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Abstract
BACKGROUND 
Myocardial remodeling is a key factor in the progression of cardiovascular disease 
to the end stage. In addition to myocardial infarction or stress overload, dietary 
factors have recently been considered associated with myocardial remodeling. Nε-
(carboxymethyl)lysine (CML) is a representative foodborne toxic product, which 
can be ingested via daily diet. Therefore, there is a marked need to explore the 
effects of dietary CML on the myocardium.

AIM 
To explore the effects of dietary CML (dCML) on the heart.

METHODS 
C57 BL/6 mice were divided into a control group and a dCML group. The control 
group and the dCML group were respectively fed a normal diet or diet supple-
mented with CML for 20 wk. Body weight and blood glucose were recorded every 
4 wk. 18F-fluorodeoxyglucose (FDG) was used to trace the glucose uptake in 
mouse myocardium, followed by visualizing with micro-positron emission 
tomography (PET). Myocardial remodeling and glucose metabolism were also 
detected. In vitro, H9C2 cardiomyocytes were added to exogenous CML and 
cultured for 24 h. The effects of exogenous CML on glucose metabolism, collagen I 
expression, hypertrophy, and apoptosis of cardiomyocytes were analyzed.

RESULTS 
Our results suggest that the levels of fasting blood glucose, fasting insulin, and 
serum CML were significantly increased after 20 wk of dCML. Micro-PET showed 
that 18F-FDG accumulated more in the myocardium of the dCML group than in 
the control group. Histological staining revealed that dCML could lead to 
myocardial fibrosis and hypertrophy. The indexes of myocardial fibrosis, 
apoptosis, and hypertrophy were also increased in the dCML group, whereas the 
activities of glucose metabolism-related pathways and citrate synthase (CS) were 

https://www.f6publishing.com
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significantly inhibited. In cardiomyocytes, collagen I expression and cellular size were significantly 
increased after the addition of exogenous CML. CML significantly promoted cellular hypertrophy 
and apoptosis, while pathways involved in glucose metabolism and level of Cs mRNA were 
significantly inhibited.

CONCLUSION 
This study reveals that dCML alters myocardial glucose metabolism and promotes myocardial 
remodeling.

Key Words: Diet; Myocardial remodeling; Glucose metabolism; Nε-(carboxymethyl)lysine; C57 BL/6 mice

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Nε-(carboxymethyl)lysine (CML) exists in daily diet and is harmful to health. We established in 
vitro and in vivo models to investigate the effects of dietary CML (dCML) on the heart. We found that 
long-term dCML induced insulin resistance and elevated serum CML level. 18F-fluorodeoxyglucose 
imaging indicated that dCML promoted myocardial glucose uptake, but the glucose metabolism was 
disrupted. Myocardial fibrosis, apoptosis, and hypertrophy were significantly enhanced by dCML. In the 
cell model, CML supplementation promoted cardiomyocyte apoptosis, cellular hypertrophy, and collagen I 
expression, and also inhibited pathways involved in glucose metabolism.

Citation: Wang ZQ, Sun Z. Dietary Nε-(carboxymethyl) lysine affects cardiac glucose metabolism and myocardial 
remodeling in mice. World J Diabetes 2022; 13(11): 972-985
URL: https://www.wjgnet.com/1948-9358/full/v13/i11/972.htm
DOI: https://dx.doi.org/10.4239/wjd.v13.i11.972

INTRODUCTION
Cardiovascular disease is the leading cause of mortality worldwide[1]. Myocardial remodeling can lead 
to decreased cardiac function, which is an important factor in increasing mortality due to cardiovascular 
disease[2]. Cardiac remodeling is characterized by cardiomyocyte hypertrophy, apoptosis, fibrosis, and 
increased fibrocollagen deposition[3]. Short-term compensatory remodeling increases cardiac 
contractility, whereas long-term sustained pathological remodeling leads to a decline in cardiac function 
or even heart failure[4]. Cardiac remodeling can be caused by myocardial infarction, stress overload, 
inflammatory cardiomyopathy, idiopathic dilated cardiomyopathy, or diabetes[5]. Although these 
causes differ, they share similar mechanisms such as oxidative stress, endoplasmic reticulum stress, and 
inflammatory response[6]. Attempts have been made to improve myocardial remodeling with drugs or 
other interventions, albeit with unsatisfactory results[7].

Recent studies have shown that in addition to diseases such as diabetes and coronary heart disease, 
foodborne factors are also associated with myocardial remodeling[8]. Nakamura et al[9] found that 
carbohydrate content in the diet could affect myocardial remodeling. Zeng et al[10] reported that a high-
fat diet promoted myocardial remodeling. Therefore, it is important to identify the key pathogenic 
components in the diet for the prevention and treatment of myocardial remodeling.

Advanced glycation end products (AGEs) are a class of heterogeneous irreversible products formed 
by non-enzymatic reactions[11]. AGEs can accumulate in various tissues resulting in adverse health 
effects by increasing disease pathogenesis[12,13]. AGEs can accumulate via endogenous and exogenous 
mechanisms. Food is the main source of exogenous AGEs[14]. Nε-(carboxymethyl)lysine (CML) is 
considered a representative of food-derived AGEs[15]. CML has been found in a variety of foods such as 
milk, bakery products, and coffee. Ahmed et al[16] reported that the concentration of CML is 877 ± 47 
nM in pasteurized milk. Assar et al[17] reported that bread crust contains 46.1 mg/kg of CML. Ingestion 
of CML via routine diet is substantially higher than the level of CML in plasma and tissues[18]. Daily 
exposure to high levels of CML is a health risk for humans[19]. The dietary intake of CML is positively 
correlated with prevalent vertebral fractures[20]. Studies have also shown that foodborne CML can 
accelerate the progression of atherosclerosis, Alzheimer’s disease, and other diseases[21]. Our previous 
studies reported that long-term exposure to CML leads to osteogenic differentiation of vascular smooth 
muscle cells and calcification in diabetic plaques[12]. Exogenous CML can lead to the continuous 
evolution of atherosclerotic plaques[22]. However, it is currently unknown whether CML intake affects 
myocardial remodeling.

https://www.wjgnet.com/1948-9358/full/v13/i11/972.htm
https://dx.doi.org/10.4239/wjd.v13.i11.972
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Glucose metabolism is an important energy source for heart activities. Physiologically, cardio-
myocytes uptake and transport glucose via the glucose transporter (Glut) family and obtain energy via 
aerobic glucose oxidation[23]. Under pathological conditions such as myocardial infarction, glucose 
metabolism is altered and glucose uptake is increased to counteract the decline in cardiac function[24]. 
Impaired glucose metabolism is an independent risk factor for the progression of heart failure[25]. 
However, whether foodborne factors have an impact on myocardial glucose metabolism needs further 
study.

In the present study, we hypothesized that dietary CML (dCML) can lead to myocardial glucose 
metabolism dysfunction and myocardial remodeling. We fed mice a CML-supplemented diet and used 
18F-fluorodeoxyglucose (FDG) to track the glucose uptake by the mouse myocardium in vitro and in vivo. 
Our study provides new insights into the relationship between dCML and myocardial remodeling.

MATERIALS AND METHODS
Animals
All animal experiments were approved by the Experimental Animal Use Ethics Committee of Jiangsu 
University and followed the ARRIVE guidelines. Ten-wk-old male C57 BL/6 mice (Cavens, 
ChangZhou, China) were stored in a light:dark (12:12) cycle environment at a temperature of 26 °C and 
humidity of 70%. Mice were randomly divided into two groups: control (Ctrl) group and dCML group (
n = 25). Mice in the Ctrl group were freely administered a standard pelleted diet (XieTong, Nanjing, 
China). The dCML group received a daily standard pelleted diet mixed with CML (1 g/kg)[26]. The 
body weight and blood glucose of mice were measured every 4 wk. Blood glucose was detected with a 
glucose meter (Roche, Basel, Switzerland). After 20 wk of feeding, the fasting insulin levels of the mice 
were detected via the enzyme-linked immunoassay (ELISA) (Mercodia, Sweden), and the homeostatic 
model assessment insulin resistance (HOMA-IR) was calculated [HOMA-IR = glucose (mmol/L) × 
insulin (mIU/L)]/22.5. Then the mice were subjected to the oral glucose tolerance test (OGTT)[27]. Each 
mouse was fasted for 8 h prior to the tests. During fasting, mice had access to adequate water. The 
serum CML level in mice was detected via ELISA (Cloud-Clone, Wuhan, China). The operation steps 
followed the instructions. The citrate synthase (CS) in mouse tissues was detected with the Citrate 
Synthase Activity Detection Kit (Solarbio, Beijing, China). The mouse tissues were homogenized and 
centrifuged at 11000 g for 10 min. The protein concentration of supernatants was measured using the 
bicinchoninic acid assay. The samples were reacted with the detection reagent for 10 s or 2 min, and the 
absorbance at 412 nm was measured. Then the activity was calculated and expressed as nmol/min/mg 
protein.

Histology
Mice were euthanized with carbon dioxide (CO2). Mouse hearts were isolated and the left ventricles 
were used for subsequent analysis. Masson’s trichrome staining was performed to assess the degree of 
myocardial fibrosis in mice using an appropriate kit (Solarbio). Myocardial glycogen accumulation was 
measured using the Glycogen Periodic Acid Schiff (PAS) Stain Kit (Solarbio)[28]. The cytoplasm and 
nuclei were stained with hematoxylin and eosin (H&E) dye according to the manufacturer’s instructions 
(Solarbio), followed by imaging using a microscope (Olympus, Tokyo, Japan). Areas testing positive 
with Masson’s trichrome and PAS stains were measured using ImageJ software.

Positron emission tomography imaging
To assess glucose uptake in the mouse myocardium in vivo, 18F-FDG was used to trace the glucose 
metabolism and visualized with micro-positron emission tomography (PET) (Inveon; Siemens, Munich, 
Germany)[29]. Mice were fasted for 12 h before scanning. The mice were weighed and anesthetized with 
isoflurane/oxygen mixture (15-20 mL/L). 18F-FDG (7.4 MBq, 150 μL) was injected through the tail vein. 
Micro-PET scanning was performed 2 h after injection for 10 min. The scanned images were iteratively 
reconstructed with ordered set expectation maximization three-dimensional software. The average level 
of radioactive material uptake in the cardiac region was analyzed using ASIProVM software. The mean 
of standard uptake value (SUVmean) was calculated according to the formula: SUVmean = cardiac 
radioactive material uptake (μCi/g)/[total injected dose (μCi)/body weight (g)]. Similarly, the in vitro 
micro-PET scanning of mouse hearts was also performed[30]. Two hours after the injection of 18F-FDG, 
the mice were euthanized with CO2 and the hearts were isolated. The isolated heart was placed in a tube 
filled with ultrasound gel and scanned via micro-PET. The calculation of SUVmean of isolated mouse 
hearts was the same as described above.

Cell culture
H9C2 cells (Procell, Wuhan, China) were cultured in Dulbecco’s Modified Eagle Medium supplemented 
with 100 mL/L fetal bovine serum[31]. Cells were divided into a Ctrl group and a CML group, followed 
by seeding of 2 × 105 cells and addition of 10 mmol/L CML to the CML group, and incubated for 24 h. 
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Cell viability was detected with Cell Counting Kit-8 (C0037; Beyotime, Shanghai, China). All cells were 
cultured at 37 °C with 50 mL/L CO2. Collagen I content in H9C2 cells was assessed via immunocyto-
chemical staining. The SP Rabbit & Mouse HRP Kit (CoWin Century, Beijing, China) was used for 
immunocytochemical staining. Briefly, after fixing in 40 g/L paraformaldehyde for 30 min, the cell 
samples were washed with phosphate-buffered saline. The samples were incubated with 100 mL/L goat 
serum and 2.5 mL/L Triton X-100 at room temperature, followed by incubation with primary and 
secondary antibodies. The primary antibody used for the staining was: anti-collagen I (1:500, 14695-1-
AP; Proteintech, Rosemont, IL, United States). To assess the cardiomyocyte area, cells were labeled with 
Phalloidin (P5282; Sigma-Aldrich, St. Louis, MO, United States). After fixing in 40 g/L paraformal-
dehyde, the cells were incubated with 2.5 mL/L Triton X-100 for 15 min, followed by labeling with 
Phalloidin (5 μmol/L) to analyze cell morphology. The nuclei were subsequently stained with DAPI. All 
stained images were acquired under a microscope (Olympus) and quantified with a computer-assisted 
image analysis system. Six high-resolution fields in each independent experiment were randomly 
selected and the area of at least 100 cells was calculated.

Western blotting
The experimental steps were performed as previously described[32]. Protein samples were prepared 
using RIPA lysis buffer supplemented with protease and phosphatase inhibitors (Beyotime). Proteins 
were transferred to PVDF membranes after sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
After blocking in 50 g/L milk powder for 1 h, the membranes were incubated with suitable diluted 
primary antibodies overnight. The membranes were incubated with horseradish peroxidase-labeled 
secondary antibodies and imaged using a chemiluminescence system (Amersham Imager 600; GE 
Healthcare, Chicago, IL, United States). The acquired images were analyzed using ImageJ software. 
Primary antibodies used for western blotting were anti-CML (1:1000, ab125145; Abcam, Cambridge, 
United Kingdom), anti-collagen I (1:500, 14695-1-AP; Proteintech), anti-Glut-1 (1:2000, 21829-1-AP; 
Proteintech), anti-Glut-4 (1:2000, 66846-1-Ig; Proteintech), anti-Akt (1:5000, 10176-2-AP; Proteintech), 
anti-B-cell leukemia/lymphoma 2 (Bcl-2) (1:2000, 26593-1-AP; Proteintech), anti-Bcl-2-associated X, 
apoptosis regulator (BAX) (1:2000, 50599-2-Ig; Proteintech), anti-Akt (phospho-Ser473; 1:5000, 66444-1-
Ig; Proteintech), anti-AMP-activated protein kinase (AMPK) (1:5000, 66536-1-Ig; Proteintech), anti-
phospho-AMPK (phospho-Thr183 and Thr172; 1:5000, ab133448; Abcam) and anti-β-actin (1:2000, 
ET1702-67; HUABIO, Hangzhou, China).

Quantitative PCR
Total RNA from tissues/cells was obtained with the RNA-Quick Purification Kit (ES-RN001; YISHAN 
BIOTECH, Shanghai, China). The mRNA was reverse-transcribed into cDNA using a reverse 
transcriptase kit (R222; Vazyme Biotech, Nanjing, China)[33]. The SYBR qPCR Master Mix Kit (Q311, 
Vazyme Biotech) was used to detect the level of each gene. All experimental operations were carried out 
according to the manufacturer’s instructions. The primer sequences are shown in Table 1.

Statistical analysis
All data were presented as the mean ± SD. The differences between the two groups were analyzed with 
the Student’s t-test. Statistical significance was set at P < 0.05. All data were analyzed using SPSS 22.0 
software.

RESULTS
Dietary CML affects glucose metabolism and insulin resistance in mice
After feeding the mice a diet supplemented with CML, we assessed their body weight and blood 
glucose every 4 wk until week 20. Body weight of the Ctrl group increased with feeding time, whereas 
the weight gain of the dCML group slowed down from the 8th wk of feeding (Figure 1A). There was no 
significant difference in body weight between the Ctrl group and the dCML group. From the 12th wk of 
feeding, the fasting blood glucose of mice in the dCML group was significantly higher than in the Ctrl 
group (Figure 1B). Further, we detected the glucose tolerance of mice. The OGTT test showed that the 
blood glucose AUC of the dCML group was significantly increased compared with the Ctrl group, 
suggesting impaired glucose tolerance of the dCML group (Figure 1C and D). There were significant 
differences in fasting insulin and HOMA-IR values between the two groups of mice. The fasting insulin 
and HOMA-IR levels of the dCML group were higher than those of the Ctrl group, suggesting insulin 
resistance in the dCML group (Figure 1E and F). Similarly, the serum CML level of mice in the dCML 
group was also significantly increased due to the consumption of CML, which was 2.6-fold higher than 
that in the Ctrl group (Figure 1G).

Dietary CML promotes glucose uptake in mouse myocardium
18F-FDG is a glucose analog that can be used to track the glucose uptake in tissues and organs. Micro-
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Table 1 Sequences of the primers used for quantitative PCR

Gene Forward, 5’-3’ Reverse, 5’-3’

Bax (mouse) GAACAGATCATGAAGACAGGG CAGTTCATCTCCAATTCGCC

Bcl-2 (mouse) AGGGGGAAACACCAGAATC GGTAGCGACGAGAGAAGT

ANP (mouse) CCTGTGTACAGTGCGGTGTC CCTAGAAGCACTGCCGTCTC

Glut-1 (mouse) ACGCCCCCCAGAAGGTTAT GCGTGGTGAGTGTGGTGGAT

Glut-4 (mouse) TTGCACACGGCTTCCGAACG GATCTGCTGGAAACCCGACGG

β-actin (mouse) TCTTGGGTATGGAATCCTGTG ATCTCCTTCTGCATCCTGTCA

Bax (rat) TGCAGAGGATGATTGCTGAC GATCAGCTCGGGCACTTTAG

Bcl-2 (rat) AGTGGGATGCGGGAGATGTG GGGGCCGTACAGTTCCACAA

ANP (rat) CCGTATACAGTGCGGTGTCCAAC TCATCGGTCTGCTCGCTCAGG

Glut-1 (rat) GCCTGAGACCAGTTGAAAGCAC CTGCTTAGGTAAAGTTACAGGAG

Glut-4 (rat) AGGCACCCTCACTACCCTTT AGCATAGCCCTTTTCCTTCC

Cs (rat) GGAACACACTCAACTCGGGA ACCCCACTGTGAGCATCTACG

β-actin (rat) ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA

ANP: Atrial natriuretic peptide; BAX: Bcl-2-associated X; Bcl-2: B-cell leukemia/lymphoma 2; Cs: Citrate synthase; Glut: Glucose transporter.

Figure 1 Dietary Nε-(carboxymethyl)lysine increases blood glucose and induces insulin resistance in mice. A: Body weight of mice; B: Fasting 
blood glucose of mice; C: Oral glucose tolerance test (OGTT) test of mice; D: Area under the curve (AUC) of OGTT test; E: Fasting insulin of mice; F: Mouse 
homeostatic model assessment insulin resistance; G: Mouse serum Nε-(carboxymethyl)lysine (CML) level. Ctrl: Control; dCML: Dietary CML; n = 6. aP < 0.05, bP < 
0.01, compared with the Ctrl group.

PET scanning was performed to detect the uptake of 18F-FDG in the mouse myocardium. Compared 
with the Ctrl group, the myocardial SUVmean of the dCML group was significantly increased (6.40 ± 0.70 
vs 3.67 ± 0.60; P < 0.01) (Figure 2A and B). Then the mouse hearts were isolated and detected via micro-
PET scanning in vitro. The SUVmean of hearts in the dCML group was still significantly higher than that in 
the Ctrl group (0.71 ± 0.10 vs 0.41 ± 0.06; P < 0.01) (Figure 2C and D), suggesting that the glucose uptake 
of the myocardium was increased after supplementation with the CML diet.
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Figure 2 Myocardial glucose uptake is increased after dietary Nε-(carboxymethyl)lysine. A and B: Micro-positron emission tomography scanning of 
18F-fluorodeoxyglucose (FDG) accumulation in mouse myocardium; C and D: Uptake of 18F-FDG by isolated mouse hearts of the control (Ctrl) group and dietary Nε-
(carboxymethyl)lysine (dCML) group. SUV: Standard uptake value. n = 6. bP < 0.01, compared with the Ctrl group.

Dietary CML promotes myocardial remodeling in mice
Histopathological changes in the myocardium of mice were detected after 20 wk of dCML. Glycogen 
PAS staining showed a significant increase in the accumulation of glycogen in the myocardium of the 
dCML group, which was 3.7-fold higher than that of the Ctrl group, suggesting impaired glucose 
metabolism (Figure  3A and B). Masson staining indicated that myocardial fibrosis was aggravated in 
the dCML group (Figure 3A and C). H&E staining showed that the cell area in the myocardium of the 
dCML group was 1.32-fold higher than that of the Ctrl group (Figure 3A and D). The level of CML in 
the myocardium of the dCML group also significantly increased (Figure 3E and F). Protein levels of 
collagen I and the apoptosis regulator BAX were significantly upregulated, whereas the anti-apoptotic 
factor Bcl-2 was significantly inhibited (Figure 3E, G, H and I). The mRNA level of the cardiac 
hypertrophy indicator atrial natriuretic peptide (ANP) was significantly increased in the dCML group 
(Figure 3J). Compared with the Ctrl group, Bax mRNA was significantly upregulated, whereas Bcl-2 was 
significantly downregulated in the dCML group, suggesting increased myocardial apoptosis in the 
dCML group (Figure 3K and L).

Dietary CML inhibits glucose metabolic signaling pathways in mouse myocardium
Glut-1 and Glut-4 play a key roles in myocardial glucose transport[34]. Glut-1 mRNA and protein levels 
were significantly increased in the mouse myocardium of the dCML group, whereas Glut-4 was 
significantly decreased (Figure 4A-E). Akt and AMPK signaling are key regulatory pathways in glucose 
metabolism[34,35]. Compared with the Ctrl group, the dCML group showed significant inhibition of 
Akt and AMPK activities of the myocardium (Figure 4C, F and G). These results suggest that the 
myocardial glucose metabolism of mice is impaired after dCML. CS is the rate-limiting enzyme in the 
aerobic oxidation of glucose. The activity of CS was significantly inhibited in the dCML group 
(Figure 4H).

Exogenous CML inhibits glucose metabolism and promotes fibrosis, hypertrophy, and apoptosis in 
cardiomyocytes
Given that dCML inhibits myocardial glucose metabolism and promotes myocardial remodeling in 
mice, we further investigated the direct effects of CML in vitro. Exogenous stimulation with 10 mmol/L 
CML did not affect the viability of H9C2 cells (Figure 5A). Exogenous CML stimulation significantly 
decreased Glut-4 expression and significantly reduced the levels of Akt and AMPK phosphorylation in 
H9C2 cardiomyocytes, whereas the mRNA and protein levels of Glut-1 were significantly increased 
(Figure 5B-H). Immunocytochemical staining indicated that CML increased the content of collagen I in 
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Figure 3 Dietary Nε-(carboxymethyl)lysine increases myocardial fibrosis, hypertrophy and apoptosis in mice. A: Mouse myocardial glycogen 
Periodic Acid Schiff (PAS) staining, Masson’s trichrome staining, and hematoxylin and eosin staining; Scale 100 μm; B and C: Percentage of PAS-positive and fibrotic 
areas in the mouse myocardium; D: Relative area of myocardial cells in the myocardium; E-I: Western blotting and its relative level of Nε-(carboxymethyl)lysine (CML), 
collagen I, B-cell leukemia/lymphoma 2 (Bcl-2) and Bcl-2-associated X (BAX) in the mouse myocardium; J-L: Atrial natriuretic peptide (ANP), Bax, and Bcl-2 mRNA 
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levels in the mouse myocardium. dCML: Dietary CML. n = 6. aP < 0.05, bP < 0.01, compared with the control (Ctrl) group.

Figure 4 Dietary Nε-(carboxymethyl)lysine impairs glucose metabolism in mouse myocardium. A and B: mRNA levels of glucose transporter (Glut)
-1 and Glut-4 in the mouse myocardium; C-G: Western blotting and its relative quantification of Glut-1, Glut-4, phospho-Akt, and phospho-AMP-activated protein 
kinase (AMPK) in the mouse myocardium; H: Citrate synthase (CS) activity in the mouse myocardium. dCML: Dietary Nε-(carboxymethyl)lysine; Bcl-2: B-cell 
leukemia/lymphoma 2; BAX: Bcl-2-associated X; ANP: Atrial natriuretic peptide. n = 6. bP < 0.01, compared with the control (Ctrl) group.

cardiomyocytes (Figure 5I and J). Phalloidin staining showed that the cardiomyocyte area in the CML 
group was significantly increased, and the expression of cardiac hypertrophy marker ANP was also 
significantly upregulated (Figure 5I, K and L). Meanwhile, the mRNA level of the apoptosis indicator 
Bax was increased in the CML group, and the level of the anti-apoptotic marker Bcl-2 was significantly 
downregulated, suggesting that CML induced cardiomyocyte apoptosis (Figure 5M and N). The Cs 
mRNA level was also decreased in the CML group (Figure 5O).

DISCUSSION
This study investigated the effects of dCML on myocardial glucose metabolism and myocardial 
remodeling using experimental mouse models and cells. In the in vivo model, myocardial glucose 
uptake was tracked using 18F-FDG micro-PET scans. The glucose uptake in the dCML group was 
significantly increased. Histological staining and detection of related molecular indicators suggested 
that dCML inhibited glucose metabolism in the myocardium and promoted myocardial fibrosis, cardiac 
hypertrophy, and apoptosis (Figure 6). In vitro, H9C2 cardiomyocytes were treated with exogenous 
CML to analyze changes in cardiac remodeling and glucose metabolism. Consistent with the in vivo 
evidence, CML inhibited glucose metabolism and promoted hypertrophy, collagen I expression, and 
apoptosis of cardiomyocytes. Our study may reveal new clues for underlying foodborne factors 
associated with myocardial injury and provide new ideas for the prevention and treatment of 
myocardial remodeling.

AGEs are a class of non-enzymatic reaction products composed of complex components, and the 
pathogenic role of AGEs has been previously reported[11,12]. The effects of AGEs may be receptor-
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Figure 5 Exogenous Nε-(carboxymethyl)lysine inhibits the glucose metabolism and promotes collagen I expression, hypertrophy and 
apoptosis in H9C2 cells. A: Cell viability after the simulation of Nε-(carboxymethyl)lysine (CML); B and C: Quantitative PCR detection of glucose transporter (Glut)
-1 and Glut-4 mRNA; D-H: Relative expression of Glut-1, Glut-4, phospho-Akt, and phospho-AMP-activated protein kinase (AMPK) in H9C2 cells; I: Upper: Detection 
of collagen I content with immunocytochemical staining; bottom: Phalloidin-labeled H9C2 cardiomyocytes; J: Quantification of collagen I-positive areas; K: Quantitative 
analysis of cardiomyocyte area; L-O: Atrial natriuretic peptide (ANP), Bcl-2-associated X (Bax), B-cell leukemia/lymphoma 2 (Bcl-2), and citrate synthase (CS) mRNA 
levels in H9C2 cardiomyocytes. dCML: Dietary CML. n = 8 independent experiments. aP < 0.05, bP < 0.01, compared with the control (Ctrl) group.

dependent or receptor-independent. In the receptor-independent pathway, AGEs cross-link with the 
extracellular matrix and change the physicochemical properties, which affects cell physiology and tissue 
function[36]. In the receptor-dependent pathway, AGEs bind to cell surface receptors, change the 
original signal transmission pathway, and lead to pathological outcomes[37]. In addition to AGEs, the 
precursors of AGEs, such as methylglyoxal, also accumulate in the body. These precursors can play a 
direct pathogenic role or continue to form AGEs[38]. Adverse effects of dietary AGEs have been 
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Figure 6 Dietary Nε-(carboxymethyl)lysine alters myocardial glucose metabolism and promotes myocardial remodeling.

previously reported. Wang et al[39] found that dietary AGEs disrupted gut microbiota and induced 
insulin resistance. Thornton et al[40] suggested that dietary AGEs affected ovarian function. A western 
diet rich in AGEs can also induce changes in the cardiovascular system[41]. Given that AGEs are multi-
component, but whether each component has a similar effect is unclear. It is still unknown which 
component plays the most critical role. CML is one of the most active components of AGEs. Due to its 
ease of formation, CML is also found in high concentrations in food[42]. Therefore, our study explored 
the role of dCML, and showed that dCML can lead to disorders of myocardial glucose metabolism and 
myocardial remodeling. This finding may provide more evidence underlying the negative effects of 
foodborne AGEs.

Some studies have also reported the limited pathogenic role of dietary AGEs. Koyama et al[43] found 
no significant association between dietary AGEs and all-cause mortality in adults with diabetes. The 
double blind parallel study by Linkens et al[44] suggested that a short-term AGE diet did not affect the 
sensitivity, secretion and clearance of insulin, vascular function, and overall inflammation in individuals 
with abdominal obesity. The Maastricht Study also revealed that dietary AGEs are not associated with 
stiffness of the aorta or carotid arteries[45]. These studies are population-based, suggesting additional 
confounding factors than in animal models. Moreover, surveys of dietary structure or dietary 
interventions in these subjects were conducted for relatively short periods of time, which may not be 
sufficient to represent the long-term dietary habits of individuals. In our study, we focused on 
myocardial glucose uptake and its remodeling and found adverse effects of dCML. We also evaluated 
the systemic effects of dCML on mice. Exposure to 20 wk of dCML resulted in glucose intolerance and 
insulin resistance, but the fasting glucose did not reach the level of diabetes, suggesting a progressive 
pathogenic effect of dCML. It may take more than 20 wk of a CML diet to further increase blood glucose 
and worsen insulin resistance. Also, the weight gain of dCML mice became more obvious starting from 
the 12th wk. Prolonged dCML time may induce significant changes in mouse body weight.

Myocardium is one of the most energy-consuming organs, with 70% of the energy supply of adult 
myocardium derived from ATP produced by fatty acid oxidation, and glucose metabolism plays a 
secondary but important role[46]. Under physiological conditions, glucose is converted to pyruvate. 
ATP is produced via tricarboxylic acid cycle and respiratory chain. Under specific pathological 
conditions, glucose is the main energy substrate as a result of the reorganization of enzymes involved in 
energy metabolism. However, glycolysis is the main energy source rather than aerobic oxidation. The 
energy provided by glycolysis does not meet the long-term needs of myocardial activity. The overall 
cardiac metabolic activity is subsequently reduced, eventually leading to cardiomyocyte apoptosis and 
malignant remodeling of the myocardium[47]. However, an increase or decrease in myocardial glucose 
metabolism is also associated with specific pathological changes. For example, in diabetic cardiomy-
opathy, the lipotoxicity caused by diabetes increases the fatty acid metabolism in the heart, thus 
inhibiting glucose metabolism[48]. The interaction between fatty acids and glucose metabolism is also 
known as Randle Cycle[49]. However, the relationship between myocardial metabolic reprogramming 
and myocardial pathological remodeling is unclear. Whether myocardial metabolic disturbance is a 
cause or a consequence of myocardial remodeling is still inconclusive. In this study, we observed 
impaired myocardial glucose metabolism but increased glucose uptake after long-term dCML in mice. 
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The glucose metabolic pathways Akt and AMPK were significantly inhibited. The long-term dCML may 
alter the metabolic substrates for myocardial energy supply. CS, an enzyme initiating the tricarboxylic 
acid cycle, was also inhibited after exposure to dCML. Therefore, the myocardium has to absorb more 
glucose to provide adequate substrates for energy metabolism. The specific mechanism will be further 
explored in future studies.

To analyze the glucose uptake in the myocardium, we used micro-PET imaging based on the 18F-FDG 
probe. Since 18F-FDG was synthesized in 1969, it has been widely used in the diagnosis, staging and 
prognostic assessment of clinical diseases[50]. FDG is a glucose analog and is therefore involved in 
glucose processing in vivo. Under pathological conditions, inflammation or hypoxia can lead to 
impaired glucose metabolism but increased glucose uptake to provide adequate energy. Therefore, 18F-
FDG usually accumulates in the lesions. In the study of cardiovascular disease, 18F-FDG imaging also 
plays an important role. 18F-FDG is the reference standard for molecular imaging of myocardial inflam-
mation[51]. Our study found an increased 18F-FDG uptake but impaired glucose transport and 
metabolism in the myocardium of dCML mice, which may be related to the elevated levels of inflam-
mation. Consistent with our study, in the spontaneously hypertensive rat model, myocardial 18F-FDG 
imaging SUV was elevated, whereas glucose aerobic oxidation-related transporters and metabolic 
pathways were significantly inhibited[29].

We investigated the detrimental effects of dietary CML on myocardial remodeling to draw attention 
to the CML content in the diet. However, this study has some limitations. The exploration of specific 
mechanisms needs to be further continued in the future, and clinical evidence is also needed. We 
speculate that dietary CML may also promote myocardial remodeling through non-receptor and 
receptor approaches. CML could increase collagen cross-linking in the extracellular matrix and bind to 
its receptors to activate related signals. In the future, we will further explore the mechanism of cardiac 
remodeling induced by dietary CML to identify effective targets for intervention. There is an 
endogenous CML generation system in human body. Compared with reducing endogenous CML, 
reducing exogenous CML from dietary sources appears to be more controllable. Previous studies have 
also reported some CML inhibitors, such as antioxidants and aminoguanidine[15]. However, these 
additives may change the original methods of food production, and their high cost and unclear safety 
also limit the application. Therefore, in the future, we will also focus on strategies to inhibit CML in diet 
preparation.

CONCLUSION
Our study focused on the adverse effects of food-derived CML on myocardial glucose metabolism and 
remodeling. Long-term dCML leads to impaired myocardial glucose metabolism and induces 
myocardial hypertrophy, fibrosis, and apoptosis. This study offers new clues associated with 
myocardial remodeling and also provides an experimental basis for dietary planning to prevent 
cardiovascular disease prevention.

ARTICLE HIGHLIGHTS
Research background
Nε-(carboxymethyl)lysine (CML), a major component of advanced glycation end products, exists in the 
daily diet and poses a threat to health after ingestion. It is necessary to evaluate the effect of dietary 
CML on the heart.

Research motivation
Previous studies have confirmed that the toxic metabolite CML can cause pathological changes in a 
variety of tissues such as blood vessels and bones. Foodborne CML, as the main source of CML, may 
lead to cardiac injuries.

Research objectives
To investigate the effects of dietary CML on cardiac remodeling and glucose metabolism.

Research methods
C57 BL/6 mice received a 20-wk CML diet (1 g/kg). The body weight, fasting blood glucose, fasting 
insulin and serum CML levels of mice were recorded. Exogenous CML was given to establish an in vitro 
H9C2 cell model. Micro-positron emission tomography was used to evaluate the glucose uptake of the 
mouse heart. Myocardial remodeling and glucose metabolism were detected by histological/cytological 
staining, Western blotting, and polymerase chain reaction.
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Research results
The 20 wk of CML diet could cause insulin resistance in mice and increase CML levels in serum and 
heart. Myocardial fibrosis, hypertrophy and apoptosis in mice were significantly aggravated after 
dietary CML. Moreover, dietary CML increased myocardial glucose uptake but disrupted glucose 
metabolism. In vitro, exogenous CML inhibited glucose metabolism-related signaling pathways and 
promoted H9C2 cell hypertrophy, apoptosis and collagen I expression.

Research conclusions
Dietary CML promoted cardiac remodeling and abnormal glucose metabolism.

Research perspectives
This study emphasizes the cardiac hazards of dietary CML and provides new suggestions for the diet 
preparation in the prevention and treatment cardiovascular diseases.
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