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Abstract

Magnesium oxide nanoparticles (MgO-NPs) are highly versatile and have been extensively utilized in
diverse industrial and biomedical applications due to their exceptional physical and chemical properties.
However, the potential harms to human health and the environment from their use continue to be of great
trepidation. In this study, we delved deep into the intricate molecular mechanisms underlying the
detrimental effects of MgO-NPs on the growth and viability of the model yeast Saccharomyces
cerevisiae. Our findings demonstrate that as the concentration of MgO-NPs increases, it leads to a dose-
dependent reduction in the growth and viability of the yeast cells. We further investigated the underlying
mechanisms of MgO-NP toxicity and found that it causes damage to the cell membrane, which in turn
triggers an endoplasmic reticulum (ER) stress response. The response to ER stress involves an increase in
the expression of genes that play a role in protein folding, maintaining protein quality, and removing
misfolded proteins via ER-associated degradation (ERAD). In response to treatment with MgO-NPs, we
observed the activation of the cell wall integrity (CWI) pathway, it caused the activation of chitin
production genes and an increase in the amount of chitin in the cells. These findings highlight the
multifaceted detrimental nature of MgO-NPs, which involve the interplay of various molecular networks
and signaling pathways.

1. Introduction

Nanotechnology is a rapidly growing field which deals with the design, synthesis, characterization, and
manipulation of materials at the nanoscale (1-100 nm). The distinct physical, chemical, and biological
features of nanomaterials make them attractive for various applications, including in medicine,
electronics, cosmetics, energy, and food industries. Despite the numerous advantages of nanomaterials,
their impending detrimental consequences on human health and the environment, have raised concerns
over the years. Therefore, it is essential to investigate the toxicity of nanomaterials to understand their
potential risks and develop appropriate safety measures.

Nanoparticles (NPs) have become ubiquitous in modern technology and are widely used in various
industrial, commercial, drug delivery, and other biomedical applications including their use in bioimaging,
biosensors, drug delivery, and as antioxidants, with potential benefits for disease detection, treatment,
and prevention due to their unique physicochemical properties (Vance et al. 2015; Namdari et al. 2017; Li
et al. 2021; Abd et al. 2019). These materials have unique properties that allow them to interact with
biomolecules, including components of the purinergic signaling system, which is an important transmitter
system that uses purine nucleotides and nucleosides as chemical messengers. The interactions between
nanomaterials and purinergic signaling components are not fully understood, but they can directly affect
purinergic receptors, alter gene expression, activate inflammatory processes, and induce cell death
(Ficerman et al. 2022). Graphene materials have potential for antibacterial, antiviral and antifungal
applications due to their ability to control both Gram-positive and Gram-negative bacteria through
oxidative stress, mechanical damage, wrapping, and electron transfer mechanisms. These nanomaterials
exhibit profound antibacterial properties (Seifi and Kamali 2021). Magnesium oxide nanoparticles (MgO-
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NPs) are one of the most extensively used NPs due to their high biocompatibility, low toxicity, and
antimicrobial properties (Ahamad et al. 2023; Zhu et al. 2020). They have been used in various
biomedical applications, including drug delivery, wound healing, and cancer therapy (Di et al. 2012;
Nandbhini et al. 2023; Pugazhendhi et al. 2019). Nevertheless, mounting evidence suggests that MgO-NPs
can also pose significant risks to human health and the environment (Saravanakumar and Wang 2019;
Mahmoud et al. 2016). Several studies have reported that MgO-NPs induce cytotoxicity, genotoxicity, and
oxidative stress in various living cells, including human cells, animal cells, and microbial cells (Alavi et al.
2022; Amina et al. 2020). Saccharomyces cerevisiae, commonly known as baker's yeast, is a widely used
model organism in various fields of research due to its genetic tractability, rapid growth, and ease of
handling (Babele et al. 2018; Hanson 2018). Yeast cells are known to be sensitive to various
environmental stressors, including NPs (Bao et al. 2015; Azad et al. 2014, Gola et al. 2015; Babele et al.
2018). Many fundamental cellular processes and molecular pathways, including cell wall integrity, protein
folding, lipid metabolism, and stress response, are conserved across different organisms, including yeast
and humans. By investigating the effects of nanoparticles on these conserved processes in yeast, we can
gain insights into potential mechanisms of toxicity that may also be relevant in human cells. Therefore,
studying the effects of MgO-NPs on yeast cells can provide valuable insights into the mechanisms
underlying their cytotoxicity and potential risks to human health and the environment. Several studies
have investigated the effects of NPs on yeast cells and identified some mechanisms underlying their
toxicity. For instance, a study on investigates the potential destructive effects of zinc oxide nanoparticles
on human cardiomyocytes has been carried out by Li and co-workers (Li et al. 2020). They investigated
the harmful impact of zinc oxide nanoparticles on human cardiomyocytes and determine the mechanism
behind these adverse effects, utilizing hiPSC-CMs as an in vitro model. The study on nanodiamond
toxicity on the white rot fungus Phanerochaete chrysosporium was carried out, where results suggest that
nanodiamond cause low toxicity and no effect on biomass gain or culture medium pH, but inhibition of
certain decomposition activities at high concentrations due to oxidative stress (Ma et al. 2020).

Another study has been carried out to investigated the toxicity of different sizes and surface
coatings/charges of silver nanoparticles on a fungal model, Saccharomyces cerevisiaeBY4741. The
results showed that the toxicity of silver nanoparticles was dependent on size and charge, and the
coating influenced the mechanism of toxicity (Kasemets et al. 2019). Cellular membranes, including the
plasma membrane and cell wall, are the first targets of NPs upon cell entry, and damage to these
structures can lead to cellular dysfunction and death (Palocci et al. 2017). The cell wall, which is
constituted B-glucans, chitin, and mannoproteins, plays an important role in maintaining cell shape,
protecting the cell from osmotic stress, and regulating cellular processes such as cell division and
differentiation (Lesage and Bussey 2006; Aguilar-Uscanga and Francois 2003). Endoplasmic reticulum
(ER) stress response, which is triggered by various stressors such as unfolded proteins, oxidative stress,
and calcium imbalance, is an essential mechanism for maintaining ER homeostasis and cell survival
(Cao and Kaufman 2014).

The precise mechanisms underlying the interplay between cell wall damage and ER stress response
triggered by MgO-NPs in yeast cells remain largely unknown. Understanding these mechanisms can
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provide valuable insights into the potential risks associated with MgO-NPs and help develop effective
strategies to mitigate their harmful effects. The goal of this study was to clarify the intricate crosstalk
between multidimensional molecular networks underlying the complex cellular impairment triggered by
MgO-NPs in S. cerevisiae. Therefore, we aimed to investigate the impact of magnesium oxide
nanoparticles (MgO-NPs) on Saccharomyces cerevisiae, specifically on cell wall integrity, ER stress
response, and cellular functions. The study intended to understand the mechanisms by which MgO-NPs
may cause cellular damage and affect yeast viability.

2. Materials and methods
2.1 Synthesis and Characterization of MgO-NPs

The synthesis of MgO-NPs was carried out by co-precipitation method, where magnesium sulphate
(MgSO0,) has been used a precursor salt. 0.5M MgS0, in 100ml distilled water has been made. The
solution was kept under stirring condition for 30 minutes, 0.5M sodium hydroxide (NaOH) has been used
as a reducing agent. NaOH has been added to the solution drop by drop under constant stirring, the white
precipitation due to the reduction of salt has been formed. Subsequently, the solution was filtered and
washed with methanol twice. The pellet was dried in hot air oven at 100°C for 2 h (Hornak 2021). The
powdered nanoparticles were then collected and stored in airtight tube at room temperature. The as
synthesized nanoparticles were characterized through scanning electron microscopy for their
morphology. The elemental mapping to confirm the composition and distribution of the nanoparticle was
carried out by Energy Dispersive X-ray (EDX) analysis. To check the bioavailability of MgO-NPs in water,
the aggregation and sedimentation have been studied by UV-Vis spectroscopy. The desired concentration
of MgO-NPs has been prepared by mixing the nanoparticle in DI water and the UV-Vis spectra were
recorded by nanodrop at Oh and 3h time points where, the nanoparticle was subjected under constant
shaking in incubator shaker.

2.2 Saccharomyces cerevisiae Strains, Growth Conditions,
and Media

Table S1 contains a list of the Saccharomyces cerevisiae strains utilized in this study. The strains were
maintained in YPD (1% Yeast extract, 2% Mycological-peptone and 2% Dextrose) and transformed strain
with Atg8 plasmid was maintained in synthetic dropout media. The exponentially growing phase of the
cells were obtained by incubating them at 30°C till the OD600 reaches ~1.0.

2.3 MgO-NPs Treatment on Yeast Cells

Saccharomyces cerevisiae cells growing in log phase (OD600 = ~1.0) were harvested (4000 rpm, 2
minutes), and washed twice with DI water. The cells were then suspended in DI water with variable
concentration of MgO-NPs (0, 2, 4, 6 and 8 mg/ml), set one with 0 concentration of nanoparticle was
considered as control. The treatment exposure has been given for 3h at 30°C in an incubator shaker
under constant shaking at 200 rpm. The toxic effect of MgO-NPs on yeast cells were analyzed by spot
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test assay and colony forming units (CFU) test as described by Sousa and coworkers, with anticipated
reformations (Sousa et al. 2018).

2.4 Measurement of Cell Viability and Reactive Oxygen
Species

The effect of MgO-NPs on yeast cell has been explored by appraising the viability of cells. The
exponentially growing cells were incubated in DI water without (control) and with MgO-NPs at 30°C for 3h
in an incubator shaker at 180 rpm. The cells were then plated over YPD agar media and the number of
colonies were counted to calculate the percent growth by dividing each group with the control group
(without treatment). To reckon the yeast cell death, we performed propidium iodide (PI) staining method.
After 3h of treatment with MgO-NPs, the cells were harvested and suspended in phosphate buffer saline
(PBS) buffer (pH 7.5) with 20 pg/ml PI (prepared in PBS buffer) for 5 min. Under a fluorescent
microscope (ZEISS ApoTome) equipped with an RFP filter set, the stained cells were viewed.

The measurement of intracellular reactive oxygen species (ROS) was measured by oxidant sensing
fluorescent probe 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA). This is a dye that can permeate
through cell membranes and is nonpolar. Inside the cell, it is modified by esterases to form a polar
derivative called DCFH, which is not fluorescent. When intracellular ROS oxidize the DCFH, it is converted
to a highly fluorescent form called 2,7-dichlorofluorescein (DCF). The detection of ROS was checked by
keeping the wild type yeast cells under untreated and treated condition as described concentrations of
NPs and then incubated with 10 uM DCFH-DA for 30 minutes. The cells were washed twice with chilled
PBS and then observed under fluorescence microscope with GFP filter.

2.5 Cell Wall Staining, Measurement of Chitin and Lipid
Droplets (LDs)

Cell wall is the primary layer through which any foreign particle interacts to enter the cell, therefore the
first pathway that could be triggered is cell wall integrity (CWI) pathway. In the yeast the cell wall integrity
pathway is activated when sensors on plasma membrane senses the stress and transmit the signal to
SIt2 (Mpk1) MAP kinase. The activation of SIt2 indicates the instigation of CWI pathway (Gola et al.
2015; Babele et al. 2018). The cell tries to rescue itself from the stress by upregulating the chitin
synthesis to make the cell wall more integrated, therefore to identify the cell wall stress we checked the
expression of chitin under treated and untreated conditions.

The investigation of MgO-NPs on expression of cell wall synthesis genes such as CHS7, CHS3, and CHS5,
cells were treated with variable concentration of nanoparticle in treated and untreated conditions for 3h
and harvested for RNA extraction. The chitin measurement was done by imperiling the yeast cells for
staining with 20 pg mI~ " Calcofluor White (CFW) for 5 minutes and then washed thrice with PBS. The
cells were then visualized by fluorescence microscope with DAPI filter (excitation A: 325 nm, emission A:
435 nm).
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To check the intracellular LDs content, yeast cells were harvested and washed twice with DI water and
then resuspended in PBS buffer. The cells were then stained with 10 pg mI~" Bodipy for 5 min. After
staining the cells were washed twice with PBS buffer and then envisaged under fluorescence microscope
with FITC (Bodipy; excitation A: 488 nm, emission A: 520 nm) filter set (Qiu and Simon 2016).

2.6 Instrumental Analysis
2.6.1 Fluorescence Microscopic

The effect of MgO-NPs on the yeast strains have been tested by inoculating single colony of wild type
and transformed strains into 5ml YPD media and incubated at 30°C in an incubator shaker. Successive
day the cells were inoculated to fresh YPD medium at 0.2 OD600nm and cultured till the exponential
phase has been reached. The cells were then harvested and washed twice with DI water. The subsequent
treatment with and without (control) MgO-NPs (4mg/ml) in DI water has been given for 3h in an incubator
shaker at 200rpm. The treated and untreated cells were visualized under fluorescence microscope with
appropriate excitation and emission range. The experiment was conducted using a 63x oil immersion
objective lens on a ZEISS ApoTome.2 fluorescence microscope. The images were captured and then
processed using the ZEN-2012 (Blue Edition) apotome software.

2.6.2 PCR and Western blotting analysis

To perform gene expression analysis, 1ug of DNA-free RNA was used to reverse transcribe into cDNA
through iScript cDNA Synthesis Kit (Bio-Rad, India). The PCR reactions were carried out using respective
primers. The transcription levels were compared against the expression level of actin (ACT). The data of
expression level of PCR product was visualized by ImageQuant™ LAS 4000 mini (GE Healthcare Life
Sciences).

To perform western blotting analysis, the wild type yeast cells (BY4743) were subjected to treatment and
control with selected doses (0, 2, 4, 6, and 8 mg/ml) of MgO-NPs, for 3h at 24°C. The extraction of total
protein was performed by previously described methods of our laboratory (Golla et al. 2016). The
antibody phospho-Sit2 (p44/42) was used for analyzing CWI pathway. To check the epigenetics
alteration caused by nanoparticle toxicity have been evaluated by checking histone modifications, where
antibodies named H3K4me2 (Abcam, 8895), H3K4me3 (Abcam,32356), H3K56Ac (Sigma, SAB4200328),
H3K23Ac (Abcam, 46982) and H3K9Ac (Abcam 69830) were used. Anti-Tbp was taken as a loading
control. IRDye® 800CW Goat anti-Rabbit IgG (1:15000) was used as secondary antibody. Odyssey
infrared-imager (LI-COR biosciences) was used to scan the blots for protein detection.

2.7 Statistical Validation

The experiments were performed in triplicate, and the reported values represent the average and standard
deviation of three replicates. Significant differences between the treatments were determined using one-
way ANOVA (P < 0.05). The statistical analysis was performed in MS office excel.

Page 6/24



3. Results
3.1 Characterization of the Synthesized MgO Nanoparticles

The nanoparticles were synthesized through chemical reduction method and the characterization of the
morphology has been done through SEM. The mechanism of the chemical reduction method involves the
reduction of metal ions in a solution by a reducing agent to form nanoparticles. In this case, the
magnesium ions were reduced by a reducing agent. The cylindrical shape of the nanoparticles is due to
the specific reaction conditions, such as the concentration of reducing agent (0.5M), pH (12), temperature
(60°C), and reaction time (30 min). The characterization of the nanoparticles using SEM suggests that
they have a narrow size distribution with an average size of 64.95 nm (Fig S1 A, B). The elemental
analysis using Energy Dispersive X-ray Spectroscopy (EDS) confirms the presence of Mg and O in the
synthesized nanoparticles. The elemental analysis confirms the formation of purified nanoparticles
containing 32.7% Mg and 67.2% O (Fig S1C). The sedimentation and aggregation analysis of MgO-NPs
were performed in DI water at the incubation of Oh and 3h and then analyzed by UV-Vis spectroscopy
(Thermo Scientifc, NanoDrop 8000) (Fig S1D). The peaks of nanoparticles at variable concentration were
significant to each other that indicates that the nanoparticles were effusively disseminated throughout
the incubation time without aggregation or sedimentation.

3.2 Concentration Dependent Toxicity of MgO-NPs on
Saccharomyces cerevisiae

To identify the inhibitory effect of MgO-NPs on the growth of yeast (BY4743), the cells were treated with
nanoparticles (0, 2, 4, 6, and 8 mg/ml) and spot test and CFU were carried out. The findings of the
experiment suggest that the growth of yeast cells (BY4743) is inhibited by MgO-NPs in a dose-dependent
manner. At lower concentrations of 2 mg/ml, the inhibitory effect was minimal, while at higher
concentrations (6 and 8 mg/ml), the inhibition was more than 50%, indicating a radical diminution in the
growth of yeast cells (mg = ~ 33% and 8mg ~ 29% cell survival) (Fig. 1). To understand the mechanism
of this inhibitory effect, we utilized propidium iodide (PI) staining to evaluate damage of cell membrane
damage. The use of Pl is predicated on the fact that it cannot penetrate live cells but can stain dead cells,
thereby indicating the impact of MgO-NPs on damage of cell membrane. The fluorescence microscopy
images showed a consistent increase in Pl-positive dead cells at increasing concentrations of MgO-NPs,
compared to the untreated control cells (Fig S2).

3.3 MgO-NPs Trigger the Accumulation of Intracellular ROS
and Cause Cell Wall Perturbation

Chitin is a crucial component of the fungal cell wall, and its synthesis is tightly regulated by various
genes. Under stress conditions, such as those induced by exposure to MgO-NPs, the fungal cell wall is
subjected to perturbation and damage. To cope with this damage, the cell increases the synthesis of
chitin, which acts as a reinforcing agent and helps in maintaining the structural integrity of the cell wall.
The cell under stress condition increases the synthesis of chitin to rescue itself from cell wall damage.
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Therefore, identifying the level of chitin could be the indictor of cell wall perturbation. Consequently, study
here investigated the impact of magnesium oxide nanoparticles (MgO-NPs) on the cell wall perturbation
and chitin synthesis in cells. We examined the chitin content in the control and treated cells and stained
with CFW, the visualization after staining indicates that the untreated cells have uniformed chitin layer
over the cell surface, whereas under stress condition (treatment with MgO-NPs) caused the increased
level of chitin in the cell (Fig. 2a). The gene expression analysis demonstrates that under stress
conditions induced by MgO-NPs, there is an upregulation of expression of chitin synthesis genes (CHS7,
CHS3, and CHS5), resulting in increased chitin content in the cell (Fig. 2b, c). The upregulation of chitin
synthesis genes, such as CHS7, CHS3, and CHS?5, is likely responsible for the increased chitin content in
the cell. These genes are known to play important roles in chitin synthesis and are essential for
maintaining the structural integrity of the fungal cell wall. CHST7 is involved in the synthesis of chitin
microfibrils, which are essential for the integrity of the cell wall. CHS3 is responsible for the synthesis of
chitin at the septum, which is essential for cytokinesis, while CHS5 is involved in the synthesis of chitin in
the cell wall. These genes have been selected for their expression analysis as they are crucial for the
synthesis of chitin and the maintenance of cell wall integrity. Few other reports on cell wall stress also
indicates that the chitin level increases under stress conditions (Bulik et al. 2003; Ribeiro et al. 2021;
Babele et al. 2018).

Further we also analyzed the ROS accumulation, in few cases the toxicity of nanoparticles in not ROS
dependent but generally the cells have high ROS content under elevated stress ailments. It is known that
ROS play a role in a number of biological activities, including cell signaling, apoptosis, and stress
responses. The treated and untreated cells were stained with DCFH-DA and visualized under microscopy.
In this study, the staining of cells with DCFH-DA revealed that the ROS accumulation is dose-dependent,
with higher concentrations of MgO-NPs resulting in increased ROS production in the cells (Fig S3).

3.4 MgO-NPs Impaired the Function of Mitochondria, Alters
Lipid Metabolism, Endoplasmic Reticulum, Cause Lipid
Droplet Formation and Induce Autophagy

The effect of MgO-NPs on lipid metabolism have been examined by utilizing genomically tagged
molecular markers of Fas1 (mcherry) and Fas2 (GFP). In the case of normal cells (untreated) the diffused
cytosolic distribution of Fas1 and Fas2 protein was observed while they get accumulated and formed
foci under treatment condition (MgO-NPs exposure) (Fig. 3a, b).

Protein folding is a crucial process that occurs within the ER of eukaryotic cells. Proteins that are
misfolded or incorrectly folded can lead to cause a distress to the cell. Hsp104 is a protein that belongs to
the Hsp100 family, which is involved in protein folding, disaggregation, and quality control in the cell.
Hsp104 has been chosen to check ER protein folding because it has been shown to be involved in the
disaggregation of misfolded proteins in yeast. In normal cells, the Hsp104-GFP protein is distributed
homogeneously throughout the ER, indicating proper protein folding. However, in treated cells, the
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Hsp104-GFP protein is distributed in a punctuated manner, suggesting that protein folding is impaired
(Fig. 3c). As a result, punctuated distribution of Hsp104 in treated cells suggests impaired protein folding,
highlighting the importance of Hsp104 and other ER chaperones in maintaining protein homeostasis in
the cell.

The ER is a complex organelle responsible for many essential cellular functions, including protein
synthesis, folding, and trafficking. The ER can be divided into two main regions: the nuclear envelope-
associated ER and the peripheral ER, which is located near the plasma membrane. The structure and
organization of the ER are critical for its proper function, and any disruption to the ER structure can have
severe consequences for the cell. To examine the structure of the ER, we have used a transformed yeast
strain with ss-dsRed-HDEL, which is a marker of the nuclear and cortical ER junction. The results showed
that in untreated cells, the dsRed-HDEL marker was localized in the peripheral ER near the plasma
membrane and the nuclear envelope, which is consistent with the known distribution of ER in yeast cells
(Fig. 3e). However, in cells treated with MgO-NP, the dsRed-HDEL localization was disturbed, and
perturbations in the ER periphery were observed. This suggests that MgO-NP treatment disrupts the
organization of the ER, potentially leading to functional deficits.

To investigate the effect of MgO-NPs on mitochondrial structure and function, Psd1 was chosen because
it is directly involved in the biosynthesis of phospholipids, which are critical components of mitochondrial
membranes. The disruption of Psd1 activity indicates that the integrity of mitochondrial membranes is
compromised, which could result in impaired mitochondrial function. When we used transformed strain
tagged with Psd1 under treated and untreated conditions we observed disrupted structure in the
fluorescence microscopy images, which suggests that MgO-NPs cause mitochondrial stress by inducing
oxidative damage to mitochondrial membranes (Fig. 3d). This damage may lead to the disruption of
Psd1 activity and ultimately, the impairment of mitochondrial function.

The ERMES complex is a critical structure that connects the ER and mitochondria. We used genomically
tagged Mdm34-GFP to observe cellular organization of ER and mitochondria. The results indicated the
distribution of Mdm34-GFP in untreated and treated cells. In untreated cells, the localization of Mdm34-
GFP was uniform, indicating the presence of a stable ERMES complex. However, in treated cells, the
distribution of Mdm34-GFP was scattered, suggesting an alteration in the ERMES complex (Fig. 3f).

To further confirm, we also examined the activation of unfolded protein response (UPR) pathway. ER is a
repository of various nascent polypeptides, they are properly folded and provided structural and
functional attributes. We analyzed the splicing of HAC7T mRNA which act as an indicator of UPR
activation due to ER stress.

We have analyzed the expression of HACT, PSD1, IRE 1, KAR2 (Fig. 4c) and other stress related genes
(FigS4). It seems that high concentration is inhibiting the activation of UPR (Fig. 4). The induction in the
expression of /RET and PSD1 gene while nanoparticle treatment also indicates the activation of UPR, that
cause ER stress and mitochondrial disfunction (Fig. 4c). The results showed that untreated cells also

show basal level of splicing and at higher concentration (6mg/ml) dose, the cells activate the UPR
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pathway to rescue themselves from stress but increasing the dose more doesn’t show any salvaging
mechanism to overcome ER stress. With all these results it can be affirmed that MgO-NPs are affecting
lipid homeostasis, alters mitochondrial function and cause ER stress.

Lipid droplets are intracellular compartments that are used for storing neutral lipid essential for stable
metabolism of lipid and energy homeostasis (Yu et al. 2015). As we observed ER stress due to
nanoparticle toxicity, we tried to determine whether it is inducing the LD formation and autophagy. The
detection of LD formation was done by staining the untreated and treated cells with Bodipy, the untreated
conditions few LDs were formed, while in case of treatment large number of LDs accumulation has been
seen (Fig. 4a). The intensity of fluorescence has been increased with increased LDs formation at high
stress condition. The possible mechanism by which nanoparticles are inducing LD accumulation could
be cell wall damage. The previous data suggests that due to cell wall damage, ER stress and UPR
response have been activated, also, ER stress is a known activator of LDs accumulation (Jacquier et al.
2011). Therefore, we suggest that accumulation of LDs is concomitant to the nanoparticles stress on cell
wall. Other than that ROS accumulation could also be accompanying the LDs formation, as the MgO-NPs
toxicity is also triggering ROS formation, consequently it may also play a role in LDs formation
(Yilancioglu et al. 2014).

To evaluate the induction of autophagy due to nanotoxicity we used GFP-tagged Atg8 construct and
transformed into the wild type cells of yeast. The Atg8 protein functions as cargo recognition and then
recruited to autophagosomes (Lee and Lee 2016; Du et al. 2023). When transformed cells were subjected
to MgO-NPs treatment and visualized under microscopy, we observed high fluorescence intensity that
indicates the distribution of GFP-tagged Atg8 in the cell, while the less fluorescence intensity in the
untreated cells indicate that only basal level of autophagy is proceeding in the cells (Fig. 4b). The
increase in GFP-tagged Atg8 fluorescence intensity in treated yeast cells compared to untreated cells
could indicate an upregulation of autophagy in response to MgO-NP treatment. In response to cellular
stress, such as oxidative damage or ER stress caused by MgO-NP treatment, cells may upregulate
autophagy to remove damaged or toxic components and promote cell survival. Atg8 is a protein that is
involved in the formation of autophagosomes, which are double-membrane vesicles that engulf cellular
components for degradation. When autophagy is induced, Atg8 is recruited to the autophagosomal
membrane and becomes incorporated into the membrane structure. By tagging Atg8 with GFP, we can
visualize the distribution of autophagosomes in cells and monitor changes in autophagy levels.

Therefore, the increase in GFP-tagged Atg8 fluorescence intensity in treated yeast cells compared to
untreated cells suggests that MgO-NP treatment induces an upregulation of autophagy in response to
cellular stress. The cells are attempting to remove damaged or toxic components to maintain cellular
homeostasis and promote cell survival. We also checked the expression level of some genes responsible
for apoptosis like NUCT, YCAT and AIF1. The results suggested that the cell death increases with
increased dose of MgO-NPs (Fig S4 B).
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We have also studied the expression of genes BAG7, SRL3, OYE3, KDX1, and GRX5in yeast stress is
important because these genes are known to play crucial roles of yeast in the response to various
environmental stress condition. The PCR results indicate the significant induction in few of the genes
while increasing the MgO-NPs dose (2, 4mg/ml), while other shows reduction even at low level of dose.
However, there is decline in the expression at higher concentrations (Fig. 5).

3.6 MgO Nanoparticles Cause Oxidative Stress and
Activation of CWI Pathway

To clandestine the exertion of MgO-NPs toxicity on CWI signaling pathway, we examined the null mutants
of CWI pathway. The treatment with nanopatrticles on null mutants displayed significant reduction in
growth of MAPK(SIt2), MEKs (Mkk1/2), RIm1 and MEKK (Bck1) (Fig. 6a). While the effect on Gas1, WscT
and Bck1 null mutant growth was moderate (Fig. 6a, b). The experimental aftermaths that CWI pathway
is important for cells to combat the toxicity of MgO-NPs. Further substantiation of CWI pathway
instigation was carried out by checking the activation of CWI SIt2 (MAP kinase). The immunoblotting
results indicates that with increasing the dose of nanoparticles, the phosphorylation level of SlIt2
increases as compared to the level of untreated cells (Fig. 6¢). As ROS accumulation is also causing the
increased oxidative stress, we further examined the expression level of some oxidative stress responsive
genes like SOD1, GSH1, CTT1. The superoxide dismutase removes the O:—, to provide the defense
against oxidative damage, therefore we observed overexpression of SOD7 under treatment conditions (Fig
S4 A). Similarly, CTT1 also protects the cell from hydrogen peroxide cause oxidative damage, but the
expression level analysis of CTT7 shows that the under certain level of dose i.e., 2 mg/ml the
upregulation of the expression have been observed but increasing the dose from 4-6mg/ml the
expression level falls (Fig S4 A). We have also checked the level of glutathione to validate the oxidative
stress level on yeast and the expression level of GSH7, GSHZ falls that indicates that MgO-NPs are
causing oxidative stress to the cells (Fig S4 A).

3.7 MgO-NPs Effect on Epigenetic Marks

The epigenetics targets of MgO-NPs have been identified by treating wild type and histone mutant strains
of yeast with variable concentration of nanoparticles (Fig. 7). The cell cytotoxicity assay performed on
histone H3 and H4 mutants indicate that few selected strains (H3R69K, H3K122A, H3K122R and
H4S47D) are sensitive to MgO nanoparticle. The results of the study showed that only certain strains of
yeast with specific mutations in the histone genes were sensitive to MgO nanoparticles. This suggests
that the presence of lysine, arginine, and serine residues in H3 and H4 histone proteins at particular
positions are crucial for cell survival under MgO-NPs stress. These residues are known to be involved in
the binding of histones to DNA and other proteins, and their alteration could affect the structure and
function of chromatin, leading to cell death (Fig. 7c).

To further evaluate the effect of MgO-NPs on histones we analyzed the post translational modifications
(PTMs) like H3K56Ac, H3K4me, H3K9Ac, H3K23Ac by immunoblotting. The study also revealed that MgO
nanoparticles induce changes in the PTMs of histone proteins, particularly in the case of H3K4me, where

Page 11/24



the high dose of nanoparticles enhanced the methylation level. H3K4me is a histone modification that is
associated with active gene expression, and its alteration could affect the regulation of gene expression
and other cellular processes (Fig S5).

4. Discussion

The present study investigated the effect of MgO-NPs on the growth and viability of yeast cells (BY4743).
The results indicate that increasing the concentration of nanoparticles above 2 mg/ml leads to a
significant reduction in the growth and viability of yeast cells. The reduction in cell survivability was dose-
dependent, and at higher concentrations (6 and 8 mg/ml), it caused a radical diminution in the growth of
yeast cells. These findings suggest that MgO-NPs have a potent inhibitory effect on the growth and
viability of yeast cells. The results of both CFU and spot test assays were consistent, and they
established a dose-dependent reduction in the growth and viability of yeast cells. To further investigate
the mechanism of growth inhibition, we assessed the effect of MgO-NPs on cell membrane integrity by
exposing the cells to propidium iodide (PI) staining. The images of fluorescence microscopy indicated
that the increase in concentration of nanoparticle resulted in a constant increase in Pl positive dead cells
as compared to untreated cells. These findings suggest that MgO-NPs cause cell membrane damage in
yeast cells, leading to cell death. Chitin is one of the major polysaccharide elements of yeast cell wall,
that provides mechanical strength and stability and make the cell wall rigid for foreign particles (Babele
et al. 2018). Therefore, we examined cell wall perturbation and the subsequent increase in chitin content
in cells. The results indicated that MgO-NPs triggered the accumulation of intracellular ROS and caused
cell wall perturbation, which in turn led to the upregulation of chitin synthesis genes and increased chitin
content in cells. The visualization of chitin content using CFW staining confirmed that untreated cells
have a uniform chitin layer over the cell surface, whereas stress conditions caused an increase in chitin
content in cells. This observation was further corroborated by the upregulation of chitin synthesis genes
(CHS1, CHS3, and CHS5) in response to MgO-NP treatment. These results provide evidence for the link
between cell wall perturbation, chitin synthesis, and ROS accumulation in cells treated with MgO-NPs.
These findings are correlates with the previous reports on stress tolerance mechanisms on yeast. (Ribeiro
et al. 2021; Babele et al. 2018).

Fatty acid synthesis involves the action of enzymes such as fas1 and fas2 that elongate carbon chains
to produce saturated palmitic and stearic acids. These fatty acids undergo further modification in the
endoplasmic reticulum through the activity of the enzyme fatty acid desaturase, which converts them into
monounsaturated fatty acids like palmitoleic and oleic acids. The results of the current study shows that
MgO-NPs cause the accumulation of Fas1 and Fas2 protein, which are involved in fatty acid synthesis,
and disrupt their normal cytosolic distribution. The presence of foci formed by fas1 and fas2 throughout
the cytosol is a sign of disrupted lipid homeostasis. The creation of saturated fatty acids like palmitic
acid and an increase in fatty acid synthase activity may be the root of this disruption. These processes
may also result in an excess of reactive oxygen species and lipotoxicity, which may eventually result in
cell wall destruction. The ER is crucial for cellular lipid production, redox homeostasis, and protein

folding. The UPR is a signaling pathway within cells gets activated when there is an excess of misfolded
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proteins. It plays a role in regulating lipid levels in eukaryotes. In addition to the UPR, a heat shock
response (HSR) is triggered when misfolded or denatured proteins accumulate in the cytoplasm and do
not enter the secretory pathway. This is known as the cytosolic UPR, as described by (Hou et al. in 2014).
The accumulation and expression of heat shock proteins, such as Hsp104-GFP, is commonly used as a
way to identify the presence of cytosolic misfolded protein aggregates.

MgO-NP treatment also leads to a perturbation in the peripheral ER and punctuated distribution of
Hsp104 protein, indicating that the proper folding of proteins in ER is disrupted. Additionally, the structure
of the mitochondria is disrupted, and the Psd1 enzyme involved in lipid biosynthesis is affected. The
study further suggests that MgO-NPs may cause changes in the ERMES complex, which is responsible
for the transfer of lipids, metabolites, and calcium ions between the ER and mitochondria. The altered
distribution of Mdm34-GFP, a component of the ERMES complex, observed in treated cells suggests that
the ERMES complex is indeed affected by MgO-NP treatment. These disruptions ultimately lead to
cellular stress and activation of the UPR pathway. The UPR pathway is a cellular mechanism that
responds to ER stress by inducing the expression of genes involved in protein folding, quality control, and
degradation. The UPR pathway is regulated by inositol-requiring enzyme 1 (/ER7), which is a
transmembrane kinase and endonuclease. The study showed that the expression of /RE7 and PSD1
genes, involved in the UPR pathway, was induced upon MgO-NP treatment. This indicates that MgO-NPs
are causing ER stress, which in turn activates the UPR pathway. The study also depicted that the splicing
of HACT mRNA, which is an indicator of UPR activation, was increased upon MgO-NP treatment. However,
the increase in splicing was only observed at a moderate concentration of MgO-NPs (6mg/ml), while
higher concentrations did not show any salvaging mechanism to overcome ER stress. This suggests that
MgO-NPs may have a biphasic effect on the UPR pathway, with low to moderate concentrations inducing
UPR activation, while high concentrations inhibiting UPR activation.

The CWI signaling pathway is crucial in defending yeast cells against MgO-NP toxicity. The null mutants
of the CWI pathway showed a significant reduction in growth, indicating that this pathway is essential for
cell viability when nanoparticles are present. The effect of MgO-NPs on Gas1, Wsc1, and Bck1 null
mutant growth was moderate, indicating that these genes may have a less significant role in the response
to nanoparticles. Furthermore, the activation of the CWI SIt2 MAP kinase was found to increase with
increasing doses of MgO-NPs, indicating that the CWI pathway is triggered by the presence of
nanoparticles. This suggests that the pathway is involved in the cellular response to stress caused by
nanoparticles. Additionally, the study examined the expression level of oxidative stress responsive genes
like SOD1, GSH1, and CTT1. SOD1 encodes for superoxide dismutase, an enzyme that helps to protect the
cell from damage caused by ROS. Proteins, lipids, and DNA damage can be caused by ROS, which are
byproducts of normal cellular metabolism. SOD7 helps to neutralize these ROS by converting superoxide
radicals into innocuous hydrogen peroxide. CTT7 encodes for catalase, another enzyme that helps to
protect the cell from ROS. Catalase breaks down hydrogen peroxide into water and oxygen, thus
preventing the accumulation of harmful ROS. In the presence of oxidative stress, such as exposure to
high levels of ROS, the expression of SOD7 and CTTT7 is upregulated in yeast cells. This allows the cells to

better cope with the increased oxidative stress by neutralizing ROS more efficiently.
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The overexpression of SOD7 was observed under treatment conditions, suggesting that the superoxide
dismutase enzyme is involved in removing reactive oxygen species and protecting the cell from oxidative
damage. The expression level of CTT7 showed a biphasic response, with upregulation observed at a dose
of 2mg/ml but a decrease in expression level at higher doses of MgO-NPs. Similarly, the expression level
of GSH17 and GSHZ2 fell, indicating that MgO-NPs are causing oxidative stress to the cells. GSH7 and
GSHZ are two important genes in yeast that encode enzymes involved in the synthesis of glutathione
(GSH), a potent antioxidant that plays a critical role in protecting cells against oxidative stress.

Activation of the CWI pathway and overexpression of SOD7 were observed in response to nanoparticle
treatment, indicating that oxidative stress is involved in the cellular response to nanopatrticles.

A noteworthy observation made during our studies was that the exposure to MgO-NPs resulted in an
augmentation of cellular lipid droplets (LDs). LDs are essential for lipid metabolism and energy
homeostasis, and their accumulation is associated with ER stress and UPR response. In this study, LD
formation was observed in treated cells, indicating that nanoparticles induce ER stress and UPR response,
leading to LD accumulation. Additionally, ROS accumulation could also contribute to LD formation, as
nanoparticles toxicity is known to trigger ROS production. Autophagy is a natural process within cells that
facilitates the breakdown and disposal of various cellular components such as damaged organelles and
protein aggregates. The results presented in this study demonstrate that autophagy is induced in
response to nanoparticle toxicity. The observed increase in GFP-tagged Atg8 distribution indicates an
increase in autophagic activity in treated cells compared to untreated cells. The increased expression of
genes responsible for apoptosis, including NUCT, YCAT, and AIF1, suggests that cell death increases with
increased dose of MgO-NPs. NUCT is a gene that encodes a nuclease enzyme that is responsible for the
degradation of nuclear DNA during apoptosis. The enzyme is activated during the late stages of
apoptosis and breaks down the chromatin into small fragments. YCA7, also known as caspase-activated
DNase, is a gene that encodes a DNase enzyme that is activated by caspases during apoptosis. The
enzyme cleaves DNA into fragments, which are subsequently degraded by other nucleases, including
NUC1. The activation of YCAT is an early event in the apoptotic pathway and is required for the
fragmentation of chromatin and DNA. AIF1, or apoptosis-inducing factor 1, is a gene that encodes a
mitochondrial protein that plays a critical role in apoptosis. A/F7 is released from the mitochondria during
apoptosis and translocate to the nucleus, where it induces chromatin condensation and DNA
fragmentation. The presence of A/F7is a marker for the activation of the mitochondrial pathway of
apoptosis. The induction of apoptosis may occur as a result of oxidative stress and damage to cellular
components, leading to cell death. The influence of various environmental factors on gene expression is
becoming more evident, as they are known to cause changes in covalent histone modifications. These
modifications play a critical role in cell signaling, protein function, and genome maintenance. Our study
aimed to assess the impact of MgO-NPs on the growth of histone mutants. Therefore, we also tested the
epigenetic targets of MgO-NPs using wild type and histone mutant strains of yeast has revealed
interesting findings. The results indicate that certain histone mutations in yeast cells make them more
susceptible to MgO-NPs induced stress, suggesting the importance of specific amino acid residues in

histone proteins in cell survival under nanoparticle stress. Specifically, the presence of lysine, arginine,
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and serine at particular positions in H3 and H4 histone proteins seems to be crucial for cell survival under
MgO-NPs stress. The analysis of post-translational modifications (PTMs) of histone proteins under MgO-
NPs stress has also yielded interesting results. The high dose of MgO-NPs has been found to enhance the
methylation level of H3K4me, which is a known marker for active gene expression. This suggests that
MgO-NPs may affect gene expression by altering the histone methylation levels. The altered PTMs of
histones observed in this study may also have implications for the regulation of other cellular processes
that are mediated by chromatin structure, such as DNA replication, repair, and transcription.

5. Conclusion

The purpose of the study was to investigate the effect of MgO-NPs on the growth and viability of yeast
cells, as well as to explore the mechanisms underlying any observed effects. The study aimed to
determine whether increasing concentrations of MgO-NPs would lead to a reduction in yeast cell growth
and viability and to identify any cellular processes that might be disrupted by MgO-NPs. The main
findings of the study were that the reduction in growth and viability of yeast cells under MgO-NPs
treatment are dose-dependent. The study also found that MgO-NPs caused cell membrane damage,
leading to cell death. Additionally, the study showed that MgO-NPs triggered the accumulation of
intracellular ROS, causing cell wall perturbation, which led to the upregulation of chitin synthesis genes
and increased chitin content in cells. Finally, the study found that MgO-NPs disrupted lipid homeostasis,
leading to the overproduction of reactive oxygen species and lipotoxicity, ultimately causing damage to
the cell wall. Overall, the study provides insight into the potential mechanisms underlying the harmful
effects of MgO-NPs on yeast cells.
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Figure 2

MgO-NPs toxicity cause upregulation in the chitin expression and its synthesis (a)Fluorescence
microscopy image of CFW staining of yeast cells under controlled and 3h treated (4mg/ml) condition
under DAPI filter (b)The gene expression analysis of CHS gene taking ACTIN as a reference (c) Band
intensity of CHS genes measured by Image J. * indicates a significant difference between the untreated
and treated groups (P<0.05).
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Figure 3

MgO-NPs have been found to impact lipid homeostasis, endoplasmic reticulum structure, and
mitochondrial architecture, and trigger a heat shock response. These nanoparticles also affect the
enzymes responsible for lipid biosynthesis. Fluorescence microscopy data (a) Fas1 and (b)Fas2 revealed
that cells exposed to MgO-NPs displayed distinctive puncta or foci, whereas control cells exhibited
homogeneous fluorescence. (¢) The cells treated with MgO-NPs displayed prominent foci of Hsp-104,
indicative of a heat shock response, while untreated cells had homogeneous distribution. (d) Furthermore,
exposure to MgO-NPs resulted in alterations in the organization of mitochondria, as control cells
exhibited mitochondrial localization of Psd1-3Xmcherry foci, whereas MgO-NPs exposed cells displayed
altered localization throughout the cells. () MgO-NPs exposure caused changes in the distribution of ss-
dsRed-HDEL, indicating perturbation in the endoplasmic reticulum architecture. (f) Exposure to MgO-NPs
led to the loss of the ERMES complex, as control cells displayed distinct puncta of Mdm34-GFP with
intense fluorescence, whereas treated cells had homogeneous distribution.
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Figure 4

MgO-NPs induce the formation of lipid droplets, induce autophagy and activates Unfolded Protein
Response (UPR). (a) After Bodipy staining, treated cells showed a higher number of lipid droplets (LDs)
with green fluorescence compared to untreated (control) cells, indicating that MgO -NPs induce the
formation of LDs. (b) MgO-NPs treatment caused the formation of intense foci of Atg8-GFP in cells,
indicating the activation of autophagy, while control cells showed a homogenous distribution of Atg8-
GFP (c) MgO -NPs treatment leads to accumulation of active HAC1 precursor mRNA thus indicates the ER
stress; HACT splicing was tested by PCR (U-unspliced; S-spliced form of HACT)

Note: To make the labelling within the figure, the MgO-NPs has been written as MgO.

Page 21/24



1.2

MgO-NPs (mg/mL)

0 2 4 6 8

5714?#?}—4

Fold Change
FEEFER]

73%%4%

25%7

BAG7 SRL3 OYE3 EKDX1
MgO-NPs Concentration (mg/mL)

B0 22 O4 B6 O8

Figure 5

The expression levels of specific stress-responsive genes (a) The expression has been analyzed using
semi qPCR, ACTIN was used as a reference gene for loading control. (b)The intensity of the bands
obtained from the PCR products was measured using ImageJ software. The results were plotted, and
error bars were added to indicate the standard deviation of the measurements. * indicates a significant
difference between the untreated and treated groups (P<0.05).
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The elimination of CWI pathway proteins is crucial for cell survival under MgO-NPs imposed toxicity. (a)
Wild type (BY4743) and null mutant strains of CWI pathway were subjected to untreated and treated
conditions with MgO-NPs (4mg/ml) and 10-fold serially diluted cells were spread on YPD agar plates. (b)
Similarly, the diluted cells were spotted on YPD agar plate and images were taken through scanner after
48h incubation at 30°C. (¢) Immunoblot results showing activation of SIt2 kinase of CWI pathway where

Anti-Tbp has taken as a loading control.
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Figure 7

Growth inhibition analysis of histone H3 and H4 in the presence of MgO-NPs. (a,b) The exponentially
growing wild type of histone H3 (a)and H4 (b) yeast cells were subjected to treated and untreated
conditions with MgO-NPs in the range of 2mg/ml - 8mg/ml. cells were plated on YPD after 10 fold serial
dilution. (c) Both histone H3 and H4 wild type along with mutants were treated with 4mg/ml MgO-NP and
spotted on YPD plates after 10-fold serial dilution incubated at 30° C and then scanned after 48h.

Note: To make the labelling of all the strains in figure 7c the MgO-NPs has been written as MgO.
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