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Purpose: Methylglyoxal (MGO) is a highly reactive dicarbonyl species implicated in
diabetic-associated diseases. Acute lung injury (ALI) symptoms and prognosis are worsened
by diabetes and obesity. Here, we hypothesized that elevated MGO levels aggravate ALI,
which can be prevented by metformin. Therefore, this study evaluated the lung inflammation
in lipopolysaccharide (LPS)-exposed mice pretreated with MGO.

Methods: C57B1/6 male mice treated or not with MGO for 12 weeks were intranasally
instilled with LPS (30 pg) to induce ALI, and metformin (300 mg/kg) was given as gavage in
the last two weeks of treatment. After 6 h, bronchoalveolar lavage fluid (BALF) and lung
tissues were collected to quantify the cell infiltration, cytokine levels, reactive-oxygen
species (ROS) production, and RAGE expression.

Results: LPS exposure markedly increased the neutrophil infiltration in BALF and lung
tissue, which was accompanied by higher levels of IFN-y, TNF-a and IL-1p compared with
untreated group. MGO treatment significantly increased the airways neutrophil infiltration
and mRNA expressions of TNF-a and IL-1P, whereas COX-2 expression remained
unchanged. In lung tissues of LPS-exposed mice, MGO treatment significantly increased
the immunostaining and mRNA expression of RAGE, and the ROS levels. Serum MGO
concentration achieved after 12-week intake was 9.2-fold higher than control mice, which
was normalized by metformin treatment. Metformin also reduced the inflammatory markers
in response to MGO.

Conclusion: MGO intake potentiates the LPS-induced ALI, increases RAGE expression
and ROS generation, which is normalized by metformin. MGO scavengers may be a good
adjuvant therapy to reduce ALI in patients with cardiometabolic diseases.
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Introduction

Acute lung injury (ALI) and its clinical correlate, the acute respiratory distress
syndrome (ARDS), are highly prevalent diseases associated with elevated morbid-
ity and mortality rates in the critically ill patient population.' The acute changes at
the onset of ALI/ARDS consist of severe hypoxemia and reduced lung compliance
that is accompanied by increased endothelial and epithelial permeabilities, leading
to pulmonary edema and leukocyte infiltration.” There are many cells and factors
that affect the immune response to ALI/ARDS, but airways accumulation of
neutrophils represents a hallmark of this disease.” Neutrophil infiltration amplifies
the signals to increase the production of pro-inflammatory cytokines like interferon
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gamma (IFN-y), interleukin 1§ (IL-1p) and tumor necrosis
factor-a (TNF-a).* Th17 cells also participate in clearing
pathogens during host defense reactions and have been
implicated in the ALI physiopathology.® Furthermore, IL-
10 and cyclooxygenase-2 (COX-2) metabolites are
reported to exert protective effects in ALL®’
Methylglyoxal (MGO) is a highly reactive dicarbonyl
compound formed endogenously from 3-carbon glycolytic
intermediates of glycolysis,® which has emerged as a key
player in the pathophysiology of diabetes-associated
complications.’ High levels of MGO are found in plasma
and urine of pre-diabetic, diabetic and obese individuals,
achieving concentrations ranging from 233 nM to 400
uM.''® Obese mice also exhibit elevated levels of
MGO in plasma and urine.'” Evidence shows that MGO
modifies free amino groups such as lysine and arginine to
yield the advanced glycation end products (AGEs),'®
which interacts with RAGE, a transmembrane receptor of
the immunoglobulin superfamily, initiating the immune
response to tissue injury and inflammation.'” RAGE in
turn activates multiple intracellular signaling pathways,
including increased production of pro-inflammatory med-
iators and generation of reactive oxygen species (ROS),
thus providing a pro-oxidant environment that is usually
implicated in obesity-associated pathological conditions.?
Administration of MGO to healthy rodents has been

to mimic of the

21-24

shown

diabetes.
Metformin (N, N-dimethylbiguanide) is the first-line

oral anti-hyperglycemic drug used for the treatment of

some the complications

type 2 diabetes. Metformin increases tissue sensitivity to
insulin and decreases the levels of glycated hemoglobin
(HbAlc), an effect partially mediated by activation of the
adenosine  monophosphate-activated  protein  kinase
(AMPK) signaling pathway.”> Besides these metabolic
actions, metformin has been shown to prevent MGO

8,26 0 27,28
b

formation™~” and to scavenger MG thereby redu-

cing its plasma levels in type 2 diabetic patients.”” '
Considering that obese/diabetic patients may be at greater
risk of developing ALI/ARDS than normal weight

individuals,>**

in the present study, we hypothesized
that elevated MGO levels contribute to their greater sus-
ceptibility to ALI, which may be reversed by metformin.
Therefore, male mice were treated with 0.5% MGO for 12
weeks in the absence and the presence of metformin, after
which they were intranasally instilled with lipopolysac-
charide (LPS) to induce ALI. The cell infiltration in

bronchoalveolar lavage (BAL) fluid and lung tissue, and

levels of pro- and anti-inflammatory cytokines were eval-
uated in this study. Immunohistochemistry and mRNA
expressions for RAGE and dihydroethidine (DHE) assays
as a marker of ROS production were also performed in the
lung tissues.

Materials and Methods

Animals

Male C57BL/6 mice, 4-week-old, were housed in cages
(three per cage) located in a ventilated cage shelters with
constant humidity of 55 = 5% and temperature of 24 + 1
°C under a 12 h light-dark cycle. Animals received stan-
dard food ad libitum. The experimental protocols were
approved by the Animal Welfare FEthics of State
University of Campinas (CEUA-UNICAMP; Protocol
N°. 5200-1/2019) and followed the “Brazilian Guidelines
for The Production, Maintenance and Use of Animals for
Teaching or Research” from the National Council of
Control in Animal Experimentation (CONCEA).

Treatments with MGO and Metformin
Mice received 0.5% MGO (Sigma Aldrich, MI, USA) in
the drinking water for 12 weeks, according to previous
studies in rodents.”**> Metformin was given as a daily
gavage at 300 mg/kg in the last two weeks of MGO
treatment.*® Thus, our experimental protocols resulted in
four experimental groups of 7 to 9 mice each, as follows:
Control, MGO, Metformin, and MGO + metformin. In
each group, mice were instilled with saline or LPS, mak-
ing a total of eight groups, as detailed below.

Airways LPS Instillation

Mice were intranasally instilled with either sterile saline
(50 uL) or LPS (30 ug/50 pL), which was obtained from
E. coli (0111:B4, Sigma Aldrich, Missouri, USA). At 6
h thereafter, the mice were euthanized with overdose of
isoflurane (>5%) and cervical dislocation was then per-
formed to confirm the euthanasia. After exsanguination,
lungs were harvested with phosphate-buffered saline
(PBS) to obtain bronchoalveolar lavage (BAL) fluid, and
lung were collected for the morphometric analysis. Briefly,
the trachea was exposed and cannulated with
a polyethylene tube connected to a syringe. The lungs
were washed by flushing five times with PBS (300 pL)
through the tracheal cannula, and the fluid recovered after
each wash was combined, making a total BAL volume of

approximately 1500 pL. BAL fluid was centrifuged (500
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g for 10 min at 4°C) and the supernatant fluid was stored at
—80°C until use whereas the cell pellet was resuspended in
200 puL of PBS to perform the cell counting. The counts of
total inflammatory cells were done using a Neubauer
chamber, whereas Diff-Quick stain was used for determi-
nation of cell differential counts. A minimum of 300 cells
were counted and classified as neutrophils, eosinophils and
mononuclear cells based on normal morphological criteria.

Morphometrical Lung Analysis

Lungs were immersed in 10% phosphate buffered formalin
for 24 h and kept in 70% ethanol until embedding in
paraffin. Tissues were sliced (5-pm sections) and stained
with hematoxylin/eosin for light microscopy examination.
Morphometrical analysis was performed using a Leica DM
5000B digital camera and Leica Q Win Image Processing
and Analysis Software. For each different staining, the
area of positivity was measured in mm? for 3 bronchioles
per slide.

Measurements of Cytokines in BAL Fluid

and MGO in Serum

Levels of IFN-y, TNF-a, IL-1p, IL-17 and IL-10 in BAL
fluid were measured using commercially available DuoSet
ELISA kits (R&D, Minneapolis, USA). For the measure-
ment of MGO levels in serum, samples were deproteinized
using the Deproteinizing Sample Preparation Kit — TCA
(Cat. No. Ab204708, Abcam, Cambridge, UK) following
the manufacturer’s instructions, and then quantified using
an ELISA competitive kit for OxiSelect™ Methylglyoxal
(Catalog No. STA-811, Cell Biolabs,
CA, USA).

San Diego,

Immunohistochemistry for RAGE

Lung tissue from mice were obtained and processed for
a posterior immunohistochemical procedures. Briefly, lung
tissues were excised, immersed in 10% formalin fixative
solution for 48 h and embedded in paraffin. Serial 5-um
tick sections were mounted onto aminopropyltriethoxysi-
lane-coated glass slides. Sections were deparaffinized with
xylol, rehydrated and washed with 0.05 M Tris buffer
solution (TBS) at pH 7.4. Subsequently, sections were
treated with 0.01 M Tris-EDTA buffer containing 0.05%
Tween-20 (pH 9.0) for 24 min at 98°C for antigen retrie-
val. Before blocking the non-specific sites with 5% bovine
serum albumin (BSA) solution containing 0.1% Tween-20
for 60 min, endogenous peroxidase activity was inhibited

with 0.3% hydrogen peroxide (H,0,) solution diluted in
TBS for 30 min at room temperature. Sections were incu-
bated with mouse monoclonal anti-RAGE primary anti-
body (1:500; Cat. no. ab54741, Abcam, Cambridge, UK)
diluted in TBS containing 3% BSA overnight at 4°C.
Next, sections were washed with TBS and incubated
with biotinylated goat anti-mouse IgG, avidin and biotiny-
lated HRP (1:20; cat. no. EXTRA2, Sigma Aldrich, St
Louis, MO, USA) following all the manufacturer’s instruc-
tions. The area stained for RAGE was detected using 3.3’
diaminobenzidine solution (DAB; cat. no. D4293, Sigma
Aldrich). To ensure the specificity of the IHC, a section as
a negative control was tested, in which the primary anti-
body was omitted. All slides were counterstained with
hematoxylin and mounted for observation by microscopy.
Images were acquired using a light microscope Leica DM
5000B coupled to a digital camera, with a 40x objective.
One filed of each section was captured, and three bronchi
were analyzed. The brown-stained area in the sections
incubated with mouse anti-RAGE was automatically
detected by the free software ImageJ (http://imagej.nih.
gov/ij). The data are presented as percentage of positive
area for staining for RAGE in the section area.

Quantitative Real-Time RT-PCR (qPCR)

Total RNA was extracted from freshly homogenized lungs
using TRIzol® reagent (Invitrogen, Mississippi, USA)
according to the manufacturer’s protocol. DNase treated
RNA samples were then transcribed with High-Capacity
Kit"
California, USA). cDNA samples concentrations were

Reverse  Transcription (Applied Biosystems,
quantified using a spectrophotometer (Nanodrop Lite®,
Thermo Scientific, Massachusetts, USA). Synthetic oligo-
nucleotide primers (Table 1) were obtained from
Integrated DNA Technologies (Iowa, USA) and Qiagen
(Hilden, Germany). The reactions were performed with
10 ng cDNA, 6 pL SYBR Green Master Mix® (Life
Technologies, California, USA) and the optimal primer
concentration, in a total volume of 10 pL. Real-time
PCR was performed in the equipment StepOne-Plus®
Real Time PCR System (Applied Biosystems). The reac-
tion program was 95°C for 10 min, followed by 40 cycles
of 95°C for 15s then 60°C for 1 min. At the end of
a normal amplification, a degradation time was added,
during which the temperature increased gradually from
60°C to 95°C. Threshold cycle (Ct) was defined as the
point at which the fluorescence rises appreciably above the
background fluorescence. To determine the specificity of
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Table | Primer Sequences Used for Real-Time PCR Amplifications

IDT Integrated DNA Technologies

Gene Forward Reverse
RAGE 5-CTGAACTCACAGCCAGTGTCCC-3 5-CCCTGACTCGGAGTT-3’
TNFa 5-TGGCCCAGACCCTCACACTCAG-3¥ 5-ACCCATCGGCTGGCACCACT-3
18S rRNA 5-GTAACCCGTTGAACCCCATT -3 5-CCAT CCAATCGGTAGTAGCG-3’

Qiagen Quantitect Primer Assays

Gene Catalog Number GenBank Accession Number
COX2 QT00165347 NM_011198
IL-1B QT00181657 NM_031512

Abbreviations: COX2, prostaglandin-endoperoxidase synthase 2; IL-If, interleukin | beta; RAGE, receptor for advanced glycation end products; TNFo, tumor necrosis

factor-alpha; 18S rRNA, 18S ribosomal RNA.

the amplification, the melting curve analysis of the PCR
products were performed to ensure that only one fragment

was amplified. The 2744

method was utilized to analyze
the results, which were expressed by the difference
between Ct values of chosen genes and the housekeeping
gene, the 18S ribosomal RNA (18S rRNA), which signal
strength did not differ between groups (Ct: 9.8 = 0.2 and

9.6 = 0.2 for control and MGO, respectively).

Measurement of ROS Levels

The lungs were emerged in Tissue-Tek OCT freezing
medium (Sakura, California, USA) and frozen in liquid
nitrogen. Using a cryostat, we obtained 12-um lung sec-
tions and two different lung sections were obtained from
each animal. Sections were then placed on glass slides,
maintained at 37°C for 20 min, followed by the incubation
with dihydroethidium (DHE, 2 pM, Sigma Aldrich,
Missouri, USA) diluted in phosphate buffer for 30 min at
37°C in a humid chamber. The sections were observed
with a fluorescence microscope (Eclipse 80i, Nikon,
Japan) equipped with a camera (DS-U3, Nikon, Japan)
and using a rhodamine filter. At 200x magnification, two
different images were randomly acquired from each sec-
tion. The intensity of fluorescence was determined using
the Image] Software (National Institutes of Health,
Bethesda, MD, USA).

Statistical Analysis

Data were expressed as means + SEM. The program
GraphPad version 6.0 software was used for statistical
analysis. Statistically significant differences were deter-
mined using one-way analysis of variance (ANOVA) for

multiple comparisons followed by Tukey’s test. A value of
P < 0.05 was accepted as significant.

Results
MGO Intake Increases LPS-Induced
Airway Neutrophil Migration

Total and differential cell counts were evaluated in BAL
fluid of four groups of mice, namely: (i) untreated animals
instilled with sterile saline, (ii) untreated animals instilled
with LPS, (iii) MGO-treated animals instilled with saline
and (iv) MGO-treated animals instilled with LPS.

In untreated mice intranasally instilled with saline (con-
trol group), the BAL fluid consisted mainly of mononuclear
cells with inflammatory cells nearly absent (Figure 1A-C; n=
7-9). However, LPS instillation in these animals markedly
increased (P < 0.05) the number of total leukocytes, neutro-
phils and mononuclear cells in BAL fluid compared with
saline group (Figure 1A—C). The analysis of the histological
sections of lungs in both saline groups confirmed the pre-
sence of normal tissue with no inflammatory cells surround-
ing the peribronchiolar regions and lung parenchyma
(Figure 2A—C). As opposed, the lung histology in LPS-
exposed mice showed a large number of inflammatory cells
in peribronchiolar regions of the lung, consisting mainly of
neutrophils (P < 0.05; Figure 2A-C).

In MGO-treated mice, saline instillation did not signifi-
cantly affect the number of total leukocytes and neutrophils
but caused a small (despite significant) increase of the mono-
nuclear cell counts in BAL fluid compared with the untreated
animals (Figure 1A—C). Intranasal instillation of LPS in
MGO-treated animals markedly elevated the content of
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Figure | Methylglyoxal (MGO) increases the number of total cells and neutrophils in bronchoalveolar lavage fluid (BAL) of mice intranasally instilled with lipopolysaccharide
(LPS). Mice were treated or not with 0.5% MGO in the drinking water for 12 weeks, and then intranasally instilled with LPS (30 pg). (A—C) show total cells, neutrophils, and
mononuclear cells in BAL fluid at 6 h following LPS exposure (or instillation with saline). Data are expressed as mean + SEM. *P < 0.05 compared with respective saline

group; #P < 0.05 compared with LPS in control mice.

total inflammatory cells and neutrophils at significantly
higher numbers than the untreated animals (68% and 95%
higher, respectively; P <0.05; Figure 1A and B). The number
of mononuclear cells in BAL fluid in LPS-instilled mice
remained unchanged between control and MGO groups
(Figure 1C). The histological sections of lungs confirmed
the higher infiltration of inflammatory cells and neutrophils
compared with the untreated animals (Figure 2A—C).

Levels of Cytokines in BAL Fluid

Levels of IFN-y, TNF-q, IL-1pB, IL-17 and IL-10 were mea-
sured in BAL fluid after saline or LPS instillation in both
untreated and MGO-treated mice. Higher levels of IFN-y,
TNF-a and IL-1p were detected in untreated mice exposed

with LPS compared with saline group, which were further
increased in MGO-treated mice (P < 0.05; Figure 3A-C).
The levels of IL-17 were higher in LPS-exposed mice (P <
0.05), but MGO treatment did not further elevate this cyto-
kine level compared to its respective saline group
(Figure 3D). In addition, reduced levels of IL-10 were
detected in MGO-treated mice exposed with LPS in compar-
ison with the other groups (P < 0.05; Figure 3E).

gPCR Analysis of TNF-q, IL-1p and COX-

2 in Lung Tissues

LPS exposure led to significant increases of the mRNA
expressions of TNF-o and IL-1B, which were further
increased by MGO treatment (P < 0.05; Figure 4A
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Figure 2 Methylglyoxal (MGO) increases the neutrophil infiltration in lung connective tissue surrounding the bronchial and bronchiolar segments in lipopolysaccharide
(LPS)-exposed mice. (A) shows representative photomicrographs of bronchiolar segments at 6 h following LPS exposure (or instillation with saline) for each experimental
group. (B) and (C) show the number of total inflammatory cells and neutrophils, respectively. Each column represents mean + SEM of the number of cells mm? for each
group. Haematoxylin—eosin, high magnification (bar represents 200 um). *P < 0.05 compared with the respective control group; “P < 0.05 compared with LPS in control

group.

and B). The COX-2 expression was also increased by LPS
exposure, but MGO treatment did not lead to additional
increases in this enzyme expression (Figure 4C). In lung
tissues of all saline groups, MGO treatment did not affect
the mRNA expressions of TNF-a, IL-1B, and COX-2
(Figure 4A-C).

Immunohistochemistry and qPCR
Analysis of RAGE in Lung Tissues

Immunohistochemistry analysis for RAGE in saline-
instilled mice from control and MGO groups revealed
a weak immunostaining for RAGE in the peribronchiolar
areas of (Figure SA and B). In contrast, exposure to LPS
mice significantly increased the RAGE expression in the
airway epithelium (P < 0.05), which was further enhanced
by treatment with MGO (P < 0.05; Figure 5A and B).

In addition, LPS exposure in MGO-treated mice sig-
nificantly increased the mRNA expression of RAGE when
compared with the untreated group (P < 0.05; Figure 5C).
The RAGE mRNA expression in saline groups treated or
not with MGO did not differ between each other
(Figure 5C).

Serum Levels of MGO in Control and

Metformin-Treated Mice

Figure 6 shows that MGO given in the drinking water at
0.5% solution for 12 weeks yielded a serum concentration
of about of 20 pg/mL (equivalent to approximately 290
nM), which was 9.2-fold higher (P < 0.05) than basal
levels achieved in control animals (31 nM). Metformin,
given at 300 mg/kg as a daily gavage for two weeks,
returned the MGO concentration to the levels of control
mice. Metformin alone had no effects on the basal levels
of MGO (Figure 6).

Effects of Metformin on Airway Cell
Infiltration, Cytokine Levels, and RAGE

Expression

We next evaluated the airway cell infiltration, cytokine
levels (TNF-a, IFN-6 and IL-1B) and RAGE expression
in BAL and/or lung tissue of MGO-treated mice associated
or not with metformin. The increases of total cell infiltra-
tion and neutrophils in response to LPS instillation in
control group were unaffected by metformin treatment
(Figure 7A and B). However, metformin fully normalized
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Figure 3 Methylglyoxal (MGO) increases the levels of pro-inflammatory cytokines in bronchoalveolar lavage (BAL) fluid of lipopolysaccharide (LPS)-exposed mice. (A-E)
show IFN-y, TNF-q, IL-1B, IL-17 and IL-10, respectively, in BAL fluid at 6 h following LPS exposure (or instillation with saline). Each column represents the mean * SEM. Data
are expressed as mean + SEM. *P < 0.05 compared with respective saline group; P < 0.05 compared with LPS in control group.

the exacerbation of LPS-induced cell infiltration by MGO
treatment (P < 0.05; Figure 7A and B). Likewise, in con-
trol group of LPS-instilled mice, metformin interfered
neither with the increased production of TNF-a, IL-f3 and
IFN-6 in BAL fluid (Figure 7C, E and G) nor with the
mRNA expressions of TNF-o and IL-B in lung tissues
(Figure 7D and F); however, metformin returned these
cytokine levels in the MGO group to the levels of the
control group (P < 0.05; Figure 7C—G). The increased
mRNA RAGE expression in MGO group was also
restored by metformin (Figure 7H). In saline-instilled
mice of control and MGO groups, metformin did not
significantly affect any basal parameter.

Effects of Metformin on ROS Levels in

Lung Tissues

The ROS levels in lung tissues were about of 2.0-fold
higher in LPS-instilled mice than its respective saline
group (P < 0.05), which were further increased by MGO
treatment (P < 0.05; Figure 8A and B). Treatment with
MGO also caused a small, despite significant (P < 0.05),

increase of ROS levels in the saline-instilled mice com-
pared with respective untreated group. We then evaluated
the effects of metformin treatment on ROS levels in all
groups. In metformin-treated mice, LPS exposure also
significantly increased the ROS levels in the same magni-
tude as the vehicle group. However, in MGO-treated mice,
metformin but fully prevented the increased ROS levels by
LPS exposure (Figure 8A and B).

Discussion

We hypothesized here that excess of MGO take part of the
machinery that exacerbates ALI in obese/diabetic indivi-
duals. We then treated healthy mice with 0.5% MGO for
12 weeks to elevate the MGO levels in plasma, after which
animals were intranasally instilled LPS to induce ALIL
Airways instillation with LPS has been shown to induce
airway inflammation mainly due to neutrophil influx,
which cause epithelium and endothelium disruption mostly
via release of cytotoxic molecules.’” Interferon-y, IL-1p
and TNF- o exert important roles in human and experi-
mental ALL***° We then sought that the higher levels of
these inflammatory cytokines by MGO treatment might
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Figure 4 Effects of methylglyoxal (MGO) on the mRNA expressions of TNF-a (A), IL-1B (B) and cyclooxygenase-2 (COX-2; C) in lung tissues of lipopolysaccharide (LPS)-
exposed mice. The mMRNA expression levels of TNF-a, IL-1 and COX-2 were evaluated at 6 h following LPS exposure (or instillation with saline). Each gene was normalized
to 18 S rRNA expression levels, and the values are expressed in arbitrary units (a.u). Data are means + SEM. *P < 0.05 compared with control group; *P < 0.05 compared

with LPS in control group.

worsen LPS-induced ALI. As expected, LPS-exposed
mice exhibit elevated protein levels of these cytokines in
BAL fluid and/or mRNA expressions in lung tissues, the
levels of which were all potentiated by the MGO treat-
ment. Interleukin-17 is another pro-inflammatory cytokine
produced by the CD4+ T cell implicated in LPS-induced
mouse cell recruitment.*” We found higher IL-17 levels in
BAL fluid of LPS-exposed mice, but MGO treatment
failed to significantly elevate its levels, suggesting that
this cytokine may not be critical to the MGO actions.
Interleukin-10 classically exerts anti-inflammatory effects
by negatively balancing the release of pro-inflammatory
cytokines.*' The IL-10 levels in BAL fluid did not change
between saline and LPS groups, but interestingly MGO
significantly reduced the IL-10 levels in LPS-exposed

mice, indicating that ALI aggravation by MGO treatment
may be at least in part due to removal of the lung protec-
tion by reducing the IL-10 release. Of interest, loss-of-
function mutations in IL-10 or IL-10 receptor has been
shown to increase immunoinflammation during
infections.*? Up-regulation of intrapulmonary COX-2
expression and its increased enzyme activity are reported
to contribute to resolution of ALI/ARDS, possibly via
prostaglandin E2 generation.®” Here, we found that the
increases of COX-2 mRNA expressions in lungs of LPS-
exposed mice were of the same magnitude in control and
MGO groups, suggesting that the deleterious actions of
MGO are not accompanied by further protective genera-

tion of COX-2-derived lipid metabolites.
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Figure 5 Methylglyoxal (MGO) increases immunostaining and mRNA expression of RAGE in airways of lipopolysaccharide (LPS)-exposed mice. (A) shows representative
photomicrographs of immunohistochemistry of bronchiolar segments at 6 h following LPS exposure (or instillation with saline), as evidenced by the brown color in the
bronchial epithelium. (B) shows the RAGE immunostaining. (C) shows the RAGE mRNA expression (gene normalized to 18 SrRNA) and data expressed in arbitrary units (a.
u). Micrographs recorded at 150x magnification. Data are means + SEM. *P < 0.05 compared with control group; *P < 0.05 compared with LPS in control group.
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Figure 6 Serum levels of methylglyoxal (MGO) in control (CT) and MGO-treated
mice in association or not with metformin (MET). Mice were treated or not with
0.5% MGO in the drinking water for 12 weeks, and metformin was given (300 mg/
kg) in the last two weeks of MGO treatment. *P < 0.05 compared with MGO+MET
group.

Methylglyoxal has been identified as the major precur-
sor of AGE formation, which usually results from normal
metabolism in healthy individuals; however, in pathologi-
cal states of pre-diabetes, diabetes, and obesity, the ele-
vated MGO levels act to further increase the AGE
generation.'”** AGEs bind to its receptor RAGE, activat-
ing different intracellular signaling pathways, including
increased ROS production.** In different pathological con-
ditions, lung tissues express supraphysiological levels of
RAGE and AGEs, leading to excessive pulmonary oxida-
tive stress.”®*> Recently, LPS-induced ALI in mice was

accompanied by increased expressions of RAGE and its
ligands high-mobility group box 1 protein (HMGBI),
HSP70 and S100b, which were attenuated by the RAGE
inhibitors FPS-ZM1 or Azeliragon.*® However, despite
high levels of RAGE and ROS are described in lung
diseases, no previous studies explored the role of MGO
in ALI conditions. We found here that MGO treatment
markedly potentiated the immunostaining and mRNA
expression of RAGE and increased the ROS levels (DHE
technique) in the lung tissues of LPS-exposed mice, indi-
cating that activation of the AGE-RAGE-ROS axis by
MGO plays a crucial role in exacerbating ALI.
Inactivating MGO has been recognized as an interest-
ing approach to reduce deleterious effects of AGEs.*”*®
Among the molecules reported to inhibit MGO formation
or sequestration, guanidino compounds such as the anti-
hyperglycemic agent metformin are reported to react with
MGO forming a guanidine-dicarbonyl adduct, reducing
AGE formation.””*® Therefore, in the second part of this
study, we evaluated the protective effects of metformin on
the deleterious actions of MGO in LPS-induced lung
inflammation. We then evaluated the serum levels of
MGO in the MGO-treated mice receiving or not metfor-
min. Serum concentration of MGO achieved by the 12-
week oral dosage regimen (290 nM) was 9.2-fold higher
than the basal levels found in control mice (31 uM), which
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Figure 7 Metformin suppresses the potentiation by methylglyoxal (MGO) of LPS-induced lung inflammation. Mice were intranasally instilled saline or LPS (30 pg). Panels
show respectively number of total inflammatory cells (A) neutrophil number (B) TNF-a levels in BALF (C) TNF-a mRNA expression in lung tissue (D) IL-1 levels in BALF
(E) IL-1B mRNA expression in lung tissue (F) IFN-y levels in BALF (G) and RAGE mRNA expression (H). Data are expressed as mean + SEM. *P < 0.05 compared with the
LPS + metformin group.
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Data are means + SEM. *P < 0.05 compared with respective saline groups; *P < 0.05 compared with LPS-MGO group.

is consistent with the plasma concentration found in dia-
and high-fat diet-fed mice.'” In the
MGO-treated mice, association of metformin (given in
the last week of MGO treatment) fully restored the MGO
concentration to the levels of control mice.

betic individuals'®

Next, we
evaluated the main markers of LPS-induced ALI. Our
data showed that metformin itself did not affect the LPS-
induced ALI, but completely abrogated the exacerbation of
the lung inflammation in MGO-treated animals. Our pre-
sent findings strongly suggest that metformin acts by
scavenging MGO in the circulation, reducing its plasma
levels, thereby preventing the activation of AGE-RAGE-
ROS axis. Metformin can also MGO
formation,®?° but the findings MGO intake does not affect
the fasting glucose levels or the insulin resistance®

prevent

exclude the possibility of metformin preventing endogen-
ous MGO formation.

Conclusion

Prolonged oral intake of MGO potentiates LPS-induced
mouse airway inflammation and release of inflammatory
cytokines that is accompanied by increased RAGE expres-
sion and excessive ROS generation. In MGO-treated mice,

association of metformin normalizes the serum MGO
levels and suppresses the pro-inflammatory effects of
MGO.
in vivo, preventing the formation of AGEs. Therefore,

It is likely that metformin scavenges MGO

pharmacological treatments aiming to scavenger MGO
from the circulation may be of therapeutic value in redu-
cing ALI in patients with cardiometabolic diseases.
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