants into 4 categories according to their functional status. Only 5 (2%) were classified as
“Exceptional,” with all of their functions graded as excellent, and 56 (18%) were ‘‘Normal,”” exhibiting maintenance of
fine cognitive and physical functions. One hundred sixty-seven (55%) were “Frail,” exhibiting impairment of either
cognitive or physical functions, and the remaining 76 (25%) were “Fragile,” exhibiting deterioration of both physical
and cognitive functions,

Conclusions. The relationships between biochemical marker, mortality rates, lifestyle, and functional phenotypes
demonstrated by this classification method indicate that the system is reliable to address the functional status of extremely
old persons. Thus, this framework would be a useful tool for exploring the factors that contribute to exceptional longevity

as well as those that help to maintain the functional status of the extremely old population.

ENTENARIANS are sometimes said to represent
lifelong healthy aging (1,2), although whether they are,
in fact, examples of healthy aging is a subject that is currently
under discussion (3,4). The literature describes declines in
sensory, cognitive, and physical functions in centenarians (4—
11). Scientific studies of centenarians have focused on
explorations of their environmental and genetic backgrounds.
However, the recent proliferation of centenarians (12) and the
heterogeneity in their phenotype has introduced confusion
into the consensus that, as a whole, they are representative
of healthy aging (4,13). An advisory panel on exceptional
longevity, which was set up by the National Institute on Aging
(14), noted that the identification of intermediate phenotypes,
and hence homogenous subgroups, would increase the
likelihood of finding the genes that contribute to longevity.
The majority of previous reports have noted the functional
status of the centenarians that were studied, but they were
separated into different domains with different definitions. If
we wish to explore efficiently the factors involved in lon-
gevity, then a more parsimonious evaluation method with
standardized measures is needed (13). Two centenarian stud-
ies proposed the classification method of centenarians. Using
retrospective morbidity profiles, the New England study (15)
categorized people into three phenotypes: the ‘“Escapers,”’
who could accomplish disease-free aging until they reached
100 years, the “‘Delayers,”” who developed disease only very
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late in life, and the ““Survivors,”” who survived with disease.
By adopting a more complicated categorizing system, the
Italian study (13) categorized people into three different
phenotypes: ““A,” who had good functional status without
specific morbidity history; “B,”” who were in intermediate
condition; and “C,” who had poor functional status with
a history of morbidity. In addition, they subdivided group
“C” into ““Cl,”” where cognitive impairment was evident;
“C2,” where both physical and cognitive impairment were
observed; and “C3,”’ where physical impairment was evident.

New England and Italian groups noted that this framework
was helpful for exploring the factors underlying exceptional
longevity. However, both classification systems have ad-
vantages and disadvantages. As both systems emphasize
participants’ medical history, they will allow exploration of
the effect of disease-associated factors on longevity, under
the “‘compression of morbidity’’ hypothesis (15,16), which
suggests that the onset of illuness is delayed among cente-
narians. At the same time, these systems have a disadvantage
in that they cannot be used to identify those factors that either
protect or delay the aging process, if indeed they exist. If
a person possesses a strong protective factor against aging,
he may be a “Survivor” with high functional status. The
phenotype of these people should be different to that of
people who classify as “Survivor” but with frailty. Like-
wise, as the phenotype in the latter study is affected by a
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Table 1. Background Characteristics of Participants

Sex
Male Female Total

Characteristic N % N % N %
No. of pasticipants 65 214 239 786 304 1000
Age gronp, y

100 38 585 134 561 172 56.6

101-102 16 246 62 259 78 25.7

103-107 11 169 43 180 54 17.8

Mean (standard deviation) 1010 (1.7) 1012 (7)) 1011 (.7

Living arrangements

Alone 2 3.1 6 25 8 2.6

With family 49 754 149 623 198 65.1

Institutionalized 14 215 84 351 98 322
Education

No education

0 0.0 3 13 3 1.0
Elementary education 37 569 130 544 167 54.9
Secondary education 4.6 63 264 66 217

3
Higher education 24 369 36 151 60 19.7
1

Unknown 15 7 29 8 2.6
Occupation

Blue coilar 19 202 45 188 64 211

‘White collar 46 708 8 356 131 43.1

Housewife, or no occupation 0 00 100 418 100 32.9

Unknown 0 0.0 9 38 9 3.0
Birth area

Kanto (around Tokyo) 25 385 121 506 146 48.0

Other regions 40 615 117 49.0 157 51.6

Unknown 0 0.0 1 0.4 1 0.3

mixture of causative factors (medical, biological status, envi-
ronmental, and stochastic) and effects (cognitive or physical
function), the role of phenotype as an independent variable in
research into those persons who live an exceptional healthy
long life becomes ambiguous. The purpose of the study
reported here was to propose a new framework for evaluating
functional characteristics in centenarians in addition to
describing their functional status.

MEeTHODS

Participants

A total of 304 Japanese centenarians (65 men, 239 women)
living in the 23 wards of metropolitan Tokyo participated in
a survey in which they were visited by Tokyo Centenarian
Study staff between July 2000 and May 2002. We randomly
chose centenarians from the residential list and sent a letter
inviting participation to 1194 centenarians, accounting for
68.8% of an estimated 1735 centenarians living in this area in
the study period. Five hundred fourteen (43.0%) agreed to
participate. Three hundred four persons, representing 25.5%
of the letter recipients, participated in the visit survey.

Women outnumbered men in our sample by 1:3.6, which
was not significantly different from the ratio for the total
centenarian population in this area (1:3.8). Table 1 lists the
background information of the participants in this study.

Procedure
After we had received a reply from the centenarian (or
proxy) agreeing to participate, we sent a questionnaire that

Table 2. Distribution of Sensory Functions and Barthel
Index in Centenarians by Sex

Male  Female Total

Sensory and Basic

Physical Function N % N % N %
Visual function
No problem 30 462 82 343 112 36.8
Incomplete 23 35472 301 95 313
Big characters 8 123 57 238 65 214
Face outline 3 4625 105 28 92
Blind 1 15 3 13 4 13
Hearing function
No problem 19 292 64 268 83 273
Loud voice 14 21565 272 79 260
Close to ear 6 9229 121 35 115
Close to ear with a loud voice 25 385 78 326 103 339
Deaf 1 15 3 13 4 13
Barthel Index
Independent 100 12 18514 59 26 86
80-99 16 24.6 32 134 48 158
Minimal help 60~79 8 123 32 134 40 132
Partially dependent 40-59 7 108 36 151 43 14.1
Very dependent 20-39 9 138 35 146 44 145
Totally dependent <20 13 200 90 37.7 103 339
Mean (standard deviation) 59.2 34.9 40.0 33.7 44.1 34.8+
Note: *p < .01.

tMain effect of sex.

included questions about the participant’s functional status.
After the questionnaire had been returned, a medical doctor,
a psychologist, and a nurse visited the centenarian’s
residence. After the group had explained the purpose of
the study and obtained the permission of the centenarian (or
proxy), the doctor examined the patient and took a blood
sample. The psychologist conducted a cognitive assessment.
The Barthel] index (17), was use to assess physical function,
and visual and hearing acuity was rated according to the five
categories from highest (‘‘No problem”’) to lowest (“Blind”
or “Deaf”’; see the detail in Table 2).

The, Clinical Dementia Rating scale (CDR) (18), Global
Deterioration Scale (GDS) (19), two scales that were developed
in Japan to assess the mental state of elderly persons (NM
scales) (20), and the Mini-Mental State Examination (MMSE)
(21) were used to evaluate cognitive status. The NM scales
were developed for concomitant use with the N-ADL scale,
which assess the basic activities of daily living of the patients
(20). The MMSE was conducted on all survey participants who
were visited at their residences, but 76 participants were unable
to complete it for the following reasons: “Disagree to
participate” (13.2%); ‘“‘Bedridden and unable to give a re-
sponse” (42.1%); “‘Frailness” (10.5%); ““Inability to follow
instructions’” (15.8%); ‘‘Blind or deaf”’ (13.2%); or ““Unable to
speak” (5.3%). We scored those participants. who were
“Bedridden and unable to give a response” and “Inability to
follow instructions’ as MMSE 0; this test was not conducted
on the others. Because of their frailty, it was not possible to
perform neuropsychological tests on most of the participants.
Thus, we collected data regarding the cognitive and mental
status of participants by rating the questionnaires to increase the
reliability of the cognitive assessment.
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Table 3. Distribution of CDR, MMSE Score, and
Classified Cognitive Status

Male Female Total

Classification of Cognitive Status N % N % N %

CDR rating and dementia statns

No dementia 0 28 431 46 19.2 74 243+
Probably no dementia 05 10 154 32 134 42 138
Dementia 1 11 169 46 192 57 188
2 5 77 24 100 29 95
.3 .5 7.7 45 188 50- 164
4 2 31 25 105 27 89
5774 62 21 88 25 82
MMSE score
Not impaired >21 24 369 36 151 60 197
“Impaired 11-20 17 262 76 31.8 93 306
Severely impaired 0-10 17 262 102 427 119 39.1
Not scored 7 108 25 105 32 105
Reason
Visual problem 1 15 3 13 4 13
Hearing problem 1 15 5 21 6 20
Speech problem 1 15 3 13 4 13
Frailty 3 46 5 21 8 26
Disagreed to participate 1 15 9 38 10 33
MMSE mean (standard deviation) 16.1 8.9) 115 ®.3) 12.5 B.6)*f
Cognitive status
Excellent 24 369 36 151 60 19.7
Good 14 215 42 176 56 184
Moderately impaired 16 246 70 293 86 283
Severely impaired 11 169 91 381 102 336
Note: *p < .01.
Main effect of sex.

CDR =Clinical Dementia Rating; MMSE =Mini-Mental State Examination.

The CDR ratings were achieved as a consensus of three
expert geropsychologists at a postvisit meeting. One of the
three had interviewed the centenarians by him/herself. The
GDS, NM scale rating, and videotaped responses of the
centenarians to the MMSE, as well as the answers given by
the participant’s proxy regarding their daily activity were
used as a reference to obtain a CDR rating.

Written informed consent was obtained from all partici-
pants or proxy. The ethics committee of Keio University
School of Medicine approved this study.

Statistical Analyses

We used chi-square tests and one-way analysis of vari-
ance (ANOVA) to compare the functional status between
the men and women. We used two-way ANOVA to com-
pare the means of serum albumin concentration, 1-year sur-
vival, habitual smoking, and alcohol drinking, with sex and
functional categories as independent variables. All statistical
analyses were performed using SPSS 13.0J (Chicago, IL).

RESULTS

Sensory Functions

The distributions of sensory function levels are given in
Table 2. One hundred twelve (36.8%) and 83 (27.3%)
participants had “No problem” with vision and hearing
function, respectively. The others had moderate to severe
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problems with these senses, but only 1.3% (N = 4) were
blind and only 1.3% were deaf (N = 4). Most of them (N =
253; 83.2%) had either a vision or a hearing problem, and
only 51 (16.8%) had intact vision and hearing.

Physical Function

The total Barthel index score and categorized levels of
basic ADL are given in Table 2. “Independent” was shown
by 74 (24.3%) of the participants, 40 (13.2%) “Needed
minimal help,” 43 (14.1%) were ‘‘Partially dependent,” 44
(14.5%) were ‘““Very dependent,” and 103 (33.9%) were
“Totally dependent.” Of 74 independent participants, only
26 (8.6%) were “‘Fully independent”™ (Barthel index score =
100). A one-way ANOVA for the total score revealed
a significant main effect of gender (p < .01), indicating that
the men (59.2; standard deviation [SD] = 34.9) were more
intact than the women (40.0; SD = 33.7).

Cognitive Status, as Assessed by CDR and MMSE

Of the 304 participants, 74 (24.3%) had a CDR score of
0 (“No dementia”), 42 (13.8%) had a score of 0.5
(“‘Probably no dementia’’), and 188 (61.8%) were “Mildly
to severely demented” (CDR score = 1-5; Table 3). A chi-
square test for the frequency of dementia status indicated that
women were more likely than men to have dementia (p <
.01). Cognitive function, as assessed by MMSE, was

" classified into three levels (Table 3): ““Not impaired” (score

>21); “Impaired” (score 11-20); or “Severely impaired”
(score 0-10) by original cutoff point (21). One-way ANOVA
for the MMSE total score revealed a significant main effect
of gender (p < .01), indicating that the men (mean score
16.1; SD = 8.9) were generally more cognitively intact than
the women (mean score 11.5; SD = 8.3).

We classified the cognitive status of centenarians based on
those two scales as follows: “Excellent,” those who were
classified as having “No dementia” by CDR and as being
“Not impaired” by MMSE; “Good,” those who were
classified as having “No dementia” or ‘‘Probably no de-
mentia” by CDR regardless of the MMSE score; ““Moder-
ately impaired,” those who had a CDR score of 1-2; and
“*Severely impaired,”” those who had a CDR score of 3-5. As
a result, of the 304 participants, 60 (19.7%) were classified as
“Excellent,” 56 (18.4%) as ““Good,”” 86 (28.3%) as ‘““Mod-
erately impaired,” and 102 (33.6%) as ‘‘Severely impaired.”

Categorizing Centenarians According
to Functional Status

We were able to divide the visit survey participants into 4
categories using sensory, physical, and cognitive functions.
First was the category of ‘‘Exceptional,” for participants
who had intact visual and hearing functions (‘‘No problem™
in the questionnaire), were ‘‘Fully independent’” with regard
to their basic ADL (Barthel index = 100), and had
“Excellent” cognitive functions (CDR = 0; MMSE > 21).
Second was the category of “Normal,” for participants who
were somewhat independent with regard to their basic ADL
(Barthel index > 80) and had “Good” cogritive function
(CDR < 0.5). Third was the category of “Frail,” for
participants who had impaired basic ADL (Barthel index <
79) or impaired cognitive function (CDR > 1). Those who
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Table 4. Comparison of External Criteria (Serum Albumin Level, 1-Year Mortality Rate, and Lifestyle) Among the Four Functional Status Groups

Male Female Total
Exceptional Normal Frail Fragile Exceptional Normal Frail Fragile  Exceptional Normal Frail Fragile
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
No. (%) 2 31 24 369 32 492 7 108 3 13 32 134135 565 69 289 5 16 56 184167 549 76 250
Age 1025 351007 141012 181016 211003 06 1005 101011 161016 21 1012 2.2 1006 1210L.1 161016 2.1
Serum albumin
(g/dl) 40 03 39 03 36 04 34 04 43 02 40 03 36 04 34 04 42 03 39 03 36 04 34 04wt
1-y mortality 00 00 03 05 03 05 06 05 00 00 01 03 02 04 04 05 00 00 02 04 02 04 04 05+
Lifestyle
Drinkers ratio  1.00 0.0 074 04 071 05 029 05 067 06 031 0.5 030 05 0.16 04 080 04 049 05 038 05 017 04wt
Smokers ratio  0.00 0.0 030 05 048 05 014 04 000 0.0 003 02 014 03 014 04 000 0.0 015 04 020 04 0.14 04+

Notes: Serum albumin concentrations were calculated only for visit survey participants (V = 264; men =59, women = 205). One visit survey participant was lost o
follow-up within 1 year after participation, so 1-year mortality data were collected from 303 participants. One-year mortality, and the ratios of drinkers and smokers

were calculated as O for no (alive) and 1 for yes (dead).
*p <.05; ¥*p < 01,
fSigm'ﬁca.m effect was observed among the four groups.
'Significant difference was observed between male and female.
SD = standard deviation.

were “Totally dependent” (Barthel index < 20) and had
*“Severely impaired’’ cognitive function (CDR > 3) were
categorized as “Fragile.”” Table 4 gives the number of
centenarians categorized in each of the 4 categories for each
gender. Only 5 (1.6%) of the centenarians were categorized
as “Exceptional” and 56 (18.4%) as “Nommal.”” Of the
“Normal” centenarians, 19 (33.9%) were “Fully indepen-
dent” (Barthe] index score = 100) and 32 (57.1%) had
“Excellent” cognitive ability. Most of the centenarians
(167; 54.9%) were categorized as ““Frail”’; of this “Frail”’
group, only 13 (7.8%) were physically “Independent” but
had cognitive problems, while 23 (13.8%) had “Good”
cognitive status but had physical problems. Seventy-six
participants (25.0%) were categorized as ‘‘Fragile.”

We did not evaluate the psychiatric aspects of these
participants. However, five of the “Exceptional’’ centenar-
ians had no adverse psychiatric symptoms: two usually go
out of the house for shopping, two participate in the day
service program provided by the local government for
hobby activities, and one is the chairperson of the Brussels
Sprout Association.

Validity of the New Categorization

To confirm the validity of the new categorization, we
assessed serum albumin concentration and 1-year mortality
after participation in the study as external criteria, and
compared these values among the groups (Table 4). We also
compared (alcohol) drinking and smoking status among the
groups as examples to explore the influences of environ-
mental factors on the functional phenotype (Table 4).
Participants were defined as being drinkers or smokers if
they ever had or now have a drinking or smoking habi,
respectively. No significant effect of age was observed
among the groups. A significant effect of group (p < .01)
was observed for serum albumin concentration. Further
multiple comparisons indicated that the ‘“Exceptional’ and
“Normal” groups had higher serum albumin concentrations
than the “Frail”’ and “Fragile”” groups did (p < .05). The
“Fragile” group had significantly lower serum albumin
concentrations than the “Frail” group did (p < .05). The
same analysis for 1-year mortality revealed a significant

effect of group (p < .05), indicating that those categorized
as “Normal” and “Frail” survived longer than those
categorized as “Fragile” did. Quite remarkable is the fact
that every one of the ‘‘Exceptional” centenarians survived
for at least 1 year after participation in this survey. Although
the differences in serum albumin concentration and 1-year
mortality between the “Exceptional’’ and ‘‘Normal’’ groups
were not significant (because of the small number of
centenarians in the former group), our new classification
method could appropriately discriminate two higher func-
tional groups (Figure 1). This is a particularly notable
characteristic of our classification method in comparison
with single-domain classification methods (for example,
using CDR, MMSE, and Barthel index alone; Figure 1).

With regard to the influence of lifestyle, the higher func-
tional centenarians included fewer habitual smokers and more
drinkers. Statistically, the main effect of group was observed
for lifestyle (p < .01). Further multiple comparisons
identified no group-by-group differences. Although there
were few smokers among the centenarians (n =47, 15.4%),
three currently smoking centenarians were categorized as
*““Frail,” and all five centenarians categorized as “Normal”
among the smokers had quit smoking in their early 60s. No
such characteristics were found for drinking habit.

Discussion .

First, we confirmed the previously reported finding that
there is a deterioration of functional status among cente-
narians in comparison with their younger cohorts (3—11,22—
27). We also confirmed that male centenarians outperform
female centenarians in both cognitive (6,7,9,22,24) and
physical function (4,6-8,27). In addition, we adopted visual,
hearing, physical, and cognitive functions as key variables
and categorized the centenarians into four phenotypes.
Compared with single-domain categorizations of each
cognitive and physical function, this functional phenotyping
method seems to have distinct advantages. The number of
“Exceptional” centeparians was small in this study, and
so some of the comparative data did not reach statistical
significance, yet 1-year mortality and serum albumin con-
centrations among the ‘‘Exceptional’” centenarians were
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Figure 1. One-year mortality rate (lff) and sernm albumin concentration (right) as compared with different categorization systems. Clear differences were observed
between the higher functional group (bold arrow) among the different classification methods. Data are presented as standardized scores.

higher than among the ‘“Normal™ centenarians (who were
also categorized as being healthy) and, needless to say,
among the “Frail” and “Fragile” centenarians.

Furthermore, we found that retrospective lifestyle also has
an influence on the functional statns of centenarians. There
was anegative relationship between smoking habits and func-
tional status. There were no smokers among the “Exceptional”
participants, whereas more than 10% of each of the other
groups included habitual smokers. In addition, 29% of
physically “‘Independent” and 17% of cognitively ‘‘Excel-
lent’’ centenarians were smokers, At the same time, there was
a positive relationship between drinking habits and functional
status. Eighty percent of ‘‘Exceptional”” and 49% of “Nor-
mal’’ participants reported having a drinking habit, whereas
less than 40% of ““Frail’”’ and ““Fragile’’ centenarians did so.
The causal relationship between drinking and functional sta-
tus seems to be indistinct compared with smoking. The con-
stitutional differences that allow drinking might influence
functional status rather than the positive effect of the drinking
habit itself (28). Genetic factors are thought to be more impor-
tant than environmental factors for survival to an extremely
old age (29); however, the results presented here indicate that
lifestyles are important to the functional status of oldest old,
even though they succeeded in surviving to be 100 years old.

With regard to single-domain functional status, we have
confirmed the evident deterioration in both physical and
cognitive function among centenarians. The New England
study, which used the same scale, would be a good ref-
erence, Regarding dementia prevalence, 76% Tokyo cen-
teparians suffer from dementia; meanwhile, this rate was
80% in the New England study (CDR > 0.5). Regarding
physical function, the New England study showed a higher
independence ratio (44%) than did our study (20%).
Physical frailty might be a significant characteristic of
Japanese centenarians.

We adopted MMSE > 21 as a cutoff point for a cognitive
ability of *““Not impaired.” This criterion was based on the
original MMSE article (21), was used to screen the
cognitively intact centenarians in the Georgia centenarian
study (11), and is 1 point higher than the criterion used in
the Italian centenarian study, which used the term ‘‘absence
of severe cognitive impairment™ (13). This cutoff point is
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lower than that used in other recent studies for younger
elderly persons (23,24). Previous studies did not evaluate
suitable cutoff points for MMSE scores in centenarians
in conjunction with external criteria. Many studies have
reported a declining trend of MMSE scores with increasing
age (30-32). The average MMSE score of the healthy
oldest-old population in Tokyo was 25 (range 14-30) for
men and 24 (range 8-30) for women (33). Moreover,
MMSE scores tend to underestimate the cognitive ability of
centenarians, because of sensory deterioration (22,25).
Thus, we combined the MMSE and CDR to define cognitive
status. We believe that this combination of assessment
methods is suitable for evaluating the cognitive status of the
oldest-old population. Comparative studies using the same
method are needed to confirm the suitability of the MMSE
cutoff-point criterion in other populations.

Compared with the available oldest-old (854 years) data
in Tokyo (34), the number of people who have impairments
in cognitive or physical functions was twice as high among
our cenfenarians. This finding indicates that the increasing
number of oldest-old persons will be accompanied by a
great deal of dependent people. At the same time, among
167 “Frail” centenarians, 55 (32.9%) were cognitively la-
beled as “Good,” but had a deteriorated basic ADL score.
This indicates that the psychological adaptation to functional
deterioration is important in extremely old people (35-37).
We need to focus more on the psychological and emotional
aspects than on functional status in centenarians. :

We should bear in mind the importance of having a stan-
dardized method with which to evaluate the functional status
of centenarians. In Okinawa, a decline in the physical function
of centenarians was reported to have occurred between 1976
and 1994 (38). This evidence led us to investigate the relation-
ship between the increasing number of extremely old persons,
the proliferation of centenarians (12), and their functional
status. There have been some reports of positive generational
improvements in physical and cognitive function (39,40);
however, this may not be true for centenarians. The frequency
of frail centenarians, who would be assumed to have low
genetic advantages for longevity, might increase in the future.

We introduced a new categorization framework for
classifying centenarians according to their functional
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phenotype by using commonly used measures. We did not
examine the influences of medical history (13,15) or other
lifestyle factors, and further study is required to determine
the factors that differentiate between ‘“Exceptional” and
“Normal” as well as between healthiness and frailty. The
phenotypes revealed by this study will be helpful to explore
factors that contribute to exceptional longevity (14) and to
the discrimination between the influences of genetic and
environmental factors on healthy aging,
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Background: Evidence from experimental models of longevity indicates that mainte-
nance of energy homeostasis could be indispensable for longevity across various species.
In humans, it has been reported that maintenance of glucose homeostasis and vascular
stability is one biomedical feature of centenarians, who have reached the maximum life-
span. We hypothesized that adiponectin, a novel anti-inflammatory adipocytokine, could
be a protective factor against age-related metabolic alteration and atherogeneity in
centenarians,

Methods: We measured plasma adiponectin concentration in 66 female centenarians
and body mass index (BMI)-matched female controls (mean age 28.3 £ 6.3 years), followed
by a genetic analysis of adiponectin locus.

Results: As compared to BMI-matched female controls, female centenarians had signif-
icantly higher plasma adiponectin concentrations. In addition, high concentrations of
plasma adiponectin in centenarians was associated with favorable metabolic indicators,
and with lower levels of C-reactive protein and E-selectin. In contrast, genetic analysis of
10 single nucleotide polymorphism (SNP) at adiponectin locus did not show significant
association between the adiponectin gene variation and longevity.

Conclusions: Our results suggested that hyperadiponectinemia in centenarians could
play a role in maintenance of energy homeostasis and vascular stability, and may contrib-
ute to longevity.

Keywords: adiponectin, centenarians, inflammation marker, leptin, single nucleotide
polymorphism (SNP).
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Advancing age is frequently associated with diabetes,
predominantly type 2 diabetes, and impaired glucose
tolerance (IGT). Therefore, the prevalence of diabetes is
substantially increasing with the explosion of the elderly
population in most developed countries."” It is widely

© 2006 Japan Geriatrics Society
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accepted that age-related increase in insulin resistance
and changing body fat distributions, in particular vis-
ceral fat obesity, are prominent risk factors for type 2
diabetes in the elderly as well as other age-related dis-
ease such as atherosclerotic cardiovascular disease
(CVD).2* To date, there has been much effort to under-
stand the pathophysiology of age-related insulin resis-
tance, and several plausible mechanisms responsible for
this phenomenon have been proposed.®® Above all,
roles of visceral fat depots and dysregulation in adipo-
cyte-derived peptides, such as tumor necrosis factor-o,
(TNF-0),” leptin®® and plasminogen activator inhibitor-
1 (PAI-1),'° on the metabolic alterations associated with
aging have been extensively studied.

Although the number of centenarians is dramatically
increasing all over the world, they are still exceptional
and examples of successful aging. Accumulations of
findings from centenarian studies in the last decade sug-
gest that despite the inevitability of senescent change
usually described as ‘complex remodeling’,'! centenari-
ans are examples of the ‘survival of the fittest’ and the
physiological elite in some aspects. For example, cente-
narians have exceptionally preserved insulin sensitivity"
and have an extremely low frequency of diabetes melli-
tus.”® Evidence from experimental models of longevity,
such as daf-2 mutant in Caenorhabditis elegans'* and a
caloric restriction in non-human primates,'s indicate
that maintenance of energy homeostasis, especially of
insulin/insulin-like growth factor (IGF)-1 pathway,
could be indispensable for longevity across various spe-
cies. Aging is also a potent risk factor for CVD; never-
theless, most centenarians have escaped those fatal
diseases. A recent prospective study has demonstrated
that even in an apparently healthy middle~aged popula-
tion, most insulin-sensitive individuals had the lowest
risk for age-related disease such as hypertension, CVD
and cancer.'® Although the molecular basis of charac-
teristics in centenarians remains poorly understood,
preserved insulin sensitivity could be a fundamental fac-
tor for longevity.

Adiponectin, an adipocyte-derived anti-inflammatory
protein, has been proposed to improve insulin sensitiv~
ity in animal models of insulin resistance caused by both
obesity and lipoatrophy."” Plasma adiponectin concen-
trations are reduced in individuals with obesity," type 2
diabetes'” and CVD,” being inversely associated with
body adiposity and with insulin resistance. This novel
adipocytokine is also proposed to have protective role
against vascular injury.” Based on these evidences, we
focused on this unique adipocytokine as a protective
factor of centenarians against age-related metabolic
alterations and vascular injury. In the present study, we
measured plasma adiponectin concentration followed
by a genetic analysis of adiponectin locus to investigate
whether hyperadiponectinemia could be associated with
longevity.

© 2006 Japan Geriatrics Society

Subjects and methods

Plasma adiponectin concentration across various ages

The details of the Second Wave of Tokyo Centenarians
Study have been described elsewhere.”” Briefly, a total of
256 Japanese centenarians (190 females and 66 males)
living in the Tokyo metropolitan area, were recruited
between April 1999 and January 2001 by using a
national registry of centenarians published by the Min-
istry of Health, Welfare and Labor. For the present
study, a random sample of 66 females and 28 males was
additionally examined for plasma concentrations of adi-
ponectin and vascular endothelial markers. There was
no difference in age, sex or body mass index (BMI) dis-
tributions between our sample and other participants of
the Tokyo Centenarians Study. Seventy-four centenari-
ans were living at home, and 20 were institutionalized,
but were in neither acute settings nor receiving tube
feeding, Fifteen centenarians who received antihyper-
tensive treatment, and one female centenarian followed
by a general physician as having diabetes without antidi-
abetic medication were included in the present study.

We selected two categorized controls for the compar-
ison of plasma adiponectin concentration in centenari-
ans. For the first, BMI-matched controls (mean age
28.6 £ 6.3 years old) were recruited from hospital work-
ers and medical and nursing school students, who were
clinically well and did not have any chronic diseases
including anorexia nervosa. Owing to difficulties in
recruiting BMI~matched male controls (meann BMI of
male centenarians was 19.1 £ 3.1, range 15.1-27.5) and
gender differences in plasma adiponectin concentra-
tions, we restricted main statistics to female participants
only. For the other controls, 38 female subjects with
mean age of 76.3+ 7.9 years old were recruited from
healthy elderly subjects, who underwent a medical
examination at our hospital.

Plasma obtained from each participants was immedi-
ately separated by centrifugation at 4°C and stored at —
80°C until subsequent assay. Blood chemistry analyzes
included screening for liver and renal dysfunction. The
concentrations of total cholesterol (TC), triglyceride
(TG), and high-density lipoprotein cholesterol (HDL.-
C) were determined by standardized automated proce-
dures. Glycosylated hemoglobin (HbA1lc) levels were
determined by an isoelectric focusing method with the
normal range of 4.3-5.8%. Serum C-reactive protein
(CRP) was measured with a latex-enhanced turbidimet~
ric immunoassay. Plasma adiponectin concentrations
were determined with an enzyme-linked immunosor-
bent assay (ELISA) as described previously (Otsuka
Assay Laboratory, Tokyo, Japan).!® Plasma leptin con-
centrations were determined using a commercial radio-
immunoassay. For measurement of thrombomodulin
and E-selectin, blood was collected separately in a tube
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containing 3.8% sodium citrate. The plasma thrombo-
modulin concentrations were determined by enzyme-
immunoassay (EIA) sandwich methods, and E-~selectin
were determined by using a commercially available
ELISA kit (R&D Systems, Minneapolis, MA, USA)

Genetic study at adiponectin locus

Several single nucleotide polymorphism (SNP) at the
adiponectin locus were reported to be associated with
risk of type 2 diabetes.” To examine the possible asso-
ciation between this locus and longevity, 10 polymor-
phisms at the adiponectin locus including eight SNP
described by Hara eral.,”® were genotyped with 233
DNA from centenarians (188 female and 45 male) and
151 DNA from healthy volunteers (90 female and 61
male, mean age 37.7 = 11.5 years, range 20-65 years) by
direct sequencing. A written informed consent was
obtained from every participant and the ethical commit-
tees of Keio University School of Medicine and RIKEN
Yokohama Institute approved this protocol.

Statistical analysis

Data are expressed as mean (SD). Concentrations of
TG, CRP, leptin and adiponectin were logarithmically
transformed for statistical analysis in order to reduce
skew. Comparisons between centenarians and controls
were calculated by a Student’s unpaired #-test. Pearson’s
simple correlation coefficients were used to assess the
potential associations of BMI, lipid parameters, serum

albumin, HbAlc and systemic and vascular inflamma-
tion markers with adipocytokines. Multiple regression
analysis was calculated with HbA1c levels as dependent,
and plasma adiponectin and other modifiable factors as
independent variables to determine the quantitative
effects of covariates. Because non-fasting blood sample
was utilized, TG was not included for correlation anal-
ysis. Plasma adiponectin levels were reported not to be
affected by food intake®® The x* test was performed
between centenarians and control subjects for each
allelic frequency. P < 0.05 was considered as statistically
significant.

Results

Clinical and biochemical characteristics of the study
participants are shown in Table 1. The mean HbAlc
level was significantly higher in centenarians than in
BMI-matched younger controls (P<0.001) but was,
however, comparable with that in elderly controls. Five
centenarians (6.4%) had HbAlc> 6.0% and the rest
had normal values. In regard to adipocytokines, there
was a striking difference between centenarians and two
controls. Mean concentration of plasma adiponectin in
female centenarians was almost twice as high as those in
BMI-matched female controls (20.3+7.4, 10.8£3.9,
P < 0.001, respectively), and also higher than those in
elderly controls (P < 0.001). In contrast, serum leptin
levels in female centenarians was significantly lower as
compared to both controls. Among vascular endothelial
markers, plasma thrombomodulin concentration was

Table1 Clinical and biochemical characteristics of centenarians and controls

BMI-matched  Elderly Female P (1) P (2)

controls controls centenarians ~ BMI-matched Elderly vs

(11= 66) (n=38) (n=66) vs centenarians centenarians
Age (years) 28.3 (6.3) 76.3 (7.9) 100.7 (1.0) <0.001 < 0.001
BMI (kg/m?) 19.5 (2.3) 22.6 (3.6) 19.5 3.1) Matching factor < 0.001
SBP (mmHg) 115 (11) 139 (18) 146 (24) < 0.001 <0.248
DBP (mmHg) 72 (9) 74 (10) 76 (17) 0.299 0.431
Adiponectin® (ug/mL) 10.8 (3.9) 14.9 (6.4) 20.3 (7.4) < 0.001 < 0.001
Leptint (ng/mL) 8.2 (5.8) 10.5 (6.4) 4.7 (3.8) < 0.001 <0.001
Total cholesterol (mg/dL) 165 (25) 213 (25) 175 (31) 0.057 <0.001
Triglyceride® (mg/dL) 55 (24) 99 (25) 91 (36) < 0.001 0.225
HDL cholesterol (mg/dL) 70 (11) 60 (13) 58 (13) <0.001 0.526
Albumin (g/dL) 4.7 (0.2) 4.1 (0.3) 3.8 (0.4) < 0.001 0.013
Creatinine (mg/dL) 0.6 (0.1) 0.7 (0.1) 0.9 (0.4) < 0.001 0.091
HbAlc (%) 4.7 (0.3) 5.2 (0.3) 5.6 (0.7) < 0.001 . 0.065
CRP? (mg/dL) 0.03 (0.03) 0.17 (0.14) 0.22 (0.36) <0.001 0.231
Thrombomodulin (U/mL) 2.0 (0.8) 2.3 (0.5) 4.2 (1.5) < 0.001 <0.001
E-selectin (ng/mL) 37 (15) ND 40 (20) 0.538 -

ML ogarithmically transformed values were used for statistical analysis, but pretransformed values are expressed. Data were mean
(SD) unless otherwise indicated. BMI, body-mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ND, not
determined; HDL-C, high-density cholesterol; CRP, C-reactive protein.
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significantly higher in centenarians (P < 0.001), while B~
selectin concentration in centenarians was comparable
with that in controls (P = 0.538).

Figure 1 shows a simple correlation of logarithmically
transformed adiponectin with biomedical variables in
female centenarians. In female centenarians, the loga-
rithmically transformed adiponectin concentration was
negatively correlated with BMI (r =-0.245, P = 0.048) as
well as the logarithmically transformed leptin concen-
tration. Furthermore, it showed strong negative corre~
lations with HbA1lc and CRP {(r=-0.311; P=0.01, r=
~0.316; P = 0.009, respectively) and positive correlation
with HDL-C (r=0.270, P=0.029). Adiponectin con-~
centration was also negatively correlated with E-selectin
(r=-0.261, P=0.03). Plasma adiponectin concentra-
tion was not associated with serum albumin or with
serum creatinine (Cr). In line with a previous report of
consistent associations between serum leptin concen-
tration and body adiposity,®* plasma leptin concentra-~
tion in female centenarians was highly correlated with
their BMI (r= 0.555, P < 0.001).

Correlations of adiponectin with variables in BMI-
matched female controls are shown in Figure 2. The

logarithmically transformed adiponectin concentration
was associated with neither BMI nor logarithmically
transformed leptin in BMI-matched controls, however,
was positively correlated with HDL-C (r= 0.385,
P =0.0014). Adiponectin concentrations seemed to be
negatively associated with HbAlc, though the associa-
tions did not reach statistical significance (r= -0.239;
P =0.053).

We also performed stepwise multiple regression anal-
ysis to evaluate independent contributions of adipocy-
tokines to the variance in HbA1c levels in centenarians.
Plasma adiponectin and leptin concentrations, TC and
E-selectin, which had significant association with
HbAlc by a simple correlation analysis, were included
as independent variables. Multiple regression analysis
showed that plasma adiponectin concentration was the
most powerful predictor of HbA1c in centenarians (P=
0.0080). In controls, BMI was the only parameter, which
was correlated with their HbAlc levels (r=0.270,
P =0.028).

In the genetic study, 233 Japanese centenarians and
151 healthy younger controls were genotyped for an
association analysis using 10 SNP at the adiponectin
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locus. These polymorphisms showed no significant dif-
ference between centenarians and controls (Table 2).
This result was reproduced when female and male par-
ticipants were examined independently (data not
shown). The genotype frequencies in our sample fitted
Hardy-Weinberg  equilibriura  expectations  with
remarkable fidelity (data not shown). We further studied
associations between each genotype and plasma adi-
ponectin concentration in 66 female centenarians
(Table 3). There was a similar trend as in a previous
report,® which showed a gradual increase in adiponec-
tin concentration with T allele of SNP 276, but without
significance. No other significant associationn was
found.

Discussion

In the present study, we demonstrated a substantially
high concentration of plasma adiponectin in female
centenarians as compared to both BMIl-matched
younger controls and elderly subjects with mean age of
76 years old. We also found that plasma adiponectin in
centenarians showed a strong and negative correlation
with the levels of HbAlc, and positive association with
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HDL-C. Furthermore, plasma adiponectin concentra-
tions in centenarians were negatively associated with
systemic and vascular-specific inflammation indicated
by CRP and E-selectin, respectively. Similar associations
of adiponectin concentrations with HDL-C and HbAlc
were observed in BMI-matched controls, however,
those with inflammation markers seemed to be unique
in centenarians. There is ample evidence from ex-
perimental studies that support antidiabetic and anti-
atherogenic properties of adiponectin. In rodents,
administration of adiponectin has been demonstrated to
improve insulin sensitivity through phosphorylation
and activation of 5’-adenosine monophosphate (AMP)-
activated protein kinase in muscle®® Adiponectin has
also been demonstrated to suppress lipid accumula-
tion in monocyte-derived macrophages through the
suppression of macrophage scavenger receptor
expression. Our data on hyperadiponectinemia in
centenarians sympathizes with recent lines of evidence
which demonstrated metabolically favorable effects of
adiponectin, suggesting possible roles of adiponectin in
maintenance of energy homeostasis, especially glucose
metabolism and vascular stability even in the extremely
old aged.
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Table 2 Genotypic and allelic distributions of single nucleotide polymorphism (SNP) in adiponectin locus between
centenarians and younger controls

APM1 SNP 7 Genotype Allele P

-11414 AA AG GG A G
Centenarians 233 137 (58.8) 87 (37.3) 9(3.9 361 (77.5) 105 (2.5) 0.91
Controls 151 87 (57.6) 59 (39.19 5(3.3) 233 (77.2) 69 (22.8)

-11379 cC CG GG C G
Centenarians 233 127 (54.5) 98 (42.1) 8 (3.4 352 (75.5) 114 (24.5) 0.528
Controls 151 82 (54.3) 58 (38.4) 11 (7.3) 222 (73.5) 80 (26.5)

-4036 AA AC CcC A C
Centenarians 232 202 (87.1) 27 (11.6) 3(1.3) 431 (92.9) 33 (7.19 0.953
Controls 150 129 (86.0) 21 (14.0) 0 (0.0 279 (93.0) 21 (3.0

-3964 AA AG GG A G
Centenarians 232 204 (87.9) 25 (10.8) 3 (1.3) 433 (93.3) 31 (6.7) 0.993
Controls 150 130 (86.7) 20 (13.3) 0 (0.0) 280 (93.3) 20 (6.7)

45 T TG GG T G
Centenarians 230 113 (49.1) 98 (42.6) 19 (8.2) 324 (70.4) 136 (29.6) 0.898
Controls 150 71 (47.0) 68 (45.0) 11 (7.3) 210 (70.0) 90 (30.0)

276 GG GT T G T
Centenarians 230 118 (51.3) 96 (41.7) 16 (7.0) 332 (72.2) 128 (27.8) 0.799
Controls 151 81 (53.6) 62 (41.2) 8 (5.3) 224 (74.2) 78 (25.8)

349 AA AG GG A G
Centenarians 233 114 (48.9) 100 (42.9) 19 (8.2) 328 (70.4) 138 (29.6) 0.51
Controls 151 68 (45.0) 71 (47.0) 12 (7.9) 207 (68.5) 95 (31.5)

639 T TC CC T C
Centenarians 233 79 (33.9) 112 (48.1) 42 (18.0) 270 (57.9) 196 (42.1) 0.411
Controls 151 61 (40.3) 62 (41.0) 28 (18.5) 184 (60.9) 118 (39.1)

712 AA AG GG A G
Centenarians 233 76 (32.6) 113 (48.5) 44 (18.9) 265 (56.9) 201 43.1) 0.981
Controls 151 52 (34.4) 68 (45.0) 31 (20.5) 172 (56.9) 130 (43.0)

967 GG GA AA .G A
Centenarians 233 111 (47.6) 104 (44.6) 18 (7.7) 326 (70.0) 140 (30.0) 0.423
Controls 151 67 (44.4) 69 (45.7) 15 (9.9) 203 (67.2) 99 (32.8)

Numbers in parentheses indicate the values in percentages.

Numerous factors are known to affect plasma adi-
ponectin concentrations. Adiponectin is exclusively
expressed in and secreted from adipose tissue, however,
plasma concentrations of this  adipocytokine are
inversely correlated with body fat mass and reduced in
individuals with obesity,’® type 2 diabetes!® and CVD.?
Adiponectin concentration is also decreased in lipodys-
trophic patients in proportion to the degree of fat loss
and insulin resistance.”” Given the low BMI and leptin
levels, centenarians examined here are expected to have
adipose tissue depletion to some extent. Nevertheless,
exceptional individuals have markedly high concentra-~
tions of adiponectin compared with BMI-matched
younger controls. Plasma leptin concentration is con-~
sistently correlated with total fat mass, and is demon-
strated to be more closely associated with adipose cell
size than with adipose tissue hyperplasia.?® In addition,
upregulated adiponectin mRNA levels in small size adi-
pocytes induced by both heterozygous PPAR-y defi-

© 2006 Japan Geriatrics Society

ciency and administration of peroxisome proliferators-
activated receptor (PPAR)-y agonist were demon-
strated.”” Based on these experimental evidences and
our observations, we speculate that small sized adipo-
cytes could be dominant and play some roles as an
antidiabetic, and presumably thereby as an anti-aging
tissue in centenarians. To support this, further evidence,
especially concerning the regulation mechanism of adi-
pocyte function/differentiation among subjects with
exceptional health and longevity, seems to be essential,

Alternatively, high adiponectin concentrations in
female centenarians could be explained by age-related
renal dysfunction. Serum adiponectin concentration
was reported to be associated with renal dysfunction in
diabetic patients,® To clarify this point, we examined the
correlation between Cr and adiponectin concentration
in centenarians. Although Cr is not necessarily a reliable
indicator for renal function in the elderly, we found no
association between adiponectin and Cr, suggesting
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Table 3 Serum adiponectin concentrations stratified
by its genotypes in 66 female centenarians

SNP Genotype P
-11414 A/A A/G G/G

175 (7.3) 21.2(8.2) 16.8* 0.284
-11379  G/G G/A A/A

20.6 (8.4) 18.3(7.3) 13.0(0.2) 0331
-4036  A/A A/C C/C

18.8 (7.6) 23.0(94) - 0.301
-3964  A/A A/G G/G

18.8 (7.6) 23.0(94) - 0.301
45 T/T T/G G/G

19.5 (8.0) 18.6 (6.5) 23.4(12.7) 0.537
276 G/G G/T T/IT

17.8 (8.0) 20.7 (7.0) 23.1(%.8) 0.38
349 A/A A/G G/G

20.1 (8.1) 183 (6.3) 18.9(12.6) 0.756
639 /T T/C C/C

20.4 (8.9) 18.8(6.5) 16.9(8.0) 0.594
712 A/A A/G G/G

204 (8.9) 183 (6.5 189(.1) 0.685
967 G/G G/A A/A

19.7 8.1) 17.8(6.1) 21.6(17) 0.594

*Only one centenarian was genotyped as G/G of SNP-11414.
Log-transforned values are used in analysis but arithmetic
means are presented.

renal dysfunction may not be a major determinant of
adiponectin concentration in centenarians.

Genetic variation of adiponectin may have significant
impacts on its concentration in plasma. Hara etal
reported that SNP at positions 45 and 276 were associ-
ated with risk for type 2 diabetes and, in addition, SNP
at 276 contributed to adiponectin concentration in the
Japanese population.™ To investigate possible mecha-
nisms underlying hyperadiponectinemia in centenari-
ans as well as association of adiponectin gene variations
with longevity, we genotyped 10 SNP at the adiponectin
locus in centenarians. However, our data do not support
a significant contribution of genetic variation to both
adiponectin concentration and longevity. Although the
statistical power may not be enough to detect the asso-
ciations, we cannot conclude that adiponectin gene
is a major locus to affect longevity in the Japanese
population. Low BMI in centenarians may affect the
association between SNP at 276 and adiponectin
concentration. Hara et al.” also demonstrated that the
effect of SNP at 276 on adiponectin concentration was
BMI dependent. The association between SNP 276 and
adiponectin concentration was significant in the upper
tertile of BMI, but not observed in the lower tertile
group. This issue should be investigated in a future
study with a large sample size.
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Our study has several limitations. First, stepwise ele-
vation of plasma adiponectin concentrations across
various age groups raised the possibility that high
concentrations of adiponectin in centenarians could be
coincidental with aging itself. This issue should be con-
firmed by a longitudinal prospective study. Second, the
non-fasting state of our samples could restrict further
investigation on mechanism(s) responsible for anti-
diabetic effects of adiponectin in centenarians. For
example, we could not determine homeostasis model
assessment for insulin resistance (HOMA-IR). Third,
dysregulation of adipocytokines other than adiponectin
and leptin might have significant roles in age-related
metabolic alteration. Secretion of TNF-a in adipose tis~
sue was significantly correlated with percentage of body
fat and hyperinsulinemia in elderly subjects with non-
insulin dependent diabetes.® In the future, we should
conduct a comprehensive study that investigates the
interplay of those adipocyte-derived peptides and inte-
gration of their roles in metabolic alteration.

Conclusions

In this cross-sectional study, we demonstrated high adi-
ponectin concentrations in female centenarians, which
were associated with better metabolic and inflammatory
markers. Our results suggest that hyperadiponectinemia
in centenarians could play a role in maintenance of
energy homeostasis and vascular stability and may con-
tribute to longevity.
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