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Abstract  

Advanced Glycation End-Products (AGEs) have been recently related to the onset of metabolic 

diseases and related complications. Moreover, recent findings indicate that AGEs can endogenously 

be formed by high dietary sugars, in particular by fructose which is widely used as added sweetener 

in foods and drinks. The aim of the present study was to investigate the impact of a high-fructose 

diet and the causal role of fructose-derived AGEs in mice skeletal muscle morphology and 

metabolism. C57Bl/6J mice were fed a standard diet (SD) or a 60% fructose diet (HFRT) for 12 

weeks. Two subgroups of SD and HFRT mice received the anti-glycative compound pyridoxamine 

(150 mg/kg/day) in the drinking water. At the end of protocol high levels of AGEs were detected in 

both plasma and gastrocnemius muscle of HFRT mice associated to impaired expression of AGE-

detoxifying AGE-receptor 1. In gastrocnemius, AGEs upregulated the lipogenesis by multiple 

interference on SREBP-1c through downregulation of the SREBP-inihibiting enzyme SIRT-1 and 

increased glycation of the SREBP-activating protein SCAP. The AGEs-induced SREBP-1c 

activation affected the expression of myogenic regulatory factors leading to alterations in fiber type 

composition, associated with reduced mitochondrial efficiency and muscular strength. Interestingly, 

pyridoxamine inhibited AGEs generation, thus counteracting all the fructose-induced alterations. 

The unsuspected involvement of diet-derived AGEs in muscle metabolic derangements and proteins 

reprogramming opens new perspectives in pathogenic mechanisms of metabolic diseases. 
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Introduction.  

Fructose is often used as added sweetener in foods and beverages for both its supposed healthy 

effects when in the pure form and its low cost when used in the form of high-fructose corn syrup 

[1,2]. However, the increased consumption of fructose occurred in the last decades has been related 

to the worldwide rise in diabetes, insulin-resistance, obesity, and other metabolic diseases [3-5]. We 

have recently demonstrated that, besides its well-known lipogenic effect, chronic fructose exposure 

in mice generates advanced glycation end-products (AGEs) in plasma and liver at higher level than 

glucose [6].  

AGEs are reactive compounds deriving from glycoxidation reactions between the amino group of 

proteins and reducing sugars [7], among which one of the most studied is carboxy-methyllysine 

(CML). AGEs are well known for their role in diabetes complications development, as they are 

generated during chronic hyperglyceamia [8]. However, a growing body of evidence has shown that 

AGEs can also be introduced with foods as a result of cooking and heating [9], but also an 

excessive sugar intake is supposed to be a source of endogenous AGEs [10,11].  

As for fructose, also for dietary AGEs a role in the onset of obesity and lipids accumulation, as well 

as in insulin-resistance has been reported [12-14]. In particular, CML is reported to be increased in 

fatty livers and in skeletal muscle of obese patients [15,16]. Conversely, the restriction of dietary 

AGEs has been found to lower insulin levels, markers of insulin resistance, and inflammation [17] 

and the inhibition of AGEs by pyridoxamine was able to improve obesity and skeletal muscle 

glucose uptake in mice fed a high-fat diet [18]. Pyridoxamine is a vitamin B6 metabolite which has 

been proved to be a potent quencher of the dicarbonyl compounds precursors of the AGEs in both 

in vitro and in animals studies [19,20]. Its anti-glycative action is strengthen by metal ions chelation 

[21] and reactive species neutralization [19] abilities. However, the clinical evidence on the 

potential AGEs-inhibiting effects of pyridoxamine is still limited and there are several ongoing 

human trials on different AGEs-related diseases [22,23].  
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Nevertheless, the mechanisms by which AGEs mediate metabolic changes are poorly understood 

and the range of effects of fructose-derived AGEs on tissue metabolism is far from being fully 

explored. Three mechanisms have been proposed by which AGEs could interfere with cell 

functions: (i) accumulation of AGEs in the extracellular matrix; (ii) binding of AGEs to AGE-

receptors, such as the receptor for advanced glycation end products (RAGE), leading to activation 

of pro-inflammatory signaling; (iii) intracellular AGEs formation [22]. On the other hand, the 

deleterious effects of AGEs may be counteracted by the binding of AGEs with the AGE receptor-1 

(AGE-R1), which both induces AGEs degradation and blocks RAGE-mediated pro-inflammatory 

signaling [24].  

Notably, very little is known about the effects of AGEs in skeletal muscle. The accumulation of 

AGEs has been suggested to affect skeletal muscle function during ageing and to contribute to 

intramyocellular lipid accumulation in obesity [16,25].Very recently we have documented that 

AGEs accumulate in gastrocnemius muscle in obese mice and that this accumulation is associated 

to activation of the SCAP/SREBP lipogenetic pathway that, in turn, triggers lipids production and 

accumulation [26]. Here we further extend our previous observations investigating whether mice 

skeletal muscle structure and metabolism can be affected by chronic exposure to a high-fructose 

diet and we better characterize the causal role of fructose-derived AGEs by using the glycation 

inhibitor pyridoxamine. 

 

Materials and methods. 

Animals and treatments 

Male C57Bl/6j mice (Charles River Laboratories, Calco, Italy) aged 4 weeks were cared for in 

compliance with the European Council directives (No. 86/609/EEC) and with the Principles of 

Laboratory Animal Care (NIH No. 85–23, revised 1985). The scientific project was approved by the 

Ethical Committee of the Turin University (permit number: D.M. 94/2012-B). Mice were fed a 

standard diet (SD group, n = 14) providing 70% of calories in carbohydrates (55% from corn starch 
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and 15% from maltodextrin), or a 60% fructose diet (HFRT group, n = 24) providing 70% of 

calories in carbohydrates (10% from corn starch and 60% from fructose), for twelve weeks. After 

three weeks of dietary intervention, during which body weight, glycemia, and food and water intake 

were strictly monitored, two subgroups of SD and HFRT diet started pyridoxamine supplementation 

in the drinking water for the remaining nine weeks (SD+P, n = 6; HFRT+P, n = 12). The 

pyridoxamine dosage (1 g/L, the equivalent of about 150 mg/kg bw/day) was chosen according to 

literature data [27] and calculated on the average daily water intake. All groups received drink and 

food ad libitum.  

Limb muscle strength tests 

After 12 weeks of dietary manipulation muscle strength performances were assessed. Kondziela’s 

inverted screen test was performed as shown and described by Deacon [28]. Resistance to fatigue 

was expressed as minutes after which the mouse falls off the inverted screen, with a maximum 

criterion time of 20 minutes.  

Grip test was performed as described by MacArthur, et al. [29] using a homemade grip strength-

meter. Each mouse was allowed to grasp the trapeze with their forelimbs and then pulled slowly 

backward. The mouse released the bar at its peak strength and this tension was measured by the 

dynamometer in Newtons. This process was repeated three times for each mouse and the results 

averaged as the grip strength for that animal. 

Procedures and plasma analyses 

Body weight and drink/food intake were recorded weekly. Six-hours fasting glycemia was 

measured at the start of the protocol and every 4 weeks by saphenous vein puncture using a 

conventional glucometer. After 12 weeks, mice were anesthetized and killed by cardiac 

exsanguination. Blood was collected and the gastrocnemii were rapidly removed.  

The right gastrocnemius was cryoprotected in Optimal Cutting Temperature compound and frozen 

in liquid N2 for cryostatic preparations. The left gastrocnemius was frozen in liquid N2 and stored at 

−80°C for protein analysis. Plasma lipid profile was determined by standard enzymatic procedures 
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using reagent kits. Plasma insulin level was measured using an enzyme-linked immunosorbent 

assay (ELISA) kit. 

Gastrocnemius lipid content  

For tissue triglyceride (TG) content determination, colorimetric assay kit was used after lipid 

extraction. Gastrocnemius intramyocellular lipid (IMCL) accumulation was evaluated by Oil Red 

staining on 10 m cryostatic sections.  

Preparation of tissue extracts 

Gastrocnemius total proteins were extracted as previously described [26] from 10% (w/v) 

gastrocnemius homogenates in RIPA buffer (0.5% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% 

SDS, 10 mmol/l EDTA, and protease inhibitors). After 40 minutes of incubation in ice, samples 

were sonicated and cleared by centrifugation at 15,000 g at 4°C for 40 min. Supernatants were 

removed and protein content was determined using the Bradford assay.  

CML levels by LC-MS 

CML levels were evaluated on plasma and total gastrocnemius extracts after hydrolisis with 0.6 M 

trichloroacetic acid and 50 µL of hydrochloric acid 6 M  for 2 hours at 60°C. 

The chromatographic separations were run on an Ultimate 3000 HPLC (Dionex, Milan, Italy) 

coupled to a high resolving power mass spectrometer (HRMS) LTQ Orbitrap (Thermo Scientific, 

Rodano, Italy), equipped with an atmospheric pressure interface and an ESI ion source. Samples 

were analyzed using a Reverse Phase C18 column (Phenomenex Synergi 150 × 2.1 mm, 3 μm 

particle size) at a flow rate of 200 μL/min. A gradient mobile phase composition was adopted: 95/5 

to 40/60 in 25 min, 5 mM heptafluorobutanoic acid/acetonitrile. The monitored protonated 

molecular ions were 205.1188 m/z. Quantitative determination were done by using CML calibration 

data [6,30]. 

Western blotting  

Equal amounts of proteins were separated by SDS-PAGE and electrotransferred to nitrocellulose 

membrane. Membranes were probed with primary antibodies followed by incubation with 
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appropriated HRP-conjugated secondary antibodies. Proteins were detected with ECL detection 

system and quantified by densitometry using analytic software (Quantity-One, Bio-Rad, Hercules, 

CA, USA). Results were normalized with respect to α-tubulin densitometric value.  

Co-immunoprecipitation. 

Equal amounts of total proteins (500 g) were incubated overnight with 2 g of rabbit anti-SCAP 

antibody. The antibody-antigen complexes were then incubated with Protein A Sepharose beads for 

3 h. SDS Laemmli buffer was added to the beads and cleared proteins were subjected to SDS–

PAGE and immunoblotted with mouse anti-CML antibody and, after stripping, with SCAP 

antibody. 

Immunofluorescence and immunohistochemistry analysis. 

CML was analysed by immunohistochemistry on 10 m gastrocnemius cryostatic sections. After 

blocking, sections were incubated overnight with primary antibody and subsequently for 1 h with 

HRP-conjugated secondary antibody and nuclei were counterstained with hematoxylin.  

A set of serial sections from the same gastrocnemius area was used for localization of AGE-R1 and 

SIRT-1 by double indirect immunofluorescence and subsequent identification of the fiber typology 

by immunohistochemistry. After blocking, sections were incubated overnight with a mix of the 

primary antibodies and subsequently for 1 h with a mix of Cy3-labelled and FITC-labelled 

secondary antibodies. Nuclei were stained with Hoechst dye. Sections were then examined using a 

Leica Olympus epifluorescence microscope (Olympus Bx4I). After immunofluorescence, a serial 

section from the same sample was analyzed for myosin heavy chain (MHC) 2A isoform expression 

by immunohistochemistry. The myofibers positive either for AGE-R1/SIRT-1 and MHC 2A were 

identified by accurate microscopic observations.  

SDH enzymatic activity 

Fifty μL of protein extracts were incubated with 200 μL reaction buffer containing 10 mM Na-

succinate, DCPIP 50 μg/mL, 10 mM phosphate buffer (pH 7.4), 2 mM KCN, 10 mM CaCl2, 0.05% 

BSA. The absorbance at 600 nm was measured at t0, 3 min and 20 min after the addition of 
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proteins. The rate of disappearance of the absorbance between 3 and 20 min was corrected for the 

total protein loaded and used to calculate the SDH enzymatic activity [31]. 

Staining and image analysis of SDH activity. 

Succinic dehydrogenase activity was assessed by incubating 10 µm gastrocnemius sections in 20 

mM sodium succinate, 10% nitrotetrazolium blue in 0.2 M phosphate buffer, pH 7.6, substrate 

solution at 37°C for 40 min. Slides were then washed in distilled water, mounted and imaged. SDH 

staining intensity for the entire gastrocnemius section was determined using Image J software (NIH) 

as described by Rinnankoski-Tuikka et al. [32] with slight modifications. Briefly,  4x magnification 

images (n = 6-12 mice per group) with a minimum of three fields-of-view per muscle cross-section 

were converted to 8-bit gray-scale (range of grey levels 0–255) images. An intensity threshold 

representing minimal intensity values corresponding to SDH activity was set manually and 

uniformly used for all images (least oxidative gray levels 46–90; intermediate oxidative 91-139; 

most oxidative 140–255). The three intensity scaled fractions representing different oxidative 

capacities of fibers were expressed as the percentage of total number of SDH-positive myofibers. 

Mitochondrial membrane potential. 

Gastrocnemius frozen sections were incubated with 500 nmol/L MitoTracker Red CMXRos 

(Molecular Probes, Eugene, Ore) at 37°C for 45 minutes, that gives a red fluorescence proportional 

to mitochondrial membrane potential. After washing in PBS, the sections were fixed with 3.7% 

formaldehyde for 5 minutes [33]. Sections were permeabilized with ice cold acetone for 5 minutes, 

blocked in 3% BSA in PBS for 30 minutes, and then incubated with MHC 2A antibody followed by 

FITC-labelled secondary antibody and examined using a Leica Olympus epifluorescence 

microscope (Olympus Bx4I). 

Reactive oxygen species (ROS) staining. 

ROS were evaluated by dihydroethidium (DHE) staining on 10 m cryostatic sections. Sections 

were incubated with a 1 µM DHE solution for 15 minutes in the dark. After washing sections were 

mounted and digitised at 10x magnification [34].  
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Statistical analysis 

The Shapiro-Wilk test was used to assess the normality of the variable distributions. One-way 

ANOVA followed by Bonferroni’s post-hoc test were adopted for comparison among the 

experimental groups. Data were expressed as mean  standard deviation. Statistical tests were 

performed with GraphPad Prism 6.0 software package (GraphPad Software, San Diego, CA, USA). 

Threshold for statistical significance was set to P<0.05.  

Materials  

All compounds were purchased from Sigma Chemical, unless otherwise stated. Primary antibodies 

are listed in Supplementary Material. 

 

Results. 

General parameters. 

After 12 weeks of diet, HFRT mice still did not show any significant alterations in body weight or 

body mass composition, while they had slight but significant increase in plasma glucose and insulin 

levels, higher plasma TG and cholesterol levels (Table 1), in comparison to SD mice. The daily 

calories and drink intake did not differ between SD and HFRT mice, and for the entire protocol 

duration HFRT mice did not develop polyuria or polydipsia that could interfere with pyridoxamine 

intake (data not shown). Notably, pyridoxamine supplementation to HFRT mice maintained glucose 

and lipid plasma profiles quite similar to those of SD. 

High-fructose diet generates high levels of AGEs. 

Analysis by LC-MS revealed very high levels of CML both in plasma and in gastrocnemius muscle 

homogenates of HFRT mice (Fig. 1A). Immunohistochemistry analysis for CML confirmed a very 

marked increase of glycation in gastrocnemius sections of HFRT mice with a discrete CML 

accumulation in specific myofibers (Fig. 1B). In addition, Western blotting analysis showed a 4-

fold increase in RAGE expression in HFRT compared to SD mice (Fig. 1C). On the other hand, in 

HFRT mice gastrocnemius we observed a dramatic fall in the AGEs detoxifying AGE-receptor 1 
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(AGE-R1) (Fig. 1D). As expected, pyridoxamine supplementation completely prevented AGEs 

generation. Since RAGE and AGE-R1 expressions are respectively directly and inversely 

depending on AGEs levels [16,17], as consequence of the prevention of AGEs generation 

pyridoxamine also inhibited RAGE hyperexpression and effectively prevented AGER1 depletion. 

Inhibition of AGEs reduces fructose-induced lipogenesis. 

In the skeletal muscle of HFRT mice we detected marked IMCL deposition (Fig. 2A), confirmed by 

higher triglyceride levels in gastrocnemius homogenates (Fig. 2B), compared to SD mice. 

As shown by Western blotting analysis (Fig. 2C), in gastrocnemius muscle from HFRT mice the 

lipogenic SCAP/SREBP pathway was strongly activated, and the SREBP-1c target genes ACC and 

FASN were hyperexpressed. In particular, ACC, which is considered the rate limiting enzyme of 

the fatty acid synthesis, resulted activated as shown by its decreased phospohrylation. Pyridoxamine 

supplementation inhibited lipogenesis activation and thus almost completely prevented lipid 

accumulation. 

Fructose-derived AGEs exert a multiple interference on SCAP/SREBP pathway. 

To investigate the mechanisms by which AGEs can affect the SCAP/SREBP pathway, we 

performed a co-immunoprecipitation assay, showing that a greater amount of SCAP is glycated by 

CML in gastrocnemius of HFRT mice compared to SD, while SCAP glycation is almost completely 

prevented by pyridoxamine supplementation (Fig. 3A). 

Moreover, we assessed the expression of SIRT-1, a deacetylase that regulates many transcriptional 

proteins important in energy metabolism, recently emerged as inhibitor of SREBP-1c activity and 

thought to be regulated by AGE-R1 [17]. Actually, besides the reduced levels of AGE-R1 induced 

by the HFRT diet, we also observed a reduction in SIRT-1 expression, which was effectively 

prevented by pyridoxamine treatment (Fig. 3B). Interestingly, double immunofluorescence analysis 

in gastrocnemius from SD mice showed that AGER1 and SIRT1 are localized in the same 

myofibers (Fig. 3C). Specifically, AGE-R1 was located along the plasmamembranes, while SIRT-1 

had a cytoplasmic distribution. Interestingly, the immunohistochemistry for the MHC 2A isoform 
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performed on sections sequential to that used for the AGE-R1/SIRT-1 immunofluorescence, shown 

that they where exclusively expressed in myofibers having an oxidative metabolism (Fig. 3D). 

Inhibition of AGEs restores myogenic regulatory factors (MRFs) expression, fiber type and 

metabolism of muscle altered by fructose feeding. 

Since MRFs, which are involved in muscle structural proteins reprogramming, are suggested to be 

controlled by SREBP-1c activity [35], we analysed their expression in gastrocnemius. Our results 

showed that MyoD1 and MEF2c were downregulated, while myogenin was strongly upregulated by 

HFRT diet. Unexpectedly, pyridoxamine supplementation maintained the expression pattern of 

MRFs similar to that recorded in SD condition (Fig. 4A). 

Since the structural proteins reprogramming regulated by the MRFs may induce alterations in the 

fiber type composition, we assessed the expression levels of the three main isoforms of MHC. In 

gastrocnemius of HFRT mice, we observed a higher content of the MHC isoforms 1 and 2A, which 

are specifically expressed by the myofibers with an oxidative metabolism, and a lower content in 

fast glycolytic MHC 2B (Fig. 4B). This specific composition was associated to an increased 

expression of either the cytoplamsic subunit of the succinic dehydrogenase (SDHA), a marker of 

mitochondria biogenesis, and the muscle carnitine palmytoiltransferase-1 (CPT-1m), the limiting 

enzyme of the mitochondrial β-oxidation (Fig. 4C). Notably, the pyridoxamine supplementation 

preserved the myosin heavy chain composition and the metabolic features of the normal 

gastrocnemius. 

Inhibition of AGEs preserves mitochondrial efficiency affected by fructose. 

To assess whether the increased number of oxidative myofibers and mitochondria were paralleled 

by increased mitochondrial function, we evaluated enzymatic activity of the SDH in gastrocnemius 

cross sections (Fig. 5A). In the whole gastrocnemius muscle of HFRT mice an increase in SDH 

enzymatic activity (Fig. 5B) and in SDH-positive myofibers was detected (Fig. 5C). However, 

despite increased total number of oxidative myofibers, the percentage of most oxidative myofibers 

was significantly reduced, while only least oxidative myofibers were increased (Fig. 5D). Thus, the 
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average activity of SDH per single oxidative myofiber in HFRT mice resulted reduced compared to 

the SD mice. Pyridoxamine supplementation to HFRT fed mice, although limiting the increase in 

total number of SDH-positive myofibers, markedly raised the number of intermediate oxidative 

myofibers, thus improving individual myofibers oxidative efficiency. The hypothesis of a 

mitochondrial impairment induced by the fructose-derived AGEs was further confirmed by the 

Mitotracker assay performed on cryostatic muscle sections, showing a reduced mitochondrial 

membrane potential, normalized for the number of MHC 2A-positive myofibers, in the HFRT 

gastrocnemius (Fig. 5E), and by the reduced amount of sMtCK in HFRT gastrocnemius extracts 

(Fig. 5F). The pyridoxamine treatment maintained the mitochondrial membrane potential and the 

energy supply near to the SD values. 

This reduced mitochondrial efficiency was paralleled by increased generation of ROS revealed by 

DHE staining (Fig. 6A) and induction of the mitochondrial superoxide dismutase (MnSOD) (Fig. 

6B). Pyridoxamine was able to prevent oxidative stress and MnSOD expression increase, in keeping 

with its known antioxidant activity. 

Inhibition of AGEs preserves muscle efficiency. 

According to either a reduced glycolytic and an inefficient oxidative metabolism, functional 

assessment on gastrocnemius muscle revealed reduced forelimb strenght (-16% of SD value) 

paralleled by a more markedly increased fatigability (-32% of SD resistance) (Table 2). Notably, 

since body weight did not differ between SD and HFRT mice, the reduced performance of HFRT 

mice in the Kondziela’s inverted screen test can not be due to overweight. Interestingly, 

pyridoxamine supplementation improved both grip strength and resistance to fatigue affected by the 

HFRT diet. 

 

Discussion 

The present study provides new knowledge on the effects of fructose-derived AGEs in skeletal 

muscle morphology and metabolism, which are shown to be mediated by the deregulation of 
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SREBP-1c. We have recently observed that AGEs overproduction in mice liver and skeletal muscle 

is associated to increased lipogenesis due to the activation of SREBP-1c [6,26]. We also 

demonstrated in obese mice gastrocnemius a marked fiber type transition towards a more oxidative 

metabolism associated to specific IMCL and AGEs accumulation in the oxidative myofibers [26]. 

However, a causal link between AGEs and SREBP-1c activation, as well as an evaluation of muscle 

function and mitochondria efficiency, were lacking. Besides, it was not possible to gather the 

dietary source of endogenous AGEs since either a high intake of fat and sugar or an energy 

overload were able to induce AGEs accumulation in gastrocnemius muscle. Conversely, in the 

present study we used only fructose as main source of  AGEs. The choice of focusing on fructose-

derived AGEs is based on recent epidemiological data showing a dramatic rise in free fructose 

consumption due to the wide employment of high fructose corn syrup in the preparation of foods 

and beverages [3]. Indeed, we here demonstrated that a high fructose intake evoked endogenous 

CML production and lipogenesis activation and the use of pyridoxamine, besides the effective 

inhibition of CML production, was able to improve plasma glycolipidic profile and to reduce 

gastrocnemius muscle lipogenesis.  

Previous in vitro studies demonstrated that the glycation of SCAP, which escorts SREBP-1c from 

the endoplasmic reticulum to the Golgi where it is activated by a cleavage, prevents its 

physiological proteasomal degradation and prolongs its half-life, thus promoting its recycling 

between the endoplasmic reticulum and the Golgi and prolonging its action on SREBP-1c activity 

[36,37]. Furthermore, the increased levels of SCAP here reported in the gastrocnemius of HFRT 

mice can be the result of both its reduced degradation rate and the SREBP1c transcriptional activity, 

which also has SCAP among its target genes. In this perspective the reduction of SCAP glycation 

by pyridoxamine, promotes its degradation, thus limiting SREBP activation and reducing SCAP 

levels, definitively confirming a direct role of AGEs in the deregulation of SCAP/SREBP pathway. 

On the other hand, SREBP-1c activity can be downregulated through deacetylation by SIRT-1 [38], 

a NAD(+)-dependent protein deacetylase that regulates fat mobilization and fatty acid oxidation and 
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increases insulin sensitivity and gluoconeogenesis [39]. The induction of SIRT-1 activity has been 

demonstrated to prevent insulin resistance and fat accumulation by enhancing mitochondrial 

biogenesis and β-oxidation [39]. In contrast, in high-fat diet or metabolic challenges, hepatic SIRT-

1 depletion increases acetylation of SREBP-1c with enhanced lipogenic gene expression [38,40]. 

Besides,  the in vivo activity of SIRT-1 has been proved to depend on the protective functions of 

AGE-R1. Specifically, in differentiated 3T3-L1 adipocytes, transduced or silenced for AGE-R1and 

stimulated with the CML precursor methylglyoxal, SIRT-1 expression was found to be inversely 

correlated to methylglyoxal doses [41]. Furthermore, AGEs oral administration has been reported to 

induce downregulation of both AGE-R1 and SIRT-1, while AGEs restriction normalized their 

expression levels with a concomitant attenuation of RAGE and reduced lipid synthesis. That work 

also demonstrated by genetically modulation of AGE-R1 expression in monocytes that SIRT-1 

expression and function are strictly correlated to AGE-R1 efficiency [17]. Consistent with these 

findings, we observed that the parallel reduction of AGE-R1 and SIRT-1 expression in muscle of 

HFRT mice was efficiently prevented by the inhibition of AGEs formation by pyridoxamine. Thus, 

it can be argued that AGEs interfere with SREBP-1c activation by either the direct glycation of 

SCAP and the downregulation of AGE-R1/SIRT-1 pathway, leading in both cases to enhanced 

lipogenesis. To our knowledge, this is the first evidence of a multiple interference of AGEs on lipid 

metabolism in skeletal muscle.  

The skeletal muscle comprises different fiber types, whose identity is established during 

differentiation by MRFs [42-44]. These factors regulate the differential expression of MHC 

isoforms defining three major fiber types that rely on different metabolic pathways for energy 

production: slow-twitch oxidative fibers, containing MHC 1, fast-twitch oxidative fibers, containing 

MHC 2A, and fast-twitch glycolytic fibers, containing MHC 2B [45]. Thus, muscle fibers can 

change their properties through a fiber type-specific regulation of MHC gene expression in response 

to modifications in diet composition [26,46,47]. AGE-R1 and SIRT-1 colocalization in MHC 2A-

expressing myofibers is consistent with our previous findings showing a preferential accumulation 
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of both CML and IMCL in oxidative fibers [26], suggesting a crosstalk between AGEs-induced 

lipogenesis and structural muscle proteins expression. For instance, a further very interesting and 

unexplored fallout of the AGEs-mediated activation of SREBP-1c is related to a new transcriptional 

role for SREBP-1c highlighted by recent works [35, 48]. They reported that SREBP-1c controls the 

transcription of MRFs which are responsible for the regulation of myogenesis and the setting of 

muscle fiber type composition [42,43]. In in vitro studies, SREBP-1c overexpression inhibits 

myotube differentiation and induces myofibers atrophy [48]. Indeed, it has been observed that the 

expression of MRFs and muscle structural proteins, as MHC, is strictly regulated by the modulation 

of SREBP-1c activity in mice [35]. In our model, fructose feeding evoked a dramatic alteration in 

MRFs content, with reduced MyoD and MEF2C levels and increased myogenin levels. These 

alterations could be related to the observed modification in MHC isoforms expression, accounting 

for a glycolytic-to-oxidative fiber type transition. In keeping with our results, there are indications 

from the literature that MyoD1 and MEF2C actually regulate the expression of the glycolytic MHC 

2B [42], while myogenin is associated to the expression of the oxidative isoforms MHC 1 and 2A 

[43]. Moreover, it has been reported that RAGE, which is transiently hyperexpressed in injured 

muscle, positively regulates myoblast differentiation by directly increasing myogenin expression 

[49]. Intriguingly, in our model the preservation of MRFs expression levels and the fiber type 

composition by the inhibition of AGEs generation obtained by pyridoxamine treatment in HFRT 

mice strongly suggests, for the first time, that AGEs could be involved in muscle proteins 

reprogramming through either SREBP-1c activation and RAGE induction. Our results are in 

keeping with several studies showing the diet-induced myofibers type transition towards oxidative 

isoforms as a physiological adaptation to the rise in fatty acid availability [46,47,50]. However, 

although in some animal models of diet-induced obesity an increase in mitochondrial oxidative 

capacity has been observed [51,52], it is elsewhere reported that the increase in oxidative fibers in 

response to fatty acids overload could not be necessarily accompanied by an increased 

mitochondrial efficiency [47]. Furthermore, studies in humans, reviewed by Sivitz and Yorek [53], 
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have shown that type 2 diabetic patients exhibited alteration in mitochondrial morphology, and a 

decrease in the activity of the respiratory chain and expression of the enzymes of oxidative 

mitochondrial metabolism. It has been proposed that in diet-induced obesity, after the early 

induction of mitochondria biogenesis and β-oxidation, the fatty acid overload to mitochondria 

generates high levels of lipid peroxidation as well as an oxidative stress condition [54,55]. In our 

model, the HFRT-induced increased number of oxidative myofibers, as well as the increased 

expression of β-oxidation and mitogenesis markers, may suggest an adaptive upregulation of 

oxidative metabolism aimed to metabolize fatty acid overproduction. However, our results on SDH 

activity in individual oxidative myofibers of HFRT mice indicate a reduced oxidative 

phosphorylation chain efficiency. This impaired oxidative activity leads to lowered mitochondrial 

membrane potential, as revealed by reduced Mitotracker staining in the HFRT gastrocnemius, 

which is an indicator of decreased ATP production [56]. The diminished mitochondrial energy 

production in the whole gastrocnemius of HFRT mice is confirmed by the reduced expression of 

sMtCK, the enzyme mainly expressed in oxidative myofibers coupled to oxidative phosphorylation 

and responsible for the transfer of phosphate from mitochondrial ATP to cytosolic creatine [57]. 

Reduced levels of sMtCK have been previously observed in certain myopathies and are linked to 

compromised energy availability [58].The effective preservation of mitochondrial efficiency by 

pyridoxamine strongly support the causal role of fructose-derived AGEs. According to the 

hypothesis of an impairment of mitochondrial functions induced by fructose-derived AGEs, namely 

β-oxidation and SDH activity, that failed to remove fatty acid surplus, we also found increased 

oxidative stress parameters that could also contribute to exacerbate AGEs production. The 

recognized anti-oxidative activity of pyridoxamine, together with its effect on the restoration of 

AGE-R1 and SIRT-1 levels, which are also known to be provided with antioxidant effects [17,41], 

may also contrast the mitochondrial generation of oxidative stress. These aspects should be further 

explored in a future work to clarify the fallout of diet-derived AGEs on mitochondria integrity, 

since accumulating data report the induction of mitochondria disruption and autophagy by AGEs in 
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several experimental conditions [59,60]. Finally, this picture of general mitochondrial exhaustion 

induced by HFRT diet could account for the significantly reduced force and fatigability observed in 

HFRT mice when subjected to Kondziela’s and grip tests. Pyridoxamine supplementation to HFRT 

mice completely prevented this functional deficit, probably as a result of the effects of inhibition of 

AGEs formation on lipogenesis and muscle metabolism.  

Taken together, the present data extend our previous knowledge and indicate for the first time that 

fructose-derived AGEs exert a multiple interference on SREBP-1c activity which in turn enhances 

fatty acids synthesis and impairs muscle proteins expression, leading to an ineffective crosstalk 

between lipogenesis and muscle reprogramming that could chronically contribute to progression 

towards muscle impairment (Fig. 7). In consideration of the worldwide rapid rise in metabolic 

diseases due to the increasing consumption of sugar-rich foods and drinks, it is of relevance to 

thoroughly understand the impact of endogenous AGEs in human health. In this perspective, further 

research are needed to identify new effective strategies to counteract AGEs generation or potentiate 

AGEs-detoxifying systems to prevent metabolic diseases and related complications. In particular, 

the marked protective effect of pyridoxamine here reported on muscle metabolism and function 

does encourage a wider exploration of its therapeutic potential in human diseases.  
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Table 1. General parameters of mice fed a standard diet (SD) or a high-fructose diet (HFRT) 

for 12 weeks, supplemented or not with 150 mg/kg b.w./day pyridoxamine . Data are means ± 

standard deviation. Statistical significance: 
a
P<0.05; 

b
P<0.001 vs SD. 

 

 

 

SD              

(n=8) 
SD+P 

(n=6) 
HFRT           

(n=12) 
HFRT+P 

 (n=12) 

Body weight increase 

(g)  
8.1 ± 1.2 8.4 ± 1.6 9.3 ± 1.6 8.8 ± 1.4 

Gastrocnemius weight                         

(% of b. w.)  
1.06 ± 0.09 1.06 ± 0.04 1.06 ± 0.07 1.02 ± 0.05 

Fasting plasma glucose 

(mg/dL)  
69 ± 19 62 ± 16 91 ± 11

a
 75 ± 16 

Fasting plasma insulin           

(mg/dL)  
79.2 ± 4.7 78.1 ± 1.5 86.6 ± 7.1

a
 79.1 ± 6.3 

Plasma TG                  

(mg/dL)  
30.7 ± 6.6 29.3 ± 5.5 45.5 ± 5.0

b
 37.2 ± 5.6 

Plasma Chol             

(mg/dL)  
77.2 ± 6.1 73.9 ± 9.3 115.3 ± 12.5

b
 101.6 ± 18.4

a
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Table 2. Tests for limb resistance to fatigue and muscle strenght of SD or HFRT mice, 

supplemented or not with 150 mg/kg b.w./die pyridoxamine. Data are means ± standard 

deviation. Statistical significance: 
a
P<0.05 vs SD; 

c
P<0.05 vs HFRT. 

 

 

SD              

(n=8) 
SD+P 

(n=6) 
HFRT           

(n=12) 
HFRT+P 

(n=12) 

Kondziela’s test           

(min)  
14.5 ± 4.4  14.0 ± 4.3  9.8 ± 2.8

a
  14.4 ± 2.6

c
  

Grip test    
(N)  

1.29 ± 0.09  1.28 ± 0.16 1.08 ± 0.09
a 
 1.20 ± 0.15  
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Figure legends 

Fig. 1. Fructose-induced AGEs production and AGEs-receptors analysis. (A) Carboxy 

methyllysine levels evaluated by GC-MS in plasma and gastrocnemius muscle homogenates from 

SD and HFRT mice, supplemented or not with pyridoxamine. (B) Representative 10x magnification 

photomicrographs of immunohistochemistry for CML on gastrocnemius sections. (C) 

Representative Western blots in total gastrocnemius extracts for the pro-inflammatory AGE-

receptor RAGE, and (D) the AGEs detoxifying receptor AGE-R1. Histograms report densitometric 

analyses normalized for the relative tubulin content. Data are means ± standard deviation of 6-12 

mice per group. 
b
P<0.001 vs SD; 

d
P<0.001 vs HFRT. 

Fig. 2. Intramyocellular lipid accumulation, triglyceride content, and SCAP/SREBP pathway 

analysis. (A) Representative 20/40x magnification photomicrographs of Oil Red staining on 

gastrocnemius. (B) TG content in gastrocnemius homogenates of the four experimental groups. (C) 

Representative Western blots in total gastrocnemius extracts for SCAP and the active form of 

SREBP-1c, and (D) for the SREBP-1c target genes FASN and ACC, and the phosphoryaleted form 

of ACC. Histograms report densitometric analyses normalized for tubulin content. ACC activation 

is reported as ratio between total ACC and inactive Ser79 phosphorylated form. Data are means ± 

standard deviation of 6-12 mice per group. 
a
P<0.05, 

b
P<0.001 vs SD; 

c
P<0.05, 

d
P<0.001 vs HFRT. 

Fig. 3. SCAP glycation rate and SIRT-1 expression and colocalization with AGE-R1. (A) 

Representative co-immunoprecipitation analysis for the evaluation of SCAP glycation in total 

gastrocnemius extracts. The upper band reports the reactivity of the immunoprecipitated SCAP with 

anti-CML antibody, while the lower band reports the reactivity with anti-SCAP antibody as loading 

control. Histogram reports ratio of densitometric value of CML-glycated SCAP to total SCAP. (B) 

Representative Western blots in total gastrocnemius extracts for SIRT-1. Histogram reports 

densitometric analyses of 6-12 mice per group normalized for the relative tubulin content. (C) 

Representative 40x magnification photomicrographs of immunofluorescence for AGE-R1 and 

SIRT-1 localization on gastrocnemius sections. (D) Immunohistochemistry analysis for MHC 2A 
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on serial sections showing specificity of both AGE-R1 and SIRT-1 expression in oxidative 

myofibers.
 b

P<0.001 vs SD; 
c
P<0.05, 

d
P<0.001 vs HFRT. 

Fig. 4. Myogenic regulatory factors (MRFs) expression, myosin heavy chain isoforms 

composition, mitochondrial biogenesis, and β-oxidation markers expression. Representative 

Western blots for MyoD1, MEF2C, and myogenin (A), MHC 1, MHC 2A, MHC 2B isoforms and 

total MHC (B), SDHA and CPT1-m (C) on gastrocnemius extracts. Histograms report 

densitometric analyses of 6-12 mice per group. 
a
P<0.05, 

b
P<0.001 vs SD; 

c
P<0.05, 

d
P<0.001 vs 

HFRT. 

Fig. 5. Oxidative efficiency of SDH-positive myofibers. (A) Representative 4/20x magnification 

photomicrographs of SDH staining on gastrocnemius sections. Staining intensity is proportional to 

SDH enzymatic activity. (B) SDH enzymatic activity in whole gastrocnemius homogenates. (C) 

Percentage of SDH-positive on total myofibers. (D) Distribution of SDH-positive fibers among 

least, intermediate, and most intense SDH-staining. (E) Representative 20x magnification 

photomicrographs of Mitotracker staining plus immunohistochemitry for MHC 2A on 

gastrocnemius sections. Mitotracker staining intensity is proportional to mitochondrial membrane 

potential. (F) Histograms report densitometric values of 6-12 mice per group of Mitotracker 

fluorescence normalized for the percentage of oxidative MHC 2A myofibers. (G) Representative 

Western blots in total gastrocnemius extracts for sMtCK. Histogram reports densitometric analyses 

of 6-12 mice per group normalized for the relative tubulin content. Data are means ± standard 

deviation of 6-12 mice per group. 
a
P<0.05, 

b
P<0.001 vs SD; 

c
P<0.05, 

d
P<0.001 vs HFRT. 

Fig. 6. Oxidative stress markers. (A) Representative 10x magnification photomicrographs of DHE 

staining on gastrocnemius sections indicating the presence of reactive oxygen species. (B) 

Representative Western blots for MnSOD in total gastrocnemius extracts. Histogram reports 

densitometric analyses of 6-12 mice per group normalized for the relative tubulin content. 
b
P<0.001 

vs SD; 
c
P<0.05 vs HFRT. 
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Figure 7. Schematic illustration of the proposed effects of fructose-derived AGEs on mice 

skeletal muscle. AGEs endogenously formed by dietary fructose exert a multiple interference on 

SREBP-1c activation through increased glycation of SCAP and AGE-R1-dependent 

downregulation of SIRT-1. The enhanced activation of SREBP-1c activates lipogenesis and alters 

muscle specific proteins reprogramming, resulting in lipids accumulation, impaired oxidative 

metabolism and reduced muscle efficiency. The related increase in oxidative stress further 

contributes to AGEs generation. 
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Figure 5.
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Figure 7.


