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            ABOUT one third of women and one half of men aged 
60 and older in the United States are estimated to have 

sarcopenia ( 1 ), defi ned as the loss of skeletal muscle mass 
and strength with aging ( 2 ). With aging, there is a decrease 
in muscle cross-sectional area, loss of muscle fi bers, and 
muscle fi ber atrophy. Humans lose about 20% – 40% of both 
skeletal muscle mass and strength from 20 to 80 years of 
age ( 3 , 4 ). Low skeletal muscle mass is associated with low 
strength ( 5 ), decreased lower extremity performance ( 6 ), 
functional impairment ( 7 ), falls ( 8 ), and physical disability 
( 1 , 4 , 7 , 9 ). Handgrip strength is strongly correlated with 
other measures of muscle strength and therefore is often 
considered representative of total body muscle strength 
( 10 ). Handgrip strength is predictive of incident disability 
and long-term mortality ( 11  –  13 ). 

 The pathogenesis of sarcopenia has been attributed to un-
dernutrition, oxidative stress, infl ammation, endocrine 
changes, and inactivity ( 2 , 4 , 14 , 15 ). Low circulating levels 
of antioxidant nutrients such as carotenoids and selenium 
are associated with poor grip strength ( 16  –  18 ) and impaired 
physical performance ( 19 ). Recently, it has been hypothe-
sized that advanced glycation end products (AGEs), bioac-
tive compounds that are formed by nonenzymatic glycation 
of proteins, lipids, and DNA, could play have a role in the 
pathogenesis of sarcopenia ( 20 ). AGEs are common in 

foods cooked at very high temperatures ( 21 ). Ingested AGEs 
upregulate oxidative stress and infl ammation through the 
receptor for AGEs (RAGE) ( 22 ) and could potentially in-
crease infl ammation and endothelial dysfunction in the mi-
crocirculation of skeletal muscle ( 20 ). The AGE product, 
pentosidine, is increased by more than 200% in skeletal 
muscle of older adults compared with younger adults, sug-
gesting that glycated-related cross-linking of intramuscular 
connective tissue may contribute to the decline in muscle 
function with aging ( 23 ). 

 The relationship between serum AGEs and circulating 
RAGE and muscle strength in older adults has not been 
characterized. We hypothesized that elevated serum AGEs 
are associated with poor muscle strength, potentially as a 
consequence of the aforementioned biological mechanisms. 
In order to address this hypothesis, we measured serum 
AGE and circulating RAGE in older women living in the 
community.  

 Methods  

 Participants 
 A cross-sectional study was conducted among 559 

women, aged 65 and older, from the Women’s Health and 
Aging Studies (WHAS) I, representative of the one third 
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most disabled women residing in the community in Balti-
more, MD. Participants were recruited from an age-stratifi ed 
random sample of women aged 65 years and older selected 
from Medicare enrollees residing in 12 contiguous zip code 
areas in Baltimore ( 24 ). Women were screened to identify 
self-reported physical disability that was categorized into 
four domains. The domains of disability were ascertained in 
a 20- to 30-minute home interview that included questions 
related to (a) mobility and exercise tolerance, that is, walk-
ing for a quarter of a mile, walking up 10 steps without rest-
ing, getting in and out of bed or chairs; (b) upper extremity 
function, that is, raising your arms up over your head, using 
your fi ngers to grasp or handle, lifting or carrying some-
thing as heavy as 10 pounds; (c) higher functioning tasks (a 
subset of instrumental activities of daily living, not includ-
ing heavy housework, ie, using the telephone, doing light 
housework, preparing your own meals, shopping for per-
sonal items); and (d) basic self-care tasks (a subset of non-
mobility-dependent activities of daily living, ie., bathing or 
showering, dressing, eating, using the toilet). WHAS I en-
rolled the one third most disabled women aged 65 and older, 
those with disability in two or more domains. Of the 1,409 
women who met study eligibility criteria, 1,002 agreed to 
participate in the study in 1992. There were no major differ-
ences in sociodemographic or reported health characteris-
tics between eligible participants and those who declined to 
participate ( 24 ). 

 Standardized questionnaires were administered in the 
participant’s home by trained interviewers. Mini-Mental 
State Examination (MMSE) was recorded ( 25 ). Geriatric 
Depression Scale, consisting of 30 items with a yes or no 
response, was assessed at each visit, and a score of 14 or 
higher indicating moderate to high level of depressive 
symptomatology ( 24 ). Race was assessed in a question-
naire as black, white, or other; current smoking as yes or 
no; and education as 0 – 8, 9 – 11, 12 years, or more than 12 
years as the highest level of formal education achieved. At 
every study visit, a trained registered full-time study nurse 
conducted an examination of each study participant in her 
home, using a standardized protocol that included physical 
performance measures, measurement of weight and height, 
standardized physical examination, MMSE, Geriatric De-
pression Scale ( 24 ), and assessment of current smoking 
and chronic diseases. Handgrip strength test was assessed 
by the nurse using a JAMAR hand dynamometer (Model 
BK-7498; Fred Sammons Inc., Brookfi eld, IL). Testing 
was done with the participant in a seated position and the 
elbow fl exed at 90 degrees. Three measurements were 
taken for each hand, and the participant was encouraged to 
exhibit the best force possible. Approximately 75% of 
women also consented to phlebotomy performed during a 
separate visit by a trained phlebotomist who followed a 
standardized protocol. Further details on the methods and 
sampling design of the WHAS studies are published 
elsewhere ( 24 ).   

 Laboratory Analyses 
 There were 1,002 women enrolled in WHAS I. Eight 

hundred seventy-nine women returned for the 12-month 
follow-up visit, of whom 580 participated in the blood 
drawing. The 559 women involved in the present study were 
signifi cantly younger, and a higher proportion had MMSE 
score <24, level of education <12 years, and stroke com-
pared with the 320 women who are not included in the pres-
ent analysis. Analyses of serum AGEs, sRAGE, and 
endogenous secretory receptor for advanced glycation end 
product (esRAGE) were done at the 12-month follow-up 
visit rather than at enrollment because of a greater availabil-
ity of serum from this visit. Nonfasting blood samples were 
obtained by venipuncture between 9  am  and 2  pm . Process-
ing, aliquoting, and freezing were carried out at the Core 
Genetics Laboratory of The Johns Hopkins University 
School of Medicine following a standardized protocol. 
Blood samples were delivered to Quest Diagnostics Labora-
tories (Teterboro, NJ) and in part stored continuously 
at  − 70°C until the time of analyses for serum AGEs and 
circulating RAGE. 

 The measure of serum AGEs in this study was serum 
carboxymethyl-lysine (CML). CML is a dominant circulat-
ing AGE, the best characterized of all the AGEs, and a dom-
inant AGE in tissue proteins ( 26 ). CML was measured using 
a competitive enzyme-linked immunosorbent assay (ELISA) 
(AGE-CML ELISA; Microcoat, Penzberg, Germany) ( 27 ). 
This assay has been validated ( 28 ), is specifi c, and shows no 
cross-reactivity with other compounds ( 27 ). Total sRAGE 
was measured using a sandwich ELISA (Quantikine Hu-
man RAGE Immunoassay; R&D Systems, Minneapolis, 
MN). This assay measures C-truncated RAGE that has been 
enzymatically cleaved from the cell surface as well as esRAGE. 
Serum esRAGE was measured using ELISA (B-Bridge Inter-
national, Mountain View, CA) ( 29 ). Measurements were all 
performed in duplicate according the protocol of the manu-
facturers, and the results were averaged. The interassay co-
effi cients of variation (CVs) for serum CML, sRAGE, and 
esRAGE were 4%, 7%, and 8%, respectively. 

 Serum carotenoids and serum selenium were included in 
these analyses because low levels of these nutrients have 
been previously associated with poor grip strength in this 
cohort ( 16  –  18 ). Serum carotenoids were measured by high-
performance liquid chromatography ( 16 ). Total carotenoids 
were calculated as the sum of  a -carotene,  b -carotene,  b -
cryptoxanthin, lutein/zeaxanthin, and lycopene in  m mol/L. 
The interassay CVs for  a -carotene,  b -carotene,  b -cryptox-
anthin, lutein, zeaxanthin, and lycopene were 12%, 8%, 
4%, 12%, 12%, and 7%, respectively. Plasma selenium was 
measured by graphite furnace atomic absorption spectrom-
etry using a Perkin Elmer AAnalyst 600 with Zeeman back-
ground correction. Samples were diluted 1:4 with a triton-X 
(Sigma Chemical, St. Louis, MO) and nitric acid solution 
(Fisher Scientifi c, Pittsburgh, PA), and the matrix modifi er 
was a palladium and magnesium nitrate solution (both 
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Perkin Elmer, Norwalk, CT). The instrument was calibrated 
daily using known plasma selenium standards (UTAK 
Laboratories, Inc., Valencia, CA). The interassay CV for 
selenium was 2%.   

 Statistical Analysis 
 Categorical variables were compared using  c  2  tests. Body 

mass index (BMI) was categorized as underweight (<18.5 
kg/m 2 ), normal range (18.5 – 24.9 kg/m 2 ), overweight ( ≥ 25 –
 29.9 kg/m 2 ), and obese ( ≥ 30 kg/m 2 ) according to World 
Health Organization criteria ( 30 ). An MMSE score of <24 
was defi ned as cognitive impairment ( 25 ). Linear regression 
analysis was used to examine the relationship between serum 
CML, sRAGE, and esRAGE and other factors with grip 
strength as a continuous outcome variable. Variables that 
were at a level of signifi cance of  p  < .10 in univariate analy-
ses were included in the multivariate models, except for 
hemoglobin A 1c  due to 144 missing values of this laboratory 
measure. Spearman correlations were used to examine cor-
relations between serum CML, sRAGE, and esRAGE. The 
statistical program used was SAS (SAS Institute, Cary, NC).    

 Results 
 Demographic and disease characteristics of the 559 study 

participants from WHAS I are    shown in  Table 1 . Overall, 
mean (standard deviation [ SD ]) grip strength was 19.7 (6.3) 
kg. In univariate analyses ( Table 2 ), grip strength was sig-
nifi cantly associated with age, race, BMI, MMSE <24, de-
pression, serum CML, and esRAGE. Grip strength was not 
signifi cantly associated with current smoking, education, 
serum sRAGE, hypertension, coronary heart disease, con-
gestive heart failure, peripheral artery disease, stroke, os-
teoarthritis, chronic obstructive pulmonary disease, or 
cancer. Spearman correlations between serum CML and 
sRAGE and esRAGE, respectively, were  r  = .18 and  r  = .18 
(both  p  < .0001) and between sRAGE and esRAGE was 
 r  = .89 ( p  < .0001).         

 Exploratory analyses of different percentiles identifi ed a 
defl ection of the regression line between serum CML and 
grip strength, and this point coincided with the upper 
quartile of serum CML. The quartile cutoffs for serum CML 
were 0.45, 0.55, and 0.68  m g/mL. Quadratic terms were ex-
amined and were not signifi cant. Mean ( SD ) grip strength 
among women in the highest quartile of serum CML com-
pared with the lower three quartiles was 18.2 (6.4) and 20.1 
(6.2) kg, respectively ( p  = .004). Women in the top quartile 
of serum CML had a signifi cantly higher risk of poor grip 
strength compared with women in the lower three quartiles 
in a multivariate linear regression analysis adjusting for age, 
race, BMI, MMSE <24, depression, and diabetes ( Table 3 ). 
Mean grip strength in women in the highest quartile of se-
rum CML versus women in the lower three quartiles was 
18.6 and 20.0 kg, respectively ( p  = .002), after adjusting for 
the same covariates in  Table 3 .     

 Table 1  .      Characteristics of Women in the Women’s Health and 
Aging Study I ( N  = 559)  

  Characteristic  N Mean ( SD ) or %  

  Age (y)  
     65 – 69 120 21.5 
     70 – 74 132 23.6 
     75 – 79 112 30.0 
     80 – 84 64 11.5 
     85 – 89 101 19.1 
      ≥ 90 30 5.3 
 Race (white) 398 71.2 
 Education <12 y 347 62.3 
 Current smoker 60 10.7 
 Body mass index (kg/m 2 )  
     <18.5 16 3.2 
     18.5 – 24.9 126 24.8 
     25.0 – 29.9 175 34.5 
      ≥ 30 190 37.5 
 Mini-Mental State Examination score <24 85 15.2 
 Grip strength (kg) 513 19.7 (6.3) 
 Hypertension 327 58.6 
 Coronary heart disease 126 22.5 
 Congestive heart failure 52 9.3 
 Peripheral artery disease 113 20.2 
 Stroke 27 4.8 
 Osteoarthritis 305 54.5 
 Diabetes mellitus 84 15.0 
 Chronic obstructive pulmonary disease 158 28.3 
 Depression 84 15.0 
 Cancer 62 11.1 
 Chronic renal disease 53 9.8 
 Hemoglobin A 1c  (%) 415 6.2 (1.3) 
 Carboxymethyl-lysine ( m g/mL) 555 0.59 (0.28) 
 Total sRAGE (ng/mL) 554 1.35 (0.71) 
 Endogenous secretory RAGE (ng/mL) 513 0.38 (0.21)  

    Note : RAGE = receptor for advanced glycation end product; SD = 
standard deviation.   

 Exploratory analyses did not show a threshold between 
serum sRAGE and grip strength, and serum esRAGE and 
grip strength. Both serum sRAGE and serum esRAGE, re-
spectively, were not signifi cantly associated with grip 
strength in multivariate linear regression analyses adjusting 
for age, race, BMI, MMSE <24, and depression ( Table 3 ). 
There were no signifi cant interactions between serum CML, 
sRAGE, or esRAGE, respectively, with race. 

 In order to determine whether total carotenoids and sele-
nium were independently associated with grip strength, we 
entered both total carotenoids and selenium into the same 
multivariate model. Total carotenoids ( m mol/L) (beta = 0.59, 
standard error [ SE ] = 0.21,  p  = .005) and highest quartile of 
AGEs ( m g/mL) (beta =  − 1.62,  SE  = 0.62,  p  = .009) were as-
sociated with grip strength in a multivariate analysis adjust-
ing for age, race, BMI, MMSE <24, and depression. Serum 
selenium ( m g/dL) was not associated with grip strength in 
the same model (beta = 0.015,  SE  = 0.011,  p  = .18).   

 Discussion 
 The present study shows that moderately to severely dis-

abled older women living in the community with elevated 
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serum AGEs have poor grip strength. To our knowledge, 
this is the fi rst study to show an association between ele-
vated serum AGEs and poor skeletal muscle strength in hu-
mans. This observation is consistent with the hypothesis 
that AGEs play a role in sarcopenia ( 20 ). Increased AGEs 
may contribute to increased stiffness in muscle tissue and 
reduced viscoelastic properties of muscle and thus impair 
muscle function ( 23 ). In rats, AGEs accumulate in skeletal 
muscle with aging ( 31 ). AGEs are known to increase blood 
vessel stiffness ( 32 ) and bone rigidity ( 33  –  35 ) through 
cross-linking of collagen. AGEs also accumulate in en-
dothelial cells, where they contribute to endothelial dys-
function and upregulate infl ammation through RAGE 
( 20 , 23 ). Thus, AGE-related infl ammation could contribute 
to loss of myocytes ( 20 ) and, through this pathway, to loss 
of muscle mass and strength. 

 Diet is a major source of exogenous AGEs, and AGEs are 
especially high in Western diets where foods are processed 
under elevated temperatures such as by broiling, roasting, 
deep frying, oven frying, or grilling ( 21 , 36 ). The AGE con-
tent of the same food item can be increased 10- to 200-fold 
by increasing the temperature and conditions used in cook-
ing ( 37 ). About 10% of dietary AGEs are absorbed, of which 
about one third is excreted and two thirds deposited in tis-
sues ( 37 , 38 ). Restriction of dietary AGE intake reduces the 

 Table 2  .      Univariate Linear Regression Models of Serum 
Carboxymethyl-Lysine and Other Factors With Grip Strength  

  Characteristic Beta  SE  p   

  Age (y)  

     70 – 74  − 1.72 0.80 .03 
     75 – 79  − 2.44 0.82 .003 
     80 – 84  − 4.00 0.96 <.0001 
     85 – 89  − 6.08 0.85 <.0001 
      ≥ 90  − 6.21 1.30 <.0001 
 White  − 2.67 0.61 <.0001 
 Education <12 y  

 Body mass index (kg/m 2 ) 0.38 0.57 .51 

     <18.5 0.61 1.66 .71 
     25.0 – 29.9 1.30 0.68 .06 
      ≥ 30 3.90 0.67 <.0001 
 Mini-Mental State 
Examination score <24

 − 2.00 0.78 .01 

 Hypertension 1.06 0.56 .06 
 Coronary heart disease 0.52 0.68 .45 
 Congestive heart failure  − 1.52 0.99 .12 
 Peripheral artery disease  − 0.40 0.71 .57 
 Stroke  − 0.86 1.30 .51 
 Osteoarthritis  − 0.07 0.56 .90 
 Diabetes mellitus 1.39 0.78 .07 
 Chronic obstructive 
pulmonary disease

0.88 0.63 .16 

 Depression  − 1.82 0.79 .02 
 Cancer  − 0.37 0.90 .67 
 Hemoglobin A 1c 0.41 0.22 .06 
 Serum CML, highest quartile  − 1.88 0.65 .004 
 Serum sRAGE (ng/mL)  − 0.45 0.38 .24 
 Serum esRAGE (ng/mL)  − 2.94 1.28 .02  

   Note :  CML = carboxymethyl-lysine; esRAGE = endogenous secretory 
receptor for advanced glycation end product.   

 Table 3  .      Multivariate Linear Regression Models of Serum 
Carboxymethyl-Lysine, sRAGE, and esRAGE With Grip Strength  

  Characteristic * Beta  SE  p   

  Serum CML, highest quartile versus 
 lower three quartiles

 − 1.31 0.61 .03 

 Serum sRAGE (ng/mL) 0.44 0.27 .10 
 Serum esRAGE (ng/mL) 1.16 1.30 .38  

   Notes :  CML = carboxymethyl-lysine; esRAGE = endogenous secretory 
receptor for advanced glycation end product; SE = standard error.  

  *       Separate models were fi t for serum CML, sRAGE, and esRAGE, and 
each model was adjusted for age, race, BMI, Mini-Mental State Examination 
score <24, depression, and diabetes.   

expression of C-reactive protein and adhesion molecules 
and improves endothelial function ( 39 , 40 ). In animals, di-
etary restriction of AGEs increases longevity in a magnitude 
comparable to caloric restriction ( 41 ). 

 Both elevated serum AGEs and low serum carotenoids 
were independently associated with poor grip strength. Se-
rum carotenoids are considered the strongest indicator of 
fruit and vegetable intake ( 16 ). The fi ndings from this study 
suggest that two potentially modifi able dietary risk factors 
are associated with skeletal muscle strength. A limitation of 
this study is that causality cannot be strongly inferred in a 
cross-sectional study. It is possible that older women with 
poor grip strength were physically less able to have access to 
a more healthy diet, that is, greater intake of fruits and veg-
etables and lower intake of foods processed at very high tem-
peratures. The relationship between serum AGEs and skeletal 
muscle strength and physical performance needs to be exam-
ined in prospective studies to determine whether elevated 
serum AGEs predict a decline in skeletal muscle strength. 

 Circulating RAGE was not associated with grip strength. 
Other studies have shown that circulating RAGE is elevated 
in diabetes ( 42 , 43 ) and renal failure ( 44 ). It is possible that 
circulating RAGE may be more strongly related to other 
systemic processes than those that affect skeletal muscle. 
The associations between sRAGE, esRAGE, and grip 
strength were in the same direction as serum AGEs, and it is 
also possible that larger sample size and power are needed 
to examine the association between circulating RAGE and 
skeletal muscle strength. 

 The present study was conducted among older, moderate 
to severely disabled women living in the community, and it 
is not known whether there is an association between ele-
vated serum AGEs and poor grip strength in younger peo-
ple, among less disabled older women, and among men. 
The association between serum AGEs and grip strength was 
observed in a population of disabled women with mean grip 
strength of 19.7 kg, which is relatively low when compared 
with mean grip strength of 26.4 kg observed in a popula-
tion-based sample of men and women ( 18 ). Further studies 
are needed to expand these investigations to other popula-
tions. In summary, serum AGEs were independently associ-
ated with grip strength, an observation which is consistent 
with the general concepts that AGEs may alter the structural 
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property of tissues, including skeletal muscle, and contrib-
ute to muscle damage through the RAGE pathway and in-
creased infl ammation.     
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