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SHORT REPORT

Advanced glycation end-products accumulate preferentially in type | muscle
fibers of aging adults but are unchanged by training and polyphenol
supplementation
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Abstract

Advanced glycation end-products (AGEs) accumulate with age and may contribute to skeletal muscle decline, yet their distribu-
tion within muscle compartments is unknown. Resistance training (RT) and high-intensity interval training (HIIT) improve muscle
function, but their effects on muscle AGEs remain unexplored. Polyphenols have antioxidant properties, which could limit AGE
formation. This study investigated AGE accumulation in different muscle compartments and whether a 12-wk RT + HIIT interven-
tion, with or without polyphenol supplementation, could modify AGE levels. Forty-one healthy middle-aged and older adults (55—
70 yr) were randomized to receive a polyphenol-rich berry extract or placebo for 30 days, followed by 12 wk of supervised
RT + HIT. Vastus lateralis biopsies were collected before and after the intervention and analyzed for subtypes of AGEs using
immunofluorescence. AGE immunoreactivity was quantified in type | and type Il fibers and in the extracellular matrix (ECM). AGE
immunoreactivity was higher in type | than in type Il fibers (P < 0.0001) and most pronounced in the ECM (P < 0.05 vs. both
fiber types). AGE signals did not differ between sexes and were unrelated to age or plasma IL-6. Neither training nor polyphenol
supplementation altered AGE content in fibers or ECM. These findings provide the first evidence of fiber-type-associated local-
ization of AGE immunoreactivity in humans. The absence of change following 12 wk of RT and HIIT, with or without polyphenol,
suggests that AGE turnover in skeletal muscle is limited in short-term interventions, highlighting the need for longer strategies to
reduce AGE accumulation.

NEW & NOTEWORTHY This study is the first to show that advanced glycation end-products (AGEs) may preferentially accumu-
late in type | muscle fibers and the extracellular matrix of middle-aged and older adults. Twelve weeks of resistance training
combined with high-intensity interval training, with or without polyphenol supplementation, did not alter AGE levels. These find-
ings suggest a fiber type-specific susceptibility to glycation and indicate that short-term lifestyle interventions are insufficient to
reverse established AGE cross links in human skeletal muscle.

advanced glycation end-products; aging; polyphenols; resistance training; skeletal muscle

INTRODUCTION

Aging is linked to cellular changes in virtually all tis-
sues, affecting all organ systems in the body (1). Skeletal
muscle is the largest organ system, accounting for roughly
40% of total body mass, and serving essential roles in loco-
motion, metabolism, and thermoregulation. With advanc-
ing age, skeletal muscle undergoes a progressive decline in
mass, force generation and quality (2), which is associated
with frailty, morbidity, and all-cause mortality (3). The
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pathogenesis of the age-related decrease in muscle mass
and function is multifactorial. Key mechanisms include
physical inactivity and impaired protein turnover, mito-
chondrial dysfunction, oxidative stress, chronic low-grade
inflammation, and neuromuscular junction degeneration
(4). Mitochondrial dysfunction and the resulting oxidative
stress, arising from an imbalance between reactive oxygen
species (ROS) production and antioxidant defense, have
been implicated as central contributors to the aging process
(5). Elevated oxidative stress not only damages cellular
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macromolecules directly but also promotes the formation
of advanced glycation end-products (AGEs), a group of irre-
versible compounds formed through nonenzymatic reac-
tions between reducing sugars and proteins, lipids, or
nucleic acids (6). In addition, recent reports suggest that
AGESs can also induce increased ROS production, leading to
a vicious cycle (7). Furthermore, older individuals display
increased markers of AGEs, which are positively correlated
with markers of oxidative stress and inflammation (8). The
accumulation of AGEs represents another hallmark of
aging, as AGEs have been found to accumulate in many dif-
ferent tissues with age (9), which has been associated with
the development of various chronic diseases (10).

AGEs may also contribute to the age-related decline in
muscle mass and function, as elevated AGE levels in skin
and serum have been associated with the prevalence of sar-
copenia (11) and related functional impairments (12, 13). At
the muscle level, AGEs have been shown to accumulate in
skeletal muscle tissue of rats in association with both aging
(14, 15) and diabetes (16, 17), and in vivo and in vitro experi-
ments have shown a link between AGEs and muscle atrophy
and regenerative capacity in diabetic myopathy (18).
Although AGEs have not been directly measured in human
skeletal muscle to date, levels of the AGE pentosidine are
substantially higher in the muscle connective tissue of older
adults than in younger counterparts (19). As collagens are a
primary target of AGE accumulation (20), and intramuscular
connective tissue and lipids increase with age (2), muscle
fibers may become increasingly susceptible to AGE accumu-
lation with advancing age. In addition to these structural
changes, muscle fiber composition may further influence
the extent of AGE accumulation. Type I (slow-twitch) fibers
are characterized by a higher capillary density and a more
developed extracellular matrix compared with type II fibers
(21). Consequently, the predominance of type I fibers in
aging muscle could contribute to the observed increases in
AGE burden with advancing age. However, existing studies
in animals report conflicting findings: although age-related
AGE accumulation appears to occur across both fiber types
without clear specificity (15), diabetes-related AGE deposi-
tion has been observed to occur preferentially in lipid-rich,
type I fibers (22). Whether human age-related AGE accumu-
lation displays a fiber-specific pattern is currently unknown.

Exercise and diet are widely recognized as the two primary
pillars of healthy aging. Exercise has well-documented bene-
fits on nearly all cellular and molecular processes involved
in muscle aging (23). Despite this, no studies have directly
investigated the effects of exercise on AGEs in skeletal mus-
cle. Resistance training (RT) is the most effective strategy in
mitigating the age-related loss of strength and muscle mass
and has been shown to lower circulating AGEs in individuals
with type 2 diabetes (24). Similarly, high-intensity interval
training (HIIT) has been shown to lower ROS and increase
antioxidant proteins in the muscle of individuals with pre-
diabetes and obesity (25); adaptations that could modulate
AGE formation. However, this relationship has not yet been
investigated. From a dietary perspective, a diet rich in fruits
and vegetables shows the strongest association with healthy
aging, whereas a diet rich in red meats and ultra-processed
foods, which has been associated with accumulation of
AGEs (26), was inversely related to healthy aging (27). Fruits
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and vegetables are rich in polyphenols, a group of natural
compounds known for their antioxidant properties and
potential to enhance mitochondrial function (28). Previous
studies in mice have shown that polyphenols can inhibit the
formation of AGEs in both muscle and circulation (29), but
this has not yet been investigated in humans. Moreover, no
studies have investigated whether polyphenols may have
additive effects when combined with exercise training in
older adults.

Here, the aim was to examine how AGEs accumulate in
human skeletal muscle compartments of middle-aged and
older individuals, and to determine whether this can be
affected by a training intervention combining RT and a
small amount of HIIT, with or without concurrent poly-
phenol supplementation. We hypothesized that there
would be no difference in AGE immunoreactivity between
fiber types, but that these would be reduced by training
and that this training effect would be enhanced by poly-
phenol supplementation.

MATERIALS AND METHODS

Study Design and Protocol

Participants and samples originate from a previous
study, investigating the effects of resistance-based train-
ing and polyphenol supplementation on physiological and
muscle characteristics in aging individuals. A comprehen-
sive description of the study design, participant character-
istics, inclusion criteria, testing procedures, and training
intervention has been provided elsewhere (30). The study
followed the ethical standards outlined in the Declaration
of Helsinki and was approved by the Ethics Committee of
the Capital Region of Denmark.

In brief, 41 healthy middle-aged and older adults (21 men
and 20 women, 55-70 yr) were randomly assigned to either a
polyphenol supplementation group or a placebo group, after
providing written informed consent. Participants attended
the laboratory in an overnight-fasted state for an initial
screening session, during which body composition, fitness,
and strength parameters were assessed. Following baseline
testing, participants completed a 30-day supplementation
phase, during which they consumed either a polyphenol-
rich extract or a placebo once daily. The polyphenol supple-
ment, derived from red and black currants, provided
~700 mg of total polyphenols per dose. Full compositional
details, including mass spectrometry data, are available in
Ref. 30. After the loading phase, participants returned to the
laboratory for a second testing visit identical to the baseline
assessments, and for a third visit for the collection of a vastus
lateralis muscle biopsy.

Participants subsequently completed a 12-wk supervised
resistance-based training program, comprising two weekly
resistance training (RT) sessions and one combined RT +
high-intensity interval training (HIIT) session per week. RT
exercises included leg press, leg extension, leg curl, chest
press, shoulder press, lat pulldown, and seated row. Training
volume and intensity were progressively increased over the
12 wk, with lower-body exercises advancing from 3 x 12 RM
(weeks 1-3) to 4 x 6 RM (weeks 9-12), and upper-body exer-
cises progressing from 15 RM to 10 RM. The RT + HIIT
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sessions comprised the same lower-body resistance exercises
followed by 7-9 high-intensity intervals (60 s each) on a
BikeErg ergometer (Concept2, Morrisville, VT). Each session
began with two warm-up intervals at 90% of the resistance
associated with VO,max, followed by five to seven work inter-
vals separated by 60-s rests. The HIIT protocol was progres-
sively intensified over the 12 wk: from three intervals at
100% VO,max and two maximal efforts (weeks 1-4), to four
intervals at 105% (weeks 5-8), and finally four intervals at
110% VO,max and three maximal efforts (weeks 9-12). Upon
completion of the training period, participants returned for
postintervention testing and for collection of muscle biop-
sies. Biopsies were collected 2 days after the final training
session.

Muscle Biopsies

Muscle biopsies were obtained from the vastus lateralis
before (PRE) and after (POST) the intervention, using a
Bergstrom needle with manual suction. A portion of each
biopsy was immediately embedded in OCT compound
(CellPath, Newtown, UK), rapidly frozen in isopentane
cooled by liquid nitrogen, and stored at —80°C. Muscle cross
sections (10 pm) were cut at —20°C using a cryostat. Sections
were mounted on glass slides, air-dried at room temperature,
and subsequently stored at —80°C until further processing.
Due to insufficient amount of tissue, histology was per-
formed on 36 samples (16 from the polyphenol group and 20
from the placebo group).

Muscle Histology

Cryosections of muscle biopsies were analyzed histologi-
cally by staining with a monoclonal advanced glycation end-
products (AGEs) antibody raised against glycated albumin
(6D12, KAL-KHO0O01, Cosmo Bio) (31). Previous works suggest
that the antibody primarily recognizes carboxy-methyl
lysine (CML) (32) and carboxy-ethyl lysine (CEL) (33). This
primary antibody was used at a concentration of 1 pug/mL
(1:250 dilution). In addition, primary antibodies against myo-
sin heavy chain 1 (MyHC I; BA-5, Hybridoma Bank) and myo-
sin heavy chain 2 (MyHC II; A4.1519, Hybridoma Bank) were
included to determine fiber-type, both at 1:100 dilution.
Fluorescent labeling was achieved by secondary antibodies,
Alexa 568 (A21124, Life tec), Alexa 488 (A21141, Life tec), and
Alexa 647 (A21238, Life tec), for AGE, MyHC I, and MyHC II
respectively, all at 1:500 dilution. The secondary antibody
mixture also included Alexa 350 coupled WGA (Wheat Germ
Agglutinin, W11263, Invitrogen, 1:500) to label the fiber
membranes and extracellular matrix (ECM). Negative con-
trols were made for each sample by staining with the same
mixtures except the primary AGE antibody.

All treatments were performed in 0.05 M TBS buffer.
Sections were thawed and allowed to dry, then washed two
times for 5 min followed by incubation in the primary anti-
body mixture with 1% BSA overnight in a refrigerator (see
limitations in DISCUSSION regarding the use of BSA). Sections
were then washed three times for 5 min and incubated in the
secondary antibody mixture with 1% BSA for 1 h at room
temperature. Sections were washed three times for 5 min,
mounted (ProLong Gold, Invitrogen) with cover slips and
dried in the dark for 2 days at room temperature.

J Appl Physiol » doi:10.1152/japplphysiol.01093.2025

Full sections were imaged on a slide scanner (Axioscan 7,
Zeiss), with filters at (excitation/emission) 370-400 nm/412-
438 nm (WGA), 450-488 nm/511-527 nm (MyHC I), 540-
570 nm/582-601 nm (AGE), and 615-648 nm (MyHC II),
using a x20 objective (Plan-Apochromat x20/0.8 MZ27,
Zeiss). Images were analyzed in FIJI/ImageJ by initially
removing regions containing folds and other artifacts, based
on the WGA stain. Subsequently intensity thresholds for the
MyHC I, MyHC II, and WGA stains were manually selected.
Finally, a macro was made to select each fiber type, using the
WGA stain to help separate individual fibers, and measure
the average intensity of the AGE stain in each fiber, as well
as in the ECM regions based on the WGA stain. For each sam-
ple the median intensity of each fiber type and ECM was
determined and to account for background signal (likely due
to autofluorescence), the median intensity of each fiber type
and ECM in the associated negative control was subtracted
to get the final AGE quantification.

Statistical Analysis

All statistical analyses and figure generation were per-
formed using GraphPad Prism version 10.4.0 (Dotmatics,
San Diego, CA). Two-way analyses of variance (ANOVA)
were used to assess differences from PRE to POST, with time
as a within-subject factor and group as a between-subject
factor. At PRE, differences in measured AGE intensity
between fiber types were determined using a paired ¢ test.
Sex differences were determined by an unpaired ¢ test.
Correlations between age and IL-6 and measured AGE inten-
sity were assessed using Pearson’s correlation coefficient.
For analysis of fiber type differences, sex differences, and
correlations with age, measured intensities from both groups
were pooled, to increase sample size and validity of the anal-
ysis. The normality of data distribution was assessed using
the Shapiro-WilKk test, as well as by inspection of Q-Q plots
and residual plots. As AGE levels in the ECM were not nor-
mally distributed in men, sex differences were evaluated
using the Mann-Whitney U test. Statistical significance was
defined as a P value <0.05, and data are reported as mean
(bars) and individual values.

RESULTS

Participant Characteristics

Baseline and postintervention participant characteristics
have been reported previously (30). In short, the 12-wk train-
ing intervention led to significant improvements in VOsmax
(P = 0.0001, main effect) and total lean body mass (P <
0.0001, main effect), along with a modest reduction in body
fat percentage (P = 0.039, main effect). No other body com-
position outcomes were affected, and the adaptations were
comparable between groups. Polyphenol supplementation
had no significant effect on body composition, physical per-
formance, or the magnitude of training-induced improve-
ments. For full dataset including hematological, fiber type-
specific, metabolic, and inflammatory outcomes, see Ref. 30.

Advanced Glycation End-Products

An example of the staining is shown in Fig. 1. Statistical
analysis revealed a significantly higher AGE immunoreactivity
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Figure 1. Example of histological staining. A: extracellular matrix stained for wheat germ agglutinin (WGA). B: type | muscle fibers stained for myosin
heavy chain 1 (MyHC I). C: type Il muscle fibers stained for myosin heavy chain 2 (MyHC lI). D: advanced glycation end-products (AGEs) stained by a
mono-clonal antibody sensitive to carboxymethyl lysine (CML) and carboxyethyl lysine (CEL). Top row: lacking primary AGE antibody (negative control).
Middle row: stained with all antibodies. Bottom row: same as middle row including outlines of fiber segmentation. Scale bar, 100 um.

in type I versus type II muscle fibers (P < 0.0001) (Fig. 2).
When comparing stainings in muscle fibers with those in
the ECM, we observed significantly elevated AGE accumu-
lation in the ECM, both when compared with type I (P =
0.02) and type II (P = 0.0002) muscle fibers (Fig. 2). There
was no sex difference in AGE accumulation, neither in
type I fibers (P = 0.52), type II fibers (P = 0.29) or in the
ECM (P = 0.50) (Fig. 2). We observed no correlation
between age and AGE immunoreactivity, neither in type I
fibers (R*> = 0.01, P = 0.58), type II fibers (R* = 0.002, P =
0.78), or in the ECM (R* = 0.005, P = 0.69) (data not
shown). We observed no correlation between plasma IL-6
and AGEs, neither in type I fibers (R? = 0.03, P = 0.33),
type II fibers (R*> = 0.06, P = 0.17), or in the ECM (R? =
0.004, P = 0.71) (Supplemental Fig. S1). We observed no
correlation between IL-6 and chronological age (R? = 0.07,
P =0.12) (Supplemental Fig. S1). The training intervention
did not result in any significant changes in AGE immuno-
reactivity in type I fibers (time effect: P = 0.16), type II
fibers (time effect: P = 0.13), or in the ECM (time effect: P =
0.25) in either of the groups, and there were no differences
between groups (Fig. 3).

DISCUSSION

This study sought to investigate the accumulation of AGE-
related modifications in type I and type II muscle fibers of
middle-aged and older individuals, and whether this could
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be affected by resistance-based training and polyphenol sup-
plementation. These findings provide novel insight into the
compartment-specific accumulation of some AGE subtypes
in human skeletal muscle, showing a fiber-type-associated
localization of AGE immunoreactivity. Training and supple-
mentation did not alter AGE immunoreactivity in either
muscle fibers or the ECM over the 12-wk intervention. These
findings add to the limited evidence on AGE distribution in
human skeletal muscle and suggest that short-term interven-
tions may not substantially influence tissue bound AGE lev-
els in middle-aged and older individuals.

Our observation that human type I fibers are associated
with higher levels of AGE-related modifications than type II
fibers is a novel finding. Generally, AGE formation is thought
to occur to the same extent in both type I and type II fibers
(34), and no difference between fiber types has been
observed in aged rats (15). However, in a diabetic mouse
model, AGEs were found to accumulate preferentially in
lipid-rich fibers, predominantly of the slow-twitch pheno-
type (22). A preferential accumulation of AGEs in type I
fibers makes sense, as these fibers possess a denser capillary
network and greater collagen content within their endomy-
sium (21). Given the greater collagen content surrounding
type I fibers, it could be speculated that increased signal
reflects some degree of ECM proximity rather than fiber-spe-
cific glycation. However, in a pilot analysis where the fiber
segmentations were shrunk to avoid signal from surround-
ing ECM, the fiber type difference remained, suggesting that
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direct contribution from the ECM is not the primary cause of
the observed difference. Nonetheless, since collagen is a
major target for glycation cross linking (35), and since aging
in general is associated with increased infiltration of fat and
connective tissue in muscle (2), this structural characteristic
may predispose type I fibers to higher AGE accumulation. In
addition, lipid peroxidation is one of the pathways in AGE
formation and has been reported to increase with the pro-
portion of type I fibers in human muscle (36). Moreover,
aging is associated with motor unit remodeling and selective
loss or atrophy of type II fibers, often resulting in a greater
relative contribution of type I fibers to total muscle area (2,
37, 38). This redistribution may predispose aging muscle to
greater glycation-related damage over time.

A limitation of the present study is that AGEs were
determined by immunofluorescence, using antibodies rec-
ognizing CML and CEL. CML and CEL are only a subset of
AGE-related modifications, but are not directly related to
structural cross linking, and therefore one cannot draw
firm conclusions on the effects of fiber type in relation to
AGE cross-link formation. Another important limitation is
the use of BSA blocking in the primary antibody mixture.
Although the monoclonal antibody was isolated competi-
tively against nonglycated BSA (31), some residual binding
cannot be ruled out, which may have contributed to the rela-
tively low signal in the present study. Future work should
use other blocking agents free of both BSA and exogenous
sources of AGEs, to avoid potential interference (39). Finally,
it is important to note that participants from both the pla-
cebo and polyphenol group were pooled in the fiber type
analysis, but since polyphenols did not affect AGE immuno-
reactivity that is unlikely to have influenced the results.
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That collagens are a major target of AGE modification was
also underscored by our observation that AGE levels were
greater in the ECM surrounding the muscle fibers than
within the fibers themselves. This observation is consistent
with the long half-life and slow turnover of collagen, which
make up the majority of the ECM (40), enabling an increased
accumulation of nonenzymatic glycation (20). However, an
important distinction here is that WGA may label multiple
structures, such as the sarcolemma and capillaries, and
therefore the greater ECM signal is not necessarily restricted
to the interstitial ECM. Cross linking of collagen by AGEs
increases matrix stiffness and reduces its degradability
by matrix metalloproteinases, thereby promoting fibrosis
and impairing force transmission between muscle fibers
(41), though this was not evaluated in the present study.
Although these changes are linked to advancing age, inter-
estingly, we found no significant correlation between AGE or
IL-6 levels and chronological age, either in the ECM or
within muscle fibers, likely due to the limited sample size
and narrow age range of our cohort. It is also worth noting
that unlike long-lasting tissues, such as cartilage where
AGEs can accumulate over a lifetime, turnover of muscle
proteins is faster and as a result age related changes may be
more difficult to detect.

Interestingly, the training intervention did not alter AGE
immunoreactivity in either muscle fibers or the ECM. To our
knowledge, no previous studies have directly examined the
effects of exercise training on AGE-related modifications
within skeletal muscle tissue, and findings from studies
assessing circulating AGE concentrations remain inconsis-
tent. Although one study found that RT lowered serum AGE
levels in patients with type 2 diabetes (24), another study in
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the same patient group showed no differences after 12 mo of
combined RT and endurance training (42). Notably, a study
in knee osteoarthritis patients even showed an increase of
the receptor of AGEs (RAGE) following 12 wk of RT (43).
Some studies have investigated the effects of exercise inter-
ventions combining RT with endurance training on circulat-
ing soluble RAGE (SRAGE) levels. sSRAGE function as soluble
decoy ligands for AGEs and consequently attenuate AGE-
mediated activation of cell-surface receptors (44), and
increased levels may therefore attenuate AGE accumulation.
Findings, however, are inconsistent, and may depend on the
duration of the interventions. Two long-term studies
reported elevated sSRAGE levels following 8 or 12 mo of com-
bined training in middle-aged and older adults (45) and indi-
viduals with type 2 diabetes (42), whereas two short term
studies found either no effect in type 2 diabetes patients (46)
or areduction in young men (47). Thus, it is possible that the
duration of the intervention contributed to the lack of effect
observed here, yet the conflicting results among previous
studies make it difficult to draw firm conclusions. As the cur-
rent study investigated the effects in skeletal muscle, the
findings may also indicate a discrepancy between muscle tis-
sue and circulating measures, suggesting that slowly accu-
mulating AGEs in skeletal muscle are simply too stable to be
influenced by lifestyle interventions. Interestingly, although
we observed a reduction in ROS generating capacity in

1024

TR

1
PRE POST
muscle, in the same cohort, following the training interven-
tion (48), this did not coincide with lower levels of AGE-
related modifications. This further indicates that although
exercise could slow or prevent further AGE formation
through improved redox balance, it may be insufficient to
reverse pre-existing cross links within the muscle matrix,
though cross linking was not assessed in the present
study. As a result, meaningful reductions in intramuscular
AGEs may simply require longer intervention durations to
manifest.

Combining the training with polyphenol supplementation
did not alter the absence of effect, and 30 days of supple-
mentation alone did not produce any differences in AGE-
immunoreactivity between groups before the intervention.
Although findings from animal and in vitro models suggest
that polyphenols may suppress the formation of AGEs (49),
their potential to reverse or eliminate pre-existing AGE cross
links has not been demonstrated. To our knowledge, no
other human studies have investigated this, but polyphenols
have been shown to inhibit age-related AGE accumulation in
both serum and muscle in mice (29), suggesting that long-
term interventions might reduce AGE levels in human mus-
cle by limiting their formation. Although long-term inter-
ventions examining the effects of polyphenols on AGE
accumulation are currently unavailable, and no cohort stud-
ies have assessed this association, previous research suggests
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that greater polyphenol intake is associated with reduced
systemic inflammation (50, 51). This could affect AGE levels
since chronic inflammation may accelerate AGE formation
and accumulation (52), but this remains speculative.

Conclusions and Perspectives

These findings demonstrate, for the first time in humans,
a fiber-type-associated localization of AGE immunoreactiv-
ity that favors type I fibers, and to a larger extent the ECM
surrounding the muscle fibers. This spatial distribution
highlights the susceptibility of type I muscle fibers and long-
lived ECM proteins to glycation-related modifications.
Although RT and HIIT are potent stimuli for muscle remod-
eling and metabolic adaptation, they do not affect the meas-
ured AGE subtypes in skeletal muscle of middle-aged and
older adults. Similarly, polyphenols possess antioxidant and
antiglycation properties in vitro, but they appear unable to
reverse established AGEs in human muscle. Reductions in
tissue AGE levels will likely require either long-term inter-
ventions or pharmacological interventions that directly
enhance ECM turnover or AGE clearance. Future research
should investigate whether longer or more targeted inter-
ventions, such as therapies promoting ECM remodeling,
carbonyl scavenging, or AGE cross-link breakdown, can
mitigate AGE accumulation and its contribution to sarco-
penia and age-related loss of muscle function.
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