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Advanced glycation end products (AGEs) are involved in the development of several age-related complications. The protective role of soluble
receptors for AGEs (sSRAGE) against deleterious effects of AGEs has been indicated in several studies. However, findings on the association of AGEs
or SRAGE with mortality are equivocal. In this meta-analysis we aimed to present a quantitative estimation of the association between circulating
AGEs or sRAGE and all-cause or cardiovascular disease (CVD) mortality. A comprehensive literature search was performed to determine relevant
publications through the online databases including PubMed, Scopus, and Web of Science up to 29 November 2020. Prospective observational
studies assessing the association between circulating AGEs or sSRAGE and all-cause or CVD mortality were included. Seven studies with a total of
3718 participants and 733 mortality cases (345 CVD deaths) were included in the meta-analysis for assessing the association between circulating
AGEs and mortality. Our results showed that higher circulating AGEs were associated with increased risk of all-cause (pooled effect measure: 1.05;
95% Cl: 1.01, 1.09; P = 0.018, ¥ = 77.7%) and CVD mortality (pooled effect measure: 1.08; 95% Cl: 1.01, 1.14; P = 0.015, F = 80.2%), respectively.
The association between sRAGE and mortality was assessed in 14 studies with a total of 16,335 participants and 2844 mortality cases (419 CVD
deaths). Serum concentrations of SRAGE were not associated with the risk of all-cause mortality (pooled effect measure: 1.01; 95% Cl: 1.00, 1.01;
P = 0205, F = 75.5%), whereas there was a significant link between sRAGE and the risk of CVD mortality (pooled effect measure: 1.02; 95% Cl:
1.00, 1.04; P = 0.02, P = 78.9%). Our findings showed that a higher serum AGE concentration was associated with increased risk of all-cause and
CVD mortality. In addition, higher circulating sRAGE was related to increased risk of CVD mortality. This review was registered at PROSPERO as
CRD42021236559. Adv Nutr 2021;12:2157-2171.

Statement of Significance: To our knowledge, this is the first study that systematically assessed the association of circulating AGEs or
SRAGE with mortality from all-cause and CVDs. Higher circulating concentrations of AGEs were associated with all-cause and CVD mortality.
In addition, higher circulating SRAGE was related to increased risk of CVD mortality.

Keywords: advanced glycation end products, soluble receptor for advanced glycation end products, AGEs, sRAGE, mortality, cardiovascular
diseases

Introduction of proteins, lipids, and nucleic acids (1). AGEs are involved
Advanced glycation end products (AGEs), such as pentosi- in the development of microvascular and macrovascular
dine, N-carboxymethyl-lysine (CML), and N-carboxyethyl- ~ diseases by inducing covalent bonds with proteins such as
lysine (CEL) are considered as a complex and diverse group of ~ collagen, increasing the formation of extracellular matrix
bioactive compounds generated via nonenzymatic glycation ~compounds, and enhancing oxidative stress via interaction
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with their receptors (2). The 2 major sources of AGEs in the
human body are the endogenous AGEs that are produced
under hyperglycemic and oxidative stress conditions and
exogenous AGEs found in foods, mainly highly processed
foods (3). A positive relation between dietary AGEs and
the serum AGE concentration has been reported (4). The
role of both circulating and diet-derived AGEs in the
development of chronic diseases such as metabolic syndrome
and cardiovascular diseases (CVDs) has been implicated
(5, 6). Moreover, interaction of circulating AGEs with
their multiligand receptors (RAGEs) leads to generation
of reactive oxygen species (ROS) and induction of several
inflammatory signaling cascades including activation of the
NF-kB-ROS pathway (7, 8). RAGE is known as a trans-
membrane glycoprotein that belongs to the immunoglobulin
superfamily. In addition to the cell surface form, there is
also a soluble isoform of RAGE (sRAGE), circulating in
blood and other body fluids (9). sSRAGE functions as a decoy
receptor, binding to circulating AGEs, thus inhibiting intra-
cellular RAGE signaling cascades and related inflammatory
responses (10). Although the precise function of SRAGE is
not fully understood, evidence indicates a protective role for
this molecule against several age-related diseases. Indeed,
the plasma concentration of SRAGE has been reported to be
reduced in conditions such as cardiometabolic diseases (11,
12). However, increased concentrations of SRAGE in diabetic
and or end-stage renal disease (ESRD) patients have been
reported (13, 14). Additionally, several studies suggested that
high circulating concentrations of SRAGE are a consequence
of increased RAGE activation and ongoing inflammation
(9, 15). Despite suggested mechanisms and the observed
relation with chronic diseases, evidence regarding AGEs or
SRAGE as beneficial biomarkers for assessing the risk of
mortality is equivocal (16). Findings from a previous meta-
analysis showed that skin autofluorescence-indicated AGEs
were positively associated with increased risk of mortality in
high-risk subjects (17). However, to our knowledge, there is
no meta-analysis assessing the relation of plasma AGEs and
sRAGE with mortality, except for one that was conducted in
patients suffering from acute respiratory distress syndrome
(18). Therefore, this systematic review and meta-analysis
aimed to evaluate the association of circulating AGEs
and sRAGE with all-cause and cardiovascular mortality
in the general population and/or patients with chronic
conditions.
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Methods

The present systematic review and meta-analysis was per-
formed according to the guidelines of the Preferred Re-
porting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement (19). The protocol of this systematic
review was registered in the International Prospective Regis-
ter of Systematic Reviews (PROSPERO) with the registration
number CRD42021236559.

Search strategy

A comprehensive literature search was performed to de-
termine relevant publications through the online databases
including PubMed, Scopus, and Web of Science up to 29
November 2020. Medical Subject Heading (MeSH) terms
related to AGEs and sRAGE in combination with keywords
related to mortality were searched (Supplemental Table
1). In addition, the first 4 pages of Google Scholar and
the references lists of included articles were assessed to
determine other, potentially relevant, articles. The literature
search was not limited by language or date. Two reviewers
independently evaluated the output of the literature search
to identify eligible articles. Any disagreement was resolved
by discussion and consultation with the first corresponding
author (HA).

Inclusion criteria

Titles, abstracts, and full texts of the studies were screened by
2 independent authors and any disagreements were resolved
through consultation with the first corresponding author
author (HA).

We considered the following inclusion criteria for eligibil-
ity of the studies in this systematic review and meta-analysis:
1) all prospective observational studies that considered
serum concentration of AGEs and/or sSRAGE as the exposure
and mortality from all-cause and/or CVD as the main
outcome or as one of the outcomes; 2) studies conducted
in general population or in patients with noncommunicable
chronic disease; 3) studies that involved subjects aged >18 y
old; and 4) publications in which ORs, RRs, or HRs with
their 95% Cls were used to report the associations between
serum concentration of AGEs or sRAGE and all-cause or
CVD mortality.

Exclusion criteria

The letters, comments, reviews, meta-analyses, and ecolog-
ical studies as well as studies performed in children or
adolescents and in patients with cancer, sepsis, acute, or
critical illness were excluded. We also excluded the studies
that considered endogenous sSRAGE as outcomes, a follow-
up duration <1 vy, studies reporting the effect measures
for mortality in combination with morbidity, studies with
insufficient data, and those that reported arbitrary units
(AUs) for exposures instead of conventional units.

Data extraction

After reviewing the full text of identified studies, all required
data were separately extracted by 2 investigators, based on
a predefined screening form that was checked by a third
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researcher. Extracted information for each eligible article was
as follows: the last name of the first author, publication year,
study design, country, participant’s characteristics, duration
of follow-up, exposure, method used for outcome assess-
ment, comparison categories, and relevant effect measures of
comparison categories with the corresponding 95% CI. Stud-
ies that reported the data for subjects with or without diabetes
mellitus (DM)/renal dysfunction separately were considered
as distinct studies. In the studies in which several risk
estimates were presented for mortality risk, we selected the
fully adjusted effect measures. In the cases that published data
were insufficient for meta-analysis, required information was
requested by contacting the corresponding author of the
original studies. Cross-checking of all data was performed to
minimize potential errors, and any disagreement in extracted
data was resolved through discussion.

Risk-of-bias assessment

The quality of studies was evaluated using the Newcastle-
Ottawa Scale for observational studies (20). This checklist
consists of 3 main sections assessing 1) selection, 2) compara-
bility, and 3) outcomes. A maximum score of 9 for each study
represents the highest quality. In the current analysis, quality
scores >6 were considered high-quality and scores <6 were
considered low-quality studies. Any disagreement between
researchers was resolved by the principal investigator.

Statistical analysis

All extracted effect measures (HRs, ORs, and RRs) were
considered as identical to RRs. Log RRs with their relevant
SEs were calculated using RRs and their 95% CI. To take
between-study heterogeneity into account, the overall effect
measures were calculated using a random-effects model (21).
Cochrane’s Q test and I* were used to assess between-study
heterogeneity (22). Sensitivity analysis was performed to de-
tect whether overall effect measures might be dependent on
a specific study (23). Moreover, publication bias was checked
using visual examination of funnel plots asymmetry and
evaluated statistically by Egger’s regression asymmetry test.
A trim-and-fill analysis was done to explore the influence of
possible unpublished articles on the obtained overall results
(24, 25). To identify possible sources of heterogeneity, we
performed a subgroup analysis. The subgroup analyses were
based on type of AGEs, health status of study participants,
participants’ age, duration of follow-up, effect measure type,
and statistical adjustment for major confounding variables
[BMI, age, sex, smoking, chronic disease morbidity, and C-
reactive protein (CRP)]. The method developed by Green-
land and Longnecker (26) and Orsini et al. (27) was applied to
measure the linear dose-response relation across categories
of circulating AGEs or SRAGE. In the current method, the
distribution of mortality cases and the adjusted risk estimates
(ORs, RRs, or HRs) for at least 3 categories of circulating
AGE:s or sSRAGE were needed. The midpoint of exposure was
considered in each separate category. If the amount of the
exposure was reported as a range, we computed the midpoint
in each distinct category using the mean of the minimum

and maximum measures. For open-ended categories (lowest
and highest categories), the lengths of their intervals were
considered to be identical to those of the closest intervals.
If an effect measure indicted the lowest versus the highest
category of exposures, we calculated the highest compared
with the lowest estimates by the Orsini et al. (27) approach
(Supplemental Tables 2-4). STATA's metan procedure was
used for statistical analyses (version 14.2; StataCorp). Values
<0.05 were statistically considered significant.

Results

Literature search

Figure 1 presents the detailed processes of study selection.
Overall, 9581 publications were obtained through the pri-
mary search. After removing of duplicated and irrelevant
studies, 43 potentially eligible studies remained for further
evaluation. After assessment of full texts, another 23 publi-
cations were also removed: 11 articles that were conducted
in patients suffering from cancer and acute or critical illness,
2 that reported combined mortality and morbidity for heart
failure, 1 with insufficient data (28), 1 with a duration length
<1y, 1 thathad a prediction for mortality, and 7 that reported
arbitrary units instead conventional units of exposers (29—
35). Thus, meta-analysis was done on the remaining 20
studies.

Study characteristics

Table 1 presents the characteristics of the included articles
investigating associations between circulating AGEs and
mortality. Exposures were CML in 5 studies (36-40), CEL
in 2 studies (39, 40), and pentosidine in 2 studies (41, 42).
A total of 3718 participants and 733 mortality cases (345
CVD deaths) were included in the current meta-analysis.
The endpoints were all-cause mortality in 7 studies (36-39,
41, 42) and CVD mortality in 6 studies (36-38, 40-42).
There was 1 study with missing data on mortality cases (42).
The included studies varied based on mean age from 42.5 to
>65 y and follow-up length from 2.6 to 12.3 y. Except for 1
study (38), all the studies included both men and women.
Although 2 studies were based on the older community-
dwelling population (37, 38), 5 studies targeted special
groups with different conditions: 2 on patients with ESRD
(36, 41), 3 others on type 1 DM (39), kidney transplant
recipients (40), or chronic kidney disease (CKD) (42).
Except for 2 studies (36, 41), 5 remaining studies adjusted for
potential confounders. Most studies adjusted for age (37-40,
42), sex (37, 39, 40, 42), and BMI (37-40). Some studies
also controlled for some conventional risk factors, including
chronic disease morbidity (37, 40, 42), renal function indices
(37, 38, 40), smoking (39, 40), total cholesterol (37, 39), and
high-sensitivity CRP (hs-CRP) (40, 42). As shown in Table
2, of 14 studies investigating associations between sRAGE
and mortality, 5 reported both all-cause and CVD mortality
(16, 38, 43-45), 8 reported all-cause mortality (46-53), and
1 study (54) was based on CVD mortality. A total of 16,335
participants with 2844 mortality cases (419 CVD deaths)
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FIGURE 1 Flow chart of study selection process.

were included in the analysis. One study did not report
mortality cases (44). The mean duration of follow-up ranged
from 1.9 to 18 y. Three studies had a community-based
design (16, 45, 47), whereas 5 studies targeted special groups
with different conditions: 3 on DM (44, 46, 50), 3 on dialysis
patients (43, 51, 52), 2 on older subjects (38, 53), and 3 on
CKD (48), kidney transplant recipients (49), or chronic heart
failure (54). The mean age of participants ranged from 18 to
75 y. Most studies adjusted for age (16, 38, 43-53), sex (43—
53), and chronic disease morbidity (16, 43-45, 48-51, 53).
Some studies also controlled for several major risk factors,
including BMI (16, 38, 45, 47, 49, 50), renal function indices
(16, 38, 49, 53, 54), CRP (44, 47-49, 51), and smoking (16,
45-47, 50). In total, the included studies originated from the
Netherlands (n = 3), United States (n = 3), Sweden (n = 3),
Germany (n = 2), Spain (n = 2), Italy (n = 2), and single
studies from Japan, Finland, Korea, and mixed countries.

Meta-analysis

AGE;s and all-cause mortality.

Seven studies with 9 effect measures analyzed the association
of circulating concentrations of AGEs with the risk of all-
cause mortality. There was a significant positive association
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between serum AGE concentration and overall mortality,
as a 100-pug/L increment in serum AGEs was associated
with a 5% higher risk of all-cause mortality (pooled effect
measure: 1.05; 95% CI: 1.01, 1.09; P = 0.018) and there was
evidence of substantial heterogeneity (> = 77.7%, P < 0.01)
(Figure 2). In the subgroup analysis (Table 3), CEL (effect
measure: 1.42; 95% CI: 1.15, 1.74) and pentosidine (effect
measure: 1.01; 95% CI: 1.00, 1.02) concentrations had
stronger positive associations with the risk of all-cause
mortality. As well, stronger positive associations between
serum AGEs and mortality risk were observed in populations
without DM and renal dysfunction (effect measure: 1.08;
95% CI: 1.03, 1.13), in subjects aged <60 y (effect measure:
1.08; 95% CI: 1.02, 1.14), among those studies with a follow-
up duration >6 y (effect measure: 1.10; 95% CI: 1.05,
1.15) (Table 3), and those that reported an HR for their
analysis and studies that adjusted for potential confounders
including BMI, age, sex, and smoking (Supplemental Table
5). A sensitivity analysis indicated that the association of
circulating AGEs and all-cause mortality largely depended
on the study conducted by Semba et al. (37), so that, after
elimination of this study from analysis, the pooled estimate
was not significant (effect measure: 1.03; 95% CI: 0.99, 1.07)
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(Continued)

TABLE 2

Study

Age
(mean or

Follow-up

quality

Effect measures

Outcome
assessment

duration,

First author/year

(reference)

score

(95% Cl)
HR 1.06 (1.03, 1.09)

Sex
M/F

range), y

Population

Study design

Country

7

National Death

9.1 T1DM 38

Cohort

Finland

Thomas et al./2011 (44)

Registry
Follow-up with
annual health

9

HR 1.02 (1.00, 1.03)

M/F

14.3 General population 62

Cohort

USA

Ho et al./2018 (45)

history
Health
department of the

9

HR 0.99 (0.98, 1.00)

65

12 General population

Cohort

Germany

Ebert et al./2020 (16)

city

9

HR 1.01(0.99, 1.02)

Health
department of the

12 General population 64

Cohort

Germany

Ebert et al./2020 (16)

city

CHF, chronic heart failure; CKD, chronic kidney disease; CVD, cardiovascular diseases; DM, diabetes mellitus; NR, not reported; SRAGE, soluble receptor for advanced glycation end products; TIDM, type 1 diabetes mellitus; T2DM, type 2 diabetes

mellitus.

compared with that from the main analysis. While visual
inspection of the funnel plot showed evidence of asymmetry,
Egger’s test (P = 0.052) did not confirm publication bias
evidence among studies.

AGEs and CVD mortality.

Seven effect measures extracted from 6 studies were included
for meta-analysis of the serum concentration of AGEs
and CVD mortality. Higher serum AGE concentration was
noticeably associated with higher pooled effect measures for
CVD mortality, as a 100-u.g/L increment in serum AGE was
associated with 8% higher risk of CVD mortality (pooled
effect measure: 1.08; 95% CI: 1.01, 1.14; P = 0.015). There
was substantial evidence of heterogeneity across studies
(P = 80.2%, P < 0.01) (Figure 3). Based on subgroup
analysis, there was a stronger association between CEL
(effect measure: 1.84; 95% CI: 1.25, 2.71) concentration
and the risk of CVD mortality. The positive association
of serum concentrations of AGEs with the risk of CVD
mortality was also stronger in the population without DM
and renal dysfunction (effect measure : 1.11; 95% CI: 1.04,
1.19), in subjects aged <60 y (effect measure: 1.16; 95%
CL: 1.05, 1.28), among studies with a follow-up duration of
>6 y (effect measure: 1.26; 95% CI: 1.14, 1.40) (Table 3),
those that reported an HR for their analysis, and studies
that adjusted for potential confounders including age and
smoking (Supplemental Table 5). A sensitivity analysis
revealed that 2 effect measures from studies conducted by
Sotomayor et al. (40) and Semba et al. (37) had the largest
effect on overall effect measure. After exclusion of the effect
measure related to CVD mortality in older adults (37), the
pooled estimate was not significant compared with that from
the main analysis. Removing the effect measures related to
CML (40) also modified the significance for CVD mortality.
Visual examination of the funnel plot as well as the results
from Egger’s test (P = 0.03) showed possible evidence of pub-
lication bias across studies. Thus, the trim-and-fill method
was used and showed that adding missed studies changed the
overall effect measure (pooled effect measure: 1.02; 95% CI:
0.95, 1.09).

SRAGE:s and all-cause mortality.

Sixteen effect measures from 13 articles were included in
the meta-analysis of association between circulating sSRAGE
concentration and all-cause mortality. Serum concentrations
of sSRAGE (per 100 ng/L) were not associated with the
risk of all-cause mortality (pooled effect measure: 1.01;
95% CI: 1.00, 1.01; P = 0.205) (Figure 4). There was
also substantial heterogeneity between studies (I° = 75.5%,
P < 0.001). Subgroup analysis showed stronger positive
associations between serum sRAGE and all-cause mortality
in subjects aged >60 y (effect measure: 1.00; 95% CI: 1.00,
1.01) (Table 4), and among studies that did not adjust for
BMI, chronic disease morbidity, and CRP (Supplemental
Table 6). A sensitivity analysis indicated that excluding each
study had no significant effect on the pooled effect measure.
While visual examination of the funnel plot and Egger’s test
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Study ID

Schwedler et al. 2002 (36)
Koyama et al. 2007 (41)
Semba et al. 2009 (37)
Semba et al. 2009 (38)

Nin etal. 2011 (39)

Nin et al. 2011 (39)
Machowska et al. 2016 (42)
Sotomayor et al. 2019 (40)
Sotomayor et al. 2019 (40)

Overall (I-squared = 77.7%, p = 0.000)

NOTE: Weights are from random effects analysis

Effect measure (95% CI) % Weight
0.97 (0.95, 1.00) 20.55
.. 1.04 (0.95, 1.14) 10.17
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FIGURE 2 Forest plot for the association between circulating AGEs and all-cause mortality. AGE, advance glycation end product.

(P = 0.043) showed evidence of publication bias, Begg’s test
did not confirm evidence of publication bias (P = 0.09).
We ran the trim-and-fill method and observed that adding
missed studies did not alter the overall effect measure (pooled
effect measure: 1.00; 95% CI: 0.99, 1.01).

SRAGEs and CVD mortality.

Seven effect measures from 6 publications were analyzed
for the association between sSRAGE concentration and CVD
mortality. The results revealed that, per a 100-ng/L increment
in serum sRAGE, the risk of CVD mortality significantly
increased by 2% (pooled effect measure: 1.02; 95% CI: 1.00,
1.04; P = 0.020), with evidence of substantial heterogeneity
(PP = 78.9%, P < 0.001) (Figure 5). Subgrouping based
on health status and follow-up duration did not modify
the positive association between circulating SRAGE concen-
trations and the risk of CVD mortality and heterogeneity
(Table 4). However, stronger positive associations between
serum sRAGE and CVD mortality were seen among studies
that did not adjust for age, smoking, and chronic disease
morbidity (Supplemental Table 6). Additionally, subgroup
analysis based on participants’ age was not possible due to
the small number of related studies. A sensitivity analysis
indicated that the pooled effect measure shifted to the
nonsignificant level after excluding the study conducted by
Thomas et al. (44) (effect measure: 1.01; 95% CI: 0.99,
1.02). Visual inspection of the funnel plot and Egger’s
test (P = 0.016) showed evidence of publication bias.
Therefore, we used the trim-and-fill method and found
that adding missed studies altered the overall estimate
for CVD mortality (pooled effect measure: 0.99; 95% CI:
0.99, 1.03).
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Quality assessment.

Supplemental Table 7 presents the quality assessments for
the included studies. Quality scores of cohort studies with
9-point scales were 7 in 5 studies, 6 in 5 studies, 9 in 3 studies,
8 in 3 studies, and 5 in 1 study. Appraisal of included cross-
sectional (with 10-point scales) and case-control (with 9-
point scales) studies also led to average quality scores of 6-8
and 6, respectively.

Discussion

This systematic review and meta-analysis revealed a sig-
nificant positive relation between circulating AGEs and
death from all causes and CVDs. The positive association
between serum AGE concentration and mortality from all
causes and CVDs was stronger in studies conducted in
populations without diabetes or renal dysfunction; those
conducted in subjects <60 y; studies that controlled for
BM]I, age, sex, and smoking (for all-cause mortality); those
that adjusted for age and smoking (for CVD mortality); and
those with follow-up >6 y. Furthermore, subgroup analysis
based on type of AGEs revealed a higher association of
CEL and pentosidine with all-cause mortality. Moreover,
CEL concentrations were more strongly related to the risk of
CVD mortality. With regard to sSRAGE, our findings showed
no clear relation between circulating SRAGE and all-cause
mortality. However, circulating concentration of sSRAGE was
positively associated with increased risk of CVD mortality.
The positive association between serum concentration of
SRAGE and CVD mortality was stronger among studies
that did not adjust for age, smoking, and chronic disease
morbidity. To the best of our knowledge, this is the first
study that systematically reviewed the existing literature on
the association of circulating AGEs or sSRAGE with mortality



TABLE 3 Subgroup analysis for the association of circulating AGEs and the risk of mortality’

Number of effect Effect measures
Variables measures P (95% CI) Pvalue?
All-cause mortality
Overall 9 77.7 1.05(1.01,1.09) 0.018
AGE type
CML 5 836 1.00 (0.98,1.02) 0.005
CEL 2 0.00 142 (1.15,1.74)
Pentosidine 2 0.00 1.01(1.00, 1.02)
Health status
DM or renal dysfunction 7 75.1 1.01 (1.00, 1.02) 0.002
Without DM or renal dysfunction 2 595 1.08 (1.03,1.13)
Follow-up duration
<6y 3 81.0 1.01 (1.00, 1.02) <0.001
>0y 6 503 1.10(1.05,1.15)
Participants’age
<60y 5 56.3 1.08 (1.02,1.14) 0.013
>60y 854 1.01(1.00, 1.02)
CVD mortality
Overall 7 80.2 1.08(1.01,1.14) 0.015
AGE type
CML 4 84.8 1.03(1.00, 1.07) 0.005
CEL 1 — 1.84(1.25,2.71)
Pentosidine 2 0.0 1.01(1.00, 1.02)
Health status
DM or renal dysfunction 5 81.7 1.01 (1.00, 1.02) 0.005
Without DM or renal dysfunction 2 0.0 1.11(1.04,1.19)
Follow-up duration
<6y 363 1.01 (1.00, 1.02) <0.001
>6y 3 726 1.26 (1.14, 1.40)
Participants’age
<60y 3 854 1.16 (1.05, 1.28) 0.008
>60y 4 68.7 1.01(1.00, 1.02)
Adjustment
Adjusted 5 86.2 1.01(1.00, 1.02) 0.346
Not adjusted 2 0.0 0.99 (0.96, 1.03)

' AGE, advanced glycation end product; CEL, N-carboxyethyl-lysine; CML, N-carboxymethyl-lysine; CVD, cardiovascular disease; DM,

diabetes mellitus.
2P value for overall effect and subgroup differences.

from all causes and CVDs. In this study, we showed that
each 100-ug/L increment in serum AGEs was associated
with 5% and 8% higher risk of all-cause and CVD mortality,
respectively. In line with the present finding, a previous meta-
analysis showed that skin autofluorescence-indicated AGE
concentrations were significantly correlated with increased
risk of all-cause mortality in high-risk participants (17).
The pivotal role of AGEs in the pathogenesis of DM, CVD,
and renal disease has been implicated (55). The 2 major
sources of circulating AGEs are endogenous-form and diet-
derived AGEs. Approximately 10% of ingested diet-derived
AGEs are absorbed, of which approximately two-thirds is
accumulated in tissues and one-third excreted (56, 57).
Restriction of dietary AGEs was associated with lower risk
of metabolic syndrome and CVD (5, 6). In animals, a
low-AGE diet increased life span in a magnitude that was
comparable to the energy restriction (58). In 2 population-
based studies, Kilhovd et al. (30, 34) showed that increased
serum AGE concentrations in women with and without type
2 diabetes were associated with increased risk of total and

CVD mortality, suggesting that the role of AGEs in mortality
may not be related to diabetes. Conversely, in hemodialysis
patients, high concentrations of serum fluorescent AGEs
and CML were not linked to increased mortality and were
even associated with better survival (36). Among circulating
AGEs, CML (a potential ligand for RAGE), CEL (a marker
of intracellular glycation), and pentosidine (a cross-link
AGE) were the most assessed AGEs in the primary studies.
Given their molecular properties, it may be thought that
each AGE could induce detrimental effects via different
pathways. In this regard, our subgroup analysis revealed
that CEL and pentosidine were more associated with all-
cause mortality compared with CML. CEL was also more
associated with CVD mortality compared with the other
2 AGEs. However, Nin et al. (39) in a study in type 1
diabetic patients demonstrated that none of these 3 AGEs
were independently associated with mortality. The authors
also suggested that the destructive impacts of CEL, CML,
and pentosidine on CVD risk largely overlap. Nevertheless,
the results of our analysis should be interpreted with caution
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Study ID

Effect measure (95% CI) % Weight

Schwedler et al. 2002 (36) 4 i 0.99 (0.94, 1.02) 23.01
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Semba et al. 2009 (37) -E”— 1.16 (1.02, 1.30) 12.53
Semba et al. 2009 (38) ':+- 1.09 (1.01, 1.18) 17.96
Machowska et al. 2016 (42) i 1.01 (1.00, 1.02) 25.59
Sotomayor et al. 2019 (40) é —— 1.46 (1.19, 1.82) 6.07
Sotomayor et al. 2019 (40) i —— 1.84(1.25,2.71) 2.19
Overall (I-squared = 80.2%, p = 0.000) Q 1.08 (1.01, 1.14) 100.00
NOTE: Weights are from random effects analysis i
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FIGURE 3 Forest plot for the association between circulating AGEs
cardiovascular disease.

due to the high heterogeneity between studies on CML
and the small number of studies conducted on CEL and
pentosidine. Furthermore, of the 2 studies investigating the
link of pentosidine with all-cause mortality, only 1 study (42)
controlled for the confounding variables. Interestingly, the

Study ID

Gros et al. 2007 (49) ——
Semba et al. 2009 (38)

Nin et al. 2010 (46)

Nakashima et al. 2010 (43)

Thomas et al. 2011 (44)

Selvin et al. 2013 (47) —
Isoyama et al. 2014 (48) —]
Thomas et al. 2015 (50)

Jung et al. 2017 (51) -
Ho et al. 2018 (45) -~
Dozio et al. 2018 (52) 7
Butcher et al. 2019 (53)

Ebert et al. 2020 (16) b
Ebert et al. 2020 (16) —
Ebert et al. 2020 (16) -
Ebert et al. 2020 (16) 7
Overall (I-squared = 75.5%, p = 0.000)

NOTE: Weights are from random effects analysis

and CVD mortality. AGE, advance glycation end product; CVD,

results of subgroup analysis for health status showed that the
association of circulating AGEs with both CVD and all-cause
mortality was more noticeable in patients without diabetes or
renal dysfunction. The pivotal role of chronic hyperglycemia
in the pathogenesis of atherosclerosis and CVD outcomes in

Effect measure (95%CI) % Weight

i 0.98 (0.97,0.99)  8.26

T 1.03 (1.00, 1.07) 3.02

1.04 (1.01, 1.08) 3.39

# 1.01 (1.00,1.01)  8.70
—— 1.03(1.01,1.06)  5.04
i 0.98(0.96,0.99)  6.79
r— 1.01(0.98,1.05)  3.42
he 1.01(1.00,1.02)  8.73
— 1.00(0.99,1.02)  7.59

: 0.99(0.99,1.00)  9.14
————— 1.04(0.99, 1.10)  1.75

| et 1.03(1.01,1.06)  4.79

)

—— 1.01(0.99,1.03)  6.15
1.00 (0.98,1.01)  7.38
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FIGURE 4 Forest plot for association between circulating sSRAGE and all-cause mortality. SRAGE, soluble receptor for advance glycation

end products.
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TABLE 4 Subgroup analysis for the association of SRAGE and the risk of mortality’

Number of effect Effect measures
Variables measures P (95% CI) Pvalue?
All-cause mortality
Overall 16 755 1.01 (1.00,1.01) 0.205
Health status
DM or renal dysfunction 10 76.7 1.00(1.00, 1.01) 0.209
Without DM or renal dysfunction 6 745 1.00 (0.99, 1.00)
Follow-up duration
<6y 8 77.7 1.00 (1.00,1.01) 0.240
>6y 8 742 1.00 (0.99, 1.00)
Participants’age
<60y 6 84.8 0.99 (0.99, 1.00) 0.016
>60y 10 59.1 1.00 (1.00, 1.01)
CVD mortality
Overall 7 789 1.02 (1.00, 1.04) 0.020
Health status
DM or renal dysfunction 2 89.7 1.02 (1.01,1.03) 0.190
Without DM or renal dysfunction 5 76.5 1.01 (1.00, 1.02)
Follow-up duration
<6y 3 81.8 1.01 (1.00, 1.03) 0.734
>6y 4 82.7 1.01(1.00, 1.02)

'CVD, cardiovascular disease; DM, diabetes mellitus; SRAGE, soluble receptor for advanced glycation end products.

2P value for overall effect and subgroup differences

subjects with DM or CKD is undeniable (59, 60). However,
detection of AGEs in the atheroma of nondiabetic subjects
with concomitant coronary heart disease has indicted the
critical role of AGEs and oxidative stress in the development
of atherosclerosis (61). In CKD patients, the contribution of
circulating AGEs to the development of CVD and mortality
is debatable and other conventional risk factors (e.g., CRP
and diabetes) in ESRD patients seem to exert a more crucial
role for cardiovascular events than elevated serum AGE
concentration (62, 63). However, the number of studies in

Study ID

Semba et al. 2009 (38)

Nakashima et al. 2010 (43)
Raposeiras-Roubin et al. 2011 (54)
Thomas et al. 2011 (44)

Ho etal. 2018 (45)

Ebert et al. 2020 (16)

Ebert et al. 2020 (16)

Overall (I-squared = 78.9%, p = 0.000)

NOTE: Weights are from random effects analysis

-

the subgroup of “without DM or renal dysfunction” was very
small (n = 2 studies) to discern a definitive conclusion. A
subgroup analysis by age showed that a higher concentration
of circulating AGEs was more associated with the risk of all-
cause and CVD mortality in subjects <60 y old. Although
this finding is in contrast to the previous studies indicating
the role of AGEs in pathogenesis of many age-related
complications, understanding the association between age-
related diseases and circulating AGEs has been difficult, due
to the following reasons: 1) the existing variety among AGEs;

Effect measure (95% CI) % Weight

15'- 1.04 (1.00, 1.09) 8.48

'€ 1.01 (0.99, 1.02) 19,25
E —— 1.26(1.09, 1.45) 1.36

;-0- 1.06 (1.03, 1.09) 13.79
‘i 1.02 (1.00, 1.03) 19.18
% 0.99 (0.98, 1.01) 19.55
% 1.01 (1.00, 1.03) 18.41

1.02 (1.00, 1.04) 100.00

T
0.69

-

e ——

T
1.45

FIGURE 5 Forest plot for association between circulating sSRAGE and CVD mortality. CVD, cardiovascular disease; sSRAGE, soluble receptor

for advance glycation end products.
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2) the slow formation of AGEs, which may take decades to
identify in humans; and 3) lack of appropriate techniques
to quantify a target AGE (64). In the interpretation of
our results, the role of other contributing factors such
as dietary intake in the association with mortality should
not be ignored. Although we use the most fully adjusted
effect measures, our findings might still be influenced by
other confounding factors, as none of the included studies
controlled for dietary factors. Of the 3 studies conducted in
subjects aged <60 y, one did not control for confounding
variables (41). Additionally, the small number of studies
included in the subgroup of individuals aged >60 y and
the high heterogeneity between studies make our findings
difficult to interpret. Nevertheless, the role of AGEs in
the progression of chronic age-related complications and
related mortality in younger patients cannot be ruled out
(65-67).

In the field of age-related complications, more attention
has been directed toward sRAGE, a circulating receptor
that mediates cytoprotective effects against deleterious events
caused by the interaction of circulating AGEs with RAGE
(68). Nevertheless, findings on sRAGE concentrations in
cardiometabolic diseases and mortality are equivocal (69,
70). In this study, each 100-ng/L increment in circulating
SRAGE was associated with a 2% higher risk of CVD
mortality, while no association between sRAGE and all-
cause mortality was observed. This finding is in contrast
with previous reports indicating the protective role of
SRAGE against CVD and related mortality (35, 47). In a
cohort study by Larsen et al. (35), increased serum sRAGE
concentrations were linked to reduced risk for incident
of major cardiovascular events over 16.5 y and morality
during 21 y of follow-up in middle-aged subjects without
previously confirmed CVD. Steady-state circulating SRAGE
may represent favorable effects in the general population,
but its association with mortality appears to be complicated
and affected partially by the pathophysiological background.
Despite its protective role through blocking intracellular
signaling, circulating concentrations of SRAGE may not be
necessarily sufficient to counteract proinflammatory binding
components of RAGE, including AGEs (71). On the other
hand, the increased sRAGE concentrations may be the
result of the compensatory increase in the AGE-RAGE axis
activity by stress and subsequently increased RAGE shedding
into the circulation (9). Therefore, the discrepancy between
our findings with previous studies might be related to the
different pathophysiological condition of patients in each
study. In 2 population-based cohorts, plasma sRAGE was
an independent predictor for mortality among only frail
older subjects, even after adjusting for confounding variables.
Indeed, sRAGE could be a useful prognostic biomarker
for risk evaluation and stratification (SRAGE threshold:
1800 pg/mL) of frail older individuals (53). In additoin,
in community-dwelling women, elevated circuiting sSRAGE
concentrations were linked to increased risk of mortality.
This was the same for our subgroup analysis that revealed
a more significant relation between sSRAGE and all-cause
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mortality in subjects aged >60 y. Recent evidence indicates
that aging is not merely an aspect of being old but also,
besides natural aging, acute and serious stressors can con-
tribute to the rapid formation of AGEs. Aging is particularly
accompanied with reduced anti-AGE defense; therefore, as
previously mentioned, aging can contribute to the increased
AGE-RAGE axis activity, RAGE shedding, and increased
concentrations of circulating SRAGE. On the other hand,
increased AGE-RAGE axis activity contributes to further
generation of ROS, which, in turn, causes further AGE
formation, inflammation, and finally tissue dysfunction (72).
Nevertheless, whether increased concentrations of SRAGE
are a biological response to bind circulating AGEs and thus
preventing AGE-RAGE interaction is not fully understood.
An inverse association between plasma sRAGE and renal
function has been reported in previous studies. Therefore,
the high concentrations of SRAGE might be related to the
declined renal function during aging (48, 73). As a biomarker
of morbidity risk, it seems that SRAGE can act differently
in subjects with longstanding chronic disease. However, we
failed to detect any association between circulating SRAGE
and CVD mortality based on subjects’ pathophysiological
condition. More studies focusing on the role of SRAGE in
healthy populations and those with compromised conditions
are needed to discern a definitive conclusion.

The present review is accompanied by several strengths.
As mentioned previously, this is the first systematic review
and meta-analysis, to our knowledge, that assessed circulat-
ing concentrations of AGEs or sSRAGE in association with all-
cause and CVD mortality. Considering the relation between
circulating AGEs and sSRAGE, this study could present a more
detailed picture of the relation of serum AGEs or sRAGE
concentrations with mortality. In addition, we considered
the most common types of circulating AGEs, including CEL,
CML, and pentosidine, to evaluate the association of each
separate AGE with mortality.

Conversely, the present study faced some limitations that
could compromise our findings. We performed a meta-
analysis of observational studies; thus, our results cannot
be interpreted as a causal association. In general, higher
circulating AGEs are associated with higher endogenous
formation and/or higher dietary intakes of AGEs. Therefore,
short-term generation of AGEs due to dietary intake may
not be directly linked to chronic diseases. Although most
studies adjusted for confounding variables, none controlled
for dietary intakes of AGEs or other nutrients present in the
diet. As the reduced AGE intake was associated with lower
circulating AGE concentration, further long-term studies are
needed to investigate the effect of the restriction of diet-
derived AGEs on circulating concentrations of AGEs or
SRAGE and their related mortality effect. As most of the
included studies controlled for different sets of covariates
that may lead to different interpretations, caution should
be taken when interpreting our results. The cause of death
in the description of all-cause mortality could differ among
included studies; thus, our findings on the associations of
serum AGE and sRAGE concentrations with the risk of



mortality could be affected potentially by misclassification
bias. As there was evidence of noticeable publication bias
for the relation of circulating AGEs and sRAGE with CVD
mortality, our findings for CVD mortality could be modified
by the results of unpublished studies.

In conclusion, in this study we found that each 100-
ng/L increment in the serum AGE concentration was
associated with 5% and 8% higher risks of all-cause and CVD
mortality, respectively, which is consistent with its deleterious
effects on cardiometabolic and other age-related diseases.
Moreover, each 100-ng/L increment in circulating sSRAGE
was associated with a 2% higher risk of CVD mortality. The
application of these findings in the general population should
be done prudently due to high heterogeneity between studies
included in this meta-analysis. Although our findings can
be used to assess the risk of cardiovascular and all-cause
mortality, more well-designed prospective observational
studies considering other confounding variables (dietary
intakes) are required to assess the association of circulating
AGEs and sRAGE with mortality and also to establish an
optimal circulation of circulating AGEs and particularly
sRAGE in different pathophysiological contexts.
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