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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by cognitive decline and memory loss. A
Reactive oxygen species critical aspect of AD pathology is represented by oxidative stress, which significantly contributes to neuronal
Neurodegeneration

damage and death. Microglia and astrocytes, the primary glial cells in the brain, are crucial for managing
oxidative stress and supporting neuronal function. Carnosine is an endogenous dipeptide possessing a multi-
Carnosine modal mechanism of action that includes antioxidant, anti-inflammatory, and anti-aggregant activities. The
Microglia present study investigated the effects of Ap1-42 oligomers (0Ap), small aggregates associated with the neuro-
Astrocytes degeneration observed in AD, on primary rat mixed glia cultures composed of both microglia and astrocytes,
focusing on the ability of these detrimental species to induce oxidative stress. We assessed intracellular reactive
oxygen species (ROS) and nitric oxide (NO) levels as markers of oxidative stress. Exposure to oAp significantly
elevated both ROS and NO intracellular levels compared to control cells. However, this effect was completely
inhibited by the pre-treatment of mixed cultures with carnosine, resulting in ROS and NO levels similar to those
observed in untreated (control) cells. Single-cell analysis of cellular responses to 0Af revealed heterogeneous
ROS production, resulting in two distinct clusters of cells, one of which was very responsive to the treatment. The
presence of carnosine counteracted the overproduction of ROS, also leading to a single, homogeneous cluster,
similar to that observed in the case of control cells. Interestingly, unlike ROS response, single-cell analysis of NO
production did not show any distinct clusters. Overall, our findings demonstrated the ability of carnosine to
mitigate Ap-induced oxidative stress in mixed glia cells, by rescuing ROS and NO intracellular levels, as well as to
normalize the heterogeneous response to the treatment measured in terms of clusters’ formation. The present
study suggests a therapeutic potential of carnosine in pathologies characterized by oxidative stress including AD.

Alzheimer’s disease
Oxidative stress

1. Introduction It is well-known that amyloid-p (ApB), one of the peptides implicated
in AD pathogenesis, can aggregate, starting from soluble monomers and

Alzheimer’s disease (AD) is the most common neurodegenerative progressing to higher molecular weight species including oligomers,
disorder worldwide, characterized by progressive cognitive decline, protofibrils, and mature fibrils [2]. While A} monomers appear to have
memory impairment, and behavioral changes [1]. The pathophysiology physiological brain functions [2], mounting evidence suggests a pivotal
underlying AD is complex, multifactorial, and not yet entirely role for Ap oligomers (oAp) in initiating and perpetuating neuronal
elucidated. injury and dysfunction [3]. 0Af exhibit neurotoxicity, disrupt synaptic
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function, promote oxidative stress, and trigger neuroinflammation, all of
which contribute to the progressive neurodegeneration observed in the
brain of AD patients [4-6].

Oxidative stress, characterized by an imbalance between the pro-
duction of reactive oxygen (ROS) and nitrogen (RNS) species and the
antioxidant defense mechanisms, has emerged as a prominent feature in
the pathogenesis of AD [7], but the intricate interplay between AD and
oxidative stress is still not well understood [8,9]. Moreover, oxidative
stress has emerged as a key player in promoting the oligomerization of
Ap peptides, activating - and y-secretase enzymes, fundamental in the
generation of various Af species, thereby crucially contributing to the
accumulation of toxic aggregates [10,11].

Compelling evidence from both animal models and clinical studies
underscores the pervasive influence of oxidative stress in AD patho-
physiology [12,13]. Notably, oxidative stress markers have been
detected in AD animal models prior to plaque deposition, suggesting
their involvement in the early stages of disease development. Further-
more, the presence of oxidative stress markers in the brains, plasma, and
erythrocytes of individuals with mild cognitive impairment (MCI) and
AD underlines the relevance of this process in the disease continuum
[12,14]. In this context, identifying strategies to mitigate oAf-induced
oxidative stress could represent a promising therapeutic approach in AD.

Microglia and astrocytes, the primary glial cell types in the central
nervous system (CNS), play critical roles in the brain’s response to injury
and disease, including AD [15-17]. Astrocytes, the most abundant glial
cells, are crucial for supporting neuronal function through a variety of
mechanisms including the regulation of neurotransmitter balance, the
metabolic support to neurons, and the maintenance of the integrity of
the blood-brain barrier [18,19]. In response to injury or disease, astro-
cytes can become reactive [20,21]. Microglia, the resident immune cells
of the brain, are essential for innate immune responses within the CNS
and can rapidly change from a surveillant to an activated state upon
detecting signals of damage or infection [22]. Microglia release
pro-inflammatory cytokines, chemokines, and ROS in response to
pathogens and facilitate immune reaction. However, chronic activation
of microglia, as observed in neurodegenerative diseases like AD, can
lead to sustained inflammation and neuronal damage [23].

The physiological interactions between astrocytes and microglia are
critical for orchestrating a coordinated response to CNS insults [24].
Astrocytes can modulate microglial activity through the release of
signaling molecules, which influence microglial activation states and
functions [25]. In addition, microglia can affect astrocyte behavior by
secreting factors that promote astrocytic reactivity and the release of
neurotrophic or neurotoxic substances [26]. Both astrocytes and
microglia aggregate around AP plaques and dystrophic neurites,
contributing to the removal of these detrimental elements. However,
their role in AD pathogenesis is too complex to determine due to the
significant heterogeneity of these cells [27]. This heterogeneity includes
molecular, morphological, and ultrastructural diversity, as well as their
dynamic responsiveness and functions throughout the progression of AD
[27] and may result in differential susceptibility to A-induced damage
among the different cell types [28,29]. The high variability in response
to an injury, including Ap-induced oxidative stress, makes the devel-
opment of effective therapeutic strategies extremely difficult [30].

Carnosine is a naturally occurring dipeptide with a multimodal
mechanism of action whose therapeutic potential has been considered
for drug discovery processes in neurodegenerative disorders [31,32],
pathological conditions often characterized by abnormal protein ag-
gregation, oxidative stress, and inflammation, such as AD [33]. Carno-
sine has also shown the ability to mitigate the toxic responses of glial
cells subjected to pro-oxidant and/or pro-inflammatory stimuli,
including microglia [34] and astrocytes [35]. Furthermore, its ability to
decrease oxidative stress and inflammation in different in vitro models of
Ap-induced inflammation [36,37], along with the capacity to modulate
nitric oxide (NO) production and metabolism [38-40], make this
molecule a promising candidate for drug discovery in AD.
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Based on the above, we hypothesized that oAf could exert a detri-
mental effect inducing oxidative stress through the production of ROS
and/or RNS (i.e., NO) by glial cells, and that carnosine could counteract
these phenomena.

In the present study, we first investigated the toxic potential of 0Ap,
used at 2 pM, a well-known concentration able to induce oxidative stress
in different in vitro models [36,37,41,42], in primary rat mixed glia
cultures, composed of astrocytes (~90%) and microglia (~10%).
Additionally, to elucidate the molecular mechanisms underlying the
toxic effects of 0AB, we studied the variation of the production of key
elements related to oxidative/nitrosative stress, namely NO and total
ROS. We also investigated the ability of carnosine to mitigate the pro-
duction of reactive species induced by oAf. Clustering analysis was
employed to measure the heterogeneity of oAp-induced reactive species
production.

2. Materials and methods
2.1. Materials and reagents

The 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)-treated amyloid
B-peptide (1-42) under the form of monomer was obtained from Bachem
Distribution Services GmbH (Weil am Rhein, Germany). Fetal bovine
serum (FBS), trypsin-EDTA solution consisting of 0.25% Trypsin/0.53
mM EDTA in Hank’s Balanced Salt Solution (HBSS) without calcium or
magnesium, and penicillin—streptomycin antibiotic solution (Pen/Strep)
were all supplied by American Type Culture Collection (ATCC) (Mana-
ssas, VA, USA). Minimum Essential Medium (MEM), Dulbecco’s Modi-
fied Eagle Medium (DMEM), L-Carnosine, MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] tetrazolium salt, anhydrous
dimethyl sulfoxide (DMSO), trypan blue solution, dulbecco’s phosphate-
buffered saline (DPBS), and phosphate-buffered saline (PBS) were ob-
tained from Sigma Aldrich (St. Louis, MO, USA). The 4-amino-5-meth-
ylamino-2,7',-difluorofluorescein diacetate (DAF-FMDA), carboxyfluor
escein (6-CF), and 2,7-dichlorodihydrofluorescein diacetate (H2DCF
DA) probes, DMEM/Nutrient Mixture F-12 (DMEM/F12) (1:1) medium,
GlutaMAX Supplement, 25 and 75 mL polystyrene culture flasks, 96-well
plates, ethanol (95%), sodium hydroxide, boric acid, hydrochloric acid,
CyQUANT™ LDH Cytotoxicity Assay kit, probenecid (water soluble),
and C-Chip disposable hemocytometers were obtained from Thermo
Fisher Scientific (Pittsburgh, PA, USA). One hundred fifty mL poly-
styrene culture flasks were supplied by Corning (Tewksbury, MA, USA).
Centrifuge tubes equipped with 3 kDa molecular weight cut-off filters
were purchased from VWR International (West Chester, PA, USA). The
two reagents used for the preparation of the hybrid microfluidic devices,
Sylgard 184 polydimethylsiloxane (PDMS) prepolymer and curing agent
used in a 1:10 w/w ratio, were obtained from Ellsworth Adhesives
(Germantown, WI, USA). Microglia Growth Supplement (MGS) was
obtained from ScienCell Research Laboratories (Carlsbad, CA, USA).
Pregnant Sprague Dawley rats at gestation day 13-16 were ordered from
Charles River Laboratories (Stilwell, KS, USA). All water used was ul-
trapure (18.3 MQ cm) (Milli-Q Synthesis A10, Millipore, Burlington,
MA, USA).

2.2. Study approval

The use of primary mixed glia cultures obtained from neonatal rats
was authorized by the Institutional Animal Care and Use Committee
(IACUCQ) of the University of Kansas (#267-01).

2.3. Isolation and preparation of primary mixed glia cultures

Primary mixed glia cultures, pure astrocytes, and pure microglia
were obtained from neonatal (P1-P2) rat cortices following a protocol
previously described by Lian, Roy & Zheng, with slight modifications
[43]. This protocol was used to isolate mixed glial cells, consisting of
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astrocytes and microglia, as well as individual microglial and astroglial
populations. The protocol consisted of two main steps: dissection of
neonatal rat cortices and dissociation of glial cells.

In the first step, the neonatal rat pups were decapitated on a sterile
gauze pad and their heads were rinsed with ice cold 70% ethanol. The
cortical tissue was then dissected from the rest of the brain in a laminar
flow cell culture hood and placed in a 50 mL conical tube containing
HBSS on ice.

The cortical tissue was then dissociated as follows in the second step.
The cortical tissue was triturated through a 25 mL pipette and then
incubated with 0.125% trypsin at 37 °C for 15 min. The resulting cell
suspension was then collected and 2 mL of FBS was added to quench the
trypsin digestion. The trituration and trypsin digestion were repeated a
second time on the remaining cortical tissue. The dissociated cells were
then pooled, centrifuged, and the supernatant was carefully aspirated.
Next, the cells were resuspended in growth medium, and the number of
viable cells was counted. Then, about 1.2 million cells were seeded in a
150 mL polystyrene culture flask. The medium was changed after 4 days
and then again after 7 days, and cells were collected after 11-12 days.

In order to determine the ratio of astrocytes/microglia, cells were
separated and counted by using Countess 3 FL Automated Cell Counter
(Thermo Fisher Scientific, Pittsburgh, PA, USA).

Mixed glial cells composed of astrocytes and microglia were used
directly without further separation steps. Mixed glial cells grown in
MEM supplemented with FBS (10%), GlutaMAX (1%), and Pen/Strep
(1%), were plated on 25 mL polystyrene flasks or 96-well plates at a
density of 2 x 10* cells/well.

Pure microglia were isolated from the mixed glial cell cultures by
shaking the flasks, allowing the detachment of microglia, while astro-
cytes remained attached to the bottom of the flasks. The medium con-
taining floating microglia was carefully aspirated, centrifuged, and the
cells were then resuspended in complete medium consisting of DMEM
supplemented with FBS (10%), GlutaMAX (1%), Pen/Strep (1%), and
MGS (1%). The cells were then counted and plated in 96-well plates at a
density of 2 x 10* cells/well.

The astrocytes attached on the bottom of the culture flasks were
removed by trypsinization, resuspended in complete medium consisting
of MEM supplemented with FBS (10%), GlutaMAX (1%), and Pen/Strep
(1%). The cells were then counted and plated in 96-well plates at a
density of 2 x 10* cells/well.

2.4. Cell culture and treatment

Primary mixed glia cultures, pure astrocytes, and pure microglia
were treated with oAp at a concentration of 2 pM for 24 h. The selection
of the 0Ap concentration was based on previous studies [36,37,41,42],
showing its ability to achieve significant cell activation and response. In
the case of primary mixed glia cultures, cells were pre-treated with
carnosine (10 mM) for 1 h, a well-established protocol ensuring sub-
stantial uptake of carnosine before the exposure to stress-inducing
agents [44]. This concentration of carnosine was already employed in
previous in vitro studies with primary murine cells [42,36], ensuring
maximal efficacy. At the end of the 24 h, for all the experimental con-
ditions considered the number of viable cells was determined through
the automated cell counter coupled to the use of a 0.4 % trypan blue
solution.

2.5. 0Ap preparation and treatment

The preparation of 0Ap was achieved starting from lyophilized HFIP-
treated A$1-42 monomers, following a protocol previously described in
detail [45]. The HFIP-treated preparation was selected based on the
well-known ability of HFIP to break down f-sheet structures, disrupt
hydrophobic forces in aggregated amyloid preparations, and promote
a-helical secondary structures. Briefly, the monomeric AB1-42 was first
dissolved in DMSO, diluted in ice-cold DMEM/F12 (1:1) medium at the
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final concentration of 100 pM, and incubated at 4 °C under gentle
rotation for 48 h to allow the formation of 0A. At the end of the process,
the oAp were either immediately used to treat the different cell cultures
or aliquoted and stored at —20 °C for future use.

2.6. Fluorescence assessment by ME-LIF and automated cell counter

The intracellular levels of ROS or NO in primary mixed glia cultures
under our experimental conditions were determined by using both
microchip electrophoresis with laser-induced fluorescence (ME-LIF) and
an automated cell counter equipped with Invitrogen GFP EVOS LED
Light Cubes. While the selection of the automated cell counter was based
on its ability to measure the individual cell contributions, ME-LIF was
selected to measure the fluorescence in the whole cell populations also
ensuring to consider the real fluorescence due to the reaction between
the probes (e.g., DAF-FMDA) and the molecules of interest (NO), then to
discriminate our compounds from (if any) other fluorescent side prod-
ucts [36], something not feasible when using conventional immuno-
fluorescence essays which do not allow electrophoretic separation of
fluorescent products.

Two different compatible fluorescent probes, as per constructor
declaration, were used. H2DCFDA was employed for the detection of
ROS, while DAF-FMDA was used for the detection of NO. When per-
forming ME-LIF, 6-CF was used as an internal standard [46].

Cells belonging to the different experimental conditions were har-
vested and an aliquot (100 pL) was used to assess the viability by using
the automated cell counter coupled to the use of a 0.4% trypan blue
solution. The remaining cells were centrifuged at 1100 rpm for 5 min,
the supernatant was removed, and the pellet was resuspended in 200 pL
of the labeling solution consisting of DPBS, the selected probe
(H2DCFDA or DAF-FMDA at the final concentration of 100 pM), and
probenecid (2.5 mM). Cells were then incubated for 30 min at 37 °Con a
dry bath heating block. At the end of the incubation, the cells were
diluted by adding 800 pL of pre-warmed DPBS (37 °C) and centrifuged at
1100 rpm for 5 min. Next, the supernatant was removed, and the pellet
was resuspended in 1 mL of DPBS. An aliquot of cells was used for
fluorescence measurement by using the automated cell counter, while
the remaining cells were centrifuged at 1100 rpm for 5 min. Once the
supernatant was removed, cells were lysed in 50 pL of chilled pure
ethanol, and the lysate solution was then filtered by using a 3 kDa
molecular weight cut-off filter (12000 rpm for 10 min). Finally, 15 pL of
the filtered cell lysate was added to 135 pL of running buffer consisting
of 10 mM sodium tetraborate (pH 9.2), 0.2% Tween20, and 6-CF (in-
ternal standard) at the final concentration of 70 nM (H2DCFDA exper-
iments) or 7 nM (DAF-FMDA experiments), to account for run-to-run
variability in electrophoresis. Twenty pL of this solution was analyzed
by ME-LIF as recently described [36], with a slight modification
regarding the separations that were performed in reverse polarity mode.
The detailed procedure allowing the fabrication of the disposable hybrid
PDMS-glass microchips with a simple-T geometry has been described
previously [47-49].

2.7. MTT assay

Metabolic status in primary mixed glia cultures, pure astrocytes, and
pure microglia was assessed using the well-known MTT assay [50,51].
After the treatment with oAp (2 pM; 24 h), cells were incubated for 2 h,
at 37 °C with the MTT solution at a final concentration of 0.5 mg/mL. At
the end of incubation step, the MTT solution was removed, the formazan
crystals were melted by using the DMSO, and the absorbance was
measured at 569 nm through a microplate reader (SpectraMax M5,
Molecular Devices, Sunnyvale, CA, USA). The values obtained were
expressed as percent variation from the values detected in untreated
cells representing the control.
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2.8. LDH assay

The CyQUANT™ LDH Cytotoxicity Assay kit was used as a colori-
metric assay to assess the toxicity induced by oAp in primary mixed glia
cultures, pure astrocytes, and pure microglia, in accordance with the
manufacturer’s recommendations. The values obtained were expressed
as percent variation from the values detected in untreated cells repre-
senting the control.
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2.9. Griess assay

The indirect measurement of NO released on the medium through
the measurement of its primary and more stable end product nitrite was
performed by the Griess assay [38]. At the end of the stimulation pro-
tocol, an equal volume of Griess reagent and supernatant taken from
each well was mixed, and after 15 min at room temperature in the dark
the absorbance was measured at 540 nm through a microplate reader
(SpectraMax M5). The values obtained were expressed as percent vari-
ation from the values detected in untreated cells representing the
control.
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Fig. 1. Change in cell metabolic activity and LDH release caused by challenging primary mixed glia cultures and pure astrocytes or microglia with oAf.
(A) Mixed glia cultures, (B) pure astrocytes, or (C) pure microglia were treated for 24 h with oAp (2 pM). Data are the mean of four samples and are expressed as the
percent variation with respect to the cell metabolic activity or LDH release recorded in untreated (CTRL) cells. S.E.M. are represented by vertical bars. **Significantly

different, p < 0.01; ***significantly different, p < 0.001.
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2.10. Clustering analysis

The dataset included single-cell measurements from samples sub-
jected to the different experimental conditions, encompassing three
characteristics: cell size, circularity, and fluorescent intensity. The
presence of batch effects was assessed through Principal Component
Analysis (PCA), plotting the first two principal components of each
batch. No evidence of batch effects was assessed. Prior to clustering
analyses, preprocessing steps involving normalization using built-in
MATLAB R2023b (The MathWorks Inc., Netick, Massachusetts USA)
functions "normalize" and "zscore" were conducted. K-means clustering
was performed using the “kmeans” function, with the optimal number of
clusters determined via the gap statistic evaluation method facilitated by
the "evalclusters’” function.

2.11. Statistical analysis

Statistical analyses were conducted using GraphPad Prism 8.4.3
(GraphPad Software, Boston, Massachusetts USA). t-test was used when
comparing two groups, while one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc was used for multiple comparison. Only
two-tailed p-values less than 0.05 were considered statistically signifi-
cant. All the experiments were performed at least in triplicate unless
otherwise specified.

3. Results
3.1. 0Ap decrease primary mixed glia cultures metabolic activity

The first aim of the present study was to investigate the changes in
metabolic activity and cell toxicity occurring in primary mixed glia
cultures as a consequence of oAp used at 2 pM, a well-known concen-
tration able to induce the production of ROS and NO in different in vitro
models [36,37,41,42]. We also evaluated the possible individual
(microglia or astrocytes) contribution to the observed effects. Fig. 1A
shows a remarkable reduction in the metabolic activity of primary
mixed glia cultures following the exposure to oAf. When treating pure
microglia or astrocytes, a more pronounced negative modulation of the
metabolic activity was observed in astrocytes (Fig. 1B) compared to
microglia (Fig. 1C). Interestingly, no significant differences between
untreated (control) and oAp-treated cells were observed when
measuring the cell toxicity by performing the LDH assay (Fig. 1A-C).

In addition, the trypan blue exclusion test provided further proof that
exposing mixed glial cells to oAp did not cause cell toxicity (Fig. 2).

3.2. Carnosine prevents the increase in intracellular ROS and NO levels
induced by oAp in primary mixed glia cultures

Once the effects of oAp on metabolic activity and cell toxicity of
primary mixed glia cultures were determined, further experiments were
conducted to assess the oxidative stress induced by oAp, evaluated in
terms of intracellular ROS levels, and to determine the ability of car-
nosine to counteract the pro-oxidant effects of oAp.

As shown in Fig. 3A and B, oAp induced a significant increase in the
intracellular levels of ROS compared to that observed in control cells (p
< 0.001). As clearly reported in the same figure, carnosine completely
abolished the effects of 0A, resulting in ROS intracellular levels similar
to that observed in untreated cells.

Based on the results obtained by measuring ROS levels, the treatment
of primary mixed glia cultures with oAp also led to a significant increase
in NO intracellular levels (p < 0.05) compared to untreated cells (Fig. 4A
and B). Pre-treatment with carnosine significantly decreased intracel-
lular NO levels, giving values even lower than that observed in untreated
cells.

Interestingly, no differences were observed among the different
experimental conditions when comparing the detectable levels of nitrite,
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Fig. 2. Change in cell viability caused by challenging primary mixed glia
cultures with oAf. Cells were treated for 24 h with 0oAf (2 pM). Data are the
mean of four samples and expressed as the percent variation with respect to the
ratio between live and dead cells recorded in untreated (CTRL) cells. S.E.M. are
represented by vertical bars.

the primary and more stable end product of NO, in the medium
(Supplementary Fig. 1).

3.3. Carnosine normalizes the heterogeneous response of primary mixed
glia cultures to 0Ap measured in terms of ROS production

Fig. 5 reports 3D scatterplots depicting the multidimensional anal-
ysis of cellular responses to 0Ap in the presence or absence of a carnosine
pre-treatment. Each scatterplot represents a distinct experimental con-
dition and displays normalized data along three dimensions: cell size,
circularity, and fluorescence related to ROS production. In Fig. 5A,
displaying untreated (control) cells, the application of clustering algo-
rithms revealed a single predominant cluster. This suggests a homoge-
neous basal production of total ROS within the population of untreated
cells. Interestingly, in the results reported in Fig. 5B, showing the
response in oAf-treated cells, the clustering algorithm identified two
distinct clusters. Notably, these clusters were primarily segregated along
the fluorescence dimension, indicating a heterogeneous production of
ROS in response to the stimulation with oAp. The ratio Cluster 1:Cluster
2, in term of number of cells, was calculated to be equal to 2.73:1,
indicating a significant difference in their abundances. These findings
suggest that only a subset of cells within the treated population was able
to exhibit sustained ROS production in response to the exposure to oAp.
Fig. 5C depicts the data obtained from cells treated with oA in the
presence of carnosine. Remarkably, the fluorescence distribution ap-
pears to be more compact compared to that observed in oAp-treated cells
and similar to that previously observed in untreated cells. It is also worth
underlining that the clustering algorithm highlighted a single dominant
cluster, as already observed in the case of untreated (control) cells. To
further demonstrate that fluorescence intensity is the main contribution
in the observed differences within the different experimental conditions,
the data were plotted in terms of cell size and circularity (Fig. 5E). When
analyzed without fluorescent intensity, there were no effects from Ap or
carnosine treatment.

In contrast to the intracellular ROS levels, analysis of NO did not
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Fig. 3. Detection of intracellular concentrations of ROS. Fluorescence is expressed as (A) average Relative Fluorescence Unit (RFU) of H2DCF detected by
automated cell counter or (B) average peak area corrected for number of cells detected by ME-LIF in resting mixed glia cells and in mixed glial cells treated 24 h with
0Af (2 pM), in the absence or presence of carnosine (Car) (10 mM, 1 h pre-treatment). For the ME-LIF data (B) signal intensity for H2DCF was normalized to 6-CF as
an internal standard. Samples were compared by correcting the total signal for the total number of cells. A total of six runs/electropherograms for each sample were
considered. Values are means + S.E.M. of three to five samples. S.E.M. are represented by vertical bars. *Significantly different, p < 0.05; ***significantly different, p
< 0.001.
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Fig. 4. Detection of intracellular concentrations of NO. Fluorescence is expressed as (A) average Relative Fluorescence Units (RFU) of DAF-FM detected by
automated cell counter or (B) average peak area/number of cells detected by ME-LIF in resting mixed glia cells and in mixed glial cells treated 24 h with oA (2 pM),
in the absence or presence of carnosine (Car) (10 mM, 1 h pre-treatment). Values are means + S.E.M. of three samples. The ME-LIF data (B) was treated in the same
manner as described in Fig. 3. A total of six runs/electropherograms for each sample were considered. S.E.M. are represented by vertical bars. *Significantly different,

p < 0.05; **significantly different, p < 0.01; ***significantly different, p < 0.001.

reveal multiple clusters of cells (Fig. 6), suggesting a more uniform inducing oxidative stress that, at least in part, lead to neurodegenerative
production due to oA} exposure. and neuroinflammatory phenomena as well as to impaired synaptic
plasticity [37,60]. Different studies have shown the ability of oAp to
4. Discussion induce oxidative stress through multiple mechanisms [11,61], including
impairment of mitochondrial function [13] and disruption of cellular
Carnosine represents a naturally occurring endogenous molecule redox homeostasis [62,63], also leading to the oxidative damage of
found in brain, innervated tissues, and the lens at concentrations up to lipids, proteins, and nucleic acids [64,65].
20 mM in humans [52], possessing a multimodal pharmacodynamic According to the above-described scenario, in the present study, we
profile that includes its well-known direct and indirect antioxidant ac- first explored the toxic potential of 0Ap in primary mixed glia cultures,
tivity with the anti-inflammatory and anti-aggregant features at the CNS composed of astrocytes and microglia (9:1 ratio), measured in terms of
level [53-57], suggesting a potential therapeutic application for the metabolic activity and plasma membrane integrity. While no significant
treatment of diseases characterized by oxidative stress, neuro- toxic effects were observed, there was a significant reduction in the
inflammation, and aberrant protein aggregation, such as AD [58]. metabolic activity of primary mixed glia cultures because of the expo-
Furthermore, as demonstrated by Fonteh et al. in a study measuring the sure to oAp compared to untreated (control) cells (Fig. 1A). The rational
free amino acid and dipeptide changes in the body fluids from healthy interpretation of the effects exerted by oAp on glial cells was made
and probable AD (pAD) subjects, carnosine plasma levels are signifi- possible by the application of a combination of “metabolic” (MTT assay)
cantly reduced (v50%) in pAD patients [59], suggesting that a deficit of (Fig. 1) and “non-metabolic” (LDH assay and trypan blue exclusion test)
this dipeptide is correlated with reduced global cognitive function. (Figs. 1 and 2) methods [66], indicating that despite the lack of cell

Among the contributors to AD pathology, oAp play a key role death, cells are suffering and the observed decrease of metabolic activity
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Fig. 5. 3D scatterplots and ROS fluorescence distributions of mixed glial cells. The 3D scatter plots depict size, circularity, and fluorescence of (A) untreated
mixed glial cells, (B) mixed glial cells treated for 24 h with oAp (2 uM), and (C) mixed glial cells treated for 24 h with oAp in the presence of carnosine (Car) (10 mM,
1 h pre-treatment). Cytometry data were normalized using the z-score method. K-means optimal number of clusters, determined via the gap statistic evaluation
method, is equal to two only in oAp-treated cells (0Ap cluster 1 and oAf cluster 2). Below each scatterplot is depicted the related fluorescence distribution. Each bin
contains the cells in a 10 RFU gap. The overlaid line represents the kernel density estimation of the cells distribution. Fluorescence is expressed as Relative Fluo-
rescence Units (RFU) of H2DCF. Mixed glial cells challenged with oAp show a slight second peak around 150 RFU (B). Three samples of each experimental condition
were analyzed. Results from the different experimental conditions are individually 3Dplotted and merged in (D). 2D scatter considering only size and circularity is

shown in (E).

may be related to oxidative stress, in accordance to what was already
demonstrated by Fresta et al. [39]. The observed differences in terms of
metabolic activity between pure astrocytes and microglia may be
attributable to the varying susceptibility of these cells to Ap [67]. Our
findings are also strongly in accordance with a study carried out by
Kerokoski et al. showing that Af was able to significantly decrease the
metabolic activity of neonatal rat astrocytes (decreased MTT reduction)
in the absence of cell death, as underlined by the absence of changes in
cellular ATP levels or lactate release [68]. Astrocytes are known to ex-
press high levels of Ap receptors, rendering them particularly responsive
to oAp [69] and possibly mediating Af-induced neurotoxicity through
inflammatory response [70]. It is also known that reactive astrocytes
with high Ap load are frequently found in the AD brain, further con-
firming the role of astrocytes in Af clearance [71]. Of note, astrocytes
have shown a higher efficiency in uptaking A compared to microglia,
especially during the early stages of AD [72].

Once the effects of 0Af on metabolic activity and cell toxicity of glial
cells were determined, additional experiments were devoted to assessing
if the changes in metabolic activity were concomitant with oxidative
stress, evaluated through the measurement of intracellular ROS and NO
levels, two well-known mediators of the neurodegenerative phenomena
observed in AD [73,74]. Based on the antioxidant and neuroprotective
properties of carnosine, we also investigated its ability to counteract the
well-known pro-oxidant effects of oAp. In particular, carnosine was
employed at a concentration of 10 mM, the same used by Distefano
et al., employing primary mixed brain murine cultures [42] and Corona
et al. [75], the latter showing the ability of carnosine to counteract
molecular alterations and cognitive deficits in 3xTg-AD mice. Addi-
tionally, when used on human microglia, 10 mM carnosine was the
highest non-toxic [76] concentration that maintained therapeutic effi-
cacy [77]. Both ROS and NO intracellular levels were significantly
increased following the exposure of primary mixed glia cultures to oAp,
while the presence of carnosine strongly inhibited the oAp-induced
changes, giving values comparable to that of control cells (Figs. 3 and 4).
Our findings are in agreement with the ability of carnosine to directly
interact with these pro-oxidant species [78], also as a consequence of the
presence of histidine (imidazole ring) [38], in addition to numerous
other studies in which carnosine counteracted oxidative stress in as-
trocytes and microglia [79] as well as in neuronal [80] and cerebellar
[81] cells. Additional explanations of carnosine’s antioxidant activity
could depend on the enhanced uptake of the dipeptide in immune cells
under pro-oxidant conditions [44], increasing the resilience of these
cells to stress, as well as of the ability of carnosine to preserve the
neuroprotective monomeric form of Ap peptide or to disassemble the
neurotoxic oAp already formed [82,83]. Several additional activities
exerted by carnosine on primary mixed cultures, indirectly supporting
the observed antioxidant activity, could be represented by the modu-
lation of TGF-p1 pathway [36] and the activation of insulin-degrading
enzyme [42], an enzyme responsible for the degradation of both insu-
lin and Ap peptide. The ability of carnosine to regulate the intracellular
levels of ROS and NO is of interest for several reasons. In fact, despite
ROS serving as signaling molecules in various cellular processes [84],
their dysregulation could lead to oxidative stress resulting in cellular
dysfunction and contributing to the neurodegenerative processes
observed in AD. Additionally, while low concentrations of NO
contribute to normal neuronal communication and cerebral blood flow
regulation, high levels can be neurotoxic, promoting oxidative stress and
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contributing to neurodegeneration [85]. Lastly, astrocytes and microglia
are known to upregulate inducible nitric oxide synthase in response to
inflammatory stimuli, leading to increased NO levels that can exacerbate
Ap pathology by enhancing inflammatory responses, also contributing to
neuronal damage [85].

Since the single-cell analysis evidenced a heterogeneous production
of ROS due to the challenge of mixed glial cells with oAB, we lastly
investigated the ability of carnosine to rescue the basal conditions.

While untreated (control) cells displayed a single predominant
cluster, suggesting a homogeneous basal production of total ROS within
this population (Fig. 5A), two distinct clusters were identified in the case
of oAp-treated cells (Fig. 5B), suggesting that only a subset of cells
within the Ap-treated population exhibited sustained ROS production.
Single-cell analysis revealed that carnosine was able not only to rescue
the basal intracellular levels of ROS, but also to abolish the heteroge-
neous response due to Ap, leading to a single dominant cluster (Fig. 5C),
as already observed in the case of untreated (control) cells. The above
results, showing how the overall difference in terms of ROS levels is
coming only from a responsive sub-population, highlight the importance
of performing single-cell analysis. This analysis also demonstrated that
the production of NO, was homogeneous, characterized by the absence
of multiple clusters, suggesting a collective contribution from stimulated
cells (Fig. 6). While previous studies have demonstrated carnosine’s
antioxidant properties in whole cell populations, our work is the first to
reveal the heterogeneous nature of glial cell responses to Ap-induced
oxidative stress and carnosine’s ability to normalize this response. This
possibility is of great interest in the context of AD, widely known for its
characteristic features, but for which the contribution of different brain
cell types, even within the same population [86,87], is becoming
increasingly important [88]. Our findings open new avenues for treat-
ment that could slow or, in the best scenario, halt the progression of this
disease. The lack of differences observed among the different experi-
mental groups when comparing the extracellular release of NO could be
due to the sub-toxic nature of the stimulation (i.e., 0Ap), being able to
trigger intracellular oxidative stress, without causing a significant
damage of membrane integrity and cell death (Figs. 1A and 2), as pre-
viously observed in lung alveolar cells subjected to sub-toxic conditions
[39]. With specific regards to carnosine’s contribution, it is well-known
that carnosine forms adducts with both NO and nitrite [38]; addition-
ally, the decrease in NO could be due to a decreased synthesis [34],
rather than degradation into its end product nitrite [40].

It is worth mentioning that our results were obtained by using a co-
culture of astrocytes and microglia maintaining the in vivo architecture,
something often obtained “artificially” by mixing two or more cells in a
certain ratio and plating them on the same interface under specified
conditions [89]. Maintaining the status quo is even more important when
considering the interplay between astrocytes and microglia in AD [90]
as well as their critical role in regulating oxidative stress and neuro-
inflammation [91], the understanding of which is critical for developing
therapeutic strategies for diseases like AD. Finally, it is worth
mentioning that our findings, obtained in primary cells, might differ in
more complex in vivo systems; further in vivo studies, which provide the
opportunity for a more accurate evaluation of the safety, toxicity, and
efficacy, are needed to confirm this modulatory activity of carnosine.



V. Cardaci et al.

Frequency

Fluorescence

Fluorescence
©

50 100 150

Fluorescence

0
Circularity

CTRL

150 -

Frequency

200 250

Fluorescence (RFU)

0AB

0
Circularity

oAB

50 100 15

Fluorescence (RFU)

o
© [e]
o

CTRL
0APB
0AB + Car 1

1
2 3864270

2

Circularity

-3

4

2 4
Size -6

221

0

Free Radical Biology and Medicine 229 (2025) 213-224

0AB + Car

Fluorescence
©

0
Circularity

0AB + Car

Frequency

250 0 50 100 150

Fluorescence (RFU)

200 250

000

CTRL
0AB
0Ap + Car

(caption on next page)



V. Cardaci et al.

Free Radical Biology and Medicine 229 (2025) 213-224

Fig. 6. 3D scatterplots and NO fluorescence distributions of mixed glial cells. The 3D scatter plots depict size, circularity, and fluorescence of (A) untreated
mixed glial cells, (B) mixed glial cells treated for 24 h with oAp (2 uM), and (C) mixed glial cells treated for 24 h with oAp in the presence of carnosine (Car) (10 mM,
1 h pre-treatment). Cytometry data were normalized using the z-score method. No distinguishable clusters were evidenced considering the gap evaluation method for
the optimal number of clusters determination. Below each scatterplot is depicted the related fluorescence distribution. Each bin contains the cells in a 10 RFU gap.
The overlaid line represents the kernel density estimation of the cells distribution. Fluorescence is expressed as Relative Fluorescence Units (RFU) of DAF-FM. No
remarkable differences in distribution of fluorescence are reported. Three samples of each experimental condition were analyzed. Results from the different
Experimental conditions are individually 3D plotted and merged in (D). 2D scatter considering only size and circularity is shown in (E).

5. Conclusions

In the present study we provided the evidence that carnosine can
negatively modulate the oxidative stress induced by oAp in primary
mixed glia cultures by effectively reducing intracellular NO and ROS
levels, and mitigating cell-to-cell variability in term of reactive species
production. All together our findings open a new path to explore the
therapeutic potential of carnosine in oxidative stress driven disorders
such as AD.
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