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ARTICLE INFO ABSTRACT

Keywords: A major precursor of advanced glycation end-products (AGEs) - methylglyoxal (MG) - is a reactive carbonyl

Advanced glycation end products metabolite that originates from glycolytic pathways. MG formation and accumulation has been implicated in the

Ig[eth};llglyoxal pathogenesis of diabetes and age-related chronic musculoskeletal disorders. Human bone marrow-derived
steoblasts

stromal cells (BMSCs) are multipotent cells that have the potential to differentiate into cells of mesenchymal
origin including osteoblasts, but the role of MG on their differentiation is unclear. We therefore evaluated the
effect of MG on proliferation and differentiation of BMSC-derived osteoblasts.

Cells were treated with different concentrations of MG (600, 800 and 1000 pM). Cell viability was assessed
using a Cell Counting Kit-8 assay. Alkaline phosphatase (ALP) activity and calcium deposition assays were
performed to evaluate osteoblast differentiation and mineralization. Gene expression was measured using qRT-
PCR, whereas AGE specific receptor (RAGE) and collagen 1 were examined by immunocytochemistry and
Western blotting. RAGE knockdown was performed by transducing RAGE specific short hairpin RNAs (shRNAs)
using lentivirus.

During osteogenic differentiation, MG treatment resulted in reduction of cell viability (27.7 %), ALP activity
(45.5 %) and mineralization (82.3 %) compared to untreated cells. MG significantly decreased expression of
genes involved in osteogenic differentiation - RUNX2 (2.8 fold), ALPL (3.2 fold), MG detoxification through
glyoxalase - GLO1 (3 fold) and collagen metabolism - COL1A1 (4.9 fold), COL1A2 (6.8 fold), LOX (5.4 fold) and
PLOD1 (1.7 fold). MG significantly reduced expression of collagen 1 (53.3 %) and RAGE (43.1 %) at protein
levels. Co-treatment with a MG scavenger - aminoguanidine — prevented all negative effects of MG. RAGE-
specific knockdown during MG treatment did not reverse the effects on cell viability, osteogenic differentia-
tion or collagen metabolism.

In conclusion, MG treatment can negatively influence the collagen metabolism and differentiation of BMSCs-
derived osteoblasts through a RAGE independent mechanism.

Mesenchymal stem cells
Receptor for AGEs

1. Introduction smoking are the exogenous contributors to the body's MG pool [5-7]. It

is of note that although the concentration of MG is much lower than

Methylglyoxal (MG) is a highly reactive dicarbonyl compound
formed primarily as a byproduct of glycolysis [1] but also during lipid
peroxidation and protein degradation. It is a potent glycating agent and
a predominant precursor of advanced glycation end products (AGEs)
[2]. MG is formed not only during states of chronic hyperglycemia such
as in diabetes but also during states of hypoxia and inflammation [3,4].
In addition to the endogenous MG production, diet and cigarette

glucose in tissues, MG is about 20,000 times more reactive than glucose
[8]. The major physiological detoxification mechanism against MG is
the glutathione (GSH)-dependent glyoxalase (GLO) system consisting of
GLO1, GLO2 and reduced GSH [9]. MG accumulation, either due to
enhanced production or due to reduced detoxification, is referred to as
‘dicarbonyl stress’ [10] and increased accumulation of MG-derived
AGEs contribute to the so called ‘glycative stress’ [11]. Altogether,
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both dicarbonyl and glycative stress have been shown to play a role in
promoting age-related chronic inflammatory conditions such as
atherosclerosis, osteoporosis, cancer and neurodegenerative diseases
[12-15].

MG and MG-derived AGEs have been shown to increase the risk of
fracture by several mechanisms including net bone loss by affecting
bone remodeling [16], reducing bone matrix quality [17] and possibly
delaying bone healing in individuals with diabetes [18]. The molecule 5-
hydro-5-methylimidazolone (MGH1) is a key MG-derived AGE and was
recently shown to be the most abundant AGE (up to ~200 times higher)
in bone compared to other non-MG-derived AGEs in elderly individuals
without diabetes [19]. Glycative stress due to MG-derived AGEs has
been induced through its binding to the transmembrane receptor for
AGEs (RAGE) and downstream activation of Nicotinamide Adenine
Dinucleotide Phosphate Hydrogen (NADPH) oxidase and upregulation
of nuclear factor k-p-producing pro-inflammatory cytokines [20]. Also,
MG-derived AGEs increase non-enzymatic cross-linking of extracellular
matrix (ECM) proteins and alter their structure and function [21]
Dicarbonyl stress due to MG has been shown not only to enhance AGEs
accumulation but also evoke direct carbonylative damage to intracel-
lular proteins and DNA [10]. As an example, MG-associated carbonyl-
ation can be both a cause or consequence of oxidative stress. For
example, MG reacting to mitochondrial proteins generates reactive ox-
ygen species (ROS), while depletion of GSH and NADPH during oxida-
tive stress decreases the activity of GLO1 and further enhances MG
accumulation. Overall, it seems that MG-associated dicarbonyl and
glycative stress may affect bone remodeling both in a RAGE-dependent
and -independent manner.

Human bone marrow-derived stromal cells (BMSCs) are a population
of self-renewing multipotent cells with capacity to differentiate into
several mesenchymal tissues including bone, cartilage, muscle and fat.
They are characterized by their ability to remodel and regenerate. In a
previous study, treatment of BMSCs with glyceraldehyde-derived AGEs
prevented their differentiation into osteoblasts [22]. Until now, there
have been no studies on the potential detrimental effects of MG or MG-
derived AGEs on proliferation and differentiation of BMSCs-derived
osteoblasts. Recently, we observed in our population-based cohort that
higher skin AGEs accumulation was associated with higher risk of
fracture independent of bone mineral density, which points towards a
reduction in bone quality largely influenced through organic matrix
predominantly comprising collagen [23]. In this context, the revers-
ibility of the effects produced by MG either through synthetic or natural
MG scavengers and GLO1 inducers [24] or through RAGE blockade [25]
have been proposed as important future research approaches. However,
it is not yet clear to what extent the effects of MG are derived through
RAGE.

Therefore, we aimed to investigate whether MG-induced dicarbonyl
or glycative stress alters collagen metabolism in BMSCs-derived osteo-
blasts. We further investigated whether this effect is mediated through
RAGE by employing a RAGE-specific knockdown under conditions of
high MG concentrations that stimulate dicarbonyl stress.

2. Materials and methods
2.1. Chemicals

Methylglyoxal was purchased as methylglyoxal solution (~40 % in
H»0) from Sigma-Aldrich (cat. M0252). Aminoguanidine was purchased

as Aminoguadine hydrochloride from Sigma-Aldrich (cat. MKCL5504).
Cell cultures were photographed using Rebel microscope from Echo.

2.2. Cell cultures
Human BMSCs were derived from the bone-marrow of a young male

human donor. BMSCs were differentiated into mineralizing osteoblasts
as described previously [26]. Briefly, BMSCs were seeded (5000 cells/
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cm?) and maintained for first two days in alpha minimum essential
medium («-MEM, Gibco, Paisley, United Kingdom) supplemented with
10 % heat-inactivated fetal calf serum. Next, they were differentiated
towards mineralizing osteoblasts «-MEM supplemented with 10 mM
B-glycerophosphate ($-GP) and 100 nM dexamethasone for a period of
2-3 weeks. Cells at passage 8 were used in all experiments and the media
was refreshed two times a week. Cells were treated with different con-
centrations of MG varying from 400 to 1000 pM after 3 days of osteo-
genic induction in comparison to controls (not treated with MG). At the
start of our experiments, we compared a dose of 100 pM vs. 400 pM
aminoguanidine (AG), which showed that 400 pM AG counteracts MG
better than 100 pM AG in reversing the effects on cell viability. These
concentrations of AG were based on other studies using different cell
models with doses between 100 and 400 pM AG as a MG scavenger
[27-29]. Therefore, cells were also treated with 400 uM of AG after 3
days of osteogenic induction simultaneously with MG for all the ex-
periments. All experiments were performed at least two times in
quadruplicate per condition and per time point.

2.3. Cell viability assay

Cells were cultured in a 96-well plate at a density of 5000 cells/cm?
in o-MEM medium containing §-GP and dexamethasone. A cell counting
kit assay was performed when cells were mixed with 10 pL of tetrazo-
lium salt WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt) solution per well and
incubated for 2 h at 37 °C. WST-8 is bio-reduced by cellular de-
hydrogenases to formazan which is released by the cells. The amount of
formazan produced is directly proportional to the number of living cells,
which was measured at an absorbance of 450 nm by a Perkin Elmer
Victor X2 multilabel Microplate Reader (Molecular Devices, Sunnyvale,
CA, USA).

2.4. Alkaline phosphatase (ALP) activity

ALP activity was measured at day 7 of osteogenic induction i.e., 96 h
after starting treatment with MG. ALP activity was measured by an
enzymatic reaction requiring ALP for the conversion of substrate (para-
nitrophenylphosphate, pNPP) to the product (paranitrophenol, PNP), as
described previously [26]. Briefly, cell extracts were harvested using
PBS containing 0.1 % triton X-100. The conversion step from pNPP to
PNP was performed for 10 min at 37 °C. ALP activity was quantified by
measuring the absorbance at 405 nm using the Perkin Elmer Victor X2
multilabel Microplate Reader and the results were adjusted for protein
content of the cell lysates also measured at day 7.

2.5. Calcium assessment in cell culture

For calcium measurements, cell lysates and the residual ECM mate-
rial in the plates were incubated overnight with 0.24M HCI at 4 °C.
Calcium content was determined colorimetrically using a calcium assay
reagent prepared by combining 1 M ethanolamine buffer (pH 10.6) with
0.35 mM O-cresolphthalein complex one in a ratio of 1:1 and 9,8 mM 8-
hydroxyquinoline (SIGMA 252565-50G, Lot#128M4049V) en 0,6 M
HCL. All measurements were performed using a Perkin Elmer Victor X2
multilabel Microplate Reader. Von Kossa staining was performed as
described previously [25]. Briefly, cells were fixed with 70 % ethanol
and stained for 15 min with von Kossa solution at RT (pH 4.2, Sigma-
Aldrich, St. Louis, Missouri, United States).

2.6. Methylglyoxal-modified protein adducts quantified by ELISA

MG-H1 protein adducts were measured by using a competitive
enzyme-linked immunosorbent assay (ELISA) kit (OxiSelect™ Methyl-
glyoxal competitive ELISA STA-811 Cellbiolabs) according to the man-
ufacturer's instructions.
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2.7. Gene expression quantified by real-time polymerase chain reaction
(PCR)

Total mRNA isolation and cDNA synthesis was performed as
described earlier [26]. Briefly, RNA extraction was performed using
TRIzol reagent at different time points treated with different MG con-
centrations varying from 0 to 800 pM. After RNA purification, cDNA was
synthesized using Reverse transcriptase (RT) and adding poly-T oligo-
nucleotide primer to the mature mRNA. Real time quantitative PCR was
performed using Quantstudio 7 flex Tagman and the results were
analyzed using QuantStudio™, Real time PCR software version 1.3
(Applied Biosystems by Thermo Fischer Scientific). We expressed mRNA
levels of a respective gene relative to the expression of a housekeeping
gene GAPDH on the basis of the following formula: 274(Ct of gene of
interest—Ct of housekeeping gene) gy ynlementary Table 1 shows the forward
and reverse primer sequences of the analyzed genes.

2.8. Immunocytochemistry

Immunocytochemistry was performed as previously described [30].
Briefly, BMSCs were fixed with 4 % PFA for 5min at RT and washed with
PBS. Immunostaining was performed after permeabilization with 0.1 %
Triton X-100 (Sigma-Aldrich, St. Louis, Missouri, United States) in PBS
and blocking for 30min in 1 % bovine serum albumin at RT simulta-
neously. Cells were incubated with anti-RAGE Antibody (9A11) (1:100;
Santa Cruz Biotechnology) or anti-COL1A1l antibody (1:100; Southern
Biotech, #1440-1, clone 2A3, mouse-anti-human) overnight at 4 °C. The
next day, cells were incubated with Alexa Flour 488 donkey anti-mouse
(1:200; Abcam, Cambridge, United Kingdom) secondary antibody for 1
h at RT, followed by the addition of rhodamine-conjugated phalloidin
(1:100, Thermo Fisher Scientific, Massachusetts, United States) for 1 h at
RT. After 10 min incubation with 4',6-diamidino-2-phenylindole (DAPI),
images were taken with an AxioObserver microscope (Zeiss).

2.9. Total protein isolation and Western blotting

Western blot analysis was performed as described [28]. Total protein
was collected in RIPA lysis buffer (1:100, Thermo Fisher Scientific,
Massachusetts, United States). Equal amounts of protein per sample
were loaded and separated by SDS-PAGE (Bio-Rad Laboratories B.V.,
Veenendaal, The Netherlands) and transferred onto a polyvinylidene
difluoride membrane (Amersham™ Hybond® Western blotting mem-
branes, Sigma-Aldrich, Zwijndrecht, the Netherlands). Each membrane
was blocked with 5 % non-fat milk in Tris-buffered saline containing 0.1
% Tween-20 (TBS-T) at RT for 1 h before blotting with primary anti-
bodies directed against RAGE (1:1000; Santa Cruz Biotechnology),
B-Actin (1:1000; Cell signaling, Leiden, The Netherland.s) and COL1A1
(1:1000; Santa Cruz Biotechnology) at 4 °C overnight. After three
washes in TBS-T, the membrane was incubated with anti-mouse anti-
body (1:2000; Cell signaling, Leiden, The Netherlands) conjugated with
horse radish peroxidase for 1 h at RT. The proteins of interest were
detected with a Gel Doc XR System (Bio-Rad Laboratories B.V., Vee-
nendaal, The Netherlands) using the Clarity™ Western ECL Substrate
(Bio-Rad Laboratories B.V., Veenendaal, The Netherlands) and were
semi-quantified using Image Lab software (Bio-Rad Laboratories B.V.,
Veenendaal, The Netherlands). Blots were re-used to measure the
aforementioned three proteins namely, f-Actin, COL1A1 and RAGE in
the same samples. Following RAGE antibody probing on the membrane
and detection, the blot was stripped using a strip buffer to allow for the
primary antibody for COL1A1 to be applied, and finalized by using the
B-Actin antibody.

2.10. Short hairpin-mediated knockdown by lentiviral transduction

The constructs of short hairpin RNA (shRNA) targeting RAGE and the
non-targeting shRNA with a scrambled sequence serving as negative
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control were purchased from TRC-1.0 library (Sigma-Aldrich, Zwijn-
drecht, the Netherlands; Table S1). Lentiviral transduction was per-
formed using the ViraPower packaging vector plasmids (Thermo Fisher
scientific). Lentivirus was produced by transient transfection into 293FT
cells using a standard calcium phosphate precipitation method [25].
After 24 h, supernatants containing lentivirus were harvested, and used
immediately for hMSC transduction (24 h after attachment). One day
later, medium was replaced with osteogenic induction medium, and
cells were cultured until further analysis. All aforementioned assays
were performed in the scrambled and RAGE-shRNA transduced cells.

3. Results
3.1. Methylglyoxal impairs cell growth in BMSCs derived pre-osteoblasts

MG has been shown to induce apoptosis and affect cell proliferation
in various human osteoblastic and non-osteoblastic cell lines [31,32].
Here, we wanted to investigate whether a similar response could be seen
in our MG-treated BMSCs-derived osteoblasts. Compared with controls,
an MG concentration of 800 pM caused a significant 27.7 % decrease in
cell viability, whereas 1000 uM MG reduced cell viability to 84.3 % as
shown in Fig. 1A. Lower concentrations such as 400 and 600 pM MG did
not cause a significant decline in cell viability in our pre-osteoblasts.
Lastly, co-treatment of cells simultaneously with 800 pM MG and 400
pM AG (as positive control) reversed the effects of MG and showed no
difference in cell viability versus controls (Figs. 1A and B). Our results
suggest that 800 pM MG is an optimal dose that induces effects on cell
viability.

3.2. Methylglyoxal induces glycative stress

Glycative stress is a metabolic condition characterized by abnor-
mally high accumulation of AGEs. We assessed accumulation of intra-
cellular AGEs as MG-derived protein adducts and the glyoxalase system
assessing gene expression of GLO1, GLO2 and GSR. MG led to 2.7 fold
higher intracellular accumulation of MG-derived protein adducts
compared with controls, as measured by immunoassay (Fig. 2A). This
increased accumulation of MG-derived AGEs has been shown to be
partially increased through inhibition of the glyoxalase system, which is
a major MG detoxifying mechanism of the cells [9]. Exposure to MG for
first 24 h resulted in a 3-fold decrease in GLO1 (Fig. 2B) and GSR
expression (Fig. 2C). At 96 h, gene expression of both GLO1 and GSR did
not differ between MG and controls whereas GLO2 decreased only at
that time point (Fig. 2D). Altogether, these results point towards the fact
that MG induces glycative stress due to AGEs formation in BMSC-derived
pre-osteoblasts and that it may partially be mediated through initial
inhibition of GLOI and GSR.

3.3. Methylglyoxal inhibits osteoblast differentiation

Inhibition of osteoblastic differentiation could influence BMSCs-
derived bone remodeling and bone regeneration during (micro-)frac-
ture healing in a negative manner [33,34]. So, we assessed osteoblastic
differentiation and mineralization and measured the activity of the
osteoblast differentiation marker ALP, deposition of calcium and
expression of osteoblast differentiation genes. MG led to a 55.5 % (2.2
fold) reduction in ALP activity at 96 h (Fig. 3A) and to a 47.9 % (1.9 fold)
reduction in the amount of incorporated calcium at day 20 (Fig. 3B),
which was confirmed by von Kossa staining (Fig. 3C). Of note, we did
not find a significant downregulation of RUNX2 or ALPL at 24 h (Figs. 3D
and E). However, both ALPL and RUNX2 expression were down-
regulated by MG later during differentiation (96 h or day 11).

3.4. Methylglyoxal inhibits collagen formation and breakdown

AGEs accumulation has been linked to the formation of non-
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A Fig. 1. Methylglyoxal (MG) impairs cell viability in
Cell viability BMSCs-derived pre-osteoblasts which is reversible
1 upon co-treatment with aminoguanidine. (A) Cell
50 I ns | = 0 pM MG viability as measured by CCK-8 assay at 96 h when
o treated with 400 pM, 600 pM, 800 pM, 1000 pM and
- l_i = 400 uM MG 800 pM MG + 400 pM aminoguanidine (AG)
g 100 = 600 uM MG compared to controls. (B) Representative morpho-
s ok logical images of BMSCs-derived osteoblasts at 24 h
o =
8 SLULL and 96 h of culture in MG treated cells vs. controls.
2 50 Em 1000 uM MG All experiments are performed twice with N = 4 for
& =3 800 uM MG+ 400 pM AG every condition. Error bars represent the standard
— error of the mean. ns, not significant, ***p < 0.0001,
ns; not significant.
0
B
0 UM MG 800 UM MG 800 UM MG + 400 pM AG
24h
96h

enzymatic crosslinks in the extracellular matrix of bone, which increases
bone stiffness and decreases bone quality leading to an increased risk of
fracture independent of bone quantity [23,35,36]. To clarify whether
MG can also affect collagen metabolism in BMSCs-derived osteoblasts,
we assessed collagen levels by immunostaining and Western blotting
and additionally the mRNA expression of genes involved in collagen
formation (COL1A1 and COL1A2 - Fig. 4A and B), crosslinking (lysyl
oxidase, LOX and lysyl hydroxylase, PLODI — Fig. 4C and D) and
breakdown (metalloproteinase 2, MMP2 and tissue inhibitor of metal-
loproteinases 1, TIMP1 - Fig. 4E and F). Following treatment with MG,
the expression of collagen metabolism related genes was downregulated
at all time points when compared with controls - COL1A1 (5.2 fold),
COL1A2 (14.1 fold), LOX (5.4 fold), PLOD1 (2.1 fold) and MMP2 (3.9
fold) except TIMP1, which showed no significant change at all included
time points (24 h, 96 h or day 11) (Figs. 4A-F). Inmunocytochemical
staining with an anti-collagen antibody did not appear to show less
collagen 1 staining following MG treatment at day 11 (Fig. 4G) but
quantification is a refined approach. Hence, we proceeded with Western
blot to allow for quantification and it showed a significant decrease in
collagen protein (—53.3 %) relative to actin (Fig. 4H). Our results sug-
gest a decrease in collagen expression at protein levels in MG-treated
cells with indications from mRNA expression data that this decrease in
collagen was primarily due to downregulation of genes related to fibril
formation and crosslinking rather than increased breakdown.

3.5. Methylglyoxal induces inflammatory stress but downregulates RAGE
expression

MG, primarily through the interaction of MG-derived AGEs as a

ligand for RAGE, has been shown to induce pro-inflammatory stress
[37,38]. Therefore, we investigated whether MG could also induce
inflammation in BMSCs-derived osteoblasts through the measurement of
mRNA expression of prominent inflammatory cytokines, namely IL-6
and IL-1p. Also, we evaluated whether this response was paralleled by
changes in RAGE expression. As shown in Fig. 5, MG led to a significant
robust upregulation of IL6 (51 fold) but no change in IL15 (1.4 fold)
expression (Fig. 5B-C) while it considerably reduced RAGE expression at
mRNA (4.1 fold) (Fig. 5A). Immunocytochemistry results appeared to
show reduced RAGE expression following MG treatment at day 11,
which normalized with the additional AG treatment (Fig. 5D). These
data were further substantiated at day 11 by Western blotting and a
relative 43 % decrease in the RAGE intensity compared to controls
(Fig. 5E). Altogether, our results point towards a pro-inflammatory role
of MG, while RAGE levels were markedly decreased.

3.6. RAGE-specific knockdown did not reverse MG-induced pre-osteoblast
reduction in cell viability and differentiation

In order to differentiate whether the effects of MG are mediated
through RAGE or RAGE-independent mechanisms, we performed lenti-
viral mediated RAGE knockdown by using 5 distinctive shRNAs and a
scrambled sequence (Scr) as control (Supplementary Fig. 1). Based on
this, we selected two shRNA sequences that resulted in most effective
RAGE-specific knockdown as seen by a significant decline in RAGE
expression (up to 80 %). Cell viability did not improve when MG
treatment was performed in the RAGE shRNAs conditions compared to
controls (Fig. 6A). Instead, MG-treated cells showed significantly less
cell viability (40-50 % vs. 85 % in controls) when RAGE was knocked
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Fig. 2. Methylglyoxal (MG) induces formation of MG-derived protein adducts and inhibits glyoxalase system which is reversible upon co-treatment with amino-
guanidine. (A) Glycative stress as measured by ELISA kit for quantification of MG derived protein adducts at 96 h after treating with 800 pM MG and/or 400 pM
aminoguanidine compared to controls. mRNA expression using qPCR analysis for (B) GLO1 (C) GLO2 and (D) GSR in controls vs. MG treated cells. Gene expression
was corrected in all cases for housekeeping gene GAPDH. All experiments are performed twice with N = 4 for every condition. Error bars represent the standard error

of the mean. ns, not significant, *p < 0.05 and ***p < 0.0001.

down (Fig. 6A). RAGE knockdown in MG treated cells did not recover
ALP activity when compared with MG treated scrambled controls, but
this did not reach significance (Fig. 6B). Interestingly, RAGE-specific
knockdown resulted in 1.5 to 2.1 fold higher accumulation of intracel-
lular MG-derived AGEs in MG treated cells compared to controls
(Fig. 6C). Immunostaining for RAGE confirmed reduced protein
expression in RAGE following RAGE shRNAs versus scrambled, which
was evident for the controls (Fig. 6D; left panels) and in the co-treatment
condition of MG and AG (Fig. 6D, right panels). However, the use of
shRNAs against RAGE in combination with MG treatment did show a
robust decrease in cell viability but not a distinct reduction in signal of
RAGE protein expression when compared to MG treated scrambled
controls. However, this absence of reduced RAGE protein expression is
most likely due to the relative accumulation of signal due to limited
viability of cells in that specific condition (Fig. 6D; middle panels).
Immunostaining for collagen did not appear to show any difference in
staining intensity following RAGE knockdown versus scrambled controls
(Fig. 6E; left bottom versus left upper panels) but the strong reduction in
collagen staining in the MG treated samples which was largely reversed
by the AG treatment (Fig. 6E, right panels vs middle panels). Altogether,
RAGE-specific knockdown resulted in increased accumulation of intra-
cellular MG-derived AGEs in MG-treated cells along with reduced cell
viability but comparable ALP activity when compared to scrambled
controls. These results point towards a direct action of MG on cellular
processes which is not reversed by a RAGE knockdown.

4. Discussion

In the present study, we demonstrate that MG, a major AGEs pre-
cursor, inhibited osteoblast differentiation by inducing dicarbonyl/gly-
cative stress and inhibiting collagen metabolism, which did not appear

to be mediated through RAGE. Before reaching this conclusion, we
showed that MG treatment of BMSCs-derived osteoblasts led to RAGE
downregulation while inhibition of RAGE by using a RAGE-specific
knockdown did not reverse the effects of MG on osteoblast differentia-
tion. As AG is a well-known MG scavenger known to inhibit AGEs for-
mation [39], we found that AG significantly improved cell viability and
differentiation of osteoblasts most likely by reducing intracellular MG-
derived AGEs accumulation.

MG exists either as a free dicarbonyl or due to its high reactivity, it
binds to arginine or lysine residues on proteins forming AGE adducts in a
physiological environment. MG concentration in vivo has been reported
to be 0.5-1 pM in healthy individuals and can increase from a few pM up
to 300 pM in those with poorly controlled diabetes [40-42]. Similarly,
intracellular levels of MG-modified proteins have been reported up to a
few hundred pM [43]. Although the concentration of MG in plasma is
~25,000-fold lower than that of glucose, MG is up to 20,000-fold more
reactive than glucose with regard to glycation of proteins. MG-H1 levels,
a MG-arginine-derived AGE, were found to be higher than CML (a lysine-
derived AGE) in femurs of diabetic mice, while similar levels were
observed for both AGEs in sera [18]. A very recent report estimated MG-
H1 content in human non-diabetic bone samples for the first time and
reported it to be the most abundant AGE among other AGEs namely
CML, CEL, CMA and up to 2000 times higher in concentration than
pentosidine [19]. Therefore, we emphasize that the choice of MG and
the concentrations used in our experimental conditions were close to (a)
physiological range.

4.1. MG affects osteoblast differentiation and bone health

We found that MG dose-dependently induced reduction in cell
viability and inhibited differentiation of human BMSCs-derived
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Fig. 3. Methylglyoxal (MG) inhibits both early and late osteoblast differentiation which is reversible upon co-treatment with aminoguanidine. (A) ALP activity at 96
h (B) mineralization through incorporated calcium assay and (C) Von Kossa staining at day 20 after starting treatment with 800 pM MG and/or 400 M amino-
guanidine compared to controls. mRNA expression using qQPCR analysis at 24 h, 96 h and day 11 for (D) RUNX2 (E) ALPL in controls vs. MG treated cells. Gene
expression was corrected in all cases for housekeeping gene GAPDH. All experiments are performed twice with N = 4 for every condition. Error bars represent the

standard error of the mean. ns, not significant, *p < 0.05 and ***p < 0.0001.

osteoblasts, which is in line with results obtained in other osteoblastic
cell models including humans [31,44]. Undifferentiated BMSCs have
been shown to be an important constituent in skeletal homeostasis in
adult life [33] and for bone regeneration during fracture repair [34,45].
Both animal and human studies showed that there was a specific
decrease in the number of BMSCs with osteogenic capacity during aging
but also in mice with T2DM compared with age-matched controls
[46-48]. Diabetic mice showed delayed healing following bone injury
owed in part to higher accumulation of MG and MG-H1 in their bones
compared with non-diabetic controls [18]. Furthermore, Rage knockout
mice model showed a greater capacity of BMSCs to differentiate into
mesenchymal lineages, such as adipocytes and osteocytes [49]. In a
different but related context, conditioned medium containing MG-H1
from prostate cancer cells was shown to reprogram human primary
OB into a less-differentiated, mesenchymal-like phenotype, which was

reversed using aminoguanidine and glol silencing [50]. These studies,
including ours, provide clues towards MG and AGE-RAGE involvement
during MSC differentiation that may act as a mediator in aging,
inflammation and diabetic bone phenotypes.

4.2. MG affects collagen metabolism

We demonstrated that following treatment with MG, levels of
extracellular matrix (ECM) components including collagen I decreased
but also MMP2 expression decreased to a greater extent than tissue in-
hibitor of matrix metalloproteinase (TIMP1). This may indicate a net
decrease in the breakdown of existing collagen. Also, we showed a
robust decrease in collagen expression already at 24 h after MG treat-
ment, which was not the case for other osteoblast differentiation genes
as ALPL and RUNX2 and their expression and activity decreased only
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formed twice with N = 4 for every condition. Error bars represent the standard error of the mean. ns, not significant, *p < 0.05 and **p < 0.001.

after longer treatment with MG. This may point towards a primary effect
on altered collagen metabolism causing a delay in differentiation
measured with mineralization occurring only later as a consequence, as
sometimes observed in some forms of osteogenesis imperfecta [51].
Similar findings were reported explaining bone fragility in individuals

with type 2 diabetes whom had normal or high bone mineral density but
low bone quality based on abnormal microarchitecture and increased
AGEs accumulation on collagens [35]. All in all, our findings suggest not
only a decrease in newly formed collagen but also a reduction in
breakdown of existing collagen, which may potentially lead to increased
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AGEs crosslinks and risk of fracture. 4.3. MG affects glyoxalase system

The interplay between MG treatment and the glyoxalase system has
been studied previously. We also showed that MG treatment of BMSCs
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led to an initial downregulation of GLOI and GSR compared with un-
treated cells. This was paralleled by an increase in the accumulation of
MG-derived AGEs, which further enhances glycative stress in BMSCs.
Previously, it was shown that MG-induced oxidative stress led to
desensitization of the Nrf2 pathway and downregulation of GLOI
resulting in reduced detoxification of MG [32]. Besides, Nrf2 silencing
has also been shown to reduce GSR and in turn, reduce levels of gluta-
thione (GSH) [52], that spontaneously conjugate with MG before it can
be detoxified by GLO1. Lastly, although Nrf2 is known as a regulator of
modest oxidative stress [53], overproduction of ROS can lead to Nrf2
suppression, which eventually downregulates GLO1 and GSR [54,55] as
observed here. Nevertheless, in our cells longer treatment with MG did
not alter the expression of glyoxalase-related genes, which may be due to
the fact that cells recovered from the initial stress at that stage and might
be able to detoxify MG.

4.4. MG induces inflammatory stress

MG-H1, an MG adduct that serves as a high affinity ligand for RAGE
[56], was shown to elicit a pro-inflammatory effect downstream of
RAGE. Consistent with other studies, we have demonstrated that MG
treatment led to upregulation of the pro-inflammatory cytokines IL-6
and IL-1f8 [32] and an increased accumulation of intracellular MG-
derived protein adducts and downregulation of GLO1 [57,58]. Howev-
er, these effects were paralleled by a decrease in RAGE mRNA and
protein in our study while a few other studies have shown an increase in
RAGE with AGEs treatment [22,59,60]. This suggests that the observed
enhanced inflammation or glycative stress and suppression of the
glyoxalase system produced by MG might occur in a RAGE-independent
manner [61] requiring further investigation.

4.5. RAGE knockdown did not reverse the effects produced by MG on cell
viability and osteoblast differentiation

This was why we performed silencing of RAGE with RAGE shRNAs.
We demonstrated that the effects of MG on osteoblast differentiation
could not be reversed, not even to some extent. In contrast, there was a
further 1.6 fold decrease in cell viability and approximately 1.5 fold
increase in intracellular MG-derived AGEs following MG treatment in
RAGE-silenced cultures, which may point towards a protective role of
RAGE. Until now, most of the studies including ours have converged
their focus on the pathological role of RAGE. However, recent evidence
suggests a physiological role of RAGE in inflammation resolution
[62-64]. An intricate balance of cell survival is mediated through RAGE
depending on the extent of its stimulation through AGEs — low dose
chronic exposure promotes autophagy and inhibition of apoptosis
[65-67] and acute high dose exposure stimulates apoptosis and exces-
sive autophagy. Based on this, a possible explanation of RAGE-
independent effects of MG in our study could be that MG produced its
effects largely by affecting the structure and function of intracellular
proteins before extracellular AGEs could be formed, as shown by Suzuki
et al., using glyoxal — another dicarbonyl AGEs precursor [68]. Only a
small proportion of MG may have been converted extracellularly to MG-
derived AGEs, which bind to RAGE and may serve to counteract the
excessive inflammation. Taken together, our results suggest that MG acts
predominantly through its intracellular effects rather than extracellular
MG-AGE-RAGE interactions.

A few other aspects need consideration with respect to MG and RAGE
independent signaling in our experimental setup. Whether the binding
of MG adducts to RAGE produces downstream signaling and inflam-
matory response, has been challenged in some recent studies [69,70]. An
alternate pathway could be that MG-induced cell stress leads to release
of other RAGE ligands such as high mobility group box 1 protein
(HMGB1). Low levels of this HMGB1 and RAGE activation has been
associated with osteoblast differentiation and fracture healing [71,72].
Overall, these explanations deserve further investigation.
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5. Conclusions

The present results provide evidence that BMSCs-derived osteoblasts
were inhibited in their proliferation and differentiation by MG treatment
with a prominent effect on collagen metabolism. Co-treatment with
aminoguanidine prevented these effects. However, RAGE knockdown
was unable to protect the osteoblasts from the glycative and inflam-
matory stress induced by MG.

In practice, natural MG scavengers and RAGE antagonists are being
tested commercially to inhibit the effects of AGEs and their precursors
on the progression of diabetes and age-related chronic musculoskeletal
disorders. Our results suggest to exercise caution when using RAGE
antagonists to combat the effects of MG due to possible RAGE-
independent effects.
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