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Abstract: Hyperglycemia results in accumulation of the reactive dicarbonyl methylglyoxal (MG).
Methylglyoxal is detoxified by the glyoxalase system (glyoxalase 1 and 2). The influence of glyoxalase
1 knockdown on expression of collagens 1, 3, 4, and 5 in L6 myoblasts under hyperglycemic conditions
was investigated. Increased biosynthesis of collagens 1, 3, 4, and 5 was detected at mRNA-level
following knockdown of glyoxalase 1 (GLO1). At the protein level a significant elevation of the
concentration of collagen 1 and 4 was shown, whereas no increase of collagen 5 and a non-significant
increase in collagen 3 were detectable. These results could partially explain MG-induced changes
in the extracellular matrix (ECM) which account for increased fibrosis and impaired function in
myocytes. The mechanisms by which reactive glucose metabolites influence ECM composition
deserve further investigation.
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1. Introduction

Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia. The increased
plasma glucose arising from increased insulin resistance or insulin deficiency and metabolic
impairment leads to increased formation and accumulation of the highly reactive dicarbonyl
methylglyoxal (MG) resulting in dicarbonyl stress [1–3]. The reaction of MG with macromolecules,
such as proteins, DNA, and basic phospholipids leads to the formation of advanced glycation end
products (AGEs), which are likely involved in the pathogenesis of vascular complications, nephropathy,
retinopathy, neuropathy, and increased risk of cardiovascular and cerebrovascular disease [4–7]. MG is
formed mainly by the trace degradation of triosephosphates, glyceraldehyde-3-phosphate (GA3P),
and dihydroxyacetone phosphate (DHAP) with normally minor contributions from metabolism of
ketone bodies, threonine catabolism, and degradation of glycated proteins [8]. Detoxification of MG
is mediated by the glutathione-dependent glyoxalase system consisting of the enzymes glyoxalase 1
and glyoxalase 2, and a catalytic amount of reduced glutathione (GSH) [9]. Glycation by MG
imposes structural and potentially functional modifications. Formation of protein-derived AGEs
causes structural distortion, loss of side chain charge of arginine residues, enzyme inactivation,
and other protein dysfunction [10,11]. Examples of proteins susceptible to MG modification and
functional impairment, called the “dicarbonyl proteome” (DCP), are proteins of the extracellular matrix
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(ECM)—collagen, fibronectin, and laminin [12,13]—and mitochondrial proteins [14]. ECM proteins
often present a higher content of AGE residues than other proteins modified due to their long half-life.
AGEs may influence several signaling pathways, including inflammation through the effect on the
receptor for AGEs (RAGE) and its ligands, hypoxia-related responses through modification of p300,
and others [15,16]. Dicarbonyl stress may be both the cause and consequence of oxidative stress as MG
modification of mitochondrial proteins stimulates increased reactive oxygen species (ROS) formation.
Depletion of Glutathion (GSH) and Nicotinamide Adenine Dinucleotide Phosphate Hydrogen
(NADPH) decreases the in situ activity of glyoxalase 1 (GLO1) and aldehyde dehydrogenases
leading to MG and the accumulation of other dicarbonyl metabolites [17]. Oxidative stress increases
glucose uptake and stimulates glucose transporter 4 (GLUT4)-translocation in adipocytes and muscle
cells [18,19]. Insulin-dependent GLUT4 is responsible for insulin-regulated glucose uptake into fat
and muscle cells to prevent hyperglycemia. Under steady state conditions GLUT4 is continuously
relocating between intracellular compartments and the plasma membrane; 2%–5% are located on
the cell surface and the main part of GLUT4 resides in intracellular GLUT4 storage vesicles (GSVs).
After insulin-induction, plasma membrane levels of GLUT4 raise 5- to 30-fold [20]. Our previous study
revealed an increased internalization of glucose depending on prolonged GLUT4 translocation on the
plasma membrane, which is not related to increased oxidative stress or insulin action [21].

In this study, we further investigated the influence of dicarbonyl stress on the composition and
regulation of the ECM in a study of rat L6 myoblasts by employing a GLO1-specific knockdown
under conditions of high glucose concentration to simulate hyperglycemia. We have chosen this
model because the MG induced pronounced glucose influx has been studied and proven in these cells
before as being independent from GLUT4 expression level and oxidative stress, suggesting a new MG
dependent mechanism of exaggerated glucose uptake [21,22]. As the GLUT4 translocation and the
increased glucose influx can easily be determined in these cells, they represent an adequate model for
further studies on the consequences of glucose and MG overflow. Having the glucose intoxication
hypothesis in mind, we wanted to determine the direct consequences on the expression profile on
collagens 1, 3, 4, and 5 to evaluate the contribution of MG and the associated pronounced glucose influx
on collagen expression as markers of fibrotic remodeling processes. Our results revealed alterations in
the biosynthesis of fibrillary and fibril-associated collagens leading to possible remodeling of the ECM,
thereby indicating induction of fibrotic processes.

2. Results

2.1. Knockdown of GLO1

After knockdown of GLO1, the impact of intracellular accumulation of MG in L6 myoblasts on
the expression of collagens and collagen-modifying enzymes was analyzed. Therefore, a knockdown
of GLO1 was conducted by transfection of the wildtype (WT) cells with specific GLO1 directed siRNA
(WT 25 mM + GLO1-siRNA) and non-target siRNA (WT 25 mM + non-target siRNA (NT-siRNA))
as control. Transfected and non-transfected cells (WT 25 mM) were incubated under hyperglycemic
conditions (25 mM glucose in culture-medium) for 48 h. Additionally, non-transfected cells (WT 5 mM)
were incubated under normoglycemic conditions (5 mM glucose), to reveal possible expressional
changes induced by hyperglycemic conditions. The GLO1 specific knockdown resulted in 90% down
regulation of glyoxalase 1 on protein level (0.06 ± 0.02 vs. 1.00 ± 0.12 arbitrary units (a.u.), p < 0.0001,
WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 1). As already detected before [21],
GLO1 knockdown resulted in a prolonged translocation of GLUT4 to the cell surface, an increased
glucose influx, and pronounced apoptosis.
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Figure 1. Analysis of glyoxalase 1 (GLO1) expression. (a) Western Blot analysis for GLO1 protein of 
L6 myoblasts transfected with non-target siRNA and GLO1 specific siRNA following 48 h siRNA 
transfection. Lane 1: Precision Plus Protein Standard; lane 2, 6, 10: WT 5 mM; lane 3, 7, 11: WT 25 
mM, lane 4, 8, 12: WT 25 mM + non-target siRNA (NT-siRNA); lane 5, 9, 13: WT 25 mM + 
GLO1-siRNA. (b) Graphical analysis of Western Blot. Data are mean ± SEM (N = 3, n = 3). 
Significance: **** p < 0.0001, WT 25 mM + GLO-siRNA vs. WT 25 mM + NT-siRNA. 

2.2. Accumulation of Methylglyoxal, Glyoxal, and Related Advanced Glycation Endproducts 

The cellular concentrations of MG, glyoxal, and 3-deoxyglucosone (3-DG) were determined by 
LC-MS/MS [23]. The results showed a 2.2-fold increase in the cellular concentration of MG with 
GLO1 knockdown, compared to non-target siRNA transfected control (10.57 ± 1.10 vs. 4.81 ± 0.45 
pmol/106 cells, equivalent to a cellular concentration increase of MG from 2.9 to 6.4 µM in L6 cells 
with GLO1 knockdown (assuming a L6 cell volume of 1.67 µL per 106 cells)) (Figure 2a). 
Concomitantly, after GLO1 knockdown, glyoxal concentration increased 2.3-fold (0.54 ± 0.09 vs. 0.23 
± 0.05 pmol/106 cells (Figure 2b). 3-DG concentrations did not vary upon GLO1 knockdown, but 
increased significantly with hyperglycemia (Figure 2c). Accumulation of MG-derived AGEs was 
measured by Western blot analysis. MG-derived AGEs were significantly enhanced by 20% in cells 
with GLO1 knockdown compared to the NT-siRNA (1.23 ± 0.07 vs. 1.00 ± 0.06 a.u., p < 0.05, WT 25 
mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 2d). 

 
  

Figure 1. Analysis of glyoxalase 1 (GLO1) expression. (a) Western Blot analysis for GLO1 protein
of L6 myoblasts transfected with non-target siRNA and GLO1 specific siRNA following 48 h siRNA
transfection. Lane 1: Precision Plus Protein Standard; lane 2, 6, 10: WT 5 mM; lane 3, 7, 11: WT 25 mM,
lane 4, 8, 12: WT 25 mM + non-target siRNA (NT-siRNA); lane 5, 9, 13: WT 25 mM + GLO1-siRNA.
(b) Graphical analysis of Western Blot. Data are mean± SEM (N = 3, n = 3). Significance: **** p < 0.0001,
WT 25 mM + GLO-siRNA vs. WT 25 mM + NT-siRNA.

2.2. Accumulation of Methylglyoxal, Glyoxal, and Related Advanced Glycation Endproducts

The cellular concentrations of MG, glyoxal, and 3-deoxyglucosone (3-DG) were determined
by LC-MS/MS [23]. The results showed a 2.2-fold increase in the cellular concentration of MG
with GLO1 knockdown, compared to non-target siRNA transfected control (10.57 ± 1.10 vs.
4.81 ± 0.45 pmol/106 cells, equivalent to a cellular concentration increase of MG from 2.9 to 6.4 µM
in L6 cells with GLO1 knockdown (assuming a L6 cell volume of 1.67 µL per 106 cells)) (Figure 2a).
Concomitantly, after GLO1 knockdown, glyoxal concentration increased 2.3-fold (0.54 ± 0.09 vs.
0.23 ± 0.05 pmol/106 cells (Figure 2b). 3-DG concentrations did not vary upon GLO1 knockdown,
but increased significantly with hyperglycemia (Figure 2c). Accumulation of MG-derived AGEs
was measured by Western blot analysis. MG-derived AGEs were significantly enhanced by 20% in
cells with GLO1 knockdown compared to the NT-siRNA (1.23 ± 0.07 vs. 1.00 ± 0.06 a.u., p < 0.05,
WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 2d).
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2.3. Biosynthesis of Collagens 

To examine the influence of GLO1 knockdown on the composition of the ECM, we analyzed the 
biosynthesis of dominant expressed collagen 1 in muscle tissues, as well as collagen 1-associated 
collagens by real-time PCR and Western blot. Our results showed an increased collagen-biosynthesis 
in cells with GLO1 knockdown. As a part of striated fibrils, collagen 1 is highly expressed in muscle 
tissues. After GLO1 knockdown, collagen 1 mRNA was increased (1.43 ± 0.10 vs. 1.00 ± 0.02 a.u., p < 
0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 1 protein was also 
increased (1.21 ± 0.11 vs. 1.00 ± 0.07 a.u., p < 0.05, WT 25 mM + GLO1-siRNA vs. WT 25 mM + 
NT-siRNA) (Figure 3a,b). 
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Figure 2. Analysis of formation of methylglyoxal (MG), glyoxal, 3-deoxyglucosone (3-DG), and
methylglyoxal-derived advanced glycation end products (AGEs). (a) MG content of L6 myoblasts
transfected with non-target siRNA and GLO1 specific siRNA following 48 h siRNA transfection.
Data are mean ± SEM (N = 3, n = 3). Significance: ** p < 0.01, WT 25 mM + GLO-siRNA vs. WT
25 mM + NT-siRNA; (b) glyoxal content of L6 myoblasts transfected with non-target siRNA and
GLO1 specific siRNA following 48 h siRNA transfection. Data are mean ± SEM (N = 3, n = 3).
Significance: * p < 0.05, WT 25 mM + GLO-siRNA vs. WT 25 mM + NT-siRNA; (c) 3-DG content
of L6 myoblasts transfected with non-target siRNA and GLO1 specific siRNA following 48 h siRNA
transfection. Data are mean ± SEM (N = 3, n = 3). Significance: * p < 0.05, WT 25 mM vs. WT 5 mM;
(d) Western Blot analysis for MG-derived AGE content of L6 Myoblasts transfected with non-target
siRNA and GLO1 specific siRNA following 48 h siRNA transfection. Lane 1: Precision Plus Protein
Standard; lane 2: WT 5 mM; lane 3: WT 25 mM, lane 4: WT 25 mM + NT-siRNA; lane 5: WT 25 mM +
GLO1-siRNA; Data are mean ± SEM (N = 3, n = 3). Significance: * p < 0.05, WT 25 mM + GLO-siRNA
vs. WT 25 mM + NT-siRNA.

2.3. Biosynthesis of Collagens

To examine the influence of GLO1 knockdown on the composition of the ECM, we analyzed
the biosynthesis of dominant expressed collagen 1 in muscle tissues, as well as collagen 1-associated
collagens by real-time PCR and Western blot. Our results showed an increased collagen-biosynthesis
in cells with GLO1 knockdown. As a part of striated fibrils, collagen 1 is highly expressed in muscle
tissues. After GLO1 knockdown, collagen 1 mRNA was increased (1.43 ± 0.10 vs. 1.00 ± 0.02
a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 1 protein
was also increased (1.21 ± 0.11 vs. 1.00 ± 0.07 a.u., p < 0.05, WT 25 mM + GLO1-siRNA vs.
WT 25 mM + NT-siRNA) (Figure 3a,b).
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Figure 3. Collagen 1 expression in L6 myoblasts transfected with non-target siRNA and GLO1
specific siRNA. (a) Collagen 1 mRNA; (b) collagen 1 protein. L6 myoblasts were transfected with
non-target siRNA and GLO1 specific siRNA following 48 h siRNA transfection. Lane 1: Precision Plus
Protein Standard; lane 2: WT 5 mM; lane 3: WT 25 mM, lane 4: WT 25 mM + NT-siRNA; lane 5:
WT 25 mM + GLO1-siRNA. Data are mean ± SEM (N = 3, n = 3). Significance: * p < 0.05 and
**** p < 0.0001, WT 25 mM + GLO-siRNA vs. WT 25 mM + NT-siRNA.

Collagen 1-associated collagen 3 mRNA was also increased approximately 2-fold in cells with
GLO1 knockdown, compared to the NT-siRNA treated cells (2.06 ± 0.10 vs. 1.00 ± 0.03 a.u., p < 0.0001,
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WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 3 protein was also, but
non-significantly, increased (1.47 ± 0.21 vs. 1.00 ± 0.01 a.u., p > 0.05, WT 25 mM + GLO1-siRNA vs.
WT 25 mM + NT-siRNA) (Figure 4a,b). High glucose concentration produced modest increases of
collagen 4 mRNA (1.03 ± 0.03 vs. 0.71 ± 0.05 a.u., p < 0.001, WT 25 mM vs. WT 5 mM); knockdown
of GLO1 further increased the levels of collagen 4 mRNA. Collagen 4 mRNA was increased 1.8-fold
in cells with GLO1 knockdown, compared to the NT-siRNA treated cells (1.80 ± 0.09 vs. 1.00 ± 0.01
a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4c) and collagen 4
protein was also increased (1.35 ± 0.07 vs. 1.00 ± 0.01 a.u., p < 0.01, WT 25 mM + GLO1-siRNA vs.
WT 25 mM + NT-siRNA) (Figure 4d). Fibrillary collagen 5 mRNA was increased by hyperglycemia
(1.03 ± 0.03 vs. 0.71 ± 0.05 a.u., p < 0.001, WT 25 mM vs. WT 5 mM) and 1.4-fold elevated by
GLO1 knockdown (1.44 ± 0.06 a.u. vs. 1.00 ± 0.01 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs.
WT 25 mM + NT-siRNA), whereas collagen 5 protein was unchanged (Figure 4e,f).
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Figure 4. Expression of collagen 3, 4, and 5 in L6 myoblasts transfected with non-target siRNA and
GLO1 specific siRNA. L6 Myoblasts were transfected with non-target siRNA and GLO1 specific siRNA
following 48 h siRNA transfection. (a) Collagen 3 mRNA; (b) collagen 3 protein. Lane 1: Precision
Plus Protein Standard; lane 2: WT 5 mM; lane 3: WT 25 mM, lane 4: WT 25 mM + NT-siRNA; lane 5:
WT 25 mM + GLO1-siRNA; (c) collagen 4 mRNA; (d) collagen 4 protein. lane 1: Precision Plus
Protein Standard; lane 2: WT 5 mM; lane 3: WT 25 mM, lane 4: WT 25 mM + NT-siRNA; lane 5:
WT 25 mM + GLO1-siRNA; (e) collagen 5 mRNA, and (f) collagen 5 protein. lane 1: Precision Plus
Protein Standard; lane 2: WT 5 mM; lane 3: WT 25 mM, lane 4: WT 25 mM + NT-siRNA; lane 5:
WT 25 mM + GLO1-siRNA. Data are mean ± SEM (N = 3, n = 3). Significance: * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001, WT 25 mM + GLO-siRNA vs. WT 25 mM + NT-siRNA, or WT 25 mM
vs. WT 5 mM, respectively.
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3. Discussion

Our previous study revealed an intracellular accumulation of MG as well as enhanced glucose
internalization after knockdown of GLO1 in cells under hyperglycemic conditions [21]. These findings
may be in relation to the fibrotic processes associated with diabetes in myoctes, as exaggerated
intracellular concentrations of glucose have been shown to enhance ECM accumulation and MG has
been proven to modify existing proteins in terms of irreversible crosslinking [24]. The aim of this study
was to analyze the consequences of a MG driven enhanced glucose uptake on the expression of several
structurally related collagens as main components of the extracellular matrix.

Under low glucose conditions, the insulin-dependent glucose transporter 4 (GLUT4) continuously
relocates between cell-surface and intracellular storage-vesicles [20]. An insulin-mediated increase
of GLUT4 concentration on the cell-surface enhances glucose-uptake to prevent an extracellular
hyperglycemic milieu and to deliver glucose for metabolic purposes. In our cell culture model, we
revealed an impaired GLUT4 internalization leading to the prolonged presentation of GLUT4 on
the cell-surface, resulting in increased glucose-uptake after knockdown of GLO1 [21]. Increased
GLUT4-level on the cell-surface after GLO1 knockdown or extracellular MG stimulation in L6
cells appeared unrelated to MG modification or expression of GLUT4 and oxidative stress [21,22].
These results suggest that MG may influence mechanisms involved in GLUT4-trafficking and
subsequent glucose uptake. The aim of this study was to further investigate the influence of GLO1
knockdown and MG accumulation on the regulation and composition of the ECM in this well-defined
cell culture model.

After silencing of GLO1, there was an approximately 2.2-fold increase in MG and a 2.3-fold
increase in glyoxal concentration and increased MG-derived AGEs; 3-DG concentration did not vary
upon knockdown of GLO1. This suggests that GLO1 silencing is effective and imposes dicarbonyl
stress in L6 cells. Glycation caused by MG may impair cell homeostasis by altering functions of
crucial enzymes of metabolic pathways. With regard to the ECM, we could detect an increased
biosynthesis of fibrillary and fibril-associated collagens (collagens 1–5) after GLO1 knockdown,
suggesting a remodeling of the ECM, which in turn, displays the induction of fibrotic processes.
Furthermore, increased biosynthesis of collagen 1 was identified as an indicator for the onset of
fibrotic processes [25]. The observed effects are attributable to the accumulation of MG during
hyperglycemic culture conditions and the consequences arising from increased MG concentrations,
as—in the control experiments—hyperglycemia alone was analyzed in comparison to normoglycemia,
and GLO1 knockdown experiments were performed in addition to hyperglycemia. Hyperglycemia
alone was not able to induce the effects seen with GLO1 knockdown.

Accumulation of MG in cells results in increased production of ROS and oxidative stress [8,26,27],
which in turn may induce further glucose uptake and GLUT4-translocation [18,19,28,29]. In our
model, increased glucose uptake is not dependent on oxidative stress, but MG dependent [22].
Similarly, increased biosynthesis of collagens induced by GLO1 knockdown may not be regulated by
oxidative stress, particularly as protein modification by MG is non-oxidative. By coincubation with the
antioxidant tiron we were able to show that the collagen production is not related to the increase in
oxidative stress. Increased collagen synthesis is characteristic of L6 cells as they approach confluence
and it decreases thereafter [30]. Knockdown of GLO1 may increase MG modification of collagens
and alter functional contact with cells, as shown for cardiac fibroblasts cultured on MG-modified
collagen matrices and for MG-modifications of collagen 1 and collagen 4 [12,31,32]. Consequences
of the observed alterations in collagen concentration as being responsible for disturbed cell-matrix
contact contributing to apoptotic processes in our model is speculative at this time point and deserves
further analysis.
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4. Materials and Methods

4.1. Cell Culture

L6-GLUT4-myc-tagged rat myoblasts were used as a cell culture model [33]. L6-GLUT4-myc cells
were maintained in α-minimal essential medium (α-MEM, Invitrogen, Carlsbad, CA, USA) containing
5 mM glucose, supplemented with 10% (v/v) fetal bovine serum (FBS, PAA Laboratories, Coelbe,
Germany) and antimycotic/antibiotic solution (100 units/mL penicillin, 100 µg/mL streptomycin,
250 ng/mL amphotericin B; Invitrogen, Carlsbad, CA, USA) at 37 ◦C in a humidified atmosphere of
5% CO2. Cells were grown to 70%–80% confluence.

4.2. Gene Specific Knockdown Using siRNA

For transient transfection L6-GLUT4myc cells were grown in six-well plates at a density of
1 × 105 cells per well. Cells were transfected with 75 nM siRNA (final concentration) directed
against GLO1 (Sequence: sense: 5′-CCA AGG AUU UUC UAC UGC Utt-3′, antisense: 5′-UGC
AGU AGA AAA UCC UGG Gtg-3′, Ambion, Austin, TX, USA) or with a non-target siRNA as control,
using LipofectamineTM 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Next, 3 µL of siRNA (50 µM) and 3 µL LipofectamineTM 2000 were diluted
with 247 µL Opti-MEM, and incubated for 20 min at room temperature, and then added to the cells.
Subsequently, 1.5 mL transfection-medium (α-MEM with 10% FBS but without antibiotic) were added
to each culture well. Twenty-four hours after transfection, the medium was replaced by fresh complete
medium with 25 mM glucose or 5 mM glucose, respectively. As experimental controls, cells were
incubated under unchanged normoglycemic (5 mM glucose in culture medium) and hyperglycemic
(25 mM glucose in culture medium) conditions. For siRNA-control, cells were transfected with
non-target siRNA (NT-siRNA) and incubated under hyperglycemic conditions. Assays were done
48 h post-transfection.

4.3. Immunoblotting Analysis

Cells were washed twice with ice-cold PBS and lysed using lysis buffer containing sodium chloride
(150 nM), Tris-HCL (50 nM), NaF (1 mM), EDTA (1 mM), Na3VO4 (1 mM), Nonidet P40 (1%), sodium
deoxycholate (0.25%), and proteinase inhibitor cocktail (Sigma-Aldrich, Saint Louis, MO, USA); the
cells were repeatedly frozen, and were finally lysed by sonication. The total protein concentrations
were determined by bicichoninic acid assay (Sigma-Aldrich, Saint Louis, MO, USA) using bovine
serum albumin (BSA) for a standard curve. Proteins were separated by NuPAGE® 4%–12% Bis-Tris
gel (Invitrogen, Carlsbad, CA, USA) electrophoresis and electrotransferred (Trans-blot SD, Biorad,
Hercules, CA, USA) to nitrocellulose membranes (Biorad, Hercules, CA, USA). Precision Plus Protein
Standard (BioRad, Cat. No. 161-0374) was applied to serve as a molecular weight marker. Membranes
were incubated for 1 h in blocking-solution containing 5% dry milk in Tris-buffered saline. Membranes
were washed in Tris-buffered saline and incubated overnight at 4 ◦C with the following antibodies:
monoclonal anti-GLO1 (1:1000; Abcam, Cambridge, UK), monoclonal anti-MG-derived AGE (1:1000;
NoF Corporation, Tokyo, Japan), monoclonal anti-collagen 1 (1:1000; LifeSpan BioSciences, Seattle, WA,
USA), polyclonal anti-collagen 4 (1:1000; Abcam, Cambridge, UK), and monoclonal anti-collagen 5
(1:1000; Abnova, Taipei, Taiwan). Collagen 3 was measured in cell culture supernatant using polyclonal
anti-collagen 3 (1:1000; Abcam, Cambridge, UK). For detection of reference proteins monoclonal
anti-β-actin (1:1000; Cell Signaling Technology, Danvers, MA, USA) and monoclonal anti-α-tubulin
(1:1000; Cell Signaling Technology, Danvers, MA, USA) were used. After washing, the membranes
were incubated for 1 h with horseradish Peroxidase (HRP)-conjugated secondary antibodies. As a HRP
substrate Chemiglow (Alpha Innotech Corporation, San Leandro, CA, USA) was used and recorded
by a Charge Coupled Device (CCD)-camera system (Flour Chem FC3, CellBiosciences, Santa Clara,
CA, USA).
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4.4. Quantitative Real Time-PCR Analysis (qRT-PCR)

Cells were washed twice with ice-cold PBS and detached using RLT buffer containing
β-mercaptoethanol (10 µL per mL) (Qiagen, Hilden, Germany). After cell lysis using QIAshredder
columns (Qiagen, Hilden, Germany), RNA was purificated with RNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA concentrations were determined by NanoDrop 2000 (PeqLab Biotechnologie GmbH,
Erlangen, Germany). After reverse transcription, purified cDNA was analyzed via quantitative real
time-PCR using MasterCycler® ep realplex (Eppendorf, Hamburg, Germany) using Platinum® SYBR®

Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, USA). Oligonucleotide sequences are available
upon request.

4.5. Chromatographic and Mass Spectrometric Measurement of Intracellular Accumulated MG, Glyoxal,
and 3-DG

The dicarbonyl metabolites glyoxal, MG, and 3-DG were determined by derivatization with
1,2-diaminobenzene (DB) and quantification of the resulting quinoxaline adducts was determined
by stable isotopic dilution analysis liquid chromatography-tandem mass spectrometry (LC–MS/MS),
as described elsewhere [23]. Briefly, 0.5 × 106–1 × 106 cultured cells were sonicated and subsequently
mixed with 4% ice-cold trichloroacetic acid with 0.9% NaCl. Stable isotopic standards ([13C3]MG,
[13C2]glyoxal and [13C6]3-DG)) were added and mixed, and samples were centrifuged. The supernatant
was removed, sodium azide (0.3%) was added, and then finally 0.1 mM DB was added for
derivatization over 4 h. Calibration standards containing 2 pmol of isotopic standards and 0–20 pmol
of glyoxal, MG, and 3-DG were prepared and derivatized concurrently.

Samples were analyzed by LC–MS/MS with a C18 reverse-phase column (100 mm × 2.1 mm).
The mobile phase was 0.1% TFA (trifluoroacetic acid) in water with a linear gradient of 0%–25%
acetonitrile over 10 min. The quinoxaline adducts were detected by electrospray positive-ionization
multiple reaction monitoring (MRM).

4.6. Statistics

Results of the experimental studies are reported as mean ± SEM and normalized to results of
WT 25 mM + NT-siRNA, unless otherwise stated. Differences were analyzed by one-way ANOVA
followed by Dunnett’s multiple comparison post-test using GraphPad Prism version 6.02 for Windows
(GraphPad Software, San Diego, CA, USA). p-values < 0.05 were regarded as statistically significant.
N describes independent biological experiments, whereas n accounts for the number of repetitions
of measurements.

5. Conclusions

In summary, decreased expression of GLO1 in L6 cells in high glucose concentration induced
dicarbonyl stress and increased collagen synthesis. This may relate to induction of fibrotic processes
described in diabetic late complications [24] and probably to loss of functional contact of cells with
ECM components by increased glycation with MG or the fibrotic process which is induced by collagen
over-production, as described for cells cultured on MG-modified collagen matrices [32]. Increased
expression of collagen 5 is interesting in this regards as it is critical for GLUT4 translocation to the
cell surface and may mediate increased cell surface GLUT4 in response to GLO1 knockdown [34].
The observed difference between RNA and protein level of collagen 5 is of special interest and warrants
further investigation.

Acknowledgments: L6 myoblast stably overexpressing C-myc-tagged GLUT4 were kindly provided by
Amira Klip, University of Toronto, Canada.

Author Contributions: Bernhard Goldstein performed the experiments and wrote the manuscript, Naila Rabbani
and Paul J. Thornalley performed the experiments and critically reviewed the manuscript, Diethelm Tschoepe
critically reviewed the manuscript, Bernd Stratmann designed the experiments, Bernd Stratmann and
Paul J. Thornalley wrote the manuscript and take responsibility for the integrity of the manuscript.



Int. J. Mol. Sci. 2017, 18, 480 9 of 10

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

GLO1 Glyoxalase 1
AGE Advanced Glycation End Products
MG Methylglyoxal
ECM Extracellular Matrix

References

1. McLellan, A.C.; Thornalley, P.J.; Benn, J.; Sonksen, P.H. Glyoxalase system in clinical diabetes mellitus and
correlation with diabetic complications. Clin. Sci. 1994, 87, 21–29. [PubMed]

2. Beisswenger, P.J.; Howell, S.K.; Touchette, A.D.; Lal, S.; Szwergold, B.S. Metformin reduces systemic
methylglyoxal levels in type 2 diabetes. Diabetes 1999, 48, 198–202. [CrossRef] [PubMed]

3. Rabbani, N.; Thornalley, P.J. Dicarbonyl stress in cell and tissue dysfunction contributing to ageing and
disease. Biochem. Biophys. Res. Commun. 2015, 458, 221–226. [CrossRef] [PubMed]

4. Brownlee, M. Advanced protein glycosylation in diabetes and aging. Annu. Rev. Med. 1995, 46, 223–234.
[CrossRef] [PubMed]

5. Ogawa, S.; Nakayama, K.; Nakayama, M.; Mori, T.; Matsushima, M.; Okamura, M.; Senda, M.; Nako, K.;
Miyata, T.; Ito, S. Methylglyoxal Is a Predictor in Type 2 Diabetic Patients of Intima-Media Thickening and
Elevation of Blood Pressure. Hypertension 2010, 56, 471–476. [CrossRef] [PubMed]

6. Singh, R.; Barden, A.; Mori, T.; Beilin, L. Advanced glycation end-products: A review. Diabetologia 2001, 44,
129–146. [CrossRef] [PubMed]

7. Stratmann, B.; Gawlowski, T.; Tschoepe, D. Diabetic cardiomyopathy—To take a long story serious. Herz
2010, 35, 161–168. [CrossRef] [PubMed]

8. Thornalley, P.J. Pharmacology of methylglyoxal: Formation, modification of proteins and nucleic acids, and
enzymatic detoxification—A role in pathogenesis and antiproliferative chemotherapy. Gen. Pharmacol. 1996,
27, 565–573. [CrossRef]

9. Thornalley, P.J. Glyoxalase I—Structure, function and a critical role in the enzymatic defence against glycation.
Biochem. Soc. Trans. 2003, 31, 1343–1348. [CrossRef] [PubMed]

10. Cooper, M.E. Importance of advanced glycation end products in diabetes-associated cardiovascular and
renal disease. Am. J. Hypertens. 2004, 17, 31S–38S. [CrossRef] [PubMed]

11. Mostafa, A.A.; Randell, E.W.; Vasdev, S.C.; Gill, V.D.; Han, Y.; Gadag, V.; Raouf, A.A.; El Said, H. Plasma
protein advanced glycation end products, carboxymethyl cysteine, and carboxyethyl cysteine, are elevated
and related to nephropathy in patients with diabetes. Mol. Cell. Biochem. 2007, 302, 35–42. [CrossRef]
[PubMed]

12. Dobler, D.; Ahmed, N.; Song, L.; Eboigbodin, K.E.; Thornalley, P.J. Increased dicarbonyl metabolism in
endothelial cells in hyperglycemia induces anoikis and impairs angiogenesis by RGD and GFOGER motif
modification. Diabetes 2006, 55, 1961–1969. [CrossRef] [PubMed]

13. Duran-Jimenez, B.; Dobler, D.; Moffatt, S.; Rabbani, N.; Streuli, C.H.; Thornalley, P.J.; Tomlinson, D.R.;
Gardiner, N.J. Advanced Glycation End Products in Extracellular Matrix Proteins Contribute to the Failure
of Sensory Nerve Regeneration in Diabetes. Diabetes 2009, 58, 2893–2903. [CrossRef] [PubMed]

14. Rabbani, N.; Thornalley, P.J. The dicarbonyl proteome: Proteins susceptible to dicarbonyl glycation at
functional sites in health, aging, and disease. Ann. N. Y. Acad. Sci. 2008, 1126, 124–127. [CrossRef] [PubMed]

15. Yao, D.C.; Brownlee, M. Hyperglycemia-Induced Reactive Oxygen Species Increase Expression of the
Receptor for Advanced Glycation End Products (RAGE) and RAGE Ligands. Diabetes 2010, 59, 249–255.
[CrossRef] [PubMed]

16. Ceradini, D.J.; Yao, D.C.; Grogan, R.H.; Callaghan, M.J.; Edelstein, D.; Brownlee, M.; Gurtner, G.C.
Decreasing intracellular superoxide corrects defective ischemia-induced new vessel formation in diabetic
mice. J. Biol. Chem. 2008, 283, 10930–10938. [CrossRef] [PubMed]

17. Thornalley, P.J. Protein and nucleotide damage by glyoxal and methylglyoxal in physiological systems-role
in ageing and disease. Drug Metab. Drug Interact. 2008, 23, 125–150. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/8062515
http://dx.doi.org/10.2337/diabetes.48.1.198
http://www.ncbi.nlm.nih.gov/pubmed/9892243
http://dx.doi.org/10.1016/j.bbrc.2015.01.140
http://www.ncbi.nlm.nih.gov/pubmed/25666945
http://dx.doi.org/10.1146/annurev.med.46.1.223
http://www.ncbi.nlm.nih.gov/pubmed/7598459
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.156786
http://www.ncbi.nlm.nih.gov/pubmed/20644005
http://dx.doi.org/10.1007/s001250051591
http://www.ncbi.nlm.nih.gov/pubmed/11270668
http://dx.doi.org/10.1007/s00059-010-3336-0
http://www.ncbi.nlm.nih.gov/pubmed/20467928
http://dx.doi.org/10.1016/0306-3623(95)02054-3
http://dx.doi.org/10.1042/bst0311343
http://www.ncbi.nlm.nih.gov/pubmed/14641060
http://dx.doi.org/10.1016/j.amjhyper.2004.08.021
http://www.ncbi.nlm.nih.gov/pubmed/15607433
http://dx.doi.org/10.1007/s11010-007-9422-9
http://www.ncbi.nlm.nih.gov/pubmed/17318407
http://dx.doi.org/10.2337/db05-1634
http://www.ncbi.nlm.nih.gov/pubmed/16804064
http://dx.doi.org/10.2337/db09-0320
http://www.ncbi.nlm.nih.gov/pubmed/19720799
http://dx.doi.org/10.1196/annals.1433.043
http://www.ncbi.nlm.nih.gov/pubmed/18448805
http://dx.doi.org/10.2337/db09-0801
http://www.ncbi.nlm.nih.gov/pubmed/19833897
http://dx.doi.org/10.1074/jbc.M707451200
http://www.ncbi.nlm.nih.gov/pubmed/18227068
http://dx.doi.org/10.1515/DMDI.2008.23.1-2.125


Int. J. Mol. Sci. 2017, 18, 480 10 of 10

18. Higaki, Y.; Mikami, T.; Fujii, N.; Hirshman, M.F.; Koyama, K.; Seino, T.; Tanaka, K.; Goodyear, L.J. Oxidative
stress stimulates skeletal muscle glucose uptake through a phosphatidylinositol 3-kinase-dependent pathway.
Am. J. Physiol. Endocrinol. Metab. 2008, 294, E889–E897. [CrossRef] [PubMed]

19. Mahadev, K.; Wu, X.; Zilbering, A.; Zhu, L.; Lawrence, J.T.; Goldstein, B.J. Hydrogen peroxide generated
during cellular insulin stimulation is integral to activation of the distal insulin signaling cascade in 3T3-L1
adipocytes. J. Biol. Chem. 2001, 276, 48662–48669. [CrossRef] [PubMed]

20. Stockli, J.; Fazakerley, D.J.; James, D.E. GLUT4 exocytosis. J. Cell Sci. 2011, 124, 4147–4159. [CrossRef]
[PubMed]

21. Engelbrecht, B.; Stratmann, B.; Hess, C.; Tschoepe, D.; Gawlowski, T. Impact of GLO1 knock down on GLUT4
trafficking and glucose uptake in L6 myoblasts. PLoS ONE 2013, 8, e65195. [CrossRef] [PubMed]

22. Engelbrecht, B.; Mattern, Y.; Scheibler, S.; Tschoepe, D.; Gawlowski, T.; Stratmann, B. Methylglyoxal Impairs
GLUT4 Trafficking and Leads to Increased Glucose Uptake in L6 Myoblasts. Horm. Metab. Res. 2014, 46,
77–84. [CrossRef] [PubMed]

23. Rabbani, N.; Thornalley, P.J. Measurement of methylglyoxal by stable isotopic dilution analysis LC-MS/MS
with corroborative prediction in physiological samples. Nat. Protocols 2014, 9, 1969–1979. [CrossRef]
[PubMed]

24. Ban, C.R.; Twigg, S.M. Fibrosis in diabetes complications: Pathogenic mechanisms and circulating and
urinary markers. Vasc. Health Risk Manag. 2008, 4, 575–596. [PubMed]

25. Chen, C.Z.; Raghunath, M. Focus on collagen: In vitro systems to study fibrogenesis and antifibrosis state of
the art. Fibrogenesis Tissue Repair 2009, 2, 7. [CrossRef] [PubMed]

26. Morcos, M.; Du, X.L.; Pfisterer, F.; Hutter, H.; Sayed, A.A.R.; Thornalley, P.; Ahmed, N.; Baynes, J.; Thorpe, S.;
Kukudov, G.; et al. Glyoxalase-1 prevents mitochondrial protein modification and enhances lifespan in
Caenorhabditis elegans. Aging Cell 2008, 7, 260–269. [CrossRef] [PubMed]

27. Liu, B.F.; Miyata, S.; Hirota, Y.; Higo, S.; Miyazaki, H.; Fukunaga, M.; Hamada, Y.; Ueyama, S.; Muramoto, O.;
Uriuhara, A.; et al. Methylglyoxal induces apoptosis through activation of p38 mitogen-activated protein
kinase in rat mesangial cell. Kidney Int. 2003, 63, 947–957. [CrossRef] [PubMed]

28. Toyoda, T.; Hayashi, T.; Miyamoto, L.; Yonemitsu, S.; Nakano, M.; Tanaka, S.; Ebihara, K.; Masuzaki, H.;
Hosoda, K.; Inoue, G.; et al. Possible involvement of the alpha1 isoform of 5′AMP-activated protein kinase
in oxidative stress-stimulated glucose transport in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2004,
287, E166–E173. [CrossRef] [PubMed]

29. Horie, T.; Ono, K.; Nagao, K.; Nishi, H.; Kinoshita, M.; Kawamura, T.; Wada, H.; Shimatsu, A.; Kita, T.;
Hasegawa, K. Oxidative stress induces GLUT4 translocation by activation of PI3-K/Akt and dual AMPK
kinase in cardiac myocytes. J. Cell. Physiol. 2008, 215, 733–742. [CrossRef] [PubMed]

30. Nusgens, B.; Delain, D.; Senechal, H.; Winand, R.; Lapierre, C.M.; Wahrmann, J.P. Metabolic Changes in the
Extracellular-Matrix during Differentiation of Myoblasts of the L6 Line and of a Myo-Non-Fusing Mutant.
Exp. Cell Res. 1896, 162, 51–62. [CrossRef]

31. Chong, S.A.C.; Lee, W.; Arora, P.D.; Laschinger, C.; Young, E.W.K.; Simmons, C.A.; Manolson, M.; Sodek, J.;
McCulloch, C.A. Methylglyoxal inhibits the binding step of collagen phagocytosis. J. Biol. Chem. 2007, 282,
8510–8520. [CrossRef] [PubMed]

32. Yuen, A.; Laschinger, C.; Talior, I.; Lee, W.; Chan, M.; Birek, J.; Young, E.W.K.; Sivagurunathan, K.; Won, E.;
Simmons, C.A.; et al. Methylglyoxal-modified collagen promotes myofibroblast differentiation. Matrix Biol.
2010, 29, 537–548. [CrossRef] [PubMed]

33. Wang, Q.; Khayat, Z.; Kishi, K.; Ebina, Y.; Klip, A. GLUT4 translocation by insulin in intact muscle cells:
Detection by a fast and quantitative assay. FEBS Lett. 1998, 427, 193–197. [CrossRef]

34. Huang, G.R.; Ge, G.X.; Wang, D.Y.; Gopalakrishnan, B.; Butz, D.H.; Colman, R.J.; Nagy, A.; Greenspan, D.S.
α3 (V) Collagen is critical for glucose homeostasis in mice due to effects in pancreatic islets and peripheral
tissues. J. Clin. Investig. 2011, 121, 769–783. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1152/ajpendo.00150.2007
http://www.ncbi.nlm.nih.gov/pubmed/18303121
http://dx.doi.org/10.1074/jbc.M105061200
http://www.ncbi.nlm.nih.gov/pubmed/11598110
http://dx.doi.org/10.1242/jcs.097063
http://www.ncbi.nlm.nih.gov/pubmed/22247191
http://dx.doi.org/10.1371/journal.pone.0065195
http://www.ncbi.nlm.nih.gov/pubmed/23717693
http://dx.doi.org/10.1055/s-0033-1357121
http://www.ncbi.nlm.nih.gov/pubmed/24108388
http://dx.doi.org/10.1038/nprot.2014.129
http://www.ncbi.nlm.nih.gov/pubmed/25058644
http://www.ncbi.nlm.nih.gov/pubmed/18827908
http://dx.doi.org/10.1186/1755-1536-2-7
http://www.ncbi.nlm.nih.gov/pubmed/20003476
http://dx.doi.org/10.1111/j.1474-9726.2008.00371.x
http://www.ncbi.nlm.nih.gov/pubmed/18221415
http://dx.doi.org/10.1046/j.1523-1755.2003.00829.x
http://www.ncbi.nlm.nih.gov/pubmed/12631075
http://dx.doi.org/10.1152/ajpendo.00487.2003
http://www.ncbi.nlm.nih.gov/pubmed/15026306
http://dx.doi.org/10.1002/jcp.21353
http://www.ncbi.nlm.nih.gov/pubmed/18163380
http://dx.doi.org/10.1016/0014-4827(86)90425-8
http://dx.doi.org/10.1074/jbc.M609859200
http://www.ncbi.nlm.nih.gov/pubmed/17229729
http://dx.doi.org/10.1016/j.matbio.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20423729
http://dx.doi.org/10.1016/S0014-5793(98)00423-2
http://dx.doi.org/10.1172/JCI45096
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Knockdown of GLO1 
	Accumulation of Methylglyoxal, Glyoxal, and Related Advanced Glycation Endproducts 
	Biosynthesis of Collagens 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Gene Specific Knockdown Using siRNA 
	Immunoblotting Analysis 
	Quantitative Real Time-PCR Analysis (qRT-PCR) 
	Chromatographic and Mass Spectrometric Measurement of Intracellular Accumulated MG, Glyoxal, and 3-DG 
	Statistics 

	Conclusions 

