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Abstract: Intracellular nutrient metabolism, particularly the metabolism of essential amino acids
(EAAs), is crucial for cellular functions, including energy production and redox homeostasis. An EAA
deficiency can lead to cellular dysfunction and oxidative stress. This study explores the mechanisms
underlying cellular responses to EAA starvation, focusing on ROS-induced DNA damage and
apoptosis. MC3T3-E1 cells were subjected to EAA starvation, and various assays were conducted to
assess cell proliferation, survival, DNA damage, and apoptosis. The antioxidant N-acetylcysteine
(NAC) was employed to block ROS formation and mitigate cellular damage. Gene expression and
Western blot analyses were performed to elucidate molecular pathways. EAA starvation-induced
ROS generation, DNA damage, and apoptosis in MC3T3-E1 cells. NAC administration effectively
reduced DNA damage and apoptosis, highlighting the pivotal role of ROS in mediating these cellular
responses during EAA deficiency. This study demonstrates that EAA starvation triggers ROS-
mediated DNA damage and apoptosis, offering insights into the intricate interplay between nutrient
deficiency, oxidative stress, and programmed cell death. NAC emerges as a potential therapeutic
intervention to counteract these adverse effects.
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1. Introduction

Intracellular nutrient metabolism involves intricate biochemical pathways and enzy-
matic reactions that enable cells to obtain, store, and utilize nutrients for energy production,
macromolecule biosynthesis, cellular signaling regulation, and redox homeostasis [1]. One
crucial intracellular nutrient metabolism is that of amino acids; it is crucial for cell sur-
vival and function and is regulated by a complex interplay of cellular and molecular
mechanisms [2].

Protein synthesis is the primary pathway involved in essential amino acid (EAA)
metabolism. There are nine EAAs (histidine, leucine, lysine, methionine, phenylalanine,
isoleucine, threonine, tryptophan, and valine), and cells utilize them to synthesize proteins
that are essential for cellular structure, function, and regulation [3]. Protein synthesis occurs
in cellular organelles called ribosomes. During protein synthesis, amino acids are linked
via peptide bonds in a specific order according to the genetic code carried by the messenger
RNA (mRNA) [4]. The availability of EAAs in the cell is critical for proper protein synthesis
because deficiencies can lead to impaired cellular function and overall health [5].

Moreover, intracellular amino acid metabolism plays a critical role in maintaining cel-
lular redox balance and protecting cells from oxidative damage caused by reactive oxygen
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species (ROS) [6]. ROS are oxygen-containing, chemically reactive molecules that are gener-
ated as natural byproducts of cellular metabolism [7]. They play important roles in various
cellular processes, including cell signaling and the regulation of cellular homeostasis [8].
At low-to-moderate levels, ROS can act as secondary messengers in signaling pathways
and participate in essential cellular functions [9,10]. However, when ROS levels exceed the
antioxidant defense capacity of these cells, oxidative stress is induced [11]. Oxidative stress
can damage proteins, lipids, and the DNA within cells, leading to cellular dysfunction and
potentially even apoptosis [12].

Apoptosis, often referred to as programmed cell death, is a natural process that
regulates the cell population during development and tissue homeostasis [13]. It is a
controlled mechanism that helps remove damaged, infected, or unnecessary cells from the
body. Apoptosis involves a series of well-orchestrated biochemical events that culminate in
the dismantling and removal of cells without releasing toxic or inflammatory contents into
the surrounding tissues [14].

We previously examined cellular changes brought on by EAA deprivation and studied
the inhibition of osteogenic differentiation in murine osteoblasts [15]. However, the precise
effects of EAA deprivation on the interaction between oxidative stress and apoptosis
remain unclear. The primary objective of this study, therefore, was to investigate the
cellular alterations that occur in the absence of EAAs and the underlying mechanisms.
In this study, we employed N-Acetylcysteine (NAC), a versatile drug and supplement
with various clinical applications, to eliminate the effects of ROS. NAC’s uses range from
serving as an antidote to supplementing cellular glutathione oxidants and treating specific
psychiatric disorders. The findings of this study are anticipated to significantly advance
our understanding of how cells respond to EAA deficiencies, seeking to bridge the existing
knowledge and gap surrounding cellular responses to EAA deficiency and gain insights
into the molecular pathways implicated in these cellular changes. The findings of this study
are expected to considerably advance our understanding of how cells respond to EAA
deficiencies and provide valuable information regarding the potential molecular targets
involved in this process.

2. Results
2.1. EAA Starvation Induces Oxidative Stress in MC3T3-E1 Cells

ROS production in MC3T3-E1 cells subjected to EAA starvation (−EAA) was evaluated
after 24, 72, and 120 h of incubation. As shown in Figure 1, the ROS level induced in the
−EAA group was significantly higher than that in the control group (+EAA).

The redox status of cells was assessed using gluthione (GSH) and oxidized glutathione
(GSSG) production levels. In the −EAA group, both GSSG production and the GSSG/GSH
ratio significantly increased.

2.2. EAA Starvation Impairs Cell Viability in MC3T3-E1 Cells

MC3T3-E1 cell proliferation under EAA starvation was assessed after 24, 72, and
120 h of incubation. As shown in Figure 2, DNA replication (BrdU incorporation) was
significantly inhibited in the −EAA group. Moreover, DNA content in MC3T3-E1 cells
subjected to EAA starvation was notably lower than that in the control group. This indicated
a reduction in cell proliferation due to EAA deprivation. Furthermore, the survival rate of
MC3T3-E1 cells was significantly reduced in the EAA-deprived environment.

Additionally, a significant increase in the levels of γH2AX, a marker of DNA damage,
was observed after 24 h of EAA starvation.

2.3. EAA Starvation Induces Apoptosis in MC3T3-E1 Cells

As depicted in Figure 3, the apoptosis rate under the EAA starvation condition signifi-
cantly increased after 24 h of incubation compared with that in the control group.
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Figure 1. Essential amino acid (EAA) starvation induces reactive oxygen species (ROS) in MC3T3-

E1 cells. (A) MC3T3-E1 cells stained the total ROS after incubation for 24, 72, and 120 h and were 

photographed under a fluorescent microscope. (B–D) Total ROS levels at each time point relative to 

those in the +EAA group (control group). (E–G) Levels of reduced glutathione (GSH) and oxidized 

glutathione (GSSG) and their ratio in stimulated MC3T3-E1 cells incubated for 120 h. Scale bars: 100 

μm. A significant increase compared with the control is described by ** p < 0.01, †† p < 0.01. 
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Figure 1. Essential amino acid (EAA) starvation induces reactive oxygen species (ROS) in MC3T3-E1
cells. (A) MC3T3-E1 cells stained the total ROS after incubation for 24, 72, and 120 h and were
photographed under a fluorescent microscope. (B–D) Total ROS levels at each time point relative to
those in the +EAA group (control group). (E–G) Levels of reduced glutathione (GSH) and oxidized
glutathione (GSSG) and their ratio in stimulated MC3T3-E1 cells incubated for 120 h. Scale bars:
100 µm. A significant increase compared with the control is described by ** p < 0.01, †† p < 0.01.
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Figure 2. Essential amino acid (EAA) starvation conditions impair cellular viability and induce DNA 

damage in MC3T3-E1 cells. (A,B) Representative images of immunofluorescence incorporation of 

BrdU into DNA and nuclei staining with DAPI. The number of BrdU-positive cells was quantita-

tively analyzed and is presented as the means ± SD of three independent experiments. (C) The total 

amount of DNA in MC3T3-E1 cells determined after 24, 72, and 120 h of incubation. (D) Cell survival 

rate detected using the MTT assay. For the calculation of relative results, the mean value of absorb-

ance at 0 h for each group was taken as 100%. (E,F) Representative images of DNA damage after 72 

h of incubation of stimulated MC3T3-E1 cells. The mean fluorescence intensity was analyzed using 

ImageJ Ver. 1.53e. Scale bars: 100 μm. A significant increase compared with the control was de-

scribed as ** p < 0.01. A significant decrease compared with the control was described as †† p < 0.01. 
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tion. 

Figure 2. Essential amino acid (EAA) starvation conditions impair cellular viability and induce DNA
damage in MC3T3-E1 cells. (A,B) Representative images of immunofluorescence incorporation of
BrdU into DNA and nuclei staining with DAPI. The number of BrdU-positive cells was quantitatively
analyzed and is presented as the means ± SD of three independent experiments. (C) The total amount
of DNA in MC3T3-E1 cells determined after 24, 72, and 120 h of incubation. (D) Cell survival rate
detected using the MTT assay. For the calculation of relative results, the mean value of absorbance
at 0 h for each group was taken as 100%. (E,F) Representative images of DNA damage after 72 h
of incubation of stimulated MC3T3-E1 cells. The mean fluorescence intensity was analyzed using
ImageJ Ver. 1.53e. Scale bars: 100 µm. A significant increase compared with the control was described
as ** p < 0.01. A significant decrease compared with the control was described as †† p < 0.01.
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Figure 3. Essential amino acid (EAA) starvation induces apoptosis in MC3T3-E1 cells. (A) Repre-
sentative image of MC3T3-E1 cell apoptosis after 24 h of incubation. Cells stained with both annexin 
V and PI were considered apoptosis-positive. (B,C) Representative scatter plots of PI (y-axis) vs. 
annexin V (x-axis). (D–F) Expression of p53, Bax, and caspase-3 detected using real-time PCR and 
Western blotting (Figures S1–S5). Protein extracts from MC3T3-E1 cells were assayed using antibod-
ies against the respective proteins, with β-actin as a loading control. All Western blot samples are 
from the same experiment, and the gels/blots were processed in parallel. Scale bars: 100 µm. A sig-
nificant increase compared with the control was described as * p < 0.05, ** p < 0.01. 

2.4. NAC Administration Inhibits ROS Production 
The effect of NAC on ROS production under glucose starvation was evaluated after 

culturing cells for 24, 72, and 120 h. As shown in Figure 4, ROS production was signifi-
cantly inhibited in all NAC-treated groups (1, 2.5, and 5 mM). The most substantial inhi-
bition was observed at a NAC concentration of 5 mM. 

Furthermore, in the NAC treatment group, both the GSSG production and the 
GSSG/GSH ratio were significantly decreased compared with those in the EAA starvation 
group. 

Figure 3. Essential amino acid (EAA) starvation induces apoptosis in MC3T3-E1 cells. (A) Represen-
tative image of MC3T3-E1 cell apoptosis after 24 h of incubation. Cells stained with both annexin
V and PI were considered apoptosis-positive. (B,C) Representative scatter plots of PI (y-axis) vs.
annexin V (x-axis). (D–F) Expression of p53, Bax, and caspase-3 detected using real-time PCR and
Western blotting (Figures S1–S5). Protein extracts from MC3T3-E1 cells were assayed using antibodies
against the respective proteins, with β-actin as a loading control. All Western blot samples are from
the same experiment, and the gels/blots were processed in parallel. Scale bars: 100 µm. A significant
increase compared with the control was described as * p < 0.05, ** p < 0.01.

Moreover, the gene expression levels of p53 and Bax increased significantly under
EAA starvation after 24, 72, and 120 h of incubation, and the protein expression levels of
p53, Bax, and cleaved caspase-3 increased significantly after 24, 72, and 120 h of incubation.

2.4. NAC Administration Inhibits ROS Production

The effect of NAC on ROS production under glucose starvation was evaluated after
culturing cells for 24, 72, and 120 h. As shown in Figure 4, ROS production was significantly
inhibited in all NAC-treated groups (1, 2.5, and 5 mM). The most substantial inhibition was
observed at a NAC concentration of 5 mM.
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Figure 4. Effect of N-acetyl-L-cysteine (NAC) on reactive oxygen species (ROS) production under
essential amino acid (EAA) starvation. (A) Representative images of total ROS production in MC3T3-
E1 cells stained and photographed after the addition of 1 mM, 2.5 mM, and 5 mM of NAC and
incubation for 24, 72, and 120 h. (B–D) Total ROS levels at each time point with 1 mM, 2.5 mM, and
5 mM of NAC were measured and modified relative to the +EAA group (control group). (E–G) Levels
of reduced glutathione (GSH) and oxidized glutathione (GSSG) and their ratio in stimulated MC3T3-
E1 cells after incubation with NAC for 120 h. Scale bars: 100 µm. A significant increase compared
with the control was described as ** p < 0.01. A significant decrease compared with the −EAA group
was described as † p < 0.05, †† p < 0.01.

Furthermore, in the NAC treatment group, both the GSSG production and the GSSG/GSH
ratio were significantly decreased compared with those in the EAA starvation group.

2.5. NAC Administration Rescues Cell Viability under EAA Starvation

MC3T3-E1 cell proliferation and survival were also measured under EAA starvation
conditions. As shown in Figure 5, a significant rescue of cell proliferation and survival by
an NAC concentration of 5 mM was observed.

In addition, NAC administration significantly inhibited γH2AX expression under
EAA starvation after 24 h of incubation.

2.6. NAC Application Inhibits Apoptosis and Apoptosis-Related Gene Expression in MC3T3-E1
Cells under EAA Starvation

Figure 6 presents the effects of NAC application under EAA starvation on apoptosis
in MC3T3-E1 cells, which were determined using FACS and immunofluorescence staining.
A significant reduction in the apoptotic rate of MC3T3-E1 cells in the NAC-treated groups
was observed after 24 h of incubation.

Furthermore, NAC administration significantly reduced the EAA starvation-
induced increase in p53 and Bax expression at all time points. Moreover, the protein
expression levels of p53, Bax, and cleaved caspase-3 were significantly decreased after
24, 72, and 120 h of incubation in the NAC-treated group compared with those in the
−EAA group.
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Figure 5. N-acetyl-L-cysteine (NAC) rescues cellular viability and reduces DNA damage in MC3T3-
E1 cells under essential amino acid (EAA) starvation. (A,B) Representative immunofluorescence
images of BrdU incorporated into DNA after the administration of 5 mM of NAC. The quantitative
analysis of data is presented as the means ± SD, as described before. (C) The total amount of DNA in
MC3T3-E1 cells after NAC addition was determined after 24, 72, and 120 h of incubation. (D) Cell
survival was assayed after NAC addition. The relative results are presented as described before.
(E,F) Representative image of DNA damage after 72 h of incubation following NAC addition in
MC3T3-E1. The mean fluorescence intensity of the image was analyzed using ImageJ. Scale bars:
100 µm. A significant increase compared with the control was described as ** p < 0.01. A significant
decrease compared with the group of control was described as †† p < 0.01. A significant increase
compared with the 0 mg/dL group was described as §§ p < 0.01. A significant decrease compared
with the group of 0 mg/dL was described as ‡‡ p < 0.01.
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Figure 6. N-acetyl-L-cysteine (NAC) prevents apoptosis induction in MC3T3-E1 cells under essential
amino acid (EAA) starvation and decreases the expression of apoptotic genes p53, Bax, and caspase-3.
(A) Representative image of apoptosis in MC3T3-E1 cells after NAC addition and 24 h of incubation.
(B–D) Representative scatter plots of PI (y-axis) vs. annexin V (x-axis) after NAC administration.
(E–G) Expression of p53, Bax, and caspase-3 detected using real-time PCR and Western blotting
(Figures S6–S10). The protein expression was quantified using ImageJ. All samples were from the
same experiment, and the gels/blots were processed in parallel. Scale bars: 100 µm. A significant
increase compared with the control is described as ** p < 0.01. A significant decrease compared with
the −EAA group is described as † p < 0.05, †† p < 0.01.

3. Discussion

Previously, we made significant discoveries on the impact of specific environmental
conditions on cellular behavior [16–18]. In one study, we demonstrated the induction of
ROS formation under low-glucose conditions, leading to cellular damage. In another study,
we found that EAA deprivation resulted in cell cycle arrest, primarily mediated through
the phosphorylation of the MAPK signaling pathway. This, in turn, inhibited both cell
proliferation and osteogenic differentiation [15].

MC3T3-E1 is a mouse osteoblast cell line commonly used in research related to bone
biology and osteogenesis, which are frequently utilized in vitro to study various aspects of
bone biology, including osteoblast differentiation, mineralization, and responses to different
factors. In the present study, we examined the effects of EAA starvation on ROS formation.
Similar to glucose starvation, EAA deprivation triggered ROS generation in MC3T3-E1 cells.
To gain a deeper understanding of the cellular redox environment, the ratio of oxidized
glutathione (GSSG) to reduced glutathione (GSH) in the cells was measured. The balance
between GSSG and GSH is crucial for cellular redox homeostasis [19]. An increase in ROS
levels can lead to oxidative stress, increasing GSSG levels and altering the GSSG-to-GSH
ratio. Through assessing this ratio, we found that MC3T3-E1 cells were in a state of high
oxidative stress under EAA starvation.
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Among the EAAs, methionine plays a unique and important role because of its high
sensitivity to various forms of ROS and its natural antioxidant properties [20]. Additionally,
methionine serves as a precursor to several crucial molecules such as S-adenosylmethionine,
hydrogen sulfide, taurine, and glutathione, all of which effectively attenuate the oxidative
stress induced by different oxidants and protect tissues from damage [21,22]. In the context
of EAA starvation-induced oxidative stress, methionine deficiency may play a significant
role in contributing to this heightened state of oxidative stress. Methionine depletion
can disrupt the delicate balance between ROS production and scavenging mechanisms,
potentially exacerbating cellular oxidative damage.

Subsequently, we evaluated cell viability by examining their proliferative activity and
survival rates. A noteworthy reduction in both the proportion of BrdU bound to DNA and
the overall amount of DNA in the EAA-starved group was found. These findings strongly
suggest that the proliferative capacity of MC3T3-E1 cells was significantly impaired upon
EAA starvation. In the EAA-starved group, we observed a significant decrease in cell
survival rate and a concurrent increase in DNA damage. Previous studies have established
that elevated ROS levels can impair the function and viability of various cell types [16]. Our
study provides additional evidence that EAA starvation-induced ROS generation could
impair cell viability.

ROS can modulate apoptotic signaling in a nuanced manner. Within certain physiolog-
ical ranges, ROS can act as secondary messengers in various signaling pathways, such as
those of NF-κB and AP-1, which regulate cell survival and death [23,24]. Additionally, ROS
can activate pro-apoptotic proteins, such as p53 and Bax, while inhibiting anti-apoptotic
proteins, such as Bcl-2, thereby tipping the scales in favor of apoptosis [25,26]. High ROS
levels directly damage cellular DNA, leading to DNA strand breaks and mutations. If DNA
damage is severe and beyond repair, cells can activate DNA damage response pathways
that induce apoptosis to prevent the proliferation of potentially dangerous and genetically
unstable cells [12]. In this study, we confirmed a significant increase in the apoptosis rate
after EAA starvation, with the increased expression of pro-apoptotic genes and proteins,
p53 and Bax. Meanwhile, the level of the apoptotic protein cleaved caspase-3 also increased.

These findings confirm the role of EAA starvation-induced ROS in triggering apoptosis
via alterations in the expression of key apoptotic signaling proteins. Understanding the
intricate interplay between ROS and apoptosis can contribute to our understanding of the
cellular responses to nutrient deprivation and oxidative stress, offering potential insights
into therapeutic approaches for apoptosis-associated disorders.

To gain deeper insights into the role of ROS under EAA starvation, we used NAC, an
antioxidant widely acknowledged for its free-radical scavenging activity, particularly oxy-
gen radicals. NAC possesses potent antioxidant properties and is recognized as a potential
therapeutic alternative for various disorders caused by free oxygen radical production [27].
In the present study, NAC was used to inhibit ROS formation during EAA starvation.
Following NAC treatment, cellular viability, proliferative activity, and survival rate showed
remarkable increases. This suggests that the reduced cellular viability observed during
EAA starvation could be attributed to ROS-induced oxidative damage. Moreover, DNA
damage was significantly decreased after NAC treatment, suggesting that the detrimental
effects of ROS in EAA-starved cells can be effectively mitigated by NAC.

Next, we investigated the effect of NAC treatment on apoptosis in MC3T3-E1 cells
under EAA starvation. Some studies have shown that NAC prevents apoptosis [28,29].
In this study, NAC treatment resulted in a notable reduction in the apoptosis rate and
significantly decreased the expression of the key pro-apoptotic proteins p53, Bax, and
cleaved caspase-3. These results indicate that the antioxidant properties of NAC effectively
mitigate the upregulation of pro-apoptotic factors induced by EAA starvation.

In the present study, we confirmed that EAA starvation induces ROS generation, DNA
damage, and apoptosis in MC3T3-E1 cells. Remarkably, NAC administration decreased
both DNA damage and apoptosis. This observation demonstrates that ROS generated
during EAA starvation is responsible for inducing DNA damage and subsequent apoptosis
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in MC3T3-E1 cells. Furthermore, the ability of NAC to rescue cellular damage induced by
ROS highlights its potential therapeutic significance in countering apoptosis under EAA
deficiency. Moreover, the efficacy of NAC in ameliorating cellular damage induced by ROS
underscores its potential therapeutic significance in mitigating apoptosis resulting from
EAA deficiency. This discovery not only highlights the central role of ROS in orchestrating
observed cellular responses but also positions NAC as a promising candidate for therapeutic
interventions to counteract the deleterious effects of apoptosis in the context of EAA
deficiency. By specifically targeting ROS-mediated DNA damage and apoptosis, NAC
emerges as a compelling candidate for therapeutic strategies that are aimed at mitigating the
adverse cellular effects associated with EAA deficiency. This has far-reaching implications
for the development of targeted interventions to enhance cellular resilience and overall
clinical outcomes in situations of EAA deficiency.

Studies have demonstrated a direct correlation between the induction of apoptosis and
the phosphorylation of c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein
kinase (p38) [30]. JNKs initiate apoptotic signaling through two mechanisms: first, by
increasing the expression of pro-apoptotic genes through the activation of specific tran-
scription factors and second, by directly modulating mitochondrial pro- and anti-apoptotic
proteins through distinct phosphorylation events [31]. Similarly, p38 regulates apoptosis
by phosphorylating Bim (EL) Ser-65 and also induces apoptosis by phosphorylating Bcl-2
family members [32]. We previously established that EAA starvation induces p38 and JNK
phosphorylation [15]. This indicates that the apoptosis observed in the current study could
be related to the phosphorylation of these MAP kinases.

The findings of this study contribute significantly to our understanding of the interplay
among ROS, DNA damage, and apoptosis during EAA starvation. However, a major
limitation of this study is that we did not examine the individual roles of each EAA when
mediating oxidative stress and apoptosis. Furthermore, this study did not explore other
potential oxidative responses resulting from the deprivation of EAAs, such as the effect on
Malondialdehyde (MDA) in lipid peroxidation reactions. Investigating these additional
facets of oxidative stress could offer a more comprehensive understanding of the broader
effects induced by EAA starvation. Recognizing these limitations, future research endeavors
may benefit from a more detailed exploration of the individual roles of specific EAAs and
an expanded examination of oxidative responses beyond the scope of DNA damage and
apoptosis. A more in-depth investigation of the specific molecular mechanisms underlying
our observations could be highly valuable for unraveling the intricate signaling pathways
and cellular responses that occur during EAA starvation. This could yield valuable insights
into oxidative stress responses and programmed cell death under various physiological
and pathological conditions. Moreover, replicating this experiment in an animal model
poses challenges due to the absence of dedicated transporters for each essential amino acid.
Blocking the uptake of a specific amino acid becomes intricate since essential amino acids
share various transport systems rather than demonstrating individualized transporters.
To address this complexity, our future studies aim to attain a similar effect by selectively
inhibiting these shared transporters in in vivo experiments.

4. Materials and Methods
4.1. Cell Culture Media

MC3T3-E1 cells, an immortalized cell line, were purchased from RIKEN BioResource
Research Center (Tsukuba, Ibaraki, Japan) and cultured in Dulbecco’s Modified Eagle’s
Medium (Nacalai Tesque, Kyoto, Japan) with or without the nine EAAs and supplemented
with 10% fetal bovine serum (Hyclone, Thermo Fisher Scientific, Waltham, MA, USA).

4.2. Antibodies and Reagents

All antibodies and reagents were purchased from the following sources. Antibiotics
(penicillin, streptomycin, and amphotericin B) were bought from Nacalai Tesque. N-Acetyl-
L-cysteine (NAC, A7250) was purchased from Sigma-Aldrich (Burlington, MA, USA).
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Antibodies against p53, Bax, caspase-3, cleaved caspase-3, and β-actin were acquired from
Cell Signaling Technology (Beverly, MA, USA).

4.3. ROS Staining and Detection

ROS levels were assessed under EAA starvation conditions using the Total ROS
Detection Kit obtained from Dojindo Laboratories (Kumamoto, Japan). MC3T3-E1 cells
were cultured and allowed to adhere for 24 h, and the medium was changed to one with
or without EAAs. The stained cells were observed and photographed using a BZ-X800
all-in-one fluorescence microscope (Keyence, Osaka, Japan) after incubation for 24, 72, and
120 h. Cellular fluorescence was measured using version 7.0 SoftMax Pro Microplate Data
Acquisition and Analysis software (Molecular Devices, Sunnyvale, CA, USA).

4.4. Glutathione Quantification Assay

The glutathione quantification was performed using the GSSG/GSH Quantifica-
tion Kit (G257, Dojindo). Briefly, MC3T3-E1 cells were lysed with a lysis buffer (5% of
5-sulfosalicylic acid dihydrate, Nacalai Tesque) and centrifuged for 10 min at 4 ◦C and
8000× g. The absorbance of the supernatant was measured at a 405 nm wavelength and
analyzed using = SoftMax® Pro Microplate Data Acquisition and Analysis software.

4.5. Detection of Cell Proliferation

Cell proliferation was assessed using two different methods: the incorporation of
5-bromo-2’-deoxyuridine (BrdU, Nacalai Tesque) into DNA and the measurement of
DNA concentration.

Briefly, after the incorporation of BrdU into DNA, the cells were fixed and perme-
abilized. DNA was hydrolyzed using 2M of hydrochloric acid (Nacalai Tesque). After
the nuclei were stained with DAPI (Dojindo), the cells were observed under a BZ-X800
integrated fluorescence microscope (Keyence). The percentage of BrdU-positive cells was
determined by counting the total number of nuclei in 10 randomly captured images from
each well.

MC3T3-E1 cells were plated, the medium was replaced, and the cells were cultured
for 24, 72, or 120 h to assess proliferation. The number of viable cells at each time point was
determined by measuring the DNA content of the respective samples using PicoGreen®

dsDNA Assay Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).

4.6. Cell Survival Assay

Cell survival was measured using the WST-8 assay. MC3T3-E1 cells were incubated
until confluent, and the medium was changed to one with or without EAAs. The number
of viable cells was determined by measuring the absorbance of formazan using the Cell
Count Reagent SF (Nacalai Tesque).

4.7. DNA Damage Detection

MC3T3-E1 cells were cultured in the presence or absence of EAAs for 24 h. DNA
damage was detected using the DNA Damage Detection Kit (Dojindo) with an anti-
phosphorylated histone H2AX (γH2AX) primary antibody according to the manufacturer’s
instructions. The cells were observed under a BZ-X800 all-in-one fluorescence microscope
(Keyence), and the average fluorescence intensity of the cells was analyzed using Im-
ageJ (Ver. 1.53e, Wayne Rasband and contributors, National Institutes of Health, USA;
http://rsb.info.nih.gov/ij, accessed on 10 December 2021).

4.8. Apoptosis Detection

The apoptosis rate of MC3T3-E1 cells was assessed using the annexin V-FITC Apopto-
sis Detection Kit (Nacalai Tesque). After treatment, the cells were removed using trypsin,
washed with phosphate-buffered saline, and resuspended in annexin-binding buffer. Fluo-
rescein isothiocyanate (FITC)-labeled annexin V and PI solutions were added to the cells,

http://rsb.info.nih.gov/ij
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which were then incubated for 15 min. The stained cells were observed using a BZ-X800
all-in-one fluorescence microscope (Keyence), and the percentage of apoptotic cells was
quantified using flow cytometry (FACSVerse™, BD Biosciences, Franklin Lakes, NJ, USA).

4.9. Gene Expression Analysis in MC3T3-E1 Cells

Total cellular RNA was extracted using the RNeasy Mini Kit (Qiagen, Venlo, The
Netherlands). The total RNA was reverse transcribed to complementary DNA using a
PrimeScript™ reverse transcript kit obtained from Takara Bio (Shiga, Japan). The expression
of p53, bax, and gapdh was quantified using TaqMan Gene Expression Analyzer (Thermo
Fisher Scientific). Real-time PCR was performed using a QuantStudio® 3 PCR system
(Applied Biosystems Real-time PCR systems, Thermo Fisher Scientific).

4.10. Western Blot Analysis

MC3T3-E1 cells were treated with or without EAAs for 24, 72, and 120 h and then
harvested. The total protein was extracted, normalized, and separated via SDS-PAGE.
Then, the samples were incubated with antibodies against p53, Bax, caspase-3, cleaved
caspase-3, and β-actin. The membrane was then incubated with a secondary antibody, and
the immunoreactive bands were visualized using Chemi-Lumi One L (Nacalai Tesque).
Afterward, the primary and secondary antibodies were stripped using a striping buffer and
re-probe with other molecular weight proteins on the same membrane. Grayscale values
were evaluated using ImageJ.

4.11. Statistical Analysis

This study’s data were analyzed and reported as the mean plus standard deviation
(SD). Parametric data underwent one-way analysis of variance (ANOVA), and post hoc
comparisons were conducted using Tukey’s test. The statistical analysis was carried out
using SPSS Statistics Ver. 17 (IBM, Chicago, IL, USA).

5. Conclusions

In this study, we investigated the mechanism underlying apoptosis triggered by EAA
starvation. Under EAA deprivation, we observed a notable induction of ROS production
in MC3T3-E1 cells. This increase in ROS levels caused DNA damage and initiated apop-
tosis. To validate this observation, we used NAC to block ROS formation. Remarkably,
upon blocking ROS formation with NAC, cellular activity was effectively restored. These
findings highlight the pivotal role of ROS in mediating the apoptotic response during
EAA starvation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms242015314/s1.

Author Contributions: R.L. contributed to the design, data acquisition, analysis, and interpretation
drafted and critically revised the manuscript; H.K. contributed to the design, data acquisition, and
interpretation, drafted and critically revised the manuscript; C.F. contributed to the design, and
interpretation drafted and critically revised the manuscript; Y.N. contributed to the conception and
interpretation drafted and critically revised the manuscript; K.Y. contributed to the conception, design,
and interpretation drafted and critically revised the manuscript; E.M. contributed to the interpretation
drafted and critically revised the manuscript; K.O. contributed to the design and critically revised the
manuscript; C.O. contributed to the conception and critically revised the manuscript; Y.T. contributed
to the conception, design, and interpretation drafted and critically revised the manuscript; M.U.
contributed to the project administration and supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by a Grant-in-Aid for Scientific Research from the Japan Society
for the Promotion of Science (No. 23K19761, 21K09946, 22K09993).

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms242015314/s1
https://www.mdpi.com/article/10.3390/ijms242015314/s1


Int. J. Mol. Sci. 2023, 24, 15314 13 of 14

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: I would like to express my gratitude and appreciation to all those who provided
the possibility of completing this article. Special thanks is due to my department staff whose help,
stimulating suggestions and encouragement helped me during the time of the experimental process
and in the writing of this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gropper, S.S.; Smith, J.L. Advanced Nutrition and Human Metabolism; Cengage Learning: Boston, MA, USA, 2012; ISBN 1285401131.
2. Bender, D.A. Introduction to Nutrition and Metabolism; CRC Press: Boca Raton, FL, USA, 2014; ISBN 1466572248.
3. Wu, G. Amino Acids: Metabolism, Functions, and Nutrition. Amino Acids 2009, 37, 1–17. [CrossRef] [PubMed]
4. Davis, H.P.; Squire, L.R. Protein Synthesis and Memory: A Review. Psychol. Bull. 1984, 96, 518. [CrossRef] [PubMed]
5. Lopez, M.J.; Mohiuddin, S.S. Biochemistry, Essential Amino Acids. In StatPearls; StatPearls Publishing: Treasure Island, FL,

USA, 2020.
6. Newsholme, P.; Rebelato, E.; Abdulkader, F.; Krause, M.; Carpinelli, A.; Curi, R. Reactive Oxygen and Nitrogen Species Generation,

Antioxidant Defenses, and β-Cell Function: A Critical Role for Amino Acids. J. Endocrinol. 2012, 214, 11–20. [CrossRef] [PubMed]
7. Li, R.; Jia, Z.; Trush, M.A. Defining ROS in Biology and Medicine. React. Oxyg. Species 2016, 1, 9. [CrossRef] [PubMed]
8. Mittler, R. ROS Are Good. Trends Plant Sci. 2017, 22, 11–19. [CrossRef]
9. Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling. Oxid. Med. Cell.

Longev. 2016, 2016, 4350965. [CrossRef]
10. Mittler, R.; Vanderauwera, S.; Suzuki, N.; Miller, G.A.D.; Tognetti, V.B.; Vandepoele, K.; Gollery, M.; Shulaev, V.; Van Breusegem, F.

ROS Signaling: The New Wave? Trends Plant Sci. 2011, 16, 300–309. [CrossRef]
11. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol.

Rev. 2014, 94, 909–950. [CrossRef]
12. Simon, H.-U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of Reactive Oxygen Species (ROS) in Apoptosis Induction. Apoptosis 2000, 5,

415–418. [CrossRef]
13. Hockenbery, D. Defining Apoptosis. Am. J. Pathol. 1995, 146, 16.
14. Reed, J.C. Mechanisms of Apoptosis. Am. J. Pathol. 2000, 157, 1415–1430. [CrossRef]
15. Li, R.; Kato, H.; Nakata, T.; Yamawaki, I.; Yamauchi, N.; Imai, K.; Taguchi, Y.; Umeda, M. Essential Amino Acid Starvation Induces

Cell Cycle Arrest, Autophagy, and Inhibits Osteogenic Differentiation in Murine Osteoblast. Biochem. Biophys. Res. Commun. 2023,
672, 168–176. [CrossRef]

16. Li, R.; Kato, H.; Taguchi, Y.; Umeda, M. Intracellular Glucose Starvation Affects Gingival Homeostasis and Autophagy. Sci. Rep.
2022, 12, 1230. [CrossRef]

17. Li, R.; Kato, H.; Taguchi, Y.; Deng, X.; Minagawa, E.; Nakata, T.; Umeda, M. Glucose Starvation-Caused Oxidative Stress Induces
Inflammation and Autophagy in Human Gingival Fibroblasts. Antioxidants 2022, 11, 1907. [CrossRef]

18. Deng, X.; Kato, H.; Taguchi, Y.; Nakata, T.; Umeda, M. Intracellular Glucose Starvation Inhibits Osteogenic Differentiation in
Human Periodontal Ligament Cells. J. Periodontal Res. 2023, 58, 607–620. [CrossRef]

19. Zitka, O.; Skalickova, S.; Gumulec, J.; Masarik, M.; Adam, V.; Hubalek, J.; Trnkova, L.; Kruseova, J.; Eckschlager, T.; Kizek, R.
Redox Status Expressed as GSH: GSSG Ratio as a Marker for Oxidative Stress in Paediatric Tumour Patients. Oncol. Lett. 2012, 4,
1247–1253. [CrossRef] [PubMed]

20. Stadtman, E.R.; Van Remmen, H.; Richardson, A.; Wehr, N.B.; Levine, R.L. Methionine Oxidation and Aging. Biochim. Biophys.
Acta (BBA)-Proteins Proteom. 2005, 1703, 135–140. [CrossRef] [PubMed]

21. Stadtman, E.R.; Moskovitz, J.; Levine, R.L. Oxidation of Methionine Residues of Proteins: Biological Consequences. Antioxid.
Redox Signal. 2003, 5, 577–582. [CrossRef] [PubMed]

22. Bin, P.; Huang, R.; Zhou, X. Oxidation Resistance of the Sulfur Amino Acids: Methionine and Cysteine. Biomed Res. Int. 2017,
2017, 9584932. [CrossRef] [PubMed]

23. Morgan, M.J.; Liu, Z. Crosstalk of Reactive Oxygen Species and NF-KB Signaling. Cell Res. 2011, 21, 103–115. [CrossRef] [PubMed]
24. Wu, W.-S. The Signaling Mechanism of ROS in Tumor Progression. Cancer Metastasis Rev. 2006, 25, 695–705. [CrossRef] [PubMed]
25. Liu, B.; Chen, Y.; Clair, D.K.S. ROS and P53: A Versatile Partnership. Free Radic. Biol. Med. 2008, 44, 1529–1535. [CrossRef]
26. Gomez-Lazaro, M.; Galindo, M.F.; De Mera, R.M.M.-F.; Fernandez-Gomez, F.J.; Concannon, C.G.; Segura, M.F.; Comella, J.X.;

Prehn, J.H.M.; Jordan, J. Reactive Oxygen Species and P38 Mitogen-Activated Protein Kinase Activate Bax to Induce Mitochondrial
Cytochrome c Release and Apoptosis in Response to Malonate. Mol. Pharmacol. 2007, 71, 736–743. [CrossRef] [PubMed]

27. Zafarullah, M.; Li, W.Q.; Sylvester, J.; Ahmad, M. Molecular Mechanisms of N-Acetylcysteine Actions. Cell. Mol. Life Sci. CMLS
2003, 60, 6–20. [CrossRef] [PubMed]

https://doi.org/10.1007/s00726-009-0269-0
https://www.ncbi.nlm.nih.gov/pubmed/19301095
https://doi.org/10.1037/0033-2909.96.3.518
https://www.ncbi.nlm.nih.gov/pubmed/6096908
https://doi.org/10.1530/JOE-12-0072
https://www.ncbi.nlm.nih.gov/pubmed/22547566
https://doi.org/10.20455/ros.2016.803
https://www.ncbi.nlm.nih.gov/pubmed/29707643
https://doi.org/10.1016/j.tplants.2016.08.002
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1016/j.tplants.2011.03.007
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1023/A:1009616228304
https://doi.org/10.1016/S0002-9440(10)64779-7
https://doi.org/10.1016/j.bbrc.2023.06.055
https://doi.org/10.1038/s41598-022-05398-2
https://doi.org/10.3390/antiox11101907
https://doi.org/10.1111/jre.13112
https://doi.org/10.3892/ol.2012.931
https://www.ncbi.nlm.nih.gov/pubmed/23205122
https://doi.org/10.1016/j.bbapap.2004.08.010
https://www.ncbi.nlm.nih.gov/pubmed/15680221
https://doi.org/10.1089/152308603770310239
https://www.ncbi.nlm.nih.gov/pubmed/14580313
https://doi.org/10.1155/2017/9584932
https://www.ncbi.nlm.nih.gov/pubmed/29445748
https://doi.org/10.1038/cr.2010.178
https://www.ncbi.nlm.nih.gov/pubmed/21187859
https://doi.org/10.1007/s10555-006-9037-8
https://www.ncbi.nlm.nih.gov/pubmed/17160708
https://doi.org/10.1016/j.freeradbiomed.2008.01.011
https://doi.org/10.1124/mol.106.030718
https://www.ncbi.nlm.nih.gov/pubmed/17172466
https://doi.org/10.1007/s000180300001
https://www.ncbi.nlm.nih.gov/pubmed/12613655


Int. J. Mol. Sci. 2023, 24, 15314 14 of 14

28. Wu, Y.J.; Muldoon, L.L.; Neuwelt, E.A. The Chemoprotective Agent N-Acetylcysteine Blocks Cisplatin-Induced Apoptosis
through Caspase Signaling Pathway. J. Pharmacol. Exp. Ther. 2005, 312, 424–431. [CrossRef] [PubMed]

29. Kamboj, S.S.; Vasishta, R.K.; Sandhir, R. N-acetylcysteine Inhibits Hyperglycemia-induced Oxidative Stress and Apoptosis
Markers in Diabetic Neuropathy. J. Neurochem. 2010, 112, 77–91. [CrossRef] [PubMed]

30. Xia, Z.; Dickens, M.; Raingeaud, J.; Davis, R.J.; Greenberg, M.E. Opposing Effects of ERK and JNK-P38 MAP Kinases on Apoptosis.
Science 1995, 270, 1326–1331. [CrossRef]

31. Dhanasekaran, D.N.; Reddy, E.P. JNK Signaling in Apoptosis. Oncogene 2008, 27, 6245–6251. [CrossRef]
32. Cai, B.; Chang, S.H.; Becker, E.B.E.; Bonni, A.; Xia, Z. P38 MAP Kinase Mediates Apoptosis through Phosphorylation of BimEL at

Ser-65. J. Biol. Chem. 2006, 281, 25215–25222. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1124/jpet.104.075119
https://www.ncbi.nlm.nih.gov/pubmed/15496615
https://doi.org/10.1111/j.1471-4159.2009.06435.x
https://www.ncbi.nlm.nih.gov/pubmed/19840221
https://doi.org/10.1126/science.270.5240.1326
https://doi.org/10.1038/onc.2008.301
https://doi.org/10.1074/jbc.M512627200

	Introduction 
	Results 
	EAA Starvation Induces Oxidative Stress in MC3T3-E1 Cells 
	EAA Starvation Impairs Cell Viability in MC3T3-E1 Cells 
	EAA Starvation Induces Apoptosis in MC3T3-E1 Cells 
	NAC Administration Inhibits ROS Production 
	NAC Administration Rescues Cell Viability under EAA Starvation 
	NAC Application Inhibits Apoptosis and Apoptosis-Related Gene Expression in MC3T3-E1 Cells under EAA Starvation 

	Discussion 
	Materials and Methods 
	Cell Culture Media 
	Antibodies and Reagents 
	ROS Staining and Detection 
	Glutathione Quantification Assay 
	Detection of Cell Proliferation 
	Cell Survival Assay 
	DNA Damage Detection 
	Apoptosis Detection 
	Gene Expression Analysis in MC3T3-E1 Cells 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

