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Abstract

In the last decades, advanced glycation end-products (AGEs) have aroused the inter-

est of the scientific community due to the increasing evidence of their involvement

in many pathophysiological processes including various neurological disorders and

cognitive decline age related. Methylglyoxal (MG) is one of the reactive dicarbonyl

precursors of AGEs, mainly generated as a by-product of glycolysis, whose accumula-

tion induces neurotoxicity. In our study, MG cytotoxicity was evaluated employing a

human stem cell-derived model, namely, neuron-like cells (hNLCs) transdifferentiated

from mesenchymal stem/stromal cells, which served as a source of human based

species-specific “healthy” cells. MG increased ROS production and induced the first

characteristic apoptotic hallmarks already at low concentrations (≥10 μM), decreased

the cell growth (≥5–10 μM) and viability (≥25 μM), altered Glo-1 and Glo-2 enzymes

(≥25 μM), and markedly affected the neuronal markers MAP-2 and NSE causing their

loss at low MG concentrations (≥10 μM). Morphological alterations started at

100 μM, followed by even more marked effects and cell death after few hours (5 h)

from 200 μM MG addition. Substantially, most effects occurred as low as 10 μM,

concentration much lower than that reported from previous observations using dif-

ferent in vitro cell-based models (e.g., human neuroblastoma cell lines, primary animal

cells, and human iPSCs). Remarkably, this low effective concentration approaches the

level range measured in biological samples of pathological subjects. The use of a suit-

able cellular model, that is, human primary neurons, can provide an additional valu-

able tool, mimicking better the physiological and biochemical properties of brain cells,

in order to evaluate the mechanistic basis of molecular and cellular alterations

in CNS.
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1 | INTRODUCTION

In the last decades, advanced glycation end-products (AGEs), also

called “glycotoxins,” have aroused the interest of the scientific com-

munity due to the increasing evidence of their involvement in many

pathophysiological processes (i.e., diabetes) and various neurological

disorders such as Alzheimer's disease (AD), Parkinson's disease (PD),

schizophrenia, cognitive decline related to aging, and behavior-related

disorders—pain, anxiety, and depression (Allaman et al., 2015; Beeri

et al., 2011; Bhat et al., 2015; de Almeida et al., 2023; Twarda-Clapa

et al., 2022). AGEs constitute a non-homogenous, chemically diverse

group of compounds formed either exogeneously or endogeneously

on the course of various pathways in the human body (Twarda-Clapa

et al., 2022). Methylglyoxal (MG) is one of the reactive dicarbonyl

precursors of AGEs that can act as a typical glycating agent and is

mainly generated as a by-product of glycolysis when the spontaneous

degradation of glyceraldehyde 3-phosphate (GA3P) occurs and to a

lesser extent as by-product of protein and fatty acid metabolism

(Kold-Christensen & Johannsen, 2020). Therefore, as inevitably

MG accumulates in all cells, its excess has been proposed to be

highly deleterious (Rabbani & Thornalley, 2015). MG readily reacts

with basic phospholipids and nucleotides, as well as amino acid

residues of proteins, such as arginine, cysteine, and lysine, thus

generating AGEs (Rabbani et al., 2016), which ultimately contribute to

cellular damage, neuronal dysfunction, and impaired behavior

(de Almeida et al., 2023; Kalapos, 2008; Schmitz et al., 2017;

Szczepanik et al., 2020).

Considering the brain's high energy (i.e., glucose) requirements

for maintaining neural cell functions and tight regulation of glucose

metabolism, the main source of energy, essential for brain physiology,

neuronal cells are those potentially most exposed to the toxic effects

produced by the accumulation of MG, which can lead to augmented

levels of AGEs (Manza et al., 2020; Yang et al., 2022).

Evidences indicate that the metabolic profile of neural cells as

regards the glycolysis process is not homogeneous but instead occurs

with a tendency that is greater in astrocytes compared to that

observed in neurons (Allaman et al., 2015). These two types of neural

cells have also different defense. In physiological situations, cells are

protected against MG toxicity through the glyoxalase system, which

includes two key metalloenzymes, Glyoxalase-1 (Glo-1) and

Glyoxalase-2 (Glo-2), both of which use GSH as a co-factor. The

glyoxalase system pathway metabolizes more than 99% MG under

normal condition detoxifying/converting MG into d-lactic acid using

GSH. This system, a ubiquitous enzymatic pathway and the main

detoxifying system for MG, differs between astrocytes and neurons.

Glo-1 and Glo-2 enzymes activities (with Glo-1 activity always sub-

stantially higher than that of Glo-2) are significantly higher in astro-

cytes compared to neurons and are such as to make neurons more

vulnerable to the accumulation of MG and AGEs and, therefore, to

the resulting toxicity. Again, higher GSH concentrations are found in

astrocytes (Dringen, 2000) that, along with the higher Glo-1 and

Glo-2 activities (Thornalley, 2008), indicate a more astrocyte effi-

ciency on MG elimination.

MG can render neurons susceptible to AGE formation, a risk

factor linked to the development of neurodegenerative disorders, at

high level and can induce oxidative stress and cause irreversible

loss of protein function, including protein cross-linking (Currais &

Maher, 2012).

Consistent with a less active glyoxalase system, neurons are more

vulnerable than astrocytes to MG toxicity, as exogenously added MG

at concentrations between 250 and 800 μM is detrimental to neuro-

nal viability in laboratory animals hippocampal, cortical, and primary

sensory cortex cultures or in human neuroblastoma cells (Angeloni

et al., 2015; Bélanger et al., 2011; de Arriba et al., 2007; di

et al., 2004, 2008; Radu et al., 2012; Tseng et al., 2019), while concen-

trations up to 1 mM do not impact cellular integrity in astrocytic

cultures or in rat C6 glioma cells (Bélanger et al., 2011; Hansen

et al., 2012).

Direct comparison of MG toxicity in primary cultures of mouse

cortical neurons and astrocytes evidenced a sixfold higher suscepti-

bility toward MG toxicity in neurons compared to astrocytes

(Bélanger et al., 2011). Even more strikingly, when mouse astrocytes

and neurons were co-cultured, neurons were significantly protected

from MG toxicity (added at concentrations of up to 2 mM)

(Bélanger et al., 2011). Similarly, in a co-culture model of human

astrocytes (D384 cell line) and neurons (SH-SY5Y cell line), the pro-

tection of neurons by astrocytes was remarked (De Simone

et al., 2017), further highlighting the high capacity of astrocytes to

detoxify extracellular sources of MG, protecting neurons in the

process.

On the whole, the various in vitro studies reporting the neurotox-

icity induced by MG and AGEs are carried out mainly using animal

brain cells (i.e., primary or cell lines of astrocytes, cortex, hippocam-

pus, and endothelial) or human neuroblastoma cells, such as SH-SY5Y

(Angeloni et al., 2015; de Oliveira et al., 2021; He et al., 2022;

Popelová et al., 2018; Qi et al., 2022; Strom et al., 2021; Tseng

et al., 2019), SK-N-SH (Haddad et al., 2019), SK-N-MC (Suh

et al., 2022), and M17 (Conti Mazza et al., 2022). In particular, in

human neuroblastoma cells, treatment with MG leads to abnormal

glucose metabolism and energy depletion (de Arriba et al., 2007), oxi-

dative stress, and apoptosis (Angeloni et al., 2015; Dafre et al., 2017;

de Oliveira et al., 2018; Jiang et al., 2016; Tseng et al., 2019) triggering

neuronal damage commonly seen in PD and AD (Lai et al., 2022; Li

et al., 2012; Xie et al., 2014).

This study is focused on the evaluation of the cytotoxic effects

induced by MG applying an in vitro human primary cell-based model,

namely, neuron-like cells (hNLCs) differentiated from the human

umbilical cord lining membrane-derived mesenchymal stem/stromal

cells.

Primary cells of human origin are strongly recommended as rele-

vant alternative methods to predict toxicological profiles improving

prevention, treatment, and public health in general. With the recent

rapid development of stem cell (SC) technology, many studies are

seeking to differentiate human SCs into specific cells of interest, and

this approach is also pursued in the area of neurotoxicity testing (Kim

et al., 2019; Masjosthusmann et al., 2018; Singh et al., 2016). One

2 COCCINI ET AL.

 10991263, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jat.4515 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



type of SCs includes the “mesenchymal stem cells” (MSCs), multipo-

tent SCs that exhibit numerous advantages, including the fact that

they can be obtained in high yield from healthy human adult tissues,

have the advantage over primary and immortalized cells of being

capable of continuous, repeated self-renewal, and of forming large

populations of stably differentiated cells representative of different

tissues of human origin, including cerebral cells (e.g., neuronal and glial

cells; Kim et al., 2019; Singh & Kashyap, 2016; Suma &

Mohanan, 2015; Zakrzewski et al., 2019) and can be cultured with a

minimal laboratory setup and without genetic manipulations. They can

be easily obtained from the human umbilical cord with painless, non-

invasive, and ethically acceptable collection procedure and be effi-

ciently differentiated in vitro into cells of nonmesodermal origin,

including hNLCs (Coccini et al., 2022; Cortés-Medina et al., 2019;

Czarnecka et al., 2017; Hernández et al., 2020; Kil et al., 2016;

Shahbazi et al., 2016; Shi et al., 2018), which can be used as a power-

ful tool for chemical neurotoxicological risk assessment in humans

(Buzanska et al., 2009; Coccini et al., 2020; De Simone et al., 2020;

Kashyap et al., 2015; Singh et al., 2016; Singh & Kashyap, 2016;

Zychowicz et al., 2014).

These hNLCs, serving as a source of “healthy” cells (that are not

immortalized or cancer-derived cell lines), species-specific, human

based, have been employed to evaluate MG toxicity using a range of

concentrations typically detected in the plasma of pathological sub-

jects (Beeri et al., 2011; Haddad et al., 2019; Srikanth et al., 2013).

Different functional and biochemical parameters that are potential

toxicity targets of MG or MG-derived adducts, namely, mitochondrial

function and membrane integrity, cell morphology and growth, nuclear

apoptotic features and caspase-3/7 activity, glyoxalase activity, intra-

cellular ROS, and typical neuronal markers, namely, MAP-2 (microtu-

bule associated protein 2) a marker for the cell body and neurites, and

enolase–NSE (Neuron-Specific Enolase) enzyme of the glycolytic

pathway expressed predominantly in neurons, have been evaluated.

Parallelly, the intra-cellular (cell lysate) and extra-cellular (medium)

levels of free MG were also evaluated.

2 | MATERIALS AND METHODS

2.1 | Cell culture reagents and supplies

MSC growth medium 2 (Ready-to-use; PromoCell, Heidelberg,

Germany), MSC neurogenic differentiation medium (Ready-to-use;

PromoCell), human fibronectin solution (1 mg/ml; PromoCell), all cell

culture reagents, and 96-well plates (black well/clear bottom plate;

ThermoFisher Scientific, Milan, Italy) were purchased from Carlo Erba

Reagents (Carlo Erba Reagents S.r.l., Cornaredo, Italy). Tissue culture

flasks of 75 cm2 with vented filter caps (Corning, Schnelldorf, Bavaria,

Germany) were acquired from Merck Life Science S.r.l. (Milan, Italy).

Accutase solution (DUTSCHER), 6- and 96-well plates (SPL), and

Amicon ultra-0.5 centrifugal filter units (3 kDa MWCO, Millipore,

Tullagreen, Carrigtwohill, County Cork, Ireland) were obtained from

BioSigma S.p.A. (Cona, Italy).

2.2 | Chemicals and reagents

MG solution (40% in H2O, Sigma-Aldrich) and MTT

((3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma-

Aldrich) were purchased from Merck Life Science S.r.l.. Trypan blue

(TB) solution (0.4%, Corning, Mediatech Inc, Manassas, Virginia,

United States) was obtained from VWR International S.r.l. (Milan, Italy).

RealTime-Glo™ MT cell viability and Caspase-Glo® 3/7 assays

(Promega, Madison, Wisconsin, United States) were acquired from

Promega Italia S.r.l. (Milan, Italy). Primary antibodies conjugated to

Alexa Fluor®488 for MAP-2 (Merck) and fluor®594 for NSE (Santa Cruz

Biotechnology, Inc., Dallas, TX, United States) were obtained from

Merck Life Science S.r.l. and D.B.A. Italia S.r.l. (Segrate, Italy),

respectively. Human Glo-1 (Glyoxalase I, MyBiosource) and Human

HAGH (Hydroxyacylglutathione Hydrolase or Glyoxalase II, MyBio-

source) ELISA Kits were obtained from CliniSciences (Guidogna

Montecelio, Italy). RIPA lysis buffer (Thermo Scientific), dihydroethi-

dium (DHE; Molecular Probes, Eugene, Oregon, United States), and

Hoechst 33258 (Invitrogen) were purchased from Life Technologies

Italia (Monza, Italy). Acetonitrile hypergrade for LC-MS (Sigma-Aldrich),

ammonium acetate for HPLC, ≥99.0% (Fluka™, Charlotte, North

Carolina, United States), 2,4-dinitrophenylhydrazine 97% (Sigma-

Aldrich), MilliQ water were obtained from Merck Life Science S.r.l.

2.3 | Cell culture of hNLCs

Human primary neuronal cells were obtained from transdifferentiation

of the mesenchymal stem cells (hMSCs) derived from human umbilical

cord lining membranes isolated and characterized as described by

Coccini et al. (2019). hMSCs were characterized based on the set of

criteria proposed by the Mesenchymal and Tissue Stem Cell Commit-

tee of the ISCT (International Society for Cellular Therapy) (Bosch

et al., 2012; Dominici et al., 2006). hMSCs showed a fibroblast-like

shape, were plastic-adherent when maintained in standard culture

conditions, and were able to differentiate into osteoblasts and adipo-

cytes. They also showed specific surface antigen expression: about

90% of the hMSC population expressed CD105, CD73 CD90, and

HLA class I, and lacked (about 10% positive) of the expression of

CD34, CD45, CD14, CD31, and HLA-DR.

hMSCs were routinely cultured in 75 cm2 flasks using MSC

growth medium 2 and maintained at 37�C in a humidified atmosphere

of 95% air/5% CO2. hMSCs at passage (P) 3–4, according to the

logarithmic growth phase, were induced to transdifferentiate into

neuron-like cells using a specific protocol described by De Simone

et al. (2020). Briefly, hMSCs were cultured in standard conditions until

�80% cell confluence was reached; then, the cells were detached by

Accutase solution and reseeded on multiwell plates (at 4,000

cells/cm2) coated with human fibronectin (10 μg/ml) in MSC growth

medium 2. After 72 h, the whole culture medium (MSC growth

medium 2) was replaced with a ready-to-use MSC neurogenic differ-

entiation medium. The medium was changed every 48 h, and the cells

were cultured up to a maximum of 8 days (fully differentiated stage).

COCCINI ET AL. 3
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Neuronal-like phenotype characterization was performed by morpho-

logical analysis (i.e., evidence of the conversion from the

mesenchymal- to neuron-like-morphology with retractile cell bodies

and long branching processes—dendrites and axons), presence of Nissl

body (by staining of the granular structures of rough endoplasmic

reticulum), and the expression of several neuronal-specific proteins/

markers (by immunofluorescence) such as β-Tubulin III (a microtubule

element of the tubulin family, structural marker predominantly in neu-

rons), microtubule-associated protein 2 (a mature neuron marker), and

enolase (cytoplasmic protein expressed by mature neurons), synapto-

physin (indicator of the synapses density), growth-associated protein

43 (a key factor for axonal growth and elongation), and post-synaptic

density 95 (an important scaffold protein on the post-synaptic mem-

brane, which plays an important role in the process of synapse forma-

tion) (Coccini et al., 2022; De Simone et al., 2020).

For MTT, cell growth assay, and caspase-3/7 activity, cells were

seeded into 96-well culture plates.

TB exclusion test, ROS evaluation, cell morphology evaluation,

Glo-1 and Glo-2 expressions, apoptosis features, neuronal (MAP-2

and NSE) markers, and MG determination were carried out using cells

seeded into six-well plates.

2.4 | Cell treatment with MG: Different
concentrations at different time points (up to 48 h)

At Day 8, the hNLCs were used for the evaluation of the neurotoxic

effects induced by different MG concentrations (0, 5, 10, 25, 50, 100,

200, 300, 400, and 500 μM) up to 48 h, in a single-dose, under normo-

thermic (37�C) conditions in a humidified atmosphere of 95% air/5%

CO2. Fresh solutions of MG were prepared immediately before use by

diluting MG stock solution in MSC neurogenic differentiation medium.

2.5 | Cell survival assays: MTT test–TB staining–
cell growth and morphology

Neuronal cell injury was evaluated considering different parameters

such as mitochondrial metabolism by MTT assay, membrane integrity

by TB staining; cell viability over time by RealTime-Glo™ MT cell via-

bility assay, and cell morphology using phase contrast microscopy.

2.5.1 | MTT assay

The tetrazolium derivatives are reduced in cells mainly by dehydroge-

nase enzymes, producing intracellular formazan products of specific

color that can be measured photometrically after solubilization. The

activity of the dehydrogenase enzymes requires NAD+ or NADPH as

co-factors and can, therefore, be seen as metabolic indicators of cell

proliferation. As the result depends on mitochondrial integrity and

activity, the sensitivity and general outcome of this assay are depen-

dent on the cellular metabolic activity.

hNLCs were treated with MG (from 5 to 500 μM), and after

incubation time (24 and 48 h), MTT was added to each well for 3 h

(at 37�C), and thereafter, the formazan crystals formed by mitochon-

drial dehydrogenases were dissolved in DMSO and quantified by mea-

suring absorbance at 550 nm (measurement) and 655 nm (reference)

using a microplate reader (Bio-Rad, Segrate, Milan, Italy).

To verify the possibility of non-enzymatic reduction of MTT by

MG, all experiments were paralleled by blanks containing solutions of

MG (5–500 μM) in culture medium (without cells) and MTT. No

difference in absorbance was observed between medium plus MG

(at different concentrations) versus control (medium without MG).

Data are expressed as a percentage of control.

2.5.2 | TB exclusion test

At the end of the different MG treatments (5–500 μM), after 24 and

48 h exposure, the culture media were carefully aspirated, the hNLC

monolayer washed with PBS (2 ml per well), and then cells were

detached from the well bottom by Accutase solution (1 ml per well for

5 min at room temperature [r.t.]). The enzymatic reaction was inacti-

vated with the neurogenic medium (1 ml per well). Single cell suspen-

sion was obtained pipetted gently and then was collected and

counted manually using Bürker chamber to determine cell viability.

The cell suspension was mixed with TB 0.4% solution (in ratio of 1:10)

to determine whether cells take up or exclude dye. Viable cells have a

clear cytoplasm, whereas dead cells have a blue cytoplasm. Number of

viable cells was determined by light microscopy as a percentage of

untreated control cells.

2.5.3 | RealTime-Glo™ MT cell viability assay

To monitor over time the cell responses to MG treatment (5–

500 μM), viability was also evaluated in hNLCs from 1 to 48 h by

using Real Time-Glo™ MT cell viability assay, according to the proto-

col supplied by the manufacturer. The cell viability measurement was

performed in real time: Luminescence was read after 1, 7, 24, and

48 h by Fluoroskan microplate fluorometer (Thermo Scientific)

combined with PC software (Ascent Software, version 2.6, Thermo

Labsystems, Helsinki, Finland).

2.5.4 | Cell morphology analysis by phase-contrast
microscopy

hNLCs were monitored by using an inverted microscopy in bright field

mode (equipped with a 32X phase contrast objective) to evaluate the

healthy status of the cells, their growth, and morphological features,

after MG (5–500 μM) treatment. Digital photographs (n = 10) were

captured after different timepoints of treatment, such as 5, 24, and

48 h, with a camera (Canon powershot G8, Tokyo, Japan) and stored

on the PC.
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2.6 | Intracellular ROS detection by DHE

ROS production within the hNLCs after MG exposure were detected

using DHE, a cell permeable fluorescent dye. DHE is oxidized by cyto-

solic ROS to fluorescent ethidium bromide, which intercalates with

the nuclear DNA yielding a red fluorescence signal within the nucleus.

The latter was counterstained with Hoechst 33258 blue fluorescence

dye. Nuclear ethidium bromide red fluorescence intensity is propor-

tional to ROS amount into cytoplasm.

After cell treatment with MG for 24 and 48 h, the hNLCs were

incubated with DHE (5 μM) at 37�C in darkness for 30 min. Next,

hNLCs were washed in PBS and fixed in 4% paraformaldehyde

(PF) for 20 min at r.t., washed again with PBS, and treated with

12 μg/ml Hoechst 33258 for 15 min at 37�C and 5% CO2 in the

incubator. Finally, cells were washed again with PBS, mounted with

Fluoroshield, and let dry at environmental conditions in darkness. All

images were collected with the digital camera (Infinity2) combined

with a fluorescence microscope (CX41 Olympus, Tokyo, Japan),

provided by EPI LED Cassette (FRAEN, Settimo Milanese [MI], Italy).

Digital images (n = 6, from each concentration and for each time

point) were captured using 100X oil objective lens, and measurement

conditions were the following: 470 nm excitation (T% = 40), 505 nm

dichroic beamsplitter, and 510 nm long pass filter.

2.7 | Apoptosis evaluation by nuclear fluorescence
staining

hNLCs cultures treated with MG (10–500 μM for 24 and 48 h) were

fixed in PF 4% (20 min at r.t.), washed (PBS), and then supravitally

stained with the fluorescent nuclear dye, Hoechst 33258 (5 μM for

10 min at r.t.). Afterward, hNLCs were washed again (PBS), let dry,

and scored under fluorescence microscope equipped with a 40X

objective. The microscopic fields were photographed and stored on

PC. Apoptotic cells were quantified in different picture (n = 6–8 for

each concentration and timepoint) and expressed as percentage of

total cells counted (viable cells plus apoptotic cells) of control.

2.8 | Caspase-3/7 activity

Caspase-Glo® 3/7 assay is a luminescence-based test system that mea-

sures the caspase-3 and caspase-7 activities. Adding caspase-Glo® 3/7

Reagent in an “add-mix-measure” format, directly to the well, results in

cell lysis followed by caspase cleavage of the substrate and generation

of a luminescent signal, produced by luciferase, which is proportional to

the amount of caspase activity present. According to the protocol

supplied by the manufacturer, the caspase-3/7 activity was evaluated

in hNLCs, after MG treatments 5–500 μM, for 24 and 48 h, and the

luminescence signal quantified using a microplate fluorometer com-

bined with PC software. Background luminescence (blank) associated

with the culture medium used for hNLCs was determined. Then, the

experimental values were obtained by subtracting the blank value.

2.9 | Glo-1 and Glo-2 activities by ELISA

Glo-1 and Glo-2 were measured using human ELISA Kits by

sandwich-ELISA technique. Standards (0–100 ng/ml for Glo-1 and

0–20 ng/ml for Glo-2) and samples (control and treated with MG

[25–500 μM for 24 and 48 h]) derived from cell lysates were collected

following the manufacturer's instructions and then were pipetted

(100 μl for each sample) into corresponding wells to bind to the anti-

body specific to Human Glo-1 or Glo-2 into a micro-ELISA plates.

Biotinylated detection antibodies targeting human Glo-1 and Glo-2

and avidin-horseradish peroxidase (HRP) conjugate were then added

successively into each well. After incubation, washing for unbound

components was done. When the substrate solution was added, only

wells having human Glo-1 or Glo-2, biotinylated antibody, and avidin-

HRP complex were colored. The enzyme-substrate reaction was

terminated by the addition of stop solution. Optical density (OD) was

measured using a microspectrophotometer (BioRad) at a wavelength

of 450 nm. The OD value is proportional to human Glo-1 or Glo-2

concentrations. The concentrations of Glo-1or Glo-2 were deter-

mined by extrapolating the values on the respective standard curve.

2.10 | Expression of neuronal markers (NSE, MAP-
2) by immunofluorescence analyses

Expression of NSE and MAP-2 by immunofluorescence analysis was

evaluated after MG treatments (0–500 μM) at 24 and 48 h post expo-

sure, applying the following protocol: The hNLCs were rinsed with

PBS gently fixed in 4% PF (30 min at r.t.) and permeabilized with 0.1%

Triton-100 (5 min at r.t.). Subsequently, the neuron-like cells were

washed (twice with PBS) and blocked in PBS containing 1% bovine

serum albumin (BSA; 30 min at r.t.) and finally were incubated with

primary antibodies conjugated to Alexa Fluor®594 against NSE

(1:100) and to Alexa Fluor®588 against MAP-2 (1:100), diluted in 1%

BSA solution (60 min r.t. in dark). Next, the monolayers were washed

(three times with PBS, 5 min for each washing), and the nuclei were

detected using Hoechst 33258 (5 μM for 10 min at r.t.) and finally

mounted with Fluoroshield.

Fluorescence images were acquired using a CX41 Olympus fluo-

rescence microscope using 40X objective lens. The excitation condi-

tions are described in the Section 2.6.”

2.11 | MG measurement intra and extracellularly

After MG treatments (10–200 μM for 24 and 48 h), the media from

each sample (control and MG treatments) were collected. Then, the

hNLCs were washed with PBS (2 ml/well), detached (using Accutase

solution, 500 μl/well), and harvested and counted by Burker chamber

in order to normalize the cell number. After all, hNLCs (untreated and

MG-treated groups) were centrifugate (2,400 rpm for 3 min) to obtain

the pellet. Then, the pellets were resuspended in RIPA lysis buffer

(250 μl/tube) and incubated for 15 min on ice. Finally, the lysates
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were filtered using a centrifugal filter unit at 12,000g for 30 min.

Media and cell lysates were stored at �20�C for later use.

MG determination in lysates and in medium samples was per-

formed by UPLC-mass spectrometry (Waters Acquity-QDa, Waters

SpA, Milan, Italy). Specifically, media and lysate samples (100 μl)

underwent protein precipitation with acetonitrile (1:10) and then were

vortexed and centrifugated at 13,500 rpm. An aliquot of the superna-

tant (200 μl) was derivatized, at 50�C for 2 h, adding 25 μl of

2,4-Dinitrophenylhydrazine (DNPH) solution (3.5 mg/ml in acetoni-

trile) and 275 μl of 0.5% formic acid solution in water. Afterward,

samples were diluted 1:1 with Acetonitrile �10 mM ammonium

acetate (50:50, v/v) and injected into the UPLC system (3 μl).

The UPLC conditions were as follows: column, Acquity BEH C18

1.7 μm (2.1 � 50 mm) at 30�C; eluent A, 10 mM ammonium acetate;

and eluent B, Acetonitrile. Analysis was performed in gradient, and

the cycle time was 7.5 min. The retention time of MG-DNPH was

1.7 min. The linearity of the method was assessed between 2 and

200 μM.

The MS conditions were as follows: electrospray interface in neg-

ative ion mode; single ion monitoring acquisition, m/z 250.75 (CV 5).

The detection limit (signal-to-noise ratio = 3) was 0.2 μM. Reaction

with DNPH leads to different derivatized compounds related to the

presence of two reactive sites on MG: the acetyl and the keto group.

Thus, there are two mono-derivatized and one bi-derivatized com-

pounds. The most abundant derivative compound has been used for

the determinations.

2.12 | Data analyses

Data of the cytotoxicity effects (MTT, TB, cell growth, caspase-3/7,

nuclear staining, and Glo-1 and Glo-2 expression) were expressed as

the mean ± SD of three separate experiments each carried out in two

(TB test, nuclear staining, and Glo-1 and Glo-2 expression) or six repli-

cates (MTT assay cell growth and caspase-3/7 activity). Statistical

analysis was performed by two-way ANOVA followed by Dunnett's

test post hoc test for multiple comparisons. P values less than 0.05

were considered to be significant.

The IC50s (50% Inhibitory Concentration) for MG were calculated

from cell viability curves obtained from MTT and TB data. IC50 deter-

mination was performed using AAT Bioquest IC50 calculator (available

on https://www.aatbio.com/tools/ic50-calculator).

3 | RESULTS

3.1 | Mitochondrial function in hNLCs after MG
exposure

Mitochondrial function decreased with increasing concentrations of

MG and incubation time. MG caused mitochondrial injury after 24 h

exposure starting at 300 μM with about 50% cell viability decrease

and further reduction (60–70% cell decrease) at the higher

concentrations tested (400–500 μM). The effects was worsened fol-

lowing 48 h exposure: A cell decrease (�60–85%) was observed from

300 to 500 μM (Figure 1). The MG IC50s were 340.46 ± 43.20 μ and

298.30 ± 37.00 μM after 24 and 48 h, respectively.

3.2 | Cell viability evaluation in hNLCs after MG
exposure

Exposure of hNLCs to MG induced cell death in a concentration- and

time-dependent manner (Figure 2). Significant cell viability decrease

evaluated by TB test was evident from 50 μM after 24 h (�20%) and

25 μM after 48 h (�35%). Increasing concentrations of MG resulted

in a significantly increased degree of cell death.

The concentrations required to inhibit (or kill) 50% of the cell

population (IC50) were 312.13 ± 42.20 μM after 24 h and 220.81

± 35.30 μM after 48 h.

3.3 | Cell growth

A significant concentration-dependent inhibition of cell proliferation

was observed from 5 to 500 μM and over time in hNLCs. The effect

was significant already after 1 h exposure to MG at ≥200 μM, at

≥25 μM after 24 h, and ≥5 μM after 48 h (Figure 3).

3.4 | Effects of MG treatments on oxidative stress
in hNLCs

The MG-induced intracellular oxidant production in hNLCs was

assessed by DHE fluorescent nuclear dye, whose fluorescence inten-

sity is directly proportional to the amount of ROS species in the cell.

Redox impairment caused by MG in hNLCs is visible in Figure 4: the

red fluorescence, indicating ROS generation, and increased in a

concentration- and time-dependent manner (Figure 4). The effects

were observed from low concentration (10 μM) after 24 h exposure,

and the fluorescent red spots (generated from ROS) in the nucleus

appeared markedly more evident at the higher concentrations

(25–500 μM, Figure S1). The effects were exacerbated and worsened

over time (Figures 4 and S1). At the higher concentration (≥200 μM),

the (few) remaining live cells also showed more red spots.

Furthermore, MG at 500 μM caused a sharp hNLC density

decrease at both time points.

3.5 | Apoptotic cell death in hNLCs after MG
exposure

The cell death, by analyzing the nuclear outcomes, in the cells

exposed to MG was evaluated by Hoechst 33258 dye (Figure 5A).

The fluorescence images of the hNLCs control displayed oval-

shaped blue nuclei with chromatin packaged into a single mass and
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no signs of nuclear fragmentation, while MG-treated hNLCs showed

typical morphological hallmarks of apoptosis in the nuclei suggestive

of the MG capability to induce an apoptotic insult. Chromatin con-

densation and nuclear fragmentation were already detected at the

lower concentration tested (10 μM) after 24 h. Exacerbation of

nuclear changes including shrinkage and fragmentation of nucleus

was visible at the higher concentration (300–500 μM) and pro-

longed exposure (48 h).

Quantitative analysis in terms of percentage of total cells, that is,

viable cells plus apoptotic cells, compared to total cells of control,

showed that MG induced a significant increase in the percentage of

apoptotic cells (over 5%) compared to untreated hNLCs (20% apopto-

tic cells) already at the lowest concentration tested (10 μM) reaching

a maximum effect (about +35%, respected to untreated hNLCs) at

500 μM after 24 and 48 h (Figure 5B). Altogether, these data also

underlined a concentration-dependent cell density decrease

(Figure 5A,B) coherently with the data obtained from the cytotoxic

tests (MTT and TB).

3.6 | Caspase 3/7 activity evaluation

Upon MG treatments (5–500 μM), the hNLCs showed caspase-3/7

activation. Specifically, an elevated increase of luminescence caspase-

3/7 signal was detected starting from 400 μM (+2.6-fold) after 24 h

and from 200 μM (+1.2-fold) after 48 h exposure when compared to

control (Figure 6).

3.7 | Morphological changes in hNLCs after MG
exposure

hNLC controls adhered completely to plastic as homogeneous mono-

layers and maintained their typical neuronal like morphology consist-

ing in transparent bodies, long and thin cellular processes connected

into an organized network with adjacent cells (Figure 7).

Microscopic observations using phase-contrast microscopy

revealed strong morphological alterations at the highest MG concen-

tration tested (200 μM) after 5 h exposure, that is, a loss of cellular

neurites, shrinkage or swelling of cell bodies and disruption of the net-

works, cell clusters and floating cells, cell debris as well as detachment

of non-viable cells from the surface of culture plates and reduction in

the number of cells, the effects persisted and worsened following

exposure time (Figure 7).

The cell density decreases and morphological changes, such as

cell round shape, were observed starting ≥200 μM after 5 h and

100 μM after 48 h (Figure 7). While at ≤50 μM of MG, no changes

were observed (Figure S2).

F IGURE 1 Mitochondrial function
evaluation by MTT assay in hNLCs
exposed to increasing concentrations (5–
500 μM) of MG after 24–48 h exposure.
Data are expressed as percentage of
viable cells (% of control) and represent
the mean ± SD. Statistical analysis by
two-away ANOVA, *P < 0.05 different
from control (Dunnett's post hoc multiple

comparison test).
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3.8 | Determination of MG in media and cell
lysates

In hNLCs, free MG levels in media ranged from 50 to 70% of the

nominal concentration 1 h after addition of MG (10–200 μM). After

4 and 8 h, a sharp decrease resulted from each tested concentration

although about 20–30% of free MG was still present in the media

(Figure 8A).

In cell lysates, free MG level remained low (around 1.1–1.9 μM)

regardless of MG concentration and independent from the elapsed

time (Figure 8B).

3.9 | Glo-1 and Glo-2 evaluation

The pattern of Glo-1 in hNLCs differed between the low (25–

200 μM) and the high (300 μM) MG concentrations. Specifically,

Glo-1 level decreased and remained low (about 2–3-fold compared to

untreated hNLCs) between 25 and 200 μM, while, in hNLCs exposed

to 300 μM, Glo-1 value returned to basal level (untreated hNLCs)

after 24 h. The same trend persisted after 48 h exposure (Figure 9A).

Differently, Glo-2 expression significantly increased (about 10- to

39-fold compared to untreated hNLCs) after 48 h. No changes in

Glo-2 expression were detected after 24 h MG treatments

(Figure 9B).

3.10 | Neuronal markers evaluation after MG
exposure (NSE and MAP-2)

hNLCs exhibited a concentration- and time-dependent loss of fluo-

rescence intensity NSE- and MAP-2-positive neurons after MG

exposure (Figures 10, 11, S3, and S4). Specifically, decrease of red

(NSE) fluorescence intensity was detected at 100 μM after 24 h

with further exacerbation at the higher concentrations and following

48 h exposure (starting at 50 μM) (Figures 10 and S3). In addition,

an increase of the apoptotic cells (with condensed nuclei) was

also observed as demonstrated by Hoechst 33258 dye (see

Section 3.5).

Similar pattern was observed for MAP-2 but with a greater MG-

induced effect: since loss of green fluorescence intensity occurred at

lower concentrations than NSE (i.e., at 25 μM vs. 100 μM after 24 h).

The effects persisted and worsened at the higher MG concentrations

after 48 h exposure (starting at 10 μM) (Figures 11 and S4). The apo-

ptotic cells identified by Hoechst 33258 dye were observable even in

these fluorescence pictures (see Section 3.5).

F IGURE 2 Cytotoxicity effects
evaluation by Trypan blue (TB) exclusion
test in hNLCs treated with increasing
concentrations (10–500 μM) of MG for
24 and 48 h exposure. Data are
normalized to the mean value obtained
under control condition and expressed as
percentage (%) of control and plotted as
the mean ± SD. *P < 0.05, statistical

analysis by two-away ANOVA followed
by Dunnett's post hoc multiple
comparison test.
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4 | DISCUSSION

The present in vitro results demonstrate the cytotoxicity induced by

MG at low concentrations, on human primary neurons, and support

the use of this human cell-based model as species-specific in vitro tool

suitable for the evaluation of neurotoxicity induced by other

dicarbonyls than MG. Remarkably, the MG-induced cytotoxicity in

hNLCs occurred at concentrations approaching pathological plasma

range determined in several diseases/patients (Kong et al., 2014;

McLellan et al., 1994; Piazza et al., 2021).

In this model, MG increased ROS production (from 10 μM)

and decreased cell viability (from 25 μM) and growth proliferation

F IGURE 3 Cell growth evaluation, by
RealTime-Glo™ MT cell viability assay, in
hNLCs exposed to increasing MG
concentration (5–500 μM) after 1, 7,
24, and 48 h. Results are provided as
means ± SD. *p < 0.05, statistical analysis
by one-way ANOVA followed by Tukey's
multiple comparisons test (figure in color
online).

F IGURE 4 ROS evaluation.
Representative images of randomly
selected fluorescence microscopic fields
of hNLCs treated with increasing
concentrations of MG (10, 200, and
500 μM) after 24 and 48 h. DHE
fluorescent dye (red) and Hoechst 33258
stain (blue) were used to detect the ROS
and nucleus, respectively. Red dots were
visible in the nucleus due to accumulation
of oxidized DHE by ROS; the fluorescent
intensity of the dots is equivalent to the
relative levels of ROS present in hNLCs.
Scale bar: 100 μm (figure in color online).
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(from 5 to 10 μM), inducing the first characteristic apoptotic

effects already from low concentrations (10 μM) with important

alterations of the cellular morphology starting from 100 μM,

followed by even more marked effects resulting in a high number

of dead cells after a few hours (5 h) from the addition of 200 μM.

Starting at MG levels of 25 μM, Glo-1 also significantly decreased

while Glo-2 increased. Furthermore, MG markedly affected the

neuronal markers MAP-2 and NSE causing their loss, again

resulting from the exposure to low MG concentration, that is,

≥10 μM.

F IGURE 5 Nuclear staining. Evaluation of
apoptotic features in hNLCs after MG exposure.
(A) Nuclear staining using Hoechst 33258 dye:
hNLCs treated with increasing concentrations of
MG for 24 and 48 h showed alterations compatible
with apoptotic cell hallmarks. Representative images
in fluorescence microscope are taken using
magnification X40; insert 2.5X. Scale bar 50 μm.
Changes in nuclear morphology such as cell

shrinkage, as well as chromatin condensation and
fragmentation, were indicated by white arrows and
white heads, respectively (figure in color online).
(B) Quantitative analysis of nuclear staining in
hNLCs cells. Apoptotic cells were expressed as % of
total cell number, respect to the control cells. Data
represent the mean ± SD. Viable cells: *p < 0.05,
different from control (Dunnett's post hoc multiple
comparison test); apoptotic cells: $p < 0.05 different
from control (Dunnett's post hoc multiple
comparison test).
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The lowest MG concentration that caused in vitro toxicological

effects (i.e., reduction of growth proliferation, overproduction of

intracellular ROS, induction of apoptosis, and reduction of neuronal

markers) in these primary cells, hNLCs differentiated from the

MSCs, was 10 μM, a concentration much lower compared to that

detected in other studies applying human neuroblastoma cell lines,

like SH-SY5Y, SK-N-SH, SK-N-MC, and M17, where the cytotoxic

effects occurred from 250 μM up to over 800 μM (Haddad

et al., 2019; Suh et al., 2022; Tajes et al., 2014). Moreover, the

recent employment of human-induced pluripotent stem cells

(hiPSCs)-derived neurons also evidenced neither cell death nor mito-

chondrial dysfunction at concentrations of MG up to 200 μM after

24 h (Hara et al., 2021). In another recent study evaluating cell

survival of both human M17 neuroblastoma cells and iPSC-derived

neurons after 10–10,000 μM exogenously added MG, the M17 cells

showed a clear loss of viability although MG exhibited a high IC50

(809.2 μM), while neurons derived from human iPSC line showed

no loss of viability across a 10–1,000 μM MG range (Conti Mazza

et al., 2022).

Overall, our findings demonstrated that human primary neurons

(hNLCs) seemed more susceptible to MG exposure than both the

human immortalized neuroblastoma cell lines (e.g., SH-SY5Y, SK-N-

SH, SK-N-MC, and M17) and hiPSCs-derived neurons, probably for

the tumor of neuron cell lines (neuroblastoma). In fact, many cancer

cell lines are known to overexpress Glo-1, which may reflect a cellular

response to elevated cellular MG stress associated with glycolytic

adaptations of cancer cells, commonly referred to as the “Warburg

effect” (Bair et al., 2010; Fantin et al., 2006; Frandsen &

Narayanasamy, 2017; Leone et al., 2021; Sakamoto et al., 2001; van

Heijst et al., 2006).

The very low susceptibility or no loss of viability observed in

human iPSCs-derived neurons treated with high MG concentrations

may rely on the peculiar characteristics of iPSCs that specifically regu-

late own glycolysis for maintaining their embryonic features, as the

reprogramming of “adult” differentiated somatic cells to “embryonic”
pluripotent SCs is accompanied by increased rate of glycolysis. Never-

theless, glycolysis triggers accumulation of AGEs, a potential causative

factor in aging, by promoting MG production demonstrating that

iPSCs possess factors that, in rearranging cellular status to embryonic

pluripotent state from differentiated state in the reprogramming

process by clearing accumulated toxic molecules (MG and AGEs), still

persist to maintain the intrinsic pluripotency (Kang et al., 2019).

In hNLCs, the low MG concentration, 10 μM, caused an overpro-

duction of intracellular ROS after 24 h, which worsened by increased

MG concentrations, and the early signs of apoptosis were also clearly

visible characterized by chromatin condensation and nuclear fragmen-

tation with exacerbation of the nuclear changes, including shrinkage

and fragmentation of nucleus, evident at the higher concentrations

(300–500 μM) and prolonged exposure time (48 h). The MG-induced

generation of intracellular ROS at very low concentrations may be

responsible for the processes leading to apoptosis with the first

typical apoptotic features (morphological alterations) evident at low

concentrations, while the increased caspase-3/7 was detected only at

high concentration (≥200 μM) in our primary human neuronal model.

Other mechanisms may probably underlie the steps leading to apopto-

sis. For example, in human umbilical vein endothelial cells (HUVEC,

F IGURE 6 Caspase-3/7 activity
evaluation in hNLCs treated with
increasing concentrations of MG for
24 and 48 h. Upon treatment with higher
concentrations (≥400 μM after 24 h and
≥200 μM after 48 h) of MG a marked
increase of caspase-3/7 activity was
observed. Data represent the mean ± SD.
Statistical analysis by two-away ANOVA,

*p < 0.05 different from control
(Dunnett's post hoc multiple comparison
test) (figure in color online).
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primary cells isolated from the vein of the umbilical cord), the ROS

production after high MG concentration (i.e., 200 μM) was suggested

to repress NF-kB pathways by down-regulating the p65 expression,

and in turn, down-regulated the antiapoptotic c-FLIPL (a key regulator

of caspase 8), leading to apoptosis in ECs (endothelial cells) (Jang

et al., 2017). Again, in a recent study, 200 μM MG induced apoptosis

in HUVECs partly mediated through the PI3K/Akt and Nrf2/HO-1

signaling pathways (Wang et al., 2022).

Notably, MG-induced apoptotic death was found in several cell

type, that is, human umbilical vein endothelial cells (Chan &

Wu, 2008), human mononuclear cells (Hsieh & Chan, 2009), SH-SY5Y

neuroblastoma (Li et al., 2011), Madin-Darby canine kidney renal

tubular cells (Jan et al., 2005), Neuro-2A neuroblastoma (Huang

et al., 2008), Jurkat cells (Du et al., 2000), rat hippocampal (di Loreto

et al., 2008), cortical neurons (Kikuchi et al., 1999), and immortalized

mouse hippocampal HT22 cells (Dafre et al., 2015), though again MG-

induced toxic effects occurred at treatment doses much higher than

the effective ones in hNLCs. Also, a drastic reduction of the two neu-

ronal markers MAP-2 and NSE, indicators of the cell body, axons and

neurites, and glycolytic metabolism, respectively, was induced by 10–

50 μM of MG, suggesting its potential role already at low concentra-

tions in perturbing neurite outgrowth in these cultured human primary

neurons. Similar neurotoxic effects were observed in neuroblastoma

cells (SK-N-SH) once more at much higher MG concentrations

(500 μM) responsible of the 50% reduction of the neuronal level of

NSE (Haddad et al., 2019). In laboratory animal cultured neurons, a

gradual increase in dosage of MG also gradually decreased the exten-

sion of neurites (Radu et al., 2012). Moreover, a primary culture of rat

hippocampal neurons, exposed to 100 μM MG, exhibited a 49%

decrease in the number of MAP-2-positive neurons, and their

F IGURE 7 Morphological analysis under microscope. Representative photographs of hNLC morphology treated with MG for 5, 24, and 48 h.
Changes/alterations in hNLC morphology were assessed using phase-contrast microscopy: Changes in cell morphology as deformation and
shrinkage were apparent at 200 μM of MG after 5 h exposure, following 24 and 48 h exposure cell density decrease; floating and detached cells,
as well as cluster of the round cells, were also well noticeable. Scale bar: 100 μm (figure in color online).

12 COCCINI ET AL.

 10991263, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jat.4515 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [11/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



dendrites showed markedly retractile and tortuous appearances

(Chen et al., 2010).

Due to its highly reactive electrophilic nature, a large proportion

of MG covalently binds (reversible) to endogenous proteins, peptides,

and amino acids (Lo et al., 1994). In physiological solutions, MG is

present as unhydrated (1%) and mono- (71%) or di-hydrate (28%)

forms, which are rapidly interconverted (Zheng et al., 2022). The free

and reversibly bound forms of MG are in dynamic equilibrium. More-

over, there is a dynamic exchange of free MG between cellular and

extracellular compartments (Rabbani & Thornalley, 2014). There is

usually a negative gradient of MG concentration from the intracellular

to extracellular compartments, with only enzymatic metabolism of

MG inside cells. MG in the extracellular compartment of endogenous

or exogenous origin enters cells for detoxification. Specifically, under

normal physiological conditions, MG is efficiently scavenged mostly

by the glyoxalase system. However, a minor fraction of MG, which is

not metabolized/escapes detoxification, reacts rapidly with protein

forming AGEs residues, and DNA to form AGEs that are thought

to be the main drivers behind MG-derived cellular dysfunction

involved in aging-related diseases (Ott et al., 2014; Schalkwijk &

Stehouwer, 2020).

In our neuronal model (hNLCs), 1 h after addition of exogenous

MG (10–200 μM), the levels of free MG in medium was about 50–

70% of the nominal concentration. Over the time, after 4 and 8 h, a

sharp decrease was observed for each tested concentration although

about 20 to 30% of free MG was still present in medium, and after

24–48 h, the levels were very low, from 0.1 to 1.6 μM (about 1% of

each initial concentration). In cell lysates, despite of MG concentration

increases, free MG level remained stably low (around 1.1–1.9 μM) and

independent from the elapsed time. It might be that the medium free

MG enters the cells during time where is removed by the cytosolic

F IGURE 8 MG determination. MG
levels were measured in media (A) and cell
lysates (B) after 1, 4, and 8 h exposure to
increasing concentration of MG (10–
200 μM). The data are the mean of two
different experiments, each carried out in
triplicate (color figure online).

F IGURE 9 Glo-1 (A) and Glo-2 (B) evaluation in hNLCs exposed
to increasing concentration of MG for 24 and 48 h. The data are
expressed as mean ± SD. *p < 0.05, different from control (Dunnett's
post hoc multiple comparison test) (figure in color online).
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GLO system and other minor detoxifying systems. It is known that,

when the intracellular MG fraction is too high, it escapes the detoxifi-

cation and immediately reacts with protein and DNA to form AGEs

and cause adverse effects. The more amount of MG is added, the

greater is the accumulation of AGEs in cells. In fact, regardless of the

apparently cellular free MG stably low over time and uninfluenced by

MG concentrations, in hNLCs, several cytotoxic effects started to be

evidenced by the addition of 10 μM MG, which were exacerbated in a

MG concentration- and exposure time-dependent manner. On the

other hand, when the accumulation of MG exceeds the physiological

cellular levels, that is, 1–4 μM, dicarbonyl stress occurs as a conse-

quence of the imbalance between the generation/exposure and MG

metabolism (Nigro et al., 2017; Scirè et al., 2022).

Moreover, in hNLCs the glyoxalase system was also affected by

the addition of 25 μM MG. In particular, the Glo-1 response to MG

was biphasic: At concentration between 25 and 200 μM, MG caused

a decrease in Glo-1 level (24 and 48 h), followed by a rebound effect

at the highest concentration tested (300 μM). A dissimilar response

was observed for Glo-2: An increase of the expression was induced

by MG treatments (25–300 μM) after 48 h only. The consequence of

an impairment in the glyoxalase system would be an increased

susceptibility to MG. This is consistent with concentration- and time-

dependent increased of cytotoxicity and oxidative stress (Bélanger

et al., 2011; di Loreto et al., 2008). For instance, MG either induced or

impaired the glyoxalase system in immortalized mouse hippocampal

HT22 cells (Dafre et al., 2015): 300 μM MG produced an increase in

Glo-2 expression at 24 h, and a decrease in Glo-1 activity after 24 h

exposure to 750 μM MG. A significantly decrease of Glo-1 levels or

its protein expression was also observed in several in vitro studies,

and once again, this effect was induced by high MG concentrations,

that is, 400 μM MG after 48 h in SK-N-MC cells (Suh et al., 2022),

and 500 μM after 24 h treatment in SH-SY5Y (Tseng et al., 2019),

as forecastable when using human neuroblastoma cell line.

Glo-1 decrease was also observed after 8 h treatment with 2 mM MG

(2–8 h) in rat INS-1 pancreatic Beta-cells (Yoo et al., 2020)

and after 24 h treatment with 500 μM of MG in primary cultures

of cerebellar neurons from P5 C57/BL6 mice (Frandsen &

Narayanasamy, 2017).

An adequate balance between MG levels and Glo-1 activity is

necessary to ensure detoxification of MG from different sources and

cell survival (Nigro et al., 2017). For example, the disproportionate

increase in MG to increase in glucose concentration was later

F IGURE 10 Immunofluorescence analysis of NSE after 24 and 48 h exposure to MG. Representative fluorescence merged microphotographs
of hNLCs showing the MG effects on NSE expression. Nuclei were counterstained with Hoechst 33258. The fluorescence intensity decrease
started from 100 μM after 24 h and 50 μM after 48 h exposure to MG with exacerbation at the higher concentrations tested combined with an
increase of the condensed apoptotic cells (white arrows) detected by Hoechst 33258 dye. Scale bar: 100 μm (figure in color online).
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found to be likely due to synergistic increase in the flux of MG

formation and decrease in activity of Glo-1 in tissues suffering

metabolic dysfunction in hyperglycemia (Rabbani, 2022; Rabbani

et al., 2016).

Noteworthy, in the present study, the lowest effective MG con-

centration, namely, 10 μM, is, on the other hand, more likely similar to

that measured in plasma of patients with aging-related diseases, such

as diabetes and AD disease, and thus clearly higher than that is

expected under physiological conditions (Li et al., 2013). MG plasma

concentrations in healthy individuals are around 50–500 nM and

intracellular concentrations around 1–4 μM (Kold-Christensen &

Johannsen, 2020; Lai et al., 2022; Rabbani & Thornalley, 2014;

Scheijen & Schalkwijk, 2014).

High MG plasma levels (approaching micromolar range) can occur

when the concentrations of its precursors are high, for example,

in hyperglycemia, in unbalanced glucose utilization, in deficiency of

TPI (triosephosphate isomerase), glycolytic enzyme, which catalyzes

the conversion of dihydroxyacetone phosphate (DHAP) to

glyceraldehyde-3-phosphate (G3P), thus in a TPI deficiency, the

increased DHAP level leads to an accumulation of MG.

Plasma MG is from different sources, including glycated proteins

formation, cells excretion, and exogenous sources (Kalapos, 2013;

Maessen et al., 2015).

Under normal physiological conditions, most of plasma MG origi-

nates from in situ, whereas under pathological circumstances, such as

diabetes, obesity, and AD, increased intracellular MG formation and

cells outflow also increase plasma MG and thus is considered as bio-

marker for example for assessment of diabetic complexities because

of its close relation with glycation reaction, β-cells dysfunction,

obesity, and insulin resistance (Bhat et al., 2019). The increased MG

levels measured in type-2 diabetes (Maessen et al., 2016) were also

associated with cardiovascular disease, and markers of renal function

(albuminuria) and a decline in estimated GFR (glomerular filtration

rate) (Hanssen et al., 2018; Jensen et al., 2016). In type 1 diabetes, the

higher plasma MG levels than those in normal subjects (i.e., 841.7

± 237.7 and 439.3 ± 90.1 nM, respectively) significantly correlated

with plasma HbA1c (glycated hemoglobin) level (Han et al., 2007).

Recently, in a 2-year multicenter trial in individuals with type-2

diabetes, the plasma levels of MG measured in patients were 1,119

(907–1,590) nM (reaching more than 1 μM) (Piazza et al., 2021).

F IGURE 11 Immunofluorescence analysis of MAP-2 after 24 and 48 h exposure to MG. Representative fluorescence merged
microphotographs of hNLC showing the MG effects on MAP-2 expression. Nuclei were counterstained with Hoechst 33258. The fluorescence
intensity decrease started from 25 μM after 24 h and 10 μM after 48 h exposure to MG with exacerbation at the higher concentrations tested
combined with an increase of the condensed apoptotic cells (white arrows) detected by Hoechst 33258 dye. Scale bar: 100 μm (figure in color
online).
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Mean plasma MG levels of 65.2 ± 19.2 ng/ml (about 1 μM) and

40.1 ± 11.1 ng/ml (0.7 μM) were reported in diagnosed type-2 diabe-

tes subjects and controls, respectively, and MG levels correlated posi-

tively to FPG (plasma fasting glucose) and HbA1c (Kong et al., 2014).

High serum levels of MG have also been associated with

increased cognitive decline in elderly subjects suggesting that an

imbalance in peripheral MG metabolism may be correlated with the

cause of brain pathophysiology (Beeri et al., 2011). Similar results

were obtained by another study, performed in 378 participants aged

between 60 and 85 years, where a higher MG serum amount was

associated with poorer memory and executive function and with

lower gray matter volume (Srikanth et al., 2013). The brains of

patients with AD have nearly twofold higher MG levels than control

individuals, with MG being 5–7 times higher in cerebrospinal fluid

than in plasma (about 600 nM) (Kuhla et al., 2005; Odani et al., 1999).

Likewise, AD patients have significantly higher hippocampi MG-AGEs,

a finding recapitulated in the nigra neurons of PD patients (Fan

et al., 2020).

Neurodegenerative diseases—including AD and PD—and aging

are often induced or exacerbated by accumulation of MG (Frandsen &

Narayanasamy, 2018). AD brain tissue shows high amounts of AGEs

and oxidized lipids and proteins, which is a marker of inflammation

(Wong et al., 2001). There is a correlation with the amount of

MG/AGEs localized to specific brain regions and severity of AD (Ko

et al., 2015).

Post mortem studies of PD brains show high levels of oxidized

substrates and colocalization of AGEs to Lewy bodies (Dias

et al., 2013).

Moreover, age, the main risk factor for AD and PD (Xie

et al., 2014), is correlated with an increase in ROS formation, oxidized

proteins and lipids, and apoptosis (Pisoschi & Pop, 2015) and during

normal aging oxidative stress will increase while glutathione activity

decreases. Glo-1 levels also drop in accordance to age, and the

decrease of Glo-1 levels is strongly correlated with increasing levels

of AGEs (Kuhla et al., 2006). A continuous loss of Glo-1 activity with

age, such as that found in several old tissues (Haik et al., 1994; Han

et al., 1976; Kuhla et al., 2006; McLellan & Thornalley, 1989; Sharma-

Luthra & Kale, 1994), would lead to increased MG levels and thus

trigger carbonyl stress.

Furthermore, AD is characterized by the oxidative stress gener-

ated from amyloid β-peptide (Aβ) aggregates. It produces protein

nitrotyrosination, and one of the proteins more nitrotyrosinated

(affected) in AD is the TPI, enzyme that plays an important role in

glycolysis and is essential for efficient energy production. Nitrotyro-

sination of TPI (and thus TPI decrease) by Aβ is a key pathological

process in AD as it triggers (increases) MG production, whose

neurotoxic role involves activation of the apoptotic machinery (Tajes

et al., 2014).

In summary, the present in vitro findings indicate that MG causes

adverse effects on primary neuron-like cells of human origin, transdif-

ferentiated from UC MSCs, affecting cell growth and viability, cell

morphology, inducing ROS overproduction and apoptosis (apoptotic

nuclei futures and caspase-3/7 activity increase), altering Glo-1 and

Glo-2 enzymes for its metabolization, and markedly reducing typical

neuronal markers, MAP-2 and NSE, thus perturbating neurite

outgrowth.

The cytotoxic effects observed by using this human cell-based

model of neurons occurred from 10 μM MG, concentrations much

lower than those inducing toxicity in human neuroblastoma cell lines,

animal primary cells, and human iPSCs. Remarkably, these levels

approach the micromolar range detected in plasma of patients with

several pathologies including diabetes, aging, and neurodegenerative

diseases.

A distinct point in our study was to use a primary cell-based

model of human origin for the evaluation of the mechanistic neuro-

toxic action induced by low doses of MG and other dicarbonyls.

Given that high MG levels (nevertheless in the low micromolar

range) are effective in facilitating the pathological cascades underly-

ing neurodegenerative disorders, due to the potent glycation of

reactive dicarbonyls, such as MG, to form AGEs, which play an

important role in the accumulation of amyloid β (Aβ) and neurofibril-

lary tangles (Angeloni et al., 2014; Li et al., 2012), it becomes imper-

ative to further study the effects of such heterogeneous, complex

group of compounds on neuronal function, by applying valuable

tools, like human primary neuronal cells, as well as new in vitro

models. For example, new multicellular culture models would pro-

vide more valuable information to better understand the influence

of cellular crosstalk on neurotoxicity. In this context, studies using a

co-culture of human primary neurons and astrocytes will help to

shed light of the importance of this system in a way that is more

likely to mimic human brain physiology and pathophysiology since

(i) astrocytes are key players in the maintenance of brain homeosta-

sis, (ii) astrocyte-neuron metabolic cooperation is known to shape

brain activity, (iii) GLO pathway significantly differs between astro-

cytes and neurons in a way that renders neurons more vulnerable

to MG and AGEs accumulation, and (iv), however, astrocytes being

more glycolytic than neurons may help protecting neurons from MG

toxicity.

The in vitro three-dimensional (3D) human neurospheres can

provide an additional valuable tool, mimicking better the physiologi-

cal and biochemical properties of brain tissues than the traditional

two-dimensional in vitro systems (Jorfi et al., 2018; Wang

et al., 2017; Yin et al., 2017). Three-dimensional spheroid model

allows also for detection of adverse effects caused not only after

short-term but even longer (and repeated) exposure, thus simulating

chronic conditions.

Moreover, the complexity of 3D human brain organoids, multicel-

lular aggregates form hPSCs, mimicking partially structural characteris-

tics of the brain and neural function aspects, could provide

advantages for detecting neural toxicants on large scale (Fan

et al., 2022), representing a promising New Approach Method.
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