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Abstract

Background—Oxidative stress (OS) and inflammatory mediators increase with aging. The levels
of advanced glycation endproducts (AGEs), prooxidant factors linked to chronic diseases such as
diabetes, cardiovascular disease, and renal disease, also increase with aging. AGEs are readily derived
from heat-treated foods. We propose that the excess consumption of certain AGEs via the diet
enhances OS and inflammatory responses in healthy adults, especially in elderly persons.

Methods—We examined 172 young (<45 years old) and older (>60 years old) healthy individuals
to determine whether the concentration of specific serum AGEs (Né-carboxymethyl-lysine [CML]
or methylglyoxal [MG] derivatives) were higher in older compared to younger persons and whether,
independent of age, they correlated with the intake of dietary AGEs, as well as with circulating
markers of OS and inflammation.

Results—Body weight, body mass index (BMI), and serum AGE, CML, and MG derivatives were
higher in older participants, independent of gender. Serum CML correlated with levels of 8-
isoprostanes (r =0.448, p =.0001) as well as with Homeostasis Model Assessment index (HOMA),
an index of insulin resistance (r = 0.247, p = .044). The consumption of dietary AGEs, but not of
calories, correlated independently with circulating AGEs (CML: r =0.415, p =.0001 and MG: r =
0.282, p =.002) as well as with high sensitivity C-reactive protein (hsCRP) (r = 0.200, p = .042).

Conclusions—Circulating indicators of AGEs (CML and MG derivatives), although elevated in
older participants, correlate with indicators of inflammation and OS across all ages. Indicators of
both AGEs and OS are directly influenced by the intake of dietary AGEs, independent of age or
energy intake. Thus, reduced consumption of these oxidants may prove a safe economic policy to
prevent age-related diseases, especially in an aging population.

There is clear evidence that oxidative stress (OS) increases with aging (1,2) and plays a
pathophysiologic role in chronic diseases highly prevalent in older persons, such as
cardiovascular disease (CVD), renal disease, and diabetes (3—-6). Although the causes of
increased OS in aging are not clear, excessive production of reactive oxygen species (ROS),
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and thus elevated OS, has been associated with several metabolic factors, including
hyperglycemia, hyperlipidemia, and high levels of advanced glycation endproducts (AGEs).

AGEs, also termed glycotoxins, are well-known triggers of excess ROS and abnormally high
OS (7,8). They also stimulate the synthesis and release of proinflammatory cytokines, setting
the stage for sustained activation of innate immunity responses through the activation of
transcriptional factors such as nuclear factor-kappa B (NF-xB) (9,10). AGEs are spontaneously
produced in human tissues and the circulation as a part of normal metabolism, but are especially
elevated in diabetic patients. Elevated levels of AGEs are clinically important because they are
associated with CVD, with and without diabetes (11,12). Although standardized AGE assays
are not yet available in most clinical laboratories, specific immunoassays exist for the detection
of several representative types of AGES that are present in human serum, urine, tissues, as well
as in dietary products (13,14). The assays most frequently used are based on immunoreactivity
probes for Ne-carboxymethyl-lysine (CML) or methylglyoxal (MG) derivatives (13-15).
Although it has been proposed that environmentally induced chronic OS can be attributed to
many factors (2), such as a high-fat diet, recent evidence suggests that OS may be affected by
oxidants present in standard nonfat diets (10,16). High levels of oxidants, such as AGEs, are
spontaneously generated in standard diets, where proteins and lipids, mixed with reactive
sugars are routinely processed under elevated temperatures, as in broiling, roasting, or grilling
(17-19). AGEs such as CML and MG derivatives are prime examples of dietary oxidants
(13). Recently, the levels of inflammatory molecules such as tumor necrosis factor-alpha (TNF-
o) and high sensitivity C-reactive protein (hsCRP) were reported to be reduced in diabetic and
nondiabetic uremic patients fed a diet which had a low content of AGEs, obtained by applying
reduced heat during preparation (10,20). Long-term reduction of heat-enhanced dietary AGEs
in mice attenuates insulin resistance and prevents the development of diabetes and diabetic
vascular and renal complications, and improves impaired wound healing (21-26). Furthermore,
life-long exposure of normal mice to an isocaloric diet with modestly reduced AGEs (by 50%)
prevented the anticipated age-linked OS and insulin resistance, resulting in a significantly
extended life span (27).

Based on the potential prooxidant effects of standard diets with high AGE content, and the
observation that OS often antedates the clinical manifestations of age-related chronic disorders
(28,29), we reasoned that systemic glycotoxins accumulate with age probably as a result of
life-long exposure to high levels of AGEs in the diet. This hypothesis had not been previously
explored in healthy persons. We thus proposed that AGE intake correlates with circulating
glycotoxin levels and that both serum glycotoxins and dietary AGE intake correlate with
markers of OS and inflammation, independent of age. The results presented in this study lend
support to these hypotheses.

Participants and Methods

Main Study

The study included 172 clinically healthy volunteers, 70 men and 102 women, distributed in
two age groups, a younger (aged 18-45 years; n =116) and an older (aged 60-80 years; n =56).
Overall, 69% of the participants were Caucasian (n =118), 17% Asian (n =30), and 14% African
American (n = 24). Exclusion criteria included a history of diabetes, hypertension, renal
disease, CVD, and diseases that are associated with inflammation or excessive OS. All
participants were healthy by routine physical examination, medical history, anthropometry,
and routine clinical chemistry measurements. Demographic data, body weight, height,
percentage of body fat, fasting blood samples, 24-hour urine collection, and 3-day dietary food
records were obtained at baseline. Participants maintained their usual diet and level of physical
activity. The Mount Sinai School of Medicine Institutional Review Board approved the study
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protocol and consent form. All participants were given a detailed description of the study and
provided written informed consent.

Body mass index (BMI) was calculated from body weight and height by the standard formula:
BMI = (weight in kg/height in m2). Percent body fat was estimated by measuring body
bioimpedance using the Tanita Bodyfat Analyzer TBF-105 (Arlington Heights, IL). In this
method, the participants stand barefoot over a small platform; the analyzer generates weight,
lean body mass, and % body fat. Creatinine clearance in mL/min/1.73m? was calculated by
the standard formula: creatinine clearance = (amount creatinine excreted in 24-hour urine/
plasma creatinine) and normalized for 1.73 m2.

Blood glucose, fasting plasma insulin (FI), plasma lipids, and plasma and urinary creatinine
were measured in the hospital clinical laboratory. Serum samples were tested for two common
protein-derived and lipid-derived AGEs—a stable glycoxidative product, EN-carboxymethyl-
lysine (CML) (4G9 MAD; Alteon, Inc., Northvale, NJ), and an AGE precursor, less stable
derivative of methylglyoxal (MG) (MG3D11), as previously described (13-15). Unless
otherwise stated, the term AGEs indicates CML immunoreactivity associated with both
proteins and lipids. FI, 8-isoprostane, and vascular cell adhesion molecule (VCAM-1) were
measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (30,31). TNF-
a was measured in peripheral blood mononuclear cells isolated from freshly drawn blood using
a commercial ELISA kit (10). We measured hsCRP by using nephelometry and an IMMAGE
Protein Analyzer (Beckman Coulter, Brea, CA) (31). Insulin resistance was calculated
according to the Homeostasis Model Assessment (HOMA\) index as: FI x Fasting glucose/22.5,
where Fl is insulin in microunits/mL and fasting glucose is expressed in mmol/L (32).

Daily dietary intake of AGEs was estimated from 3-day food records, which emphasized
information on cooking modalities, and used a database of > 250 foods with known AGE values
(17). Data were expressed as AGE Equivalents per day (Eg/d) (1000 AGE kU is equal to 1
AGE equivalent) (17). Nutrient intake was estimated using a nutrient software program (Food
Processor version 7.6; ESHA Research, Salem, OR).

Statistical Analysis

Results

The Kolmogorov-Smirnov goodness-of-fit test was used to test for normal distribution.
Because hsCRP, VCAM-1, 8-isoprsotanes, and TNF-o had a skewed distribution, they were
used log transformed in the analyses. Data are presented as mean + standard error of the mean
(SEM) in the tables and figures. Differences of mean values between groups were tested by
unpaired Student t test or analysis of variance (ANOVA) (followed by Bonferroni correction
for multiple comparisons), depending on the number of groups. Correlation analyses were
evaluated by Pearson’s correlation coefficient. Stepwise multiple regression analysis was
performed to assess variables that were independently associated with AGEs in the diet: serum
CML (sCML), hsCRP, VCAM-1, TNF-a, 8-isoprostane, and HOMA. Linear regression
models were used to examine the relationship of age and gender to each biochemical parameter
measured. Significant differences were defined as a p value < .05 and are based on two-sided
tests. Data were analyzed using the SPSS statistical program (SPSS 14.0 for Windows,
Chicago, IL).

General Characteristics

The mean body weight and BMI, Fl, fasting plasma glucose, lipids, and renal function were
all within the accepted normal range (Table 1). The percentage of body fat was higher in older
participants, although no age-related change of caloric intake was noted. Results are presented
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separately for men and women because in many hypothetical models we found a significant
AGE and gender interaction, and men were heavier than women. Although women as a group
had a higher percentage of body fat than men had, there was a significant age-related increase
in percent body fat in men. Older age was associated with significantly higher fasting blood
glucose and low-density lipoprotein cholesterol as well as with inflammatory markers hsCRP
and fibrinogen (Table 1). Compared to men, women had significantly higher serum high-
density lipoprotein cholesterol and lower low-density lipoprotein cholesterol. Also, women
had a lower intake of calories, proteins, and carbohydrates than men did. In general, older age
was associated with lower renal function, based on creatinine clearance, and lower daily AGE
intake (Table 1).

Serum AGEs, CML and MG Derivatives, and Age

Older (aged >60 years) participants, both male and female, had significantly higher serum
levels of two AGEs, CML and MG derivatives, compared to younger participants (aged <45
years) (Table 1, Figure 1). The association between age and serum CML (SCML), but not
between age and serum MG (sMG), persisted after adjusting for BMI, gender, and caloric
intake (Table 2).

Serum AGEs (CML and MG) Correlate With Markers of OS (8-Isoprostane) and of Insulin
Resistance (HOMA)

A significant correlation was observed between circulating levels of two AGEs, CML and MG
(r=0.66, p <.0001) (Figure 2). A significant relationship was also noted between the levels of
sCML and plasma 8-isoprostane, a marker of endogenous lipid peroxidation (Figure 3). The
levels of CML but not MG derivatives were significantly associated with 8-isoprostane, after
adjusting for age, gender, BMI, and caloric and dietary AGE intake. A similar association was
noted between sCML levels and HOMA, an indicator of insulin resistance (Table 3).

Relationship of Serum AGEs (CML and MG) to Levels of Dietary AGE Intake

The intake of dietary AGEs was significantly associated with SCML (r =0.46, p =.0001) (Figure
4A) and sMG (r = 0.37, p =.001) (Figure 4B). Both of these associations remained significant
after adjustment for age, gender, BMI, as well as caloric intake (Table 4). Neither age nor
caloric intake influenced the relationships between dietary AGE intake and circulating levels
of CML or MG derivatives.

Relationship of Intake of Dietary AGEs to Inflammatory hsCRP

The intake of dietary AGEs correlated positively with serum levels of hsCRP (r =0.200,p =.
042) (Table 3). This relationship remained significant after adjusting for age, gender, BMI,
caloric intake, sSCML, and sMG (Table 3). We found no independent association between AGE
intake and log 8-isoprostane or HOMA.

Stability of Dietary Calorie and AGE Intake

Thirty-nine participants were restudied after 6 £ 1 months. We found that caloric (1909 + 92
vs 1886 + 103 kcal/d, p = nonsignificant [NS]), AGE intake via the diet (15.1 £ 1.5vs 13.8 +
1.3 AGE Eqg/d, p = NS), and sSCML (9.6 £ 0.7 vs 10.2 £ 0.6 U/mL (p =NS) at the second time
point were very similar to the initial evaluation, with the exception of a slight, but significant
increase in SMG values (0.60 £ 0.03 vs 0.78 £ 0.05 nmol/mL, p =.02).

Discussion

Enhanced OS and elevation of markers of inflammation often occur with aging (1,2,33). We
hypothesized that this age-associated trend is caused by increased levels of AGEs, which are
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molecules that have been found to cause OS and by this mechanism contribute to diseases such
as diabetes, CVD, and renal disease (3,6,9—-12). The current study demonstrates that serum
levels of common AGEs, such as CML and MG derivatives, are elevated in older persons.
Independent of age, the levels of glycotoxins correlated with the levels of established markers
of OS and inflammation. Furthermore, the dietary intake of AGEs is an independent correlate
of SCML and sMG derivatives as well as of hsCRP. These findings point to the potential role
of dietary and circulating AGEs in age-related diseases, especially of older adults.

We and other groups have used CML and MG derivatives as markers of a complex array of
AGEs, or glycotoxins (10,11,13-15). The highly significant correlation found between
circulating levels of CML and of MG derivatives in this group of normal participants is
consistent with the previous hypothesis that these derivatives represent markers of the same
biological process, namely the nonenzymatic protein and lipid glycoxidation (7,34). Our data
suggest that immunoassays can be used in the clinical setting, although methods of wider
applicability need to be established.

The strong and direct association of serum levels of CML with those of 8-isoprostane, an
indicator of endogenously generated lipid peroxidation products and a marker of OS (35,36),
could be interpreted as evidence that highly reactive carbonyl intermediates such as glyoxal or
MG can contribute not only to CML formation but also to lipid peroxidation (3,7,34), which
could enhance 8-isoprostane formation. This association has not been previously shown in
healthy humans. AGEs, attributed largely to high glycemic levels or impaired renal function
(8,37), have been known to promote ROS and a wide range of inflammatory responses, via
cell surface receptors, under disease conditions (10,12). Our study supports the notion that
AGE-activated signal pathway(s) may affect OS levels in healthy adults. These findings would
be consistent with evidence pointing to serum AGEs as a powerful risk factor for cardiovascular
mortality in nondiabetic women (11). Thus, SCML may be considered as a new indicator of an
underlying imbalance of OS and innate immune responses.

Based on several epidemiologic studies, a rise in OS among clinically normal individuals may
be important in the pathogenesis of insulin resistance and the metabolic syndrome (28,29,33,
38). The association found between SCML and HOMA levels of normal persons is suggestive
of a link between metabolic processes, which may antedate insulin resistance, diabetes mellitus,
or vascular dysfunction at any age (11,39). A similar relationship between high levels of
circulating AGEs and insulin resistance was observed in mice, in connection to high-fat and
high-AGE diet-induced diabetes (21), but not in the low-AGE—fed controls. In view of the
significant correlation between SCML and consumption of dietary AGEs found in this study,
together with relevant animal and human studies (10,11,20-27), an elevated SCML level may
indicate a need for preventive measures. In this context, the fact that we found dietary AGE
consumption to be an independent determinant of serum AGEs, CML and MG, as well as of
hsCRP suggests that dietary modification may be the intervention of choice. Dietary AGEs in
fact emerged as the best predictors of levels of SCML and hsCRP, even after adjusting for
confounders such as age, gender, BMI, and caloric intake. These findings are in agreement
with previous evidence in humans suggesting that the usual adult diet contains excessive
amounts of AGEs (10,16,20) and that, when ingested in excess, they can be readily reflected
in circulation and can cause systemic vascular changes (40).

AGEs are excreted by the kidneys, the normal capacity of which may be easily exceeded,
especially in the presence of renal disease, diabetes, or high AGE intake. When AGEs
accumulate, a large portion of ingested AGEs is retained in tissues (16,41), contributing to
increased OS and ultimately, to impaired organ function. As renal function slowly diminishes
with age, the ability to excrete AGEs could be further impeded (42-44), resulting in an
expanded total AGE burden, especially in elderly persons. This postulate may explain the

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2009 February 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Uribarri et al.

Conclusion

Page 6

mechanism by which serum AGE levels were significantly higher in the older group than in
the younger group, even though the intake of dietary AGEs by the older age group was reduced.

The content of AGEs in the food is strongly influenced by the methods of preparation,
particularly, the amount and duration of exposure to heat and by the associated amount of water
(17-19). Thus, methods such as frying or broiling greatly augment the AGE content of common
foods, compared to boiling and steaming (17). Restricting the use of high temperature in food
preparation, however modest, could lead to a significant AGE reduction in the same foods.
Consuming food with low amount of AGEs may help reduce the levels of systemic glycotoxins,
0S, and inflammation. This intervention may be particularly important in patients affected by
diseases where OS and inflammation play an important pathophysiologic role, such as diabetes
and/or renal diseases. Studies of mice fed a diet with an AGE content 50% lower than usual
throughout their life showed a reduction of systemic and tissue OS, metabolic and organ
changes, and more importantly, a longer life span (27). Taken together, these data may suggest
that consumption of a diet which contains a moderately low amount of AGEs may be beneficial
to healthy aging.

Reevaluation of the dietary calories and AGE intake 6 months after the initial data collection
indicated that both remained reasonably constant in this normal population. This finding
provides further validation of the instrument used in this study and suggests that this type of
assessment is ready for application in larger population studies.

Levels of consumption of dietary AGEs directly influence systemic levels of glycotoxins, and
this influence may contribute to a state of elevated OS and inflammation sustained throughout
adulthood, with significant adverse health consequences for all adults, and especially for the

aging population. This hypothesis should be tested in longitudinal studies and in randomized,
controlled trials evaluating the effect of a low AGE dietary intervention and health outcomes.
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Figure 1.

Page 9

Levels of serum advanced glycation endproducts (AGEs), carboxymethyl-lysine (sSCML) and
methylglyoxal (SMG) derivatives are elevated in older men and women. Fasting blood was
obtained in older (60-80 years old [y.0.]) and younger (18-45 y.0.) healthy participants for

measurement of CML and MG derivatives, by enzyme-linked immunosorbent assay, as

described. Data, representing the average of triplicate values, are shown as mean + standard

error of the mean, *p < .05.

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2009 February 20.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Uribarri et al.

sMG (pmol/ml)

Page 10

*»

0.5 1

r=0.66, p<.001

0 | T i

0 10 20 30
sCML (U/ml)

Figure 2.

Serum carboxymethyl-lysine (SCML) levels are highly associated with levels of serum
methylglyoxal derivatives (SMG). Fasting fresh blood samples obtained from study
participants were used for assessment of CML and MG derivatives, by enzyme-linked
immunosorbent assay. Data, representing triplicate values, are shown as linear correlations.
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Figure 3.

Serum carboxymethyl-lysine (SCML) levels are associated with plasma 8-isoprostane. Fasting
fresh blood samples obtained from study participants were used for assessment of CML and
plasma 8-isoprostanes, as described. Data are shown as linear correlations.
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Figure 4.

Dietary intake of advanced glycation endproducts (AGEs) is associated with circulating levels
of carboxymethyl-lysine (CML) and methylglyoxal (MG) derivatives. Fasting fresh blood
samples obtained from study participants were used for assessment of CML (A) and MG
derivatives (B). Daily consumption of AGEs was assessed based on 3-day food records as
described, and data are expressed as equivalents of AGE/d (1 Eq = 1 x 103 kU AGE). Data,
indicating triplicate values, are shown as linear correlations.
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Table 2
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Linear Regression Models Testing the Relationship of Circulating Levels of AGEs With Age, Gender, BMI, and Dietary

Caloric Intake

Serum CML Serum MG
Independent Variables B +SE p B+SE p
Age, y 0.010 + 0.027 701 0.002 + 0.002 172
Gender —758 +1.121 .500 0.087 £ 0.071 225
BMI 0.094 +0.112 401 0.012 + 0.007 .088
Caloric intake, kcal/d 0.002 + 0.001 .009 0.005 + 0.000 794

Note: AGEs = advanced glycation endproducts; BMI = body mass index; CML = carboxymethyl-lysine; MG = methylglyoxal; SE = standard error.

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2009 February 20.



Page 15

Uribarri et al.

*10.J8 prepuels = 35 ‘[exoA|6jAyrew =

OIN BUISAI-|AIBWAX0QIRI = TN ‘X3pul ssew APoq = [IA'G ‘X8pul JUSLLSSISSY [POIA SISBISOBWOH = WINOH :U1soid aAnoeal-3 AlAnIsuss ybiy = 44osy ‘1onpoadpus uoiieaA|d paoueape = 3OV :910N

6T 92€'0 ¥ 621'0— eve OYT0FVET'0 S6.° ¥8T°0 ¥ 8¥0°0 Jwy/jowu ‘DN wnes
610 020'0 ¥ 600 200 L1000 ¥ 0120 ShL ¢10°0 ¥ ¥00°0— Jw/nN TN winies
86Y TT0°0 + L00'0— €eL S00°0 ¥ 200°0 L00° L00°0 + 8T0°0 p/b3 ‘eeul 39V
6CT 0000 ¥ T00'0 6vL 000'0 ¥ GTO'0— 160° 000°0 ¥ T00'0— p/1eax ‘axeiul o1oje)
4514 8T0'0 F¥10°0 768" 100'0 ¥ T00'0— T00° TT0'0¥990°0 INg
988’ 28T°'0%9200 [4°1% 7,00 ¥ L0T'0— €0.L S66°0 ¥ 0¥0°0 Jspus
629 ¥00'0 ¥ 200°0 198 6T9°0 ¥ ¥0T 0— 010’ €000 ¥ L00'0 A ‘aby

d as¥d d sy d sa|gelreA Juspuadapul

VYINOH aue)soados]-g Bo dy2osy o

VINOH pue ‘saueisosdos|-g ‘e sy UIAA 8eiu] 39V Arelaid Jo diysuolejay ayl Bunsa s|apolA uoissaifay Jesul

NIH-PA Author Manuscript

€o|qeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2009 February 20.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Uribarri et al.

Table 4
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Linear Regression Models Testing the Relationship of Intake of AGEs via the Diet With Circulating Levels of AGEs

(Serum CML and Serum MG)

Serum CML Serum MG
Independent Variables B+SE p B+SE p
Age, y 0.032+0.03 227 0.004 + 0.002 .019
Gender -1.13+0.100 .299 0.060 + 0.067 372
BMI 0.033+0.110 759 0.008 + 0.007 .255
Caloric intake, kcal/d 0.001 + 0.001 .246 0.000 + 0.000 .077
AGE intake, Eqg/d 0.204 + 0.064 .002 0.015 + 0.004 .001

Note: AGEs = advanced glycation endproducts; BMI = body mass index; CML = carboxymethyl-lysine; MG = methylglyoxal; SE = standard error.
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