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Abstract

Glutamate is an endogenous excitatory neurotransmitter. At high concentrations, it is
neurotoxic and contributes to the development of certain neurodegenerative diseases, such as
Alzheimer’s disease. This study focused on the sensitivity of HT22 cells, an immortalized
mouse hippocampal cell line, to glutamate-induced neurotoxicity as well as the effect of
concomitant treatment with N-acetyl-L-cysteine (NAC), a glutathione precursor, with
particular emphasis on oxidative stress. Cell viability was measured using the AlamarBlue
assay and showed that glutamate reduces viability in a concentration-dependent manner with
an ICso of 1.154 mM. Combined treatment with NAC increased the ICso, indicating that
reactive oxygen species (ROS) accumulation is central to glutamate-induced oxidative stress
and that NAC protects against glutamate-induced cell death. Nuclear morphology was
assessed with Hoechst 33342 staining and ROS accumulation with DCF-DA assay, but the
results deviated from previous reports and require methodological optimization. Given that
chemical exposures play a significant role in neurodegeneration, we posed the question of
whether 17B-estradiol has neurotoxic effects in cultured HT22 cells. 17B-estradiol exhibited
neurotoxicity only at 50 uM, a high and physiologically irrelevant concentration, where the
effect likely involves mechanisms beyond ROS neutralization. In conclusion, this study
supported the utility of HT22 cells as a model for screening chemical compounds and their
utility in investigating mechanistic pathways of neurodegeneration. This research line is
important for understanding the links between chemical exposure and the pathogenesis of

brain diseases, like Alzheimer’s disease.

Keywords: HT22 cells, glutamate toxicity, oxidative stress, ROS, NAC, neuroprotection, 1703-

estradiol, cell viability, Alzheimer's disease, in vitro study
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1 .Introduction

1.1 Overview of Alzheimer’s disease and links to chemical exposure

Neurodegenerative diseases involve pathological loss of neurons in the central nervous system
(CNS). Alzheimer’s disease (AD), which accounts for about 60% of all dementia cases,
primarily affects neurons in the parietal and temporal lobes, hippocampus, and cortex, leading
to cognitive decline and behavioral changes. It affects roughly 5.5% of adults over 60, and
with no cure, the number of cases worldwide continues to rise (Orti-Casafi et al. 2024,

Rahman et al. 2025).

Despite cases of AD often being linked to genetic alterations, chemical exposures play a
major role in its development (Olayinka ef al. 2019). Human epidemiological studies show
that prenatal exposure to pesticides and airborne particulates is linked to lasting
neurodevelopmental damage and an increased risk of cognitive delay in children (Saeedi
Saravi & Dehpour 2016; Pujol et al. 2025). Furthermore, heavy metals such as arsenic and
lead, pesticides, airborne particulates, and hormone disruptors have been shown to increase
the risk of Alzheimer’s disease (Chin-Chan ef al. 2015; Yan et al. 2016; Johri et al. 2024; Xu
et al. 2016; Elonheimo et al. 2021). This study investigated the levels at which a substance
exhibits neurotoxic effects, which are typically not observed at physiological levels but rather
at experimentally high concentrations (Kortenkamp ef al. 2007). Because AD develops
slowly, symptoms may appear years after exposure, with risk increasing with both dose and

duration of exposure to neurotoxic substances (Nisa et al.).

1.2 Cell model to study Alzheimer’s disease

HT?22 cells, an immortalized mouse hippocampal line, are widely used to study oxidative
stress—induced neurotoxicity. They are highly sensitive to glutamate, a central mechanism in
Alzheimer’s disease, and activate signaling pathways relevant to its progression (Jiang et al.
2016). Thus, HT22 cells provide a practical model for neurotoxicity in Alzheimer’s disease
(Prasansuklab et al. 2023). In this study, glutamate served as a positive control to evaluate the

effect of 17-estradiol on neuronal health, with cell viability as an AD-related endpoint.



1.3 Glutamate-mediated mechanisms of neurotoxicity in HT22 mouse
hippocampal neurons

Glutamate is an excitatory neurotransmitter essential for neuronal communication, learning,
memory, and overall brain function. Under pathological conditions, glutamate regulation is
disrupted, and excessive glutamate leads to oxidative stress and neuronal death, mechanisms
observed both in human hippocampal neurons and in glutamatergic cells vulnerable to
neurodegeneration (Fukui et al. 2009). The HT22 cell model lacks functional ionotropic
glutamate receptors and is therefore used to investigate non-receptor-mediated mechanisms of
glutamate-induced oxidative stress, distinguishing it from classical excitotoxicity (He et al.

2013).

Elevated glutamate levels induce cell death in HT22 mouse hippocampal neurons through a
process called oxytosis, which is initiated by inhibition of the cystine/glutamate antiporter
system Xc~, leading to reduced intracellular cystine availability necessary for glutathione
(GSH) synthesis, thereby limiting GSH production, a crucial antioxidant. Low intracellular
GSH levels impair the glutathione redox cycle, disrupting the balance between reduced
glutathione (GSH) and oxidized glutathione disulfide (GSSG). In the presence of reactive
oxygen species (ROS), particularly peroxides, GSH is oxidized to GSSG by glutathione
peroxidase, and at the same time ROS are reduced to less reactive species, thereby
neutralizing their oxidative potential and preventing cellular damage. Glutathione reductase
regenerates GSH from GSSG (Zhang & Forman 2012). Consequently, reduced GSH impairs
the cell’s ability to neutralize ROS, which are continuously generated as by-products of
mitochondrial metabolism, particularly within the electron transport chain, making the brain
especially vulnerable due to its high oxygen consumption and energy demand (Nagakannan et
al. 2018). One way to counteract insufficient glutathione production is by supplying the
antioxidant NAC. NAC bypasses system Xc-, deacetyleras, and is converted intracellularly
into cysteine, which serves as a precursor for glutathione synthesis and thereby strengthens

the cell’s antioxidant defense under oxidative stress (Pocernich et al. 2000) (Figure 1).

Accumulation of ROS causes oxidative damage to lipids, proteins, and DNA, leading to

mitochondrial dysfunction and further ROS production, forming a self-amplifying cycle.



Elevated ROS levels activate stress-related mitogen-activated protein kinase (MAPK)
signaling pathways. During prolonged oxidative stress, these pathways shift from supporting
cell survival to triggering cell death. This process occurs alongside mitochondrial dysfunction.
Oxidative stress lowers the mitochondrial membrane potential, increases membrane
permeability, and leads to the release of pro-apoptotic factors such as cytochrome ¢ and
apoptosis-inducing factor (AIF), which causes apoptosis and DNA fragmentation, often
accompanied by visible signs such as shrinkage (Figure 1). Hoechst staining enables
visualization of nuclear morphology by fluorescence microscopy through selective binding to
AT-rich DNA regions and fluorescence emission upon excitation. Time- and concentration-
dependent studies show that lower glutamate concentrations (2 mM) preferentially induce
apoptosis after ~20 h, while higher concentrations (4—8 mM) trigger rapid necrosis within 8—

12 h, followed by delayed apoptotic responses (Fukui et al. 2009).

Oxidative stress, characterized by elevated reactive oxygen species and glutathione depletion,
impairs hippocampal neuronal viability and synaptic function. These alterations emerge early
in Alzheimer’s disease and persist throughout its progression, serving as preclinical markers
preceding neurodegeneration and cognitive decline (Resende ef al. 2008). Oxidative stress
may also promote beta-amyloid accumulation and tau pathology, further damaging neurons

and contributing to cell death, mechanisms central to Alzheimer’s disease (Roy et al. 2023).
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Figure 1. Schematic overview of glutamate-induced oxidative stress and cell death mechanisms in HT22 mouse hippocampal

neurons.

1.4 Background on 17B-estradiol and neurotoxicity

17B-estradiol is one of the predominant estrogens in the human body, typically ranges from
0.05 to 1.3 nM in women and lower in men (Frederiksen et al. 2020). Brain cells and neural
circuits are highly dependent on estrogens for their development and function (Preciados e?
al. 2016). A previous study by Sato et al. (2002), in which organotypic hippocampal cultures
from 8-day-old Wistar rats were pretreated 173-estradiol (>1 nM), demonstrated an
enhancement of glutamate-induced neuronal damage, independent of estrogen receptors,
particularly in the CA3 region, which is involved in internal signal transmission. Another
study (Behl et al. 1995) investigated the effects of 17p-estradiol on oxidative stress-induced
cell death in HT22 cells. The cells were pretreated with 17B-estradiol at concentrations
between 10 nM and 10 uM before exposure to amyloid-f (AB) protein, glutamate, or

hydrogen peroxide (H20), all stressors relevant to Alzheimer’s disease pathology. In contrast
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to Sato et al. (2002), Behl et al. (1995) reported that 10 uM 17p-estradiol reduced cell death
under all tested oxidative stress conditions and prevented glutamate-induced DNA
fragmentation. At 10 nM 17B-estradiol, however, no protective effect was observed. These
conflicting results highlight the need for further investigation of the potential neurotoxic
effects of 17B-estradiol, to evaluate whether the chemical could contribute to cellular

mechanisms underlying the pathogenesis of Alzheimer’s disease.

1.5 AlamarBlue assay

The AlamarBlue assay assesses cell viability, growth, and toxicity by measuring metabolic
activity. In this study, glutamate was used as a positive control to validate the AlamarBlue
assay and to confirm experimental conditions, owing to the established high sensitivity of
HT?22 cells to glutamate-induced oxidative stress (Rampersad 2012, Prasansuklab et al. 2023).
The Alamar-Blue reagent contains resazurin, a blue non-fluorescent dye that is reduced by
metabolically active cells to resorufin, a pink, fluorescent compound, enabling quantitative
measurement of cell viability. Due to its sensitivity, speed, and compatibility with diverse cell
types, the assay is well suited for screening the effects of toxicants (Longhin et al. 2022). A
limitation of the assay is that it measures metabolic activity rather than viable cell number,
potentially underestimating metabolically inactive cells and overestimating stressed ones
(Rampersad 2012). Moreover, compounds containing carboxylic acids or thiols can

chemically reduce resazurin to resorufin, producing false positives (Neufeld ez al. 2018).

1.6 DCF-DA assay

Intracellular ROS can be quantified using the cell-permeant dye 2’,7'-dichlorofluorescin
diacetate (DCF-DA). Once inside the cell, esterases deacetylate DCF-DA to the
non-fluorescent 2',7'-dichlorodihydrofluorescein (DCFH), which is then oxidized by ROS to
the fluorescent compound 2',7'-dichlorofluorescein (DCF). In the DCF-DA assay,
fluorescence intensity is proportional to intracellular ROS, providing an indirect measure of

oxidative stress (Wang & Joseph, 1999).



1.7 Project’s aim

The aim of this project was to evaluate the sensitivity of HT22 cells to glutamate in absence
and presence of NAC. Additionally, the same cell model was used to study the potential
neurotoxic effect of 17B-estradiol, and to address whether this effect is mediated by ROS.

2.Materials and methods

2.1 Cell culture

The HT22 mouse hippocampal neuronal cell line (Millipore, Cat no. SCC129) was
maintained in expansion medium, consisting of high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM; Merck, Cat. No. D6546), supplemented with 1X Penicillin-Streptomycin
solution (PEST; 10,000 U/mL; Thermo Fisher, Cat. No. 15140122), 10% (v/v) fetal bovine
serum (FBS; Thermo Fisher Scientific, Cat. No. A5256701, Lot No. B2772486RP), and 200
mM L-Glutamine (Thermo Fisher Scientific, Cat. No. 25030-024). The medium was stored at
4 °C and used to maintain cells under standard conditions in a humidified incubator at 37 °C
with 5% COs.. For experimental exposure, cells were cultured in expansion medium modified
for each treatment. During glutamate and NAC exposure, FBS was reduced to 5% (v/v) and
supplemented with 2% (v/v) phosphate buftered saline (PBS). During 17p-estradiol exposure,
FBS was reduced to 5% (v/v) and supplemented with 0.1% (v/v) dimethyl sulfoxide (DMSO).
A reduced FBS concentration (5%) was used to minimize serum interference and improve
data reliability. PBS and DMSO were used as solvents for the tested chemicals and added to

the medium as solvent controls.

2.1.1 Thawing of cells

Frozen HT?22 cells were thawed in a 37 °C bead bath, transferred to a 15 mL conical tube, and
diluted dropwise with expansion medium to a final volume of 10 mL. After gentle mixing,
cells were centrifuged at 300 x g for 3 minutes. The pellet was resuspended in 15 mL
expansion medium, seeded, and incubated under standard conditions. The medium was

refreshed the following day to ensure optimal growth before treatment.
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2.1.2 Cell passaging

HT22 cells were passaged after 48 hours of culture when about 70% of the surface was
covered by cells (i.e., ~70% confluence). The spent medium was removed, and cells were
rinsed once with 5 mL PBS, and detached with 2.5 mL TrypLE (Thermo Fisher, Cat. No.
12604021) for 30 seconds. TrypLE activity was stopped by adding 7 mL expansion medium,
followed by gentle pipetting to detach the cells from the surface and from each other,
obtaining a single-cell suspension. Cells were centrifuged at 1100 rpm for 4 minutes,
resuspended in 10 mL expansion medium, counted with trypan blue exclusion to exclude
nonviable cells from the experiments, and plated at a cell density of 350.000 cells per 100 mm

petri dish.

2.1.3 Cell seeding prior to experimental exposure

Cells were seeded in transparent 96-well plates (Sigma, Cat. No. 10861-666) at 5,000
cells/well (approximately 1.6 x 10* cells/cm?) in 100 pL expansion medium. To minimize
evaporation and edge effects, 200 uL PBS was added to the outermost wells. Plates were
incubated for 24 h under standard conditions prior to experimental exposure. Cell status was

assessed before and after treatment by microscopic evaluation.

2.2 Exposure

2.2.1 Glutamate exposure

Glutamic acid (Merck, Cat. No. G1251) was dissolved in PBS to a final concentration of 1 M
and sterile filtered. The first dilution was made in expansion medium (5% FBS). Subsequent
1:2 serial dilutions were made from this solution in expansion medium (5% FBS, 2% PBS) to
reach the desired concentrations (Table 1). Solvent control wells contained expansion medium
(5% FBS, 2% PBS). Two types of background controls were included: wells without cells
containing expansion medium (5% FBS) only, and wells without cells containing the highest
tested concentration of glutamate to exclude chemical interference in the AlamarBlue assay.
However, no notable signal deviation was observed with glutamate under the assay
conditions, indicating limited resazurin reduction. This background was therefore excluded in

analyses of glutamate co-exposure with NAC. Immediately before exposure, the medium in

11



both cell-containing wells and three background wells (initially containing PBS) was replaced
with 100 pL of expansion medium (5% FBS). Thereafter, 100 pL of each respective glutamate
dilution, solvent control, or background control was added on top, resulting in a final volume
of 200 pL per well, in accordance with the plate layout shown in figure 2. After 24 h of
exposure under standard conditions, cell viability was assessed using the AlamarBlue assay,

with three biological replicates from passages 10, 11, and 13.

Table 1: Glutamate dilutions

Dilution Concentration in cells (mM)
Dl 10
D2 5
D3 2.5
D4 1.25
D5 0.625
D6 0.3125
D7 0.15625
D8 0.078125

2.2.2 Co-exposure to NAC and glutamate

A 1 M NAC stock was prepared in PBS and sterile filtered. For experiments, NAC was
diluted in expansion medium (5% FBS) to a final concentration of 1 mM. The NAC
concentration was selected based on previous studies (Fukui ef al., 2009; Sillapachaiyaporn et
al. 2021) where similar levels have been used as standard in experimental treatments. The first
glutamate dilution was prepared in this solution. Subsequent serial dilutions of glutamate were
made in 1:2 steps using expansion medium (5% FBS, 2% PBS), and 1 mM NAC, to reach the
desired glutamate concentrations (Table 1). Solvent control wells contained expansion
medium (5% FBS, 2% PBS), while background wells contained expansion medium (5%
FBS). Immediately before exposure, the medium in both cell-containing wells and three
background wells (initially containing PBS) was replaced with 100 pL of expansion medium
(5% FBS). Thereafter, 100 pL of each respective dilution, solvent control, or background
control was added on top, yielding a final volume of 200 uL per well according to the plate
layout (Figure 2). After 24 h of exposure under standard conditions, cell viability was assessed

12



using the AlamarBlue assay to evaluate the concentration-dependent protective effect of NAC

against glutamate-induced neurotoxicity, using three biological replicates from passages 13—
15.

1 2 3 4 5 6 7 8 9 10 11 12

A PBS
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Figure 2. Plate layout for glutamate exposure and co-exposure with NAC.

2.2.3 17B-estradiol exposure

A 100 mM stock solution of 17B-estradiol was prepared in 100% DMSO. The first 17p-
estradiol dilution was prepared in expansion medium (5% FBS). Subsequent serial dilutions
were made from this solution in expansion medium (5% FBS, 0.1% DMSO), to reach the
desired 17p-estradiol concentrations (Table 2). Solvent control wells contained expansion
medium (5% FBS, 0.1% DMSO), while background wells contained expansion medium (5%
FBS). Immediately before exposure, the medium in both cell-containing wells and three
background wells (initially containing PBS) was replaced with 100 pL of expansion medium
(5% FBS). Thereafter, 100 pL of each respective 17p-estradiol dilution, solvent control, or
background control was added on top, resulting in a final volume of 200 pL per well, in
accordance with the plate layout (see Supplementary Material). After 24 h of exposure under
standard conditions, cell viability was assessed using the AlamarBlue assay, using three

biological replicates from passages 18-20.

Table 2: 17B-estradiol dilutions

Dilution Concentration in cells (uM)
Dl 50
D2 10
D3 1
D4 0.1
D5 0.01
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2.2.4 Co-exposure to NAC and 17-estradiol

A1 M NAC stock was prepared in PBS and sterile filtered. For experiments, NAC was
diluted in expansion medium (5% FBS) to a final concentration of 1 mM. The first 173-
estradiol dilution was prepared in this solution. Subsequent serial dilutions were made in
expansion medium (5% FBS, 0.1% DMSO), and 1 mM NAC, to reach the desired 17f3-
estradiol concentrations (Table 2). Solvent control wells contained expansion medium (5%
FBS, 0.1% DMSO), while background wells contained expansion medium (5% FBS).
Immediately before exposure, the medium in both cell-containing wells and three background
wells (initially containing PBS) was replaced with 100 pL of expansion medium (5% FBS).
Thereafter, 100 pL of each respective dilution, solvent control, or background control was
added on top, resulting in a final volume of 200 pL per well, in accordance with the plate
layout (see Supplementary Material). After 24 h of exposure under standard conditions, cell
viability was assessed using the AlamarBlue assay, using three biological replicates from

passages 18-20.

2.3 AlamarBlue cell viability assay

The AlamarBlue assay was used to assess cell viability 24 h post-exposure. In both the
exposed cell-containing wells and the background control wells of the 96-well plates, the
medium was replaced with 100 pL of AlamarBlue solution pre-warmed to 37 °C and protected
from light. The solution was prepared by mixing expansion medium (5% FBS) and
AlamarBlue reagent in a 10:1 ratio. Plates were incubated for 2 h under standard conditions,
protected from light, and fluorescence was measured at 535 nm excitation and 595 nm

emission using a Tecan plate reader. Data was compiled in Excel.
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Figure 3. Schematic overview of the experimental workflow used to assess cell viability following exposure using the

AlamarBlue assay.

2.4 Generation of reactive oxygen species assessment

The cell permeant dye DCF-DA (Sigma, Cat. No. D6883) was used for assessment of
intracellular ROS production. A 1 mM DCF-DA stock was prepared in 100% DMSO and
diluted in expansion medium to a 25 uM working solution immediately before use. HT22
cells were seeded at a density of 1.6 x 10* cells/cm? in black 96-well plates (Sigma, Cat. No.
CLS3603-48EA). After the cells had been incubated for 24 h, the expansion medium in both
cell-containing wells and three cell-free background wells was replaced with 100 pL
expansion medium (5% FBS). Thereafter, 100 pL of glutamate (2.5-, 5-, or 10-mM), either
alone or combined with 1 mM NAC to enable evaluation of antioxidant effectiveness, as well
as solvent and background controls, were added to the respective wells, yielding a final
volume of 200 pL per well. Only the three highest tested glutamate concentrations were
selected to accommodate the short exposure duration (1 h) and due to a lack of medium and

time constraints. Solvent control wells contained expansion medium (5% FBS, 2% PBS),
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while background wells contained expansion medium (5% FBS). After 30 min of exposure
under standard conditions, the expansion medium in nine wells designated for the ROS
positive control was replaced with 100 pL of expansion medium (5% FBS), and hydrogen
peroxide (H20:2) was applied as the ROS positive control by adding an additional 100 pL of
H20:at 0.1, 1, or 10 uM, each tested in triplicate. Concentrations were selected to ensure cell
viability, given the uncertainty regarding the optimal H.O: concentration. The plate was
incubated for an additional 30 min, after which the medium was replaced with 100 pL of

25 uM DCF-DA. The plate was then incubated for 45 min under standard conditions. After
incubation, the DCF-DA was removed and replaced with HT22 cell expansion medium. After
removal of DCF-DA, intracellular DCFH remains and is oxidized by ROS to fluorescent
DCEF, allowing continued quantification of ROS (Wang & Joseph, 1999). Fluorescence
intensity, which is proportional to the amount of ROS produced, was measured from the top at
485 nm excitation and 535 nm emission with a Tecan plate reader every 5 min for 25 min,
using one biological replicate at passage 20. Fluorescence intensity was plotted as a function

of time for all exposure groups. The figure was created using GraphPad Prism version 9.2.0.

2.5 Nuclei staining

HT22 cells were seeded at a density of 1.6 x 10* cells/cm?” in transparent 96-well plates
(Sigma, Cat. No. 10861-666) and incubated for 2 h 40 min. After the cells had been incubated
for 24 h, the expansion medium in both cell-containing wells and three cell-free background
wells was replaced with 100 pL expansion medium (5% FBS). Thereafter, 100 pL of
glutamate (0.625, 1.25 or 2.5 mM) were added to the respective wells, yielding a final volume
of 200 pL per well. Glutamate concentrations were selected at the steepest viability decline to
maximize treatment effect detection, with three concentrations applied due to limited medium
availability. After 23 h 40 min of exposure under standard conditions, the expansion medium
was replaced with 120 pL of a Hoechst staining solution (27 pM). The Hoechst staining
solution was prepared by adding 12 pL of Hoechst stock (10 mg/mL; Thermo Fisher, Cat. No.
R37165) to 8 mL PBS, vortexed briefly, and protected from light. Exposed cells were
incubated for 20 min under standard conditions in the dark. After, cells were fixed by adding
120 pL of 4% paraformaldehyde per well directly on top of the staining solution, followed by

45 min incubation at room temperature under a chemical hood. Wells were then washed twice
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with PBS. Nuclear morphology was visualized by fluorescence microscopy (Inverted

Fluorescence microscope, DAPI channel) using a single biological replicate at passage 19.

2.6 Statistical analysis

Studies involving glutamate exposure, both in the absence and presence of NAC, as well as
exposure to 17B-estradiol, were conducted in three biological replicates. Data analysis was
based on the average of all independent experiments. GraphPad Prism 9.2.0 was used for
statistical analysis. For curve fitting of cell viability data, values were normalized by setting
the negative control (vehicle-treated cells) to 100% and the lowest response to 0%. After this,
a dose-response curve was fitted using a model plotting the response against the logarithm of
inhibitor concentration with variable slope, constraining the top and bottom values to 100 and
0, respectively. Within each exposure group, treatment groups were compared using a one-
way ANOVA. When a significant effect was found, pairwise comparisons were performed

using Dunnett’s multiple comparison test, with p < 0.05 considered statistically significant.

3.Results

3.1 Cell viability

3.1.1 Glutamate exposure and NAC-co-exposure in HT22 cells

Figure 4 shows that glutamate reduces the viability of cultured HT22 cells in a concentration-
dependent manner. The dose-response analysis yielded an R? of 0.7832, indicating that
glutamate concentration accounted for 78% of the variability in cell viability (Table 3). The
three highest glutamate concentrations significantly reduced cell viability compared to the
lowest tested concentration, both in the absence and presence of 500 uM NAC (Figure 4).
Based on table 3, the ICso value for glutamate exposure is 1.154 mM, whereas co-exposure
with NAC increases the value to 2.599 mM. This is reflected in the dose-response curve for
NAC-treated cells being shifted to the right relative to the curve for glutamate exposure alone.
The maximal increase in cell viability (~40%) was observed with 500 uM NAC in

combination with 1.25 mM glutamate (see Supplementary Material).
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Tabel 3. Dose-response parameters for HT22 cells treated with glutamate =+ NAC

Parameter Glutamate (positive control) Glutamate + NAC (co-
treatment)

ICso (M) 0.001154 0.002599

LogICso(M) -2.938 -2.585

Hillslope -1.208 -3.000

R? 0.7832 0.6692

95% CI for I1Cs 0.0007743 to 0.001720 0.001690 to 0.003997

95% CI for LoglCs -3.111 to -2.765 -2.772 to -2.398

95% CI for hillslope | -1.741 to -0.6748 -6.641 t0 0.6414

Comments: CI, confidence interval
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Figure 4. Cell viability of HT22 cells after glutamate exposure with and without 500 uM NAC. Cells were seeded in 96-well
plates at 1.6 x 10 cells/cm? (identical density for both treatment groups). After 24 h, cells were treated for an additional 24 h
with glutamate at the concentrations listed in Table 1, either alone (pink regression curve) or in combination with 500 uM
NAC (black regression curve). Viability was determined using the AlamarBlue assay. Error bars indicate S.E.M. Significant
differences versus control (lowest glutamate concentration) are denoted as *P < 0.05 (glutamate + NAC) and #P <0.05

(glutamate alone).
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3.1.2 17B-estradiol exposure

Figure 5 shows that cell viability remains close to 100% at 17p-estradiol concentrations
between 0.01 and 10 uM, both with and without co-exposure to 500 uM NAC. At 50 uM,
viability decreased significantly, with 17B-estradiol alone reducing viability to ~60% and
co-exposure with NAC to ~70%.

Cell viability in 17 p-estradiol 24 h exposed cells
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o 17 beta estradiol
-o= NAC + 17 beta estradiol
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Figure 5. Cell viability of HT22 cells after 17p-estradiol exposure with and without 500 pM NAC. Cells were seeded in
96-well plates at 1.6 x 10* cells/cm? (identical density for both treatment groups). After 24 h, cells were exposed to
17B-estradiol at the concentrations listed in Table 2 for an additional 24 h. The pink regression curve represents 17f-estradiol
alone, whereas the black curve represents co-treatment with 500 uM NAC. Viability was measured using the AlamarBlue
assay. Error bars represent S.E.M. Significant differences versus control (lowest 17-estradiol concentration) are indicated as

*P <0.05 (17B-estradiol + NAC) and #P < 0.05 (17B-estradiol alone).

3.2 ROS production over time in HT22 cells

As shown in Figure 6, the negative control (solvent control) exhibited the highest fluorescence
intensity at all time points, compared with the positive control (hydrogen peroxide at three
concentrations) and the groups exposed to glutamate or glutamate + 500 uM NAC. Within the
two treatment groups, 2.5 mM glutamate combined with 500 uM NAC yielded the highest
fluorescence intensity, reflecting the greatest ROS production among those groups. In the
glutamate exposure group, 10 mM induced the highest ROS production of all tested glutamate
concentrations. 10 uM hydrogen peroxide induced even higher ROS production than this

maximum in glutamate exposed cells. No clear time-dependent accumulation of ROS was
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observed in any group, except in the 2.5 mM glutamate + 500 uM NAC treatment group,

which showed a slight tendency toward ROS accumulation over time.

DCF-DA Assay
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Figure 6. Time-dependent fluorescence changes during DCF-DA analysis of ROS production in cells exposed for 1 h to
glutamate (2.5-10 mM) or glutamate (2.5-10 mM) + 0.5 mM NAC. Fluorescence was recorded (Ex 485/Em 535) every 5 min

for 25 min. Hydrogen peroxide (0.1-, 1-, or 10-uM) was used as positive control.

3.3 Concentration-dependent effects of glutamate on nuclear

morphological changes in HT22 cells

Figure 7 illustrates the nuclear morphology of HT22 cells after glutamate treatment. At all

tested glutamate concentrations, the nuclei generally exhibited uniform staining and

maintained size, indicating preserved nuclear morphology. Examples of cells exhibiting

smaller, intensely stained, and compact nuclei (indicated by arrows) are characteristic of cell

death.
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Figure 7. Effect of glutamate on nuclear morfology. Cells were treated with 2.5-, 1.25- or 0.625-mM glutamate for 24 h and

stained with 27 uM Hoechst 33342. Images obtained using fluorescence microscopy.

4 .Discussion

One of the aims of the project was to evaluate the sensitivity of HT22 cells to glutamate.
Since HT22 cells are particularly sensitive to glutamate-induced oxidative stress
(Prasansuklab ef al. 2023), glutamate was used as a suitable positive control to validate both
the AlamarBlue assay and the experimental conditions for measuring cell viability. This
validation step was essential prior to screening 17-estradiol for its potential neurotoxic

effects.

Based on previous research, HT22 cells were exposed for 24 h to eight different
concentrations of glutamate, ranging from 0.078125 to 10 mM, according to a twofold
dilution series. The results showed a concentration-dependent decrease in cell viability 24 h
after exposure (Figure 4). Cell viability decreased significantly at glutamate concentrations of
2.5, 5, and 10 mM. The ICso value, defined as the glutamate concentration reducing the
maximal cell viability to 50%, was 1.154 mM (Table 3) (Halle & Gores 1987).This ICso value
is somewhat lower than what has been reported in some previous studies, but the observed
concentration-dependent decrease in cell viability is consistent with previously documented
effects of glutamate-induced neurotoxicity in HT22 cells (Fukui et al., 2009). Earlier studies
on glutamate-induced neurotoxicity in HT22 cells showed approximately a 30% reduction in
cell viability after 24 h of exposure to 2 mM glutamate, whereas a concentration of § mM

resulted in nearly complete cell death (Fukui et al., 2009). Since our results were in line with
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previously published literature, we could confirm that the AlamarBlue assay method was valid

under our experimental conditions.

To determine if the concentration-dependent decrease in cell viability was mediated by
glutamate-induced oxidative stress, HT22 cell sensitivity to glutamate was assessed in the
presence of 500 uM NAC using previously established glutamate concentrations and
incubation times that caused concentration-dependent cell viability reduction (Figure 4).
Previous studies have demonstrated that glutamate exposure in HT22 cells induces a
concentration- and time-dependent accumulation of ROS, which correlates with decreased
cell viability (Fukui ef al., 2009). Co-treatment with NAC enhances the antioxidant capacity
of the cells, thereby preventing ROS accumulation and ensuing oxidative stress (Fukui et al.,
2009). In our experiment, the dose-response curve for HT22 cells treated with 500 uM NAC
in combination with glutamate exhibited a rightward shift compared to glutamate treatment
alone, supporting that ROS accumulation is a central mechanism underlying
glutamate-induced toxicity and demonstrating the protective effect of NAC against
glutamate-induced cell death. Consequently, higher glutamate concentrations were required to
cause the same level of toxicity as with glutamate alone, resulting in a more than twofold
increased ICso value (2.599 mM) under combined treatment. The ICso values for
glutamate-treated cells and NAC co-treated cells overlapped, indicating no significant
difference between the treatments within the tested concentration range at the 95% confidence
interval (Table 3). Combined treatment with NAC and glutamate produced a steeper Hill
slope with an abrupt decrease in cell viability at the ICso, in contrast to the gradual response
with glutamate (Figure 4). This is consistent with previous reports of rapid cell death under
insufficient antioxidant defense, but reliable conclusions require more data points around the
ICso (Fukui ef al. 2009). The higher standard error of the mean (SEM) at low glutamate
concentrations in the combined treatment (Figure 4) reflects increased variation between
replicates, which may be due to low neurotoxic stress and greater relative impact of
methodological sources of error. The complex effect of NAC may further have contributed to

the lower coefficient of determination (R?) (Table 3).

Previous studies have clearly demonstrated that NAC possesses neuroprotective properties

and therapeutic potential in Alzheimer’s disease by protecting hippocampal cells from
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Ap-induced memory impairment and synaptic dysfunction (Shahidi et al., 2017). This
highlights the relevance of further investigating NAC’s antioxidant mechanisms, for example
by measuring intracellular levels of GSH and oxidized GSSG in glutamate-treated cells, with
and without NAC, to assess its ability to restore the antioxidant balance and reduce oxidative
stress. Measuring both GSH and GSSG enables determination of the GSH/GSSG ratio as an
indicator of the cell’s capacity to counteract oxidative stress (Nagakannan et al. 2018).
Having established NAC’s antioxidant effects under our experimental conditions, we next

examined whether 17-estradiol induces ROS-mediated toxicity in HT22 cells.

After validating the AlamarBlue assay under our experimental conditions and confirming that
NAC enhances HT22 cells’ capacity to neutralize ROS, we assessed cell viability after
exposure to 17B-estradiol with and without NAC to evaluate its potential neurotoxic effect
and whether it is mediated by ROS. The results revealed that cell viability remained near
100% at 17B-estradiol concentrations ranging from 0.01 to 10 uM, regardless of co-exposure
to 500 uM NAC. However, exposure to 50 uM 17p-estradiol significantly decreased viability
(Figure 5). Despite this observed neurotoxic effect at 50 uM, this concentration is
physiologically irrelevant, thereby limiting the translational relevance. At this concentration,
cell viability increased by approximately 18% in the presence of 500 uM NAC, suggesting

that the effect of 17-estradiol likely involves mechanisms beyond ROS neutralization.

Behl et al. (1995) showed that 17p-estradiol protects against glutamate, an oxidative stressor
linked to Alzheimer’s disease, by significantly improving cell survival in HT22 cells exposed
to 5 mM glutamate, increasing from 4% to 92% at 10 uM after 24 hours. Although our
experiment did not involve prior glutamate exposure, viability remained close to 100% within
the 0.01-10 uM concentration range of 17-estradiol. 17p-estradiol exhibited neurotoxic
effects only at a very high concentration (50 uM). To be able to compare neurotoxic effects of
17B-estradiol with other exposures, an extended concentration series would have been
required. Current data show only a slight decrease in cell viability, which complicates the

determination of the ICso value.
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Since exposure usually occurs to chemical mixtures (Feron ef al. 2002), it is crucial to study
these combinations to understand their combined effects. Endocrine-disrupting chemicals
(EDCs) can cause synergistic damage, even when each substance alone is harmless at
individual concentrations (Ozel & Riiegg, 2023). Estrogenic endocrine disruptors (EEDs)
from the environment, such as plastics and industrial chemicals, can affect the brain. EEDs
have been shown to contribute to neurodegenerative processes, including those linked to
Alzheimer’s disease. Many EED-modified genes are common targets of the natural estrogen
17B-estradiol (Preciados et al. 2016). Therefore, future studies should investigate the effects
of mixtures containing 17f3-estradiol on HT22 cells to better mimic real exposures and
identify neurotoxic effects. A more in-depth examination of these results could provide
valuable guidelines for future research on neurotoxic mechanisms and their potential

connection to neurodegenerative diseases.

On a broader level, cell viability assays using HT22 cells exposed to individual chemicals
classified as hazardous waste, as well as their mixtures, would provide foundational insights
into whether these substances could contribute to cellular mechanisms involved in
neurodegeneration, and serve as an initial step towards understanding their connection to
Alzheimer’s disease, which represents a longer-term aim within the broader research context
of this project. Not all relevant chemicals were available, which limited testing. Future studies
should screen a broader range of chemicals to better understand how they cause neurotoxicity

and contribute to the development of Alzheimer’s disease, thereby providing valuable data.

While the HT22 cell model works well for screening chemicals, it has some limitations. HT22
cells, which are mouse-derived, only partially reflect human neuronal complexity, fail to
reproduce long-term neurodegeneration, and diverge from primary neuron physiology due to
immortalization-induced changes in gene expression, metabolism, and stress response,
limiting translational relevance (Prasansuklab ef al., 2023b). Differentiated HT22 cells mimic
the physiological properties of mature hippocampal neurons to a greater extent than
undifferentiated HT22 cells, which increases the model’s relevance in studies of brain

diseases such as Alzheimer’s (He et al., 2013).
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In the next step of the study, the focus was on further investigating the sensitivity of HT22
cells to glutamate in the presence and absence of NAC, we aimed to examine whether there is
a concentration- and time-dependent accumulation of intracellular ROS upon glutamate
exposure and the effect of NAC on this accumulation. To address this question, a DCF-DA
assay was performed in which HT22 cells were exposed for 1 h to 10-, 5-, or 2.5-mM
glutamate, with and without 500 pM NAC. To maximize the likelihood of detecting an effect
within the short exposure duration, only the three highest tested glutamate concentrations
were selected. Additionally, limited medium and time constraints restricted testing to these
concentrations. Based on theory, a concentration-dependent accumulation of ROS was
expected, where higher glutamate concentrations would yield increased ROS levels, as well as
a time-dependent accumulation, where ROS levels would gradually increase over time (Roy
et al., 2023). This accumulation was assumed to be reduced during simultaneous NAC

treatment (Roy et al., 2023).

In both treatment groups, glutamate alone and glutamate combined with 500 uM NAC, the
lowest glutamate concentration in combination with NAC exhibited the highest fluorescence
intensity in the DCF-DA assay and was the only treatment group that showed a slight
tendency toward time-dependent ROS accumulation. This result deviates from the expected
concentration- and time-dependent increase in ROS levels as well as from NAC’s expected
protective effect by strengthening the cell’s antioxidant defense and thereby reducing ROS
accumulation. To increase the reliability of our results, it would have been necessary to
increase the number of replicates, which would provide more data and thereby reduce the
impact of random errors on the outcome. In conclusion, the DCF-DA assay did not perform as
intended, and this methodology clearly requires further optimization to reliably detect ROS

accumulation in this experiment.

Our findings from the DCF-DA assay may differ from the literature due to several factors.
The negative control exhibited an unexpectedly higher fluorescence intensity than both the
positive control and all treatment groups, indicating possible background signal or

interference that may have affected the measurement results. Previous studies have shown that

25



4 mM glutamate significantly increases ROS levels in HT22 cells after 8 hours of exposure,
where simultaneous treatment with 1 mM NAC effectively restores ROS to control levels
(Fukui et al. 2009). 1t is therefore likely that a longer exposure time could reveal a
concentration- and time-dependent accumulation of ROS, increasing the likelihood of
obtaining more robust results in future experiments. Correlation analyses between ROS levels
and cell viability may be included in future studies to quantify the impact of ROS

accumulation on cell survival.

To visually assess the sensitivity of HT22 cells to glutamate, nuclear morphology was
examined using Hoechst 33342 staining, followed by fluorescence microscopy, after exposure
to 0.625-, 1.25-, or 2.5-mM glutamate. Our previous results showed that 2.5 mM glutamate
significantly decreased cell viability after 24 hours, while 1.25 and 0.625 mM caused a
non-significant but clear decrease within the same time interval. With these three
concentrations, both strong and milder toxic effects could be investigated, which is important
for mapping the concentration dependence of changes in nuclear morphology in HT22 cells.
The expectation was to demonstrate a concentration-dependent change, such as nuclear
condensation during apoptosis or swollen nuclei during necrosis, indicating cell death after
glutamate treatment (Fukui ez al. 2009). The results showed that at all tested glutamate
concentrations, nuclei generally exhibited uniform staining and maintained size, with sporadic
nuclear condensation observed across all concentrations. No definitive conclusions can thus
be drawn about glutamate’s effect on nuclear morphology. One possible explanation is that
the Hoechst dye concentration was selected due to an oversight in the experimental setup, and
the elevated concentration compared with previous studies (Fang et al. 2017, Park et al.

2021), may lead to both over- and underestimation of nuclear size.

To better investigate whether changes in nuclear morphology after glutamate exposure are
concentration-dependent, a quantitative method is required. With more time, the current
Hoechst staining could have been complemented with objective image analysis. Using a
program such as ImagelJ, one can measure nuclear area, intensity, and density in fluorescence
images (Helmy & Abdel Azim 2012). By analyzing more cells per treatment and applying
statistical analysis, it would be possible to quantify how DNA fragmentation and nuclear

condensation might increase with higher glutamate concentration.
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This small-scale in vitro study examined the sensitivity of HT22 cells to glutamate-induced
oxidative stress, as well as the protective effect of NAC against this induced oxidative stress.
The results showed a concentration-dependent decrease in cell viability after 24 h of
glutamate exposure, with an ICso value at approximately 1.154 mM. Treatment with NAC
caused a rightward shift in the dose-response curve, indicating that ROS accumulation is a
central mechanism underlying glutamate-induced oxidative stress and that NAC has a
protective role against glutamate-induced cell death. Conversely, the assessment of nuclear
morphology following glutamate exposure and the evaluation of ROS accumulation after
glutamate treatment with and without NAC co-treatment revealed methodological limitations.
These limitations indicate the need for further methodological optimization. Furthermore,
17B-estradiol affected cell viability only at a high, physiologically irrelevant concentration (50
uM), where the effects likely involve mechanisms beyond ROS neutralization. Future studies
should screen a broader range of chemicals and more physiologically relevant exposure

scenarios to better identify their potential role in Alzheimer’s disease pathogenesis.
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